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Preface

The massive exploitation of fossil fuels as an energy source has enabled the

development of the industrial era that we have witnessed over the last 80 years.

Yet oil resources are limited and the use of alternative techniques, such as extrac-

tion of unconventional hydrocarbons or deep sea, extreme offshore drilling, brings

along its cortege of problems (poor energy efficiency, pollution, etc.). We therefore

need a new paradigm. Besides relying on perennial sources, the new standard for

energy production will need to reduce carbon dioxide dumping in the atmosphere

and be efficient. Among the various options (which will likely have to be combined

to replace fossil energy), solar energy appears as one of the most promising. The

amount of solar energy technologically, economically, and ecologically exploitable

today (about 22 TW) could indeed cover a large fraction of current energy needs.

If the photovoltaic market is currently dominated by first-generation silicon-

based modules, second-generation devices based on thin film technologies have

emerged over the last decade as an attractive, low-cost, flexible, lightweight

alternative (while we are en route towards cells able to break the Schockley–

Queisser limit of around 34%). This volume focuses on two technologies which

have developed in parallel and rely on the use of organic conjugated molecules

and/or polymers to harvest solar light, namely organic bulk heterojunction photo-

voltaics (OPV) and dye sensitized solar cells (DSSC). Remarkable developments in

terms of device efficiency, now approaching or even surpassing that of thin-film

silicon solar cells which is around 12%, and long-term stability have been achieved

recently. These breakthroughs were driven by the body of knowledge which has

accumulated on the working devices using experimental investigation techniques

combined with modeling studies.

Over the years, theoretical modeling has turned out to be a valuable tool in

understanding the key electronic processes taking place in organic-based solar

cells, such as light absorption, light conversion into electrical charges, and charge

transport, and this has subsequently led to the emergence of improved material and

device architectures. Multiple computational techniques and theoretical models

have been developed and applied to OPV and DSSC, which have allowed the

assessing of structural, electronic and optical processes spanning multiple time
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and length scales. At one extreme, quantum-mechanical methods explicitly take

into account all atomistic details in the calculation of geometric and electronic

structures but are limited to a few hundred atoms. At the other extreme, continuum

models and classical equations predict the response properties at the device scale. In

between, mesoscopic models have been developed where progressive coarse grain-

ing of the atomistic degrees of freedom provides a natural link between the

molecular and macroscopic views.

This volume of Topics in Current Chemistry addresses the latest developments

in the modeling of organic and dye sensitized solar cells and provides an overview

of the main processes going on in such devices. In the chapter “Small Optical Gap

Molecules and Polymers: Using Theory to Design More Efficient Materials for

Organic Photovoltaics”, Risko and Brédas review some recent quantum-chemical

investigations of donor–acceptor copolymers, systems that have found wide use as

the primary absorbing and hole-transport materials in bulk-heterojunction solar

cells. As often with organics, structure defines function. In the chapter “Supramo-

lecular Organization of Functional Organic Materials in the Bulk and at Organic/

Organic Interfaces: A Modeling and Computer Simulation Approach”, Muccioli
et al. address the molecular organization of functional organic materials on the basis

of force-field calculations, with special attention to applications in organic photo-

voltaics. Electronic processes at organic/organic interfaces are discussed in the

chapter “Electronic and Optical Properties at Organic/Organic Interfaces in Organ-

ic Solar Cells” by Van Voorhis and co-workers on the basis of quantum-chemical

calculations; in particular, the possible mechanisms allowing charges at donor-

acceptor interfaces to escape from their Coulomb attractive potential are addressed.

The chapter “Modeling Materials and Processes in Dye-Sensitized Solar Cells:

Understanding the Mechanism, Improving the Efficiency” by Pastore and De
Angelis provides molecular insights at the quantum-chemical level into electronic

and optical processes which are relevant to DSSC. The following two chapters,

“Monte Carlo Studies of Electronic Processes in Dye-Sensitized Solar Cells” by

Walker and “Monte Carlo Simulations of Organic Photovoltaics” by Groves and
Greenham), deal with mesoscopic studies of charge transport and dissociation in

OPV and DSSC based on Monte–Carlo methods and aim at establishing structure-

property relationships. The final two chapters, “Device Modelling of Organic Bulk

Heterojunction Solar Cells” by Kirchartz and Nelson and “Device Modeling of

Dye-Sensitized Solar Cells” by Bisquert and Marcus, introduce the state-of-the-art
methods for the modeling of electrical device characteristics.

These different contributions lay the ground for future developments aiming at

the optimization of these tools and their integration into a single modeling frame-

work linking the different scales in a self-consistent way (with, e.g., electric fields

predicted from macroscopic models injected into molecular electronic structure

calculations). We foresee that multiscale modeling will continue to improve in the

near future and move from its current status of an instrument-fostering fundamental

assets to become a truly predictive tool.

Mons, Belgium David Beljonne and Jérôme Cornil
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Small Optical Gap Molecules and Polymers:

Using Theory to Design More Efficient

Materials for Organic Photovoltaics

Chad Risko and Jean-Luc Brédas

Abstract Recent improvements in the power conversion efficiencies of organic solar

cells have been derived through a combination of new materials, processing, and

device designs. A key factor has also been quantum-chemical studies that have led to a

better understanding not only of the intrinsic electronic and optical properties of the

materials but also of the physical processes that take place during the photovoltaic

effect. In this chapter we review some recent quantum-chemical investigations of

donor–acceptor copolymers, systems that have found wide use as the primary absorb-

ing and hole-transport materials in bulk-heterojunction solar cells. We underline a

number of current limitations with regard to available electronic structuremethods and

in terms of the understanding of the processes involved in solar cell operation. We

conclude with a brief outlook that discusses the need to develop multiscale simulation

methods that combine quantum-chemical techniques with large-scale classically-

based simulations to provide a more complete picture.

Keywords Donor-acceptor copolymers � Electronic structure methods � Organic
solar cells
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1 Introduction

Building on the legacy of the first demonstration of the conversion of light into

electricity by Becquerel in 1839 [1], over the past several decades academic and

industry researchers alike have sought materials and device architectures to convert

solar radiation efficiently into electrical power through the photovoltaic effect with

the hope of providing clean, sustainable, and widespread energy generation. Organic

photovoltaics (OPVs), pioneered by Tang nearly three decades ago [2], has been of

particular recent interest due to the promise of solar energy harvesting technologies

that can be flexible, lightweight, of large area, and produced by low-cost printing

techniques. The most efficient (lab-scale) single-junction OPV cells to date are based

on active layers comprised of polymer-fullerene blends that take advantage of the

bulk-heterojunction (BHJ) thin-film architecture [3–5]; their efficiencies have

progressed from 5% to beyond 9% over the course of a few years [6–20, 21]. OPV

cells where the active layers are based solely on small molecule donors and acceptors

have demonstrated considerable improvement as well [22–24], with power conver-

sion efficiencies for (solution-processed) single-junction devices reaching almost 7%

[25] and (vacuum-deposited) tandem devices surpassing 12% [26].

The active layer in a solar cell needs to absorb light efficiently, create free charge

carriers, and transport the carriers to the electrodes for charge collection. Tang’s

pivotal work [2] showed that the active layer in an OPV should be composed of two

distinct materials: (1) an electron-donating, hole-transport material (HTM) with a

small ionization potential (easily oxidized) and (2) an electron-accepting, electron-

transport material (ETM) with a large electron affinity (easily reduced).1 Much of

the recent improvement in OPV device efficiency has been a consequence of

the capabilities that synthetic chemistry provides to adapt readily and rapidly the

chemical structure of π-conjugated molecules and polymers to tune both the

electronic and optical properties and structural organization of the active layer

[27, 28]. In particular, recent advances in the design of polymers [7, 8, 10–19,

1We are using here the HTM and ETM notations to denote the two components of the active layer,

instead of the more conventional donor and acceptor (D/A) notations, in order to prevent any

confusion with the donor/acceptor character of the copolymers used in the BHJ solar cells.

2 C. Risko and J.-L. Brédas



29–94] and molecules [22, 95–99] that combine electron-rich donor (D) and

electron-deficient acceptor (A) moieties in the chemical structure and are used as

the primary absorber and HTM (in combination with a fullerene-based ETM) have

been at the forefront of these improvements.

The use of quantum-chemical (electronic-structure) methods has proved to be a

powerful complement for designing new molecular/polymer-based materials and for

understanding their performance in OPVs [100]. Our goal in this contribution will be to

discuss the application of these techniques to study the intrinsic electronic and optical

materials properties and the broader processes involved in OPV operation. We will first

outline the current understanding of the complex processes involved in OPV operation.

Wewill then consider how these processes dictate the materials design process and why

the donor–acceptor (DA) architecture, with a particular emphasis on DA copolymers

used as HTMs, is an appealing way to meet the materials needs. This will be followed

by an overview of how electronic-structure methods can be employed in the study of

these materials. We will conclude with an outlook for future investigations.

2 Processes Involved in OPV Operation

Multiple processes need to be optimized for efficient OPV operation [22,

100–106]. The initial process involves the absorption of solar radiation (photoexcita-

tion) and the subsequent formation of excitons, Coulombically-bound electron-hole

pairs with no net charge. At this stage, we note that exciton binding energies in

π-conjugated systems can be of the order of several hundreds of millielectronvolts

(meV) [107], a condition in stark contrast to the fewmeV binding energies of inorganic

semiconductors that allow for the creation of free charge carriers upon photon absorp-

tion at room temperature. As the generation of photocurrent requires that the excitons

fully dissociate into separated charges prior to decaying back to the ground state, the

second step involves exciton migration through sequential energy-transfer processes to

the HTM–ETM interface [108]. Remember that as the exciton is charge neutral, the

diffusion process is not influenced by the presence of an electric field.

Once at the HTM–ETM interface, the exciton must dissociate into separated,

charged (positive and negative) polarons in the respective HTM and ETM

components. The Coulombic potential holding the hole in the HTM close to the

electron in the ETM has to be overcome to form the fully charge-separated state

(largely defined by the [adiabatic] ionization potential of the HTM and electron

affinity of the ETM) [109]. We note that the mechanism by which excitons

dissociate and separate into fully separated polarons still remains unclear and that

substantial experimental and theoretical effort is ongoing to determine whether

differences in the chemical potentials of the HTM and ETM components, the

involvement of higher-energy (“hot”) charge-transfer states, or some other pro-

cesses play the key role in this dissociation process. Once separated, and neglecting

non-geminate (bimolecular) recombination processes, the hole and electron migrate

via drift and diffusion through the HTM and ETM phases to the anode and cathode,

respectively, where the charges are finally collected.

Small Optical Gap Molecules and Polymers: Using Theory to Design More. . . 3



3 Rationale Behind DA Polymers and Molecules

The processes discussed above suggest a number of design principles for HTMs

(that generally act as the primary absorbing material when used in combination

with fullerene ETMs) regarding both their electronic and structural properties

[27, 100, 110, 111]. To generate a large photocurrent, a broad portion of the solar

spectrum needs to be absorbed, in particular down to the near-infrared region.

Hence, materials with low-energy first-excited states – on the order of 1.2–1.9 eV

(�1,000 to 650 nm) – are necessary; materials with such attributes are often

referred to as having small, low, or narrow optical gaps. The molecules and

polymers, critically, need to be designed such that they present large transition

dipole moments to translate into films with large absorption coefficients to promote

efficient photon capture.

In addition to the optical properties, the ionization potentials and electron

affinities (often related to the quantum-mechanically-derived highest-occupied

(HOMO) and lowest-unoccupied (LUMO) molecular orbital energies, respectively)

need to be addressed in order to ensure efficient charge transfer and charge separa-

tion at the organic/organic (HTM/ETM) interface and charge collection at the

electrodes. Lastly, to facilitate sufficiently large charge-carrier mobilities in the

active layer, planar conjugated backbones are sought so as to lead to close-packed,

parallel stacking arrangements (often referred to as π–π stacking) amongst neigh-

boring molecules/polymers. A more planar structure can lead to strong intramolec-

ular electronic coupling along the backbone (in the case of polymers) and small

reorganization energies for the sequential redox processes (i.e., geometry relaxation

energies on going from the neutral state to the charged state and vice versa) that

occur during charge-carrier transport (assuming a charge-hopping picture), while

the close-packed configurations can lead to strong intermolecular electronic

couplings [110, 112, 113].

The donor–acceptor (DA) copolymer construct (Fig. 1) is well suited to meet a

number of these requirements; a number of recent research accounts and reviews

provide an overview of the development and applications of such copolymers

[20, 33, 45, 84, 101–106, 108, 110, 111, 114–127]. Havinga and co-workers first

proposed the concept of combining an electron-rich donor and an electron-deficient

acceptor to form the monomer repeat unit as a means to design materials with

transparency in the visible spectral region and/or large intrinsic conductivities

[29, 30]. Combining the donor which has a small ionization potential (i.e., an

energetically destabilized HOMO) and acceptor which has a large electron affinity

(i.e., energetically stabilized LUMO) leads to a set of hybridized molecular orbitals

with a smaller HOMO–LUMO energy gap (often denoted Eg) than either constitu-

ent (Fig. 1). By adjusting the relative strength of the donor and acceptor

components, the electronic coupling amongst the components, and the geometric

structure (e.g., twisting between the components), one can readily tune to a large

degree such factors as the ionization potential, electron affinity, and optical gap and

transition dipole moments [128].

4 C. Risko and J.-L. Brédas



We also note that the introduction of quinoidal character, for instance via the

presence of a single conjugated carbon between arylene rings or the use of fused

structures [110, 129–133], is another means to construct small optical gap polymers.

The quinoidal structure reduces the energetic gap between the HOMO and LUMO by

lessening the aromatic stabilization energy of the molecular building blocks [130]. In

theoretical structures, the quinoidal character can be enforced within an oligomer by

placing, for instance, terminal methylene (¼CH2) units at the oligomer ends and

examining the differences in the degree of bond-length alternation (BLA) vs capping

the oligomer with hydrogen atoms [134, 135]; the relative stability of the quinoid vs

aromatic structures is then evaluated as a function of oligomer length by comparing

the energy per repeat unit [136, 137]. A second route is to place a single methylene

unit between each aromatic ring, which forces every other ring to turn quinoidal

[131–133]. While such strategies can be of use for the design of low-energy

absorbing materials for OPV applications, most recent developments in the design

of small optical-gap copolymers have mainly considered the DA-copolymer strategy.

4 Application of Quantum–Chemical Methods for DA

Copolymers

Studies of model oligomers via quantum–chemical (electronic structure) methods

can serve as a means to rationalize the intrinsic electronic and optical properties of a

particular conjugated structure and determine the nature and strength of

Fig. 1 Top: Donor–acceptor monomer construct. Bottom: Molecular orbital energy correlation

diagram showing the hybridization that generally takes place between the donor and acceptor

molecular orbitals

Small Optical Gap Molecules and Polymers: Using Theory to Design More. . . 5



intermolecular interactions found in the solid state; they can also be a valuable tool

in the pre-synthesis screening of candidate systems [100]. Theoretical studies of the

interplay between structural and chemical modifications and the resulting influence

on the electronic structure and optical properties – through the application of wave-

function theories (i.e., Hartree–Fock [HF] methods, post-HF methods that include

electron correlation, and semiempirical HF methods), density functional theory, or

combinations thereof – have been widely used to provide fundamental insight into

materials of interest for numerous organic-based electronics applications,

including OPVs.

A key condition to describe accurately the electronic and optical properties of

polymers is that relatively long oligomers need to be studied to ensure that the

conjugation path length is sufficient to describe the polymer system [138]. To meet

this requirement, semiempirical HF-based methods have found wide use [90,

139–147] as they formally scale as N3, where N is the number of basis functions

in the system; these semiempirical methods include the Modified Neglect of

Differential Overlap (MNDO) [148], Austin Model 1 (AM1) [149], and

Parameterized Method 3 (PM3) [150, 151] Hamiltonians. Due to the need for

parameterization against experimental results (which can include solvent polariz-

ability dependence), the use of small basis sets, and the explicit lack of a description

of electron correlation (though there is an implicit accounting of electron correla-

tion through the parameterization), semiempirical methods can suffer severe

limitations that affect the descriptions of the geometric and electronic structures,

oxidation and reduction properties, and electronic excitations.

As an aside, an important feature of HF theory is the capacity to improve

systematically the methodology through the inclusion of electron correlation. HF

theory, on average, captures 99% of the total energy of a system; unfortunately, the

remaining 1% is critical to the description of many chemically relevant features and

processes. There are, in general, three routes used to include the effects of electron

correlation: configuration interaction (CI), many-body perturbation theory (MBPT),

and coupled–cluster (CC) theory [152]. While these post-HF methods quickly

become computationally expensive, even for systems of moderate size, they hold

particular value as benchmark calculations to evaluate the effects of electron corre-

lation on the electronic structure and optical properties of conjugated molecules.

A complete CI calculation (with an infinite basis set) taking into account all

possible electron populations is not feasible, though full CI calculations in a finite

basis are achievable for very small systems. Hence, truncated CI methods (which

include some segment of single, double, triple, etc., excitations within a defined

active space) are often used, though with increasing computational cost as the

number of electrons included and size of the active space increase. As we will

see below, however, such methods paired with semiempirical Hamiltonians are

widely used in the evaluation of the excited-state properties of large, conjugated

organic systems.

For approximately the same computational cost as the truncated CI methods

using the HF Hamiltonian, considerable improvements have been made with MBPT

and CC methods and subsequently applied to model conjugated organics. Building

6 C. Risko and J.-L. Brédas



on the second-order perturbation theory of Møller and Plesset (MP2) [153],

Grimme introduced the spin-component-scaled (SCS) method to treat separately

the electron correlation effects of electron pairs with the same and opposite spins

[154]. The SCS approach, coupled with both truncated CI and CC methods, has

been used to examine the low-lying excited states of organic dyes, including the

effects of aggregation [155–159]. In a second approach, both restricted and unre-

stricted spin–orbital formalisms of the algebraic diagrammatic construction scheme

of second order (ADC(2)) have recently been employed in the study of the elec-

tronic, ionization, and optical properties of small-to-medium conjugated molecules

and their radical ions [160–165].

Variations on the GW method, a perturbation-based approach that determines

the self-energy from the direct product of the one-particle Green’s function (G) and

the dynamically screened Coulomb interaction (W) [166, 167], have found use

in evaluating the electronic and optical properties of isolated molecules and

organic solids as well as electronic-level alignment at heterogeneous interfaces

[168–186]. Of particular importance are theoretical applications where the elec-

tronic eigenenergies computed through the GW formalism are coupled with the

Bethe–Salpeter equation (BSE) to evaluate excitonic effects [168–174, 181]. The

non-self-consistent G0W0 approach is finding use in the description of the elec-

tronic properties of molecules, though the lack of self-consistency means that the

results are highly dependent on the parameters derived from lower-level

calculations [177, 178, 180, 181, 185, 186]. While this overview of post-HF

methods is not exhaustive, our aim is to show that considerable work is ongoing

to provide more reliable, accurate extensions of HF theory – work that will continue

to gain in importance as computational power increases and the theoretical under-

standing progresses.

The main focus of the review will center on density functional theory (DFT)

methods, which have also been extensively applied to the theoretical characteriza-

tion and design of DA oligomers [8, 38, 50, 68, 69, 71, 81, 85, 87, 92, 100, 128, 135,

141, 187–209]. While DFT methods generally provide a good balance between

chemical accuracy and computational cost, limitations in size do arise as DFT

methods scale as N4. Efforts to reduce this scaling through linear scaling techniques

[210–214] do allow DFT to be applied to considerably larger systems (�106

atoms). DFT calculations that take into account periodic boundary conditions

have also been employed to determine the electronic band structure of polymeric

materials [38, 48, 199, 215, 216] and evaluate interfacial interactions with metal

electrodes [217].

Of concern with traditional DFT methods, including the widely used standard

hybrid functionals (e.g., the B3LYP [218–220] functional that combines Becke’s

three-parameter exchange functional [221] and the Lee–Yang–Parr correlation

functional [218, 222]), are (1) electron self-interaction errors that generally lead

to an over-delocalized description of the wave function and (2) artifacts due to the

approximations needed to describe the exchange functional. Advances in the

development and application of density functionals that include long-range

corrections to the exchange functional [223–230], and in particular functionals
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where the range-separation is tuned (optimized) for the system under study

[231–237], do offer the possibility to correct for these limitations. Recent results

with these functionals will be highlighted below, in particular with regard to the

examination of the low-lying excited states of DA copolymers [238].

5 Geometric and Electronic Structures and Their Impact

on Redox Properties

We now turn to the application of quantum-mechanical methods to describe the

interplay of the geometric and electronic structures and the subsequent impact on

the redox properties. The geometric structure of a π-conjugated system impacts the

electronic properties of the system primarily through the degree of BLA along the

backbone, aromatic stabilization of the individual building blocks, inductive or

mesomeric effects due to substitutions along the backbone, relative coplanarity

along the backbone, and degree of intermolecular coupling in the solid state

[118]. To evaluate these effects in some detail, let us consider two donor

architectures where a central five-membered ring is fused on both sides by either

thiophene rings (structure denoted as CPDT, cyclopentadithiophene) or benzene

rings (CPDP, cyclopentadiphenylene); see Fig. 2 [128]. These donors constitute

some of the most widely used electron-rich fragments in small optical gap DA

copolymers for bulk-heterojunction OPVs; the chemical structure is often further

varied through substitution of the carbon at the 9-position by either nitrogen or

silicon atoms (denoted X in Fig. 2) [7, 8, 46, 54, 239–243]. To pair with these donor

sets, commonly used acceptors are coupled in one of two configurations, either

directly or via bis-thiophene linkages (denoted Y and T-Y-T in Fig. 2). In the case

of Fig. 2, combining these donor and acceptor segments leads to 144 different DA

monomer configurations, which provides a broad study platform [128]. The data

evaluated below are those determined for tetramers at the B3LYP/6-31G(d,p) level

of theory.

The ground-state geometries of these DA oligomers are very much influenced by

the choice of donor and acceptor fragments, and present varying degrees of linearity

along the long molecular axis and of deviations from coplanarity. The X/CPDP-Y

oligomers tend to deviate more from a coplanar architecture compared to X/CPDT-

Y oligomers, a result of steric interactions between the hydrogen atoms in the 1-, 3-,

5-, and 7-positions of X/CPDP (vs the 3- and 7-positions of X/CPDT) and the

nearest-neighbor atoms of the acceptor fragment. These deviations are the largest

for oligomers with the TQ, QX, and PP acceptors due to the increased bulkiness of

these acceptor heterocycles. The additional increase in torsion angle in systems

with the TQ acceptor is a result of the increased bulkiness from the extension of the

heterocycle and the steric hindrance from the two hydrogen atoms in the 6- and

8-positions. These large deviations from planarity, importantly, can impact the

electronic structure through reduction of the wave-function delocalization.

8 C. Risko and J.-L. Brédas



The goal behind the introduction of thiophene rings between the donors and

acceptors has been, in general, to reduce these torsion angles [125], which it usually

does. These smaller twists arise from limiting the steric interactions between

neighbor donor/acceptor segments. This is especially true for interactions with

the neighboring six-membered rings in the X/CPDP-Y fragment, while coupling

the bis-thiophene-substituted acceptors to the X/CPDT-based donors has a lesser

impact on the degree of twisting. We note that there can be a wide range of energy

cost, from some 2–60 kcal/mol (or, in the context of thermal energy, from some

1,200 to 30,000 K), required to coplanarize the DA oligomers that present torsion

angles �25� [128].
Turning to the electronic structure, the HOMOs in the DA oligomers are

generally delocalized over both donor and acceptor fragments. These wave

functions in most cases correspond to the out-of-phase combination of the donor

and acceptor fragment HOMOs. The LUMOs of most systems, on the other hand,

are predominantly composed of the acceptor LUMO and have contributions mainly

Fig. 2 Top: Monomer architectures with the various donors denoted in the chemical structure.

Bottom: Chemical structures of 12 commonly used acceptors
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over the acceptor. Obviously, the level of mixing and localization/delocalization of

the HOMO and LUMO in the DA oligomers is also a function of the torsion angles

along the donor and acceptor conjugation bridge. Inspection of Fig. 3 highlights the

roles of energetic alignment and (departure from) coplanarity. For C/CPDP-QX,

while the LUMO is delocalized over the oligomer, it is mainly found on the

acceptor fragments due to the combination of a large mismatch between the

LUMO energies and large torsion angles among the D and A components. With

slightly better matching of the LUMO energies and substantial decrease in torsion

angles (we note that the C/ and N/ torsion angles are comparable), the LUMO in

C/CPDT-QX is delocalized over both the donor and acceptor components.

Overall, the X/CPDP-Y tetramers have energetically-stabilized HOMOs

compared to the X/CPDT-Y family, a trend consistent with those of the isolated

donor fragments [128]. The X/CPDP-T-Y-T HOMO energies are significantly

destabilized (by 0.11–0.43 eV) when compared to X/CPDP-Y oligomers, a result

of a more coplanar configuration across the backbone and increased delocalization

of the HOMO (it should be borne in mind that the extent of localization/delocaliza-

tion discussed here is a simple qualitative description based on inspection of the

MOs). The effect of the various X-substituents on the DA tetramer HOMO energy

is smaller (0.04–0.16 eV) than in the isolated donors. Although small, such

differences can play a role on the open-circuit voltage of the solar cell [242,

244]. The fundamental gap of the DA tetramers is a function of the HOMO and

LUMO energy trends discussed above, with X/CPDP-based tetramers presenting a

Fig. 3 Illustrations of the HOMO and LUMO for C/CPDP-QX and C/CPDT-QX as determined at

the B3LYP/6-31G(d,p) level
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larger fundamental gap compared to X/CPDT-based tetramers. The X/CPDP-T-Y-T

tetramers have substantially reduced fundamental gaps compared to the X/CPDP-Y

tetramers while the effect of adding the bridge thiophene rings is much smaller in the

X/CPDT-based tetramers.

In general, there is good agreement among the trends in the molecular

orbital eigenvalues/estimated ionization energies and available empirical data. An

important note, however, is that experimental estimates of the ionization energies

derived from electrochemical measurements can be misleading. Electrochemical

measurements (e.g., cyclic voltammetry or differential pulse voltammetry) of

oxidation and reduction potentials are at best estimates of the bulk ionization

energies, since the dielectric environment of the polymer in solution can differ

considerably from that of the polymer in the solid state. It is also important to keep

in mind that the redox potentials determined for π-conjugated polymers are not

solely governed by the chemical structure of the repeat units. This is highlighted by

a study of DA copolymers containing electron-rich segments with CPDT and a

varying number of unsubstituted thiophenes coupled to BT acceptors [114]. While

the estimated ionization potentials and electron affinities determined for similarly-

sized oligomers across the polymer series at the B3LYP/6-31G(d,p) level of theory

were comparable, polymers with the same conjugated backbone structure that

varied in terms of the degree of order/crystallinity of the polymer packing in the

solid state (which is a function of the molecular-weight distribution), side-chain

concentration, and side-chain structure presented very different solid-state ioniza-

tion potentials [114]. This underlines the need not only to be able to evaluate the

intrinsic electronic structure and redox properties of “isolated” single (macro)

molecules via electronic-structure methods, but also to be able to use multiscale

approaches to determine the molecular/polymer packing configurations present in

the solid state that influence the electronic properties of these larger systems.

6 Excited-State Properties

Electronic-structure methods are also of value to describe the processes involved

during photoexcitation and exciton formation as a function of chemical and geo-

metric structure. The most widely used methods for evaluating the (singlet) excited-

state properties of DA oligomers are based on semiempirical HF [36, 92, 139, 140,

142, 143, 145, 146, 187, 188, 193, 200] and (time-dependent) density functional

theory [68, 69, 71, 87, 141, 187–197, 201, 245]. The intermediate neglect of

differential overlap (INDO) Hamiltonian coupled with a CI scheme that allows

for excitations of single electrons (CIS) is amongst the most widely used semiem-

pirical HF methods for such calculations. An important consideration in the use of

these methods, therefore, involves the proper choice of the CI active space, which

for π-conjugated systems is one in general that allows for all π–π* transitions within
the system to be considered. Of note concerning the use of semiempirical

Hamiltonians is a recent benchmark study that reveals (1) a general underestimation
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of vertical excitation energies and (2) limitations concerning the evaluation of

oscillator strengths (transition dipole moments); orthogonalization-corrected

approaches (e.g., OM1, OM2, and OM3) were suggested as good candidates for

the evaluation of vertical excitation processes of organic molecules [246].

Time-dependent DFT (TDDFT), an extension of DFT whose foundations lie in

the rigorous proof of correspondence between a time-dependent external potential

and the time-dependent one-particle density [247, 248], is also widely exploited as it

offers accurate results for well-behaved systems with reasonable computational costs

[249]. As an example, we return to the tetramers derived for the DA components

shown in Fig. 2, where TDDFT calculations at the B3LYP/6-31G(d,p) level were

used to gain insight into the vertical singlet (S0 ! Sn) electronic transitions

[128]. As is the case for most DA copolymers examined in the literature, the

S0 ! S1 transitions for these tetramers can be principally described as HOMO !
LUMO one-electron excitations. The magnitude and trends of the optical gaps are

similar to those of the fundamental gaps.

It is of interest to evaluate how well the calculated transition energies for

oligomers compare with respect to the optical excitation energies measured for

the full polymers, a topic that has been reviewed recently [250]. A variety of

procedures, from simple linear and polynomial fits to extrapolation procedures

derived empirically [138, 251] and theoretically [250, 252], have been applied to

extract vertical transition energies at the (infinite) polymer limit [68, 69, 71, 87, 92,

142, 145, 187–191, 193, 245, 253]. Two main regions – a linear regime where the

vertical transition energy decreases with increasing oligomer size, and a saturation

regime where continued increase of the oligomer length no longer influences the

transition energy – generally arise from these analyses, with the turnover point

described as the “effective conjugation length” [251] or the “maximum conducive

chain length” [250]. We suggest that such extrapolation procedures should be used

with care, however, as the errors associated with the assumptions employed in the

chosen computational methodology can outweigh the improvement in predicted

value at the polymer limit [250]. In addition, the appropriate choice of extrapolation

procedure can change considerably depending on the particular characteristic being

analyzed for convergence behavior [253].

Beyond the description of the S0 ! S1 transitions, more extensive TDDFT

calculations can be used to span the entire near-infrared–visible–ultraviolet spec-

trum. To illustrate this, we turn to an investigation of a series of DA copolymers that

have been used in a number of high-performing OPV cells (Fig. 4) [6–8, 10–16, 18,

70, 100, 147]. Building on the themes of previous studies, it is of interest to

determine whether these copolymers present any intrinsic properties that make

them stand out against other less successful DA constructs.

Simulated absorption spectra (Fig. 5) for tetramers in the series were derived

through Gaussian-function convolution (fwhm ¼ 0.3 eV) of the vertical transition

energies and oscillator strengths (see below) computed with TDDFT at the B3LYP/

6-31G(d,p) level of theory [100]. There is generally good agreement between the

overall shape of the simulated spectra for the tetramers and the literature-reported

polymer (both solution and thin-film) absorption spectra [6–8, 10–16, 18, 70, 100,
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147]. However, it is worth noting that there is no single observation arising from the

study indicative as to why these materials behave so well in OPV cells vs other DA

copolymers.

The spectra, in general, are characterized by one dominant, low-energy transi-

tion with large oscillator strength followed by a second, high-energy transition (or

series of transitions) with smaller oscillator strengths. We note two items of interest

evident for the benzodithiophene (BDT)-containing polymers (PBDTTT series and

PBDTTPD). First, the substitution of the thienothiophene (TT) acceptor by thieno

[3,4-c]pyrrole-4,6-dione (TPD) leads to a blue shift of the low-energy optical

absorption maximum, a consistent result when comparing reported spectra for the

Fig. 4 Monomer structures for a series of DA copolymers used as the HTMs in combination with

fullerene-based ETMs in high-performance BHJ organic solar cells. The structure of a trimer of

P3HT is provided for reference. All alkyl chains have been truncated to methyl groups
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copolymers containing the two acceptor units [13, 15, 59, 88]. Second, the

low-energy band seen in the experimental absorption spectra [11, 13, 15, 16, 18,

88, 93] is comprised of two peaks with an energetic splitting on the order of

0.15–0.20 eV (~1,210 to 1,615 cm�1), while the TDDFT results reveal the presence

of only one, dominant low-energy transition. This is consistent with the presence in

the experimental data of a vibronic progression typical of the coupling of the

electronic excitation with C–C stretching modes (such electron-vibration couplings

have not been considered in the calculations discussed here).

In addition to excitation energies and spectral line shapes, information pertaining to

the nature of the excited state [254] – including the electronic configuration, transition

dipole moment (oscillator strength), distribution of the correlated electron-hole pair,

transition density, and charge-density difference with the ground state – can be

obtained and provide key insight into how the DA moieties along the backbone

interact in the excited state. Chemists often use molecular orbitals to describe the

nature of low-lying electronic transitions in conjugated materials, as most systems

involve transitions among the frontier π orbitals (for instance HOMO ! LUMO

as noted above). Further scrutiny of the ground- and excited-state wave functions

involved in the electronic transitions, however, can provide for even deeper

understanding vs what can be gained from simple molecular orbital analyses.

For example, correlated electron-hole distributions have been used to visualize how

Fig. 5 Simulated absorption spectra for the tetramers of the PBDTTT family, PBDTTTPD, and

P3HT as determined with TDDFT at the B3LYP/6-31G(d,p) level of theory. The absorption spectra

were simulated through convolution of the vertical transition energies and oscillator strengths with

Gaussian functions characterized by a full width at half-maximum (fwhm) of 0.3 eV
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the electron and hole in the excited state (de)localize across the conjugated backbone

[36, 139, 195, 255], while the transition density and charge-difference density give

access to the areas of the conjugated system directly involved in the transition and

the change in electron density on excitation, respectively [36, 195, 254].

Natural transition orbitals (NTOs) [256], derived through analysis of the transi-

tion density matrix, provide a means to reduce the often complex descriptions of the

mixed electronic configurations (i.e., linear combinations of multiple electronic

excitations) that frequently describe an excited-state transition into a single hole-

particle excitation; the eigenvalue λ denotes the fraction of the hole (in the occupied
space) – particle (promoted into the unoccupied space) pair contribution for

the given electronic transition [254, 256]. Figures 6 and 7 show illustrations of

the NTOs for the PCPDTBT and PCDTBT S0 ! S1 transitions as determined at the

B3LYP/6-31G(d,p) level of theory [100]. As the S0 ! S1 transitions are primarily

HOMO ! LUMO, the corresponding NTOs have similar character to the molecu-

lar orbital distributions [100]. For PCPDTBT (and the benzodithiophene-containing

polymers), both the hole and electron are fairly well delocalized over the entire

conjugated backbone. We note here that, while these transitions are often referred

to as being charge-transfer (CT) transitions, a strict interpretation of such a descrip-

tion can be misleading. As is seen for PCPDTBT, the NTOs reveal what might best

be termed “partial charge-transfer-like character” to the excitation, where the hole

NTO is delocalized (through the acceptors) across the donor components and the

electron NTO is mainly on the acceptor.

The situation differs somewhat for PCDTBT (Fig. 7), where two sets of NTOs

are needed to describe the transition, a function of the S0 ! S1 transition being a

linear combination of mainly four single-electron excitations. For the leading

Fig. 6 Illustrations of the natural transition orbitals (NTO) describing the PCPDTBT S0 ! S1
transition as determined with TDDFT at the B3LYP/6-31G** level of theory. λ is the fraction of

the hole-particle contribution to the excitation
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hole-electron couple, the hole has again a fairly delocalized (continuous) nature

(as observed for PCPDTBT), while the electron is highly localized on the

benzothiadiazole acceptors (though it is “delocalized” on the latter across the entire

oligomer). As the hole and electron reside within the same spatial extent of the

oligomer, there remains a rather large spatial overlap between the hole and electron

NTOs and the dominant hole-particle couple remains as a partial charge-transfer-

like transition. The similar delocalization of the electron and hole, though the

electron tends towards the benzodithiazole acceptors, is consistent with the negli-

gible solvatochromism reported for PCDTBT [204]. These NTOs are reminiscent

of the molecular orbitals discussed earlier for the CPDT-QX DA combination

(Fig. 3) and reveal how the electronic structure in turn affects the nature of the

low-lying excited state. The minor participant to the excited state is mostly

localized on the p-dithiophenebenzothiadiazole subunits.
The NTO analysis can also be applied to the examination of the high-energy

transitions [100, 257, 258]. This is of interest as it is often stated in the DA copolymer

literature that the secondary, high-energy band corresponds to a donor-localized π–π*
transition. The NTOs for these transitions reveal, in fact, that the high-energy

transitions in the DA chains possess a substantial contribution of partial charge-

transfer-like character and are not donor localized [100]. For both PCPDTBT and

PCDTBT, the hole in the main high-energy excitation is again delocalized; however,

Fig. 7 Illustrations of the natural transition orbitals (NTO) for the PCDTBT S0 ! S1 transition as

determined with TDDFT at the B3LYP/6-31G** level of theory. λ is the fraction of the hole-

particle contribution to the excitation
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the electron is also well delocalized over both the donor and acceptor, with the wave

function on the benzothiadiazole unit confined to the thiadiazole. A secondary

excitation for PCPDTBT is more reminiscent of the partial-charge-transfer transition

observed for the S0 ! S1 excitation, while in PCDTBT the secondary transition is

(again) p-dithiophenebenzothiadiazole localized [100].

While this analysis is highly beneficial, there are still concerns regarding the use

of the appropriate level of theory, in particular with the optical transitions

containing such charge-transfer-like character. As noted above, the effects of the

electron self-interaction error in the general DFT formalism can tend to lead to

over-delocalization of the excited-state wave function, and hence a red shift in the

calculated vertical transition energies vs experiment; this is a consistent feature of

the B3LYP-calculated transition energies of the high-performance polymers

[100]. The degree of the shift is largely dependent on the choice of functional,

with improvements observed in general for hybrid functionals that include some

quantity of HF exchange. Modern long-range corrected (LRC) functionals where

the range-separation parameter is tuned specifically for the system under study

show promise for overcoming these difficulties. In a follow-up study of these high-

performance copolymers [238], tuning the range-separation parameter of the ωB97
functional [229] of Chai and Head-Gordon provides for a very good agreement with

experimental absorption spectra, especially when compared to the red-shifted

spectra provided by the B3LYP functional. This improvement can be related to

better balance in the description of the local and charge-transfer excitations

provided by the optimization of the range-separation parameter.

In addition, there appears to be a difference regarding the NTOs derived from the

TDDFT calculations employing the tuned ωB97 functional for the PCDTBT

S0 ! S1 excitation. Three hole-electron pairs, where each hole is localized within

a specific thiophene–benzene (belonging to a benzothiadiazole segment) –

thiophene segment and the electron localized within the benzothiadiazole unit,

are found to play a key role. This alternative picture suggests that the decreased

absorption energy and increased oscillator strength in PCDTBT with increasing

chain length arises not solely from the delocalized partial charge-transfer-like

excitations but rather from the coupling of the dithienylbenzothiadiazole-localized

excitations along the chain. Though the NTO description of the excitation differs

with respect to that at the B3LYP level, the hole and electron remain delocalized to

a similar extent over the same spatial area of the oligomer, a result that is again

consistent with the negligible solvatochromism of PCDTBT [204]. Similar

differences between the B3LYP and tuned ωB97 functionals are noted for the

other oligomer systems as well [238]. The LRC functionals offer the possibility

for improved descriptions of the intrinsic electronic and optical properties, though a

substantial benchmarking effort remains to understand fully the benefits and

limitations of these functionals.

For a material to act as an efficient solar energy absorber, it not only has to

absorb over a broad spectral (energy) range, it also has to absorb the photons

effectively. Hence, the electronic transition dipole moment is a parameter of

importance as it translates into both the molar extinction coefficient (solution)
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and absorption coefficient (thin film) and, therefore, provides direct information on

empirically measured absorption strengths. For an electronic excitation, the proba-

bility that a transition will occur between two states is given by the electronic

transition dipole moment:

hμi ¼
ð
ψ�
e ~rð Þμ̂ψg ~rð Þd~r (1)

where ψ�
e ~rð Þ and ψg ~rð Þ are the excited-state and ground-state wave functions, and μ̂

is the dipole moment operator; (1) is the basis of the orbital selection rules for

electronic transitions.2 In addition to the transition dipole moment, the oscillator

strength – a unitless parameter directly determined by the square of the transition

dipole moment – is often reported.

Returning to the oligomer study discussed at the outset of the review, we again

see an important interplay between the geometric structure of the oligomer and the

resulting optical properties (in this case) as the oscillator strengths of the X/CPDT-

based oligomers, in general, are larger than those for the X/CPDP tetramers, a result

that relates to the more coplanar nature of the geometric structure. Notably, the DA

oligomers that have the bisthiophene substitution about the acceptors have consid-

erably larger oscillator strengths. This enlargement, again, arises from the increased

coplanarity (especially for the X/CPDP-based oligomers) that in turn leads to

extended conjugated paths along the backbone and improvements in the spatial

overlap of the ground- and excited-state wave functions. There is effectively no

change in oscillator strength as a function of the X-substituent in the X/CPDP-based

oligomers. However, for the X/CPDT-based oligomers there occurs some increase

in oscillator strength (up to 8% and 12% for the X/CPDT-Y and X/CPDT-T-Y-T

oligomers, respectively) when X changes from Si(CH3)2 to C(CH3)2. This is

possibly a contribution from a decrease in the backbone curvature, or reduced

distortion of the cyclopentadithiophene unit (due to the smaller atomic size of

carbon vs silicon) as described by Scharber et al. [90].

Both wave-function and DFT methods can be used to determine excited-state

geometries and as a result the degree of relaxation and (de)localization of the

exciton. This is of particular relevance with regard to describing intramolecular

and intermolecular exciton diffusion within the bulk. HF/CIS has been the principal

method employed to date to determine the nature of the geometry in the first excited

state [187–191, 245]; recent developments with regards to TDDFT [259], however,

have allowed for these methods to be increasingly considered. Using the first-

excited state geometries in combination with the methods described above, addi-

tionally, allows for the evaluation of fluorescence spectra.

Finally, the nature and energies of the low-lying triplet states can also be evaluated

with similar computational methodologies. This is particularly useful as the

2Note that both vibrational (i.e., Franck–Condon factor) and spin selection rules also play an

important role in the probability of a transition.
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experimental determination of triplet-state properties is often difficult [196,

260]. Both vertical and adiabatic energy differences with respect to the ground

state, geometric consequences of triplet-state formation (e.g., localization of the

triplet state), and singlet–triplet exchange energies [139, 140, 142, 145, 196, 261]

are accessible. For organic solar cells, the characterization of the low-lying triplet

states is important as they can serve as pivotal energy-loss pathways [260, 262, 263].

7 Exciton Migration

As the above section indicates, the use of electronic-structure methods readily

allows for reasonable descriptions of the geometric and energetic characteristics

of low-lying singlet- and triplet-excited states. The ability to describe accurately the

migration (diffusion) of these excitons in organic thin films, on the other hand,

remains an elusive problem [103, 264]. Though the use of the customary point-

dipole model is inappropriate for energy transfer between nearby chromophores,

long-range Förster resonant energy transfer (FRET) theory is often applied to

describe singlet exciton diffusion [264, 265]. Conversely, triplet exciton diffusion

has been described through short-range Dexter mechanisms. Important for the

description of energy transfer is the determination of electronic coupling between

interacting sites [139, 266]. Electronic coupling has been determined on the basis of

atomic transition densities to deal with the limitations of the point-dipole model in

FRET [267, 268]. Complicating the picture further is recent work on oligoacene

single crystals that reveals substantial contributions from charge-transfer

configurations (where the hole and the electron are found on adjacent molecules)

in the description of the lowest singlet exciton, a result that will have significant

implications for the proper theoretical description of exciton diffusion [269].

8 Exciton Dissociation and Charge Separation

The description of exciton dissociation at the HTM–ETM interface also remains

ambiguous. This is a function of the fact that a number of aspects – including the

nature of the ground state (e.g., molecular orientation, degree of charge transfer) at

the heterojunction interface, polarization effects and the formation of heterojunction

interface dipoles, the nature of the exciton (singlet or triplet) state that reaches the

interface, and the coupling between the exciton state and the charge-transfer (CT)

states at the interface – complicate the description [103, 270–273]. Recent work on

isolated HTM and ETM molecular pairs has been performed to develop and test

methods to probe the rates of charge-transfer, charge-separation, and charge-

recombination processes at the interface [270, 272, 274–276].

While work is ongoing to examine these rates for DA oligomers with fullerenes,

a recent combined experimental and theoretical study of a series of polythiophenes

[277] (Fig. 8) was performed to evaluate the impact of synthetically-induced
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backbone twisting on the electronic coupling and charge-transfer state energies

between the polymers and fullerenes at the heterojunction interface. It has been

suggested that reducing the electronic coupling between the HTM and ETM

materials at their interface through increased steric interactions could subsequently

increase the open-circuit voltage (Voc) by limiting the dark current and radiative

recombination losses [278–280]. A linear correlation was observed experimentally

across the polymer series between the energy of the charge-transfer state, the Voc

value, and the polymer ionization potential [277], with the consistent difference

(0.57 V) between Voc and ECT/q (the charge-transfer state energy divided by the

elementary charge) suggesting that radiative losses and intermolecular electronic

couplings at the heterojunction (assuming nonradiative losses to be similar) were of

the same order for all the polymers.

To examine these effects computationally, complexes between oligothiophene

donors and a fullerene acceptor were derived by placing the pentagonal face of C60

(used as a model for the substituted fullerene) parallel to the plane of the central

unsubstituted thiophene unit in PDHTT and PDHBT or hexyl-substituted thiophene

unit in P3HT. Here, Grimme’s dispersion-corrected B97D functional [281] and a

6-31G(d,p) basis set were used to determine the binding energy of the complex as

the oligomer-C60 distance was varied from 2.8 to 4.4 Å; the largest binding-energy

configuration was then used to evaluate both the charge-transfer state energy and

effective electronic coupling between the oligomer and C60.

As expected, the largest binding energy for a given complex was determined to

shift to larger oligomer-fullerene distances with increased twist within the conju-

gated backbones. Across the series, the oligomer-fullerene distances ranged from

3.15 to 3.25 Å [277]. These complex geometries were then used to evaluate the

energy of the charge-transfer state through the constrained DFT formalism [282] at

Fig. 8 Oligothiophene chemical structures considered for the DFT investigations
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the B3LYP/6-31G(d,p) level coupled with the continuum solvation conductor-like

screening model [283]. The DFT-derived charge-transfer state energies followed

well the trend of the experimental data determined by measurements of the external

quantum efficiency, though the DFT-based absolute values overestimated the

experimental results by some 0.3–0.5 eV (a discrepancy that could arise from a

variety of sources, including the simplicity of taking into account only a

two-molecule complex) [277].

A fragment orbital approach [284] was then used to evaluate the effective

electronic couplings between the oligothiophene HOMO and the triply-degenerate

C60 LUMO at the B3LYP/6-31G(d,p) level. Importantly, the theoretical evaluation

of the electronic couplings corroborated the experimental results. As expected,

the increased distance between the oligomer and C60 as a function of the degree

of backbone twisting led to a reduced electronic coupling between the oligomer

and fullerene. Though the computed couplings correlate fairly well with the

increased open-circuit voltage with increased backbone twisting, the variation in

the electronic coupling is quite small and results in estimates for the increased

open-circuit voltages that are roughly one order of magnitude smaller than the

experimental data. These evaluations, in total, suggest that multi-step theoretical

determinations of the charge-transfer state energies and electronic couplings can

provide valuable insight into the exciton dissociation process at the interface,

though considerable improvements in the methodology and general understanding

are still necessary.

Finally, the energy of the fully charge-separated state is defined as the energy

difference between the (adiabatic) ionization potential of the HTM and the (adia-

batic) electron affinity of the ETM. To determine such energies theoretically, the

radical-cation and radical-anion states need to be evaluated in the solid state. Both

wave-function and DFT methods have been widely used to examine these states for

isolated DA oligomers [69, 187–191, 194, 197, 245]. Accurate evaluations of the

polarization energies appearing in condensed phases, however, remain a challeng-

ing task [271, 285–299]. Hence, there remains a significant challenge to describe

the conceptually simple charge-separated state from current theoretical methods.

9 Charge-Carrier Transport

Charge-carrier transport is generally discussed in terms of semiclassical Marcus

theory [112, 113, 300–303]. The charge-carrier mobility (in the weak coupling

limit) is related to the rate of electron transfer, kij, between two adjacent molecules/

polymer chain segments:

kij ¼ 2π

�h
Hij

�� ��2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4πkBTλ

r
exp �ðλþ ΔG�Þ2

4λkBT

" #
(2)

Small Optical Gap Molecules and Polymers: Using Theory to Design More. . . 21



where kB and�h represent the Boltzmann and reduced Planck constants, respectively,

T the temperature,ΔG� is the Gibbs’ free energy change during electron transfer,Hij

denotes the electronic coupling (transfer integral) between initial state i and final

state j, and λ is the reorganization energy, which consists of two components – the

outer-sphere (λo) and inner-sphere (or intramolecular, λi) reorganization energies.

Quantum-chemical evaluations of the electronic coupling and intramolecular reor-

ganization energy are common and have been applied to the study of DA oligomers

[69, 143, 193, 194]; reviews on the evaluation of charge-carrier transport through

organic crystals and thin films have been published elsewhere [112, 113]. We note

that atomistic molecular dynamics simulations coupled with electronic structure

evaluations of the electronic coupling and intramolecular reorganization energies

have proved to be useful for the evaluation of charge-carrier transport in polymers

[304–308], though considerable work remains to derive the appropriate theoretical

understanding of these processes in both ordered (including both short- and

medium-range order) and disordered organic media.

10 Charge Collection

The investigation of charge collection at the electrodes is a difficult task as one has

to consider the complexity of the organic–metal/organic–conducting–oxide inter-

face, including how molecular orientation, chemical substitution, or charge-density

redistributions influence the energy-level alignment between the frontier molecular

orbitals of the organic layer and the Fermi energy of the electrode [309–321]. Such

investigations, importantly, provide valuable physical insight into the empirical

results obtained from photoelectron spectroscopy experiments. Limited studies

currently exist concerning polymer–electrode interfaces, though a recent examina-

tion of the oligothiophene–gold interface details the importance of oligomer/

polymer orientation at these contacts [217].

11 Outlook

In this overview, we have discussed the application and results of oligomer-based

quantum-chemical characterizations of DA copolymers to illustrate useful concepts

concerning the intrinsic and materials-scale properties of systems of interest for

OPVs. Details concerning the interplay of the chemical structure and geometric,

electronic, and optical properties were provided, and methodologies that result in

improved agreement with experiment were considered. We have also highlighted a

number of areas where continued work to gain better insight into the physical

processes involved in OPV operation is necessary so as to derive appropriate

theoretical models.
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Notably, theoretical efforts are emerging that employ the quantum-chemical

approaches discussed here to perform extensive calculations pre-synthesis to offer

potential targets for synthetic and materials chemists to consider [322, 323]. We

need to keep in mind, however, that while such studies are valuable, they constitute

only a first component in the much broader multiscale modeling and experimental

efforts that need to be performed to push further both materials design and a more

complete understanding of the underlying photochemistry and device physics.

Major challenges remain to understand how the intrinsic properties of each compo-

nent change as a function of bulk and interface effects in the solid state and how key

intermolecular interactions are influenced by molecular packing arrangements.

These topics will be considered in more detail in later chapters by Zannoni and

Van Voorhis. This issue is underlined by the fact that there now exist a number of

molecules and polymers in the literature that seemingly have appropriate ionization

energies and optical absorption profiles to work well as the HTM and primary absorber

in concert with fullerene acceptors, yet the performance of devices employing

these materials can range from very good to nil. Therefore, it will be important to

develop integrated multiscale theoretical approaches that, when combined with

experimental efforts regarding the determination of structure/morphology at the

nano- and mesoscales, will develop the broader understanding required for directed

materials design.
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1. Becquerel E (1839) Mémoire sur les effets électroniques produits sous l’influence des rayons

solaires. C R Acad Sci 9:561

2. Tang CW (1986) Two-layer organic photovoltaic cell. Appl Phys Lett 48:183

3. Halls JJM, Walsh CA, Greenham NC, Marseglia EA, Friend RH, Moratti SC, Holmes AB

(1995) Efficient photodiodes from interpenetrating polymer networks. Nature 376:498

4. Yu G, Gao J, Hummelen JC, Wudl F, Heeger AJ (1995) Polymer photovoltaic cells: enhanced

efficiencies via a network of internal donor–acceptor heterojunctions. Science 270:1789

5. Yu G, Heeger AJ (1995) Charge separation and photovoltaic conversion in polymer

composites with internal donor/acceptor heterojunctions. J Appl Phys 78:4510

6. Peet J, Kim JY, Coates NE, Ma WL, Moses D, Heeger AJ, Bazan GC (2007) Efficiency

enhancement in low-bandgap polymer solar cells by processing with alkane dithiols. Nature

Mater 6:497

7. Blouin N, Michaud A, Leclerc M (2007) A low-bandgap poly(2,7-carbazole) derivative for

use in high-performance solar cells. Adv Mater 19:2295

Small Optical Gap Molecules and Polymers: Using Theory to Design More. . . 23



8. Blouin N, Michaud A, Gendron D, Wakim S, Blair E, Neagu-Plesu R, Belletete M,

Durocher G, Tao Y, Leclerc M (2008) Toward a rational design of poly(2,7-carbazole)

derivatives for solar cells. J Am Chem Soc 130:732

9. Park SH, Roy A, Beaupre S, Cho S, Coates N, Moon JS, Moses D, Leclerc M, Lee K, Heeger

AJ (2009) Bulk heterojunction solar cells with internal quantum efficiency approaching

100%. Nature Photon 3:297

10. Beaupre S, Boudreault P-LT, Leclerc M (2010) Solar-energy production and energy-efficient

lighting: photovoltaic devices and white-light-emitting diodes using poly(2,7-fluorene), poly

(2,7-carbazole), and poly(2,7-dibenzosilole) derivatives. Adv Mater 22:E6

11. Zou Y, Najari A, Berrouard P, Beaupre S, Reda Aich B, Tao Y, Leclerc M (2010) A thieno

[3,4-c]pyrrole-4,6-dione-based copolymer for efficient solar cells. J Am Chem Soc 132:5330

12. Liang Y, Xiao S, Feng D, Yu L (2008) Control in energy levels of conjugated polymers for

photovoltaic application. J Phys Chem C 112:7866

13. Chen H-Y, Hou J, Zhang S, Liang Y, Yang G, Yang Y, Yu L, Wu Y, Li G (2009) Polymer

solar cells with enhanced open-circuit voltage and efficiency. Nature Photon 3:649

14. Liang Y, Feng D, Guo J, Szarko JM, Ray C, Chen LX, Yu L (2009) Regioregular oligomer

and polymer containing thieno[3,4-b]thiophene moiety for efficient organic solar cells.

Macromolecules 42:1091

15. Liang Y, Feng D, Wu Y, Tsai S-T, Li G, Ray C, Yu L (2009) Highly efficient solar cell

polymers developed via fine-tuning of structural and electronic properties. J Am Chem Soc

131:7792

16. Liang Y, Wu Y, Feng D, Tsai S-T, Son H-J, Li G, Yu L (2009) Development of new

semiconducting polymers for high performance solar cells. J Am Chem Soc 131:56

17. Guo J, Liang Y, Szarko J, Lee B, Son HJ, Son HJ, Rolczynski BS, Yu L, Chen LX (2010)

Structure, dynamics, and power conversion efficiency correlations in a new low bandgap

polymer: PCBM solar cell. J Phys Chem B 114:742

18. Liang Y, Xu Z, Xia J, Tsai S-T, Wu Y, Li G, Ray C, Yu L (2010) For the bright future-bulk

heterojunction polymer solar cells with power conversion efficiency of 7.4%. Adv Mater

22:E135

19. Muhlbacher D, Scharber M, Morana M, Zhu ZG, Waller D, Gaudiana R, Brabec C (2006)

High photovoltaic performance of a low-bandgap polymer. Adv Mater 18:2884

20. Liang Y, Yu L (2010) A new class of semiconducting polymers for bulk heterojunction solar

cells with exceptionally high performance. Acc Chem Res 43:1227

21. Press release (2012) Solarmer energy, Incorporated. August 21, 2012

22. Hains AW, Liang Z, Woodhouse MA, Gregg BA (2010) Molecular semiconductors in

organic photovoltaic cells. Chem Rev 110:6689

23. Zhang Y, Dang X-D, Kim C, Nguyen T-Q (2011) Effect of charge recombination on the fill

factor of small molecule bulk heterojunction solar cells. Adv Energy Mater 1:610

24. Wei G, Lunt RR, Sun K, Wang S, Thompson ME, Forrest SR (2010) Efficient, ordered bulk

heterojunction nanocrystalline solar cells by annealing of ultrathin squaraine thin films. Nano

Lett 10:3555

25. Sun Y, Welch GC, Leong WL, Takacs CJ, Bazan GC, Heeger AJ (2012) Solution-processed

small-molecule solar cells with 6.7% efficiency. Nature Mater 11:44

26. Press release (2013) Heliatek GmbH. January 16, 2013

27. Beaujuge PM, Frechet JMJ (2011) Molecular design and ordering effects in pi-functional

materials for transistor and solar cell applications. J Am Chem Soc 133:20009

28. Henson ZB, Mullen K, Bazan GC (2012) Design strategies for organic semiconductors

beyond the molecular formula. Nature Chem 4:699

29. Havinga EE, Hoeve W, Wynberg H (1992) A new class of small band gap organic polymer

conductors. Polym Bull 29:119

30. Havinga EE, Tenhoeve W, Wynberg H (1993) Alternate donor–acceptor small-band-gap

semiconducting polymers – polysquaraines and polycroconaines. Synth Met 55:299

24 C. Risko and J.-L. Brédas



31. Dhanabalan A, van Dongen JLJ, van Duren JKJ, Janssen HM, van Hal PA, Janssen RAJ

(2001) Synthesis, characterization, and electrooptical properties of a new alternating

N-dodecylpyrrole-benzothiadiazole copolymer. Macromolecules 34:2495

32. Dhanabalan A, van Duren JKJ, van Hal PA, van Dongen JLJ, Janssen RAJ (2001) Synthesis

and characterization of a low bandgap conjugated polymer for bulk heterojunction photovol-

taic cells. Adv Funct Mater 11:255

33. van Mullekom HAM, Vekemans J, Havinga EE, Meijer EW (2001) Developments in the

chemistry and band gap engineering of donor–acceptor substituted conjugated polymers. Mat

Sci Eng R 32:1

34. Jenekhe SA, Lu L, Alam MM (2001) New conjugated polymers with donor–acceptor

architectures: synthesis and photophysics of carbazole–quinoline and phenothiazine–quinoline

copolymers and oligomers exhibiting large intramolecular charge transfer. Macromolecules

34:7315

35. Brabec CJ, Winder C, Sariciftci NS, Hummelen JC, Dhanabalan A, Van Hal PA, Janssen RAJ

(2002) A low-bandgap semiconducting polymer for photovoltaic devices and infrared emit-

ting diodes. Adv Funct Mater 12:709

36. Persson N-K, Sun M, Kjellberg P, Pullerits T, Inganäs O (2005) Optical properties of low

band gap alternating copolyfluorenes for photovoltaic devices. J Chem Phys 123:204718

37. Thompson BC, Kim Y-G, McCarley TD, Reynolds JR (2006) Soluble narrow band gap and

blue propylenedioxythiophene-cyanovinylene polymers as multifunctional materials for

photovoltaic and electrochromic applications. J Am Chem Soc 128:12714

38. Cheng KF, Liu CL, Chen WC (2007) Small band gap conjugated polymers based on

thiophene-thienopyrazine copolymers. J Polym Sci A Polym Chem 45:5872

39. Colladet K, Fourier S, Cleij TJ, Lutsen L, Gelan J, Vanderzande D, Nguyen LH,

Neugebauer H, Sariciftci S, Aguirre A, Janssen G, Goovaerts E (2007) Low band gap

donor–acceptor conjugated polymers toward organic solar cells applications.

Macromolecules 40:65

40. Gadisa A, Mammo W, Andersson LM, Admassie S, Zhang F, Andersson MR, Inganaes O

(2007) A new donor–acceptor–donor polyfluorene copolymer with balanced electron and

hole mobility. Adv Funct Mater 17:3836

41. Tang W, Ke L, Tan L, Lin T, Kietzke T, Chen Z-K (2007) Conjugated copolymers based on

fluorene-thieno[3,2-b]thiophene for light-emitting diodes and photovoltaic cells.

Macromolecules 40:6164

42. Wong HMP, Wang P, Abrusci A, Svensson M, Andersson MR, Greenham NC (2007) Donor

and acceptor behavior in a polyfluorene for photovoltaics. J Phys Chem C 111:5244

43. Zhang M, Yang C, Mishra AK, Pisula W, Zhou G, Schmaltz B, Baumgarten M, Mullen K

(2007) Conjugated alternating copolymers containing both donor and acceptor moieties in the

main chain. Chem Commun 1704

44. Zhu Z, Waller D, Gaudiana R, Morana M, Muhlbacher D, Scharber M, Brabec C (2007)

Panchromatic conjugated polymers containing alternating donor/acceptor units for photovol-

taic applications. Macromolecules 40:1981

45. Blouin N, Leclerc M (2008) Poly(2,7-carbazole)s: structure–property relationships. Acc

Chem Res 41:1110

46. Hou J, Chen H-Y, Zhang S, Li G, Yang Y (2008) Synthesis, characterization, and photovol-

taic properties of a low band gap polymer based on silole-containing polythiophenes and

2,1,3-benzothiadiazole. J Am Chem Soc 130:16144

47. Hou J, Park M-H, Zhang S, Yao Y, Chen L-M, Li J-H, Yang Y (2008) Bandgap and

molecular energy level control of conjugated polymer photovoltaic materials based on

benzo[1,2-b:4,5-b’]dithiophene. Macromolecules 41:6012

48. Kumar A, Bokria JG, Buyukmumcu Z, Dey T, Sotzing GA (2008) Poly(thieno[3,4-b]furan), a

new low band gap polymer: experiment and theory. Macromolecules 41:7098

49. Moule AJ, Tsami A, Buennagel TW, Forster M, Kronenberg NM, Scharber M, Koppe M,

Morana M, Brabec CJ, Meerholz K, Scherf U (2008) Two novel cyclopentadithiophene-

based alternating copolymers as potential donor components for high-efficiency bulk-

heterojunction-type solar cells. Chem Mater 20:4045

Small Optical Gap Molecules and Polymers: Using Theory to Design More. . . 25



50. Peng Q, Park K, Lin T, Durstock M, Dai L (2008) Donor-pi-acceptor conjugated copolymers

for photovoltaic applications: tuning the open-circuit voltage by adjusting the donor/acceptor

ratio. J Phys Chem B 112:2801

51. Walker W, Veldman B, Chiechi R, Patil S, Bendikov M, Wudl F (2008) Visible and near-

infrared absorbing, low band gap conjugated oligomers based on cyclopentadieneones.

Macromolecules 41:7278

52. Zhang F, Bijleveld J, Perzon E, Tvingstedt K, Barrau S, Inganaes O, Andersson MR (2008)

High photovoltage achieved in low band gap polymer solar cells by adjusting energy levels of

a polymer with the LUMOs of fullerene derivatives. J Mater Chem 18:5468

53. Ahmed E, Kim FS, Xin H, Jenekhe SA (2009) Benzobisthiazole-thiophene copolymer

semiconductors: synthesis, enhanced stability, field-effect transistors, and efficient solar

cells. Macromolecules 42:8615

54. Beaujuge PM, Pisula W, Tsao HN, Ellinger S, Mullen K, Reynolds JR (2009) Tailoring

structure-property relationships in dithienosilole-benzothiadiazole donor–acceptor

copolymers. J Am Chem Soc 131:7514

55. Bijleveld JC, Shahid M, Gilot J, Wienk MM, Janssen RAJ (2009) Copolymers of cyclopen-

tadithiophene and electron-deficient aromatic units designed for photovoltaic applications.

Adv Funct Mater 19:3262

56. Bijleveld JC, Zoombelt AP, Mathijssen SGJ, Wienk MM, Turbiez M, de Leeuw DM, Janssen

RAJ (2009) Poly(diketopyrrolopyrrole-terthiophene) for ambipolar logic and photovoltaics.

J Am Chem Soc 131:16616

57. Gedefaw D, Zhou Y, Hellstroem S, Lindgren L, Andersson LM, Zhang F, Mammo W,

Inganaes O, Andersson MR (2009) Alternating copolymers of fluorene and donor–accep-

tor–donor segments designed for miscibility in bulk heterojunction photovoltaics. J Mater

Chem 19:5359

58. Hellstroem S, Zhang F, Inganaes O, Andersson MR (2009) Structure–property relationships

of small bandgap conjugated polymers for solar cells. Dalton Trans 10032

59. Hou J, Chen H-Y, Zhang S, Chen RI, Yang Y,Wu Y, Li G (2009) Synthesis of a low band gap

polymer and its application in highly efficient polymer solar cells. J Am Chem Soc 131:15586

60. Hou J, Chen H-Y, Zhang S, Yang Y (2009) Synthesis and photovoltaic properties of two

benzo[1,2-b:3,4-b’]dithiophene-based conjugated polymers. J Phys Chem C 113:21202

61. Hou J, Chen TL, Zhang S, Chen H-Y, Yang Y (2009) Poly[4,4-bis(2-ethylhexyl)cyclopenta

[2,1-b;3,4-b’]dithiophene-2,6-diyl-alt-2,1,3- benzoselenadiazole-4,7-diyl], a new low band

gap polymer in polymer solar cells. J Phys Chem C 113:1601

62. Huo L, Chen H-Y, Hou J, Chen TL, Yang Y (2009) Low band gap dithieno[3,2-b:2’,3’-d]

silole-containing polymers, synthesis, characterization and photovoltaic application. Chem

Commun 5570

63. Huo L, Hou J, Chen H-Y, Zhang S, Jiang Y, Chen TL, Yang Y (2009) Bandgap and molecular

level control of the low-bandgap polymers based on 3,6-dithiophen-2-yl-2,5-dihydropyrrolo

[3,4-c]pyrrole-1,4-dione toward highly efficient polymer solar cells. Macromolecules

42:6564

64. Inganas O, Zhang F, Andersson MR (2009) Alternating polyfluorenes collect solar light in

polymer photovoltaics. Acc Chem Res 42:1731

65. Lee SK, Cho NS, Cho S, Moon S-J, Lee JK, Bazan GC (2009) Synthesis and characterization

of low-bandgap cyclopentadithiophene-biselenophene copolymer and its use in field-effect

transistor and polymer solar cells. J Polym Sci A Polym Chem 47:6873

66. Lindgren LJ, Zhang F, Andersson M, Barrau S, Hellstroem S, Mammo W, Perzon E,

Inganaes O, Andersson MR (2009) Synthesis, characterization, and devices of a series of

alternating copolymers for solar cells. Chem Mater 21:3491

67. Mei JG, Heston NC, Vasilyeva SV, Reynolds JR (2009) A facile approach to defect-free

vinylene-linked benzothiadiazole-thiophene low-bandgap conjugated polymers for organic

electronics. Macromolecules 42:1482

26 C. Risko and J.-L. Brédas



68. Mondal R, Ko S, Norton JE, Miyaki N, Becerril HA, Verploegen E, Toney MF, Brédas JL,

McGehee MD, Bao ZN (2009) Molecular design for improved photovoltaic efficiency: band

gap and absorption coefficient engineering. J Mater Chem 19:7195

69. Mondal R, Miyaki N, Becerril HA, Norton JE, Parmer J, Mayer AC, Tang ML, Brédas J-L,

McGehee MD, Bao Z (2009) Synthesis of acenaphthyl and phenanthrene based fused-

aromatic thienopyrazine co-polymers for photovoltaic and thin film transistor applications.

Chem Mater 21:3618

70. Park SH, Roy A, Beaupre S, Cho S, Coates N, Moon JS, Moses D, Leclerc M, Lee K, Heeger

AJ (2009) Bulk heterojunction solar cells with internal quantum efficiency approaching

100%. Nat Photonics 3:297

71. Steckler TT, Zhang X, Hwang J, Honeyager R, Ohira S, Zhang XH, Grant A, Ellinger S,

Odom SA, Sweat D, Tanner DB, Rinzler AG, Barlow S, Brédas JL, Kippelen B, Marder SR,

Reynolds JR (2009) A spray-processable, low bandgap, and ambipolar donor–acceptor

conjugated polymer. J Am Chem Soc 131:2824

72. Xin H, Guo X, Kim FS, Ren G, Watson MD, Jenekhe SA (2009) Efficient solar cells based on

a new phthalimide-based donor–acceptor copolymer semiconductor: morphology, charge-

transport, and photovoltaic properties. J Mater Chem 19:5303

73. Zhang S, Guo Y, Fan H, Liu Y, Chen H-Y, Yang G, Zhan X, Liu Y, Li Y, Yang Y (2009) Low

bandgap pi-conjugated copolymers based on fused thiophenes and benzothiadiazole: synthe-

sis and structure-property relationship study. J Polym Sci A Polym Chem 47:5498

74. Zoombelt AP, Fonrodona M, Turbiez MGR, Wienk MM, Janssen RAJ (2009) Synthesis and

photovoltaic performance of a series of small band gap polymers. J Mater Chem 19:5336

75. Zoombelt AP, Fonrodona M, Wienk MM, Sieval AB, Hummelen JC, Janssen RAJ (2009)

Photovoltaic performance of an ultrasmall band gap polymer. Org Lett 11:903

76. Zoombelt AP, Gilot J, Wienk MM, Janssen RAJ (2009) Effect of extended thiophene

segments in small band gap polymers with thienopyrazine. Chem Mater 21:1663

77. Zoombelt AP, Leenen MAM, Fonrodona M, Nicolas Y, Wienk MM, Janssen RAJ (2009) The

influence of side chains on solubility and photovoltaic performance of dithiophene-

thienopyrazine small band gap copolymers. Polymer 50:4564

78. Baran D, Balan A, Celebi S, Meana Esteban B, Neugebauer H, Sariciftci NS, Toppare L

(2010) Processable multipurpose conjugated polymer for electrochromic and photovoltaic

applications. Chem Mater 22:2978

79. Beaujuge PM, Subbiah J, Choudhury KR, Ellinger S, McCarley TD, So F, Reynolds JR

(2010) Green dioxythiophene-benzothiadiazole donor–acceptor copolymers for photovoltaic

device applications. Chem Mater 22:2093

80. Chen C-H, Hsieh C-H, Dubosc M, Cheng Y-J, Hsu C-S (2010) Synthesis and characterization

of bridged bithiophene-based conjugated polymers for photovoltaic applications: acceptor

strength and ternary blends. Macromolecules 43:697

81. Chen H-Y, Hou J, Hayden AE, Yang H, Houk KN, Yang Y (2010) Silicon atom substitution

enhances interchain packing in a thiophene-based polymer system. Adv Mater 22:371

82. Huo L, Hou J, Zhang S, Chen H-Y, Yang Y (2010) A polybenzo[1,2-b:4,5-b’]dithiophene

derivative with deep HOMO level and its application in high-performance polymer solar

cells. Angew Chem Int Edit 49:1500

83. Kim B-S, Ma B, Donuru VR, Liu H, Frechet JMJ (2010) Bodipy-backboned polymers as

electron donor in bulk heterojunction solar cells. Chem Commun 46:4148

84. Li J, Grimsdale AC (2010) Carbazole-based polymers for organic photovoltaic devices.

Chem Soc Rev 39:2399

85. Liu B, Najari A, Pan C, Leclerc M, Xiao D, Zou Y (2010) New low bandgap dithienylben-

zothiadiazole vinylene based copolymers: synthesis and photovoltaic properties. Macromol

Rapid Commun 31:391

86. Marchiori CFN, Koehler M (2010) Dipole assisted exciton dissociation at conjugated poly-

mer/fullerene photovoltaic interfaces: a molecular study using density functional theory

calculations. Synth Met 160:643

Small Optical Gap Molecules and Polymers: Using Theory to Design More. . . 27



87. Mondal R, Becerril HA, Verploegen E, Kim D, Norton JE, Ko S, Miyaki N, Lee S, Toney

MF, Brédas J-L, McGehee MD, Bao Z (2010) Thiophene-rich fused-aromatic thienopyrazine

acceptor for donor–acceptor low band-gap polymers for OTFT and polymer solar cell

applications. J Mater Chem 20:5823

88. Piliego C, Holcombe TW, Douglas JD, Woo CH, Beaujuge PM, Frechet JMJ (2010)

Synthetic control of structural order in N-alkylthieno[3,4-c]pyrrole-4,6-dione-based
polymers for efficient solar cells. J Am Chem Soc 132:7595

89. Qian G, Wang ZY (2010) Design, synthesis, and properties of benzobisthiadiazole-based

donor-pi-acceptor-pi-donor type of low-band-gap chromophores and polymers. Can J Chem

88:192

90. Scharber MC, Koppe M, Gao J, Cordella F, Loi MA, Denk P, Morana M, Egelhaaf HJ,

Forberich K, Dennler G, Gaudiana R, Waller D, Zhu ZG, Shi XB, Brabec CJ (2010) Influence

of the bridging atom on the performance of a low-bandgap bulk heterojunction solar cell. Adv

Mater 22:367

91. Wu J-S, Cheng Y-J, Dubosc M, Hsieh C-H, Chang C-Y, Hsu C-S (2010) Donor–acceptor

polymers based on multi-fused heptacyclic structures: synthesis, characterization and photo-

voltaic applications. Chem Commun 46:3259

92. Zhang X, Steckler TT, Dasari RR, Ohira S, PotscavageWJ Jr, Tiwari SP, Coppee S, Ellinger S,

Barlow S, Brédas J-L, Kippelen B, Reynolds JR, Marder SR (2010) Dithienopyrrole-based

donor–acceptor copolymers: low band-gap materials for charge transport, photovoltaics and

electrochromism. J Mater Chem 20:123

93. Zhang Y, Hau SK, Yip H-L, Sun Y, Acton O, Jen AK-Y (2010) Efficient polymer solar cells

based on the copolymers of benzodithiophene and thienopyrroledione. Chem Mater 22:2696

94. Zoombelt AP, Mathijssen SGJ, Turbiez MGR, Wienk MM, Janssen RAJ (2010) Small band

gap polymers based on diketopyrrolopyrrole. J Mater Chem 20:2240

95. Walker B, Kim C, Nguyen T-Q (2010) Small molecule solution-processed bulk

heterojunction solar cells{. Chem Mater 23:470

96. Zhang F, Wu D, Xu Y, Feng X (2011) Thiophene-based conjugated oligomers for organic

solar cells. J Mater Chem 21:17590
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literature of the field. Special attention is paid to the choice of the computational
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to the choice of the chemical details in describing the molecular interactions. Recent
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1 Introduction

The functioning and performance of many organic electronic devices, including

organic solar cells, depends on the molecular organization of functional organic

materials such as donors and acceptors, both in the bulk and at interfaces. Thus it

would clearly be desirable to rationalize fully, and eventually to predict, these

supramolecular arrangements from just a knowledge of the molecular structure.

Actually this seemingly simple and well defined task turns out to be surprisingly

difficult even for small molecules. To quote the mythical Nature editor Sir

J. R. Maddox “one of the continuing scandals in the physical sciences is that it

remains in general impossible to predict the structure of even the simplest crystal-

line solids from a knowledge of their chemical composition” [1]. After 25 years this

issue, although far from being solved, has been extensively investigated and

considerable progress has been made, thanks to computer modeling and simulations

and, of course, the huge progress in hardware power. To give an idea of the

improvement in potentialities, a super computer of 1988, like the Cray Y-MP,

had eight cores with a total performance of some 2.3 Gflops, and a current one

like the Blue Gene Q at Lawrence Livermore National Laboratory (US) has

1,572,864 cores with a total peak performance of 20,132.7 Tflops, an increase of

about 7 orders of magnitude.

This progress, associated with the improvement, more difficult to quantify, in

computer codes, has led to an impressive enhancement in the predictive power of

simulations, now starting to give, e.g., transition temperatures within a few degrees

from experiment, and physical observables like densities, birefringence, and other

orientational order-related tensor properties, and mobilities comparable to

experiment [2].

As further boosts in computing power are expected, e.g., for the increased

availability of graphics processing units, and simulation programs start to be widely

accessible, either commercially or on an open source basis, it is important to avoid

these being used as black boxes without knowing the methods behind the various

packages that, despite the variations available in the scientific community, reduce

basically to two families of methods connecting molecular properties to

observables: Monte Carlo (MC) and Molecular Dynamics (MD).

Here we aim to review briefly these basic approaches and list some of their

differences and limitations. We shall also review the major ways of providing input

to the simulations, i.e., of representing real molecules with models of various spatial

resolution and detail, ranging from atomistic models more akin to the chemist’s

view of a molecule, to coarse grain models where even an entire molecule

is replaced by a simple spherical or anisotropic object. We shall only discuss
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off-lattice models, where molecular positions can change during the simulation,

instead of being fixed on a lattice, even though this class of model can be used for

studying less local scales that we intend here, for instance in simulating optical

defects [3] or, in a context close to that of this volume [4, 5], in modeling bulk

heterojunction morphologies to perform kinetic Monte Carlo simulations of charge

and energy transport at the device scale [6]. To keep the discussion practical, we

shall present a number of recent applications to organic semiconductors. Moreover

we include a list of the major current packages available to users with some

comments on their features and typical applications.

2 Levels of Modeling

Molecules and their mutual interactions can be described at very different levels of

modeling, starting from the most rigorous quantum mechanical picture, down to

empirical lattice models. Nevertheless, not all the available theoretical instruments

are suitable for targeting the supramolecular organization of organic semiconductors.

For instance, first principle Car–Parrinello MD [7], by describing the motion of nuclei

in the potential of electronic clouds, is a very computationally expensive method,

which is limited to a few molecules for a few picoseconds, i.e., well below the time

and length scales of our interest.

Molecular modeling at the classic level consists in describing a chemical object,

here a semiconducting molecule or a polymer, with a mathematical function

containing tunable parameters. This mapping process is not unique and several

options are left to the chemical and physical intuition of computational materials

scientists. The choice of the level of modeling is the first and maybe most important

step of any simulation study and thus should always be primarily dictated by the

scientific problems or questions that motivate the research. In choosing the level of

modeling one should also take into account practical issues, such as the feasibility

of the simulation in terms of computing power requests, the availability of suitable

codes, or the time and skill required to develop new ones.

In this section, three levels of modeling which have proved to be useful in

organic electronics are described in decreasing order of chemical detail (Fig. 1).

In general, simpler models grant access to longer simulation times and to larger

system sizes, at the expense of partially or totally losing track of the chemical nature

of the investigated material. Atomistic models provide the highest resolution pic-

ture, in virtue of the 1:1 mapping existing between atoms and simulated objects.

When carefully parameterized, these models give a very accurate description of a

specific material, and quantitatively reproduce or predict its physical properties.

Though any model less detailed than atomistic can, broadly speaking, be called

coarse-grained (CG), a more precise distinction in two categories is established

according to the model purpose and the scheme used to parameterize it. Specific

CG models are aimed at describing a given chemical system, though at a lower

computational cost than atomistic ones. They are demanding to derive and are used
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when equilibration timescales become prohibitive for atomistic simulations, as is the

case for DNA, proteins and, more generally, polymers in solution and bulk phase.

An alternative approach is to start from the onset with a low resolution model,

which is set up essentially by physical intuition, where a whole molecule or

monomer is replaced by one or few beads. The typical aim of those simple
empirical models is to examine the minimum set of molecular features needed to

obtain a given molecular organization, for instance a certain anisotropy of shape or

the presence of electric multipole moments, and the qualitative relation between

variations in the microscopic model and macroscopic properties. This type of

modeling does not necessitate a preliminary well-defined and known chemical

structure, but is more akin to a reverse molecular engineering process, where one

guesses what key features are needed to achieve the desired macroscopic behavior

before actually trying to write down and possibly synthesize a certain molecule.

Fig. 1 A sketch of the main modeling approaches used in computer simulations and of their inter-

relations, when they exist. Dotted lines indicated possible steps for feedback loops and model

improvements
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2.1 Atomistic Models

The internal energy of a system of molecules, e.g., an organic material in the

condensed phase, is a complex function of the positions and momenta of all nuclei

and electrons. If one is interested in studying the morphology and dynamics at the

molecular scale, an effective way of tackling this difficult task is to describe atoms

as charged classical particles and completely neglect electrons. Without any

approximation, the potential energy of the system can be expanded into a series

of many-body interaction terms [8]:

U ¼
X
i

Ui þ
X
i<j

Uij þ
X
i<j<k

Uijk þ
X

i<j<k<l

Uijkl þ . . . (1)

where the terms represent the self-energy of the atoms, the pairwise interaction

between two atoms, and so on. The assumption of fixed connectivity between the

atoms allows for dividing them between those belonging to the same molecule,

giving rise to a set of intramolecular interactions, typically approximated with up to

four-body terms, and those belonging to different molecules, responsible of intermo-

lecular interactions. In order to limit the number of interactions to be computed, the

intermolecular expansion is usually truncated at the two-body term, although three-

body contributions are not negligible [8]. This choice determines the computational

cost to grow proportionally to the number of pair interactions, so roughly to the

square of the number of particles; this is still extremely demanding for long-range

interactions and is often limited with the introduction, when possible, of a cutoff

radius. To compensate for neglecting higher terms, some adjustable parameters (e.g.,

the atomic size and the interaction strength when representing the atoms) are nor-

mally fitted to reproduce basic thermodynamic properties, giving rise to effective

pairwise potentials rather than exact ones.

The set of mathematical functions and parameters used to express the internal

energy is referred to as force field (FF). In the simplest category of FF, so-called

“Class I,” the interactions between atoms have a direct physical meaning: for

example, the total energy of the system is divided into bonded (bonds, angles,

and torsions) and non-bonded (dispersion and electrostatic) interactions:

Utotal ¼ Ubonded þ Unon�bonded (2)

Among the most used force fields of this kind we cite AMBER-GAFF [9, 10],

OPLS [11], and CHARMM [12], all relying on intramolecular potential energy

functions like the following:

Ubonded ¼
X
bonds

Krðr � reqÞ2 þ
X
angles

Kωðω� ωeqÞ2

þ
X

dihedrals

X
n

Vn 1þ cosðnϕ� γnÞ½ �; (3)
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where the three contributions represent bond stretching, bending, and internal

rotations or torsions. The first two terms are described with simple harmonic

potentials, characterized by the equilibrium bond distances req and angles ωeq,

with force constants Kr and Kω. The third is a cosine expansion, with coefficients

Vn and phases γn, of the torsional potential for each internal rotation angle ϕ. Note
that the three functions involve respectively two-, three-, and four-body (intramo-

lecular) interactions, referring to the expansion in (1).

Non-bonded atom–atom interactions are instead assumed to be pairwise additive

and include the sum of 12–6 Lennard–Jones terms, allowing for steric repulsion

Aij=r
12
ij , dispersive van der Waals attraction Bij=r

6
ij , and unscreened electrostatic

Coulomb terms between the partial charges qi, qj of the two atoms at distance rij:

Unon�bonded ¼
X
i<j

Aij

r12ij
� Bij

r6ij
þ qiqj

rij

" #
(4)

These charges reflect local differences in electronegativity and chemical envi-

ronment. In practice, partial charges are obtained, often together with the geomet-

rical parameters in (3), from preliminary quantum chemistry calculations on

isolated molecules. Non-bonded interactions are normally excluded for directly

bonded atoms (also labeled as 1–2 interactions) and for atoms sharing a common

bonded atom (1–3), while for atoms which are 1–4 connected they are often

reduced, with respect to 1–5 or other intramolecular or intermolecular ones, by a

factor which depends on the adopted force field.

In general, atomistic FFs can offer an adequate description or, in the most

favorable cases, prediction of the properties of complex molecular systems at

equilibrium. However, it should not be overlooked that parameterization and

validation of FFs is carried out on certain classes of compounds (e.g., proteins)

and that their transferability to other categories (e.g., organic functional materials)

should not be taken for granted, not even in the case of more complicated functional

forms with respect to those detailed in (3) and (4). When exploiting the FF for

modeling a compound not present in the original training set, its performance

should be thoroughly cross-checked against experimental data for the target system,

such as transition temperatures, density, crystal structures, which depend on the

correct description of both intra and intermolecular terms, and parameters should be

modified accordingly to improve the agreement with the experiment.

The most common customization scheme includes the computation of atomic

charges, small adjustment of equilibrium values for bond lengths and angles, and

fitting of torsional potentials to ab initio calculation results [13–15]. The reparame-

terization of torsional terms is very important for reproducing correctly the molecular

shape, in particular when several interconnected aromatic units are present in the

systems, for instance in a semiconducting oligomer or a polymer [2, 13, 16]. Atomic

charges can easily be computed with one of the several electrostatic potential fitting

methods which are implemented in modern quantum mechanics (QM) computer
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programs. We recall here that well established population analysis methods, such as

Mulliken’s or Löwdin’s, fail to give a reliable charge distribution in many cases [17].

A better option is to obtain atomic charges which reproduce the molecular electrostatic

potential calculated from the ground-state electron density [10, 18, 19]. This

choice ensures that the electrostatic interactions between molecules are correctly

approximated with a simple Coulomb potential acting between point charges [20].

A higher degree of sophistication is reached by incorporating polarization

effects in molecular systems, enabling a dynamic response of molecular charge

densities to changes in dielectric environment. Several groups attempted to intro-

duce polarizability into the molecular mechanics model, either as induced point-

multipoles or classical Drude oscillators, or even fluctuating charges [21]. We refer

the reader to recent reviews [21, 22] for details about the cited models and their

current states of implementation.

The increasing number of publications appearing and the fact that most polar-

izable approaches are now implemented in high performance MD codes such as

NAMD [23], CHARMM [24], and AMBER [25] (see the Appendix), together with

the good results obtained so far in improving the accuracy of intermolecular

interaction energy for aminoacids [25, 26] and in reproducing experimental dielec-

tric constants of pure alkanes [27] and aromatic compounds [28], suggest that

polarizable FFs, although rarely used so far, will soon also become a very useful

tool for studying organic electronic materials. In terms of computing performance,

a recent implementation of the Drude scheme has been shown to scale efficiently on

supercomputing platforms, with a computational cost only less than doubled,

compared to non-polarizable FFs [23]. Further computational savings can be gained

by treating as polarizable only the non-hydrogen atoms [28], exploiting the fact that

polarizability is roughly proportional to atomic volume and then almost negligible

for hydrogen atoms. This small contribution can be added to the closest “heavy”

atoms such as carbon, oxygen, nitrogen, and sulfur.

This concept was previously introduced in static FFs, leading to the so-called

“united atom” (UA, also called “extended atom”) approximation. In this case,

hydrogen atoms are combined with the heavier atoms they are bonded to

(in particular carbon) to form single interacting bodies. This was the original

scheme adopted by many FF developers in the 1980s, and several sets of updated

parameters exist [29–31]. The research in the field is still very active, in particular

for organic solvents with the “transferable potentials for phase equilibria” series of

publications [32]. It is generally found that UA FFs can be just as accurate as full

atom FFs in terms of phase organization and static physical properties [29, 33, 34],

also in combination with full atom FFs [35]. The computational saving achieved by

adopting a UA FF can be rather rewarding: just considering the reduction of the

number of interacting centers to about one half (see Fig. 2), a factor of four can

easily be gained. For instance, the P3HT monomer has the chemical formula

C10H14S, with 11 “heavy” atoms and 14 hydrogens; removing the hydrogens,

the computational cost will be reduced by a factor of ð11þ 14Þ=ð11Þ½ �2 � 5 ,

while for pentacene (C22H14) we obtain about 3. Other advantages, in analogy
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with coarse-grained models, are offered when using these FFs in MD simulations.

First, completely removing hydrogens – the lightest particles – from the simulation

system also allows for an increase of the MD integration timestep from ~1 fs,

typical of full atom FFs, to ~2 fs. Besides, the system dynamics may become up to

an order of magnitude faster [29, 36], enhancing the space sampling and reducing

equilibration times. For these reasons we believe that united atom models, together

with the coarse-grained ones discussed in the following section, are likely to find

extensive application in computational photovoltaics.

2.2 Coarse Graining

When looking at molecular and supramolecular organization at the length scale of

the order of the micrometers and for time windows of the order of microseconds,

atomistic simulations are not affordable, even with the most recent and powerful

parallel computers, particularly in view of the many state points needed to charac-

terize the changes in molecular organization with temperature, pressure, or chemi-

cal composition. Moreover, the huge amount of detail brought by a hypothetical

atomistic simulation might appear superfluous for many practical purposes. Luck-

ily, nature is organized in a hierarchical way, and phenomena occurring on larger

scales typically do not depend on atomic detail but rather on a smaller number of

mesoscopic degrees of freedom, derived in principle from a proper average over

microscopic features [37]. Natural and synthetic materials offer many examples of

crucial properties which can be satisfactorily described on a (much) coarser level of

detail with respect to the atomistic one. Among them, it is worth mentioning the

self-organization of molecules in mesophases, mainly governed by the molecular

shape or the mechanical properties of polymers, resulting from the interaction and

entanglement of macromolecular chains.

Specific coarse graining is more ambitious than the simple empirical molecular-

scale models treated in the next section, since it aims at quantitatively reproducing

selected physical properties of a given system and, in principle, it allows a reverse

mapping of morphologies to atomistic resolution. In practice, mapping an atomistic

structure onto a CG model consists in defining a reduced number of particles

(superatoms or beads) and deriving the potential for the interaction between

90 atoms 50 centers

Fig. 2 The UA approximation allows one to reduce to about one half the number of interacting sites

per molecule, with only a small loss of detail in the description of molecular shape: in this example, the

n-type semiconductor N, N0-bis(n-octyl)-dicyanoperylene-3,4:9,10-bid(dicarboximide) (PDI8CN2)

is shown
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them. As an illustrative example, Fig. 3 shows the CG model for P3HT and C60

proposed by Huang et al. [38]. The adoption of a CG model implies approximations

and arbitrary choices, such as defining which atoms are incorporated in a given

bead. An optimal atom-to-bead mapping is expected to reduce the number of

degrees of freedom without losing the essential features of the chemical structure.

As a matter of fact, the CG model is physically different from the reference

atomistic one and cannot describe all of its features; instead, systematic procedures

to derive CG potentials are actually based on the reproduction of selected target

properties (e.g., structure, thermodynamic data, or inter-molecular potential and

forces) obtained from a reference atomistic model or, less frequently, from

experimental data.

Approximating intermolecular potentials with a reduced number of pair interac-

tion sites is a viable opportunity also explored for small molecules. For instance, for

copper phthalocyanines a 13-site representation has been proposed and has proved

to be successful in reproducing the main features of the full atomistic potential [39].

A somewhat similar approach was also applied to polycyclic aromatic

hydrocarbons from benzene to hexabenzocoronene, for which a model with one

interaction site per benzene ring was derived by fitting the DFT face-to-face

intermolecular interaction curves [30]. For the highly symmetric C60 fullerene, a

single site potential was proposed by Girifalco [40]. This intermolecular potential

was derived by averaging the atomistic potential, expressed in terms of 6–12

Lennard–Jones centers for each carbon, over molecular orientations, supported by

the fact that above 250 K C60 undergoes a transition to a plastic crystal phase in

which buckyballs rotate rather freely. The Girifalco potential accurately reproduces

Fig. 3 Chemical structure of P3 HT and C60 with definition of CG beads (left). Right panels show
selected CG nonbonded potentials between CG sites (dashed line), obtained through iterative

Boltzmann inversion. The atomistic target radial distribution functions (solid line) and its CGanalogous

(dotted line) are indistinguishable on the figure scale. Reprinted with permission from [38].

Copyright 2010 American Chemical Society
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the main features of the original atomistic potential, with the considerable advan-

tage of reducing the number of interaction sites from 60 to just 1! It is worth

pointing out that the Girifalco potential can also be very accurately approximated

by the Gay–Berne potential [41] described in the next section. The same approach,

which assumes a continuum of Lennard–Jones interaction sites uniformly

distributed over the molecular surface, has been applied to model interactions

between other allotropic forms of carbon, such as fullerenes, nanotubes, and

graphene [42, 43].

More general procedures to derive CG potentials have been developed, mainly

in the context of thermoplastic polymers [44–48] and biological systems [49–51]

research. CG models for polymers are mainly to be credited to the group of Polymer

Theory of the Max Planck Institute in Mainz (Kremer, Müller-Plate, and

co-workers). These models, which require a reference atomistic simulation for the

derivation of the CG potential, can be classified in terms of the properties of the

reference model they aim to reproduce. Conversely, Force-based approaches

parameterize the CG potential by reproducing the instantaneous forces, sampled

along simulation trajectories, between CG beads from atomistic models [52].

A different family of methods involves the use of structural data, such as pair

distributions from atomistic simulation or experiments, to derive the potential

between beads. Among them, Boltzmann Inversion (BI) is the simplest and

provides an intuitive framework to introduce more sophisticated structure-based

methods. An atomistic simulation is performed to compute the probability distribu-

tion, PAT (q), along a given coordinate, q, of the CG model (lengths and angles).

The relevant potential of mean force is then obtained by reversing the distribution,

i.e.,UCGðqÞ ¼ �kBT logPATðqÞ. This approach relies on the assumption of statisti-

cal independence between coordinates, which should be verified in each specific

case. Actually, being the potential of mean force a free energy potential, simple BI

works properly for only energy-dominated and weakly interdependent interactions,

such as stretchings and, in some cases, bendings. For softer interactions, such as

torsions and nonbonded terms, where the entropic contribution to free energy can

be more important, simple BI can be used as a starting guess for other methods,

such as iterative BI [53] and inverse Monte Carlo [54]. Through these methods, a

genuine energy CG potential capable of exactly reproducing the targeted atomistic

properties is derived by means of a self consistent iterative procedure. Such

potentials can be expressed, and introduced in simulation engines, either through

(possibly piecewise) analytical expressions or with numerical (tabulated) values,

the latter option being the most accurate. As shown in Fig. 3 for P3HT/C60 mixture

[38], simulations adopting a numerical CG potential obtained through iterative BI

reproduce with high accuracy the reference atomistic radial distribution functions.

An alternative approach is adopted by the MARTINI force field, originally devel-

oped for application to biomolecules [51], but recently extended to fullerene [55]

and polystyrene [56]. The MARTINI approach resorts to analytic potentials

(stretching, bending, Lennard–Jones, and screened Coulomb interactions are con-

sidered) and is parameterized only against experimental data. Originally developed

for lipid membranes, the target properties mainly encompass thermodynamic data
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related to phase equilibria between polar and apolar molecules. However, in a more

recent application to polymers [56], a hybrid approach has been preferred, where FF

parameters have been optimized to reproduce structural and thermodynamic

properties from both experiment and atomistic simulations, such as pair

distributions for bonded interactions, and density and radius of gyration for

non-bonded terms.

System-specific CG promises the possibility of reintroducing the atomistic detail

from the CGmodel by means of reverse mapping (RM) techniques [45, 57–59]. RM

has a great potential for applications where long equilibration times and atomistic

information are both required, though it should be kept in mind that RM has no

unique solution, since every CG bead represents an ensemble-averaged structure for

a group of atoms. A typical RM strategy is a three-step process, including (1) rein-

troduction of atoms on the basis of geometrical criteria, (2) minimization to avoid

too close interatomic contacts, and (3) short atomistic molecular dynamics simula-

tion to sample microscopic configurations. In general, these procedures are pretty

straightforward for rigid systems and become increasingly problematic for flexible

chemical structures.

The obvious advantage of CG MD simulations is that accessible time and length

scales are far larger than those achievable with atomistic models. This speedup is

the result of three different factors: (1) the smaller number of particles enormously

reduces the computational cost of evaluation of pair interactions, characterized by

the well known N2 scaling with the number of particles N; (2) the smoother and

softer CG potentials allow longer time-steps to be used in the numerical integration

of the equations of motion; (3) the dynamics of CG models is intrinsically faster

than in atomistic ones (see below), allowing for a reduction of equilibration times.

Of course the advantages come with some limitations and issues. First, CG force

fields are derived for a specific thermodynamic state and hence are strictly

temperature-dependent. While small temperature variations (about 10–20%) are

considered tolerable, these models cannot describe systems across phase

transitions, where significant changes of molecular organization can occur in

relatively narrow temperature intervals. A second fundamental limitation is the

already mentioned accelerated dynamics [44, 60]. This general feature originates

from the fact that CG potentials, in reducing molecular details, also lead to a

reduction in friction with the environment. In single-component systems, the

bridging between atomistic and GC timescales can be achieved by scaling dynamic

quantities calculated at the two different levels. For instance, a linear time scaling

has been found to relate the mean square displacement of polymer chain beads

calculated at different levels, as shown for polystyrene in Fig. 4 [60]. It is, however,

well acknowledged that the dynamics of different phenomena, especially in multi

component systems, is affected by coarse graining in different ways and bridging

the timescales of models with different levels of resolution remains a critical open

problem [44, 60].

Besides these fundamental issues, other practical limitations hamper the

applications of CG models. One is that the development of a CG potential relies

on a proper atomistic FF, whose derivation is itself not a straightforward task
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(see Sect. 2.1). For instance, in a recent paper on liquid crystal modeling [62] the

CG model was shown to reproduce well the atomistic results, but these in turn were

not adherent to the real phase sequence (the experimentally observed nematic was

not obtained). Moreover, the intellectual and computational effort required to

develop CG models limits their applicability to most popular systems.

Coarse graining promises to be a powerful technique in the context of the multi-

scale modeling of materials for organic electronics and photovoltaics, although

only a few studies in this field have appeared in the literature. Key phenomena such

as phase separation in bulk heterojunction [38, 63] or the formation of polymeric or

molecular organic films from solvent casting are nowadays accessible only at the

CG level. Moreover, the systematic application of coarse and fine graining would

allow the spanning of extended size and timescales without precluding the possi-

bility of reintroducing the atomistic structure for ensuing quantum chemistry

calculations.

2.3 Simple Empirical Models

In this section we focus on simple molecular-scale empirical models which aim at

describing the properties of classes of systems characterized by some common

physical features. These models target the qualitative prediction of general trends

Fig. 4 Scaling of dynamics between atomistic (united atom) and CG model for melt polystyrene

(T ¼ 463 K): time dependence of the mean squared displacement for chains of different molecular

weight (see inset). Quantitative agreement with atomistic data requires a linear scaling factor,

SUA�CG. Different factors are necessary for chains of different length. Reprinted with permission

from [61]. Copyright 2009 American Chemical Society
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as a result of changes made to the constituent molecules such as the effect of

modifying molecular elongation, or adding dipoles, on phase behavior. Two differ-

ent families of models will be presented, the first tailored for anisotropic molecules

and the second suitable for describing polymers.

The Gay–Berne (GB) potential is the most extensively studied interaction model

for soft anisotropic particles, described as rigid bodies of ellipsoidal shape, and

represents the reference model for simulating thermotropic mesogens. Originally

developed [64] to fit a linear arrangement of four Lennard–Jones (LJ) [65] sites, the

model can be considered as a generalization of the LJ 12–6 potential, where shape

and interaction anisotropies have been introduced. The GB interaction potential

between particles i and j therefore depends on their orientations, defined by the unit
vectors ûi, ûj, and by their distance vector, rij:

Uðûi; ûj; r̂ijÞ ¼ 4ε0εðûi; ûj; r̂ijÞ

� σ0
rij � σðûi; ûj; r̂ijÞ þ σ0

� �12

� σ0
rij � σðûi; ûj; r̂ijÞ þ σ0

� �6
" #

; (5)

where σ0 and ε0 fix the scales of length and energy, while σðûi; ûj; r̂ijÞ and εðûi; ûj;
r̂ijÞ are the anisotropic contact distance and potential well depth, respectively. The

contact distance reads

σðûi; ûj; r̂Þ ¼ σ0 1� χ

2

ðûi � r̂þ ûj � r̂Þ2
1þ χðûi � ûjÞ þ ðûi � r̂� ûj � r̂Þ2

1� χðûi � ûjÞ

" #( )�1=2

; (6)

where

χ ¼ k2 � 1

k2 þ 1
(7)

is the shape anisotropy parameter, defined by the length-to-breadth ratio, k. The
well depth is determined by two functions:

εðûi; ûj; r̂Þ ¼ ε1ðûi; ûj; r̂Þ
� �

μ ε2ðûi; ûjÞ
� �

ν; (8)

where

ε1ðûi; ûj; r̂Þ ¼ 1� χ0

2

ðûi � r̂þ ûj � r̂Þ2
1þ χ0ðûi � ûjÞ þ ðûi � r̂þ ûj � r̂Þ2

1� χ0ðûi � ûjÞ

" #
(9)

ε2ðûi; ûjÞ ¼ 1� χ2ðûi; ûjÞ2
h i�1=2

: (10)
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while the parameter

χ0 ¼ ðk0Þ1=μ � 1

ðk0Þ1=μ þ 1
(11)

is defined in terms of the well depth anisotropy k0, i.e., the ratio between well depths
for the side-by-side and end-to-end interactions, respectively. The exact form of the

GB potential is determined by the four parameters μ, ν, k, k0, with the exponents μ, ν
tuning the orientational dependence of the energy. The original formulation, with

parameters k ¼ 3, k0 ¼ 5, μ ¼ 2, ν ¼ 1, gives rise to stable nematic and smectic

LC phases. A similar parameterization with μ ¼ 1, ν ¼ 3, exhibiting stronger

side–side interaction (Fig. 5), gives a wider nematic range and has often been

used [66]. Indeed, a powerful feature of the GB model is that it can be tuned to

represent the interaction between a wide range of different shapes simply by

adjusting μ and ν and by changing the relative well depths. Therefore the model

is not limited to rod-like molecules (prolate ellipsoids), but for k and k0 values
smaller than unity it describes disk-like mesogens (oblate ellipsoids), and their

discotic and columnar mesophases [67, 68].

The original form of the GB potential applies to systems consisting of identical

uniaxial particles. Some extensions of the Gay–Berne model have been proposed to

overcome this limitation by generalizing the potential to dissimilar biaxial molecules [69,

70]. Moreover, the GB model can easily be combined with other potentials to add a few

chemical details and establish a closer link with the structure of real molecules [71]. The

effects of adding electric multipoles to the GB potential have been studied and important

modifications have been observed in the overall molecular organization [68, 72].

GB particles are quite realistic models for small molecules, but once linked

together with specific bonded interactions similar to those in (3), they can also be

used as building blocks of more complex systems, such as polymers [73–77], LC

dendrimers [78], and elastomers [79], as well as covalently bonded fullerene-

mesogen systems [41, 80] or end-capped oligomers [81]. Among these studies, a

few attempts have also been made to use the GB potential as a basis for CG-like

parameterization, using atomistic simulations as the reference potential [68, 76, 81].

Multi-site GB models can provide valuable insights into the organization of

molecules in complex systems but, both for historical reasons (the GBmodel is probably

seen as specific for LCs) and because sometimes the anisotropy of the shape is either

neglected or not important in determining the phase organization, even simpler models

can be adopted. One of them is the so-called bead and spring polymer model, where

interactions between monomers are evaluated with the computationally cheaper LJ

potential or other expressions for excluded volume interaction. These models made an

important contribution to rationalizing generic features of polymer melts, mostly

depending on chains topology and entanglement rather than on chemical detail, such

as scaling relationships (with the chain length) or rheological properties [82, 83].

A computationally more efficient approach to the modeling of polymer systems is

the Dissipative Particle Dynamics (DPD) method, introduced by Hoogerbrugge and

Koelman [84] to describe the dynamics and rheological properties of complex fluids,
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which has been applied to several systems, ranging from immiscible polymer blends

[85] to linear [85, 86] and branched copolymer melts [87] to polymer brushes

[88]. The polymer model is a simple extension of the basic DPD fluid model,

where the system is considered as a collection of point DPD particles, each particle

containing a large number of molecules [89]. DPD particles interact with each other

via a pairwise, short-ranged force,FDPD
ij , which is written as the sum of a conservative,

dissipative, and a random term [84, 90, 91]:

FDPD
ij ¼ FC

ij ðr̂ijÞ þ FD
ij ðr̂ij; v̂ijÞ þ FR

ijðr̂ijÞ; (12)

with rij being the interparticle vector, and vij ¼ vj � vi the difference in the

velocities. The conservative repulsive term reads

FC
ij ðr̂ijÞ ¼

aijð1� rijÞr̂ij rij < rc
0 rij � rc

�
; (13)

where rc is the cutoff distance and aij is the finite maximum value (soft-core

potential), which allows for particle overlap (repulsion parameter). The appealing

characteristics of the DPD model is its versatility and flexibility to simulate different

classes of complex fluids, simply adding specific features (e.g., harmonic bonding

terms) by modifying the conservative forces. In addition, by suitably tuning the aij,

0/U e iû

jû

0/r s

ijij rrr ˆ=

Fig. 5 The GB potential as a function of dimensionless intermolecular distance for k ¼ 3, k0 ¼ 5

in side-by-side, T-shaped, and end-to-end configurations (left panel). Energy parameters are

μ ¼ 2, ν ¼ 1 (dashed line) and μ ¼ 1, ν ¼ 3 (continuous line). Adapted and reproduced

from [66] with permission from The Royal Society of Chemistry. The sketch in the right panel
defines ûi, ûj, and rij for a pair of GB molecules
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and even the cutoff radius rc which can be transformed in an effective contact

distance rijc , different DPD beads can be created and some chemical detail introduced.

The dissipative and random forces are written as

FD
ij ðr̂ij; v̂ijÞ ¼ �γωDðrijÞðr̂ij � vijÞr̂ij (14)

FR
ijðr̂ijÞ ¼ �σωRðrijÞθijr̂ij; (15)

where the damping constant γ and the noise strength σ give the relative strength of

different interactions and are related respectively to viscosity and temperature of

the system; ωDðrijÞ and ωRðrijÞ are r-dependent arbitrary weighting functions

(assuming finite values for rij < rc and vanishing for rij � rc) and θij is a Gaussian
random variable with zero mean and unit variance.

Espanol and Warren [90] showed that, unlike the conservative force, the dissi-

pative and stochastic forces cannot be independent and must be coupled together

through a fluctuation–dissipation relation:

ωDðrijÞ ¼ ωRðrijÞ
� �2

; σ2 ¼ 2γkBT (16)

These conditions are necessary to reach the thermodynamic equilibrium and

keep the system in the NVE or NVT ensemble. For simplicity, the weight functions

are selected to be similar in form to the conservative force, that is:

ωD ðrijÞ ¼ ωRðrijÞ
� �2 ¼ ð1� rijÞ2 rij < rc

0 rij � rc:

(
(17)

i.e., ωRðrijÞ is the same function as in the conservative force.

Within this framework, polymers are constructed in DPD by linking dissipative

particles (soft core beads) through harmonic springs or other kinds of bonded

interactions [92–94], following exactly the same philosophy used for multi site

Gay–Berne or atomistic models (3). The system of course can contain different

species of DPD particles and, in analogy to CG models (see Fig. 3, left), each of

them can be used to model a chemical unit or different monomers in a block

copolymer. For instance, in [93] Cheung and Troisi used different types of DPD

parameters for modeling the backbone and the side chains of semiconducting

polymers: their microsegregation can easily be induced by using higher aij values
for the mixed backbone-chain interaction with respect to those for the respective

self-interactions. We point out that, as in this example, to achieve a meaningful

description of a conjugated system in the bulk phase, any molecular (CG or simple

empirical) model should include to some extent the different chemical nature and

anisotropy of the monomers or segments, namely the distinction between aliphatic

and π-stacking aromatic moieties.
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3 Simulation Techniques and Observables

3.1 Simulation Techniques

In a nutshell, computer simulations are virtual experiments allowing the computation

of macroscopic properties of a system of model particles with known microscopic

interactions [95]. Monte Carlo (MC) simulations perform a statistical sampling of the

configuration space, while Molecular Dynamics (MD) simulations compute the classi-

cal mechanics trajectory in phase space. The raw output of computer simulations is

actually a large number of configurations, namely tables of all particle coordinates

(e.g., positions, orientations, and for MD also linear and angular momenta) which

completely describe the state of the simulated sample and in turn, are used to compute

the macroscopic observables. Besides particle coordinates, a configuration also

specifies the geometry and boundaries of the sample, which are usually periodic in

3D for bulk systems or with one (or more) non-periodic boundaries when studying

surface or confinement effects. The reader should be aware that the basic MC and MD

algorithms described below have practical limits in the size and time ranges which can

be effectively explored. Moreover, the sampling of the density of states and the

computation of entropy and free energy with these techniques are fairly difficult and

demanding tasks [95, 96]. As a consequence of these issues the current research effort

concerning methodologies has mainly focused on two challenges: overcoming the

sampling limitations [97, 98] and devising flexible and reliable algorithms for comput-

ing free energy and entropy [99, 100].

The MC and MD simulation approaches have become viable only after the intro-

duction of fast computers. Starting from the pioneering works of Metropolis et al. [101]

and Alder and Wainwright [102], the basic algorithms on which computer simulations

are based were developed in the ensuing 20–30 years. They are now well established

and described in standard textbooks [95, 96], and able to provide a useful link between

experiment and theory. Nowadays MC simulations are typically used for lattice and

simple off-lattice models, while MD models are largely employed for atomistic

systems (which are tricky to sample with MC) but also for coarse-grained models.

3.1.1 Monte Carlo

MC simulations rely on a massive usage of pseudo-random numbers [103] to sample

configuration space (Fig. 6). The standard MC algorithm considers the canonical

ensemble (NVT) of statistical mechanics with a constant number of particles N,
volume V, and temperature T. Collective properties are governed by the statistical

distribution of configurations X � {xi}, where xi is a shorthand for the position and

orientation of the ith particle. The equilibrium values of thermodynamic observables

are statistical mechanics averages over the configuration space:

Ah i ¼
Z

dX f ðXÞAðXÞ; (18)
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where the statistical weight of each configuration is given by the Boltzmann

distribution:

f ðXÞ ¼ 1

Z0
exp½�UðXÞ=ðkBTÞ�; (19)

Fig. 6 A flow chart of the Metropolis algorithm
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withUðXÞ ¼ P
i 6¼j Uijðxi; xjÞ the total (pair) potential energy discussed before, and

Z0 ¼
R
dX f ðXÞ is the configuration integral – or partition function – enforcing the

normalization constraint. In practice, Z0 cannot be computed with a finite length

simulation, and a straightforward numerical integration of (18) is not possible due

to the large number of variables contained in X. To overcome these difficulties the

MC algorithm estimates the average thermodynamic properties of a system

performing the so-called importance sampling of the configuration space. This

sampling is obtained by running a Markov process [104] generating a large number

of configurations randomly sampled from the Boltzmann distribution itself. In

practice, in a typical MC run a new configuration (with total energyUn) is generated

from a previous one (with total energy Uo) by randomly selecting a particle and

attempting a random displacement of its position and orientation. This new config-

uration is accepted or rejected according to the Metropolis criterion [101]:

paccðo ! nÞ ¼ 1; if ðUn � UoÞ 	 0

exp½�ðUn � UoÞ=ðkBTÞ�; if ðUn � UoÞ > 0:

(
(20)

which ensures the detailed balance condition. Since the frequency according to

which each configuration is generated is proportional to the Boltzmann distribution,

the canonical (weighted) averages of (18) are eventually estimated as

Ah i � 1

M

XM
m¼1

AðmÞ; (21)

where M is a sufficiently large (typically > 105–106) number of configurations.

Further generalizations of the Metropolis method allow one to sample other ther-

modynamic ensembles besides the standard NVT (notably isobaric-isothermal NpT,
constant stress, grand canonical μVT with constant chemical potential μ), and also

two phases in equilibrium with the so-called Gibbs MC method [96]. Attempts have

also been made to improve the phase space sampling with respect to the standard

Metropolis algorithm. One family of approaches avoids being trapped in metastable

states by violating in a purposeful and controlled way the detailed balance condition

and compensating for the added biases when performing the final averaging process

[96]. Alternatively it is possible to enhance the sampling efficiency by exchanging

configurations between independent simulation runs at similar but different

temperatures (e.g., parallel tempering, overlapping histograms).

A last increasingly popular family of MC simulations, not to be confused with

the Metropolis method, exploits sampling from non-Boltzmann distributions to

simulate kinetic events which are extremely rare compared to the typical molecular

timescales, e.g., as is the case of charge transfer (dynamic or Kinetic MC [105],

KMC) or reactive events (Gillespie’s stochastic simulation algorithm [106]).
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3.1.2 Molecular Dynamics

A standard MD computer simulation consists in the computation of the trajectory in

the phase space of a system of N interacting bodies. The time evolution is deter-

mined by solving Newton’s equations of motion of classical mechanics with finite

difference methods. Such a model system corresponds to the microcanonical

ensemble (NVE) of statistical mechanics with a constant number of particles N,
volume V, and total energy E. In MD simulations the collective properties are then

determined from the trajectory of all particles, i.e., from the time evolution of

positions r � {ri} and momenta p � {pi}. The method relies on the assumption

that stationary values of every average observable A can be defined as time integrals

over the trajectory in the phase space:

Ah i ¼ lim
τ!1

1

τ

Z τ

0

dt A½rðtÞ; pðtÞ�: (22)

In more detail, an MD simulation performs a finite difference integration of the

equations of motion usually cast into the Hamilton’s form

_ri ¼ @H

@pi
¼ pi

mi
; _pi ¼

�@H

@ri
¼ f i ¼ �riU; (23)

where H is the Hamiltonian of the system and U the total potential energy.

In practice, the classical mechanics trajectory is computed at discrete times t ¼ 0,

t ¼ Δt, . . ., t ¼ NtΔt. The discrete time step Δt determines the time resolution

of the trajectory and has to be sufficiently small to ensure proper integration of

the equations of motion. For instance, the popular velocity–Verlet integrator (see

Fig. 7) is a three step algorithm solving the 6 N first order Hamilton’s equations.

1. The momenta at half time step t + Δt/2 are computed from those at time t and the
forces at time t:

piðtþ Δt=2Þ ¼ piðtÞ þ
Δt
2
f iðtÞ; (24)

2. The new coordinates at time t + Δt are computed from those at time t and the

momenta at half time step t + Δt/2:

riðtþ ΔtÞ ¼ riðtÞ þ Δt
m

piðtþ Δt=2Þ; (25)

3. The new momenta at time t + Δt are computed from those at half time step

t + Δt/2 and the forces at time t + Δt:
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piðtþ ΔtÞ ¼ piðtþ Δt=2Þ þ Δt
2
f iðtþ ΔtÞ: (26)

Similar schemes allow the integration of the equations of rotational motion for

nonspherical particles [95, 107], even though in that case care must be taken to

avoid singularities, and this is frequently accomplished by using quaternionic

formulations [108, 109] to describe orientations.

In analogy with the MC method (21), the instantaneous values of a certain

physical observable A(t) can be computed from the configurations to estimate the

corresponding time average, in practice replacing the integral in (22) with a discrete

summation:

Ah i � 1

Nt

XNt

n¼1

AðnΔtÞ: (27)

Since momenta are available in MD configurations, dynamical observables (e.g.,

diffusion coefficient, viscosity) can be also computed, and in this respect MD can

be considered more versatile than the MC method. The basic microcanonical MD

technique has been readily extended to perform simulations at constant temperature

and pressure, and a considerable number of thermostats [110] and barostats [96] are

currently available.

Fig. 7 A flowchart of the velocity–Verlet algorithm for the evolution of position r and linear

momentum p
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3.2 Computation of Physical Observables

The atomic or particle positions produced byMD andMC simulations are the starting

point for the calculation of a variety of physical properties, e.g., electronic properties

such as the couplings which govern charge carrier and exciton diffusion [81, 111], as

discussed in other chapters of this book. Here, instead, we review briefly the main

structural observables employed in analyzing simulation trajectories.

More specifically, a basic and yet fundamental fingerprint of any condensed

phase that allows one to inspect its local positional order and structuring is the

radial distribution function (RDF). The RDF gives the probability of finding a

couple of particles i and j at distance r from one another, relative to the probability

expected from a completely random distribution. It is defined as [95]

gðrÞ ¼ V

4πr2N
δðr � rijÞ
� �

ij
; (28)

where rij is the distance between the two particles, N is the number of particles in

the system, V is the volume, and δ is the Dirac delta. In practice, the delta function

in (28) is replaced by another that is equal to one when the separation is in the range

[r � Δr/2, r + Δr/2] and equal to zero otherwise; RDF is thus computed piecewise

as a histogram with bin width Δr. The RDF for a liquid or an LC is zero in the

excluded volume region, where there are no neighbor particles, and one where the

pair correlation is lost. At short distances it shows peaks in correspondence to

coordination shells. For an atomistic model it is possible to define the RDF either in

terms of the molecular center-of-mass or for each possible combination of atom

types; these quantities are directly related, through a Fourier transform, to the

structure factor which can be measured from X-ray or neutron scattering

experiments. For systems with long range positional order, it becomes possible to

assign the position of selected RDF peaks to a specific (hkl) direction in the

reciprocal space and compare the corresponding distances dhkl with the experimen-

tal reflections. To quantify the degree of crystallinity, a viable solution applied to

polymers [112] is to focus on a meaningful peak of the RDF (e.g., the interlamellar

distance) and calculate its normalized standard deviation during the simulation, so

as to estimate a paracrystallinity parameter that quantifies the degree of positional

order along the chosen direction:

ghkl ¼
d2hkl
� �� dhklh i2

dhklh i2
" #1=2

(29)

The parameter also takes into account the broadening effect of temperature, and

is limited to between 0 (no peak at all) and 1 (the peak is a delta function).

For anisotropic systems (LCs, crystals, interfaces) it is also common to calculate

the components of the correlation functions parallel, g||(r), and perpendicular, g⊥(r),
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to a reference direction ẑ (the normal to a given surface or interface) or a phase

director n̂. The function g||(r) is useful for identifying smectic phases since the layer

structure is revealed by periodic fluctuations [2, 33, 36], while g⊥(r) helps to detect
in-plane positional order, for instance in columnar phases [111, 113, 114]. In the

case of layered systems such as smectic LCs, the probability density along the layer

normal can be expanded in terms of positional order parameters – also called

smectic order parameters:

f ðzÞ ¼ 1

d
þ 2

d

X1
n¼1

τn cosð2πnz=dÞ (30)

where f is the normalized distribution function, d is the layer spacing, and τn is the
nth positional order parameter, defined as

τn ¼
Z d

0

f ðzÞ cosð2πnz=dÞ dz ¼ cosð2πnz=dÞh i; n � 1 (31)

The option is also viable for crystals, but many terms are needed to describe

correctly the distribution function, while for smectics the term with n ¼ 1 is often

sufficient. Similar to other order parameters, the τn range from zero (no positional

order) to 1 (perfect order along the z direction), and are then useful to track

disorder–order phase transitions, e.g., isotropic-smectic, or nematic–smectic.

Another fundamental physical observable characterizing an anisotropic bulk

phase or film is the orientational distribution function (ODF)[115]. For the special

case of a system with uniaxial symmetry, or when one is interested only in probing

the order along a specific direction, the ODF reduces to f(β), the probability of

finding one molecule with a particular orientation β with respect to it. When this

direction is not dictated by the geometry of the simulation box, it is customary to

use that of maximum alignment direction n̂ , also called the phase director. Its

calculation requires one to set up an ordering matrix, Q [115], summing over all

N molecules of the sample:

Q ¼
XN
i¼1

½3ûi 
 ûi � I�=2N; (32)

where ûi is the chosen molecular reference axis and I is the identity matrix. The

director is then obtained as the eigenvector of Q corresponding to the maximum

eigenvalue.

The ODF can be expanded in a series of Legendre polynomials PL (cos β):

f ðβÞ ¼
X1
L¼0

2Lþ 1

2
PLh iPLðcosβÞ; (33)
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with the first terms of the series being

P0ðcosβÞ ¼ 1 (34)

P1ðcosβÞ ¼ cosβ (35)

P2ðcosβÞ ¼ 3

2
cos2β � 1

2
; (36)

and with the distribution f(β) normalized so that
R π
0
f ðβÞ sin β dβ ¼ 1. Of course

if the symmetry of the phase requires it, a more general expression of the ODF can

be written, considering all three Euler angles α, β, γ, and expanding the ODF in terms

of Wigner matrix elements [115]. Limiting ourselves to the simplest uniaxial case,

the average order parameter P1h i is relevant in the case of polar order, for example

for polar molecules in contact with a surface, and ranges from �1 (antiparallel) to

1 (parallel orientation). The second rank order parameter P2h i is instead commonly

used to characterize the average degree of alignment of a liquid crystal phase and the

transition from a disordered to an orientationally ordered phase, such as the

isotropic–nematic one. This order parameter assumes again a value of 1 for perfectly

parallel molecules, 0 for an isotropic distribution of orientations, and �0.5 for

molecules perpendicular to the phase director. The special orientation in which P2 is

equal to zero but the system is still ordered is called “magic angle” (about 54.74�).
Just to give an example of its usefulness, in Fig. 8 we report the order parameter

P2h i computed for thin films of the 5-cyanobiphenyl LC supported on different

inorganic substrates, revealing that the morphology of the substrates affects the

degree of ordering of the organic phase, which is then transmitted across the entire

sample [116, 117].

It is also possible to couple the information given by the RDF with the knowl-

edge of the local intermolecular orientation, by computing the orientational corre-

lation functions (CF):

G1ðrÞ ¼ δðr � rijÞðûi � ûjÞ
� �

ij
= δðr � rijÞ
� �

ij
(37)

G2ðrÞ ¼ δðr � rijÞ 3

2
ðûi � ûjÞ2 � 1

2

	 
� �
ij

= δðr � rijÞ
� �

ij
; (38)

where ûi and ûj are again convenient unit vectors in molecules i and j, while r is the
distance between the reference centers. In an atomistic simulation, the choice of the

reference centers and of the unit vectors is not univocal, and thus in some cases it is

convenient to introduce more than one, to achieve a more in-depth description of

the system. For instance, if we take the charges as reference centers and the electric

moments as unit vectors, G1(r) gives information on the local polar ordering, and

G2(r) on the overall quadrupolar ordering.
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The dynamic properties of systems are usually characterized in terms of time CF,

and as already mentioned they can be evaluated only fromMD simulation trajectories.

Given two real time-dependent observables, A(t) and B(t), their CF is defined as

CABðtÞ ¼ Að0ÞBðtÞh i � Ah i Bh i
ABh i � Ah i Bh i ; (39)

normalized here so that it starts from 1 at the time origin, and decays to 0 as the

asymptotic t ! 1 limit is reached. When A and B are vector quantities, the simple

product becomes a dot product, while the CF of an observable with itself, CAA(t), is
called time autoCF. The pivotal importance of equilibrium time CF is due to their

link with the response to small external perturbations provided by linear response

theory and the fluctuation–dissipation theorem [118], which allow for the calcula-

tion of out-of-equilibrium physical properties from equilibrium properties, such as,

for instance, transport coefficients (through velocity autoCF, see below) and optical

absorption spectra (Fourier transform of dipole autoCF). The dynamics of

molecules as a whole can often be described in terms of stochastic processes,

such as translational and rotational diffusion. Molecular mobility is quantified

through the diffusion coefficient:

Fig. 8 Order parameter P2h i of 5CB LC films supported on various substrates, computed with

respect to the normal to the surface. A solid substrate is placed at z ¼ 0 [Si:H (blue dashed),
cristobalite (black), amorphous silica (red)], while the film is interfaced to vacuum for z > 200 Å.

Adapted from [116, 117]
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D ¼ 1

3

Z 1

0

vð0Þ � vðtÞh i dt (40)

¼ lim
t!1

rð0Þ � rðtÞj j2
D E

6t
(41)

expressed in the first equality with respect to the particle velocity autoCF, and in the

second through the formally equivalent Einstein relation. Molecular rotations are

instead quantified by the autoCF of a given molecular axis, û.

If the molecular model has a submolecular resolution, the conformational

dynamics is accessible through the autoCF of internal coordinates (bond length

and angles) or by some specific intramolecular coordinates (distances or angles

defined by given atoms), such as, for example, the molecular head-to-tail vector. To

overcome the issue related to the [�π:π] definition of a dihedral angle ϕ, the
torsional dynamics is given by the autoCF:

Cdih ¼ cos½ϕðtÞ � ϕð0Þ�h i ¼ cos½ϕð0Þ� cos½ϕðtÞ�h i þ sin½ϕð0Þ� sin½ϕðtÞ�h i (42)

though often only one of the two terms on the right-hand-side is evaluated.

3.3 Timescales of Different Phenomena

Here we attempt to relate the dynamic processes, measured by time correlation

functions, to their characteristic timescales in the temperature range 300–600 K,

relevant to organic electronic devices operation and fabrication. It is worth men-

tioning that in such applications, beyond the structural dynamics treated here, the

timescales associated with charge or exciton dynamics are also very important, in

particular for assessing the coupling between electron and nuclear dynamics.

In the most common case where the target is the equilibrium dynamics, the

analysis has to be carried out on samples at thermal equilibrium. Albeit trivial, the

above observation is not always respected in MD studies. Even in some recent

papers we may find that equilibration runs limited to a few hundreds of picoseconds

are often employed, although it is known that, e.g., molecular rotations relax over

much longer timescales [34, 119]. A possible definition of the timescale associated

with a process modulating a given dynamic property, A(t), is its correlation

(or relaxation) time:

τA ¼
Z 1

0

CAAðtÞ dt; (43)

where CAA(t) is the time CF of A(t), as defined in (39). Dynamic phenomena often

follow an activated Arrhenius behavior, with a marked dependence of the activation

energy EA of the process on the state of matter:
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AðTÞh i ¼ A0 exp½�EA=kBT�; (44)

where AðTÞh i can be also a correlation time. Phase changes can then be detected by

plotting ln AðTÞh i vs 1/T and determining where the slope varies [33, 34] (see insets

of Fig. 9). The exponential dependence on temperature and the change of activation

energy from phase to phase, and from material to material, imply that it is not

possible to define an exact timescale for a given phenomenon, but only rely on

experience and results found in the literature.

Systems composed of small molecules in the solid state may take a few

nanoseconds of simulation to reach thermal equilibrium upon starting from the

experimental crystal structure, but in other cases equilibration can be 1–2 orders of

magnitude slower depending on the phase (solid, LC, liquid) and the temperature.

Such timescales make these systems treatable at the atomistic level. In contrast,

energy equilibration in polymers is out of the reach of atomistic simulations, since

kinetic barriers arising from entangled chains are practically impossible to be

crossed in the accessible timescales. Consequently the equilibration of melt or

solvated polymers is directly accessible, although with some limitations, only

with coarse grained models or by simulating oligomers and extrapolating results

for longer chains through scaling relationships.

Intramolecular degrees of freedom, such as bond stretching and angle bending,

are typically fast, with timescales in the range 10–100 fs. They represent the highest

frequency motions in a simulated system, setting the value of the MD timestep used

in the integration of the equations of motions to 1 and 2 fs in full- and united-atom

models, respectively. In classical simulations, stretching and bending are weakly

coupled to softer intramolecular degrees of freedom and even less to the supramo-

lecular organization. Conversely, low-frequency or soft intramolecular modes, such

as torsions, librations, or other manifestations of molecular flexibility are

Fig. 9 Left panel: time autoCF of the central torsion of T6 in the smectic (590 K), nematic (650 K)

and isotropic (685 K) phase; inset shows the Arrhenius plot of the torsional correlation time, with

different regimes observed in the smectic (circles) and nematic-isotropic (squares) phases [2].

Right panel: time autoCF of molecular axes for alkoxy-substituted phthalocyanines in the

rectangular (300 K) and hexagonal (425 K) columnar phase; inset shows an Arrhenius plot of

the correlation times for the in-plane rotation, revealing the phase transition at about 330 K.

Reprinted with permission from [34]. Copyright 2009 American Chemical Society
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intrinsically entangled with the supramolecular structure, especially in liquid

phases. Soft torsions are found on the main chain of conjugated polymers and

oligomers, such as thiophene–thiophene, phenyl–phenyl, or phenyl–vinyl rigid

rotations. These systems feature a torsional potential characterized by two local

and nearly degenerate minima separated by energy barriers of at most a few kcal/

mol, which makes both conformations accessible at the temperatures of interest.

The torsional dynamics is characterized by relatively fast oscillations around the

local minima [33, 120] and a occasional flipping between different conformations.

Small oscillations, governed by the curvature of the torsional potential, are

characterized by timescales in the sub-picosecond range, similar to other intramo-

lecular modes. Conformer interconversion is instead strongly affected by the

environment: it is essentially inhibited by the tight molecular packing in the

crystalline state, and shows an Arrhenius behavior in liquids, as well as a marked

dependence on chemical features such as bulky groups or side chains. For instance

in non-substituted oligomers, such as sexithiophene or p-quinquiphenyl, the char-

acteristic time of inter-ring torsion flipping is of the order of 10 ps at 600 K [2] (see

Fig. 9), while at the same temperature in indenofluorene trimers, the bulkier

monomer and the presence of octyl chains yield values which are more than five

times larger, as extrapolated from data in [33]. Other very common torsions in

organic semiconductors are those involving alkyl chains. For the hexyl chain of

P3HT at 300 K we found that the torsional correlation time decreases along the

chain from 4 ns for the hexyl-thiophene bond to 20 ps for the last torsion [121].

In the solid state the translational motion of rigid molecules is limited to small

oscillations around equilibrium positions with typical frequencies of acoustic lattice

phonons (below 100 cm�1). Conversely, self-diffusion is instead possible in the

liquid phases and for small molecules in a solid matrix, as is the case for dopants

in polymers. Diffusion coefficients of molecules are most often evaluated in MD

simulations by the Einstein relation (41), which assumes a linear asymptotic

behavior of the mean square displacement of the molecular center of mass with

time. The attainment of this linear regime must be explicitly checked in each case

and may require simulation lengths of 1–10 ns, depending on the system under

investigation. The alternative Green–Kubo formulation, where the diffusion coeffi-

cient is obtained as integral of the velocity time correlation function (40), also

requires similar timescales to be spanned with simulations. In the case of

two-dimensional diffusion of organic molecules adsorbed on flat organic substrates,

the random walk limit is typically reached within 1 ns [122, 123]; this should be

considered as a lower limit only, because again the dynamics can depend on several

factors and in particular on the surface roughness. It is worth adding that the

dynamics of molecules of a liquid at the interface (wetting layer) with a solid can

also be different (typically slower) than in the bulk, as recently shown by some of us

for nematic and isotropic 4-n-pentyl-4-cyano biphenyl on crystalline silicon

[116]. Rotational dynamics is a major feature of phases of interest for organic

electronic applications, such as plastic crystalline fullerenes and columnar liquid

crystals. In the nearly spherical C60, rotation is isotropic with τ � 15 ns at 300 K

[119], but buckyball rotation is considerably slowed down when solubilizing
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substituents are present, e.g., in PCBM (τ ~ 300 ns at 300 K [121]). Discotic liquid

crystal phases feature anisotropic rotations often limited to being around the

column axis. For instance, in tetra alkoxy-substituted phthalocyanine the rotation

correlation time for this motion was found to be very sensitive to the mesophase

organization (see left panel of Fig. 9), with τ ~ 20 ns at 425 K in the hexagonal

lattice, and rotation almost hindered in the rectangular phase at 300 K [34].

To recap, in this short overview we have enumerated the main dynamics

phenomena driving the molecular motion and shown that their characteristic

timescales can differ by several orders of magnitude depending on chemical and

physical factors, preventing the definition of simple rules of thumb.

Therefore the timescales of the phenomena of interest must be estimated on a

case-by-case basis, and carefully considered in the choice of appropriate simulation

techniques, models, and times, in order to avoid meaningless investigations or

biased conclusions.

4 Applications to Bulk Systems and Interfaces

4.1 Small Molecules

Low molecular mass semiconductors are particularly appealing for computational

scientists because the timescales of their rearrangements are relatively fast and

often accessible to atomistic simulations. It is then becoming possible to reproduce

both the equilibrium structure and the self-assembly process of crystalline, liquid

crystalline, and amorphous organic semiconductors. Among those, thermotropic

LCs are certainly the most fascinating and challenging materials from the structural

point of view because of the variety of different phases (nematic, smectic, colum-

nar, and many more [124]) they exhibit in relatively small temperature windows.

In the solid state weak intermolecular interactions between flexible and aniso-

tropic molecules lead to very complex free energy landscapes, often characterized

by multiple minima corresponding to different (meta)stable polymorphs, possibly

coexisting at the same temperature. Nevertheless, molecular solids offer less stimuli

to simulation studies in terms of structural variety, as MD or MC are only able to

explore the free energy landscape close to the initial structure, usually the experi-

mental one when this is known. On the other hand, the limitations of standard

simulation techniques prompted fundamental research on methods capable of

performing a thorough sampling of the phase space [97], and the prediction of

organic crystal structures from molecular information is still an open fundamental

problem and one of the most vital fields in terms of development of methods and of

force fields [125, 126]. MD simulations are in general preferred to MC for studying

small molecules, since MD produces the time evolution of the system, providing a

link between structural and charge or exciton dynamics. Given that electronic

properties are calculated with QM methods using the MD simulation trajectories

as an input, it is not surprising that atomistic models dominate the literature:
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mapping from the classical to the quantum model is straightforward if the interplay

between electron and nuclear dynamics can be neglected.

4.1.1 Solid State

The simulation of molecular crystals can be addressed with atomistic MD, fully

accounting for finite temperature and anharmonic effects. Here, a typical simulation

is set up by considering a sample built as an l � m � n replica of the unit cell

(supercell) with 3D periodic boundary conditions applied. The dynamics below the

melting point is in most cases limited to intramolecular vibrations, and oscillations

of molecular positions and orientations around their equilibrium values. From the

point of view of the supramolecular organization these simulations may not add

further information to that of the equilibrium crystal structure, but they can be very

useful for other purposes. The simulation of crystal supercells in the NpT ensemble,

in which the simulation box is free to rearrange under the effect of molecular forces,

can be used to benchmark the FF employed [2, 119, 127]. The explicit verification

that the FF is able to maintain (within a tolerance of a few percent) the crystal cell

parameters measured at the same temperature and pressure than in experiments is a

necessary test of the accuracy of the model potential.

Supercell simulations have been extensively applied in recent years to study the

effects of temperature on charge transport in single crystals. Because of the soft

nature of organic materials, thermal molecular and lattice vibrations have a major

influence on key microscopic parameters governing the charge transport,

i.e., charge transfer integrals and site energies. The evaluation of those quantities

by means of electronic structure calculations at the geometries extracted along

atomistic MD trajectories provides their ensemble averages as well as their time

evolution, and grants full access to the temperature dependence of charge mobility.

With this methodology, Troisi and Orlandi characterized the temperature depen-

dence of transfer integrals in anthracene and pentacene [128], the latter also being

the subject of subsequent studies by other authors [129, 130]. Further remarkable

results based on MD simulations are the quantitative evaluation of charge mobility

of rubrene [131] and the investigations by Martinelli et al. on anthracene [132] and

perfluoropentacene [133]. Other studies sharing a similar methodology focused on

the structure–property relationship, investigating the effect of core twisting due to

chlorination in the bay region of perylene bisimide derivatives [134], the role of

polar groups on the mobility of dicyanovinyl-substituted oligothiophenes [135],

and the influence of connectivity and dimensionality of the supramolecular network

on charge transport in different molecular crystals (rubrene, indolocarbazole, and

benzothiophene derivatives with and without side chains) [136, 137].

More interesting are the simulations of fullerene derivatives, which, in virtue of

their nearly spherical shape, can enjoy rotational freedom in the solid state. The

occurrence of an orientational order–disorder phase transition in C60 at 260 K has

been described with different simulation methods. MC simulations based on an

atomistic model, complemented with additional interaction sites placed at the
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centers of short (shared by hexagons) bonds, quantitatively reproduced the transi-

tion temperature and free energy [138], while some of us characterized the onset of

molecular rotations by calculating molecular axis time correlation functions

[119]. Other simulation works focused on the fullerene derivative PCBM [139,

140], for which only structures where it co-crystallizes with solvent molecules have

been reported. These studies showed that PCBM co-crystals do not undergo notable

structural modifications up to the melting point, as shown in Fig. 10. Specifically,

molecular orientations remain fixed in the tight crystalline packing, and rotational

freedom is attained only in the liquid, with characteristic timescales of thousands

and hundreds of picoseconds at 560 and 700 K, respectively [140] (see Fig. 10).

Remarkably, molecular rotations can instead take place down to room temperature

in amorphous PCBM (in absence of the co-crystallizing solvent), although on much

longer timescales with respect to the liquid phase (τ ~ 300 ns at 300 K) [121].

Besides PCBM, several other amorphous organic semiconducting materials

have been studied, mainly at the atomistic level and in combination with QM/CT

simulations. The most popular material is Alq3, one of the first n-type

semiconductors to be identified, together with other compounds employed in

OLEDs emitting layers [141], where organic crystals are less popular in mainstream

applications due to their poor performances as emitters. Actually Alq3 is a tricky

system to model: it contains a metal atom, rather hard to parameterize efficiently

with purely classical FFs; it presents two coordination isomers and several

polymorphs that complicate the comparison with experimental samples, and the

strong molecular dipole moment may affect CT mobility in multiple ways. It is then

not surprising that no quantitative agreement with experimental mobilities has been

obtained so far, despite the fact that, after a few rather unsuccessful attempts to

reproduce the experimental density [142, 143], a reliable force field is now

Fig. 10 Snapshots of MD simulation of PCBM: ortho-dichlorobenzene co-crystal below (400 and

550 K) and above (560 and 700 K) the melting point. The right panel shows time autoCF of a

molecular axis of PCBM, quantifying the frozen molecular orientation in the crystal and the

rotational freedom in the liquid [140]
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available [144]. Overall it emerges that amorphous organic materials, similarly to

liquids but more markedly so, possess a local positional order dictated by the

molecular shape, which shows itself in the presence of at least two peaks in the

center of mass RDF [121, 141, 143, 144]. From the methodological point of view it

has been found that, for these glassy systems, MC-based simulated annealing

schemes for generating the morphology are unable to pack the molecules efficiently

[142], while a simple and working strategy is to start from a liquid sample at very

high temperature and quench it at room temperature [81, 143, 145]. It is also

interesting that the volumetric method, commonly employed to determine the

glass transition temperature (Tg) of polymers, and consisting in plotting the volume

vs the temperature and finding two (almost) linear regimes with lower (higher)

slope below (above) the Tg, has been shown to work in simulated systems and can

be used to compare with the experimental values of Tg [141, 144].

4.1.2 Liquid Crystal Phases

Among the classes of materials discussed so far, liquid-crystalline semiconductors are

probably those where phase organization simulation studies have seen the greatest

advancements in the last decade. Nowadays it is possible either to sketch complete

pressure or volume vs temperature phase diagrams using simple empirical models or to

determine quantitatively transition temperatures with atomistic simulations in heating

or cooling scans, starting from either a crystalline or an isotropic liquid phase. This is

particularly true for rodlike semiconducting materials, typically oligomers containing

π-conjugated aromatic units in the main chain, such as oligophenyls or

oligothiophenes. These molecules can form smectic (layered) and nematic phases

that are fluid enough to allow proper equilibration with atomistic MD simulations

and the temperature-dependent phase behavior has been reproduced for some of them

[2, 146]. One application that has emerged for LC semiconductors, in fact, is the use of

atomistic simulations to complement experimental techniques in the characterization

of newly synthesized materials [147–150]. For instance, in mesophases presenting

positional order, whereas X-ray measurements provide only the lattice parameters,

simulations can also grant information over molecular orientations and positions,

which in turn can be employed as input for charge transport calculations, to compare

with the experimental measurements of mobility. For rodlike molecules smectic phases

prevail over nematic, though for many semiconductors these phases occur well above

room temperature and are thus difficult to characterize experimentally. A paradigmatic

example is that of sexithiophene (T6), whose high temperature LC phases, suggested

by experiments in the 1990s, were only recently confirmed with atomistic simulations

[2] by Pizzirusso et al. They showed in silico that T6 exhibits both a smectic and a

nematic phase (Fig. 11), and obtained them by progressively heating a crystalline

sample, with excellent agreement with experimental data in terms of transition

temperatures and enthalpies. Interestingly, all the phase transitions of T6 are assisted

by an increase of conformational disorder in the thiophene–thiophene dihedrals, which
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in turn results in bent molecular shapes in the LC phases, a feature probably shared

with other all-aromatic LCs.

Smectic phases are also intriguing in terms of electronic properties, because it is

not yet well known whether and to which extent their 1D positional order affects the

anisotropy of charge and energy transport, and whether this transport is more

efficient than in other phases. To this end, Papadopoulos and coworkers simulated

the smectic to isotropic transition of dioctyl-indenofluorene trimers, together with

the associated temperature dependent energy transport [33]. They found that energy

transport is slightly anisotropic in the smectic phase, but, surprisingly enough, its

average rate is rather insensitive to temperature variations and is not affected by the

phase change. Schrader et al. instead studied amorphous and smectic morphologies

of α, ω dicyanovinyl-T6 and simulated the charge transport for a system of more

than 4,000 molecules. Also in this case the results were quite unexpected, with a

predicted charge mobility higher in the amorphous phase than in the smectic one.

This finding, rationalized in terms of the higher connectivity of the supramolecular

Fig. 11 Sequence of phases obtained by heating sexithiophene: crystalline (570 K), smectic

(580 K), nematic (650 K), and isotropic (685 K) [2]. The color of each molecule codes its

orientation with respect to the phase director, from perfect parallel (blue, P2 ¼ 1) to perpendicular

(red, P2 ¼ �1/2)
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network provided by electronic couplings in the amorphous, contradicts the com-

mon belief that mobility necessarily increases with structural order.

In comparison with nematics and smectics, columnar phases formed by high

molecular weight discotic semiconductors are more similar to plastic crystals than

to isotropic liquids. In fact both experiments and atomistic simulations [34, 151, 152]

have shown that the nematic order parameter, <P2>, of columnar phases is often

higher than 0.8 (with a value of 1 indicating perfect order), with the translational

degrees of freedom reduced to one direction (the column axis) and rotations

typically either frozen (in rectangular phases) or only possible about the column

axis (in hexagonal phases).

Atomistic simulations of discotics share similarities with those of crystal

supercells previously discussed, with the difference that the timescales spanned

are much longer (of the order of 10–100 ns) in order to average, at least partially,

the slow rotational motion of molecules. Particularly delicate is the choice of the

initial sample configuration, which typically consists in preformed columns of

molecules: the self organization of discotic molecules from the isotropic into a

columnar phase has not been demonstrated so far with atomistic simulations, while

it is possible to obtain a hexagonal phase (Fig. 11) by heating a rectangular or

herringbone one [151], or vice versa [34]. Besides the prototypical family of

triphenylene-based compounds [113], hexabenzocoronenes [114, 151] and even

larger polyaromatic cores [152], phthalocyanines [34], and perylenes [148, 150, 153]

have been studied, always obtaining a good match between the available X-ray

peak positions for the inter- and intra-column distances and those calculated from

the simulations. A recurring feature in many studies is the presence of helicoidal

arrangement of molecules within the columns, though its origin has not yet been

clarified and could be simply a reminiscence of the chosen initial configuration or

an effect imposed by periodic boundary conditions and the small simulation box. In

many investigations the simulated morphologies were employed to estimate charge

carrier mobilities along the columns [34, 111, 148, 150, 153]. As expected for a 1D

semiconductor, the charge mobility turned out to be very sensitive to the way it is

averaged over the nuclear dynamics. Two opposite approaches, corresponding to

charges much faster and much slower than molecular motion, are possible [34]. In

the first, different mobility calculations are performed for instantaneous charge

transfer rates, and then mobilities obtained at different snapshots are averaged. In

the second approach, a single mobility KMC simulation is run with rates averaged

over many different configurations. The first approach gives mobility values that

are typically one to two order of magnitude lower than those given by the second,

with the experimental values lying in between these two extremes. This is an

indication that charge transport and molecular dynamics are to some extent coupled

in columnar LCs (Fig. 12), and there is room for future theoretical improvement on

dealing with this fundamental issue.

With atomistic simulations still being unsuccessful in obtaining spontaneous supra-

molecular organization for discotic mesogens, the approaches based on the simpler GB

potential lead instead to interesting results. Examples of the application of the GB

potential to discotic LC are the studies on triphenylene-based discotics by Orlandi
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et al., where the set of model parameters (k ¼ 0.1948, k0 ¼ 0.15, μ ¼ 1, ν ¼ 0) have

been derived by fitting the LJ interaction energy obtained from atomistic simulations of

hexa-thio-octyl-triphenylene [68]. MC simulations showed that the GB potential

qualitatively reproduced the phase diagram and morphology of triphenylene discotic

semiconductors and clarified the role of electrostatic interactions on the phase

organization of two different compounds (hexa-thio triphenylene and hexa-thio

azatriphenylene). By describing the molecular charge distributions with a minimal

set of point charges approximating the ab initio charge density [20], it was shown that

electrostatic interactions stabilize the columnar structure in triphenylene systems,

while they favor the nematic phase for azatriphenylenes. More recently, the

morphologies obtained from MC simulations have been employed to study the tem-

perature dependence of charge mobility in triphenylene-based discotics and in particu-

lar across crystal-columnar and columnar-isotropic transitions [154]. Mobility

calculations based on Miller–Abrahams charge hopping rates qualitatively reproduced

Fig. 12 Configurations of a hexabenzocoronene dodecyl derivative in the columnar herringbone

phase at 300 K (a) and the hexagonal one at 400 K (b). Reprinted with permission from

[151]. Copyright 2008, American Institute of Physics
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the temperature dependence of the mobility, mainly governed by the modulation of the

average transfer integral in the different phases.

The predictive power of the GB model has also been demonstrated for more

complex molecular and phase architectures. In [80] MC simulations were carried out

to study the supramolecular organization of covalently bonded mesogen-fullerene-

mesogen systems. Here, both the mesogenic units, either rod- or disk-shaped, and the

central C60 have been described with a generalized GB potential and connected with

flexible spacers. These systems showed a striking tendency to self-organize in

nanosegregated structures, where, especially for the case of discotic mesogens,

fullerenes form monolayers of closely packed buckyballs (“walls”). The predicted

structural features and the derived molecular design rules shown in Fig. 13 seem very

promising for application in organic electronics and photovoltaics, where well-

defined domains of microsegregated donor and acceptor moieties are sought.

4.2 Polymers

The simulation of polymeric materials is more demanding than that of low molec-

ular mass semiconductors, because of two main additional difficulties arising from

(1) the slow dynamics, with diffusion coefficients decreasing as a power law with

the number of monomers per chain [155] (see also the inset of Fig. 4), and (2) the

requirement of a simulation box large enough to contain the entire polymeric chain

even in its extended conformation. Owing to these physical and technical

constraints, the computer simulation study of bulk semiconducting polymers

(SCP) represents one of the major challenges of computational chemistry, also

because these systems are rapidly growing in chemical variety and applications.

The modeling of SCP is somehow more complex than that of their flexible (coil)

thermoplastic analogues because of the presence of rigid aromatic units (rod) which,

besides granting the semiconducting behavior, also confer a rich range of

Fig. 13 Snapshots and schematization of supramolecular assemblies formed by a central fullerene

with two mesogenic units laterally attached: rod-like (left) and disk-like (right). Adapted and

reproduced from [80] with permission from The Royal Society of Chemistry
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morphologies, characterized by the presence of ordered domains even above the glass

transition temperature. On the other hand, if compared to semiconducting molecular

crystals, SCP systems can be considered only semi-crystalline (and consequently

more disordered), also in the solid state. The morphological inhomogeneities can be

considered static on the timescale of the charge conduction [156].

In the most typical case, the functional rod-like segments constitute a linear

backbone while the coiled flexible chains are grafted laterally to confer to the SCP

higher solubility and, more generally, ease of processability. In polymer physics

terminology these structures fall into the category of semi-flexible polymers, where

flexibility is introduced by the presence of soft aromatic–aromatic rotational degrees

of freedom along the backbone (see, e.g., the chemical structure of the three most

studied SCP in Fig. 14). Other chemical combinations are possible and in particular

the alternation of rod and coil segments along the main chain (the so-called

multiblock or rod-coil block copolymers) is a subject of intense research [157, 158].

Although in principle multiblock polymers may confer additional morphological

control over different length scales [159], along with the possibility of including

in the same macromolecule both the p- and the n-semiconducting functions

[157, 158], semiflexible and rod-coil polymers form very similar structures and

present identical challenges from the modeling point of view.

The chemical origin of the phase behavior of SCP is threefold, emerging from:

(1) the chain connectivity topological constraints; (2) the different chemical nature

of rod and coil segments: rods are relatively rigid, and interacting via aromatic

π-stacking and quadrupole–quadrupole interactions, while coils are flexible and

more weakly interacting via London forces, (3) steric repulsion, related to the shape

of segments, with rods being linear and more anisotropic than coils. Thermo-

dynamically speaking, the factors in play are: (1) the conformational entropy,

higher for coils than for rods, (2) the relative interaction energies (rod–rod,

coil–coil, and rod–coil), and (3) the mixing entropy [159]. As a matter of fact, for

the majority of SCP at room temperature internal energy prevails to some extent

over entropy, and microsegregation between coils and rods takes place,

Fig. 14 The three most studied semiconducting polymers: from the left to the right, poly

(3-hexylthiophene-2,5-diyl) (P3HT), poly[2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene]
(PBTTT, tetradecyl C14 version is drawn), poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-

vinylene] (MEH-PPV)
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accompanied by partial crystallization either of the rod segments, or even of the

whole system. The interplay between segregation and crystallization gives rise to a

rich number of possible arrangements, depending again on the chemical nature of

the polymer, ranging from the common lamellar and honeycomb phases to different

kinds of liquid crystalline phases, as schematized in Figs. 15 and 16. These phases

are inevitably present and intermixed with amorphous domains in SCP thin films

Fig. 15 Illustrations of some typical phases exhibited by semiflexible polymers and liquid

crystals. (a) Nematic. (b) Bilayer smectic A/lamellae. (c) Monolayer smectic A/lamellae.

(d) Monolayer smectic C/tilted lamellae. Red sticks represent π-stacked rod rigid sections,

blue lines flexible coil sections. Adapted and reproduced with permission from [157]. Copyright

2011 Wiley Periodicals, Inc
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Fig. 16 Model of a rod–coil copolymer and phase behavior as a function of the rod aspect ratio

L/D and inverse temperature 1/T (a.u.) [94]
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constituting a real device; at the micrometric length scale, SCP may also form

mesoscale structures, such as spherulites, fibers, dendrites, fractals, and rings [160].

4.2.1 Mesoscale Models

At present, approaching the mesoscale phase behavior of SCP with off-lattice

models is possible only with the low-resolution and rather generic potentials

discussed in Sect. 2.3. Still, these models can be useful in attempting to capture

the qualitative effects of possible chemical changes to the polymer structure.

Particularly effective are repulsive softcore potentials, where spherical beads

representing either chemical groups or oligomers are connected together with

harmonic springs. The number and dimensions of these particles can be changed

to imitate different chemical structures, and the repulsion parameters between

different species of beads can be tuned to enhance/disfavor microsegregation, the

volume being varied to mimic the presence of a fraction of (bad) solvent in NVT

simulations. Excellent examples of the rich information that can be gained from this

genre of studies have been published for semiflexible “hairy” rods [93] and rod–coil

block copolymers [94]. In the former publication, spherical dissipative particle

dynamics (DPD) beads of two species A and B, representing the aromatic backbone

and the side chains respectively, were used to build repeating units of different

composition but fixed main chain length of 20 backbone A units. It was found that

this simple model is capable both of reproducing the transition from isotropic to

ordered phases by decreasing temperature and of showing the passage from a

lamellar phase to a cylindrical honeycomb phase by decreasing the length of the

B side chains with respect to the main chain A from A1B2 to A2B1 [93]. In another

successful study, Lintuvuori and Wilson [94] assessed the liquid crystalline behav-

ior of linear rod–coil block copolymers by devising a soft-core attractive–repulsive

potential for the rods, while using spherical DPD beads for the coils (Fig. 16). With

several simulations at different temperature and lengths of the rod segments, they

were able to sketch a phase diagram encompassing micelles, lamellar, nematic, and

gyroid phases by cooling from an isotropic melt. They also showed that having

longer rod segments increases the order–disorder transition temperature, eventually

stabilizing the formation of a nematic phase.

With respect to DPD-like models, an additional level of realism is reached when

using the more complex and tunable Gay–Berne potential that has already been

applied to liquid crystalline main chain polymers [74, 161, 162]. However,

parameterizing the GB ellipsoids for a specific semiconducting polymer was

pursued only recently by Lee et al. [76, 77], who obtained a coarse-grained

GB-based force field for poly[2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene-
vinylene] (MEH-PPV). By mapping segments of ten monomers to a single

GB ellipsoid, the authors were able to reduce the computation time by a factor of

105 with respect to the atomistic model, while keeping good agreement with the

atomistic model in NVT simulations of a bulk sample of 200 ellipsoids. Despite the

promising results, neither was this MEH-PPV model further employed for
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simulating larger bulk systems, nor have other attempts of customizing the GB

model for coarse graining SCP been reported so far. We believe that there is still

room for this category of investigations, in particular to take into account the

biaxiality and the dual chemical nature of the SCP structure for properly describing

microsegregation and to exploit soft-core potentials to reduce equilibration times

and improve phase space sampling [94, 163]. It is also worth noting that, at least for

these simple models, it was demonstrated that in situ polymerization is feasible

during the simulation, possibly leading to different structures with respect to a

preformed polymer, and adding a touch of realism as this option explicitly includes

the polydispersity of the system [74, 161, 164].

4.2.2 Atomistic Models

At the opposite extreme of complexity of the potential energy function stand the

atomistic models introduced in Sect. 2.1. Besides their chemical specificity, they take

advantage of previous research in the simulations of liquids and complex systems

which produced a number of high performance simulations codes (cf. the Appendix)

and well tested force fields. Focusing on the FF parameters, the transferability of the

soft torsional potentials is very limited, because many “exotic” dihedrals exist in

SCP, e.g., between aromatic rings including heteroatoms like nitrogen, silicon, sulfur,

or selenium. It is then becoming common knowledge and practice to reparameterize

the backbone torsional terms before attempting a simulation [165–168], also because

the correct description of the chain conformation is fundamental for the reproduction

of the physical and electronic properties of these materials. Another very important

prescription is to test the FF predictions vs any available experimental data, such as

thermodynamic properties, NMR couplings, IR-Raman spectra, second harmonic

generation order parameters, electron, X-ray, and neutron scattering diffraction

data. In principle, neutron scattering should be the method of choice for investigating

polymers because it also provides rich structural and dynamical information for

amorphous systems [169]. However, X-ray diffraction studies are much more fre-

quent, due to the wider instrumentation availability and lower cost [170] (particularly

as these measurements do not require extensive deuteration as neutron scattering

normally does). The knowledge of the unit cell dimensions of a polymer is certainly

an advantageous starting point for an atomistic simulation, although the usual poor

quality of X-ray diffraction data, caused by the semicrystalline nature of SCP and by

the possible existence of domains and polymorphs, does not allow for an exact

determination of atomic coordinates and point group symmetry. As a consequence,

it often occurs that atomistic force fields are used to refine and rationalize the X-ray

analysis through molecular mechanics energy minimizations rather than the opposite.

These reverse Monte Carlo-like investigations are based on (1) selecting several

minimum energy guesses for the atomic coordinates, (2) computing X-ray (powder or

2D) spectra from the guess models, by adding an arbitrary amount of disorder/noise,

and (3) selecting the best guess or refining it by comparing the experimental and

calculated patterns. This method has been rather successful in the last few years,
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having been applied, for instance, to poly(3-butylthiophene) [165], PBTTT [171,

172], diphenyl-PPV [173], and to a cyclopentadithiophene-benzothiadiazole copoly-

mer [167]. Overall, useful pseudo-crystallographic molecular structures and force

field refinements have been produced and interesting information as well, such as the

dominance of alkyl chain orientation and conformation in determining the packing

and consequently the position of the X-ray peaks.

If the structures generated by the above procedure represent a limiting case, i.e.,

that of a highly ordered picture of SCP, simulations of amorphous samples and

melts can provide the opposite limiting situation, that of a perfectly disordered

system, with physical reality likely lying in between the two. In the case of a bulk

melt simulation and of polymer chain lengths shorter than the box dimension, the

starting configuration may be a random, non-overlapping disposition at very low

density, which is subsequently compressed, annealed, and thermalized [174, 175].

Even in the case where final box size turns out to be shorter than the polymer

chain length in its extended conformation, the simulation could be affected by the

system size bias with the consequence of overestimating the chain bending (or other

folded conformations) and underestimating the experimental density [176]. There-

fore, multiple starting configurations [177], or even better, large system sizes and

relatively short chains, are recommended to avoid such pitfalls, as shown in [178],

where Linares and coworkers studied different boxes of unsubstituted PPV tetra-

and hexamers containing several thousands of monomers each, demonstrating the

current possibilities of large scale MD simulations. In other interesting work, Do

et al. compared the packing of P3HT and C12-PBTTT in their respective melt,

simulating 60 chains of 12 monomers each at different high temperatures

[179]. Even in the melt they found evidence of closer packing of the aromatic

backbone for PBTTT with respect to P3HT, which may be a possible explanation

for the higher hole mobility shown by the first polymer. The authors also realized

that the absence of alkyl chains in the thienothiophene group makes its rotation in

the melt, and maybe also in the crystal phase, possible. This rotation on one hand

could enhance the inter-chain packing, and on the other reduce the intra-chain

charge transport. As this structural design is shared by many modern SCP, in

particular donor–acceptor ones, further focus on the role of this backbone degree

of freedom is welcome for the future.

Several authors also attempted the more ambitious investigation of crystalline

SCP by simulating supercells of the available or guessed crystal structure, consisting

of a bundle of initially perfectly parallel and regioregular polymeric chains.

Thermostatting the initial system at room temperature typically injects conforma-

tional disorder to backbone and side groups, and often also some strain and tilt to the

backbone (see Fig. 17). The origin of this strain can be either physical, or more simply

it can be due again to the limited MD sample size, the constant volume or cell shape

constraint, and to the shortcomings of the employed force field. Disregarding its

origin, it is very likely that any injection of disorder will lead to a more realistic

situation with respect to the ideal unitary cells comprising a few monomers. In

possibly the first of these attempts, Beljonne and coworkers investigated the relation-

ship between the conformational disorder and the excited state electronic structure of
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MEH-PPV, either isolated or in bulk-like phase consisting of three parallel and close

packed decamers [120]. They found both a planarization effect in the bulk, and an

increase of the correlation time for backbone phenyl group rotation from a few

picoseconds for isolated chains to 100 ps for interacting chains. Other successful

studies dealt with more exotic SCP, such as carbazole macrocycle rings forming

columnar phases [180] and thiophene–peptide diblock oligomers forming nanofibers

[181]. One dimensional systems like these are somehow simpler to study because the

removal of 3D packing constraint allows for an easier guess of the possible starting

structure. The self-assembly in low dimensional structures has also been studied for

P3HT by Melis et al. [182]. It turned out that π–π interaction is the driving force for

stacking isolated P3HT chains, and that the tilted orientation of the thiophene

aromatic rings with respect to alkyl chains, typical of the bulk crystal, is already

present in those stacks. The aggregation of these 2D stacks leads in turn to a crystal

structure with a zig-zag alternation of the core tilt angles in adjacent lamellae.

Conversely, if planarity of cores and chains is forced by a surface, the final 3D crystal

retains the tilt angle but without zig-zag alternations, with all the lamellae presenting

parallel tilts. In a similar study, Dag and Wang found only the tilted parallel structure

for the 3D crystal [183], and conjectured that its origin resides in the alkyl–alkyl side

chain interactions.

P3HT is by far the polymer most studied through simulations, and probably the

best available FF for oligo- and polythiophene has been derived by Raos

and coworkers through a series of MD investigations of their crystal structures

[165, 166, 184]. In particular, in [166] they derived three variants of the OPLS-AA

force field with modified atomic charges and torsional potentials, which were

benchmarked against experimental crystal structures. They also carried out room-

temperature MD simulations of poly(3-methylbutylthiophene) and poly

(3-butylthiophene) 144 monomers-supercells, showing that a certain degree of

side-chain disorder is present also in the crystalline domains of alkylthiophene-

based polymers. The most comprehensive theoretical study of P3HT and its inter-

face with PCBM, ranging from electronic to structural properties, was carried out

by Troisi, Cheung, and coworkers. Limiting ourselves to morphological aspects, in

Fig. 17 MD simulation snapshots of P3HT at T ¼ 100 K (left), where the crystalline structure of
alkyl chains is apparent and at 300 K (right), where chains present a more liquidlike motion.

Snapshots consist of 10 superimposed simulation configurations (separated by 10 ps), and for

clarity, hydrogen atoms have been omitted. Reprinted with permission from [16]. Copyright

(2009) American Chemical Society
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[16] they studied the thermal evolution of a periodic box containing 12 chains, each

comprising 40 monomers forming one lamella, finding that, upon heating, a con-

formational order–disorder change in the side chains takes place below room

temperature, as shown in Fig. 17. They attributed to this conformational transition

the experimental variation in optical properties of P3HT, and the corresponding

decrease of the conjugation length. Surprisingly, the loss of the alkyl chain crystal-

line packing corresponds to a variation of only 2� in the average values of backbone
dihedrals. Similarly to other polymers and oligomers in the bulk phase [33, 120],

the time evolution of torsion angles shows both dynamic fluctuations of a few

degrees around their equilibrium value and on average no change of conformational

structure during the simulation. Further evidence of transition from a more liquid-

like to a glassy or semi-crystalline state at room temperature was produced by

Alexiadis and Mavrantzas by cooling amorphous P3HT samples previously

annealed at very high temperatures [185]. A similar temperature-induced transition

between crystalline and disordered alkyl chains was indentified with simulations for

PBTTT tetramers by Poelking et al. [112], in this case at about 375 K (compared to

300 K for P3HT). Indeed, the higher transition temperature measured is a confir-

mation of the higher rigidity of PBTTT with respect to P3HT, as reported in [179].

In a follow-up article of [16], Troisi and coworkers [186] investigated the rarely

addressed effect of regioregularity on P3HT structure, by adding 8, 23, and 46% of

head-to-head defects to samples formed by 24 chains of 40 monomers each. It was

found that head-to-head defects have a remarkably low disrupting effect on back-

bone planarity and on side chain orientations, and consequently on the electronic

states of P3HT. However, these defects affect to some extent the linearity of the

polymer chains. Finally, a united atom level force field for P3HT was recently

obtained in Bologna by tuning the AMBER UA force field [29] in order to

reproduce the crystal cells parameters; in this study [121] the relaxation times for

conformational changes on the polymer backbone and side chains were estimated in

the bulk, and a surprisingly high occurrence of cis defects in the first dihedral of the
hexyl side chains was found at room temperature.

4.2.3 Coarse-Grained Models

In the effort of increasing the size of the systems studied, coarse-graining schemes

were derived for the three “best seller” SCP shown in Fig. 14. For PPV polymers,

several CG models have been used to investigate chain conformations and gyration

radii in solution, which are known to be affected not only by the nature of the

solvent but also by the density and the distribution of saturated defects along the

polymeric chain, granting a fraction of flexible coil character to the otherwise rigid

backbone. Lee, Hua, and Chen were the first to tackle this problem, adopting a

representation in which each monomer is described by a CG bead [187]. They

studied single and aggregated chains of 100–500 monomers in solutions of chloro-

form and toluene, comparing atomistic and GC descriptions, and obtained very

similar results in terms of radius of gyration and a speedup of about 100 times in
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favor of the CG model. Later in [188] they refined their model to account explicitly

for saturated defects, this time using three CG beads per monomer and adding

chlorobenzene to the solvent list. Despite the improvements, their CG FF has been

blamed for the inconsistency by Huang and coworkers [189], which then derived a

novel three-beads-per-monomer FF with specific parameters for saturated and

unsaturated monomers. With this tool, the authors were able to study chains up to

1,000 monomer-long (very close to the experimental degree of polymerization) in

implicit solvent, and found that the number of saturated defects enhances the

folding of 300-monomer chains, while it has no significant impact for longer chains.

Using a similar methodology, Andrienko and coworkers obtained a three-

monomers-per-bead CG FF for diphenyl-PPV with decyl side chains [190]. This

model is however able to describe only qualitatively the experimental behavior of

short polymers in solution, probably because the saturated monomers were again

neglected in the model. The authors also hinted at the difficulties of choosing the

correct approximations in a CG FF when the available experimental data are scarce

and scattered: certainly at the moment this problem is more general and relevant for

all the SCP polymers, P3HT excluded.

For this polymer, two CG FFs have been derived, both with the purpose of

studying its heterojunction with fullerenes: the first by Lee and Pao [191], the

second by Huang et al. [38]. This latter FF must be considered a priori superior

because it includes a refinement of the thiophene–thiophene torsion parameters and

uses three beads per monomer instead of one. Lee and Pao also derived the only

existing CG model of PBTTT, using one bead for each two monomers, and

compared PBTTT/PCBM and P3HT/PCBM blends [192]. It must be noted that

such low resolution approximations including one or more monomers per bead,

although very cost-effective, are unlikely to be very accurate because they miss the

anisotropic character of the monomer–monomer interactions, caused by the differ-

ent chemical nature of the aromatic core and the alkyl chains; therefore they are

unlikely to produce the quantitatively correct morphology when used for modeling

SCP bulk phases.

4.3 Interfaces

Organic solar cells are interfacial devices with the organic–organic interface in

practice encompassing the whole light harvesting section, which is typically hundreds

of nanometers thick, and composed by an n-type and p-type semiconductor

opportunely intermixed. This interface is certainly the most important part of an

organic solar cell and its structure has major implications on the optical and electronic

phenomena at the basis of its functioning and efficiency, such as light absorption,

exciton diffusion, and charge separation. As a consequence, accurately modeling

such interfaces would offer a unique possibility for assessing structure–electronic

properties relationships and aiding materials and device design.
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Nevertheless, the accurate modeling of organic–organic interfaces stands at the

top of a hypothetical scale of increasing complexity of photovoltaic-related

systems. In fact, besides inheriting the difficulties of a proper description of two

semiconducting materials, either polymeric or molecular, their mixed interactions

should also be properly addressed and, more importantly, the interface morphology

is not uniquely defined by its composition. Also within the two main categories of

cell architecture, i.e., bilayer and bulk heterojunction, different interface

morphologies have been reported depending on preparation and post-processing

conditions. This poses an additional challenge to the modeling: as the nature of the

interface morphology arises in general from the interplay of thermodynamic

parameters and kinetic factors specific to the preparation protocol, the simulation

study should to some extent reproduce the experimental conditions [193]. For

instance, the degree of crystallinity of a spin coated polymer can vary depending

on the chosen temperature and solvent. The commensurism and the facets in contact

in a planar interface between two organic crystals may also depend on the sequence

used in the vapor deposition of the two components. The specificity of the interface

morphology and its intimate connection with device functioning has caused most of

the studies carried out so far to be experimentally driven and based on an extensive

use of chemically specific atomistic or coarse-grained models. The technical

problems arising from the necessity of treating relatively large system sizes at

atomic resolution, and the plethora of possible preparation techniques and samples

to compare with, has led to rather scattered literature, where a comprehensive

understanding of solid–solid interfacial phenomena is only starting to emerge.

Here we attempt a rationalization of the most recent work in terms of the increasing

degrees of positional and orientational order of the system studied.

4.3.1 Bulk Heterojunctions

Probably the simplest way of manufacturing a bulk heterojunction solar cell is by

preparing a polymer/polymer mixture (or blend) or a polymer/small molecule

globally amorphous mixture of donor and acceptor materials, obtained by drop

casting and evaporation of the solvent. This type of approach is also possible in

principle with computer simulations, and it should be preferred because it does not

rely on any a priori assumption on the structure of the polymers; however it is

computationally very demanding, both because of the large amount of solvent

molecules to be included, and of the long simulation times required to follow

their evaporation. Thus it can be accomplished only by resorting to massively

parallel computational resources, and it actually has been demonstrated by Tsige

and Grest [194] for generic LJ bead and spring models of block copolymers,

relative to systems containing hundreds of thousands of monomer and solvent

molecules. In their setup, periodic boundary conditions are used in the x- and

y-directions, while in the z-direction an empty space is left above the polymer

solution to allow for solvent evaporation; solvent molecules are then dynamically

removed from the box when their z-coordinate exceeds a threshold value, within a
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grand canonical MC scheme. They found that although the diffusion of the solvent

is almost independent on the polymer concentration, the rate of solvent evaporation

decreases exponentially with time. This peculiar observation is determined by the

increase of polymer density at the film–vapor interface as the solvent evaporates:

this density gradient acts as a barrier “trapping” the solvent far away from the

surface. The increase of density and positional order at the surface is probably a

general phenomenon of organic–vacuum interfaces, as it has also been observed for

amorphous free-standing films of P3HT – together with an increase of the orienta-

tional order [195] - and for LC phases [116, 117]. An alternative, simpler approach

for simulating blends is to start from a high temperature, disordered, and fully

homogeneous mixture and to cool it down progressively. With this method we can

expect to observe the self-organization and/or phase segregation phenomena, if the

model potential is simple enough to prevent phenomena such as glassification, or

more broadly speaking if the cooling rate is not faster than the reorganization

process itself. For instance, mixtures of fullerene and polymers, described as chains

or isolated LJ spheres, were investigated by Marsh et al. by varying the polymer

fraction and flexibility [196]. This study showed that the relative interaction

strengths between the components is a key parameter for the final morphology,

which can range from amorphous to liquid crystalline and crystalline, and be either

phase-separated or arranged in alternate layers, very similar to the structures found

by some of us in a system where monomers and fullerenes were covalently

linked [80].

Despite the usefulness of generic models for discriminating the effect of one

parameter, like the interaction strength in the previous example, it is difficult to

relate them quantitatively to the chemical structure of real systems. For reaching

chemical accuracy while keeping the fast dynamics of simple models, CG

potentials are the best choice and indeed they have been applied to a few selected

systems. As already mentioned, Huang et al. derived a CG force field for both P3HT

and C60, parameterizing their mixed interaction, and studied device-scale bulk

heterojunctions with MD simulations [38, 63]. The process of phase separation

upon annealing was followed for mixtures of different compositions starting from

arbitrary random configurations, and monitored by tracking the number of

aggregated fullerenes vs time. In the simulated time window (20–140 ns), the

aggregation was not observed for mixtures of composition P3HT:C60 1.85:1

(w/w), but only for P3HT:C60 ¼ 1.27:1, with the process rate found as expected

to be dependent on the P3HT degree of polymerization. The aggregation of this

mixture, shown in Fig. 18, occurred in about 100 ns (Fig. 18), somehow defining a

lower limit for observing this process in MD simulation studies, taking into account

the accelerated dynamics granted by the CG models, and the relatively short chain

length used for P3HT (12 monomers). In two similar but more device-oriented

studies, Lee et al. again used CG MD simulations for characterizing P3HT:PCBM

and PBTTT:PCBM solid mixtures [191, 192], with the aim of measuring the extent

of segregation of the two components. They were able to show that the blending

ratio which maximizes percolation, defined as the possibility of reaching one side of

the box from the opposite side by “hopping” on neighboring molecules of the same
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material, depends on the chemical nature of the polymer. PCBM is insoluble in

P3HT and as a consequence the mixing ratio which maximizes percolation is 1:1,

while PBTTT solubilizes part of PCBM and the optimal ratio becomes close to 1:3.

In addition, the authors showed that both annealing and high polymer fraction

increase the orientational order and the crystallinity of the polymer itself, and that

PBTTT tends to be more crystalline than P3HT, although at the optimal blending

ratio with PCBM both materials are rather disordered.

Overall, the simulations of bulk heterojunctions are very useful for relating the

performance of polymer solar cells to their structure; therefore we shall expect a lot

of effort on this area in the next few years.

4.3.2 Planar Interfaces

An alternate approach to simulate an amorphous and disordered blend of donor and

acceptor materials is to focus on a single, well defined interface between the two

species, which may be representative either of a nanosized domain inside a bulk

heterojunction or of a macroscopically planar heterojunction. In the simplest case,

such a junction can be generated by putting into contact two specific crystal faces of

the two components, optimizing their relative orientation and position. Although

this approach does not provide insights on the interface morphology, at least as long

as the two crystals are treated as rigid bodies, it is useful for characterizing the

energy landscape for charge carriers, critically depending on the relative orientation

of the molecules at the interface and on the electric field they generate [197]. How-

ever, relaxing the intermolecular degrees of freedom can lead to very important,

and sometimes counterintuitive, surface effects. For example, Gee and coworkers

found that P3HT tends to assume a very regular structure on irregular and disor-

dered self-assembled monolayers, while its crystalline packing is disrupted by a

more ordered surface [198]. Simulations are also useful when one of the two

components is amorphous or of unknown crystal structure: in that case, it is good

Fig. 18 Snapshots of the simulation configuration of the system with P3HT:C60 ¼ 1.27:1 (w/w)

at t ¼ 0 ns (left), t ¼ 30 ns (center), and t ¼ 135 ns (right). The C60 molecules in the largest

cluster are highlighted in red and all other particles in the system shown as light blue dots. Adapted
and reprinted from [63] with permission from Elsevier

86 L. Muccioli et al.



practice to equilibrate first a bulk sample, then create a free surface by removing

periodic boundary conditions, and finally allowing for surface reconstruction before

adding the second material (see, e.g., [127] for pentacene on polymer dielectrics).

In general, the equilibration times for materials are shorter if the starting configura-

tion is close to their bulk structure. In that case a time window of about 10 ns is

typically sufficient to allow the structure to relax to the closest local minimum and

introduce a certain amount of thermal and interfacial disorder.

Until now, studies of polymeric systems have been mainly limited to the

prototypical P3HT/PCBM interface, for which a good amount of information has

been gained for model systems in which P3HT chains extend face-on and parallel to

the PCBM surface [121, 200, 201]. One of the most important results is that PCBM

introduces a consistent amount of torsional distortion on the P3HT backbone

(0.1–0.15 eV in energy): this disorder, also reported for free surfaces of

tetrathiophene [202], in turn favors the localization of positive charges on few

monomers at the interface, and pushes them towards the bulk where they can better

delocalize and diffuse. P3HT then forms a relatively soft interface, in particular in

the alkyl chain region, where PCBM can penetrate for a few Ångstroms [121];

nevertheless, it confers some positional order to the first layer of PCBM molecules,

whose centers of mass preferentially lie at about 10 Å from P3HT chains. The

results for the P3HT–PCBM interface can, in our opinion, be generalized to all

systems where a crystalline and an amorphous solid material are put in contact:

partial disorder is induced in the ordered material and, mutually, partial order in the

disordered material.

While the investigation of polymer planar interfaces has focused primarily on

P3HT/PCBM, several authors studied planar heterojunctions formed by low molar

mass donor–acceptor (D/A) molecular crystals placed one on top of another. Wenzel

and coworkers attempted a rationalization of the degree of disorder present at the

pentacene–PTCDA interface for several orientations of the two crystals [199]. They

found that at room temperature the interface stabilizes after about 1 ns of MD

simulation, and that its final structure arises from two factors: the energy cost for

disrupting the bulk crystal structure and the mixed interaction between the two

components. In this case pentacene, due to its small molecular volume and apolar

nature, has the smallest lattice energy per molecule and consequently it undergoes the

largest interfacial deformation with respect to the bulkier PTDCA (Fig. 19). With the

same methodology, Yost et al. investigated an interface between a metal-free phtha-

locyanine (001) and a substituted perylene (010) [203]. Here, the two molecules are

of similar size and interaction strength, and, not unexpectedly, the interface-induced

deformations were found to induce shifts of the electronic energies up to +0.2 eV on

both sides of the interface; in addition, thermal fluctuation effects were estimated to

produce fluctuations of up to 0.1 eV to orbital energies. Reddy and Kuppa

investigated instead the interface between crystalline C60 and an amorphous thin

layer of quaterthiophene (T4) [204, 205]. The structure of the latter was analyzed as a

function of temperature in the range 275–375 K without registering any significant

changes: this is typical for organic semiconductors that are solid up to very high

temperatures. Nevertheless, the interaction with the regular and flat C60 surface was
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found to influence the otherwise disordered T4 structure, inducing both orientational

and positional order in its proximity (<1 nm): in practice, T4 forms a few overlayers

of flat-lying molecules at the interface with C60. Despite this induced local order, the

authors verified that the overall alignment between thiophene units is decreased by

the presence of the interface, and conjectured that this effect could be detrimental for

charge transport [205]. Mou et al., with a similar approach, studied instead wetting

monolayers of rubrene and tetracene on C60 (111), finding the same tendency of the

molecular aromatic planes to align flat on the surface [206, 207]. Compared with the

previous cases of T4 and tetracene, charge transport in rubrene seems not to be

affected by the planarization at the interface, thanks to the “bridging” role of side

phenyl groups.

We conclude this section by discussing the study of Brédas et al. [208] on

C60/pentacene heterojunctions, because on one hand it introduces some themes

typical of crystal growth, and on the other it confirms the trend regarding ordering

and disordering effects induced by interfacing two solid materials. In this case, we

are dealing with two crystal phases, and, similarly to [197, 199], two different

combinations of surfaces, C60 (111)/pentacene (001) and C60 (111)/pentacene (010)
were investigated starting from perfectly regular structures. In both cases the final

simulated structures were found to be more disordered than in the bulk crystal, but

while for the low energy pentacene (001) facet only a local distortion of the lattice

occurs, for the high energy (010) facet a true intermixing takes place in the first few

nanometers across the junction. The same phenomenon happens to a lesser extent

when terraces, and hence portions of high energy surfaces, are present in the

sample. Generalizing the outcome of this study, we can argue that, for

heterojunctions formed by two molecular crystals, the presence of high energy

surfaces may generate important deviations from the geometry of their bulk phases.

It should also be kept in mind that during the process of crystal growth the area of

those high energy surfaces is usually minimized, and that they are likely to occur

only at terrace steps.

DISORDERED INTERFACE VACANCIES AT THE INTERFACE

Fig. 19 Pentacene and PTCDA crystalline interfaces. On the left, PTCDA (212) on pentacene

(100): pentacene molecules relax to close the gaps between the two crystal structures. On the right,
PTCDA (212) on pentacene (001): both materials keep their crystal structure and vacancies

remain. Adapted and reprinted from [199]
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4.3.3 Organic Crystal Growth

For interfaces composed of molecular crystals it would be desirable not only to

simulate the rearrangements between two preformed phases, but to mimic the

growth of one crystal phase on top of another. Unfortunately, the timescales for

growth are in the microsecond range or longer, and hence almost prohibitive even

for classical simulations, with the additional complication that nucleation is a rare

event, at least in solution. Therefore, simulating crystal growth with brute force MD

simulations is still deemed as almost impossible [126], and indeed, to overcome

these technical difficulties, accelerated approaches such as Kinetic Monte Carlo

(KMC) are finding useful application in the study of this topic [209]. For the time

being, computational materials scientists have focused their attention on single

aspects of crystal growth from vapor, mainly regarding the prototypical cases of

pentacene and fullerene, because of the abundance of experimental data, the

relative simplicity of their structure, and their p/n-type character. Several studies

have provided insights on the elementary steps of the growth process, such as

adsorption at different surface sites, diffusion, and insertion, while simulating their

dynamics and measuring their energetics.

In one of the first investigations, Verlaak et al. [210] modeled with molecular

mechanics the energetics of four possible ways of adding a vertical pentacene

molecule to an ideal preformed monolayer: at a terrace edge or at a kink, between

two kinks, and between two parallel edges. They found that most of the defective

structures that may form in these positions easily relax to the ideal crystal structure,

with the exception of the molecules between two terraces, an ideal model for a grain

boundary. In that case, in fact, the minimum of the internal energy does not

correspond to a crystal lattice site, and point defects or dislocations may form,

ultimately affecting charge transport. An analogous study was carried out for C60 on

graphite [211]: here, in addition, the frequency and the temperature dependence of

“jump” events (C60 moving from a lattice site to another) were evaluated with MD,

and their activation energies by an Arrhenius fit (see (44)). It was found that, due to

the large cohesive energy between C60 molecules, only those with less than two

neighbors can be considered mobile. In a clever multiscale approach, jump rates

were used as parameters in a KMC simulation on a 2D lattice, able to reproduce the

real shape of the growing islands. This method was then extended to 3D by Cantrell

et al. to study the deposition of layers of C60 on pentacene [212]: however, the need

to consider several matching geometries between the two crystal lattices introduces

technical complications, suggesting that an off-lattice approach would be more

accurate, although more resource-demanding. For some of the most common

organic semiconductors, like oligoacenes, Clancy and coworkers also measured

with molecular mechanics the Ehrlich-Schwöbel barrier, i.e., the extra energy

required for a molecule to descend a terrace step edge in addition to that for the

surface diffusion. These energies are highly molecule-specific and estimated to be

of the order of 2–10 kcal/mol; nevertheless they are roughly correlated to the crystal

cohesive energy and to the binding energy to the terrace surface [213]. The same
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research group also investigated several dynamic processes relevant to vapor phase

deposition. In [214, 215], the effect of the kinetic energy and of the incident angle

on the final position of a colliding pentacene molecule on a preformed crystalline

and incomplete (001) bilayer was determined. As expected, very high energies

(5 eV or greater) lead to unsuccessful events such as immediate desorption (a sort of

elastic collision, or rebounding), but also two-layers-deep penetration is possible.

Interestingly, the kinetic energy is not very relevant as long as the incident angle is

roughly parallel to the layer normal; besides, at terrace edges the deposition attempt

is in practice always successful for angles lower than 45�. The diffusion of C60

interfaced to crystalline surfaces of pentacene, either standing or flat lying, was

inspected respectively in [122] and [123], again by MD simulations. In this case, an

isolated C60 molecule diffuses rather freely on the very smooth pentacene (001)

surface, with activation energy of about 0.1 eV; the diffusion is nevertheless

anisotropic and faster along the ½1�10� directions. The addition of more C60

molecules causes immediate aggregation and a fourfold drop of the diffusion

coefficient, suggesting the tendency of C60 to grow in a 3D fashion due to its

high cohesive energy. Conversely, on a high energy recumbent pentacene surface,

similar to the ð01�1Þ [197], C60 can form nanowires if the pentacene plane is

perpendicular to the surface. These nanowires may form either on top or between

pentacene rows, depending on the mismatch between C60 and pentacene lattices in

the simulation cell.

The first simulation prediction on the phenomenon of nucleation and growth of

organic semiconductors was carried out in Bologna by some of us [119] to mimic

the essential features of the experiment on vapor deposition of pentacene on C60.

This work stands out as it couples the application of non-equilibrium MD

simulations (such as those performed in [215]) to the consecutive insertion of

many molecules in the system one after another, similar to what happens in KMC

simulations of crystal growth. In this way, the structure of one side of the planar

heterojunction can be predicted from scratch, depending on the growth conditions,

such as temperature and deposition rate, albeit this latter parameter must, for

practical reasons, be much higher than the experimental ones. In this fortunate

case, the high deposition rate did not prevent the formation of a crystalline

pentacene aggregate. The pentacene crystal structure obtained with the deposition

technique is similar but more tilted than the bulk pentacene structure, and the

relative orientation between the C60 and pentacene lattice is not random, but

templated by the channels along the C60 ½1�10� directions, and by the C60 surface

roughness, inducing positional disorder to the first pentacene monolayer. It was also

found that the growth proceeds in two coverage-dependent regimes: in the first,

pentacene molecules lie flat and orientationally disordered on the C60 surface while

forming amorphous aggregates; in the second, starting at ~2 molecules/nm2, they

reorient perpendicular to the surface and self assemble in a crystalline partial

monolayer (Fig. 20). Going from the first to the second monolayer, the mechanism

is qualitatively the same but the lower energy of the pentacene (001) surface with

respect to the C60 (001) determines that the collective reorientation from recumbent
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to vertical takes place earlier. It is likely that this two-step mechanism could be

general for the deposition of elongated π-conjugated molecules forming thin films

of standing molecules. Future studies of organic crystal growth will surely address

this issue and the fascinating concept of surface-induced phases (or polymorphs),

also formed by more than one component. In this respect, we believe that a

combination of off-lattice KMC to displace cleverly the molecules, alternated

with MD to reach the closest free energy minimum, would ideally suit the task,

and also allow extending of the length and timescales spanned, in order to be able to

simulate the formation of grain boundaries, that are considered important in deter-

mining device performances. The simulation studies conducted so far on

organic–organic interfaces reveal a picture of organic semiconductors being soft

rather than hard materials, also in their crystal phase, and hence able to adapt and

deform their structure in the interfacial region. This adaptability, driven by the

balance between the gain of interfacial free energy and the loss of bulk cohesive

energy, seems on one hand to decrease positional, orientational, and conformational

order if the material is crystalline and on the other to increase the order if the

material is amorphous. In the case of an interface between two crystals, weak forms

of epitaxy are also possible, but again coupled with a general disordering, whose

amount decreases with the cohesive energy of the bulk phase.

5 Conclusions

In the last few years intense activity has taken place in the field of structural

simulation of organic semiconductors, resulting in several specific advances in

the understanding of their structure–property relationships. Much work has been

done in terms of developing and adapting computational tools and theoretical

70 mol – 0.63 ML 75 mol – 0.67 ML 80 mol – 0.71 ML 

Molecules“stand up” 

Fig. 20 Left: side and top view snapshots showing the aggregation and onset of herringbone

packing during the nucleation of pentacene on C60 (001). Right: evolution of film height and tilt

angle as the coverage increases upon deposition of one pentacene molecule every 250 ps [119]
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models to this class of materials and in designing simulation strategies to approach

as closely as possible the experimental conditions.

It should be apparent from this overview that the field is vigorously expanding

and that it will likely continue to do so, pushed by the relevance of the problems to

be solved and interests at stake, and technically supported by the predictable

increase of available computational resources, exploitable through the use of

parallelism of CPUs and GPUs. Further scientific development can be expected

as the field stands on the solid ground of decades of research on complex systems

and thermoplastic polymers. Although the transfer of knowledge from the

condensed matter to the organic electronic communities has been slow at the

beginning, it is now becoming smoother as witnessed, for instance, by the machin-

ery of coarse-grained modeling now being applied to polymeric semiconductors.

Many challenges still await computational material scientists working on

organic electronics and hopefully some of them will be tackled in the next few

years. For low molecular mass systems, simulations should possibly prove to be

predictive instruments for helping the design of materials, rather than just

reproducing the experimental properties. In polymeric systems, the capability of

predicting crystalline structures with atomistic models, and phase behaviors with

simpler ones, still has to be fully demonstrated, leaving a lot of room for the

application of coarse-grained and soft-core empirical models. Organic interfacial
systems are the most challenging to study, mainly for technical reasons, since the

systems sizes and timescales are still prohibitive. A consistent picture of the

phenomena taking place at the interface and of their relationship with electronic

properties, a general understanding of the interplay between the structure of the

interface and the electrostatic landscape it generates, in particular for bulk

heterojunction systems, must be gained to prompt the improvement of existing

devices.

Regarding the computer simulation protocols, we stress again the necessity of

imitating experimental preparation techniques to be able to compare with the

corresponding experiments. One of the major open issues still awaiting a methodo-

logical solution is probably the lack of a robust and widely available multiscale
simulation platform, where the well defined quantum mechanical and classical

simulations methodologies could be connected to the device scale and thus permit

the design and optimization of solar cells, transistors, or other emerging

applications of functional organic materials. This integration will be one of the

main areas of future scientific and technological developments.

Appendix: Simulation Packages

This Appendix is intended to serve as an overview of the more common computer

simulation packages suitable for molecular simulation studies of organic materials.

Actually the landscape of available packages is essentially dominated by MD-based

codes. In fact, MC and KMC codes are commonly developed in-house by researchers
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to handle specific problems requiring ad hoc sampling algorithms, and hence have a

much less wide user base than MD ones. In contrast, many computer codes are

available to the end-user willing to carry out MD simulations. Some of them come

with an extensive support including manuals, tutorials, and online discussion boards

such as forums and mailing lists. Here we report a selection of packages which are

suitable for simulating large systems of organic molecules and which are used by a

large community of users. This is of course not a measure of the quality of the program,

but rather it ensures that a large body of published works are available as reference,

therefore constituting a valuable starting point for those approaching the field of MD

for the first time. Moreover, the more popular codes are continuously maintained and

updated, an important aspect to take into account as machine architectures change very

often. It is worth noting that while the standard packages provide MD trajectories

(as sequences of instantaneous configurations), the calculation of many observables of

interest have to be specifically added by the end-user and suitable algorithms often

have to be devised. The available MD packages are characterized by various factors:

1. Features and capabilities, e.g., multiple-timestep integration algorithms [96, 216],

physical representation of simulated objects (coarse-grained or all-atoms), constrained

dynamics (e.g., SHAKE [217]) with many codes allowing for multiple options.

2. License and cost, i.e., free-academic, open source, commercial.

3. Portability, i.e., the code can easily be compiled and run on many platforms, from

common (e.g., computer desktops) to specialized hardware (e.g., IBM’s BlueGene).

4. Performance and parallelization, i.e., the ability to run faster and simulate bigger

systems by splitting work among multiple processors. Nowadays support of

GPU boards is widely available and allows the deployment of graphics cards

alongside traditional CPUs.

5. Extensibility of the code in order to tailor specific problems or to implement new

force-fields/simulation algorithms/computation of observables, which were not

available in the original code.

The choice of a particular MD package depends on the first instance on the

system being studied, particularly on the model used to describe the interactions

between the particles and on its scalability (i.e., the computational efficiency as the

number of processing units increases), which can be a limiting factor when the

system size exceed tens or even hundreds of thousands of particles. A necessarily

partial list of computer programs to carry out MD simulations is reported in Table 1.

Two well-established computer programs for MD simulations are CHARMM

[24] and AMBER [219], which implement a similar functional form of the atomis-

tic force field and include a large number of tools for setting up the files required to

run an MD simulation.

NAMD [227] is a more recent program which works with AMBER and

CHARMM potential functions, parameters, and file formats, and it is specifically

designed for high-performance simulation of large systems. The current version

(2.9) is able to run on heterogeneous architectures made up of multiple CPUs

and GPUs.
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LAMMPS [225] is a classical MD program implementing potentials for soft

materials (biomolecules, polymers), solid-state materials (metals, semiconductors),

and coarse-grained or mesoscopic systems. The code is designed to be easy to

modify or extend with new functionalities. The comprehensive manual

compensates for the somewhat clumsy input script syntax. Most of its model

potentials have been parallelized and run on systems with multiple CPUs and

GPUs, granting very good speedups, especially for the most complicated pair

potential styles, like the Gay–Berne and other CG potentials.

GROMACS [231] is conceived to carry out simulations with millions of

particles. The syntax of input files is user-friendly and a major advantage is that

the program comes with a large selection of tools for trajectory analysis. In version

4.5 only single GPU support is present, but from version 4.6 multiple GPUs will

also be enabled.

The output of an MD simulation typically includes a trajectory file containing

the position of every particle, saved with a given time increment. Trajectory files

can be visualized with specific programs such as VMD [232–234], which also

offers basic tools for data analysis, Jmol [235], a powerful and highly portable

program written in Java, Mercury [236], and GDIS [237], two programs particularly

well suited to visualize and manipulate crystal structures, and Avogadro [238, 239],

which offers advanced molecular modeling tools. Among the other visualizers

available, we mention OVITO [240, 241], PyMOL [242], Molekel [243], V_Sim

(http://www-drfmc.cea.fr/L_Sim/V_Sim/index.en.html), Ras-Mol [(http://rasmol.

org/), 244], FOX [245, 246], QMGA [247, 248], UCSF Chimera [249, 250], and

BALLView [251, 252].

Table 1 Partial list of MD simulation packages

Name Website License References

ACEMD http://multiscalelab.org/acemd Commercial [218]

AMBER http://ambermd.org/ Free/Commercial [219]

CHARMM http://www.charmm.org/ Commercial [24]

Desmond http://www.deshawresearch.com/resources_

desmond.html

Free academic [220]

DL_POLY http://www.ccp5.ac.uk/DL_POLY/ Free academic [221]

ESPResSo http://espressomd.org/ Free [222]

GROMACS http://www.gromacs.org/ Free [223]

HOOMD http://codeblue.umich.edu/hoomd-blue/ Free [224]

LAMMPS http://lammps.sandia.gov/ Free [225]

Material

Studio

http://accelrys.com/products/materials-studio/ Commercial [226]

NAMD http://www.ks.uiuc.edu/Research/namd/ Free [227]

OCTA http://octa.jp/ Free

OpenMM https://simtk.org/home/openmm Free [228]

ProtoMol http://protomol.sourceforge.net/ Free [229]

TINKER http://dasher.wustl.edu/ffe/ Free

VOTCA http://www.votca.org/ Free [230]
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The vast choice of available packages might be a bit intimidating at first, so here

are listed some of our (objectionable) views on the key issues. Given the high

quality of many open source packages, they are probably to be preferred over

commercial ones with closed sources, both for their plentiful features

(as everybody can contribute to further development) and because the sources can

be directly inspected to check how algorithms are implemented and can be

customized to suit particular needs. As many algorithms work well only under

specific conditions and many compromises are usually made, this is in some cases

the most reliable way to check the validity of the simulation results.

As long as small samples and/or short timescales are needed and the package

provides the required features, it really does not matter which code is used, and the

one easier to run is to be preferred. If instead the problem at hand requires what can

be accomplished currently to be pushed to the limits, a well optimized code

becomes the only choice. Given the typical speedups of GPU systems, codes able

to run on heterogeneous architectures (mixed CPU/GPU) environments are the best

performers. Note: most of the codes running today on GPU use CUDA (http://www.

nvidia.com/object/cuda_home_new.html) instead of OpenCL (http://www.

khronos.org/opencl), which means they will run only on NVidia cards.

References

1. Maddox J (1988) Nature 335:201

2. Pizzirusso A, Savini M, Muccioli L, Zannoni C (2011) J Mater Chem 21:125

3. Pasini P, Zannoni C (2000) Advances in the computer simulations of liquid crystals. NATO

ASI Series, kluwer, Dordrecht

4. Groves C, Greenham NC (2013) Monte Carlo simulations of organic photovoltaics. Top Curr

Chem. doi:10.1007/128_2013_467.

5. Walker A (2013) Monte Carlo studies of electronic processes in dye-sensitized solar cells.

Top Curr Chem. doi:10.1007/128_2013_472.

6. Athanasopoulos S, Emelianova EV, Walker AB, Beljonne D (2009) Phys Rev B 80:195209

7. Car R, Parrinello M (1985) Phys Rev Lett 55:2471

8. Stone AJ (1996) The theory of intermolecular forces, international series of monographs

on chemistry, vol 32. Oxford University Press, Oxford

9. Cornell WD, Cieplak P, Bayly CI, Gould IR, Merz KM, Ferguson DM, Spellmeyer DC,

Fox T, Caldwell JW, Kollman PA (1995) J Am Chem Soc 117:5179

10. Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA (2004) J Comput Chem 25:1157

11. Jorgensen WL, Maxwell DS, Tirado-Rives J (1996) J Am Chem Soc 118:11225

12. Mackerell AD, Bashford D, Bellott M, Dunbrack RL, Evanseck JD, Field MJ, Fischer S, Gao J,

Guo H, Ha S, Joseph-McCarthy D, Kuchnir L, Kuczera K, Lau FTK, Mattos C, Michnick S,

Ngo T, Nguyen DT, Prodhom B, Reiher WE, Roux B, Schlenkrich M, Smith JC, Stote R,

Straub J, Watanabe M, Wiorkiewicz-Kuczera J, Yin D, Karplus M (1998) J Phys Chem B

102:3586

13. Marcon V, van der Vegt N, Wegner G, Raos G (2006) J Phys Chem B 110:5253

14. Sancho-Garcı́a J, Karpfen A (2009) Chem Phys Lett 473:49

15. Bhatta RS, Yimer YY, Tsige M, Perry DS (2012) Comput Theor Chem 995:36

16. Cheung DL, McMahon DP, Troisi A (2009) J Phys Chem B 113:9393

17. Rigby J, Izgorodina EI (2013) Phys Chem Chem Phys 15:1632

Supramolecular Organization of Functional Organic Materials in the Bulk and. . . 95

http://www.nvidia.com/object/cuda_home_new.html
http://www.nvidia.com/object/cuda_home_new.html
http://www.khronos.org/opencl
http://www.khronos.org/opencl


18. Kramer C, Gedeck P, Meuwly M (2012) J Comput Chem 33:1673

19. Wang B, Truhlar DG (2012) J Chem Theory Comput 8:1989

20. Berardi R, Muccioli L, Orlandi S, Ricci M, Zannoni C (2004) Chem Phys Lett 389:373

21. Lopes P, Roux B, MacKerell AD Jr (2009) Theor Chem Acc 124:11

22. Cieplak P, Dupradeau FY, Duan Y, Wang J (2009) J Phys Condens Matter 21:333102

23. Jiang W, Hardy DJ, Phillips JC, Mackerell AD, Schulten K, Roux B (2011) J Phys Chem Lett

2:87

24. Brooks BR, Brooks CL III, Mackerell AD, Nilsson L, Petrella RJ, Roux B, Won Y,

Archontis G, Bartels C, Boresch S, Caflisch A, Caves L, Cui Q, Dinner AR, Feig M,

Fischer S, Gao J, Hodoscek M, Im W, Kuczera K, Lazaridis T, Ma J, Ovchinnikov V,

Paci E, Pastor RW, Post CB, Pu JZ, Schaefer M, Tidor B, Venable RM, Woodcock HL,

Wu X, Yang W, York DM, Karplus M (2009) J Comput Chem 30:1545

25. Ponder JW, Wu C, Ren P, Pande VS, Chodera JD, Schnieders MJ, Haque I, Mobley DL,

Lambrecht DS, DiStasio RA, Head-Gordon M, Clark GNI, Johnson ME, Head-Gordon T

(2010) J Phys Chem B 114:2549

26. Wang J, Cieplak P, Li J, Wang J, Cai Q, Hsieh M, Lei H, Luo R, Duan Y (2011) J Phys Chem

B 115:3100

27. Vorobyov IV, Anisimov VM, Mackerell AD (2005) J Phys Chem B 109:18988

28. Lopes PEM, Lamoureux G, Roux B, Mackerell AD (2007) J Phys Chem B 111:2873

29. Yang L, Tan C, Hsieh MJ, Wang J, Duan Y, Cieplak P, Caldwell J, Kollman PA, Luo R

(2006) J Phys Chem B 110:13166

30. von Lilienfeld OA, Andrienko D (2006) J Chem Phys 124:054307

31. Scott WRP, Hünenberger PH, Tironi IG, Mark AE, Billeter SR, Fennen J, Torda AE,
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Andrienko D (2012) J Am Chem Soc 134:6052

136. Vehoff T, Chung YS, Johnston K, Troisi A, Yoon DY, Andrienko D (2010) J Phys Chem C

114:10592

137. Vehoff T, Baumeier B, Troisi A, Andrienko D (2010) J Am Chem Soc 132:11702

98 L. Muccioli et al.

http://link.springer.com/chapter/10.1007/b99427


138. Chang J, Sandler SI (2006) J Chem Phys 125:054705

139. Cheung DL, Troisi A (2010) J Phys Chem C 114:20479

140. Frigerio F, Casalegno M, Carbonera C, Nicolini T, Meille SV, Raos G (2012) J Mater Chem

22:5434

141. May F, Al-Helwi M, Baumeier B, Kowalsky W, Fuchs E, Lennartz C, Andrienko D (2012)

J Am Chem Soc 134:13818

142. Kwiatkowski JJ, Nelson J, Li H, Bredas JL, Wenzel W, Lennartz C (2008) Phys Chem Chem

Phys 10:1852

143. Nagata Y, Lennartz C (2008) J Chem Phys 129:034709

144. Lukyanov A, Lennartz C, Andrienko D (2009) Phys Status Solidi A 206:2737

145. Schrader M, Körner C, Elschner C, Andrienko D (2012) J Mater Chem 22:22258

146. Tiberio G, Muccioli L, Berardi R, Zannoni C (2009) Chem Phys Chem 10:125

147. Tant J, Geerts YH, Lehmann M, De Cupere V, Zucchi G, Laursen BW, Bjornholm T,

Lemaur V, Marcq V, Burquel A, Hennebicq E, Gardebien F, Viville P, Beljonne D,

Lazzaroni R, Cornil J (2005) J Phys Chem B 109:20315

148. Marcon V, Breiby DW, Pisula W, Dahl J, Kirkpatrick J, Patwardhan S, Grozema F,

Andrienko D (2009) J Am Chem Soc 131:11426

149. Lemaur V, Bouzakraoui S, Olivier Y, Brocorens P, Burhin C, El Beghdadi J, Martin-Hoyas A,

Jonas AM, Serban DA, Vlad A, Boucher N, Leroy J, Sferrazza M, Mouthuy PO, Melinte S,

Sergeev S, Geerts Y, Lazzaroni R, Cornil J, Nysten B (2010) J Phys Chem C 114:4617

150. May F, Marcon V, Hansen MR, Grozema F, Andrienko D (2011) J Mater Chem 21:9538

151. Marcon V, Vehoff T, Kirkpatrick J, Jeong C, Yoon DY, Kremer K, Andrienko D (2008)

J Chem Phys 129:094505

152. Feng X, Marcon V, Pisula W, Hansen MR, Kirkpatrick J, Grozema F, Andrienko D,
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Electronic and Optical Properties at

Organic/Organic Interfaces in Organic

Solar Cells

Shane R. Yost, Eric Hontz, David P. McMahon, and Troy Van Voorhis

Abstract In organic photovoltaic (OPV) devices the formation of free charges

from a singlet excited state is the key step in converting light to electrical energy.

However, questions still remain as to why the process is so fast and efficient in some

OPV devices while not in others. Currently, it is not understood how the binding

energy of the charge transfer state formed at an organic/organic interface, ~40 kT,

is overcome in order to create free charge carriers. Given the difficulty of experi-

mentally probing the electronic processes occurring at the organic/organic inter-

face, it falls to theoretical and computational studies to provide essential insights

into the processes occurring on the microscopic level. In this review we will cover

the contributions made by theoretical studies to improve our understanding of the

organic/organic interface. We will address the advantages and disadvantages of

different theoretical approaches to studying the numerous interesting effects

observed, such as shifts in the HOMO and LUMO levels due to the electrostatic

environment, increased localization due to disorder, and the general impact of

molecular orientation on different molecular properties. Further, we will discuss

the currently proposed mechanisms of charge separation at the organic/organic

interface and the implications that these mechanisms have on the choice of

materials for use in OPV devices.
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1 Introduction

The role of photovoltaic (PV) materials in today’s energy market is continually

increasing, with the main challenge of efficiently and affordably harnessing the

energy produced by the sun [1, 2]. A wide range of PV materials have emerged over

the years including inorganic- [3–5], organic/organic- [2, 6, 7], and hybrid

inorganic/organic-based PVs [8, 9]. In any photovoltaic device, the major step in

creating electrical work from solar energy is the creation of free charges from an

excited electronic state. In plants and bacteria, this is achieved via a chemical

reaction in the reaction center of a protein [10]. For inorganic semiconductors, the

absorbed photon immediately creates an electron and hole pair with a binding

energy on the order of kT [11]. On the other hand, in organic semiconductor

(OSC) materials, instead of the direct generation of free charge carriers upon

absorption of solar energy, a coulombically-bound electron-hole pair (known as

an exciton) is formed [12–15]. Excitons are the result of a small dielectric screening

between the electron and hole, which leads to a large exciton binding energy. In

organic photovoltaics (OPVs), this binding energy is overcome at an interface of

two OSC materials, where there is an energy offset that drives the electron and hole

apart [16, 17].

OPVs have the advantage of utilizing cheap, abundant materials which require

less-demanding processing techniques than their inorganic counterparts, but their

efficiency is currently limited to 12% [18]. In a functioning OPV device: (1) sun-

light is absorbed and forms a singlet excited state, called an exciton; (2) the exciton

diffuses to an interface; (3) at the interface the exciton forms a charge transfer
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(CT) state, where now the electron and hole are on two different molecules; (4) the

electron and hole separate and diffuse to the cathode and anode, respectively

[16]. Schockley and Queisser [19] derived a fundamental thermodynamic limit

for single-junction solar cells. Assuming that the PV has unity quantum efficiency

above its band gap, the maximum efficiency is 33% and represents the limit for

single junction inorganic and organic PVs [20]. To reach the Schockley–Queisser

limit, each of the four processes needs to be optimized, which requires a fundamen-

tal understanding of each process, followed by intelligent engineering.

The blueprint for designing new and improved OSCs has not evolved much over

the years, partly because some properties, such as absorption, were previously well

known, so a good set of design principles already existed. Other properties, such as

insufficient exciton and charge diffusion, can be partly addressed by minimizing the

distance they have to travel (e.g., bulk-hetero-junction OPVs [21–24]) and

optimizing contacts at the electrodes [25]. One process that does not yet have a

good set of design principles, however, is the splitting of the exciton into free

charges. Experimentally, it has been shown that the charge separation process at the

organic/organic interface can be very efficient [7, 26, 27], but the processes

governing this fast breakup of the exciton are not fully understood. Various

experiments ascribe the efficiency to thermal storage of excess energy [28, 29] as

vibrational energy (resulting in what are known as hot charge transfer states), which

then provides the energy necessary to overcome the binding energy between the

electron and hole of the charge transfer state. Other experiments appear instead to

indicate that efficient charge separation occurs even from relaxed charge transfer

states [30, 31]. Theory is therefore essential in filling in the gaps in our understand-

ing and helping rationalize the disparity between different experimental results.

The key to rational design of fast and efficient exciton break-up at the organic/

organic interface is understanding the interplay between molecular properties and

device performance. At an organic/organic interface, the crucial properties are the

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) levels of each material, the offset between the LUMOs (ΔL) and
HOMOs (ΔH), and the difference between the acceptor LUMO and donor HOMO

(Egap), all of which are represented in Fig. 1. The energy gap,Egap, is the maximum

limit to the open-circuit voltage VOC, and is reduced by the relative efficiency of

charge separation vs recombination [32].

We should note that here we are using the terms HOMO and LUMO to describe

the ionization potential (IP) and electron affinity (EA) of the materials. These terms

are often used interchangeably in the literature, because, in the case of inorganic

crystals, the HOMO and LUMO are the same thing as the IP and EA, respectively.

For OPVs, however, the HOMO and LUMO are not equivalent to the IP and EA,

and in fact, the HOMO and LUMO are very poor estimates of the IP and EA for

most calculations. While many computational papers use the terms HOMO and

LUMO, they are actually computing the IP and EA by EIP ¼ Ecation � Eground and

EEA ¼ Eground � Eanion, respectively, to obtain the more correct and accurate values.

These values more closely resemble what is measured in experiments.
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To model the kinetics of charge separation and recombination, the well known

Marcus Theory approximation is often applied [33]:

kda ¼ 2π

�h
Vdaj j2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4πkBTλ

r
exp � ΔG� þ λð Þ2

4λkBT

" #
(1)

Here, the three important molecular parameters are the coupling between the

donor and acceptor states Vda, the free energy change ΔG�, and the reorganization

energy λ. Assuming the exciton is on the donor, then the free energy change for the

formation of an interface charge transfer state is ΔL plus the change in the

coulombic binding energy between the electron and hole, and the free energy

change for charge recombination of the charge transfer state is Egap minus the

charge transfer binding energy. Thus, in order to create new design principles for

molecules and device structures, we need to understand how the molecular

parameters in (1) are dependent on the relative locations and orientations of the

molecules and their environment.

With the key properties of charge separation and recombination in an OPV laid

out, it is important to discuss the impact of the molecular packing and the structure

found at the organic/organic interface on these properties. The molecular packing in

OPVs is typically disordered due to the weak van der Waals intermolecular

interactions holding the molecules together [12] and the processing techniques used

to make the devices, such as spin-casting [34, 35]. The interplay between structural

disorder, molecular distance and orientation significantly affect the electronic

properties at the interface, which in turn affects the nature and mechanism by

which free charge carriers can be generated. Without the inclusion of these

considerations, any computational study will be incapable of accurately describing

the performance of OPVmaterials. The geometry, electronic structure, and energetics

of an isolated molecule/anion/cation are defined by its gas-phase Hamiltonian, but the

Fig. 1 General band diagram for an OPV device with the donor (red) and acceptor (blue) HOMO/

IP and LUMO/EA levels. All of the energies are relative to the vacuum level (VL). The energy

differenceΔL between the LUMO of the donor and acceptor provides the driving force for charge

formation from an exciton on the donor, and Egap is the maximum possible open-circuit voltage

from an organic photovoltaic device
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surrounding molecules in an OPV cause perturbations through electrostatic and

polarization interactions. Thus, the singlet, HOMO, and LUMO energies can be

highly dependent upon the configuration of the surrounding molecules or, more

importantly, the proximity to the interface. Disorder also affects intermolecular

couplings and charge transfer state energies, because they are highly dependent

upon the distance between and the relative orientation of the molecules involved. In

effect, charge separation and recombination rates can vary substantially from location

to location along an interface. This leads to a picture like Fig. 2, where the simple

Marcus curves are replaced bymanyMarcus curves, all yielding their own unique rate

that must be averaged to get experimentally relevant rates. Through careful study of

the effect of the interface geometry and the impact of structural disorder on the

electronic structure, general design rules for the interface can be created.

To show how computation can help with understanding the electronic and

optical properties at organic/organics interfaces in OPVs, we outline the rest of

this chapter as follows. First, we discuss a variety of computational methods useful

for interface studies. We then look at some of the important physical effects learnt

from computations, highlighting results from a variety of studies. Finally, we

discuss the possible mechanisms for efficient charge separation at the organic/

organic interface based on what we have learned from the computations, and

conclude with future work and directions for this field.

2 Computational Methods

As discussed in the Introduction, the most relevant properties at the interface of an

OPV are the singlet excited state energy, the HOMO/IP, the LUMO/EA, the charge

transfer-state energy, and electronic coupling values that enter into the Marcus rate

expression Eq. (1). In this section we discuss a variety of computational methods

useful in calculating these properties.

Accurate calculations of OPV properties can be difficult. A major hurdle for

applying computations to OPV interfaces arises due to the disordered nature

Reaction Coordinate Reaction Coordinate

a b

Fig. 2 Marcus free energies describing a transition from reactant (R) to product (P) states.

(a) Circles indicate calculations for four-point determination of λ, ΔG. (b) Static disorder creates
a distribution of reactant and product energy landscapes. Reprinted with permission from [36]

Copyright 2010 American Chemical Society
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of the interface and surrounding layers. Gas-phase calculations are insufficient, and

efficient periodic-type calculations, like those used for inorganic semiconductors

[37, 38], are only applicable to systems with highly regular arrangements. In

addition, experimental quantities of interest are actually ensemble averages over

the disordered system. Thus, an ideal method not only needs sufficient accuracy for

computing the desired property, but also has to be cheap enough to be used on a

potentially large number of molecules and repeated many times over – not an easy

feat. As a good first approximation one can assume that the relevant quantum states

are localized on only one or two molecules because of the weak intermolecular

interactions in the material giving rise to lots of disorder, which localizes the

quantum states [12, 39].

Due to the demanding task of modeling the interfacial structure and the limits of

modern-day computing, a range of computational methods have been applied and

even combined to facilitate learning about these properties. In this section, we

introduce a variety of these techniques, discuss some of their advantages and

disadvantages, and highlight some of their common applications in the scope of

interface studies. We first discuss single-scale methods, where only one level

of theory is used, and then move to multi-scale methods, where multiple levels of

theory are combined in order to concentrate accuracy where it is most needed, while

still accounting for auxiliary effects. A common theme will arise: accuracy is often

sacrificed for affordability, but recognizing where accuracy is important and where

it isn’t can lead to methods that are sufficient in obtaining the targeted properties.

2.1 Single-Scale Methods

The most widely used method in the study of interfaces and OPVs in general is ab

initio quantum mechanics (QM). While there are a variety of QM flavors, they all

involve solving for approximate solutions to the Schrödinger equation and require a

self-consistent solution. The biggest differentiator between the various flavors is the

way in which they incorporate approximations to electron–electron interactions.

One of the original approximate methods is the wavefunction-theory-based

Hartree–Fock (HF) method [40]. The HF method is a single determinant method

that does not include any correlation interactions between the electrons, and as such

has limited accuracy [41, 42]. Higher level wavefunction-based methods such as

coupled cluster [43–45], configuration interaction [40, 46, 47], and complete active

space [48–50] methods include multiple determinants to incorporate some of the

electron–electron correlation. Methods based on perturbation theory, such as

second order Møller–Plesset perturbation theory [51], go beyond the HF method

by perturbatively adding electron correlation. These correlated wavefunction-based

methods have well-defined ways in which they approach the exact solution to the

Schrödinger equation and thus have the potential to be extremely accurate, but this

accuracy comes at a price [52].

Another very common approximate method is the electron-density-based

Kohn–Sham density functional theory (DFT) [53–56]. Here the electron exchange
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and correlation interactions are lumped into what is known as an exchange-correlation

functional (simply referred to as a functional), of which many variations exist

[57–61]. The different approximate functionals include pure functionals, such as

LDA [53] and PBE [62], which only use properties of the electron density itself. Hybrid

functionals, such as PBE0 [63] and B3LYP [64], incorporate some amount (specific to

the functional) of HF exchange. Additionally, a recent class of functionals, known as

long-range-corrected (LRC) functionals, smoothly separate electron interactions into

short-range and long-range components and treat the short-range component using a

typical functional and the long-range component using only HF exchange [65–68]. In

most cases, it is more expensive for a wavefunction-based correlation method to

achieve similar or greater accuracy than DFT [69]. In other words, DFT has the best

cost-to-accuracy ratio and is, therefore, the most widely used QM method.

Since QM methods explicitly consider electrons, they are the most accurate

methods available for interface studies. Their ab initio nature requires only an input

geometry specifying the locations of the nuclei; there is no parameterization

required, although the user should be aware of the limitations of the particular

method and its approximations. Unfortunately, the accuracy of QM methods comes

at a relatively high computational cost, limiting their applicability to only a few

hundred heavy (non-hydrogen) atoms. Thus, the typical system size is limited to a

small cluster of OSC molecules or less than 20 monomers, in the case of polymer

systems. The effects of surrounding molecules need to be incorporated by combin-

ing QM calculations with more approximate methods, which will be discussed later

when we visit multi-scale methods.

The most important use of QM in studying organic/organic interfaces is the

accurate calculation of quantum state energies and the coupling between different

electronic states. Of course, the ground state (S0) energy is always calculated to

provide the baseline for the rest of the states of interest. The next logical state to

discuss is the lowest excited singlet state (S1). Linear response time-dependent DFT

[70–72] (TDDFT) can calculate excited state energies to within �0.3 eV and is the

most commonly used excited-state method [73–75]. Recently, another excited state

method based on enforcing non-Aufbau occupations of the orbitals during a typical

ground-state-type calculation, calledΔSCF, was also shown to give S1 energies with
accuracy similar to those of TDDFT [76].

As discussed in the Introduction, the HOMO and LUMO energies are also

important values. The HOMO and LUMO energies in Fig. 1 are exactly equivalent

to the ionization potential (IP) and electron affinity (EA) of the material, respec-

tively. For non-polymeric systems we can typically make the reasonable approxi-

mation that the disorder in an OSC material and the low coupling between

molecules causes very localized states, and as such we can use the IP and EA of

a single molecule. Koopmans theorem allows us to approximate the first IP of a

molecule as the HOMO energy obtained from a ground state calculation, but for

most approximate schemes, like HF and DFT, this is a very poor approximation.

The estimate of the EA of a molecule from its LUMO energy using DFT or HF is

even worse. In most approximate exchange-correlation functionals in DFT, there

exists a common error that the electron interacts and repels itself [77, 78].
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This self-interaction error (SIE) is what causes DFT to over-delocalize, and

therefore greatly reduces its estimate of the HOMO and LUMO. For polymers

this becomes an even bigger problem, since it greatly underestimates the band gap

of the polymer. Therefore, to calculate a more accurate IP and EA, one needs

to calculate the anion and cation energies and use IP ¼ EðcationÞ � EðS0Þ and

EA ¼EðS0Þ � EðanionÞ. It is important to emphasize, however, that the IP/HOMO

and EA/LUMO in the bulk can vary substantially from what a gas-phase QM

calculation predicts, due to the environment and delocalization effects.

Although the difference between the EA of the acceptor and the IP of the donor

can give a preliminary estimate of the interface CT energy, the electrostatic

interaction between the donor and acceptor must be included for an accurate

value. Thus, it is better to calculate CT state energies explicitly. In addition to

calculating singlet excited state energies, TDDFT can also calculate triplet excited

states and CT states. Unfortunately, most DFT functionals are plagued by a problem

in which the CT excitation energies obtained from TDDFT can be underestimated

by more than 1 eV, partly due to insufficient long-range exchange in the functional

[72, 79]. The LRC functionals discussed above help alleviate this problem in

TDDFT calculations and achieve more accurate CT state energies [80]. Another

accurate method for calculating CT states is the constrained DFT (CDFT) method

[81–83], which works by applying a potential across the system in order to

constrain specified regions with specified amounts of charge and spin. Therefore,

a CT state can be easily formed by constraining one extra electron on the acceptor

molecule and one less electron on the donor molecule.

Last, but not least, QM methods are used to obtain couplings Vfi ¼ fjHjih i
relevant to OPVs, which are

Exciton diffusion : D1�D2jHjD1D2�h i

CT-state formation : D�AjHjDþA�h i

CT-state recombination : DþA�jHjDAh i

Charge diffusion : DþDjHjDDþh i A�AjHjAA�h ið Þ

A number of methods, such as fragment excitation difference [84] and CDFT

with configuration interactions [85, 86], are capable of calculating these couplings

both affordably and quantitatively [87]. In addition, semi-empirical methods

can also calculate these couplings – typically by computing the coupling

between the relevant HOMO and LUMO orbitals involved in the electronic

transition [16, 88–90].

Semi-empirical methods are particularly appealing methods for treating large

OPV systems. While there exists a wide variety of semi-empirical methods, many

of them focus on accurately treating the π -conjugated, or at most the valence

electrons, which are largely responsible for the relevant properties of an OPV

[91–95]. The spirit of semi-empirical methods is to ignore or approximate partially
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(or fully) the two-electron integrals of HF theory, which are by far the most

expensive part of the calculation. Most semi-empirical methods parameterize

some aspect of the calculation, using parameter values tuned to reproduce experi-

mental or high-level computational data. While the mean-field nature of exact HF

results in the exclusion of dynamic correlation, the parameterization of semi-

empirical methods to reproduce data can account, in a sense, for correlation without

having to go beyond the basics of HF.

Speed is the main advantage of semi-empirical methods and allows them to be

used on systems considerably larger than those treatable through QM, making

calculations on large arrays of molecules and even large polymers tractable. Of

course, their speed comes at a cost. They are typically less accurate than DFT and

correlated wavefunction methods, and, just like choosing the proper functional in

DFT, their performance can depend on which type of semi-empirical approxima-

tion is used [96–98]. They are reasonably accurate at predicting charge distribution

in a large system and can be used to determine the energetics of a charge or CT state

in a polarizable environment [99, 100], such as an interface [101, 102].

While semi-empirical models simplify QM by parameterizing certain values of

an HF calculation, their approximations are meant for treating a broad range of

problems. When dealing with a narrower range of problems, however, it is often

possible to make more extreme approximations that simplify the solution even

further. Such an approach has been taken towards treating charge transport in OPVs

[103]. At a basic level, an excess charge moving through an organic semiconductor

results in nuclear displacements and electronic polarization of the surrounding

molecules. To be able to determine quickly and accurately the changes in the

different molecular properties at the organic/organic interface, one can neglect

nuclear displacements, which occur mainly on the molecule on which the charge

is localized, and consider only the purely electrostatic interactions between the

charge and its environment. These types of models are referred to as micro-

electrostatic models, and they approximate each molecule by a chosen number of

polarizable sites (dipoles and/or quadrupoles) and calculate the polarization-

induced dipoles resulting from excess charges in the system [104–106]. The num-

ber of polarizable sites and where they are placed have many possibilities, but a few

dominant prescriptions exist. For instance, each molecule in the system can be

represented by a single polarizable site, or polarizable sites could be placed at the

center of the conjugated rings of each molecule. In effect, the electrons of a

molecule are course-grained into multipole moments.

Micro-electrostatic methods are not built based on HF theory and are even

cheaper than semi-empirical treatments. They do require self-consistent solutions,

since each polarizable entity is polarized by the charge and all the other polarizable

sites in its surroundings, but, as a result, screening effects are accounted for.

Systems as large as 2,806 [100] molecules have been treated with micro-

electrostatic models. In general, they are useful in determining how a molecular

environment impacts charge dynamics, and they have been used to characterize

interfacial dipoles [107], determine how the size and orientation of molecular

quadrupolar moments affect interface energetics [108], and determine the effects
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of crystal defects on charge mobility [103]. On the other hand, micro-electrostatic

methods are limited and cannot be used to calculate couplings or excitation

energies, and they can only obtain absolute charge energies by including an energy

shift that accounts for the energy of the charged molecule in the gas phase. Thus,

they are often times used as part of a multi-scale approach.

2.2 Multi-Scale Methods

Semi-empirical and micro-electrostatic methods have the advantage of being cheap

enough to treat large systems and thus incorporate some effects from the molecular

environment and also calculate ensemble averages, but simulation cells large

enough to acquire enough samples for a sufficient ensemble average are hard to

come by. Instead of performing an average over molecules in a giant system, one

often runs a dynamics simulation on a smaller system, calculates the quantity of

interest for one or a few molecules in the system during different points in the

dynamic trajectory, and performs a time average [109, 110]. This time average is

equal to the ensemble average in the limit of an infinitely long dynamics trajectory

by the ergodic hypothesis.

The most common method for performing a dynamics simulation is molecular

dynamics (MD). In MD, Newton’s equations of motion are solved at a finite

temperature using a molecular mechanics (MM) force field to calculate the system’s

energy. Instead of explicitly treating all the electrons of a system, MM force fields

treat each atom as a particle with a van der Waals radius, constant effective charge,

and polarizability. The force field contains potential energy functions that define the

energy of bonds, angles, and dihedrals within a molecule. Additionally, force field

parameters are not generally transferable between different molecules. Currently,

force fields exist for very fewOPVmolecules, so onemust usually create a new force

field for a given OSC molecule [36]. The typical scheme for creating force fields

involves matching the parameters to QM calculations and, sometimes, available

experimental data (such as the material density) [111]. Difficulties arise in the

parameterization of force fields for polymers, because QM is too expensive and

experimental data can be difficult to trust, due to the existence of multiple possible

structures and morphologies, which can depend on the molecular weight and even

how the material was processed (e.g., two known crystal phases of poly

(3-hexylthiophene-2,4-diyl) (P3HT) exist [112, 113]).

Another issue with MD is that certain regions of phase space (the molecular

configurations available for the system to explore at a chosen temperature) will

be favored, and the regions favored can depend on the force field [114, 115]. While

this is not as big an issue for OSCs as it is for simulations of protein folding, it

can still play a role for polymer MD simulations. Certain regions of phase

space contain deep local minima, making a simulation highly dependent on the

initial (t ¼ 0) configuration, and it is therefore important to include any available

experimental information during the setup [116–119]. In most cases, experimental
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data on the interfacial packing is not available to guide the initial generation of the

simulation interface. So instead, as a starting point, the isolated systems are placed

next to one another with the desired interface orientation. While this might not be an

ideal initial geometry, it gives a good starting point and can still capture most of the

relevant physics at the organic/organic interface.

By calculating energies using force fields, rather than approximate solutions to

the Schrödinger equation, MD simulations can handle extremely large system sizes

with thousands to millions of atoms, depending on the complexity of the force field,

just like the micro-electrostatic calculations. Unfortunately, the accuracy of MM

force fields can be quite low compared to QM methods, and energies of excited

states and couplings cannot be calculated through MM. However, MM simulations

do provide snapshots of nuclear geometries that can be used in QM or semi-

empirical calculations. Of course, high-level calculations cannot be run on the

large system cell, so a method known as QM/MM is typically used to incorporate

the effects of the molecular environment and disorder. In the QM/MM method, the

simulation is divided into system and bath regions, the chosen system being small

enough to afford the use of an accurate QM calculation. The bath then interacts with

the system during the QM calculation through electrostatic and van der Waals

interactions, unless the system and bath regions are divided across a bond (e.g., for a

large polymer), in which case linker atoms are necessary [120]. MM atoms are

represented in the QM calculation as static charges and oscillating dipoles, the

specifics of which are determined by the force field.

QM/MM calculations can be combined with MD to calculate an ensemble

average for a quantity of interest. The typical procedure for such a study is as follows

[110], and is illustrated in Fig. 3. AnMD trajectory is calculated at constant pressure

and temperature. A snapshot is taken from the trajectory (Fig. 3a). A molecule or

dimer (the solute) of the simulation cell are selected. QM is used on the solute to

calculate the quantity of interest under the influence of the solvent (Fig. 3b). This

procedure is then repeated for many different dimer pairs and/or snapshots from the

trajectory, yielding an overall density of states for the calculated state (Fig. 3c).

Fig. 3 Illustration of the QM/MM method. (a) Disordered cell of the H2 Pc/PTCBI system

described by MM. (b) Selection of an H2Pc and PTCBI dimer pair at the interface used for a

calculation of the charge transfer state energy. (c) Density of states plot obtained by repeating the

calculation over different snapshots of a MM trajectory. Reprinted with permission from [110]

Copyright 2011 American Chemical Society
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There are a few different things to consider with the QM/MM method. First, as

mentioned above, more care needs to be taken when dividing the system across a

covalent bond. Another major issue is selecting the set of MM parameters to

represent the MM region, since only a few molecules related with OPVs have

existing parameters, for example C60 [121] and P3HT [122]. The choice of MM

parameters, especially the polarizability parameters, can greatly alter the results.

Finally, the results can depend on the size of the QM region. Delocalization

can only occur in the QM region, and so one must be careful that delocalization

in the system and states is not a significant effect, otherwise a large QM region is

needed.

A simpler option for incorporating effects from the environment into a QM

calculation is to use a dielectric continuum model [123–125]. Since the molecules

in an OPV are relatively static, charge solvation comes nearly entirely from the

high-frequency dielectric resulting from the response of the electrons. Even though

the actual charge solvation is due to non-continuous surroundings, using a continu-

ous dielectric can actually capture quite a lot of the important effects. Similar to a

QM/MM calculation, the electronic structure calculation is solved self-consistently

in response to the surrounding dielectric, but the calculation only requires the input

geometry of the QM system and a few parameters, such as the effective dielectric

constant of the surroundings. Unfortunately, an effective dielectric constant of

the system is not always available, and the calculated energy can be sensitive to

the choice of dielectric, especially for cation/anion and CT states. In addition, a

continuous dielectric is a poor model for the environment of a molecule very near

to an interface, since there are two different types of polarizable molecules

surrounding it.

With the exception of semi-empirical calculations on large systems, the methods

discussed so far do not provide access to properties of delocalization of the

electronic states in a material. One way to obtain delocalization is by first comput-

ing the energy of each molecule, or in the case of a polymer, each monomer unit,

and the electronic coupling between them. Then one can construct a Hamiltonian,

the eigenstates of which are the delocalized states of the system [99]. This is

exemplified by the work of McMahon et al. in which they compute the electronic

structure of P3HT at the interface with amorphous phenyl-C61-butyric acid methyl

ester (PCBM) [109] through the use of a localized molecular orbital method [126]

to obtain the eigenstates of a system containing thousands of atoms with a quantum

chemical level of detail. To make things simpler and drastically cheaper, one can

take a Hückel-type approach and consider only nearest-neighbor couplings. These

types of simulations can provide a good qualitative estimate of the amount of

delocalization within an OPV device.

Each of the different methods discussed here have their own sets of advantages

and disadvantages. In order to select the right type of method one needs to ask many

questions like how large is the system I want to calculate? What electronic

properties do I want to calculate? Is delocalization important for my system? The

answer to these types of questions will help in selecting the type of method(s) required

for modeling a given organic/organic interface.
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3 What Can Computations Tell Us?

The lack of understanding of the charge-formation and separation processes at the

organic/organic interface makes it difficult to know whether a new OSC material

will perform well in an OPV device. There are many papers that describe how to

optimize the properties of organic semiconductors in order to achieve a better OPV

device [20, 127–129]. Almost all of these studies, however, focus on optimizing the

HOMO and LUMO levels of the donor and acceptor materials, and even more so on

optimizing the bulk hetero-junction polymer/PCBM OPV device. Polymer

chemists work on systematically modifying the energy levels in polymers in

order to maximize the HOMO and LUMO levels with respect to those of PCBM.

Optimization of the bulk HOMO and LUMO levels is a straightforward goal, but in

actual devices factors such as polymer morphology and charge recombination

complicate the optimization [130]. To avoid unforeseen problems when making

an OPV device with a new material, we need an improved understanding of the

processes occurring at the organic/organic interface.

In the rest of this section we discuss some of the more recent and important work

on organic/organic interfaces. While not comprehensive, we cover key research on

different molecular properties of OSCs at the organic/organic interface. As a point

of reference, we start by discussing the performance of different methods on bulk-

phase OSC materials and then lead into characterizing organic/organic interfaces.

At the organic/organic interface we start with how the HOMO level, LUMO level,

and exciton energy do or do not change when approaching the interface, followed

by a review of charge transfer states at the interface. Finally, we discuss

calculations of electronic couplings and the overall rate of charge separation and

recombination.

3.1 Band Offsets

The generally-used optimization strategy of OPVs based on HOMO and LUMO

levels can be difficult using experimental techniques. It can take a significant

amount of time to synthesize new molecules or polymers, and the measurement

of the HOMO level and, even more so, the LUMO level has limited accuracy. The

experimental measurements are typically worse and less reliable than DFT

estimates, due to the accuracy of the experimental techniques – on the order of

0.2–0.5 eV [131, 132]. Changes in the HOMO and LUMO on the order of 0.1 eV

can make a difference in device efficiencies of a couple of percent. Therefore,

having a set of simulations that yield fast and more reliable HOMO and LUMO

levels of OSCs is very valuable.

There are two main methods used to compute the HOMO and LUMO levels of

monomers or polymer fragments – DFT and semi-empirical methods. Hill

et al. used the intermediate neglect of differential overlap (INDO) Hamiltonian
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and a number of empirical corrections to simulate the density of states of an Alq3
monomer [133]. Figure 4 shows that the experimental and theoretical density of

states have similar shapes, but due to the corrections that must be added after the

INDO calculations, this method cannot predict HOMO and LUMO levels of Alq3.

The first correction is a compression of the INDO Hamiltonian energy levels by a

factor of 1.2–1.3, which is performed in order to compensate for the lack of electron

correlation [98]. To correct for the lack of a polarizable environment, the theoretical

HOMO and LUMO are shifted to match the HOMO and LUMO from the experi-

ment. Similar results were obtained by Zhan et al. for the density of states of an Alq3
monomer [134], but in this case, no compression factor was needed, because the

authors used DFT. They did, however, still need to shift their peaks to correct for

the lack of an environment and match the experimental HOMO and LUMO. While

these fast calculations in the gas phase can be used for quick screening of molecules

that vary by the addition of side-groups, the main drawback for prediction purposes

is the neglect of environment effects.

The simplest approach to correcting for the effects of a polarizable environment

and toward more predictive capabilities is to use a polarizable continuum model to

simulate the environment. The simplest polarizable continuum model is the Born

model [135], where the environment is approximated by a continuous dielectric

Fig. 4 Comparison between

UPS and IPES spectra

measured from an Alq3 thin

film (top) and INDO-

simulated UPS and IPES

spectra (bottom). The energy
scale is referenced to the

Fermi level. A compression

factor of 1.2 is used to

simulate the UPS spectrum

and the FWHM is set to

0.5 eV prior to compression.

The vertical bars at the
bottom of the graph refer to

the calculated energies of the

molecular orbitals. Reprinted

with permission from

[133]. Copyright 2000

Elsevier B.V.
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medium that solvates a charge in a spherical cavity. Most quantum chemistry

programs have more sophisticated models built into them, which also require the

specification of a dielectric. If no experimental data on the dielectric of a molecular

crystal is available, one can use a calculation of the molecular polarizability and the

Clausius–Mossotti equation to approximate the dielectric. DFT methods embedded

in a polarizable continuum environment can achieve a mean absolute error between

theory and experiment of 0.2 eV for both the HOMO and LUMO levels [136, 137].

This provides a relatively quick and simple technique for screening the HOMO and

LUMO values of OSC materials.

Recently, a more accurate treatment of the environment using the mixed

QM/MM method was performed on an Alq3 crystal [36] using a force field of the

OPLS-type with parameters derived from experimental values and monomer

calculations as outlined in Difley et al. [36]. As described in the previous section,

one or two molecules are selected out of a larger system and treated with DFT,

while the rest of the system is treated classically. The calculations were performed

on snapshots obtained from a constant pressure and temperature dynamics trajec-

tory on a large crystal cell of Alq3. The calculated thermal averages obtained for the

HOMO, LUMO, singlet, and charge transfer states all agreed with experimental

values to within a few tenths of an eV. By turning on and off the polarizable

environment, they found that it stabilizes the HOMO and LUMO levels by 0.55 and

0.65 eV, respectively. Averaging over the thermal trajectory showed thermal

fluctuations in the HOMO and LUMO energies of only 50 meV, which for the

HOMO and LUMO is significantly smaller than the widths of the experimental

curves shown in Fig. 4. One reason for the disagreement is that there is no

delocalization between the molecules, since each calculation is done with a quan-

tum region of one molecule. Also, during the dynamic trajectory, the bond lengths

of the monomers were constrained, which caused them to be very rigid throughout

the simulations, which in return created much smaller fluctuations in the HOMO

and LUMO levels. Due to the significant time and effort required to parameterize

the corresponding force field and to obtain a sufficiently thermally sampled system,

this type of simulation is not likely to become a useful technique for screening OSC

materials in the foreseeable future. Nevertheless, this QM/MM study on Alq 3

demonstrates the importance of including a more detailed environment and proper

sampling of the system in order to obtain more quantitative results.

3.2 Band Bending

The discontinuity at the organic/organic interface makes it even more important to

account accurately for the environment, and as such, any model of the organic/

organic interface needs to have some way of modeling the interfacial geometry

between the donor and acceptor regions. As mentioned earlier, the choice of initial

geometry for any dynamics simulation has a large impact on the final geometry

of the simulation, due to the very large energy barriers for molecular rearrangement
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in OSCs. Furthermore, the lack of experimental structural information at the

organic/organic interface makes this problem even more difficult to undertake.

Most models of the organic/organic interface assume some sort of initial crystalline

geometry [107–110, 138]. However, there are a number of different ways to pack

the molecules at the interface which, as we will discuss later, can be very important.

If experimental data are available, this can aid in making the choice of what initial

packing orientations to use. Otherwise, the choice of packing at the interface can be

made to minimize the amount of empty space at the interface. For further informa-

tion on construction of organic/organic interface geometries, we direct the reader to

the chapter by Zannoni and co-workers in this book and other review papers on the

subject [139–141]. The majority of works reviewed in the rest of this chapter utilize

initial crystalline geometries for modeling the organic/organic interfacial structure.

Using the polarizable QM/MM method Yost et al. modeled the interface

between metal-free phthalocyanine H2 Pc and 3,4,9,10-perylenetetracarboxylic

bisbenzimidazole PTCBI [110]. The authors chose the interfacial orientations of

the donor and acceptor molecules based on the criteria of picking the crystal

interfaces that had the maximum overlap with each other and then placed them

0.4 nm apart. A 1-ns constant pressure and temperature dynamics simulation was

run to obtain thermal sampling. The polarizable QM/MM method obtained quanti-

tative agreement with the experimental Egap of the OPV system. All the HOMO and

LUMO values, however, were too low by about 0.4 eV due to the choice of a small

basis set. Using the interfacial simulation cell, the authors selected one or two

molecules at different locations relative to the organic/organic interface to create a

band diagram like that in Fig. 1. The band diagram obtained for the H2 Pc/PTCBI

interface, shown in Fig. 5, shows that the HOMO and LUMO levels are, in fact, not

the same at different locations in the interface system, and as such, the system

displays some amount of band bending. The observed band bending is very

important, because it increases the energy of any charge transfer state at the

interface by more than 0.2 eV.
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Fig. 5 Band diagram for the

H2 Pc (left) and PTCBI (right)
interface. The HOMO (IP)

and LUMO (EA) levels

decrease in H2Pc when

approaching the interface by

over 0.2 eV, while the

HOMO and LUMO levels

spread apart in PTCBI by

0.1 eV. Reprinted with

permission from

[110]. Copyright 2011

American Chemical Society
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Due to the nature of the QM/MM simulations used on the H2 Pc/PTCBI interface

system, the band bending observed cannot be due to charge transfer across the

interface. When only one molecule is treated by quantum mechanics, there is no

way to have any type of partial charge transfer, which is the main effect people

think of when they think of shifts in the HOMO and LUMO levels. Inspired by work

on the strong donor tetrathiafulvalene (TTF) and strong acceptor tetracyanoquino-

dimethane (TCNQ) interface that found a vacuum level shift at the organic/organic

interface on the order of 0.6 eV [142], Avilov and coworkers modeled the partial

charge transfer in a TTF/TCNQ dimer using a variety of methods [143]. By

applying an external electric field across the dimer, the authors looked at the

amount of electron transfer using restricted and unrestricted DFT and HF, as well

as the complete active space self consistent field (CASSCF) method. The restricted

HF and DFT methods perform similarly to the CASSCF method for charge transfer

less than 0.1 electrons, but soon above this threshold, CASSCF quickly jumps up to

one electron transferred, indicating ionization of TTF. Neither restricted HF nor

DFT undergo an ionization event; instead, they both slowly increase the number of

electrons transferred to more than 1.5 electrons. Unrestricted HF and DFT, how-

ever, do predict ionization, but at a much lower potential than CASSCF and,

furthermore, they tend to under-predict the amount of electron transfer at all applied

fields. The authors found that the maximum amount of charge transfer in the

TTF/TCNQ dimer was 0.12 electrons, and so they used the more affordable

restricted DFT method. Any partial charge transfer greater than 0.1 electrons should

be investigated using a high level method like CASSCF in order to make sure it is

not an artifact of the method being used.

Partial charge transfer in organic molecules occurs when the lowest energy state,

which is the neutral ground state, mixes with higher energy charge transfer states. In

a donor (D) and acceptor (A) system with a neutral ground state, Ψ0ðDAÞ , and
excited charge transfer states, ΨCAðDþA�Þ and ΨACðD�AþÞ , the ground state

wavefunction ΨðDAÞ will be

ΨðDAÞ ¼ aΨ0ðDAÞ þ bΨCAðDþA�Þ þ cΨACðD�AþÞ (2)

where, from first order perturbation theory, the mixing coefficients, b and c, are just
VCA=ECA and VAC=EAC, respectively. Here V is the coupling between the ground

state and the corresponding charge transfer state and Ei is the excitation energy of

the charge transfer state. The amount of partial charge transferred is then just the

difference between the forward charge transfer from the DþA� state and the

backward charge transfer from the D�Aþ:

q ¼ VCA

ECA

� �2

� VAC

EAC

� �2

(3)

However, the charge transfer state where the anion is on the donor and the cation

is on the acceptor is usually significantly higher in energy and, as such, does not

contribute any significant amount of back charge transfer. Therefore, the amount
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of partial charge transfer predicted by a method will depend on the coupling

between the ground and charge transfer states, as well as the excitation energy of

the charge transfer state. When using DFT to analyze the amount of charge transfer,

one then needs to be careful when choosing a functional, because most functionals,

except for those with very large amounts of exact HF exchange or long range

corrected functionals, grossly underestimate the charge transfer state energy and, as

such, will overestimate the amount of partial charge transfer in the ground state

[72]. Semi-empirical methods will have exactly the opposite problem; they typi-

cally overestimate the charge transfer state energy. Finally, the amount of partial

charge transfer will also depend on the relative molecular orientation, because of

the orientational dependence of the coupling and charge transfer state energy.

Given some partial charge transfer between the donor and acceptor molecule, q,
and a separation distance, r, the dipole moment is then qr. Avilov and co-workers

used the BHandHLYP functional in DFT, which has 50% exact HF exchange, to

compute the induced dipole moment of the TTF/TCNQ dimer. By comparing the

induced dipole moment computed through DFT and the dipole moment created by

the partial charge transfer for the TTF/TCNQ dimer, shown in Fig. 6a, it was found

that a significant portion of the induced dipole moment originates from induced

polarization of the two molecules and not partial charge transfer. The faster-than

r�1 decay of the charge transfer contribution to the dipole moment is due to the

coupling’s dependence on the overlap between the ground and charge transfer

states. In fact, the partial charge transfer quickly drops to zero after 0.5 nm. The

dipole moment created by the polarization of the two molecules lasts longer than

0.8 nm, and is therefore a very significant effect.

The induced dipole moment creates an electric field that will shift the HOMO

and LUMO levels of the two molecules, and this effect is plotted in Fig. 6b. Here,

the TCNQ/TTF dimer was placed 0.35 nm A apart and then translated in a direction

perpendicular to the separation direction, yielding shifts in the HOMO and LUMO

as large as 0.4 eV. The oscillations in the energy shifts between 0.0 and 0.4 nm

come from oscillations in the coupling that are due to the overlap’s sensitivity to

relative molecular orientation. Interestingly, the shift in the HOMO and LUMO due

to induced polarization changes sign past 0.8 nm While this is not important for a

dimer, in a condensed phase system, such as an OPV, there will be a number of

molecules at this relative location, making it important to model the condensed

phase conditions properly. While the partial charge transfer in this strong donor/

acceptor system is non-negligible, for many OPV systems the induced polarization

effect will be much more important for any HOMO and LUMO level shifts.

A number of electrostatic effects besides partial charge transfer or induced

polarization can induce changes in the HOMO and LUMO levels of an OSC.

Significant band bending at the pentacene/C60 donor/acceptor interface has been

predicted by a number of groups [102, 107, 108]. C60 and its derivatives are widely

used acceptor materials because of their high electron mobility and low LUMO

level. The high symmetry of C60 makes it much less susceptible to disorder and, as

such, it is much simpler to model when constructing an organic/organic interface.

The donor, pentacene, is a planar molecule, and its interactions are much more

120 S.R. Yost et al.



Fig. 6 (a) Evolution of the component of the dipole moment normal to the molecular planes of

TTF/TCNQ dimer obtained from the DFT calculations (filled circles), the Mulliken charges

(open circles), and the polarization component (open triangles). (b) Evolution of the shift of the

HOMO (filled) and LUMO (open) levels of TTF (circles) and TCNQ (triangles) and the dipole

moment (open diamonds) as a function of the lateral translation along the Ymolecular axis. Adapted

with permission from [143]. Copyright 2009WILEY-VCHVerlag GmbH and Co. KGaA,Weinheim
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dependent on its relative orientation with its surroundings. An important aspect of

pentacene that makes it very desirable is that the singlet excited state undergoes a

process called fission and breaks up into two triplet states, which can result in two

charges from one photon [144]. The ability to create two charges per photon is very

appealing, since it pushes the Schockley–Queisser limit from 33% to above 40%

[144]. This will not matter, though, if the triplet state does not have enough energy

to break up at the organic/organic interface, which is why many models have been

used on this interface to understand it better.

Linares and co-workers studied the pentacene/C60 interface using both the

valence bond/Hartree–Fock (VB/HF) model and micro-electrostatic methods

[107]. When a C60 molecule was placed above the plane of a pentacene molecule,

the authors found that the HOMO and LUMO levels shifted in C60 by about 0.1 eV,

though not due to any charge transfer. The measured change is due to another type

of electrostatic interaction, the quadrupolar field created by pentacene interacting

with the C60 molecule. Dipolar C–H bonds in the pentacene molecule create a

strong quadrupolar field, with the negative end on the more electronegative C atoms

in the core of the molecule and the positive end of the quadrupole on less electro-

negative H atoms on the outer part of the pentacene molecule. The effect of the

quadrupolar field was modeled by placing a C60 molecule over a single layer of the

(01–1) plane of pentacene and calculating the induced dipole moment in C60 as a

function of location over the pentacene plane. The resulting plot is shown in Fig. 7.

The magnitude of the induced dipole is smaller in the 2D array than in the dimer

Fig. 7 C60 molecule above a plane of pentacene units (left) and amplitude of the z-component of

the induced dipole on the C60 molecule as a function of its position on the (x,y) plane, as calculated
using the VB/HF-AM1 model (right). Reprinted with permission from [107]. Copyright 2010

American Chemical Society
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picture, because in the 2D array the positive end of the surrounding pentacene

molecules subtract from the effect of the negative pentacene core. While the cause

of the negative-to-positive shift in the HOMO and LUMO level in the pentacene/

C60 system is different from the TTF/TCNQ system, both studies show the impor-

tance of including a detailed environment.

Finally, Linares and co-workers created a 3D crystalline interface between the

(01–1) face of pentacene and the (001) interface of C60, shown in Fig. 8b. The

induced dipole in the C60 molecules in the 3D system are no longer in a simple

repeated pattern. As shown in Fig. 8c, the magnitude and the orientation of the

induced dipole in C60 has large fluctuations depending on the location in the crystal.

In fact, some C60 molecules have induced dipoles pointing exactly in the opposite

direction of the average induced dipole at the interface (see Fig. 8a), which shows a

more consistent behavior. As the C60 molecules get further away from the

pentacene interface, their induced dipole decreases. A little surprising, though, is

the positive dipole in the first layer of pentacene. This effect is due to the positive

part of the quadrupolar field produced from the second layer of the pentacene

interacting with the interfacial layer. This does not exist in any of the other

pentacene layers, because there is an equal field above and below the pentacene

molecules; only at the interface does this trend get broken. Therefore, in the

pentacene/C60 interface crystal, an induced dipole that shifts the HOMO and

LUMO levels of the materials is created from the quadrupolar field of the pentacene

molecule. As is the common theme throughout this section, the large fluctuations in

the C60 induced dipole and the change in the average induced dipole in pentacene

stress the importance of modeling a 3D interfacial structure and sampling different

locations within the simulation cell.

Fig. 8 Quadrupole-induced dipoles at the pentacene(01–1)/C60 (001) interface (a, b) individual

induced dipoles (blue) and layer-averaged induced dipoles (red), as calculated using the micro-

electrostatic model. The dispersion of the induced dipole moments on the C60 molecules at the

interface is highlighted in the inset (c). Adapted with permission from [107]. Copyright 2010

American Chemical Society

Electronic and Optical Properties at Organic/Organic Interfaces in Organic. . . 123



The sampling of the (01–1)/(001) interface by [107] does not consider the effect

of different relative orientations between the pentacene and C60 molecules. Experi-

mental studies have found that pentacene typically packs along the (001) plane

[145], which has the pentacene molecule placed in a direction almost perpendicular

to the (01–1) plane. The study by Verlaak et al. used a micro-electrostatic method to

analyze the difference between these two packing directions and how the polariza-

tion, charge-dipole, and charge-quadrupole interactions differ [108]. The authors

found essentially no significant shifts in the HOMO and LUMO levels for the (001)/

(001) interface system, while in the (01–1)/(001) interface there was a shift of

around 0.2–0.3 eV, in agreement with Linares et al. [107]. To investigate further the

difference in the band bending based on the relative orientation of the pentacene

molecules with respect to C60, a more recent study modeled many 1D chains of

pentacene and C60 and rotated the pentacene molecules to varying degrees in each

1D chain [102]. Using the VB/HF-AM1 model, the authors calculated the amount

of band bending as a function of rotation angle for the pentacene molecules, shown

in Fig. 9. The band bending in both pentacene and C60 slowly decay as the

pentacene plane goes from being flat against C60 to perpendicular to the C60

molecules. The pentacene HOMO level actually bends in the opposite direction

when it is rotated to 90�, again due to the positive end of the quadrupolar field from
the pentacene molecule in the second layer inducing a negative change in the

HOMO energy. As Fig. 9 shows, it is important to consider the most probable

orientation of the molecules at the organic/organic interface, or attempt to sample

them through some sort of dynamics.

In a similar manner to how the quadrupole of pentacene can induce changes in

the HOMO and LUMO levels at the organic/organic interface, other molecular

multipole moments can create a static electric field at the interface. A recent study

Fig. 9 Bending of the

energy levels of pentacene

and C60 as a function of the

rotation angle α Reprinted

with permission from [102]

Copyright 2012 Wiley

Periodicals, Inc
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from the Van Voorhis group used the QM/MM method to model the

4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM)/C60

interface system [138]. DCM has a significant dipole moment, 14 Debye, due to a

number of strongly polar bonds in the molecule. In the unit cell, however, the

molecule stacks such that there is no net dipole, and so in a perfect crystal there will

be no net dipole at the interface. To simulate a net dipole from molecular dipole

moments, only half of the unit cell of DCM was placed in the first layer at the

organic/organic interface. This gives two different systems: a (010)/(001) interface

system with no net dipole at the interface, and a (01
2
0)/(001) interface system with a

net dipole at the interface, shown in Fig. 10a, b, respectively. Extra C60 molecules

were added to the (01
2
0)/(001) interface in order to fill in the empty space created by

deleting some of the DCM molecules. By using the same dielectric in both DCM

and C60, the solvation of the charges remained the same throughout the cell, and the

HOMO and LUMO values for both molecules were obtained, as shown in Fig. 10c.

Since the dipole of DCM is significantly larger than the quadrupole of pentacene, it

creates a stronger electric field at the organic/organic interface, and as such it creates

a much larger shift, 1.0 eV, in the HOMO and LUMO levels for the (0 1
2
0)/(001)

interface. The change in the HOMO and LUMO levels at the (010)/(001) interface are

much smaller because there is no net dipole at the interface.

The little difference in the molecular packing makes a huge difference in the

HOMO and LUMO levels at the interface. In a real molecular system it is very

unlikely that the dipoles of the DCM molecule will align perfectly, like that in

Fig. 2b, but there will be a distribution of molecular orientations and local regions

that may have a number of dipoles pointed in the same direction. These types of

effects can be created by any multipole moment of a molecule, but as one goes from

dipole, to quadrupole, to octupole, and so on, the magnitude of the electric field

reduces and becomes more complex. The electric field created by a multipole

moment will also depend very much upon the direction of the molecule at the

interface (see Fig. 9).

So far, only molecular multipole moments have been discussed as a non-charge

transfer effect that can create potential changes in the HOMO and LUMO levels at

the organic/organic interface. The studies on the bulk HOMO and LUMO values

showed how inclusion of a polarizable environment is key to obtaining correct

energy levels, and this is still the case at the organic/organic interface. Only now, at

the interface, there are two different materials with two different dielectric

constants stabilizing the charges. At the interface, a charge is being solvated by

approximately equal contributions from both the donor material and the acceptor

material. If the dielectric of the acceptor is higher than the dielectric of the donor,

then charges in the donor material at the interface will be partially solvated by the

higher dielectric, which will stabilize them near the interface. Similarly, charges in

the acceptor material will be destabilized at the interface due to the partial solvation

by the lower dielectric in the donor material. The effect this has on the HOMO and

LUMO levels at the organic/organic interface is shown in Fig. 11. To generate

Fig. 11, an interface between rubrene, dielectric of 2.7, and C60, dielectric of 3.6,
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was created and modeled using the QM/MM technique [138]. The HOMO and

LUMO level in the lower-dielectric rubrene become pinched together by 0.1 eV

because of the increased solvation by the C60 molecules at the interface, while the

HOMO and LUMO level of C60 are pushed apart by 0.15 eV due to the poorly

solvating rubrene molecules. Band bending due to differences in dielectric

constants is relevant to almost all organic/organic interfaces in OPVs and cannot

be reproduced by a continuous dielectric constant model.

The dielectric constant of an OSC is determined by the polarizability of the

molecules and the packing density. The larger the polarizability and the tighter

the packing density, the larger the dielectric constant will be for the material. The

polarizability will not change for a molecule depending on its location in an OPV,

but the packing density will most likely change throughout an OPV device because

of the large amounts of disorder that can exist. Because any molecular

rearrangements in organic crystals have a very large energy barrier, it is very

difficult to simulate accurately the amount of disorder one would find in an OPV

a

b

c

Fig. 10 Picture of the

interfacial geometry of the

DCM/C60 interface for the

(010)/(001) (a) and (0 1
2
0)/

(001) (b) interface. (c) The

HOMO and LUMO levels for

DCM and C60 shift by over

1.0 eV at the interface in the

(01
2
0)/(001) interface system,

while shifting by less than

0.2 eV in the (010)/(001)

interface. Adapted with

permission from

[138]. Copyright 2013

American Chemical Society
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device at the organic/organic interface using MM methods. If at least one layer of

either the donor or the acceptor at the interface has significant disorder causing its

packing density to decrease, then both materials will experience a smaller dielectric

at the interface, since the charges at the interface are solvated by both materials. To

model the affect of disorder Yost et al. chose and interface system containing copper

phthalocyanine (CuPc) and PTCBI. Two interface systems were studied, one normal

system, and one systemwhere the CuPc and PTCBI cells were pulled apart by 0.6 nm

to emphasize the impact of poor packing at the organic/organic interface.

Using the QM/MM method, the HOMO and LUMO levels for the two interface

systems were computed at different locations in the simulation cells. Inspection of

Fig. 12 shows that the HOMO and LUMO levels of the two different materials are

pulled apart at the interface.Much larger changes in the HOMO and LUMOenergies

occurred in the interface system where CuPc and PTCBI were pulled apart. Interest-

ingly, the LUMO levels in both materials appear relatively constant, while the

HOMO levels shift by as much as 0.2 eV. The differences in HOMO and LUMO

level shifts have been observed in an experimental study on the CuPc/C60 interface

[146]. The main reason behind this odd behavior is that excess positive and negative

charges concentrate on different regions of a molecule, so a molecule’s orientation

to the interface determines the asymmetric solvation of the electron/hole densities.

In most OSCmaterials, the excess positive charge from the hole will tend to be more

localized on the less electronegative hydrogen atoms that surround the edges of the

molecule, while the excess negative charge from the electron will tend to be located

at the more electronegative carbon atoms in the middle of the molecule. The CuPc

and PTCBI molecules at the organic/organic interface used to produce Fig. 12 are

arranged in such a way that the edges of the molecules are the only part exposed to

the interface. Thus, the HOMO levels are more susceptible to the environment at the

organic/organic interface and so they shift more when the environment changes.

Solvation effects from different dielectrics and poor packing will display this kind of

dependence on the relative orientation of the molecules.

Fig. 11 HOMO and LUMO

energies for the rubrene/C60

interface system for different

locations relative to the

interface. The dielectric

mismatch at the interface

causes the rubrene HOMO

and LUMO levels to pinch

together and the C60 HOMO

and LUMO levels to pull

apart. Reprinted with

permission from

[138]. Copyright 2013

American Chemical Society
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The discussed studies on the HOMO and LUMO levels at the organic/organic

interface show that they are far from constant. Charge transfer, molecular multipole

moments, changes in the dielectric constant, and packing disorder can all play a

significant role in altering the HOMO and LUMO levels at the interface. These

different effects change the HOMO and LUMO levels in different ways and can

depend on the relative orientation of the molecules at the interface. Increased

disorder at the interface compared to the bulk is capable of shifting the energy of

the HOMO and LUMO levels at the interface and will increase the tendency for the

electronic states to be more localized. In polymer systems the energy of the HOMO

and LUMO levels greatly depend on the amount of delocalization over the polymer

backbone. In a recent study on the P3HT/PCBM interface system it was found that

the HOMO and LUMO levels in P3HT shifted by over 0.2 eV due to the change in

the localization length in the polymer [109]. The effect of delocalization of the

charges can also lessen the amount of band bending created by an electrostatic

environment. If the charge is able to spread out over a number of molecules, it can

average out the variations in the energies, making the HOMO and LUMO levels

more constant. However, due to the amount of disorder in typical small-molecule

OPV devices, this will usually not be a significant effect, except in polymers and

crystalline systems. These results emphasize the importance of sampling different

parts of phase space and properly accounting for the environment when modeling

the HOMO and LUMO levels at the organic/organic interface.

3.3 Singlet Excited State

The lowest energy bright excited state in an OSC is typically a HOMO-to-LUMO

transition from a bonding to anti-bonding set of π orbitals. So, to a simple

Fig. 12 HOMO and LUMO

levels for different locations

in the CuPc/PTCBI interface

system. The normal interface

cell (dashed) shows some

changes in the HOMO

energies near the interface,

while the pulled interface cell

(solid) has much larger

HOMO and LUMO changes

near the interface. Reprinted

with permission from

[138]. Copyright 2013

American Chemical Society
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approximation, one could consider the singlet excited state energy as the difference

between the HOMO and LUMO energy, minus the coulombic binding energy

between the electron and hole. Under this simple assumption, one could then expect

the singlet excited state energy to change similarly to the HOMO and LUMO

energies discussed above. However, this is typically not the case, and the energy

of the singlet excited state in an OSC is more complex than just the difference

between the HOMO and LUMO. As shown in a study on the H2 Pc/PTCBI interface,

the singlet excited state does not change significantly [110] at the interface. Despite

the changes in the HOMO and LUMO levels found in Fig. 5, the results for the

singlet excited state in Fig. 13 show that almost no change occurs. The changes in

the HOMO and LUMO levels happen because the energies of the individual holes

and electrons are highly susceptible to any external electric field or polarization

change in the environment. For the singlet excited state, the hole and electron are

both localized on the same molecule, forming an electrically neutral quasiparticle

that is not affected as significantly as an individual electron or hole. The electro-

static effects that have been found to be important for the HOMO and LUMO

energy levels are therefore not important for the singlet excited state energies, so it

is possible to change the carrier energy levels without altering the singlet excited

state energy.

While electrostatic effects from the environment might not change the singlet

excited state energy, the amount of delocalization can. It is well known that when

singlet excited states couple in a thin film environment, they can significantly

decrease in energy [12] due to the state delocalizing over many molecules, or

monomer units in a polymer. A recent study by McMahon and coworkers looked

at the singlet excited state in the P3HT/PCBM interface system [109]. The authors

created an initial system by placing crystalline P3HT near an amorphous PCBM

phase and then ran long constant pressure and temperature dynamics to sample

Fig. 13 Calculated

absorption spectrum of H2 Pc

(red) and PTCBI (blue) at the
organic–organic interface

(solid) and in the bulk

(dashed). Each curve was

constructed from

750 different values sampled

from 15 molecules each over

50 snapshots and given a

Gaussian distribution with

FWHM of 1.7 nm. Reprinted

with permission from

[110]. Copyright 2011

American Chemical Society
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the thermal fluctuations in the system. Using an ad hoc molecular orbital method

[126] they computed the density of states (DOS) of the P3HT polymers at different

locations in the simulation cell. Figure 14 shows how the average molecular

geometry changes near the interface due to P3HT trying to pack favorably with

the PCBM molecules. Due to the increased free volume at the interface, there is an

increase in the structural disorder of the polymer, leading to a decrease in the

crystallinity and a tendency for the geometry of the backbone to move away from

planarity. This change in planarity due to a decreased packing density can be seen in

the change of the DOS near the interface. The decreased planarity decreases the

conjugation length and leads to a decrease in delocalization length, which increases

the separation between the HOMO and LUMO levels. These simulations revealed

that the exciton formed in the P3HT layer is repelled by the interface due to the

increased disorder in the polymer backbone of the chains at the interface. Further

verification was performed by using the ZINDO Hamiltonian to compute the singlet

excited states of the P3HT polymers. In these simulations, it is not the environment

that causes more than a 0.1 eV change in the singlet state energy, but the structural

disorder and decreased conjugation length.

The study of the H2 Pc/PTCBI system was unable to incorporate any changes in

the delocalization length, because for the QM/MM calculation only one or two

moleucles are included in the QM region. For the small-molecule OPV based

systems, the disorder in the packing and weak coupling between the excited states

causes them to be fairly localized. However, changes in singlet excited state

energies near the organic/organic interface will be mainly due to delocalization of

the states. Therefore, to get a more accurate model of the absorption spectrum and

changes in the singlet excited state energies, delocalization should be included for

both small-molecule and polymer systems.

Fig. 14 Left: DOS (states monomer�1 eV�1) of P3HT for layers at different distances from the

interface with PCBM. The plots are offset for clarity. This panel also illustrates that the increased

band gap near the interface is mostly due to a reduction of the valence band edge energy. The black

curve is the (rescaled) DOS for an idealized isolated chain with no disorder. Center: A schematic

of the interface with increased chain disorder near the interface. Right: A snapshot from the

simulation showing that for the two P3HT/PCBM interfaces per snapshot, the P3HT chains are

more disordered near the interface. Reprinted with permission from [109] Copyright 2011

American Chemical Society
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3.4 Charge Transfer States

A major question about the changes in the HOMO and LUMO levels is whether

the changes are as large as the binding energy of the charge transfer state and/or

larger than kT. The binding energy (Ebind) of the charge transfer state (ECT) is just

Ebind ¼ ECT � EDonor
IP � EAcceptor

EA

� �
, whereEDonor

IP andEAcceptor
EA are just the ionization

potential of the donor and the electron affinity of the acceptor, respectively. If the

binding energy for the charge transfer state is significantly larger than the changes

observed in the different interface systems, then the HOMO and LUMO level

changes will not greatly impact the charge separation rate at the interface. Comput-

ing the binding energy of a charge transfer state can be difficult, since most of the

quantum chemistry based methods either give inaccurate answers or are very costly.

As mentioned in the previous section, TDDFT calculates charge transfer state

energies that are significantly too low, and linear response time dependent

Hartree–Fock and semi-empirical methods calculate charge transfer state energies

that are too high [72], though some recent promise has been shown using range-

separated functionals to calculate charge transfer state energies [68, 80]. In addi-

tion, most current computational package implementations of TDDFT allow gas

phase calculations only, so they are incapable of including environmental effects,

such as the dielectric, in the estimation of the charge transfer state or its binding

energy. One method that can incorporate the environment in a similar fashion to

calculations used to calculate the HOMO and LUMO levels is the constrained DFT

(CDFT) method [81–83], which has been applied to numerous systems to model

charge transfer states in many different environments [110, 147–149].

In the pentacene/C60 interface, the charge transfer state is very important, since it

will determine whether the triplet states formed in pentacene from singlet fission

are able to break up into electrons and holes at the interface. To answer this

question, the charge transfer state for both the (001)/(010) and (01–1)/(010) inter-

face systems were calculated using CDFT with the QM/MM method. For the

(01–1)/(010) interface system, where there exists significant band bending due to

the quadrupole of pentacene, the charge transfer state energy is roughly 1.2 eV,

while the (001)/(010) interface system charge transfer state energy is roughly

1.0 eV. Without consideration of the changes in the HOMO and LUMO levels

shown in Fig. 9, it would appear that the binding energy for the perpendicular

system is larger. In actuality, the binding energy for the (01–1)/(010) is over 0.2 eV

larger, but because the quadrupolar field of pentacene pushes the LUMO level of

C60 up, the overall charge transfer state energy is higher [150]. If the triplet excited

state in pentacene wants to form a charge transfer state, it must encounter a region

where the pentacene is in the (001) direction. Again, we see that the relative

orientation of the molecules is an important factor when modeling the energetics

at the organic/organic interface, but this time it is the binding energy of the charge

transfer state that varies.

In Difley et al. [36] the authors use the QM/MMmethod combined with CDFT to

model the thermal fluctuations in the charge transfer state between two Alq3 dimers.
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The charge transfer state in this system has much larger energy fluctuations than the

HOMO and LUMO levels because the small changes in separation distance and

relative orientation have a large effect on the binding energy of the charge transfer

state. The effects of disorder, packing, and the environment were further studied in

the H2 Pc/PTCBI interface system in [110]. The charge transfer state was computed

for a number of different dimer pairs at the organic/organic interface, as well as the

binding energy for the charge transfer states. The average binding energy for the

samples was 0.10 eV, smaller than the change in the HOMO and LUMO levels at

the interface (0.2 eV) shown in Fig. 5. Thus, the charge transfer states at the

interface were higher in energy than the fully separated electrons and holes. The

average binding energy does not tell the whole story, however; the distribution of

binding energies at the organic/organic interface, plotted in Fig. 15, has a large

variation. A given dimer pair has thermal fluctuations in the binding energy of

0.1 eV, which is very significant when compared to the total binding energy. The

main reasons for the large fluctuations are the fluctuations in the relative distances

between the donor and acceptor molecules and the R�1 dependence of the binding

energy. The distance coordinate, R , required to produce a R�1 like behavior in

Fig. 15 is not the center of mass separation or the closest contact distance; it is a

linear combination of different distances between the donor and acceptor molecule,

and is chosen so that the effect of the relative orientation is wiped out. This study

emphasizes the impact of the relative molecular orientation on the charge transfer

state and its binding energy. To understand better charge formation and separation,

more studies of the size of the fluctuations and orientational dependence of the

charge transfer state and its binding energy need to be performed.

Fig. 15 Distribution of binding energies for the charge transfer state at the H2 Pc/PTCBI interface.

Each color/shape combination represents a unique H2 Pc/PTCBI dimer at the interface. The binding

energy shows an R�1 dependence (black). The R coordinate is taken as a linear combination of

intermolecular distances in order to wash out the effect of the relative molecular orientation.

Reprinted with permission from [110]. Copyright 2011 American Chemical Society
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3.5 Coupling and Rates

After calculating the energies of the singlet excited state, charge transfer state,

HOMO level, and LUMO level, the final steps needed to get the charge formation,

separation, and recombination rates are to compute the reorganization energy and

coupling between the states. All of these values can be combined using the Marcus

equation shown in Eq. (1) to obtain rates for the formation, recombination, and

separation of charge transfer states. Typically, the reorganization energy for all of

these processes is around 0.2–0.5 eV, with the major contributions coming from

the relaxation of the molecules. Not many studies have focused on the

charge transfer state formation rate or coupling between the singlet excited state

and the charge transfer state. One recent study used CDFT in combination with

TDDFT to compute the coupling between the singlet excited state and the charge

transfer state, and they found the coupling for the zinc phthalocyanine (ZnPc)/

PTCBI dimer system to range from 1 to 7 meV [151]. Similarly, Yi and

co-workers calculated the coupling between the singlet excited state and the

charge transfer state for pentacene/C60 dimers using the INDO method [152].

Just like the HOMO level, LUMO level, and charge transfer state energy, the

couplings are also highly dependent on the relative orientation of pentacene to C60.

The largest coupling for the perpendicular orientation (7 meV) is much smaller

than the largest coupling for the parallel orientation (70 meV), again showing the

impact of molecular orientation. In both these cases the coupling to the pentacene

triplet excited state is much larger than the coupling with the C60 excited state,

Fig. 16 Dependence of the CT rates [from local-excited states 1AP
g�1TC60

1g (solid lines) and
1BP

1u�1AC60
g (dashed lines) to the CT0 state, 2BPþ

2g�2TC60�
1u ] and CR rates [from the lowest CT

state to the ground state, 2BPþ
2g�2TC60�

1u !1AP
g�1AC60

g (dotted lines)] as a function of intermolec-

ular distance. The blue and red lines refer to different orientations given in [152] Reprinted

with permission from [152]. Copyright 2009 American Chemical Society
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which is beneficial for energy transfer from C60 to pentacene, where singlet fission

can take place.

Also modeled in the study of pentacene/C60 dimers are the couplings and rates

for charge recombination. The rates for charge recombination and formation follow

the trends of the couplings and are plotted in Figs. 16 and 17. Figure 16 shows how

the rates depend on the separation distance of the molecules for both orientations.

Most notably, all of the rates are over 100 times faster for the parallel dimer because

of the significantly increased overlap between pentacene and C60. The linear slope

in the log-linear plot is due to the dependence of the couplings on the overlap of the

wavefunctions, which is exponentially dependent on the separation distance

between the two molecules. Since the HOMO and LUMO levels on pentacene

are located in the π orbitals that are extended in the direction parallel to the normal

of the plane of the molecule, there is very little overlap with the C60 orbitals in the

perpendicular orientation. Any planar π-conjugated molecule will have this type of

orientational dependence on the rate of charge transfer state formation, recombina-

tion, and separation.

Inspection of the charge transfer formation and charge recombination rates in

Fig. 17 reveals that there is an oscillatory nature to the decay of these rates upon

lateral displacement of the pentacene molecule about C60. The π -conjugated
backbone of the HOMO and LUMO of both pentacene and C60 have specific

nodal structures. Figure 17 also shows that in the (01–1)/(001) orientation the

pentacene/C60 charge recombination rate (dotted blue line) is near its maximum

Fig. 17 Dependence of the CT formation rates [from local-excited states 1AP
g�1TC60

1g (solid lines)

and 1BP
1u�1AC60

g (dashed lines) to the CT0 state,
2BPþ

2g�2TC60�
1u ] and CR rates [from the lowest CT

state to the ground state, 2BPþ
2g�2TC60�

1u !1AP
g�1AC60

g (dotted lines)] as a function of lateral

displacement of pentacene. The molecules are separated in the z direction by 0.35 nm. The blue
and red lines refer to different orientations given in [152]. Reprinted with permission from

[152]. Copyright 2009 American Chemical Society
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when the pentacene triplet to charge transfer state formation rate (dashed blue line)

is near its minimum. This is because the pentacene triplet to charge-transfer-state

rate depends on the overlap of the pentacene LUMO and the C60 LUMO, while

the charge recombination rate depends on the overlap of the pentacene HOMO

and the C60 LUMO. While it would be extremely difficult to control the packing

of molecules down to the angstrom, it is useful to note how drastically the charge

formation and recombination rates can vary because of the nodal structure of a

molecule’s π-conjugated backbone.

All of the studies dealing with the coupling between electronic states that have

been mentioned so far contain only a single dimer pair with no environment or

sampling of disorder included. These effects were investigated in a study from Liu

et al. on the P3HT/PCBM interface [153]. Using different dimer pairs in many

different snapshots from an MD trajectory the authors calculated the coupling

between P3HT/PCBM, shown plotted in Fig. 18, top. The authors add an exponential

Fig. 18 Top: Variation of

the electronic coupling

log VCR=CS

� �
(box/circle) vs

donor/acceptor distance for

210 P3HT/PCBM geometries

arising from a simulation of

the P3HT/PCBM interface at

simulation times of 0.5, 5,5,

9.5 ns. Middle: Calculated
log kCRð Þ and log kCSð Þ as a
function ofΔGCR/ΔGCS (red/
green). Bottom: Log kCRð Þand
log kCSð Þ as a function of λint
(red/green). The points in the
middle and bottom plots

show an average

representative value of log

kCR=CS
� �

. Data taken from

[153]
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decay to the curve to show that there is a slight general trend for the couplings to

decay exponentially, as one might expect. However, fluctuations occurring over

several orders of magnitude indicate how sensitive the couplings can be to disorder.

In fact, the smallest coupling is at 0.35 and not 0.65 nm as onemight expect. Looking

at the dependence of the rates on the reorganization energy, shown in Fig. 18,

bottom, the charge recombination (CR) rate displays a much larger dependence on

changes in the reorganization energy than the rate of charge separation (CS). As the

charge transfer state energy increases, the charge recombination rate goes further

into the inverted Marcus regime, causing it to slow down, while the charge separa-

tion rate increases as the charge transfer state energy increases. Therefore, the two

rates will shift in opposite directions as the charge transfer state energy increases, as

shown in Fig. 18, middle. This shows that increasing the charge transfer state energy

in an OPV device will increase the amount of charges per photon it creates.

Combining these rates with an estimation of the free energy and reorganization

energy, the authors obtain a distribution of charge separation and recombination

rates. The rates can vary from 10�10 to 10�5 s but, because the molecular dynamics

that created this large fluctuation in the rates is on the order of nanoseconds (10�8),

the observed rates will then only range from 10�10 to 10�8 s.

The ratio of the charge separation and charge formation process is key to the

performance of OPVs. The studies on the organic/organic interface have shown a

number of important properties. Including the surroundings in any model is vital to

getting accurate HOMO and LUMO energies at the organic/organic interface, since

effects from molecular multipoles and changes in the solvating dielectric environ-

ment can occur. The disorder introduced at the organic/organic interface can cause

a decrease in the delocalization length and an increase in the energy of the singlet

excited state, HOMO level, and LUMO level. Changes in the energies of the

HOMO and LUMO can be larger than the binding energy of the charge transfer

state, which itself can have significant fluctuations. All of these properties, includ-

ing the electronic coupling, are very dependent on the relative orientation of the

molecules, and as such, either prior knowledge of the approximate interfacial

structure or accurate sampling of the interface will lead to more reliable

simulations.

4 Device Implications

In order to be able to reliably improve the efficiency of OPVs to levels that compete

with inorganic PVs, there is a need to move away from design by trial and error to a

more rational approach. The first and major step towards achieving this aim is

careful consideration of the interfacial properties when designing new OPV

devices, since this is where the exciton is converted into an electron and hole.

The efficiency of the interface at forming free charges is reflected in two important

device properties, namely, the open circuit voltage (VOC) and the short circuit
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current (JSC). The device efficiency, η ¼ JSC�VOC�FF
PIN

, depends on theVOC, the fill factor

FF, which is a measure of the actual power relative to the theoretical power, and the

input power PIN. The fill factor is dependent on the mobility of the charge carriers,

the internal electric field, and the carrier recombination rate. For these reasons,

the fill factor for OPVs is usually in the range 0.5–0.7, although recently a fill factor

of >0.8 has been reported for a P3HT/PCBM blend incorporating a fixed charge

layer at the donor acceptor interface [154].

It has been shown in numerous devices that the VOC is linearly dependent on the

band offset (Egap), or charge transfer state energy [155–159]. The maximum

achievable VOC is equivalent to the band offset (Egap), but this is rarely realized,

due to losses arising from, for example, charge recombination leading to a decrease

in the value of VOC. A linear decrease in VOC is also found at high temperatures; for

low temperatures, VOC saturates, due to an injection barrier at the contact

[160]. Additionally, maximizing the band offset tends to reduce the driving force

for charge separation at the donor-acceptor interface and requires a staggered

alignment of the bands on the donor and acceptor with sufficient energy gain in

order to overcome the exciton binding energy [161]. This requirement that the

bands be staggered for efficient charge separation reduces the maximum achievable

VOC, as in Fig. 1. Work by Faist et al. quantifies the maximum achievableVOC for an

efficient solar cell as being limited by the smaller of the donor or acceptor optical

bandgap minus losses due to charge separation and non-geminate recombination,

with minimal values of 0.35 and 0.31 eV, respectively, giving a maximum value of

VOC ¼ Egap;min � 0:66 eV [162]. Minimizing the driving force required for charge

separation by raising the energy of the CT state at the interface is one design

strategy to target when looking for new donor and acceptor materials with high

VOC . However, reducing this driving force below 0.35 eV is likely to result in a

reduced photocurrent due to charge carrier recombination [162]. This variation in

VOC at high temperature will serve to limit the efficiency at room temperature.

Recombination of the charge carriers is made up of two types of recombination,

geminate and non-geminate, and can be the major cause of decreases in OPV

efficiency, reducing the VOC and JSC . Geminate recombination predominantly

occurs due to the inability of the charge transfer state at the interface to overcome

its binding energy. Non-geminate recombination occurs as a result of poor charge

mobility, which is often due to poor device morphology leading to charge recom-

bination within the bulk [163, 164]. Losses by non-geminate charge recombination

may be reduced by increasing the crystallinity of the material to reduce the number

of traps and increase the charge mobility [165]. This is not necessarily the case for

geminate recombination, where there is a complex interplay between a number of

different features at the organic/organic interface that determine how efficiently the

exciton can dissociate and the likelihood of subsequent recombination. To increase

the efficiency of an OPV, one then needs to engineer donor/acceptor interfaces in

which the charges are repelled, in order to reduce the rate of charge recombination

relative to charge separation. Therefore, the properties of the states formed from the

exciton at the organic/organic interface are very important in determining the

efficiency of an OPV.
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The different studies on the organic/organic interface have pointed to a number of

important molecular properties. The relative orientation of the molecules at the

organic/organic interface significantly alters both the coupling between the electronic

states and the charge transfer state energy. For polymeric systems, the ability of the

material to support delocalized wavefunctions allows for a reduction in the driving

force for separation of the exciton. For small molecules, on the other hand, the role

played by the electrostatic environment at the interface is key, due to the small amount

of delocalization of the electronic states. It is important to note that, while the impact

of delocalization and the electrostatic environment have been studied independently,

there is no reason that they cannot both exist for a given organic/organic interface. All

of the different molecular properties have important implications for the mechanism

of charge formation, recombination, and separation at the organic/organic interface.

4.1 Hot Charge Transfer

The complex nature of the organic/organic interface, coupled with the lack of accurate

experimental techniques with which to probe the interface, necessitates the use of

simulations and theory in order to help reconcile experimentally observed

performances of different devices. One major question to be answered is, is the state

formed from the exciton initially bound? Basic physics tells us that the electron and

hole formed in the acceptor and donor material, respectively, must be bound by some

amount of energy. However, this might not be the whole story. The observation that

there needs to be a LUMO/LUMO offset at the organic/organic interface of at least

0.2 eV for efficient OPV performance has led some to believe that the excess energy

from the exciton goes into vibrationally [28, 166] or electronically [167, 168] exciting

the charge transfer state. Figure 19 shows a schematic of how the proposed dissocia-

tionmechanismmight work from a simple Hamiltonian that Zhu and co-workers used

tomodel the hot CTmechanism [28]. The excess vibrational energy effectively lowers

the barrier to charge dissociation and creates a fast pathway for free charge formation.

Later work by Tamura and co-workers on a TFB/F8BT dimer used a 3-electronic-

state, 28-vibrational-modeHamiltonian tomodel exciton dissociation in the dimer and

found that a significant increase in the free charge formation rate is obtained when

going through a higher energy, vibrationally excited CT state [169].

Fig. 19 Dissociation of an

exciton in the donor to form

the 1 s or hot CT excitons

across the donor/acceptor

interfaces. Reprinted with

permission from

[28]. Copyright 2009

American Chemical Society
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While the hot CT mechanism can explain the fast CT state separation at the

organic/organic interface, it also relies on the formation of free charges before

the electronic states can relax. The excited CT state needs to separate sufficiently

that the binding energy is on the order of kT before it relaxes, otherwise there will

be a high probability that the charge transfer state will recombine at the interface.

One experimental study on the formation of hot CT states showed that there was no

significant difference in the separation rate when the CT state was formed with

excess energy [30]. Another study found the same thing for OPV devices that were

already efficient, though they did show that when they vibrationally excited the CT

state of poor-performing OPV devices they got an improvement in the device

performance [31].

4.2 Localization/Delocalization

Another possible explanation for efficient charge separation is that the excess

energy in the initially formed charge transfer state is not vibrationally exciting

the charge transfer state but is instead being used to create an initially delocalized

charge transfer state [170]. If the charge transfer state is more delocalized, then it

will have a much smaller binding energy, making it easier to separate. A recent

study by Jailaubekov and co-workers used both experimental and computational

methods to probe the dynamics of the CuPc/C60 interface [168]. The computational

model treated only the π-electrons for the electronic states and a surface hopping

algorithm to propagate an initial excited state wavefunction on the electronic

potential energy surfaces. Both experiment and theory found that charge formation

occurs on the order of 10�13 s and relaxation from the initial charge transfer state

occurs on the order of 10�12 s. The initial charge transfer state that leads to quick

charge transfer formation is one where the electron and hole are not located on

nearest-neighbors, and are therefore delocalized. This can be seen in Fig. 20a and d,

where CT3 and CT4 are delocalized charge transfer states whose energies are similar

to those of the singlet excited state. The similarity in energy between the high

energy charge transfer state and the singlet excited state makes the energy transfer

rate between these two states significantly faster.

The work of McMahon et al. provides a similar view through the use of an

atomistic model of the interface between a crystalline P3HT phase with an amor-

phous PCBM phase. This study proposed that the exciton undergoes direct dissoci-

ation into relatively delocalized charge carriers, in an almost barrier-less process

[109]. Additionally, due to an increase in the disorder of the polymer at the interface

relative to the bulk, there was an increase in the band-gap of the polymer at the

interface [109]. This led the authors to suggest that the increased efficiency and low

charge recombination rate observed in devices based on P3HT/PCBM blends are

due to the stability of the charge carriers away from the interface and their

delocalized nature. Due to the fact that the increase in disorder at the interface
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Fig. 20 (a) Time-averaged DOS distributions for the S1 exciton in donors (red), the interfacial CT
exciton (blue), and the inter-donor exciton (green) for the two H2 Pc/two C60 face-on configuration.

The exciton delocalizes into a CT state over the H2 Pc dimer, the energy of which splits into a

lower-energy DD1 state that corresponds to positive charge on the H2 Pc closest to the interface (see

image below) and the higher-energy DD2 state in the reverse configuration (not shown). The

interfacial CT exciton splits into four, CT n (n ¼ 1–4) with increasing e–h distance. (b) Time-

dependent populations of S1 in H 2 Pc (red), the inter-donor exciton (green), and the total

CT exciton (blue). (c) Time-dependent sub-populations of the four interfacial CT excitons:

CT1 (black), CT2 (blue), CT3 (orange), and CT4 (red). (d) Snapshots of selected excitonic state

charge distributions (red, electron; blue, hole). Two of the C60 molecules (larger gray spheres) that
were treated classically have been removed in the picture for clarity. Reprinted with permission

from [168]. Copyright 2013 Macmillan Publishers Limited
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is a result of an increase in the free volume, this might be a general feature of

systems in which one of the components tends to form crystalline phases.

This idea is backed up by the findings of Guo who, in an experimental study on

regio-regular P3HT and regio-random P3HT, found that most excitons can dissoci-

ate at the interface, but only in regio-regular P3HT do the majority of excitons lead

to free carriers [171]. Further work by Bakulin et al. [31], in which a combined

experimental and computational study was performed on various conjugated

macromolecules with a wide range of external quantum efficiencies, suggests that

charge-separation in highly efficient devices occurs through delocalized band states,

as opposed to energy-gradient driven intermolecular hopping [31]. Here the energetic

driving force for charge separation is the energy needed to reach the delocalized band

states, as opposed to the energy required to overcome the coulombic binding energy

in the aforementioned theories. These delocalized states help suppress charge-

recombination due to the increased distance between the charge carriers and the

reduced binding energy of the resultant delocalized states. The extent of the delocali-

zation experienced by the exciton is material dependent but is, nevertheless, likely to

be an important general design consideration for both small molecule and polymeric-

based devices. The ability of the exciton to form delocalized states is essential for

long-range exciton dissociation and the consequent increased device efficiency.

4.3 Band Bending

Another possible explanation for the fast separation of charge transfer states at the

organic/organic interface is that the HOMO and LUMO levels bend in such a way

that they drive the electrons and holes away from the interface. This idea is similar

to how inorganic PVs function and, as in inorganic PVs, partial charge transfer has

been measured in organic/organic interfaces to match what are called the charge

neutral levels (CNL) of the materials [172, 173]. The amount of charge transferred

at the organic-inorganic interface can be significant, while very little to no charge

transfer typically occurs at organic/organic interfaces [174]. The lack of partial

charge transfer at organic/organic interfaces does not mean that the HOMO and

LUMO levels in an OPV are the same throughout the device. As the numerous

studies mentioned in the previous section show, band bending at an organic/organic

interface is indeed quite prevalent. The dielectric of the surrounding medium can

influence the HOMO and LUMO levels present in a material, since in any material

the presence of a large dielectric will act to lower the energy of the charges.

Stabilization of an electron increases the energy gained on its formation, such

that the electron affinity increases. Similarly for the hole, stabilization reduces the

energy required to remove an electron to leave a hole, leading to a reduction in

the ionization potential. Since the electron affinity and ionization potential are just

the LUMO and HOMO levels, respectively, this means that the bands in a typical

band diagram compress together as the dielectric is increased. However, placing a

high dielectric material next to a low dielectric material will not prove to be a useful
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strategy to improve OPV performance, since the charges in the low dielectric

material will be attracted to the interface, where they can be partially solvated by

the high dielectric material, as in Fig. 21a.

Recently, a study with a CuPc/C60 interface probed the energetics of the inter-

face through UPS measurements on different layer thicknesses of the organic

materials to probe the changes in the HOMO and LUMO levels [146]. The authors

suggest two major reasons for the shifts seen in the HOMO and LUMO levels at the

interface, the first being a change in the vacuum level due to partial charge transfer

across the organic/organic interface. The second results from a change in the

effective dielectric of the donor and acceptor materials with respect to the location

of the molecules. The solvation energy gained from the dielectric of an OSC

material can be expressed as

8:25ðeÞ2αN4=3 (4)

where e is the charge of an electron, α is the polarizability of the OSC molecule, and

N is the number density of molecules [175]. While changingαcan induce changes in
the HOMO and LUMO levels, it will typically yield shifts that are not beneficial to

OPV performance, reminiscent of the previous example of low and high dielectric

materials. Changing the number density, on the other hand, will force a favorable

change in the band bending for charge separation in both the donor and acceptor,

similar to that shown in Fig. 21c. At the interface, both materials help solvate one

a b

c d

Fig. 21 A schematic representation of four different environmental effects on the organic/organic

band structure: (a) a difference in dielectrics, (b) poor molecular packing at the interface, (c) a

molecular multipole moment creating an electric field at the interface, and (d) a rough depiction of

general disorder at the interface. Reprinted with permission from [138]. Copyright 2013 American

Chemical Society
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another, and if the number density is lower for one of the materials, then both

materials will have a decreased effective dielectric constant, which will destabilize

the charges in both materials at the organic/organic interface. This is exactly what is

observed in the CuPc/C60 interface system, where there is a change of up to 0.3 eV

in both the HOMO and LUMO bands [146].

One strategy to achieve reduced charge recombination and better charge separa-

tion is the use of poor packing at the interface to decrease the dielectric constant.

Not only will the decreased dielectric at the interface create a driving force for

charge separation, but it will also increase the charge transfer state energy, reducing

charge recombination. This leads to the notion that the efficiency of OPV devices

with charge recombination losses can be improved by introducing inert guest

materials near the interface of one or both organic layers in order to reduce the

number density through disruptions in the crystal packing. In a study by Ray and

Alam, they introduced a fixed donor/acceptor layer at the interface and observed an

increase in the maximum achievable fill factor [154].

The pentacene/C60 interface provides an excellent example of the significant role

the orientation and molecular multipole moments play in device performance

[107]. Pentacene has no net dipole but does possess a significant quadrupolar field,

while C60 has neither. In pentacene, the singlet exciton quickly undergoes fission to

form two triplet states, which have an energy of about 0.9 eV. The difference

between the pentacene HOMO and the C60 LUMO is only around 0.9–1.0 eV, and

so there is very little excess energy when the triplet breaks up. The pentacene

molecules stack in the (001) direction on the SiO2 surface [145], and as such, the

pentacene molecules at the organic/organic interface are perpendicular to C60,

causing little to no change in the HOMO and LUMO levels of each material. This

means that the triplet is still capable of breaking up near the organic/organic

interface. The many simulations on the pentacene/C60 interface tell us that if, on

the other hand, pentacene were parallel to C60 at the interface, then the LUMOof C60

would be greatly destabilized, thus causing the charge transfer state energy to

increase to above that of the triplet state. While the typical packing of pentacene at

the C60 interface is not optimal for charge collection at the electrode, it is instead

essential for efficient charge formation at the organic/organic interface. This

demonstrates the important function that changes in the morphology can have on

the electronic structure and consequently on efficient device operation, and whilst it

is amore difficult task to undertake, modifying the orientation of themolecules at the

organic/organic interface can be very beneficial for improving device performance.

As the previous example shows, if the molecules have any sort of net dipole or

quadrupole, then the orientation can play a big role in how much or how little band

bending occurs. If a solution of a donor material with a small percent of a guest

material with a net dipole was spin cast onto a surface with an electric field pointing

perpendicular to the surface, then the final material could have a permanent net dipole

pointing in the same direction once solidified. This net electric field would create a

driving force for charge separation at the organic/organic interface. One experimental

study was done using a donor/acceptor pair of CuPc/CuPcF16 [176]. The dipolar

natures of the C–H and C–F bonds were used to create shifts in the HOMO and
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LUMO levels of the materials. When the molecules were subsequently placed with

their faces next to each other, little to no changes in their HOMO and LUMO levels

were observed, but when placed in a head to tail configuration, significant shifts

occurred in the HOMO and LUMO levels, demonstrating the important role the

molecular orientation can play in band bending.

There are many important effects arising due to the complex interplay between

the materials at the interface. The significance of a given effect is dependent on the

choice of materials used. For small molecules it is seen that electrostatic effects

play a key role in modulating the energetic landscape experienced by the HOMO

and LUMO levels of the molecules forming the interface. In polymers, on the other

hand, the extent of delocalization of the electronic states is key to increasing the

driving force for charge separation. This has implications for the design

considerations applicable when selecting materials for use in a device. For poly-

meric materials, a degree of delocalization of the charge carrier wavefunction in the

bulk relative to the interface is beneficial to enhancing the rate of charge separation

whilst simultaneously reducing the rate of charge recombination, so materials

should be selected which can support delocalization of the wavefunction in either

one, two, or three dimensions. For small molecules, due to the smaller degree of

coupling between molecules, delocalization of the wavefunction is much less

significant and is expected to play a much smaller role. All of the potential

mechanisms of charge separation are not mutually exclusive, and in the end, the

role of each may depend on the materials used and the device architecture.

5 Conclusion

As the demand for solar energy increases, so does the demand for more efficient

solar panels. Single-junction silicon solar panels have nearly reached their maxi-

mum theoretical efficiency at 30%, but due to their high cost and weight they are

still less attractive than the non-renewable alternatives. On the other hand, cheaper

and lighter organic solar panels have still to reach their maximum efficiency, with

the most efficient organic solar panel currently at 12%. One of the major losses in

organic photovoltaics that greatly reduces the efficiency is charge recombination.

Charge recombination can decrease the VOC, JSC, and fill factor for an organic solar
panel, all of which need to be maximized to get the most out of the solar panel.

Rational design of organic materials and photovoltaics with less charge recombi-

nation is a challenge, because probing the electronic processes occurring at the

organic/organic interface is difficult at best. Accurate computations of the organic/

organic interface have shown their ability to fill in some missing details about what

is happening at the organic/organic interface, the outcome of which is very impor-

tant for the progression of organic solar panels.

Models of the organic/organic interface have their own set of problems. Due to

the disordered and widely varying environment present in these materials, it is

important to account for as many aspects of the environment as possible to obtain
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reliable results. The most common way this is done is by treating some or all

of the system in a classical way to include explicitly the multipole moments and

polarizability of the OSC molecules. The complexity of the environment also

makes obtaining ensemble averages of different properties, such as energies and

rates, very problematic, due to the computational cost involved in obtaining suffi-

ciently well sampled simulations from which to build the ensemble average. Proper

sampling of the different molecular orientations is very important in obtaining the

correct ensemble average, but large energy barriers for molecular rearrangement

make this a difficult task.

Current state-of-the-art simulations use either low cost semi-empirical methods or

some sort of multi-scale method that splits up the organic/organic interface into a

system and surroundings. The system is then treated with higher level quantum

chemistry while interacting with what is typically purely classical surroundings.

These types ofmethods have shown that numerous environmental factors create shifts

in the HOMO and LUMO levels of the organic molecules at the interface. Higher

disorder at the interface lowers the delocalization length of electronic states, causing

the energies to increase near the interface. The numerous studies on the pentacene/C60

interface, as well as other systems, have shown that energies and couplings are highly

dependent on the molecular orientations. The variation of the electronic couplings

continues to be an important area of study in the field of organic semiconductors, and it

is in these systems that thermal fluctuations of the material lead to a distribution of

electronic couplings. Fluctuations in the electronic couplings are capable of

modulating the mechanism of charge transfer state formation and separation.

The different models presented here of the organic/organic interface have all

helped to shed some light on the processes of charge formation, separation, and

recombination. The fundamental goal in all these simulations is determining what

are the important electronic and geometric features that the materials, and the

interface formed between them, must possess in order to maximize the rate of

charge separation relative to that of charge recombination. Current work suggests

increased interfacial disorder may help in reducing the charge recombination rate,

especially in polymeric systems where long-range exciton dissociation may become

favorable. Other strategies that might prove fruitful in maximizing the charge

separation rate relative to the charge recombination rate are the introduction of an

impurity gradient to create a gradient in the local dielectric constant, or gaining

more control over the molecular packing orientations to try and align molecular

multipole moments such that they drive away charges formed at the interface. It is

important to note that the different theories for charge separation are not exclusive,

but could in fact be correct for different OPV devices and just depend on the OSC

materials used. In the end, one wants a charge transfer state at the interface that is

close to the singlet state energy for fast charge transfer state formation, and then a

small energy barrier for charge dissociation. These features could be realized by

vibrationally/electronically-excited charge transfer states, delocalized charge trans-

fer states, or band bending at the organic/organic interface. All of these potential

mechanisms for efficient charge separation have been modeled at the organic/

organic interface, and to date there is no dominant mechanism.
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In the future it would appear advantageous to pin down a list of the key structural

and electronic properties of the molecules in order to identify candidate molecules

without the need to obtain first proper ensemble averages. Further studies are also

needed in order to determine additional means through which the energetics of the

HOMO and LUMO for molecules at the interface can be manipulated in order to

maximize the device efficiency. A more detailed treatment of the charge transfer

states at the interface necessitates improvements in both the methodology by which

they are calculated and the environment in which they are computed. Another

question to be answered is how these different molecular properties affect the

relationship between the VOC of an OPV device and the charge transfer state energy

at the organic/organic interface. Going forward, further expansion on the existing

studies of organic/organic interfaces to new experimental systems, as they become

available, will prove beneficial in trying to rationalize experimental data and to

understand whether any dominant mechanism exists for enabling efficient charge

separation.
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Modeling Materials and Processes in

Dye-Sensitized Solar Cells: Understanding

the Mechanism, Improving the Efficiency

Mariachiara Pastore and Filippo De Angelis

Abstract We present a review of recent first-principles computational modeling

studies on dye-sensitized solar cells (DSCs), focusing on the materials and processes

modeling aspects which are key to the functioning of this promising class

of photovoltaic devices. Crucial to the DSCs functioning is the photoinduced charge

separation occurring at the heterointerface(s) between a dye-sensitized nano-

crystalline, mesoporous metal oxide electrode and a redox shuttle. Theoretical and

computational modeling of isolated cell components (e.g., dye, semiconductor

nanoparticles, redox shuttle, etc. . .) as well as of combined dye/semiconductor/

redox shuttle systems can successfully assist the experimental research by providing

basic design rules of new sensitizers and a deeper comprehension of the fundamental

chemical and physical processes governing the cell functioning and its performances.

A computational approach to DSCs modeling can essentially be cast into a stepwise

problem, whereby one first needs to simulate accurately the individual DSCs

components to move to relevant pair (or higher order) interactions characterizing

the device functioning. This information can contribute to enhancing further the

target DSCs characteristics, such as temporal stability and optimization of device

components. After presenting selected results for isolated dyes, including the

computational design of new dyes, and model semiconductors, including realistic

nanostructure models, we focus in the remainder of this review on the interaction

between dye-sensitizers and semiconductor oxides, covering organic as well as

metallorganic dyes.
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1 Introduction

1.1 Device Functioning and Conversion Efficiency

Dye-sensitized solar cells (DSCs) are photoelectrochemical cells that directly convert

sunlight into electrical energy at low cost and with high efficiency [1–4]. Those

appealing characteristics have stimulated intensive academic and industrial research,

with the recent launch of the first DSCs-based commercial product (http://www.g24i.

com/pages,g24i-wireless-keyboard,109.html) highlighting the DSCs market potential.

Crucial to the DSCs functioning is the photoinduced charge separation occurring at

the heterointerface(s) between a dye-sensitized nanocrystalline, mesoporous metal

oxide electrode and a redox shuttle in an electrolyte solution or hole conductor,

generally referred to hereafter as a redox shuttle.

The heart of the device consists of a mesoporous oxide layer, which is

deposited onto a transparent conducting oxide (TCO) on a glass or plastic substrate

(see Fig. 1). Grafted onto the surface of the nanocrystalline oxide is a monolayer of

sensitizing dye, which absorbs the solar radiation and injects the ensuing photo-

excited electrons into the manifold of unoccupied semiconductor states, consisting

of both trap and conduction states, which we hereafter refer to generically as a

conduction band (CB). The charge hole which is created on the dye upon excited

state charge injection into the semiconductor CB is transferred to the redox shuttle,

which is regenerated by a catalyst at the counter-electrode, closing the circuit

(Fig. 1).
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The (dye-sensitized) solar cell efficiency is defined as

η ¼ VocJSCFF

PI
(1)

where Voc (the open circuit voltage of the cell) is the difference between the

quasi-Fermi level of the semiconductor under illumination and the redox potential

of the mediator (Fig. 1); JSC is the photocurrent density at short circuit, FF is the

fill factor, and PI is the intensity of the incident light. The overall DSCs perfor-

mance is strongly determined by the efficiency of the various desired electron

transfer and charge transport processes (1–4 in Fig. 1) against the recombination

losses occurring between electrons in the semiconductor and oxidized dyes and/or

oxidized species in the redox shuttle (5 and 6 in Fig. 1).

The short circuit photocurrent, JSC, is defined as integral over the solar spectrum

of the monochromatic incident photon to current conversion efficiency (IPCE) of

the solar cell under short circuit conditions:

IPCE ¼ LHE� ϕINJ � ϕCOLL (2)

where LHE is the light harvesting efficiency of the photoelectrode, ϕINJ is the

quantum yield of electron injection, and ϕCOLL is the electron collection efficiency

at the TCO. Thus, the charge generation (LHE � ϕINJ) contribution to Jsc depends
directly on the dye, while the collection efficiency depends on the ratio between

diffusion of electrons in the semiconductor and recombination losses. In particular,

the LHE is directly related to the dye optical properties (absorption spectrum,

molar extinction coefficient), according to (3):

LHEðλÞ ¼ 1� 10�αd (3)

Fig. 1 Left: Schematic representation of the constituent materials, energy levels and processes in

a DSC. Green lines correspond to forward electron transfer steps, red lines to parasitic recombi-

nation reactions. Right: Diagram of a 1 nm slab sliced from a pore in a typical DSC, Adapted from

[51]. Copyrigt (2013) American Chemical Society

Modeling Materials and Processes in Dye-Sensitized Solar Cells:. . . 153



where α is the reciprocal absorption length, given by the product of the optical

absorption cross section of the sensitizer and its concentration in the mesoporous

film, and d is the thickness of the film.

The injection efficiency ϕINJ is defined in terms of the ratio between the

injection rate kINJ and the possible radiative (kF) and non radiative (kNR) deactivation
processes for the excited states of the surface adsorbed dye:

ϕINJ ¼ kINJ=ðkINJ þ kF þ kNRÞ (4)

Considering the charge injection as a non-adiabatic radiationless process [5], kINJ,
expressed by (5), depends on two factors: (1) the squared electronic coupling matrix

element between the donor and the acceptor (|H|2 in (5) and (2) the Franck–Condon

weighted density of states (FCWD), which is a function of the reorganization energy

λ and of the driving force ΔG, see Fig. 2, and equation (6) [5]:

ket ¼ 2π

�h
jHj2FCWD ¼ 2π

�h
jHj2ρðEÞ (5)

FCWD ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πλkbT

p exp �ðλþ ΔGÞ2
4λkbT

 !
(6)

The coupling is a function of the spatial overlap between donor and acceptor

states. The driving force is related to the alignment of dye/semiconductor energy

levels and the density of unoccupied semiconductor states, which therefore both

contribute to the effectiveness of the electron injection process. The reorganization

energy, together with the driving force, defines the probability of reaching an

isoenergetic nuclear configuration where the donor–acceptor electronic states have

Fig. 2 Energetics of the

electron transfer process

between a donor (left side)
and a quasi-continuum of

acceptor states (right side)
typical of dye-sensitization

of a semiconductor.

Reprinted with permission

of [141]. Copyright (2013)

American Chemical Society
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the same energy. Note that for a large number of acceptor states, which is typical

of semiconductors (Fig. 2), the FCDW reduces to a pure density of states;

see right hand side of equation (5) [5, 6].

Based on the above considerations, a potential highly-efficient dye sensitizer

should be endowed with a wide and intense optical absorption spectrum, associated

with a long-lived charge-separated excited state strongly coupled to the oxide CB

states, and ground and excited state oxidation potentials which properly match

the redox potential of the mediator and the semiconductor CB, respectively (Fig. 1).

On the one hand, most current research on dye sensitizers has been focused on

extending the dye spectral response, either in terms of stronger or more extended

absorption, although these two requirements are usually difficult to get within a

single molecule. On the other hand, an appealing strategy to overcome the limits of

a single dye was the employment of a dye cocktail of co-sensitization strategies,

whereby different dyes were used to absorb different portions of the solar spectrum

[7–21]. As a matter of fact, the new DSCs efficiency record, close to 13%, was

obtained by the combination of a Zn(II)-porphyrin and an organic dye showing

complementary absorption [22].

The DSC open circuit voltage, VOC in (1), represents the difference between the

quasi-Fermi level of the semiconductor under illumination and the redox potential

of the electrolyte (see Fig. 1), the latter being nearly constant under operation

conditions due to the high concentration of redox species [23]. The quasi-Fermi

level (EF,n) of the semiconductor depends “statically” on the semiconductor

conduction band (CB) energy and “dynamically” on the charge density (n)
accumulated in the semiconductor [24], according to (7):

EF;n ¼ ECB þ kBT ln n=Nc½ � (7)

where Nc is the density of states in the semiconductor. Accordingly, charge density

accumulation in the semiconductor provides an increase of the quasi-Fermi level;

a shift in ECB also provides a shift in the quasi-Fermi energy. Clearly, Voc depends

only indirectly on the nature of the dye, which can affect either the rate of

recombination reactions (both with the oxidized dye and oxidized species in the

electrolyte) and/or change the energetics of the semiconductor CB states.

Dye sensitizers give dense packing on the titania surface, usually described

as surface monolayers [25–29], which may inhibit the parasitic recombination

reactions between TiO2-injected electrons and oxidized species in the electrolyte:

a compact dye monolayer would act as an insulating layer towards the approach

of the electrolyte to the TiO2 surface. It was also suggested that particular atoms

or chemical groups can also provide binding sites for oxidized species in the

redox shuttle (I2 or I3
�), increasing their concentration close to the TiO2 surface

and thus accelerating the recombination and/or dye regeneration processes [30–36].

Recently, Mosconi et al. [37] reported on the interaction between Co(III) ions in

the redox shuttle and the anionic N719 dye, which led to a strong efficiency loss

due to enhanced recombination.
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The energetics of the TiO2 CB are known to depend on several factors, such

as the local pH [38–40], the concentration of potential determining ions (e.g., Li+)

[40, 41], and, possibly in relation to acid/base equilibria, the nature of the electro-

lyte solvent [41, 42]. The role of surface adsorbed molecules, including the dye,

in determining the TiO2 CB energetics is much less clear [23, 43–49]. Some

authors have shown a correlation between the dye protonation state and the DSCs

performance for homologous ruthenium dyes [45, 46, 49], with dyes carrying

a higher number of protons leading to higher Jsc but lower Voc. An interesting

correlation between the dipole moment of co-adsorbing species, mainly substituted

benzoic acids, and the corresponding DSCs Voc was observed by Rühle et al. [44]

who pointed out a linear relationship between the dye coverage (N ), the dipole (μ)
component normal to the surface (θ is the molecule tilting angle), and the potential

shift (ΔV ) at the interface affecting the TiO2 CB energy:

ΔV ¼ Nμ cos θ

εε0
(8)

Work on solid-state DSCs has clearly shown a >100 mV TiO2 conduction

band shift between a heteroleptic ruthenium dye and an organic dye, which was

interpreted in terms of a dipole-induced TiO2 CB shift of different sign [50].

Such shifts are generally more difficult to observe in DSCs based on a liquid

electrolyte [31], in which the high ion strength and the effect of thermal motion

may hinder the role of interface dipoles. Nevertheless, Kusama et al. reported a

combined experimental and theoretical study which showed a clear correlation

between the dipole moment of electrolyte additives and their DSC Voc.[48].

The fill factor FF of the cell is an adimensional parameter which reflects

the shape of the JV curve compared to the ideal rectangular JSC � VOC product

shape. The fill factor is mainly a measure of the (internal and external) cell

resistance, including the contacts, and as such is quite difficult to map into the

properties of the dye/semiconductor/electrolyte constituents.

1.2 First Principles DSCs Modeling

DSCs can be schematized as being formed by three fundamental components

(i.e., the dye, the metal oxide, and the redox shuttle), which, to a first approximation,

can be individually optimized in the continuing search for higher photovoltaic

efficiency or longer device temporal stability. One has to recognize, however,

that the DSC is an inherently complex system, since in most real cases the inter-

dependencies among the various components dictate the overall device performances.

A schematic representation of a 1-nm slab sliced from a pore in a DSC made

by the N719 dye in contact with an iodine-based electrolyte of typical composition

is reported in Fig. 1. As it can be noticed, the ideal optimization of the individual

DSCs components is very hardly mapped into the realistic picture of Fig. 1, whereby

strong interdependencies are likely to occur. Relevant pair interactions include, but
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are possibly not limited to (1) dye–semiconductor; (2) redox shuttle–semi-

conductor; (3) dye–redox shuttle; and (4) dye–dye and dye–co-adsorbent

interactions.

Theoretical and computational modeling of isolated cell components (e.g., dye,

semiconductor nanoparticles, redox shuttle, etc. . .) as well as of combined dye/

semiconductor/redox shuttle systems [52, 53] can successfully assist experimental

research by providing basic design rules of new sensitizers and a deeper under-

standing of the fundamental chemical and physical processes governing the cell

functioning and its performances. A computational approach to DSCs modeling can

be essentially casted into a stepwise problem, whereby one first needs to simulate

the individual DSCs components accurately to move to the relevant pair (or higher

order) interactions discussed above. This information can constitute the basis for an

integrated multiscale computational description of the device functioning which

may further boost the DSCs efficiency along with providing the basic understanding

of the device, necessary for further enhancing target DSCs characteristics, such as

temporal stability and optimization of device components.

The fundamental information amenable to basic simulation tools are: (1) the dye

geometrical structures, ground state oxidation potential, optical absorption spectra,

and excited state oxidation potential; (2) the semiconductor CB energy and/or

density of states and its band gap; and (3) the electrolyte/hole conductor redox

properties. For the interacting dye/semiconductor system, one needs to calculate

the dye adsorption modes onto the semiconductor, the nature and localization of

the dye semiconductor excited states, and the alignment of ground and excited

state energy levels at the dye/semiconductor heterointerface, which, along with

an estimate of the electronic coupling, constitute the fundamental parameters

controlling the electron injection and dye regeneration processes. A further step

implies the simulation of the dye-sensitized semiconductor in the presence of the

electrolyte solution and/or redox species, which allows one to gain insight into

possible interactions between these constituting materials which might be key to

the device efficiency.

Modern first principles computational methodologies, such as those based on

Density Functional Theory (DFT) and its Time Dependent extension (TDDFT),

provide the theoretical/computational framework to describe most of the desired

properties of the individual dye/semiconductor/electrolyte systems and of their

relevant interfaces. The information extracted from these calculations constitutes

the basis for the explicit simulation of photo-induced electron transfer by means

of quantum or non-adiabatic dynamics. The dynamics introduces a further degree

of complexity in the simulation, due to the simultaneous description of the

coupled nuclear/electronic problem. Various combinations of electronic structure/

excited states and nuclear dynamics descriptions have been applied to dye-

sensitized interfaces [54–57]. In most cases these approaches rely either on semi-

empirical Hamiltonians [58, 59] or on the time-dependent propagation of single

particle DFT orbitals [60, 61], with the nuclear dynamics being described

within mixed quantum-classical [54, 55, 59, 60] or fully quantum mechanical

approaches [61]. Real time propagation of the TDDFT excited states [62] has
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also emerged as a powerful tool to study photoinduced electron transfer events,

with applications to dye-sensitized interfaces based on mixed quantum-classical

dynamics [57, 63].

Inclusion of solvation effects is mandatory to provide a direct connection of

the calculated properties with the corresponding experimental quantities [64].

While explicit inclusion of solvent molecules is obviously the “exact” way

of treating solvation effects, it involves a huge increase in the dimensions of

the system and associated computational overhead. The inclusion of solvation

effects is therefore usually introduced by means of continuum solvation models

(PCM, CPCM) [65–67].

In light of the anticipated DSCs complexity, a working simulation tool should

also include an accurate description of multiple dye-adsorption on TiO2 relevant to

aggregate properties and the simulation of co-sensitized patterns involving both

different dyes and dye-coadsorbent interactions. Despite their huge potential and

large scope for application, DFT methods usually substantially fail in reproducing

weak intermolecular interactions, such as those occurring among surface-adsorbed

dyes. This requires the accurate treatment of dispersion forces (often referred to as

van der Waals forces), arising entirely from fine long-range electron correlation

effects [68–71]. In ab initio wavefunction-based approaches, correlated methods

are necessary to recover the dispersion energy: usually the second-order Møller–

Plesset perturbation (MP2) and Coupled-Cluster methods deliver accurate interaction

energies for weakly-bounded systems but present slow convergence with respect to

the number of basic functions and (highly) unfavorable scaling of the computational

cost as the system size increases. All standard DFT methods yield repulsive

interactions between dispersion-bound adducts at large separations rather than the

1/R6 behavior typical of dispersion attraction, where R is the interatomic distance.

The development of DFT-based methods which accurately account for weak

intermolecular interactions is becoming one of the most active research lines in

computational chemistry, physics, and materials science [72]. Various Meta-

Generalized Gradient Approximation DFTs, expressly parameterized to give better

van der Waals binding energies, have been recently developed and implemented

in the most used quantum chemistry codes: the M05, M05-2X, M06, and M06-2X

functionals [73–75]. An alternative and simpler approach, known as the DFT-D

method, is to correct the DFT energy by adding an empirical potential of the form

C6R
�6, where C6 are the dispersion coefficients; in the framework of DFT-D

methods, various strategies have been developed to obtain the empirical dispersion

coefficients [76–82]. When the binding energies of more than two dye-sensitizers

(dimer) have to be evaluated, MP2 calculations become unfeasible and one needs

to resort to DFT-based approach, such as the D3 correction by Grimme and

co-workers [80, 83], which has been shown to provide reliable results [33, 84].

In this review we want to offer a unified view of recent activity on the computa-

tional modeling of DSCs, with the aim of establishing the conceptual modeling

basis to design and further optimize the DSCs efficiency, along with providing a

basic understanding on the cells functioning. In particular, after briefly describing

the methodological aspects underlying the computational description of DSCs,
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we will concisely provide an overview of first principles modeling of the funda-

mental DSCs constituting materials, e.g., dyes, metal oxide semiconductors, and

redox shuttles. We will then focus on what we believe are the main physico-

chemical processes underlying the DSCs functioning, i.e., (1) dye adsorption onto

the semiconductor surface; (2) light absorption and charge injection; (3) recombi-

nation with oxidized dyes and electrolytes; (4) regeneration of the oxidized dye;

and (5) supramolecular effects, including formation of dye aggregates on the

semiconductor surface and co-sensitization modeling.

2 Materials

2.1 Dyes

2.1.1 Ruthenium Dyes

Ru(II)-polypyridyl complexes have been primarily employed as dye sensitizers

[85–89]. The remarkable performance of the N3 dye [85], of its doubly protonated

analogue (N719) [86], and of the so-called black dye or N749 [87, 88] (see Fig. 3),

had a central role in significantly advancing the DSCs technology, with solar to

electric power efficiencies exceeding 11% [86, 89].

In the last few years a flourishing family of new generation Ru(II)-dyes have

been designed and synthesized to provide higher molar extinction coefficient or

peculiar supramolecular interactions compared to N719 or N749, thus enhancing

the DSCs overall stability and/or efficiency [90–94]. Fully organic sensitizers have

been developed as metal-free dyes because of their increased molar extinction

coefficient, compared to Ru(II)-dyes, spectral tunability, and reduced environ-

mental impact [95, 96]. When employing the most common I�/I3
� redox shuttle,

Fig. 3 Molecular structures of the doubly protonated N3 dye (left) and of the N749 black dye

(right)
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organic dyes have delivered very high photovoltaic efficiencies, exceeding 10% [97].

Functionalized donor-acceptor Zn(II)-porphyrins have recently emerged as a

new class of sensitizers with high performance potential, due to the extended

absorption spectrum in the red up to near IR region [22, 98, 99].

Due to the success of the N3/N719 sensitizer in DSCs, most of early theoretical/

computational investigations have been initially devoted to these complexes. These

works have been followed by a vast number of studies on various ruthenium

complexes, which will not be reviewed here, where we briefly comment on the

early studies. The first theoretical investigation performed on N3 (and related

complexes) dates back to the work by Rensmo et al. of 1997 [100]. These authors

have surprisingly found that, unlike [Ru(bpy)3]
2+, the HOMOs of N3 were not

pure Ru-t2g states but rather they resulted from the admixture of Ru-t2g states

with sulfur lone pairs and π orbitals of the thiocyanate ligands. The presence of

thiocyanate character in the N3 HOMOs has important consequences for the DSCs

functioning: since upon adsorption of the complex onto TiO2, the thiocyanate

groups point towards the outermost region, which is that exposed to the I�/I3
�

electrolyte, a charge hole partially delocalized over the thiocyanate ligands should

help regeneration of the oxidized dye by the electrolyte redox couple. The first

TDDFT study on the N3 complex, specifically on its tetradeprotonated form,

was reported by Monat et al. [101], while a semiempirical investigation on the

analogous [Ru(4,40-COOH-2,20-bpy)2(Cl)2] complex was reported in 2000 by

Nazeeruddin et al. [102]. Soon after the work by Monat et al., two papers reporting

TDDFT calculations appeared, one by us on the N3 complex [64] and one by

Guilemoles et al. [103], who addressed the ground and excited-state properties

of [M(bpy)2L2] complexes (M ¼ Ru, Os, L ¼ CN, SCN). In our earlier work,

we considered the tetra-protonated N3 species [64], which corresponds to the

experimental species observed at low pH (<1.5), where the four carboxylic groups

are entirely protonated. A sizable variation of the N3 electronic properties was

observed by varying the protonation of the anchoring carboxylic groups. We

thus systematically investigated the impact of acid/base chemistry on the electronic

and optical properties of the N3 dye [86].

The results show an overall destabilization of the occupied and unoccupied

energy levels. The LUMOs destabilization, however, offsets the HOMOs destabili-

zation, leading to increased HOMO–LUMO gaps for the deprotonated species. As a

matter of fact, the fully deprotonated N3 [104–106], which is found at pH > 11,

exhibits its main spectral features in the visible and UV region at 2.48, 3.33, and

4.07 eV; the bands in the visible are blue-shifted by ca. 0.2 eV going from pH < 1.5

to pH 11. The related complex in which the NCS� groups are replaced by Cl�

ligands complex has attracted considerable interest due to its red-shifted visible

absorption bands (2.38, 3.25, and 4.03 eV) (see Fig. 4).

As can be seen, the calculated data (B3LYP/DGDZVP/PCM) in Fig. 4 are

in excellent agreement with the experimental spectra, both in terms of band

separations and relative intensities of the main spectral features. Most notably,

our calculations reproduce the observed red-shift of the visible and near-UV bands

in the Cl-complex spectrum, as well as the appearance of a low-energy shoulder
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(inset of Fig. 4). Also in agreement with the experiment, the calculated absorption

maxima of the band in the UV are at essentially the same energy in the two

complexes [104].

Similarly to the N3 dye, various theoretical studies were reported for the black

dye (BD) [107–116]. In particular, a few computational pieces of work have been

focused on the electronic structure of the BD [108] and on the optical properties

of the monoprotonated [110] and fully protonated, di- and mono-protonated and

fully deprotonated forms of BD [109]. Notably, the interaction of the BD with

iodine and the formation of hydrogen-bonded dimers of the BD and chenode-

oxycholic acid have also been recently computationally explored [113, 117].

We recently reported on the variation of the electronic and optical properties of

the BD as a function of the protonation of the terminal carboxylic groups [118],

finding a similar orbital pattern and energetic trend to that found for the N3 dye.

A comparison of the experimental and TDDFT-calculated UV–vis absorption

spectrum for the mono-protonated BD in solution is shown in Fig. 5. As can

be seen, also applying to the BD, TDDFT with the standard hybrid B3LYP

functional delivers an excellent agreement with the experimental data, allowing

a precise assignment of the main absorption features.

2.1.2 Zinc Porphyrins

A class of compounds which has recently emerged as very efficient dye sensitizers

is represented by asymmetric push–pull porphyrins, which reached 11% efficiency

as single dye absorbers [119, 120] and exceeded 12% efficiency in combination

with an organic co-absorber [22]. Several DFT and TDDFT investigations have

been reported for substituted Zn(II)-porphyrins [98, 119–128], with the main

target of designing and screening new candidate molecules and rationalizing their

observed photovoltaic behavior.

Fig. 4 Comparison of the calculated (blue lines) absorption spectrum of the same complexes,

X¼NCS (left), Cl (right), with the corresponding experimental spectra (red lines) in water solution.
Inset: detail of the low-energy spectral region. Energies in eV. The intensity of the experimental

spectrum has been rescaled so that the intensity of the experimental and calculated absorption

maxima of low-energy bands match. Reprinted from [104] with kind permission of Elsevier
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As an example of the computational screening/design work we mention an

early paper by Ma et al. where a large series of meso-substituted porphyrins

was computationally assessed based on their HOMO–LUMO gap, nature of the

frontier molecular orbitals, and simulation, by TDDFT, of their spectral properties.

A survey of the investigated systems and the main results in terms of modulation of

the energy levels and HOMO–LUMO gap are reported in Fig. 6. As can be seen,

Fig. 6 Chemical structures and orbital energy levels of the HOMO and LUMO and the

HOMO–LUMO gaps for a series of meso-substituted porphyrins. From [126]. Adapted with

permission of [127]. Copyright (2009) American Chemical Society

Fig. 5 Comparison between computed spectra of mono-protonated BD_1H (red lines) in water

solution and experimental absorption data recorded in ethanolic solution (black lines). Red vertical
lines correspond to calculated excitation energies and oscillator strengths. Reprint from [118] with

permission of the Swiss Chemical Society
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modulation of the energy levels by ca. 2 eV could be achieved, demonstrating the

huge flexibility of this class of compounds.

Another particularly interesting aspect of porphyrin sensitizers is the modulation

of the charge separation occurring in the excited state by changing the nature of the

electron donating and accepting units in asymmetric push–pull meso-substituted

porphyrins. An example of this effect was reported by us [127] by considering two

variants of the prototype push–pull system originally introduced by Diau and

co-workers [119] (see Fig. 7). The considered systems were obtained by replacing

the –NMe2 donor by a weaker OMe group and the C6H4–COOH group by a stronger

C6F4–COOH group. For these systems the standard B3LYP functional provided

optical absorption spectra in excellent agreement with the experimental data, both

in terms of absolute transition energies and relative intensities of the Q and B bands

typical of porphyrins. To visualize the spatial localization of the charge separation

occurring in the excited state, we plot in Fig. 7 the charge density difference

between the lowest optically active TDDFT-calculated excited state, characterizing

the Q band absorption at ca. 680 nm, and the ground state. As can be seen,

maintaining the same acceptor group, the weaker �OMe donor leads to a decrease

of the excited state charge accumulation on the acceptor region (compare plots for

1 and 2 in Fig. 7). Similarly, maintaining the same –NMe2 donor but shifting to

the stronger fluorinated acceptor, i.e., moving from 2 to 3 in Fig. 7, leads to a

sizable increase in the excited state charge separation. These results illustrate

the full potential of this type of porphyrin dyes in achieving an almost optimal

electronic and optical response.

To summarize, for metallorganic dyes (either ruthenium polypyridyl complexes

or zinc porphyrins), standard DFT/TDDFT methods have been shown to reproduce

accurately most of the relevant electronic and optical properties of the investigated

systems, with reference to their use in DSCs.

Fig. 7 Chemical structures of the investigated Zn(II) push–pull porphyrinates (left) and electron

density difference plots between the ground and lowest excited state for dyes 1–3. A blue (yellow)
color signals a charge depletion (accumulation) in a given molecular region. For the sake of

simplicity, in position 10, 20, simple phenyl substituents, not carrying two tert-butyl groups in the
meta position, were taken into account in the calculations. Adapted with permission of

[127]. Copyright (2011) American Chemical Society
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2.1.3 Organic Dyes

For push–pull organic sensitizers the calculation of the optical absorption spectra still

represents a challenge for standard TDDFT approaches [129–132]. Conventional

exchange-correlation (x-c) functionals yield large underestimations for excited states

with a significant long-range CT character and in the case of molecules with spatially-

extended π systems [132–134]. For Ru(II)-complexes the CT problem is limited

to some extent by the substantial overlap of metal and ligand states characterizing

the constituting starting and arriving orbitals in MLCT excitations typical of

these complexes. The use of tailored hybrid functionals, incorporating a variable

amount of non-local Hartree–Fock (HF) exchange, partially corrects the wrong

asymptotic behavior [96, 132, 135]. Alternative methodological approaches use an

increasing fraction of HF exchange as the interelectronic separation increases; the

long-range corrected (LC) functionals [136–139] and the Coulomb-attenuating

B3LYP (CAM-B3LYP) method [140] belong to this family of range-separated

functionals.

Here we shall present the TDDFT results for two representative dye sensitizers

which we recently reported [141], selected among the highest-efficient ones and

having different electron donor and acceptor groups: the JK2 [142] dye has a

TPA-like (N,N-bis(9,9-dimethylfluorene-2-yl)phenyl]donor), with a cyanoacrylic

acid as anchoring unit, while the D102 dye [143, 144] has indoline and rhodanine-

3-acetic acid as electron donor and acceptor groups respectively (see Fig. 8).

In Table 1 we report the calculated lowest excitation energies for the protonated

(1H) and deprotonated (0H) JK2 and D102 in gas phase and ethanol solution

along with the corresponding experimental absorption maxima. We notice that,

going from the gas phase to ethanol solution, a decrease of the lowest excitation

energy is observed; such a red-shift, regardless of the x-c functional employed, is in

the range 0.15–0.35 eV and arises from the stabilization of the charge-separated

excited state by the solvent. On the other hand, deprotonation of the carboxylic

moiety may lead to a substantial blue-shift of the lowest excitation energy.

Deprotonation of the conjugated cyanoacrylic acid in JK2 gives rise to a large

blue-shift, by ca. 0.3–0.4 eV, compared to that predicted for the non-conjugated

rhodanine-3-acetic acid in D102, which is ca. 0.1 eV. For JK2 we expect

spectral data in ethanol to be somehow intermediate between those calculated

for protonated and deprotonated species. With reference to solution data, we

calculate 2.45/2.81 eV (MPW1K) and 2.79/2.94 (CAM-B3LYP) excitation energies

for protonated/deprotonated species (1H or 0H in Table 1), in good agreement

with the experimental absorption maximum of 2.84 eV. The MPW1K functional

slightly underestimates the electronic transitions for JK2, possibly due to the static

description of Hartree–Fock exchange with the interelectronic distance, which

introduces a rigid system-independent shift of the transition energies [145, 146].

Looking at the calculated data for the D102 sensitizer, we find a somehow

similar trend although in this case both MPW1K and CAM-B3LYP seem to

overshoot the experimental absorption maximum of 2.53 eV, with 1H/0H values
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of 2.78/2.89 and 2.86/2.90 eV, respectively. The B3LYP functional, on the other

hand, delivers a lowest excitation of 2.29–2.37 eV for 1H/0H cases, thus under-

estimating the experimental absorption maximum energy. Clearly the two dyes

Table 1 Computed and experimental excitation energies (in eV) of the lowest excited state of JK2

and D102 in gas phase and EtOH solution

Dye

B3LYP MPW1K CAM-B3LYP

Exp. (EtOH)

1H 0H 1H 0H 1H 0H

vac solv solv vac solv solv vac solv solv

JK2 1.99 1.82 2.26 2.60 2.45 2.81 2.78 2.62 2.94 2.84 (143)

D102 2.61 2.29 2.37 3.07 2.78 2.89 3.11 2.86 2.90 2.53 (144)

Data from [141]

Fig. 8 Molecular structures of the JK2 and D102 dye sensitizers. Reprinted with permission of

[141]. Copyright (2013) American Chemical Society
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have quite a different response to the choice of the x-c functional. This system-

dependent variability imposes a careful a priori calibration of the computational

protocol, including solvent effects and a careful analysis of the anchoring group

acid–base chemistry.

2.2 Semiconductor Metal Oxides: TiO2 and ZnO

2.2.1 TiO2 Models Relevant for DSCs

TiO2 is established as the most performing semiconductor metal oxide in DSCs,

both in the form of the commonly employed sintered nanoparticles and nanotubes/

nanorods [147, 148]; alternative metal oxides to TiO2, such as ZnO and SnO2, are

also actively investigated [149–152].

Many theoretical/computational investigations on TiO2 have been performed,

due to the wide breadth of interesting technological applications of this material.

In this section we necessarily limit our attention to some of the more interesting

results obtained from theoretical/computational investigations on TiO2 surfaces or

nanoparticles of direct relevance to DSCs. Most of theoretical/computational

results on TiO2 have been obtained in the context of surface science and solid

state physics. The natural framework in which to describe TiO2 surfaces is clearly

that of calculations employing periodic boundary conditions (PBC), in which an

infinite and periodic solid can be effectively modeled. As a consequence, most

of the calculations focused on periodic slabs, composed typically by three–four

TiO2 layers. In the case of DFT calculations, this translates in most cases into the

use of non-hybrid xc functionals, which are most common in PBC codes using

plane waves basis sets.

For bulk anatase TiO2 non-hybrid functionals provide a band-gap of ca. 2.7 eV

[153], compared to an experimental value of 3.2 eV. A dramatic case is that of

bulk ZnO, for which a 0.8–1.0 eV band gap is predicted by local or semi-local

(i.e., GGA) functionals [154], against a 3.4-eV experimental band gap. Hybrid

functionals correct this inadequacy delivering essentially the experimental band-

gap values for both TiO2 and ZnO [155]. Despite this drawback, non-hybrid

functional are widely used because of their efficiency and because they deliver

geometrical structures which are in good agreement with experimental and hybrid

functionals values. A case against this argument is that of oxygen vacancies in

TiO2, for which the two sets of functionals provide distinctly different geometries,

B3LYP delivering the correct answer [156].

Probably the most significant body of work on computational TiO2 surface

science has been reported by Selloni and coworkers. The structural properties of

the bulk phase and of the low-index surfaces of the anatase and rutile polymorphs of

TiO2 were recently reviewed by Vittadini et al. [153] and we refer the reader to that

paper and references therein for details. Here we just mention that PBC calculations

deliver the (101) as the most stable surface, consistent with the experimental

evidence, and that geometrical relaxation greatly lowers the energy of all surfaces
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except the (001) one; see Fig. 9. A salient characteristic of the majority anatase

(101) surface is that of showing alternate rows of 6-coordinated and 5-coordinated

titanium atoms, the latter representing the adsorption sites for dye binding (Fig. 9).

Amajor computational effort in devising suitable cluster models of TiO2 surfaces

or nanoparticles has been performed by Persson et al. [157, 158] who investigated

the structural and electronic properties of bare and dye-sensitized TiO2 clusters and

nanoparticles with sizes of ca. 2 nm by DFT calculations. The electronic structures

of optimized 1–2-nm nanoparticles showed well developed band structures with

essentially no electronic band-gap defect states. In all cases the anatase crystal form

was largely intact with at most a few Ti–O bonds broken and a few defect sites

formed. Another interesting aspect, which was investigated by these authors,

regards the convergence of the electronic properties with increasing cluster size.

The calculated band edges were found to vary by less than 1 eV regardless of

computational method. Also, the density of states (DOS) plots display gradually

emerging quasi-continuous valence and conduction bands with no apparent defect

states in the band-gap. According to the B3LYP/VDZ calculations, the calculated

band-gap slowly decreases monotonically from 5 to 4.6 eV passing from (TiO2)16 to

(TiO2)60, roughly corresponding to a doubling of the nanocrystal size. The lowest

calculated TDDFT excitations follow the trend in the HOMO–LUMO energy gaps,

but are consistently lower by ca. 1 eV.

In efficient DSCs, electron collection at the electrode competeswith recombination

at the TiO2/electrolyte interface, so that slow electron transport can limit the charge-

collection efficiency and eventually lead to an overall diminished DSC’s conversion

efficiency [159, 160]. For nanostructured TiO2 films commonly employed in DSCs,

effective diffusion coefficient values in the range 10�8 to 10�4 cm2/s have been

measured, depending on the light intensity. These values are orders of magnitude

smaller than those observed for TiO2 single crystals [161–164], suggesting a high

concentration of electron-trapping sites in the semiconductor film [165–172].

Fig. 9 Equilibrium shape of the anatase crystal. The atomic structures of the minority (001), left,
and the majority (101) surfaces are also shown. With kind permission of Springer Science

+Business Media: [153] (Fig. 1 therein)
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Intense research efforts have been devoted to characterize the electronic trap states in

single crystal and colloidal TiO2 [173–176], although it is still unclear whether these

states originate from defects in the bulk and surface regions, from the grain boundaries

of the particles, from Coulomb trapping due to interactions of electrons with the

cations of the electrolyte, or from a combination of all these factors.

In contrast to the numerous studies of anatase and rutile low index surfaces

[177–182], computational investigations of the structural and electronic properties

of large by TiO2 nanocrystals (NCs) of realistic shape are still scarce. Larger NCs,

constituted by up to 455 TiO2 units with a tetragonal bipyramidal shape, were

investigated by Tight-Binding (TB) calculations [183]. More recently, DFT

calculations have been employed to characterize the geometrical and electronic

properties of anatase TiO2 nanoparticles having up to 449 TiO2 units [184]. In another

DFT study, the electronic structure of pure and Li-doped rutile TiO2 nanoparticles

of up to 61 TiO2 units, saturated by water molecules, was investigated [185].

The interfaces between two TiO2 NCs have also been studied, but only via classical

molecular dynamics simulations [186, 187].

We recently reported DFT and DFT Tight-Binding (DFTB) calculations on

the nature of trap states in realistic anatase TiO2 NCs of ca. 3 nm diameter and

investigated the interaction between two sintered TiO2 NCs across different

interfaces [188]. We generated our starting NC structures by cleaving bulk anatase

TiO2 according to the typical bipyramidal Wulff shape. The resulting NCs expose

(101) surfaces on the lateral facets, (001) surfaces on the truncation facets, and

(100) surfaces at the junction of the two pyramids (see Fig. 10). We considered NC

models of various sizes, up to 3 nm. After verifying the impossibility to generate

perfectly crystalline and stoichiometric (TiO2)n truncated bipyramidal NCs, we

chose to focus on two types of models, obtained by (1) saturating all the under-

coordinated dangling oxygen atoms on the (001) surfaces by hydrogen atoms

and (2) removing selected atoms from the (101) surfaces to keep the cluster neutral

and stoichiometric. In particular, two specific models are discussed in detail in

the following: (1) a (TiO2)411-H16 NC (structure 1 in Fig. 10c) with perfectly

crystalline (101) surfaces and OH-saturated (001) surfaces and (2) a (TiO2)367 cluster

(structure 2 in Fig. 10d), with some missing atoms (“holes”) on the (101) surfaces.

Upon geometry optimization of 1 and 2, the largest structural distortions with

respect to the bulk crystalline structures occur at the Ti4c under-coordinated sites,

which rearrange from the under-coordinated octahedral configuration characteristic

of the bulk-truncated structure to a distorted tetragonal configuration. The elec-

tronic structure for NCs 1 and 2 computed at the PBE-PW [189–191] level are

compared in terms of DOS in Fig. 11, focusing on the manifold of unoccupied

states. Similar band gaps of 1.68 (2.71) and 1.79 (2.83) eV were computed for

1 and 2 by PBE-PW (DFTB), respectively. As mentioned above, the PBE-PW

calculated band gaps are considerably underestimated compared to the 3.2 eV

experimental band gap of anatase TiO2.

The unoccupied states of lowest energy for NC 1, of titanium t2g character,

are localized within the central part of the NC, mainly at the intersection of the

(100) and (101) surfaces (left panel of Fig. 12). At higher energy, the unoccupied

168 M. Pastore and F. De Angelis



states are progressively more delocalized, with the lowest energy state completely

delocalized over the NC structure (right panel of Fig. 12) being found

ca. 0.3–0.4 eV above the LUMO, in agreement with both electrochemical and

spectro-electrochemical results [169–171, 192]. These results suggest the presence

of inherent trap states in perfectly stoichiometric and crystalline TiO2 NCs due to

under-coordinated surface Ti(IV) ions at the (100) facets.

To investigate whether the boundaries between sintered NCs can introduce elec-

tronic trap states at the bottom of the unoccupied states manifold, we constructed

models of sintered NCs by attaching two TiO2 NCs at their available surfaces. The

optimized structures of two NCs of type 2 (see Fig. 10d) with 101/101, 101/001,

001/001, and 100/001 interfaces are shown in Fig. 13. The same picture holds for

NCs of type 1. The computed DOS for the sintered configurations confirms that the

shape of the DOS tail is largely not affected by the NCs boundaries, while subtle

differences in the distribution of the trap states are found for those configurations

where some under-coordinated Ti sites are saturated, such as in the 101/101 and

100/001 models in Fig. 13. These results indicate that, upon full relaxation, the

structure of two interacting NCs tends to become similar to a bulk like structure.

Fig. 10 (a, b) Schematics of the truncated bipyramidal NCs, showing (101), (100), and (001)

surfaces from different views. (c) Optimized geometry of the TiO2 NC model 1. (d) Optimized

geometry of the TiO2 NCmodel 2. Ti atoms are in gray, O in red, and H in white. Reproduced from
[188] by permission of The Royal Society of Chemistry (http://pubs.rsc.org/en/content/

articlelanding/2013/EE/C3EE24100A)
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Fig. 12 Representative unoccupied states characterizing the LUMO (left) and the higher energy

CB states, at ca. 0.3–0.4 eV above the LUMO (right). Reproduced from [188] by permission of The

Royal Society of Chemistry (http://pubs.rsc.org/en/content/articlelanding/2013/EE/C3EE24100A

Fig. 11 DOS profile (300 lowest unoccupied states) for models 1 (red line) and 2 (green line)
calculated at the DFTB optimized geometry with PBE/PW level of theory (σ ¼ 0.18 eV). The two

DOSs have been aligned at their maximum. The zero of the energy is set at the LUMO of 1. The

inset shows a magnification of the bottom region (σ ¼ 0.08 eV). The arrows in the inset show the

region of maximally localized states. Reproduced from [188] by permission of The Royal Society

of Chemistry (http://pubs.rsc.org/en/content/articlelanding/2013/EE/C3EE24100A)
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Obviously, this might not always be the case under the high temperature/short time

conditions used experimentally for NC film sintering (500�C for 30 min), also

considering that at that temperature the ligands surrounding the NCs are destroyed,

thus adding an additional level of disorder to the NCs interactions.
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Fig. 13 Optimized geometries for two interacting NCs (model 2) with the 101/101, 101/001,
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2.2.2 ZnO Models Relevant to DSCs

As mentioned above, TiO2 clusters of sizable but finite size can provide electronic

properties comparable to those of extended systems. This is a general property of

the material, which is independent of the adopted level of theory, and which

translates into size-independent electronic properties above a size of ca. 1–2 nm.

The situation is completely different for ZnO and for related ZnX materials (with

X ¼ S, Se, and Te), which all exhibit strong quantum confinement effects [193–195].

As examples of this behavior we mention that 0.7–1.5 nm radii colloidal ZnO

particles show absorption onsets in the range 3.7–3.8 eV, which are found to shift

towards the bulk band-gap value of 3.3–3.4 eV with increasing particle size

[193–195]. The interesting and tunable optoelectronic properties of these materials

have thus been exploited in various applications, including semiconductor substrates

for DSCs and components of inorganic hybrid heterojunctions [196–199].

Following the work on TiO2 cluster substrates, we devised several different

models of ZnX nanostructures, ranging from 0D to 3D systems [200–202]. Here we

briefly illustrate the basic computational strategy adopted for ZnO nanostructures

and the main results relevant in the DSCs framework. Various computational

investigations of dye sensitized ZnO have been reported [203–206], although to

the best of our knowledge a full quantum mechanical study of such a system

including a description of the interacting excited states and the effect of quantum

confinement on realistic nanostructures was reported only recently by us

[207]. While band-gap transition energies of bulk ZnO can be reasonably

approximated by differences of the Kohn–Sham (KS) single-particle molecular

orbital energies [155, 208, 209], excitation energies in confined nanostructures

can be accurately computed by TDDFT, in which Coulomb and exchange-

correlation effects, as well as configurational mixing of single excitations, are

properly taken into account [210]. A further effect, which should be taken into

account to simulate realistically the optical properties of ZnO nanostructures, is the

inclusion of solvation effects on the calculated quantities. Solvation effects have

been observed to lead to ca. 0.2 eV red-shift in the luminescence of ZnO particles in

solution compared to dry ones [211].

1D, 2D, and 3DZnOclusters of various dimensions have been set up starting from the

bulk wurtzite structure. As previously noted, the polarity of the Zn- and O- terminated

(0001) and (0001) surfaces induces the simulated ZnO to becomemetallic unless proper

saturation of the polar surfaces is taken into account [209, 212]; this in turn is associated

with establishment of an unrealistic net dipole moment along the c axis, which diverges
with increasing dimension along this axis. Moreover, structural instability of ZnO

clusters exposing unsaturated polar surfaces has been observed [212, 213], leading to

a phase transition from the wurtzite to the rock-salt structure [213]. We confirmed these

results and therefore saturated the polar surfaces of our nanostructures by dissociating

water molecules at those surfaces, with H+ (OH�) adsorbing on the O-terminated

(Zn-terminated) surfaces [212]. The number and adsorption sites of dissociated water
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molecules was varied until minimization of the energy and of the dipole along the c axis

is achieved.Dissociativewater adsorption is found to take place at the hollow sites on the

Zn-terminated surface, in agreement with previous results, which showed this process to

be exothermic by ca. 0.8 eV per water molecule for one monolayer coverage [212].

A calibration of the computational set-up based on realistic structures showed

that employing the B3LYP functional modified to contain 27.5% of Hartree–Fock

exchange together with a SVP basis set led to reasonably converged results for the

optical band gap of realistic ZnO nanoparticles compared to experimental values

[200]. With this set-up we investigated the electronic and optical properties of 1D

and 2D ZnO nanostructures to compare them to the 3D model constituted by the

(ZnO)111 cluster. 1D nanowires have previously been investigated by Shen

et al. [214] and were found to be stable compared to nanotubes for large diameters.

Here we restrict our investigation to the smallest nanowire/nanotube possible while

preserving the wurtzite structure, and explore the variation of the electronic and

optical properties as a function of the wire length along the c axis for systems

saturated by two water molecules, with tube/wire lengths of 1.6, 3.2, 4.8, and

6.4 nm; see Fig. 14. Also reported in Fig. 14 are the simulated TDDFT absorption

spectra, obtained by a Gaussian convolution with FWHM of 0.48 eV, calculated for

the wire series in solution, taking into account the lowest three excited states. As

can be seen, the absorption maxima shift substantially upon increasing the wire/

tube length, to essentially saturate for the longest structures. The fact that the

excitation energy saturates for a system of 6.4 nm dimension is consistent with

reported values for the exciton radius in ZnO of the order of 3–4 nm [215, 216].

The 2D nanostructures, or surface slabs, are suitable for the simulation of the

apolar ZnO surfaces andmight constitute the basis for the investigation of adsorption

of dye-sensitizers onto ZnO [203] which are of interest for dye-sensitized solar cells.

Here we performed a systematic investigation of the electronic and optical properties
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Fig. 14 Left: Optimized geometrical structure of the [(ZnO)18(H2O)2], [(ZnO)36(H2O)2],

[(ZnO)54(H2O)2], and [(ZnO)72(H2O)2] nanowires. The wire lengths (Å) are also reported.

Red¼O, yellow¼Zn, white¼H atoms. Right: Calculated TDDFT absorption spectra for the

[(ZnO)18(H2O)2], [(ZnO)36(H2O)2], [(ZnO)54(H2O)2], and [(ZnO)72(H2O)2] nanowires. Adapted

from [200] by permission of the PCCP Owner Societies
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of such 2D structures, by keeping fixed the length along the c axis to that of the

(ZnO)111 cluster and varying the length along the [1210] axis. Starting from the

unidimensional [(ZnO)18(H2O)2] structure, we investigated the [(ZnO)30(H2O)3],

[(ZnO)42(H2O)4], and [(ZnO)54(H2O)5] 2D nanostructures, formally obtained from

the former by enlarging the surface by a factor 2, 3, and 4, respectively (see Fig. 15).

For the considered 2D nanostructures, we find the lowest TDDFT excitation energy

in solution to be almost independent of the surface extension, with calculated values of

3.93, 3.97, and 3.96 eV for [(ZnO)30(H2O)3], [(ZnO)42(H2O)4], and [(ZnO)54(H2O)5],

respectively, which are, as expected, higher than the lowest excitation energy for the

reference (ZnO)111 cluster (3.59 eV). Altogether, these results suggest that the main

directions responsible for quantum confinement correspond to the [1010] and [0001]

crystal axes.

The optimized geometries of the [(ZnO)111(H2O)12] and [(ZnO)222(H2O)12] 3D

nanostructures (Fig. 15), preserve the wurtzite structure with a conduction band width

exceeding 10 eV. The investigated 2D and 3D systems show a progressively lower

conduction band edge energy, which alters the distribution of dye/semiconductor

molecular orbitals and the nature of the excited states, strongly affecting the electronic

coupling across the dye-sensitized semiconductor interface. As an example, for

[(ZnO)111(H2O)12] and [(ZnO)222(H2O)12] 3D nanostructures, we calculate the lowest

Fig. 15 Left: Optimized geometrical structure of the [(ZnO)30(H2O)3], [(ZnO)42(H2O)4], and

[(ZnO)54(H2O)5] 2D nanostructures. Red¼O, yellow¼Zn, white¼H atoms. Right: Optimized

geometrical structure of the [(ZnO)128(H2O)12] and [(ZnO)222(H2O)12] 3D nanostructures. The

dashed arrow indicates the c axis along the [1210] direction. Adapted from [200] by permission of

the PCCP Owner Societies
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TDDFT excitation energies in solution at 3.59 and 3.50 eV, which are both in good

agreement with the experimental values for similar size nanoparticles [193, 194]. Our

results highlight the very relevant role and the challenge of properly describing the

nature and the alignment of excited state energy levels at the dye/ZnO interface.

3 Dye Adsorption on Semiconductor Surfaces

The primary dye/semiconductor interactions are mediated by the dye adsorption mode

onto the semiconductor surface. The simulation of the adsorption mode of a single

adsorbent on TiO2 and ZnO is thus briefly reviewed here. A crucial characteristic for

efficient dyes is the presence of suitable functional groups able to bind strongly to the

semiconducting oxide surface. To favor ultrafast electron injection, the anchoring group

should indeed coincide with, or be very close (conjugated) to, the dye acceptor unit,

where the photo-excited electrons are spatially confined. This promotes electronic

coupling between the donor levels of the excited dye and the delocalized acceptor levels

of the semiconductor conduction band, and helps the charge injection process [217]. The

orientation and packing of adsorbed dyes on the semiconductor surface also strictly

depend on the binding motif, possibly affecting the rate and effectiveness of parasitic

recombination reactions [47, 218, 219]. Finally, the sensitizer’s anchoring group should

provide stable grafting of the dye onto semiconductor surface, thus leading to long-term

device stability [220–222].

In an effort to design new and more stable and efficient dyes, it is then clear how

fundamental it is to disclose the adsorbing mode shown by the most commonly

employed sensitizers and by the newly designed ones, with the ultimate goal of

individualizing and optimizing many aspects that affect the DSCs’ performance,

such as the solvent used for the sensitization process [223, 224], the use of

co-adsorbent species [225, 226], and the electrolyte composition [227].

3.1 Organic Dyes on TiO2

3.1.1 Binding Modes: Theory vs Experiment

From an experimental standpoint, information on the dye binding modes at the

semiconductor/dye interface, are conventionally accessed by vibrational spectro-

scopy [Fourier Transform InfraRed (FT-IR) spectroscopy and Surface-Enhanced

Raman Spectroscopy (SERS)] [228–237]. These techniques can provide structural

details about the adsorption modes as well as information on the relative orientation

of the molecules anchored onto the oxide surface. Photoelectron Spectroscopy

(PES) has also been successfully employed to characterize the dye/oxide interface

for a series of organic dyes [238–242]. The analysis of the PES spectra yields

information on the molecular and electronic structures at the interface, along with

basic indications of the dye coverage and of the distance of selected atoms from the
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surface. More recently, X-ray reflectometry has also been employed to unravel the

orientation of dye molecules adsorbed onto TiO2 surfaces [29].

The anchoring mechanism of the largely employed carboxylic acid group to the

TiO2 surface can be exemplified by referring to the coordination modes of the

carboxylate fragment (COO�) to metal ions; there are basically three typical

coordination schemes: monodentate, bidentate chelating, and bidentate bridging

[243]. An empirical rule, derived by Deacon and Philips [244], correlates the

difference between the asymmetric and symmetric stretching frequencies (Δνas)
of COO� and the type of coordination: if the measured Δνas for the adsorbed

species is larger than that measured for the neat salt, a monodentate coordination

is supposed to take place; otherwise if Δνas is similar or smaller than that of the

corresponding salt, a bidentate bonding mode is hypothesized. Identification of the

COO� symmetric and asymmetric vibrational frequencies is usually possible for

simple carboxylic acids, but often realistic dyes show a plethora of overlapping

absorptions in the 1,400–1,600 cm�1 range, which hinder identification and/or

assignment of the diagnostic carboxylic modes.

Along with experimental investigations, a number of theoretical studies of the

dye adsorption modes on the TiO2 surface have been published,[46, 47, 50, 53, 105,

219, 230, 236, 245–253] starting from the pivotal work by Vittadini et al. on formic

acid adsorption on the TiO2 anatase (101) surface [254]. In some cases, calculations

showed that for organic dyes bearing a carboxylic acid as anchoring group, the

preferred adsorption mode was bidentate bridging, with one proton transferred to a

nearby surface oxygen [50, 219, 255, 256], while monodentate anchoring is usually

predicted to be less stable, although some dependency of the relative stability of

these two anchoring modes on the employed computational methodology has been

outlined [254, 257, 258].

Recently [237] an integrated experimental/computational strategy, combining

FT-IR measurements with DFT computer simulations, has been applied to find the

most energetically favorable adsorption mode for a carboxylic acid probe, followed

by calculation of the IR spectra and structure validation by comparison with experi-

mental data. In particular, the work has been focused on the adsorption of prototypical

dyes, exploiting the typical diagnostic symmetric and asymmetric stretching

frequencies of the carboxylic group, and choosing the structural simplicity of acetic

acid as a meaningful model for realistic organic dyes. Acetic acid offers the advantage

of having the most commonly employed carboxylic acid group of realistic dyes,

coupled to a single methyl group, substantially simplifying the IR spectrum.

The carboxylic group was initially considered to be protonated, as required by

the dye solution charge neutrality. The acidic proton can then be either transferred

to the oxide surface (both in a bidentate and monodentate anchoring mode) or be

retained on the dye and possibly interact with a surface oxygen via hydrogen-

bonding. We considered here two different monodentate binding modes (M1 and

M2) and a bridged bidentate (BB) anchoring (see Fig. 16). In M1 the –OH group

interacts with a surface oxygen which is not directly bound to the adsorption-

involved Ti atom, while in M2 the interaction is instead established with the

adjoining surface oxygen; see optimized geometries in Fig. 16.
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For the description of the TiO2 semiconductor we used two stoichiometric

(TiO2)n clusters, with n ¼ 38 and 82, which have been demonstrated to reproduce

to a good degree of accuracy the DOS of periodic TiO2 surfaces [248]. The two

cluster models are used to gauge the stability of the various adsorption modes,

allowing for the comparison of hybrid and GGA DFT functionals. We then resorted

to a (TiO2)32 periodic slab for comparison purposes. It was recently shown that

TiO2 anatase slabs, with a thickness similar to our cluster or periodic models, nicely

reproduce the electronic structure of thicker films [250]. In all cases, our TiO2

models expose the majority (101) surfaces. We refer the reader to [237] for

technical details on the cluster/periodic calculations and FT-IR measurements

discussed in the following.

For the interactingAcOH/TiO2 system, the relative energies of theM1,M2, andBB

adsorption modes (see Table 2) were calculated. Different calculation levels were

employed and the effect of water solvent on the adsorption stability was also taken in

account on the geometries optimized in vacuo. Considering the PBE/DZ(TZ)VP [259]

Fig. 16 Optimized geometrical structures of the investigated adsorption modes of acetic acid onto

the TiO2 surface. Reproduced from [237] by permission of the PCCP Owner Societies

Table 2 Relative stabilities (kcal/mol) of the various investigated adsorption modes of AcH on

TiO2

Geometry optimization Energy evaluation BB M1 M2

CL/ADF/PBE/DZ(TZ)VP PBE/DZ(TZ)VP Vac 0.0 +10.1 �4.1

PBE/PWs Vac 0.0 +8.9 �4.1

PBE/6-311G** Vac 0.0 +7.3 �1.6

Solv 0.0 +4.2 +1.4

B3LYP/6-311G** Vac 0.0 +10.8 �0.9

Solv 0.0 +6.5 +1.3

PBC/CP/PBE/PWs PBE/PWs Vac 0.0 �12.1 �10.8

Both results obtained with a cluster (CL) and a periodic (PBC) TiO2 model are reported. PBE/DZ

(TZ)VP data were obtained by the ADF code and PBE/PWs by the CP code; PBE/6-311G** and

B3LYP/6-311G** have been obtained by the Gaussian code
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level used for geometry optimization on the cluster-adsorbed systems, at least two

structures should be taken into account in terms of relative energy, i.e., BB and M2.

Data in 2 suggestM2 to be themost stable structure, as previously found for acetic acid

adsorption on the (110) TiO2 surface in [260]. On the same (ADF) optimized cluster

geometries, the relative stabilities calculated by the PBE functional by ADF [261],

Car–Parrinello (CP) [191], and Gaussian03 [262] programs in vacuo are totally

consistent, despite the different basis sets (Slater, Gaussian, and Plane Waves),

showing a similar description of the dye/TiO2 interaction by all such computational

approaches.M2 is predicted to be themost stable structure,withBB lying very close in

energy and M1 much higher. B3LYP data in vacuo are consistent with the

corresponding PBE data, suggesting a marginal effect of the functional. Moving to

the solution environment, BB was calculated to be the most stable structure both with

B3LYP and PBE,withM2 andM1 lying, respectively, 1.3 (1.4) and 6.5 (4.2) kcal/mol

higher in energy at the B3LYP [263] (PBE) level. These results are in line with

previous calculations, showing a sizable sensitivity of the more stable adsorption

mode for carboxylic acids and organic dyes onto the (101) TiO2 surface in the presence

of explicit solvent molecules [257, 264, 265].

Surprisingly, a totally different stability order is calculated if one considers the

CP optimized geometries within PBC TiO2 description (PBE/PWs entries in

Table 2), which show the M1 adsorption mode to be the most stable structure,

in line with the results of Vittadini et al. on the prototype formic acid system

[254]. Considering the large variability of computed stabilities with the employed

geometry optimization method and, since based on the relative energies alone it was

not possible to discriminate clearly among the possible AcOH adsorption modes,

for each of the considered structures, the IR vibrational frequencies at the same

PBE/DZ(TZ)VP level of theory used for geometry optimization were calculated.

A summary of the main IR peaks and their assignment is reported in Table 3.

Looking at the calculated frequencies, the BB adsorption mode well reproduces

the three main spectral features, showing three intense signals at 1,543, 1,432, and

1,351 cm�1, compared to experimental signatures at 1,558, 1,435 and 1,340 cm�1,

respectively. The assignment of the 1,543 cm�1 feature to the asymmetric COO�

stretching is straightforward, while the two modes calculated at 1,432 and

1,351 cm�1 result from the admixture of the symmetric COO� stretching and of

the δCH3 mode. For the BB structure, the separation between the asymmetric and

symmetric COO stretching is 111, comparing reasonably with the 134 cm�1 value

found experimentally. Based on the simulated IR spectra, the presence of the

monodentate species M1 and M2 (either dissociated or undissociated) can be

ruled out, due to the significant discrepancies found in their IR spectra compared

Table 3 Calculated

(unscaled) and experimental

IR frequencies for AcOH

adsorbed onto TiO2

Frequencies BB M1 M2 Exp.

νas COO 1,543 1,614 1,748 1,558

νsym COO 1,432 1,425 1,377 1,424

δ CH3 1,351 1,335 1,416 1,335

Δ(νas�νsym) 111 189 371 134
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to the experimental data. The experimental spectra show no trace of peaks of the

characteristic carbonyl stretching belonging to the M2 adsorption mode

(~1,760 cm�1). For M1 the feature at ~1,550 cm�1 is missing, so even if the

low-lying carbonyl stretching (1,614 cm�1) were overlapping with the residual

water peak, found at 1,630 cm�1, this mode can be excluded. It has to be noted that

frequency assignment in these two cases is complicated by the admixture of several

modes, including OH stretchings, so that for M1 and M2 the mode assignments in

Table 3 should be taken with some care, although the listed frequencies are those

displaying the highest intensity in the investigated energy range. Summarizing,

combined experimental and computational modeling of acetic acid adsorption on

TiO2 points at the BB structure as the most likely AcOH adsorption mode, consis-

tent with the calculated energetics in solution.

3.1.2 Effect of Different Anchoring Groups on the Electron Injection/

Recombination Dynamics

As already stated, the bonding type and the extent of electronic coupling between

the dye excited state and the semiconductor unoccupied states can directly influence

the cell performances [1]. An emblematic case is represented by the D5L2A1 (also

known as D5) [266, 267] and D5L2A3 [239] dyes, which only differ in the

anchoring unit, namely a conjugated cyanoacrylic acid in the former and

non-conjugated rhodanine-3-acetic acid in the latter; see molecular structures in

Fig. 17. The loss of electron conjugation between the donor-linker moiety and the

Fig. 17 Molecular

structures of the D5L2A1

and D5L2A3 dye sensitizers
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anchoring –COOH group passing from the cyanoacrylic acid to the rhodanine-3-

acetic acid, seems to be the cause of the drastic drop in the photovoltaic conversion

efficiency of D5L2A3 (~2%) [239] compared to D5L2A1 (~6%) [266, 267]. Wiberg

et al. [218] reported that the two different sensitizers showed unitary electron

injection efficiency but substantially different rates of charge recombination

between the photo-injected electrons and the oxidized dye, with estimated losses

of 80% and 50% of injected electrons for D5L2A3 and D5L2A1, respectively,

within 1.4 ns.[218]

Thus we discuss here the possible anchoring modes to the TiO2 surface of two

representative organic dyes employed in DSSC devices [239, 268], hereafter

referred as L0 and rh-L0 (optimized structures grafted on the TiO2 slab in

Fig. 18). These two dyes are interesting in themselves, being experimentally

employed in DSSC and, having TPA donor groups and cyanoacrylic and

rhodanine-3-acetic acids acceptor moieties, respectively, representing valuable

models for the D5L2A1 and D5L2A3 dyes, subjects of the investigation of Wiberg

Fig. 18 Left: Optimized structures of the L0 (upper panel) and rh-L0 (lower panel) dyes on TiO2.

Right: Chemical structures of L0 (top) and rh-L0 (bottom). Adapted from [237] by permission of

the PCCP Owner Societies
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et al. [218]. We consider here both monodentate and bidentated binding: see

optimized structures in Fig. 18 and the relative energies of BB, M1, and M2

adsorption modes in Table 4. The calculated data follow the trend outlined above

for acetic acid adsorption, whereby at the PBE/DZ(TZ)VP/vac level of theory, M2

is slightly more stable, by 1.5 kcal/mol, than the bidentate structure, BB, while the

M1 configuration seems to be strongly destabilized (ca. +10 kcal/mol) with respect

to BB. Single point calculations on the optimized structures in solution, however,

always indicate the bidentate configuration as the preferred one, giving the stability

ordering BB > M2 > M1. Although all three investigated structures would be

compatible with the PES data for the related D5L2A1 dye [238], which indicate

that the molecule lies with the donor (TPA) group pointing out from the surface and

the acceptor CN group close to the TiO2, our calculated stabilities are suggestive of

a bidentate coordination mode for L0 and analogous dyes bearing a cyanoacrylic

anchoring group [50]. Similar remarks can be made for rh-L0: at the PBE/DZ(TZ)

VP/vac level of optimization, the bidentate structure is the most stable adsorption

mode. Although small energy differences are calculated between different levels of

theory, these data indicate overall that the bidentate coordination is also favored for

the rhodanine dyes, and therefore we conclude that rh-L0 as well as the related

D149 and D102 [219] dyes lie almost flat with an inclination of about 45� with

respect to the TiO2 plane, as also found in previous works [27, 269].

As discussed byWiberg et al. [218], the substitution of the cyanoacrylic anchoring

group with the rhodanine-3-acetic acid one, by breaking the electron conjugation

between the donor-linker moiety and the COOH anchoring unit, should drastically

reduce the coupling between the dye and the TiO2. This is effectively retrieved both

experimentally and theoretically for perylene dye-sensitized TiO2 [252, 270–272],

for which a substantially different coupling was found by varying the nature of

the anchoring group leading to associated different measured injection dynamics.

A qualitative analysis of this different dye/semiconductor coupling for L0@TiO2

Table 4 Relative energies (kcal/mol) of BB, M1 and M2 adsorption modes of L0 and rh-L0 on

(TiO2)38

Energy evaluation BB M1 M2

L0 dye

PBE/DZ(TZ)VP Vac 0.0 +10.9 �1.5

PBE/6-311G** Vac 0.0 +10.8 +2.6

Solv* 0.0 +8.4 +7.4

B3LYP/6-311G** Vac 0.0 +14.9 +3.6

Solv 0.0 +10.9 +7.7

rh-L0 dye

PBE/DZ(TZ)VP Vac 0.0 +7.1 �1.9

PBE/6-311G** Vac 0.0 +6.7 �5.6

Solv* 0.0 +0.4 +5.0

B3LYP/6-311G** Vac 0.0 +8.1 +2.9

Solv 0.0 +0.4 +7.7

From [47] PBE results in water (Solv* entry) solution were obtained with the 6-311G** basis set
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and rh-L0@TiO2 systems is reported in Figs. 19 and 20, where a comparison between

the DOS profiles and an energy level alignment diagram with the plots of the

representative molecular orbitals are reported, respectively. As can be seen, while

Fig. 19 Plots of density of states (DOS) for the L0 (blue lines) and rh-L0 (black lines) dyes.
(a) Dyes contribution. (b) (TiO2)38 cluster contribution. (c) Total DOS. Reproduced from [47]

by permission of the PCCP Owner Societies

Fig. 20 Isodensity surface plots of some representativemolecular orbitals of the L0@TiO2 (left side)
and rh-L0@TiO2 (right side) systems and their relative energy alignment. Reproduced from [47]

by permission of the PCCP Owner Societies

182 M. Pastore and F. De Angelis



the two systems show a marked difference in the dye projected DOS (a in Fig. 19),

no appreciable shift in the TiO2 and total DOS is observed (b and c in Fig. 19,

respectively). The narrow projected DOS peak of rh-L0 clearly indicates a negligible

mixing between the excited state of the dye and the manifold of the TiO2 CB, as is in

fact shown in Fig. 20, where we found at �2.81 eV a molecular orbital essentially

corresponding to the pure LUMO of the dye (93% of electron density localized on the

dye molecule). Conversely, for the conjugated L0@TiO2 system, the dye-projected

DOS exhibits a broader shape, being indicative of a considerable mixing between the

dye excited state and the TiO2 CB states. Considering a window of 40 unoccupied

orbitals, in Fig. 20, we report only the three molecular orbitals with a contribution to

the electron density from the dye larger than 10%: these are located at �2.94 (13%),

�2.62 (13%), and �2.50 eV (21%); the remaining 53% of dye LUMO character is

spread over the other CB states considered here. In Fig. 20 we also report the energy

distribution of the TiO2 unoccupied states, with the lower-energy and less-dense

region, corresponding to more localized trap states and the higher-energy states

which are, as expected, completely delocalized. It is worth mentioning that our

calculated alignment of energy levels is in excellent agreement with spectro-

electrochemical data showing essentially the same energy of the dye excited state,

with D5L2A1 [268] only slightly higher thanD5L2A3 [239].Moreover, taking for the

TiO2 conduction band edge a typical value of ca.�0.5 vs NHE [1], a “driving force”

for electron injection of 0.86 (D5L2A1) and 0.54 V (D5L2A3) is inferred from the

spectro-electrochemical data, compared to a ~0.5–0.6 eV difference calculated in

Fig. 20.

How can such a different electronic coupling influence the ET kinetics? In [218] for

the analogous D5L2A3 and D5L2A1 dyes, no difference in the rate of electron

injection <100 fs (the instrument set up limit) could be measured, but rather when

the rhodanine-3-acetic anchoring group was considered (D5L2A3) the back recombi-

nation reaction between photo-injected electrons and the oxidized dyes was

accelerated. A difference in the location of the injected electrons was invoked to

justify such differences in the back recombination rates: the electrons injected by

D5L2A3 are supposed to be located at the semiconductor surface to a higher extent

than those injected by D5L2A1. Therefore, the electron injection reactions for the two

classes of dyes turn out to be comparably fast and efficient, even if intimately different

in the mechanism: in L0 (D5L2A1), given the strong coupling, the photo-excited

electron has a large probability to be directly injected into the CB states or if a long-

lived charge-separated dye excited state is formed it is immediately and adiabatically

transferred to the oxide acceptor states; in the case of rh-L0 (D5L2A3) the

non-adiabatic electron injection from the dye excited state also follows ultrafast

kinetics owing to the high-density of accessible acceptor isoenergetic states (see

Fig. 20) as well as a modest donor-acceptor separation, being approximately 5 Å

(see BB1 structure in Fig. 18).

To discuss the differences in the recombination reactions [169, 273] it is worth

remembering that the kinetics of recombination between the injected electrons and

the dye cations are strongly dependent upon the electron density in the conduction

band/trap states (the rate accelerates as the cell voltage is increased), the electrolyte
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composition [274–276], and the spatial separation of the charge hole localized on

the oxidized dye, which can be assimilated to the HOMO of the neutral dye, and the

TiO2 surface [173, 277]. Solely on the basis of the discussed results, i.e., of the

different charge injection mechanisms, it is not straightforward to hypothesize a

different location of the injected electrons as one should take into account the

complex dynamics of the delocalization of the electrons into the oxide bulk as well

as their relaxation pathways to the CB edge [278]. We can however speculate that

for the rh-L0 dye, and in general for those dyes characterized by a weak electronic

coupling with the semiconductor CB, the prevalence of a non-adiabatic electron

injection mechanism implies an exponential dependence of the electron transfer

rate upon the dye donor/semiconductor acceptor states, i.e., the electronic coupling

is determined by the tunneling probability, with the associated exponential decay. It

can therefore be conceived that a high probability of electron injection would

correspond to semiconductor CB states localized close to the dye LUMO, i.e., CB

states localized at the semiconductor surface rather than within the bulk, from

which a faster recombination with oxidized dyes can be expected. One can further-

more elaborate that the different orientation of the dyes with respect to the surface,

determined by the different anchoring unit, results in a different dye HOMO/TiO2

CB separation even considering the same nature of the CB states involved in the

electron injection from L0 and rh-L0 dyes. Looking at the bidentate structures

reported in Fig. 18, and considering the TPA donor unity, the dye HOMO/TiO2

distance can be roughly estimated to be 8–10 Å for L0 and 6–8 Å for the rh-L0 dye.

By extrapolating this data for the longer D5L2A1 and D5L2A3 dyes examined by

Wiberg et al. [218], we calculate a dye HOMO/TiO2 separation of 14–16 Å and

9–11 Å for the two dyes, respectively. These results might also account for the

measured differences in the recombination rates, whereby a closer proximity of

the hole localized on the dye to the semiconductor surface would lead to higher

recombination rates [279]. This hypothesis also seems to be corroborated by

the recombination kinetic data recently reported by Long et al. [280] which, despite

a reversed HOMO energy compared to the present case, showed an increased

recombination rate between injected electrons and the oxidized sensitizer for the

dye bearing the rhodanine-3-acetic acid (D205, more positive oxidation potential)

compared to that having the cyanoacrylic acid group (C218, less positive oxidation

potential).

A large body of theoretical investigations has been specifically devoted to the

effect of the dye anchoring and spacer groups in determining the efficiency of the

electron injection steps and the minimization of parasitic recombination processes

[47, 217, 251, 252, 281–290]. The effect of the anchoring group on the electron

injection dynamics in dye-sensitized semiconductor surfaces was pioneered by

Persson and co-workers in a series of papers [217, 281–283, 291]. These authors

exploited the Newns–Anderson model framework to estimate the lifetime of an

electron initially residing on the dye LUMO when it comes into contact with the

manifold of unoccupied semiconductor states. The resulting state broadening is an

estimate of the injection time. The main findings of these studies are that a

conjugated anchoring group, e.g., a perylene dye featuring a double bond
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connecting the donor and acceptor moieties (1 in Fig. 21), exhibits a much stronger

interfacial coupling and shorter electron injection time than the same system with a

non-conjugated anchoring group (2 in Fig. 21).

Persson, Thoss and co-workers later performed quantum dynamics simulations

on the same perylene systems, confirming the static electronic structure picture

[284]. We also reported on the same conjugated and non-conjugated perylene dyes

of Fig. 21, performing TDDFT excited state calculations for the dyes adsorbed on a

model TiO2 nanoparticle.

An interesting contribution to the “anchoring group” issue came recently from

the Troisi group, who systematically investigated electron injection times in a series

of different dyes. They set up a new computational strategy, which allows one to

compute the injection times by simply investigating the TiO2-anchoring group

interface, without the need to compute the entire dye/semiconductor system. For

dyes carrying the same anchoring groups this clearly represents an advantage, since

a single calculation on the anchoring group/TiO2 is needed, followed by simple

molecular investigations on the isolated dyes. The ET rate is expressed in terms of

coupling and overlap matrix elements, and the semiconductor’s energy-dependent

density matrix. Here we briefly review the results for the search for the optimal dye

anchoring group. The authors investigated a series of possible anchoring groups,

reported in Fig. 22, in combination with a perylene donor moiety.

The authors investigated the attachment chemistry and computed the binding

energies of 15 different anchoring groups on both anatase (101) and rutile (110)

surfaces. Periodic calculations using the B3LYP functional were performed.Most of

the groups were found to have multiple stable adsorption modes, with a total of

35 adsorption modes on anatase (101) and 26 adsorption modes on rutile (110). For

each anchoring group and each observed adsorption geometry, the authors computed

the electron injection time for a perylene molecule bearing the selected group on

anatase (101) and rutile (110). Here we just comment on the injection times for the

most stable adsorption geometries, which are reported in Fig. 23. The representation

of Fig. 23 allows for an immediate visualization, in the top left quadrant of the

diagram, of the anchoring groups that can be considered promising alternatives to the

Fig. 21 Optimized

molecular structures of the

perylene dyes 1 and 2.

Reprinted from [252] with

kind permission of Elsevier
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common carboxylic acid in terms of good properties for both anchoring stability and

injection. Various interesting alternatives to the most common carboxylic or

phosphonic acid anchoring were pointed out by this computational investigation,

such as acetylacetone (c) and hydroxamic acid (d) anchors, which both display good

computed binding and injection characteristics. A main conclusion of this study is

that the results are not easily predictable on the basis of chemical intuition alone

because the electron injection rate is determined by the delicate balance between

weights of the dye LUMO and the orbital couplings. While the former is due to the

electron distribution of the dye, which can be intuitively predicted, the latter is

influenced by the adsorption geometry and the surface electronic structure, which

are much harder to guess.

3.2 Ruthenium-Dyes on TiO2

Similarly to what has been discussed for modeling studies on the isolated dyes, the

success of theN3/N719 sensitizer inDSCs has led to several theoretical/computational

investigations being devoted to studying the adsorption and electronic/optical

properties of this complex on TiO2 [46, 105, 118, 246–248, 291–294]. In parallel,

various computational investigations have been reported for the adsorption of the

black dye onTiO2, using both cluster andPBCapproaches [114–116], including recent

work from our lab [118].

The first DFT investigation of a Ru(II)-dye adsorbed onto TiO2 was reported by

Persson et al. in 2005 [295]. The adsorption mode occurred via a single bipyridine

ligand, which was binding to TiO2 in a bidentate dissociative way. The lowest

Fig. 22 (a–o)Molecules with model anchoring groups studied in [290]. Reprinted with permission

of [290]. Copyright (2012) American Chemical Society
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TDDFT excited states for the combined systemwere calculated and an injection time

of 10 fs was estimated [291]. The effect of TiO2 protonation and of the dye

adsorption mode for the N719 system on TiO2 was later simulated by us [46, 105].

In an effort to optimize the overall device conversion efficiency, it was found that

the sensitizer’s carboxylic groups, the photocurrent, and the open-circuit voltage

significantly increase and decrease by increasing the number of protons carried by

the sensitizer’s carboxylic groups respectively. Optimal performances were

obtained for dyes carrying one to two protons over a possible range of zero to four

[104, 105]. Since some of the sensitizer’s protons can be transferred to the TiO2

surface [105], these observations indicate that protonation of the sensitizer and/or of

the surface can have an important influence on the electronic dye/semiconductor

coupling and on the position of the TiO2 conduction band in DSCs [234].

Moreover, unexpectedly, experiments have shown that VOC for DSCs employing

heteroleptic dyes is significantly lower compared to that observed using homoleptic

sensitizers containing the same number of protons [46]. This difference is likely to

Fig. 23 Electron injection times vs adsorption energy for different anchoring groups (a�o) for anatase

(101) and rutile (110). Reprinted with permission of [290]. Copyright (2012) American Chemical Society
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originate from the different adsorption modes of the two types of complexes onto

the TiO2 surface. Indeed, while homoleptic dyes, such as N3 or N719, can adsorb on

TiO2 using carboxylic anchoring groups residing on different bipyridine ligands

and hence using up to three carboxylic groups [246, 247], Fig. 24 (left side),

heteroleptic dyes, e.g., N621, C106, or Z907, necessarily adsorb via carboxylic

groups residing on the same bipyridine (two carboxylic groups) [28, 84], Fig. 24

(right side). For the related black dye, carrying a carboxy-substituted terpyridine

ligand, various anchoring modes were reported, depending on the protonation of the

dye [114], similar to what is found for the N719 dye [246].

3.2.1 N3/N719 Dyes

We have recently reported on the influence of the molecular adsorption geometry,

counterions, and surface protonation on the electronic structure of the dye/semi-

conductor systems by means of Car–Parrinello molecular dynamics combined with

single point hybrid functional calculations of the electronic properties [247] Our

results show that the homoleptic N719 and YE05 dyes, both bearing two bipyridine

ligands functionalized with four carboxylic groups, adsorb onto the TiO2 surface by

exploiting three carboxylic groups. A subsequent paper by Schiffmann et al. [246] has

confirmed that this adsorptionmode is the more stable when protons are present in the

combined dye/semiconductor system.

The bulky TBA counterions employed in N719 cause amodest energy down-shift

of the TiO2 conduction band, while the smaller Na+ counterions, which can access

the surface more closely, lead to a larger conduction band energy perturbation. Our

Fig. 24 Adsorption geometries of two prototypical Ru(II)-complexes: (left) N719 with three

points anchoring (one bidentate bridging and two monodentate) and (right) C106 with two

monodentate points anchoring
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results also confirm that the surface protonation plays a fundamental role in deter-

mining the DSSC efficiency, with a strong impact on both short circuit photocurrent

and open circuit voltage. Altogether, our study provides evidence that adsorption of

the sensitizer via “three anchoring sites” is a key requisite to obtain high open circuit

potentials when employed in DSSC devices, thus paving the route to the design of

new and more efficient sensitizers.

Labat et al. [293] also reported a periodic DFT investigation of the N3 dye on

TiO2, considering binding through a single bipyridine ligand. This study confirmed

a highly favored electron injection step from the dye LUMO, with an estimated

injection time of 22 fs. An interesting study by the same authors was reported later

[292] in which the effect of the different binding and anchoring mode of the N3 dye

onto TiO2 on the electronic and optical properties of the joint system was presented.

Although, due to the limited available surface area, the authors considered only

binding via two carboxylic groups (see Fig. 25), they found that adsorption mode

BB, which exploits two anchoring groups from two different bipyridine ligands,

was the favored adsorption mode, similar to what was previously found by us

[46]. Most notably, the calculated injection times showed the BB adsorption

mode to exhibit the shortest value (3 fs), followed by the mixed monodentate-

bidentate, MB, and by the mixed monodentate bidentate with additional NCS

interaction, MB0 (22 and 100 fs, respectively). These results clearly highlight the

importance of the dye adsorption mode on TiO2 in mediating the interfacial

electronic coupling and therefore the injection time.

Almost at the same time, Martsinovich et al. [294] investigated the N3 dye

adsorption on the rutile (110) surface rather than on the anatase (101) surface as

from previous studies. These authors systematically investigated several dye

adsorption modes, as reported in Fig. 26, evaluating the energetics of the different

anchoring modes and the related electronic structures and injection times.

On the basis of the calculated adsorption energies, it was not possible to identify a

single adsorbed structure, which is more favorable than others. Instead, the authors

found several configurations with similar stabilities, which may co-exist or convert

into one another. The authors calculated injection times from the LUMO of the N3

molecule to the TiO2 conduction band for all the studied configurations; see last

column of Table 5. Injection from the molecule adsorbed via just one carboxylic

group (configuration 1) is slower (12–26 fs), similar to what was found by Labat

et al. [292]. The injection times for configuration 1 are also longer than the experi-

mental upper limit for the injection time for N3 on rutile and anatase, 12 and 20 fs

[296–300], and therefore the one-carboxylate configuration was ruled out. Among

the configurations adsorbed via two or three carboxylic groups, the structures with

only MH adsorption showed slower injection, above the experimental value of 12 fs

[300]; purely M adsorption also gives relatively slower injection. Configurations

with BB adsorption showed the fastest injection, similar to or faster than the experi-

mental upper limit, again in line with previous results [292].

The large body of studies on N3/N719 on TiO2 revealed that several adsorption

modes are energetically feasible, including anchoring by one, two, or three carboxylic

groups depending on the conditions (solvent, presence of acids/bases) and the type of
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substrate (anatase vs rutile). What is also noticeable is the substantial dependence

of the calculated electronic properties on the adsorption mode, with a peculiar sensi-

tivity of injection time from the latter. On a different note, the calculated optical

properties for various adsorption modes are less sensitive to the precise adsorption

Fig. 25 Side views of the (a) MB, (b) MB0 and (c) BB adsorption modes of N3 on TiO2 anatase

(101).Black, red, green, yellow, andwhite spheres represent C,O,N, S, andH atoms, respectively. Ru

and Ti atoms are shown as light blue spheres. Because of an approximate C2 axis along the bisector of

the N14–Ru–N140 and N8–Ru–N80 angles in the isolated N3 molecule, symmetry-related atoms are

designated with a prime. Reprinted from [292] by permission of Royal Society of Chemistry
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features [46], suggesting that the N3 dye might experience a heterogeneous environ-

ment when bound to the TiO2 surface which might be reflected in a spread of injection

times but not revealed by UV–vis spectroscopy.

As a final application for modeling the N3/N719 dye on TiO2, we report in

Fig. 27 the comparison between the experimental and TDDFT-calculated optical

absorption spectra for N719 bound to a large (TiO2)82 cluster. The TDDFT

calculations were performed on the GGA-optimized geometries, employing the

hybrid B3LYP functional with a 3-21G* basis set. The effect of the surrounding

water solvent is included by employing a polarizable continuum model of solvation

(C-PCM). To calculate the absorption spectrum up to ca. 2.5 eV, corresponding to

the entire first visible absorption band, a large number of singlet excited states were

computed (the 50 lowest transitions) with an associated large computational over-

head. We also calculated the lowest 25 triplet excited states (inset of Fig. 27).

The agreement between the calculated and experimental spectra in Fig. 27 is

excellent over the investigated energy range. The calculated spectral profile shows

a shape comparable to the experimental one, with the absorption maximum being

calculated at 552 nm (2.25 eV), compared to an experimental band maximum at

531 nm (2.34 eV). The small discrepancy between theory and experiment

(<0.1 eV) seems to confirm the accuracy of the employed model and adsorption

geometry. Since the use of cluster models for TiO2 could lead to some cluster size

dependency of the results [158], we compared the present data, obtained by N719

adsorbed onto a (TiO2)82 cluster, with our previous data for the same dye adsorbed

on the smaller (TiO2)38 cluster [105]. For N719@(TiO2)38 the TDDFT absorption

maximum was calculated at 2.07 and 2.27 eV, depending on the position of the dye

Fig. 26 Most stable adsorption geometries of N3 on rutile (110) slab (see also Table 5).

Reprinted from [294] by permission of the PCCP Owner Societies
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protons, suggesting a moderate role of the TiO2 cluster size in determining the

optical absorption of the joint dye/semiconductor system.

For N719@(TiO2)82, the lowest 17 TDDFT transitions, spanning an energy

range between 1.58 (S0!S1) and 1.88 (S0!S17) eV, correspond to direct

excitations from the dye HOMOs to the lowest unoccupied states of TiO2, with

negligible oscillator strength (<0.001), i.e., a vanishingly small probability of

being populated in absorption. The lowest excitation with a sizable oscillator

strength is the 18th (S0!S18) excited state, which is calculated at 649 nm

(1.91 eV). This transition is clearly responsible for the shoulder exhibited by the

experimental absorption spectrum in exactly the same energy range; see Fig. 27.

Table 5 Adsorption configurations of N3 on the rutile (110) slab, their adsorption energies and

injection times

Number Configuration

Structure Adsorption

energy (eV)

Injection

time (fs)Starting Final

1 1COOH-trans 1BB 1BB �1.07 11.8

1COOH-cis 1BB 1BB �1.08 26.3

2 2COOH-same-2rows 2BB 2BB �0.99 4.1

3 2COOH-same-1row 2BB 2M+2Hbonds �0.90 4.4

2BB 2M �0.62 23.2

2MH 2MH �0.68 19.6

4 2COOH-same-2rows-S 2BB+S 2BB+S �1.01 4.6

5 2COOH-same-1row-S 2BB+S 2M+S �0.96 11.4

2MH+S 2MH+S �0.84 90.7

6 2COOH-diff(2trans)-2rows 2BB 1BB1M 0.09 8.9

7 2COOH-diff(cis,trans)-
2rows

2BB 2BB �0.86 26.9

8 2COOH-diff(2trans)-1row 2BB 2BB �0.04 6.0

1BB1MH 1BB1MH �0.67 11.9

2MH 2MH �0.63 26.7

9 2COOH-diff(cis,trans)-
1row

2BB 1BB1M �0.51 10.2

1BB1MH 1BB1MH �0.80 3.0

2MH 2MH �0.76 10.8

10 2COOH-diff(cis,trans)-
2rows-S

2BB+S 1BB1M+S �0.91 6.5

1BB1MH+S 1BB1MH+S �0.95 7.3

2MH+S 2MH+S �0.83 17.0

11 2COOH-diff(cis,trans)-
1row-S

2BB+S 1BB1M+S �0.91 5.9

1BB1MH+S 1BB1MH+S �0.79 4.7

2MH+S 2MH+S �1.04 14.0

12 3COOH 2BB1MH 2BB1MH �1.04 7.3

3COOH 3BB 3BB �0.26 3.3

Data from [294], courtesy of the authors
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Fig. 27 Top: Comparison between the experimental (red) and calculated (blue) absorption spectra of

N719 on TiO2. The intensity of the experimental spectrum has been rescaled so that the absorption

maxima match. The inset shows the calculated density of singlet (black) and triplet (magenta) excited
states (energy in eV) for the same system.Bottom: Charge density difference between the ground state (S0)
and the S18 excited state. A blue (yellow) color signifies and increase (decrease) of charge density upon
electron excitation. Reprinted with permission of [141]. Copyright (2013) American Chemical Society
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Also shown in the bottom panel of Fig. 27 is the charge density difference between

the S0 ground state and the S18 excited state. Considering the strong admixture of

dye/semiconductor unoccupied states, the ultrafast electron injection times

measured for the N3/N719 dyes on TiO2 are not surprising [301, 302]. Following

visible light absorption, the excited electron is already partly delocalized into the

semiconductor and only weakly interacting through the dye π* orbitals with the

charge hole localized on the Ru-NCS moieties (Fig. 27). This seems an almost

“direct” injection mechanism [295], partly mediated by the dye contribution to the

excited states which provides a sizable transition probability, but without the

appearance of a new or shifted absorption band in the combined systems spectrum.

We now turn to the alignment of the energy levels in the combined N719@TiO2

system. In the following we report the single particle energies (HOMO/LUMO)

together with the TDDFT many-particle energies of the entire system, which can be

directly compared on the same diagram under the assumption that the HOMO and

LUMO energies are a reasonable estimate of the corresponding oxidation/reduction

potentials. For such a purpose, we have fixed the relative energy scale of our system

by taking as a reference the energy of the dye HOMO, which, for the isolated dye,

represents a good approximation to the dye Ground State Oxidation potential

(GSOP). In the combined N719@TiO2 case, the dye-based HOMO is calculated

at �5.34 eV, essentially coinciding with that of the tetraprotonated N3 dye in

solution (�5.39 eV). With the estimate of dye GSOP, we can thus locate the

position of the lowest TiO2-based excited state level simply by adding the energy

of the TDDFT S0!S1 transition (1.58 eV) to the HOMO energy (�5.34 eV),

obtaining �3.76 eV for the lowest excited state localized on the TiO2. The lowest

dye-based excited state is accordingly calculated at�3.43 eV, with a corresponding

lowest driving force for electron injection of ca. 0.3 eV. Considering a Nernstian

behavior for TiO2, at pH ¼ 7 a TiO2 flatband energy of �0.82 V vs SCE (�0.58 vs

NHE) can be estimated [38, 41]. Converting the energy of the NHE reference

electrode in water to the vacuum scale, we can position the TiO2 manifold of

unoccupied levels at �3.86 eV vs vacuum, which is almost coincident with our

estimate, although, due to the limitations of our model, a comparison should be

performed with some caution. Having located the dye-sensitized TiO2 absorption

onset on an absolute energy scale, we can further superimpose the density of

unoccupied states in the dye-sensitized and unsensitized TiO2 on the excited state

energy diagram to provide a picture of the alignment of the absorption spectrum

(mainly due to the dye transitions) and the density of TiO2 unoccupied states. Such

information is reported in Fig. 28, where the energy of the lowest unoccupied TiO2

molecular orbital of the combined system, yielding the DOS on the right-side of

Fig. 28, has been aligned to the lowest transition of the combined N719@TiO2

system. As can be seen, the absorption spectrum of the combined system matches

very well with the density of unoccupied states in both sensitized and unsensitized

TiO2, with all the most intense transitions of the absorption spectrum taking place in

a region of high TiO2 density of unoccupied states. This is an essential requirement,

along with the spatial excited state coupling, ensured by the nature of the excited

states, to have the very efficient ultrafast electron injection observed in this system.
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3.2.2 Black Dye

The optical absorption spectrum of the black dye (BD) adsorbed onto TiO2 clusters

(BD@TiO2) has also been calculated [115], although a simplified (TiO2)28 model

was employed which did not allow full exploration of the possible dye binding

modes [116]. Despite the limited size of the TiO2 cluster used, the TDDFT-

calculated optical absorption spectrum of BD@TiO2 in various protonation states

were in good agreement with experimental data; see a comparison of the entire data

set in Fig. 29.

A slight dependency of the calculated absorption spectrum on the number of

protons initially carried by the dye was observed, which led to a slight red-shift

when increasing the proton content in the model.

The work by Sodeyama et al., on the other hand, explored in detail the possible

BD binding modes on TiO2 using a periodic model considering the fully protonated

dye [114]; see Fig. 30 for a survey of the calculated structures. The same authors

also reported the TDDFT-simulated optical properties for the isolated dye at their

adsorption geometry [114].

The authors concluded that, for the fully protonated BD, a molecular monodentate

adsorption mode is the more stable structure, in contrast to most previous reports

concerning carboxylic anchoring groups. This conclusion was also supported by the

Fig. 28 Left: Alignment of

the ground and excited state

energy levels for the

interacting N719@TiO2

system. Right:
The calculated density of

unoccupied TiO2 states has

been aligned to the energy

of the lowest TiO2 state in

the combined system.

Reprinted with permission

of [141]. Copyright (2013)

American Chemical Society
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best match between the calculated and experimental optical spectra for the

isolated dyes.

Very recently we also investigated the BD adsorption mode on a (TiO2)82
cluster, considering the species with two protons [118]. We calculated three

structures in which the two dye protons were located in the proximity of the TiO2

surface. In all cases the BD adsorbs on TiO2 using two of the three available

carboxylic groups; see Fig. 31. The starting structure we considered, (a) in

Fig. 31, originates from that calculated for N719 and is characterized by dissociated

bridged bidentate and monodentate anchoring of the two carboxylic groups. In this

structure, one of the three NCS groups points towards the TiO2 surface. Structure

(b) is, on the other hand, similar to the typical adsorption mode found for

heteroleptic ruthenium dyes [28, 84] and features two deprotonated monodentate

carboxylic groups. Structure (c) is somehow intermediate between (a) and (c),

showing a similar orientation with respect to the TiO2 surface to (b) but an

anchoring pattern close to that of (a). Our calculations indicate structure (b) to be

the more stable structure, followed by (c) and (a). This data differ from what is

reported by Sodeyama et al. [114] for the fully protonated BD on a periodic TiO2

slab in vacuo, who found a single bidentate carboxylic anchoring as the most stable

structure. The different number of protons, the cluster vs periodic approach and the

Fig. 29 The experimental N749-1H/TiO2 and calculated absorption spectra of the four N749-DP/

(TiO2)28 surface models in acetonitrile. The label DP indicates the deprotonation of anchored dye.

The blue, red, green, and pink vertical lines at the bottom of the graph represent the relative oscillator

strengths. Reprinted with permission of [115]. Copyright (2012) American Chemical Society
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Fig. 30 Optimized adsorbed structures of black dye on the TiO2 anatase (101) surface. Protonated

adsorptions with one and two protonated anchors are labeled as p1x and p2x, respectively (x ¼ a,b),

while d1x and d2x (x ¼ a,b) indicate the structures with deprotonated one and two anchors, respectively.

b1x (x¼ a,b) indicates the bidentate bridging adsorptions with one anchor. Reprinted with permission of

[114]. Copyright (2012) American chemical Society
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inclusion of solvation effects in our calculations, are most likely the reasons for the

different adsorption modes.

3.3 Dye Binding to ZnO: Quantum Size Effect on the
DSCs Properties

As an example of quantum size effects on the DSCs properties, we report recent

work by our lab on the electronic structure and optical properties of a perylene dye

with a conjugated acrylic acid anchoring group, adsorbed onto ZnO (see Fig. 32)

[207]. This system has been investigated by time-resolved spectroscopic techniques

[303], finding a sizable dye/semiconductor coupling, as signaled by the broader and

partly unstructured steady-state absorption spectrum measured for the dye anchored

to the semiconductor compared to the dye in solution. Consistently with this

observation, a 190 fs fast electron injection component was measured for the

dye@ZnO. Stronger coupling and shorter injection times were found for TiO2

compared to ZnO [303].

Various computational investigations of dye sensitized ZnO have been reported

[203–206], but to our knowledge a full quantum mechanical study of such a system

including a description of the interacting excited states and the effect of quantum

Fig. 31 Adsorption geometry of N719 on TiO2 (top, left) and of BD on TiO2 in the configuration

a, b, and c as described in the text. From [118]. Reprint from [118] with permission of the Swiss

Chemical Society
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confinement on realistic nanostructures has only recently been reported by us. For

simplicity, we considered the dye to adsorb on ZnO in its deprotonated state in a

bridged bidentate configuration on the apolar (1010) surface (see Fig. 32) which,

despite being less reactive than the polar surfaces, is the major surface exposed by

ZnO nanostructures used in DSCs [304]. The investigation of the precise dye

adsorption mode on ZnO is not expected to vary with the dimension of the

nanostructures, so we limited our attention to the bridged bidentate binding,

which was found to be favored over other adsorption modes in previous model

studies [204, 205].

The electronic structure of the perylene dye and of three (ZnO)n models of

increasing size, with n ¼ 42, 84, and 222, and of the corresponding dye@(ZnO)n
systems are reported in Fig. 33. For the dye in solution we find HOMO and LUMO

values of�5.09 and�2.41 eV, in good agreement with photoelectron spectroscopy

and spectroscopic data for a similar perylene dye (�5.0 and�2.28 eV) [305]. Com-

paring the isolated (ZnO)n systems, we immediately notice that the ZnO conduction

band edge, corresponding to the systems LUMO, substantially down-shifts on

going from n ¼ 42 to 84 and to 222 ZnO units, with 0.18 and 0.62 eV shifts,

respectively. For the largest dye@(ZnO)222 case investigated here the bottom of the

ZnO conduction band lies at �2.8 eV, i.e., still substantially higher than the

expected value for the bulk [1].

For the non-interacting dye and n ¼ 42 and 84 systems, the lowest semiconductor

unoccupied state lies above or is almost coincident with the dye-based LUMO,

making electron injection energetically unfavorable. For the large (ZnO)222 cluster,

Fig. 32 Structure of the

investigated perylene dye

and its optimized adsorption

geometry onto ZnO.

The anchoring Zn–O (C–O)

distances are calculated

2.05/1.93 (1.41/1.32) Å.

Reprinted from [207] by

permission of the PCCP

Owner Societies
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on the other hand, the ZnO-based LUMO lies ca. 0.4 eV below the dye-based

LUMO, reverting to the dye/semiconductor energetics andmaking electron injection

a favorable process. For the interacting dye/ZnO system we find a similar alignment

of energy levels as for the non-interacting systems (Fig. 33).

For both dye@(ZnO)42 and dye@(ZnO)222 we calculate the almost pure dye

HOMO to insert within the semiconductor band-gap; this level is only marginally

affected by the size of the ZnO cluster. On the contrary, as found for the

non-interacting systems, the position of the semiconductor-based LUMO is strongly

dependent on the system size. For dye@(ZnO)42, the LUMO ismainly localized on the

dye, with the lowest unoccupied level localized on the ZnO lying 0.11 eV above. For

dye@(ZnO)222, on the other hand, the LUMO is manly located on the semiconductor,

with the first unoccupied orbital localized on the dye being the LUMO+2, found

0.47 eV above the LUMO. Furthermore, while for dye@(ZnO)42 the dye-based

LUMO has only a 5%mixing with ZnO states, for dye@(ZnO)222 a 13% contribution

to the dye-based LUMO+2 comes from the semiconductor.

To gain further insight on the dye@(ZnO)n excited state nature beyond a simple

one-electron picture, we performed TDDFT excited state calculations for both the

n ¼ 42 and n ¼ 222 cases. For the latter system, TDDFT calculationswere particularly

heavy due to the large system size (518 atoms, 4,362 occupied orbitals, and 11,951 basis

functions), and still we were able to calculate the lowest seven excited states in the fully

interacting orbital space. The computed absorption spectra for the dye@(ZnO)n systems

(n ¼ 42 and 222) are compared to results for the isolated dye in solution and to

experimental data in Fig. 34.

Fig. 33 Schematic energy levels of the isolated Dye and (ZnO)n clusters (n ¼ 42, 84, and 222)

and of the interacting Dye@(ZnO)n (n ¼ 42 and 222) systems. Levels which are maximally

localized on the dye are in red. Reprinted from [207] by permission of the PCCP Owner Societies
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Experimentally, an absorption maximum at 2.72 eV is measured for the isolated

dye in methanol solution, while dye anchoring onto the ZnO surface produces an

absorption maximum red-shift of ~0.1 eV [303]. The computed absorption spectrum

of the isolated dye is formed by a single HOMO!LUMO excitation computed at

2.47 eV, i.e., 0.25 eV red-shifted compared to the experimental data [252, 303]. The

absorption spectrum of the dye@(ZnO)42 system is dominated by a single transition

(S0!S1) computed at 2.49 eV, of essentially (80%) HOMO!LUMO character. The

nature of the orbitals involved in the TDDFT transitions can be used to gauge

qualitatively the character of the excited state. For (S0!S1) of n ¼ 42 we find

essentially a charge redistribution taking placewithin the dye,with negligible coupling

to semiconductor unoccupied states. Furthermore, the absorptionmaximum is slightly

blue-shifted with respect to the isolated dye, contrary to the experimental findings.

For the dye@(ZnO)222 system, we calculate an absorption maximum at 2.41 eV,

i.e., 0.06 eV red-shifted compared to the isolated dye molecule in solution, as experi-

mentally retrieved, and 0.08 eV red-shifted compared to the n ¼ 42 case. The

spectrum is mainly formed by two transitions: (1) S0!S2, computed at 2.31 eV,

characterized by a small but sizable oscillator strength (0.09), and (2) the more intense

S0!S4 excitation, computed at 2.41 eV, with an oscillator strength of 1.05. The lowest

excitation, S0!S1, is calculated at 2.04 eV with zero oscillator strength, and

corresponds to a direct charge-transfer excitation from the dye-based HOMO to the

ZnO-based LUMO. The S0!S2 excitation is made of contributions from four major

Fig. 34 TDDFT-calculated absorption spectra for the isolated dye (black line), the Dye@(ZnO)42
(blue line), and the Dye@(ZnO)222 (red-line) systems. Vertical lines correspond to unbroadened

excitation energies and oscillator strengths. Reprinted from [207] by permission of the

PCCP Owner Societies
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orbital excitations; these aremainly localizedwithin the semiconductor, although they

are characterized by a small admixture with dye states. The intense S0!S4 excitation

is mainly formed by a HOMO!LUMO+2 transition, with the latter orbital showing

87% and 13% localization within the dye and semiconductor, respectively.

A more complete vision of the overall character and localization of the excited

state at the dye/semiconductor interface for n ¼ 42 and 222 can be obtained by

plotting the absolute values of the charge differences between the excited states

involved in the main excitations and the ground state, |Δρ| ¼ |ρ(Sn) � ρ(S0)|. This
quantity allows for the visualization of the excited state localization, whereby the

absolute value serves to exclude possible Δρ cancellations due to sign changes

within a given region of space which would show up upon Δρ integration. In the

plane we have computed |Δρ| curves for the S0!S1 and S0!S4 transitions of dye@

(ZnO)42 and dye@(ZnO)222, respectively, and the results are reported in Fig. 35. For

each system, we define the z coordinate as the dye axis normal to the semiconductor

surface and integrate the charge differences along the x and y directions.
As can be seen from Fig. 35, for both n ¼ 42 and n ¼ 222 the most intense

excitations are primarily located in the dye space region. Noticeable differences are

however found at the dye/semiconductor interface for the two systems. The dye@

(ZnO)42 system exhibits a negligible excited state spreading into the semiconductor,

as it can be quantitatively seen from the isodensity |Δρ| plot and from the integrated

Fig. 35 Isodensity plot of the absolute charge difference differences (|Δρ|) between S0�S1 of

Dye@(ZnO)42 (left, magenta) and S0�S4, of Dye@(ZnO)222 (right, blue). Center: Integral of |Δρ
along the x and y directions plotted as a function of z. The zero is in all cases set in the middle of the

O–Zn bonds between the dye and the semiconductor. Reprinted from [207] by permission of the

PCCP Owner Societies
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|Δρ| curve. In contrast, for dye@(ZnO)222 the isodensity |Δρ| plot clearly shows a

sizable contribution from the semiconductor, being characterized by a 79%/21%

dye/semiconductor localization.

Our results clearly show that a substantial coupling between the dye and the

large ZnO model exists. This is due both to orbital and to excited state configuration

mixing, which contribute to imparting a substantial semiconductor character to the

otherwise dye optical transitions.

4 Dye Effect on the TiO2 Conduction Band

When a dye binds to a semiconductor surface, two effects might be at work: (1) the

electrostatic (EL) effect, due to the dye dipole moment and (2) the effect of the

charge transfer (CT) between the dye and the semiconductor which may accompany

the dye/semiconductor bond formation. More recently, some of us [306], employing

the so-termed Charge Displacement (CD) analysis [307], have investigated the

adsorption of several prototypical organic dyes and co-adsorbents (see Fig. 36) on

TiO2models, quantifying and rationalizing the effects of EL and CT contributions to

the TiO2 CB energetics. The compounds described above have been anchored on the

titania surface by the carboxylic group in both dissociative bridged bidentate

(BB) and molecular monodentate (M), adsorption modes [306].

A key approach in this analysis is the study of the electron density changes

taking place upon formation of the dye-TiO2 adducts. The electron density change

(Δρ) is defined as the density difference between the interacting complex and the

isolated, non-interacting, partners placed at the same position they have in the

bonded adduct. To analyze the electron density rearrangement, we define the charge

displacement (CD) along the z direction as

ΔqðzÞ ¼
Z 1

�1
dx

Z 1

�1
dy

Z z

�1
Δρðx; y; z0Þdz0 (9)

where Δρ is the electron density difference as defined above. Δq(z) measures at

each point z along the chosen axis the electron charge that, upon formation of the

adduct, is transferred from the right to the left side of the perpendicular plane

through z [307] (a negative value thus corresponds to electron flow from left to

right). In Fig. 37 we show the isodensity contour plot of the electron density

difference and the CD curve, calculated by (9) for the prototypical L0 dye adsorbed

onto TiO2 in the BB configuration. We can see significant charge depletion lobes in

the areas around the carboxylic group, the nitrogen atom of the nitrile group, and

the phenyl bound to the cyanoacrylic moiety. Charge accumulation lobes can be

seen instead on the central carbon of the cyanoacrylic anchoring group of the

sensitizer, in proximity to the proton detached from the dye and adsorbed on the

TiO2 surface and, in particular, in regions of the semiconductor cluster. Note that

the curve is largely positive across the entire adduct, implying a continuous charge
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transfer from the dye to the TiO2. The maximum of the CD curve in the inter-

fragment region is 0.36 electrons.

Assuming that this marked charge redistribution, along with a pure electrostatic

(EL) contribution, due to the dye dipole, induces significant modifications on the

TiO2 CB edge, one can formulate a simple interpretative model by expressing the

total TiO2 CB shift, ΔCBTOT, as the sum of the two main effects strictly related to

the dye sensitizer [306]:

ΔCBTOT ¼ ΔCBEL þ ΔCBCT (10)

Fig. 36 Molecular structures of the L0, rh-L0, NKX-2587, NKX-2697, L1, and D5 dyes, and of

benzoic acid (BA), 4-aminobenzoic acid (NH2-BA), nitrobenzoic acid (NO2-BA), acetic acid

(AA), trifluoroacetic acid (AAF3), and formic acid (FA). Reproduced from [306] by permission of

The Royal Society of Chemistry
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Note that the contributions due to the solvent and to the various additives can be

assumed to be approximately constant for DSCs fabricated under comparable

conditions and hence left out.

Concerning the EL effect, we evaluate the CB shift in relation to the electrostatic

potential generated by the dyemolecule rather thanwith its standalone dipolemoment:

VEL ¼ 1

nTi

XnTi
i¼1

Xnq
j¼1

qj
rij

(11)

where qj is the jth of the nq dye point charges and rij represents the distances of these
charges from each of the nTi titanium atoms constituting the superficial layer of the

TiO2 cluster. This quantity represents the effective average electrostatic potential

generated by the dye charge distribution in the region of the first semiconductor

titanium layer. The relation between the TiO2 CB shift and the electrostatic potential

of (11) is reported for the dye series shown in Fig. 38. Looking at the main panel we

immediately notice an approximately linear relation between the electrostatic potential

and the CB shift for the dyes adsorbed on TiO2 in a monodentate way. Including the

dyes anchored on TiO2 in the BB geometry, we can see that the linear trend persists

and actually the fit quality improves. It is of course eye-catching that the BB dyes

generate a significantly higher potential on the TiO2 surface with consequent larger

shifts. This behavior can be explained simply by considering that, as pointed out

earlier, the species adsorbed on the semiconductor in BB geometry are charged. Our

results then suggest that to obtain conduction band shifts comparable with those

measured experimentally we need to consider charged molecules adsorbed on TiO2.

In comparison with the M-adsorbed dyes, the BB systems show a larger deviation

Fig. 37 Isodensity contour

plot and charge displacement

curve for L0 adsorbed onto

TiO2 in a BB configuration.

Yellow surfaces identify

regions in which the electron

density decreases whereas

zones of density

accumulation are marked by

dark blue surfaces. The
density value at the surfaces

is �0.0005 e/au3.

Reproduced from [306] by

permission of The Royal

Society of Chemistry
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from the linear trend. This can be explained by taking into account the irregularities in

the low energy DOS profile due to the presence of the proton adsorbed on the surface

and the larger perturbation generated by a charged species on the semiconductor.

The above results confirm the direct proportionality between the electrostatic

component of the CB shift and the electrostatic potential generated by the sensitizer.

We now move to discuss the relation between the residual CB shift (ΔCBTOT �
ΔCBEL) and the CT amount predicted by the charge displacement analysis along

the series of dye-TiO2 systems.This is displayed in Fig. 39,which shows beyonddoubt

a surprisingly accurate linear correlation between the two computed quantities

(R2¼1.00).

As expected, the complexes at hand cluster in two distinct groups, one

corresponding to the neutral M-bound dyes, at smaller shifts and CT values, and the

other to the charged BB-anchored systems. The linear correlation appears to fit both

groups equally accurately. This finding clearly strengthens that the additional CB shift

component must be attributed to CT, besides confirming the adequacy of the charge

displacement analysis as a tool to measure CT and supporting our estimate of the

Fig. 38 CB shift due to the electric field generated by the adsorbed dye molecule as a function of

the electrostatic potential (11) generated by the dye point charges for all the dyes in their

monodentate adsorption mode. Inset: same but including the charged dyes in the bidentate

adsorption mode. Reproduced from [306] by permission of The Royal Society of Chemistry
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electrostatic contribution to the band shift. On the basis of the above results, it may be

safely concluded that, in the dye-TiO2 interaction, CT effects induce a CB shift which

for BB anchored systems is much larger than for the M-bound ones, and this, as well

as the electrostatic effect, contributes to their larger upward CB shift. It thus turns out

that the CT component of the CB shift may in fact be the dominant one (60–70% of

the total), with a relative variability comparable to that exhibited by the electrostatic

component.

5 Multiple-Dye Adsorption on TiO2: Dye Aggregation

and Aggregate Properties

Taking as a starting point the optimized geometry of a single dye molecule adsorbed

on TiO2, one can try to model the dye packing on the surface employing a simple

topological approach and assuming that in the sensitization process the dye/TiO2

interactions, which result from the chemical bonds between the dye anchoring

groups and the semiconductor surface, are stronger than the intermolecular ones,

thus guiding the formation of the dye monolayer [32, 84, 219]. The dye molecular

structure, on the other hand, reflects the peculiar dye/dye interactions, which deter-

mine the energetically favored aggregation motifs among all the possible ones.

In other words, one can assume that the five-coordinated Ti atoms on the surface

dictate the possible adsorption sites, the dye/surface interactions govern the binding

mode and the adsorption geometry, and the interactions among adsorbed dye

molecules give the particular aggregation patterns. This assumption is grounded

on the observation that dye/TiO2 binding energies are usually ~3 times larger [257]

than intermolecular binding energies for highly interacting organic dyes [219].

Fig. 39 Difference in eV

between the total CB energy

shift and its electrostatic

component plotted vs the

amount of CT (electrons).

The top right part of the
graph refers to BB-anchored

dyes, the bottom left part of
the graph toM-anchored dye.

Reproduced from [306]

by permission of The

Royal Society of Chemistry
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5.1 Organic Dyes

To model the formation of possible aggregates of two indoline dyes, termed D102

[144] and D149 [308], and to investigate the relation existing between the molecular

structure of the dye and its tendency to form aggregates on the TiO2 surface (see

Fig. 40), we employed a TiO2 nanoparticle model consisting of a (101) (TiO2)82
anatase slab of approximately 4 nm2 area, with three rows of five- and six-

coordinated surface Ti sites and sufficient coordination sites to accommodate the

considered dimeric arrangements.

On this TiO2 slab we have modeled the dye-aggregation for both D102 and D149,

initially selecting among all possible dimeric arrangements the closest interacting

ones with no explicit superposition of atomic structures. After this preliminary

screening, a set of six configurations was selected for D102, while, due to the steric

hindrance introduced by the presence of the second rhodanine moiety, only three of

themwere retained as possible candidates for the D149 molecule. The nomenclature

we use to label the dimer configurations is depicted in Fig. 41: keeping fixed the

Fig. 40 Molecular structures of D102 (top) and D149 (bottom); note the second rhodanine ring in

the molecular structure of D149. Right side: Absorption spectra of D102 (top) and D149 (bottom)

in solution (dashed line) and on TiO2 (solid line). Reprinted with permission of [219]. Copyright

(2010) American Chemical Society
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position of themolecule placed in (0,0), each dimer is labeled by the (x,y) coordinates
of the secondmolecule. Therefore, the six dimers of D102 examined in this study are

labeled as (4,0), (�1,1), (�2,2), (0,2), (2,2), and (4,2); for D149 only the (0,2), (2,2),

and (4,2) configurations are considered.

To take into account the effect of the geometry relaxation as a consequence of the

interaction between the molecules upon their adsorption on the surface, for each

configuration, we performed geometry optimizations of various dye dimers adsorbed

onto TiO2 by means of the Car–Parrinello (CP) method [309] using the PBE

exchange-correlation functional [259], a plane-wave basis set, and ultrasoft pseudo-

potentials [310, 311]. To evaluate the relative stability of the various optimized

configurations, we carried out single point MP2 as well as DFT calculations on the

deprotonated dimers (i.e., after removing the TiO2 slab) in solution taking the

optimized geometries of the dyes adsorbed onto TiO2 [73].

Table 6 lists the MP2 and B3LYP relative energies of the deprotonated dimers

in ethanol solution, computed with respect to the most stable configuration, using a

6-31G* basis set. An extremely interesting picture emerges from MP2 results: the

lowest-energy configuration for D102 is that termed (0,2), having the two

molecules aligned along the y direction with the π systems almost perfectly stacked.

Most notably, this arrangement turns out to be the highest in energy for D149

(by 4.5 kcal/mol), while the preferred configuration is (2,2), with the molecules

Fig. 41 Graphical representation of the (101) TiO2 anatase surface. The scheme illustrates the

convention adopted to indicate the relative positions of two molecules: each couple is labeled with

the (x,y) coordinates of the second molecule, being the first one conventionally fixed in (0,0).

Reprinted with permission of [219]. Copyright (2010) American Chemical Society
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separated by one Ti atom along the x axis. It should also be noted that for D102

there are at least two other arrangements, namely (4,0) and (�1,1), precluded to

D149 because of the presence of the second rhodanine ring, which are very close in

energy to the (0,2) dimer (see Fig. 42). As is also apparent, the energetics obtained

by DFT and MP2 are rather different. For both dyes, DFT does not predict dye

aggregation, delivering an increasing stability as the distance between the two dye

molecules increases: the (4,2) configuration is predicted to be more stable for both

D102 and D149.

Since MP2 calculations can easily become very computationally expensive as

the number of atoms and basis set dimensions increase, we have benchmarked the

more computationally affordable “dispersion-corrected” B3LYP-D3 (see Sect. 1.2)

method against B3LYP and MP2 methods for the favored (2,0)-D102 and (2,2)-

D149 dimers. The results are in this case obtained in vacuo for the protonated dyes

at their optimized adsorption mode on TiO2. The results, reported in Table 7, show

a similar description of the inter-chromophore interaction by B3LYP-D3 and MP2

Table 6 B3LYP and MP2 relative energies (kcal/mol) of a series of dimers of D149 and D102

extracted from the corresponding optimized geometries on TiO2

Dimer

D102 D149

B3LYP MP2 B3LYP MP2

(0,2) 6.80 0.00 12.49 4.50

(2,2) 5.57 3.94 3.23 0.00

(4,2) 0.00 4.47 0.00 3.62

(�2,2) 4.14 4.81 – –

(4,0) 10.03 1.64 – –

(�1,1) 11.23 1.23 – –

The nomenclature (x,y) adopted to indicate the position of the second molecule on the TiO2 surface

is illustrated in Fig. 41.

Bold values indicate the most stable configuration

Fig. 42 Optimizedmolecular structures of themost stable (0,2)-D102@TiO2 and (2,2)-D149@TiO2
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methods (a rigid increase of the binding energy by ca. 2 kcal/mol is found by

B3LYP-D3 compared to MP2), while B3LYP does not predict any binding between

the two monomers. Also in line with our previous results, the (0,2)-D102 dimeric

arrangement is substantially favored compared to the (2,2)-D149 case, with

ca. 6 kcal/mol higher binding energies, testifying to the greater tendency of the

D102 dye to form aggregates. As expected, lower binding energies are calculated in

solution for the deprotonated dyes, which for the D102 case amount to 9.0 kcal/mol.

On the basis of the stability order discussed above, we report in Table 8 the

excitation energies and the oscillator strengths of the lowest excited states for the

relevant dimeric configurations: (0,2), (4,0), and (�1,1) for D102 and (2,2) for

D149. The energy shifts are computed with respect to the lowest excited states of

the standalone D102 and D149 dyes.

The results show that the different aggregation schemes investigated for D102

have different, and even opposite, effects on the excited states. In fact, the (4,0)

configuration with the molecules placed side-by-side and the π-systems almost

parallel produces a blue-shift of the excited states, typical of so-called

H-aggregates. If one looks at the excited state with the largest oscillator strength

(1.195), located at 2.21 eV, the blue-shift of the absorption maximum for the (4,0)

dimer is even more pronounced, amounting to ca. 0.1 eV, so this aggregation

pattern can be reasonably disregarded on the basis of the experimentally observed

Table 7 B3LYP, B3LYP-D3 and MP2 binding energies (kcal/mol) for the most stable D102 and

D149 dimeric arrangements

System B3LYP B3LYP-D3 MP2

(0,2)-D102 �0.10 �16.27 �14.08

(2,2)-D149 +1.42 �10.02 �8.04

Table 8 Computed TDDFT(B3LYP)/6-31G* excitation energies (eV) and oscillator strengths for

the four lowest excited states of the most stable dimers of D102 and D149. The corresponding

shifts of the lowest excited state (eV) with respect to the reference monomers are listed in the last

column

Dimer Exc. f Shift

(0,2)-D102 1.96 0.022 �0.15

2.10 1.016

2.18 0.537

2.28 0.001

(4,0)-D102 2.13 0.075 +0.02

2.14 0.077

2.21 1.195

2.27 0.048

(�1,1)-D102 2.00 0.028 �0.11

2.09 0.535

2.23 0.698

2.30 0.283

(2,2)-D149 1.97 0.007 �0.08

Bold values indicate the most stable configuration
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red-shift. On the other hand, the two D102 dimeric arrangements which induce a

sizable π–π stacking, (0,2) and (�1,1), imply the appearance of new bands in the

absorption spectra which are substantially red-shifted compared to the monomer

spectrum (0.15 and 0.11 eV, compared to a 0.23 eV experimental shift), a charac-

teristic signature of J-aggregates. Notably, the most stable (0,2) dimer shows also

the largest red-shift. If we now compare the calculated data for D102 and D149, this

model almost quantitatively reproduces the different spectroscopic behavior of the

two dyes adsorbed on the TiO2 surface. Selecting the most stable configurations, the

red-shifts computed upon aggregation are 0.15 and 0.08 eV for D102 and D149,

respectively, compared to the experimentally measured values of 0.23 [144] and

0.07 eV [308]. Most notably, the computed oscillator strengths for the dimer

excited states further reveal a stronger interaction in the case of the (0,2)-D102

configuration, with ca. a threefold reduction of the J-band oscillator strength

calculated in (2,2)-D149. Overall, the larger shift and higher intensity of the new

spectroscopic feature appearing in D102 as a function of dye aggregation is

perfectly in line with the available experimental information.

Having modeled the dye adsorption and the formation of surface aggregates, in

principle one possesses a realistic model to investigate and reproduce a series of

interfacial phenomena which are strictly related to the dye packing on the TiO2 surface,

such as, for instance, the occurrence of spectral shifts on the ground state absorption

spectrum of the semiconductor-adsorbed dyes [256, 269, 312–318]. These effects

manifest themselves as absorbance changes occurring for the neutral, non-oxidized,

adsorbed dyes, which have been detected by both transient absorption and PIA spectro-

scopy. Various interpretations have been introduced to explain the observed band

shifts and intensity changes: Staniszewski et al. [314] attributed the spectral changes

to a marked change occurring in the dye environment after electron injection and

regeneration by iodide, essentially due to slow cation transfer; basically, electron

injection perturbs the electrostatic environment surrounding the dye, which slowly

responds by displacing positive charges in solution or surface-adsorbed Li+ ions or

protons. The appearance of similar or related peak bleaches in the adsorbed dye

absorption spectrum has also been ascribed to possible phenomena of electron accumu-

lation into the semiconductor affecting theLUMOof the dye [316] or electron extraction

[317] from theTiO2 aswell as to the presence of long-lived photoreduced dyemolecules

[315]. However, more recently, some authors have argued [269, 312, 313] that the

measured spectral changes are consistent with first order transient Stark effects

[319–321]. Such local electric fields, which show maximum amplitude at the initial

observation times after electron injection, are expected to be associated to the electron

transfer from the dye to the TiO2 film and to the consequent formation of oxidized dye

molecules. Exploiting thework on the aggregation of the indoline dyes and employing a

model which “statically” simulates the oxidation/electron injection and regeneration

steps and the associated optical responses, we also provided [256] a computational

framework to interpret the Stark shifts experimentally observed by Cappel et al. for

D149-sensitized solar cells [269].

212 M. Pastore and F. De Angelis



5.2 Ruthenium Dyes

To the best of our knowledge, the aggregation of ruthenium dyes on TiO2 has never

been computationally investigated beyond the work of Patrick et al. on the hydrogen

bonding of TiO2-adsorbed N3 [322]. Here we report preliminary results obtained for

the heteroleptic Z907 dye with nonyl chains replaced by methyl groups, which was

investigated byWang et al. [323]. We report in Fig. 43 the DFT optimized geometry

of a TiO2-adsorbed ruthenium dye dimer.

The two dyes were considered to be adsorbed on the same two rows of Ti atoms,

which ensures a close interaction distance avoiding explicit atomic super-

imposition. Although this interaction geometry might not be the most stable

dimeric arrangement, yet this is a useful model to provide an estimate of the

strength of intermolecular interactions for this type of dye. We also notice that

this adsorption mode corresponds to a surface coverage of ca. 0.5 dye molecules/

nm2, which is quite typical for this class of ruthenium dyes [28, 324].

For the ruthenium dye dimer reported in Fig. 43 we calculated a B3LYP-D3

interaction energy in vacuo of 9.0 kcal/mol, which is smaller than the 16.3 kcal/mol

value computed for the D102 organic dye at the same level of theory; see Table 7.

As an estimate of the electronic coupling occurring between the two TiO2-adsorbed

dyes, we evaluated by DFT (B3LYP/3-21G*) the dye-based HOMO splitting for

the surface adsorbed dimer, finding a value of 0.02 eV, and thus a coupling of

Fig. 43 Optimized molecular structure of a dimeric configuration of the Z907 dye with nonyl

chains replaced by methyl groups, adsorbed on the (TiO2)82 cluster. Reprinted with permission of

[329]. Copyright (2013) American Chemical Society.
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0.01 eV. This value is consistent with the very efficient hole transfer measured for

this dye upon adsorption onto TiO2 [323] and, as suggested by the same authors,

is most likely the consequence of the proximity of the NCS ligands of the two

interacting dyes.

6 Co-sensitization of TiO2

For the simulation of more complex aggregation patterns, comprising, for instance,

three or more dye sensitizers, one needs to extend this model further and to increase

the TiO2 surface available for the dye adsorption. Obviously the computational

overhead associated to the growing size of the system becomes quickly unafford-

able. We recall indeed that a doubling of the system size implies, with standard

DFT implementations, ca. one order of magnitude growth of the computational

demand. The strategy we thus propose for the modeling of complex co-adsorption

schemes [84], and that we shall widely discuss in the next section, consists in taking

the structures of the sensitizers optimized alone on the (TiO2)82 cluster, removing

the TiO2 slab, and placing them on a grid of Ti atoms with the same geometrical

arrangement calculated for the (TiO2)82 cluster, in such a way to obtain a map of

actual anchoring positions to place the dyes [84]. This model, based on a simple

replication of the structure of the isolated anchored dye, clearly neglects the

geometrical relaxation due to the intermolecular interactions as well as possible

local relaxation of the TiO2 surface due to the dye anchoring. The basic idea

consists in considering the dye adsorption mode as essentially determined by the

specific dye–TiO2 interactions, supposed to be identical for each surface Ti atom,

and to calculate dye–dye intermolecular interactions a posteriori.

6.1 TiO2 Co-sensitized by Different Dyes

The mixture of sensitizers having complementary absorption spectra, one of them

possibly possessing high light-harvesting capability in the red and near infrared (NIR)

regions, represents an appealing strategy to obtain panchromatic TiO2sensitization

[7–18].An alternative approach is that of exploiting Fluorescence (Förster)Resonance

Energy Transfer (FRET) [325] from an energy relay dye (ERD) to the sensitizing dye

(SD) to produce additional photocurrent [326, 327]. FRET ismediated by the coupling

of two resonant dipoles in the presence of an electric field [326]. The geometry of the

ERD donor–SD acceptor system directly determines the energy transfer rate.

Hardin et al. [328] have reported on the energy transfer between a zinc

naphthalocyanine ERD (AS02) and an Ru(II) SD (C106), both grafted onto the

TiO2 surface. Motivated by this study, we have modeled the co-sensitization

process by taking the optimized structures of the TiO2-adsorbed standalone dyes,

and replicating these structures on the grid of Ti atoms presented above

[84]. Although we have developed this strategy for the particular case illustrated
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here, the methodology is absolutely general and as such it can be extended to any

cocktail of co-sensitizing dyes, provided one knows the relative surface coverage of

each species.

Starting from 1:1 AS02:C106 arrangements and arriving at 1:4 AS02:C106

co-adsorbed schemes, which mimic the reference experimental coverage of

�80% (C106) and�20% (AS02), we selected the set of the most closely interacting

configurations; the relative stabilization energies are listed in Table 9. To limit the

variables in the co-adsorption pattern selection, we followed a stepwise procedure:

we started by selecting the two most stable “back” (1_A–E in Fig. 44) and “front”

(1_F–H in Fig. 44) 1:1 dimeric structures, to provide a suitable 1:2 trimeric

aggregate. We then explored various possible positions for the third C106 molecule

(Fig. 45) selecting the most stable configuration. Finally, we looked for the most

stable 1:4 AS02/C106 co-adsorption aggregate (Fig. 46), which reproduces the

experimental relative coverage of the two species. The stability of the various

configurations was evaluated by B3LYP single point calculations in the gas phase

with the DGDZVP basis set adding the D3 correction [80, 83] (B3LYP-D3). We

label the aggregate structures as n_X, with n ranging from 1 to 4 representing the

number of SDs surrounding the ERD, and X (A–H), representing the different

investigated interaction patterns. On the technical side we again note the different

interaction energies obtained by B3LYP and D3-B3LYP [219]; the inclusion of the

D3 correction, accounting for dispersion interactions, provides a coherent trend

within the calculated values, with an interaction energy increasing as the number of

Table 9 Computed binding

energies (kcal/mol) of the

co-adsorption configurations

of AS02 and C106. For each

1:n AS02:C106 ratio the

energy of the most stable

configuration is highlighted

in bold.

Configurations

Stabilization energy (kcal/mol)

B3LYP B3LYP+D3

1:1 AS02:C106 structures

1_A �2.4 �2.7

1_B �7.7 �9.7

1_C �6.8 �12.6

1_D �7.7 �10.1

1_E +5.7 �1.0

1_F �2.9 �10.4

1_G +14.0 �3.3

1_H �8.9 �18.1

1:2 AS02:C106 structures

2_A +4.6 �10.6

1:3 AS02:C106 structures

3_A �9.1 �26.7

3_B �3.0 �20.0

3_C �10.3 �27.2

3_D +0.3 �27.5

1:4 AS02:C106 structures

4_A �2.5 �32.3

4_B �3.4 �33.9

4_C +10.4 �18.3

Bold values indicate the most stable configuration
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SD molecules increases the only exception being the 1:2 structure, given by

combining the most stable 1_C and 1_H 1:1 (SD:ERD) assemblies, which turns

out to be less stable than both the constituents 1:1 structures due to a repulsive

interaction between the two C106 molecules. Moving to the 1:3 co-sensitization

patterns (Fig. 45), we find three assemblies (3_A, 3_C, and 3_D) to be very close in

energy with a stabilization energy of about 27 kcal/mol and relative differences

within 0.8 kcal/mol. For the 1:4 aggregates (Fig. 46), the 4_B structure is the

most stable, with a B3LYP-D3 stabilization energy of almost 34 kcal/mol. Our

co-adsorption scheme also predicts an average SD-ERD separation very close to the

experimentally estimated value of ca. 0.914 nm: [328] for the closest interacting

AS02-C106 couple (1_H) we obtained a Zn–Ru distance of 0.908 nm, while for the

1_C configuration the calculated Zn–Ru separation was 1.221 nm.

Fig. 44 Top view of the 1:1 co-adsorption schemes; the most stable structures are shown within

red frames along with their interaction energies in kcal/mol in vacuo. Reprinted with permission of

[84]. Copyright (2013) American Chemical Society
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7 Conclusions

Thanks to the advent of Density Functional Theory and Time-Dependent Density

Functional Theory, the scope of computational modeling of complex systems, such

as dye-sensitized solar cells (DSCs), has been considerably expanded in the last few

years. We have reviewed selected applications of quantum mechanical modeling of

DSCs materials and processes, with emphasis on the interaction between dye-

sensitizers and inorganic semiconductor oxides. Standard DFT/TDDFT approaches

provide accurate results for metallorganic Ru(II)-polypyridine and Zn(II)-

porphyrin dyes, while the description of push-pull organic dyes is somehow more

problematic due to the high degree of charge-transfer characterizing the excited

states of such systems. The accurate description of realistic semiconductor

nanostructures is also possible, with (tailored) hybrid DFT approaches leading to

a reliable description of the electronic and other properties of large systems

consisting of several hundred atoms. The simulation of the interaction of dye

Fig. 45 Top view of the 1:3 co-adsorption schemes; the most stable structure is shown within a

red frame along with its interaction energies in kcal/mol in vacuo. Reprinted with permission of

[84]. Copyright (2013) American Chemical Society
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sensitizers with semiconductor oxides is also delivering results consistent with

available experimental information, although in complex cases, such as those

involving multiple dye anchoring modes, modeling approaches cannot be taken

as “black box” tools, but need to be checked a posteriori and possibly integrated by

experimental information. In the case of organic dyes the systematic investigation

of dye/semiconductor interactions has also allowed researchers to establish new

design rules for alternative binding groups with improved characteristics. A further

increase in complexity is embodied in the simulation of multiple dye adsorption

on semiconductor surfaces or the description of semiconductors co-sensitized by

different dyes. In these cases some model simplifications might be needed, such as

to consider the single dye binding mode on the semiconductor and to replicate it to

obtain the dye packing motif. Still, in some explorative calculations, the results are

successful in explaining some experimental evidence, such as those related to

fluorescence resonance energy transfer among surface-adsorbed energy relay and

sensitizing dyes.

The fundamental information acquired from these studies might constitute the

basis for an integratedmultiscale computational description of the device functioning,

including all the possible interdependencies among the DSC constituents. This may

further boost the DSCs efficiency along with providing the basic understanding of the

Fig. 46 Top view of the 1:4 co-adsorption schemes; the most stable structure is shown within a

red frame along with its interaction energies in kcal/mol in vacuo. Reprinted with permission of

[84]. Copyright (2013) American Chemical Society
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device necessary for further enhancing priority DSCs requirements, such as temporal

stability and optimization of device components. We believe this should be the

direction of future computational modeling research in the DSCs field.
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Monte Carlo Studies of Electronic Processes

in Dye-Sensitized Solar Cells

Alison B. Walker

Abstract This topic reviews random walk Monte Carlo simulation models of

charge transport in DSSC. The main electron transport approaches used are

covered. Monte Carlo methods and results are explained, addressing the continuous

time random walk model developed for transport in disordered materials in the

context of the large number of trap states present in the electron transporting

material. Multiple timescale MC models developed to look at the morphology

dependence of electron transport are described. The concluding section looks at

future applications of these methods and the related MC models for polymer blend

cells.
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1 Introduction

Together with organic photovoltaics, dye-sensitized solar cells, DSSCs, comprise

the third generation of solar technologies which are expected to provide added

functionality and lowered costs compared to previous generations. DSSCs were

invented by O’Regan and Grätzel in 1988 [1] and their potential impact on the

quality of life and on sustainable development acknowledged by the award of

the 2010 Millennium Technology Grand Prize to Grätzel. DSSCs, an example of

which is pictured in Fig. 1, that can be processed at low temperature in air, are semi-

flexible and semi-transparent so have possible applications in building integrated

photovoltaics and consumer electronics not applicable to glass-based systems, and

they employ low-cost and sustainable materials to a considerable extent.

Conventional DSSCs work by mimicking photosynthesis, where all the processes

of solar energy collection and charge transport are physically separated [2]. The

sensitizer – a monolayer of dye or quantum dots – absorbs a photon to create a tightly

bound Frenkel exciton that dissociates rapidly (ps) due to injection of the electron

into the mesoporous oxide layer consisting of grains ~10 nm in diameter which, in the

case of the widely used TiO2, films have the anatase structure. Oxidation of iodide

ions to tri-iodide ions regenerates the excited dye molecule through transferring its

positive charge to the redox system. The photogenerated electrons flow through the

micron thick oxide layer toward the collector electrode, a transparent conducting

oxide, TCO, where they are collected to power a load. They re-enter the device via a

Pt coated counterelectrode, the Pt being required to catalyse the reduction of

tri-iodide ions to iodide ions, completing the circuit.

Figure 2 illustrates the energy levels at which these processes occur [3] and how

the open circuit voltage Voc is obtained from the difference between the quasi Fermi

level EF for the injected electrons in the TiO2 film and the redox potential for the

I3
�/I� reaction in the electrolyte.The electron injection overpotential required to

drive electron transfer to the TiO2 film is approximately 0.1–0.15 V and the dye

regeneration overpotential is around 0.6 V, over half this value coming from

reactions within the electrolyte. As can be seen from Fig. 2, the minimum bandgap

dictating the onset of light absorption of the sensitizing dye required to overcome

these losses is 0.75 V. Despite the disdvantage of the large dye regeneration

overpotential, the iodide/triiodide system is popular because of the slow recombi-

nation kinetics discussed in Sect. 2.

Solid-state DSSCs (SS-DSSCs) use solid hole conductors instead of a liquid

electrolyte and are also capable of delivering high voltages [3]. The hole conductor

is typicallymade from either wide-bandgap small molecules such as 2,20,7,70-tetrakis-
(N,N-di-p-methoxyphenylamine)-9,90-spirobifluorene, spiro-OMeTAD, or semi-

conducting polymers such as poly(3-hexylthiophene-2,5-diyl), P3HT. SS-DSSCs

overcome the disadvantage that their liquid counterparts possess of requiring careful

packaging that is resistant to corrosion, and so are easier to exploit. A recent develop-

ment of the solid state DSSC is the meso-superstructured solar cell [4]. These cells

replace the dye monolayer with a highly crystalline perovskite absorber with a large

238 A.B. Walker



visible to near-infrared absorptivity. High efficiencies are obtained by replacing the

TiO2 filmwith alumina, Al2O3, which acts as an inert scaffold, forcing the electrons to

remain within and be transported through an extremely thin absorber layer [4]. Low

temperature processable cells with this structure and the perovskite compound

CH3NH3PbI3�xClx have now achieved power conversion efficiencies up to

12.3% [5]. Cells employing mesoporous TiO2, with CH3NH3PbI3 perovskite as their

light harvester, have a similar power conversion efficiency, 12.0% [6].

DSSCs are similar to organic bulk heterojunction solar cells (for which Monte

Carlo models have been reviewed by Groves and Greenham [7]) in that in both

technologies tightly bound excitons are the first step following light absorption. This

similarity was first documented by Gregg [8] who coined the term “excitonic cell” for

Fig. 1 DSSC made at the

University of Bath

Chemistry Department.

Reproduced with

permission from the

University of Bath

Fig. 2 Schematic diagram showing energy levels in conventional DSCs [3]. Reprinted with

permission from Nature Photonics © 2012 Nature Publishing Group
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cells with these characteristics. The driving force for the movement of charge carriers

is the gradient of the free energy and so they are sensitive not only to changes in their

potential energy arising from the electrical potential, but also to their concentration

via the entropic term in the Gibbs energy. In DSSC, the entropic contribution, small

in a typical silicon solar cell but important in all excitonic cells, dominates over

electrostatic field gradients since the injected electron charge is screened by the

cations in the electrolyte, which eliminates the internal field except very close to

the electrodes.

For DSSCs to be marketable and to compete with their inorganic counterparts,

fundamental science has to be used to find ways of enhancing cell and module life

time and stability without sacrificing performance and scalability. These cells

possess a complex structure with disparate materials. Predictive models, validated

and improved by continuous feedback from experimental measurements, are needed

to decouple and study the many competing mechanisms found in the working cell.

With this tool we can discover how cell performance and cell design are related to its

material parameters and then systematically search for and arrive at the design

specifications that will optimize the cell operation. The need for systematic research

in DSSC has been stressed by Peter [9].

In this chapter I will review random walk Monte Carlo, MC, simulation models

of electron transport in DSSC. In Sect. 2, I will place these studies in the context of

DSSC transport models. MC methods and results are covered in Sect. 3 The

concluding section, Sect. 4, looks at future applications of these methods and the

related MC models for polymer blend cells that are covered in [7].

2 Electrical Transport Models in DSSC

Electrical transport models predict the device current–voltage characteristics and

response to impulse, step and frequency modulated illumination. The power con-

version efficiency of the cell η is determined by the open circuit voltage Voc, the

short circuit current Jsc, and the fill factor FF. FF is calculated from the maximum

obtainable power max (JV) as shown in Fig. 3:

FF ¼ max ðJVÞ
Jsc Voc

; η ¼ FF Jsc Voc

Pin

: (1)

The input power Pin is obtained from the illumination spectrum. An optical

model is required to determine the photon absorption profile in cases where this

profile is engineered through encouraging photon scattering by a disperse distri-

bution of TiO2 particles or the use of photonic band gap materials [10], but the

profile usually follows the Beer-Lambert law where the intensity varies exponen-

tially with distance from the illuminated electrode.
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Length and timescales dominate the physics of electrical transport in a DSSC.

In conventional DSSCs, the electrolyte permeates the mesoporous network and is

highly conductive through a large concentration of mobile ions. Over a length scale

larger than the 10 nm typical grain size and at times longer than the time required

for these mobile ions to adjust to changes in electric fields, all electric fields are

screened by the electrolyte ions. This screening exists but is less effective in

SS-DSSCs as the hole concentration is much lower than the ion concentration in

the electrolytes, leading to lower conductivities. Electron–electron interactions at

length scales of less than 10 nm are determined by the number of free electrons per

grain. The wide bandgap (3.2 eV) of TiO2 rules out contributions from direct

excitation across the bandgap for illumination by a standard solar spectrum such

as AM1.5. Free electrons can come from accidental dopants, typically n-type and

with a density ~1017 cm�3. The main source of free charge is photogenerated

electrons. At open circuit and 1 sun illumination, the density of these free electrons

is ~1017 cm�3 corresponding to one free electron per particle. At these free electron

concentrations, the band bending is less than�40 meV and can be ignored [2]. Even

when there is more than one electron in a grain, interactions between electrons in

the grain are shielded by the highly polar TiO2 which has a relative dielectric

constant of 12 [11].

The most important form of charge–charge interaction that influences DSSC

performance is recombination. DSSCs work because geminate recombination,

where the photogenerated exciton recombines before it can dissociate, is reduced

by the much faster processes of charge injection and dye regeneration as shown in

Fig. 4 [12]. Bimolecular recombination, where the electrons injected from the dye

molecules reduce tri-iodide ions to iodide (electrolyte DSSCs) or recombine with a

hole (SS-DSSCs), is a major source of loss since electron transport to the collector

electrode is slow and takes place on similar timescales to these recombination

processes. It is hence essential for the success of the dye-sensitized cell that this

back reaction is rendered slow enough that electrons injected by the photoexcited

dye can be collected efficiently.

Electron transport is slow because of the large density of traps in TiO2 that act as

a bottleneck for charge transport and has therefore attracted extensive literature.

Alternative pictures of electron transport in DSSC studies are hopping and multiple

Fig. 3 Schematic diagram

showing how the power

efficiency η is determined

by the shape of the

current–voltage

characteristic
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trapping. In the hopping model, charge transport is instead assumed to take place

through thermally assisted tunneling between the traps, with hopping rates that

depend on the difference in energies and distance [13]. This picture is rarely used

because typical trap densities in mesoporous TiO2 are of the order of one trap per

grain [14]. Since grains are typically 10 nm in diameter, distances between traps are

too large for significant tunneling to take place by the trapped electrons. In the more

widely used multiple trapping picture, illustrated in Fig. 5, the photoinjected

electrons are assumed to be in extended states in the conduction band as they

execute a random walk through the mesoporous film and their passage is interrupted

by a succession of events consisting of rapid trapping into localized states followed

by thermally assisted detrapping events. Detrapping from a trap at energy E is

assumed to take place by thermal activation at a rate determined from the trapping

rate kt (typically 109 s�1) by detailed balance:

kd ðEÞ ¼ kt Nc

Nt

exp �ðEC � EÞ
kB T

� �
: (2)

Here EC is the conduction band energy, Nc is the density of conduction band

states, Nt is the volume trap density, 1020�1021 cm�3, corresponding to a mean

distance between traps of 1–3 nm [15], T is the temperature, and kB is Boltzmann’s

constant. The effective mass of anatase TiO2 is not well known, in fact not even

Fig. 4 Timescales of the processes involved in the conversion of light to electric power by DSSCs

[12]. © 2005 American Chemical Society
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whether it is valid to obtain Nc from the effective mass, so Nc is treated as a fitting

parameter with a typical value of 1021 cm�3.

The exponential distribution of trap states specifies that the number of trap states

per volume in an energy range E to E + dE is given by g(E)dE where

gðEÞ ¼ Nt

kB T0
exp �ðEC � EÞ

kB T0

� �
: (3)

This distribution is almost always used in the absence of experimental data on

the trap states that is detailed enough to generate a trap density of state. The width

parameter T0 characterizes this distribution: a low value of T0 corresponds to almost

all traps lying just below EC. Values of T0 usually range between 500 and 900 K,

depending on preparation and measurement conditions.

Most of the detrapping occurs from traps at energies closest to the quasi Fermi

energy EF (the word quasi is used as the cell is not in equilibrium under illumi-

nation) which depends on the light intensity I0. The steady state photogenerated

charge density ncss is sufficiently small to assume nondegenerate statistics. At open

circuit, where the rate of photocharge generation is balanced by recombination and

ncss is a constant value across the cell, if linear recombination is assumed, the

recombination rate varies linearly with ncss with a rate constant krec:

nCSS ¼ NC exp
�ðEC � EFÞ

kBT

� �
¼ αabsIo

krec
: (4)

Here αabs is the light absorption coefficient (typically 103 cm�1). The higher the

value of I0, the closer EF is to EC so from (2), the detrapping time is reduced as I0
increases.

Fig. 5 Schematic

illustration of the multiple

trapping model. The traps

are shown as localized

states in the bandgap, where

filled states are black lines
and empty states are grey
lines. The conduction band

EC, valence band EV and

quasi Fermi level EF are

also shown. The path of an

electron trapping into empty

states and subsequent

detrapping by thermal

excitation into the

conduction band is shown

by the arrows
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Figure 4 also shows the typical length travelled by an electron before recombi-

nation, Ln, whose square is the product of the effective electron diffusion coefficient
and lifetime Dn and τn, respectively, in the presence of traps. Dn is reduced by the

free electrons participating in the multiple trapping processes illustrated in Fig. 5 as

it takes longer for the electrons to diffuse through the device in the net direction in

which the concentration of electrons is lowered from Fick’s first law. By contrast, τn
is increased by the trapping processes since the electrons have to reach the grain

surfaces before bimolecular recombination can take place. In the steady state,

trapping/detrapping processes do not influence the electron flow since the carriers

will always detrap even if it takes a long time, unless recombination takes place in

the trapped states. Therefore it is necessary to measure the response of the DSSC to

transient optical or electrical perturbation of the system to probe the effect of traps

on electron transport.

Dn depends on the detrapping times. As argued above, the detrapping times are

very sensitive to the illumination intensity and will be long at low illumination levels.

Experimental measurements using intensity modulated photocurrent spectroscopy,

IMPS, backed up by a model that explicitly accounts for the trapped electron

density [16] show that Dn decreases from 0.4 cm2s�1 for bulk anatase TiO2 to

below 10�8 cm2s�1 at an illumination intensity of 10�3 sun [2]. Recently, steady

state microwave reflectance measurements on illuminated DSSCs have been shown

to be dominated by trapped electrons in the TiO2 film, contrary to the standard

interpretation that only free electrons contribute to the microwave response [11]. In

most device models, recombination from trapped states is ignored. Although it has

been argued that the trap states are at the surface, e.g., by Kopidakis et al. [17], there

is insufficient information available to determine the recombination rates in this case.

If the free and trapped electrons are in local quasi-static equilibrium, it is

possible to combine the continuity equations for free and trapped electrons into a

single equation for the free electrons with values of the effective electron diffusion

coefficient and lifetime Dn and τn, respectively, that depend strongly on the free

electron density due to trapping and detrapping as described above [18]. Ln [2],

however, is independent of the free electron density. The quasistatic approach,

though elegant and widely used, is only valid at or close to open circuit where the

electron concentration does not vary much with distance unless the electron density

is approximated by its average across the cell.

A full macroscopic device model [19] is required to examine the influence of cell

geometry and electrode configuration. Extensions for electrolyte mass transport are

needed to predict the performance of cells with other redox systems, especially

systems less corrosive than the conventional iodide/tri-iodide system [20]. The

most common way of implementing this approach is to treat the cell as a quasi-

homogeneous system by solving the steady state coupled continuity equations in

one and two dimensions for free (conduction band) electrons in the TiO2 phase, and

the iodide/triiodide ions and cation in the electrolyte phase [21]. A similar approach

was adopted by Barnes et al. [22] but here, instead of the cations, the oxidized dye

molecule profile was solved for and the response to time varying illumination

considered by accounting for the trapped electrons in the TiO2 phase.
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Random walk MC is an alternative technique for studying charge transport

in electronic devices; see, for example, the book by Hockney and Eastwood

[23]. In terms of lengthscales, MC studies lie between a microscopic level descrip-

tion of electronic and optical properties at organic/oxide interfaces where charge

separation and recombination occur, discussed in this volume by De Angelis [24],

and a device model.

Electron transport is sensitive to morphology so oxide films comprising nanoporous

networks, crystalline nanowires/rods, and single crystals will show different behaviors.

Geminate and bimolecular recombination rates are sufficiently slow in DSSCs in

optimized cells based on mesoporous TiO2, standard ruthenium-based dyes, and the

conventional redox electrolyte that Ln exceeds the thickness of the TiO2 film, normally

around 10 μm. The electron collection efficiency is hence close to 100% in this case

and, therefore, improvement is possible only for suboptimal cells or other materials [2].

ZnO has also been studied in depth because fabrication of many different morphologies

is easy. Light harvesting in one-dimensional ZnO nanostructures is not noticeably

reduced by the lower surface area, suggesting that the best way to improve ZnO is to

treat its surface to improve injection and reduce corrosion [25]. The higher relative

permittivity of anatase TiO2 compared to ZnO reduces the electrostatic interaction

between injected electrons and oxidized dye molecules, and hence the losses due to

geminate recombination of electrons and oxidized dye molecules immediately after

electron injection. The lower injection efficiencies in the case of ZnO films arise

from formation of bound electron/oxidized dye pairs arising from the lower relative

permittivity of the oxide [26]. This picture has been confirmed by THz spectroscopy

measurements backed up by MC calculations as discussed below [27]. SnO2 is an

alternative that continues to attract interest because of electron mobilities, over two

orders of magnitude higher in the bulk than in bulk TiO2, although this mobility

improvement has not been seen in mesoporous SnO2 film and SS-DSSCs made with

SnO2 and the polymer P3HT show high leakage current and low shunt-resistance [28].

3 Monte Carlo Methods and Results

In random walk MC simulations, trajectories of an ensemble of particles are

obtained by a sequence of random numbers and used to calculate quantities such

as the photocurrent and charge recombination transients. For electron transport in

DSSC, MC is more realistic than continuum transport models because the continuity

equations assume all electrons have the same diffusion coefficient, whereas MC can

address transport in disperse systems where the diffusion coefficient is a poorly

defined quantity as shown in more detail in Sect. 3.1. MC can also be implemented

for complex geometries and so can separate out the effect of morphology on electron

transport noted in Sect. 1.1. Section 3.2 describes simulations that explicitly consider

the morphology of the oxide.
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3.1 Continuous Time Random Walk Model of Dispersive
Transport

The CTRWmodel developed by Scher and others to interpret transient photocurrents

in amorphous semiconductors recognized the subtleties of transport in disordered

materials such as the lack of a well-defined charge mobility [29]. Application of this

approach to electron transport in DSSC has been reviewed recently [30] so this topic

is only addressed briefly here. In the CTRW model, illustrated in the left panel of

Fig. 6, the hopping picture described above was adopted in which moves are between

trap sites. Moves are confined to nearest neighbor sites on a 3D cubic lattice and have

a waiting time distribution. In the CTRW, the time for each step is taken from a

waiting time distribution ψ(t) where

ψ ðtÞ α t1�α: (5)

The dispersion parameter α takes a value between 0.1 and 0.3 and is obtained

from optical density measurements which vary with time t as exp[�(t/τ)α] for a
characteristic time τ. For an exponential distribution of trap states of width T0,
α ¼ T/T0. In a development of these ideas, the multiple trapping model was used to

explain the variation of experimental cation absorption decay data as a function of

applied bias using spectral information to obtain the initial electron number density

per nanoparticle [31].

This work was further extended by Barzykin et al. [32]. Here there was a random

choice of the next trapping site for an electron within the nanoparticle after

detrapping and diffusion in the conduction band as illustrated in the right panel of

Fig. 6. The waiting time distribution used to generate detrapping times ti is given by

ψ iðtÞ ¼ kdðEiÞ exp �kdðEiÞ t½ �: (6)

The nanoparticle is modeled as a sphere containing a regular cubic lattice of

electron acceptor sites. A fraction φ of these sites are traps with energies E drawn

from the distribution function g(E); the remainder are conduction band sites with

energy Ec. Initially n sites are populated with electrons and one site is occupied by a
dye cation. For consistency with Fermi Dirac statistics, each site can be occupied

only once. Recombination occurs whenever an electron arrives on a site occupied

by the dye cation. An electron with the shortest detrapping time is detrapped, then

the current time is advanced by that detrapping time and the detrapping times for

the rest of the electrons are updated. The fate of the freed electron is decided

immediately; it is placed at random either on one of the vacant trap sites or on a

cation where it immediately recombines.

This model was used to explain the kinetics of charge recombination in

dye-sensitized TiO2 nanoparticles from measurements of the decay of the cation

state of Ru(dcbpy)2(NCS)2 adsorbed on a nanocrystalline TiO2 electrode with an

ethanol/0.1 M tetrabutylammonium triflate electrolyte [33], as shown in Fig. 7.
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Fig. 7 Transient absorption data showing the decay of the cation state of Ru(dcbpy)2(NCS)2
adsorbed on a nanocrystalline TiO2 electrode with an ethanol/0.1 M tetrabutylammonium triflate

electrolyte for different applied potentials: 0, 100, 200, 300, and 400 mV (circles, right to
left) [33]. Lines were calculated using the simulation procedure described in [32] assuming one

cation per nanoparticle. The parameters obtained from fitting are α ¼ 0.37, 0.4, 0.47, 0.58, 0.81

and quasi Fermi energy EF as a ratio of kBT of 25.1, 21.1, 17.9, 15.5, 13.1 (right to left).
Reproduced with permission from [32] © 2002 American Chemical Society

Fig. 6 Two models of charge recombination in a semiconductor particle. T are the trap sites, D+ is

the excited dye molecule following electron injection In both cases cations are immobile, while

electrons can move between trap sites on the surface of the nanoparticle by thermal activation to

the conduction band. The model of [31] ([32]) is shown on the left (right). Reproduced with

permission from [32]. Left figure © (2001) The American Physical Society Right figure © 2002

American Chemical Society
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The curves are for different illumination intensities. Each curve is characterized by

the quasi Fermi energy EF. The good agreement with experiment combined with the

conclusion that long-time behavior of the recombination kinetics is determined

solely by the trap energy distribution has led to widespread acceptance of the

trapping model.

Experimental data on the variation of Ln with electron quasi Fermi level [34]

suggests that nonlinear recombination occurs in DSSC and so a continuum imple-

mentation of the multiple trapping model has been extended to this case [35]. Whilst

there is insufficient experimental evidence to be certain about the origin of the

nonlinear recombination, it is likely that it is due to recombination from trap

states [17].

A combined experimental andMC simulation was made into the charge transport

and recombination in dye-sensitized mesoporous TiO2 at temperatures between 110

and 295 K [36]. The MC simulations employed the multiple trapping model and

assumed traps were distributed on a 3-dimensional cubic lattice. As the temperature

was lowered, the mobility at first increased and then decreased at any given charge

density. These observations were shown to be consistent with the multiple-trapping

model if the average trap depth becomes shallower and the density of states more

ordered as the temperature is decreased. Their analysis also suggested that at room

temperature the recombination is mainly influenced by the recombination reaction

and the cation density and only weakly influenced by the charge transport. The

implications drawn for material design were that, if the mobility can be enhanced

without increasing the charge density in the film, for instance by reducing the

average trap depth, then there would not necessarily be enhanced recombination,

and so the mobility enhancement could greatly increase the charge carrier diffusion

lengths in dye-sensitized or mesoscopic solar cells. These conclusions are interest-

ing in the light of the perovskite cells mentioned in Sects. 1 and 4.

3.2 MCModels Testing Morphology Dependence of Electron
Transport

The CTRW methodology described in Sect. 2.1 was used to compare the tracer

diffusion coefficient Dtracer in the presence of electron trapping for different

porosities and nanoparticle sizes and for trap locations on the surface or extended

throughout the nanoparticles, as illustrated in Fig. 8 [37]. Dtracer describes the

diffusion of a single electron and is obtained from the mean-squared electron

displacement using

r ðtÞ2
D E

¼ 6Dtracer t: (7)

This type of diffusion can be followed using isotopic tracers, hence the name.

As shown in [35], Dtracer depends on the porosity of the film determined by the
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fraction of the volume of voids compared to the total volume. The simulated data

reproduce the observed porosity dependence and suggest that only if the traps are

located on the surface of the nanoparticles is it possible to reproduce the experi-

mental decrease of the diffusion coefficient with grain size [17]. Connectivity and

porosity are related quantities that show the importance of percolation on electron

transport. Recent work [37] has separated out this link with percolation from there

being fewer nanoparticles per unit volume in films of higher porosity. A similar

approach has recently been used to show that partial ordering of the grains in the

oxide film can almost double the collection efficiency with respect to a disordered

film [38]. Whilst Dtracer is an easy parameter to understand, it does not allow for

changes in trap occupancy. The effective diffusion coefficient Dn which takes these

effects into account is more helpful when comparing diffusion coefficients deduced

from the response to time varying illumination [39]. Nevertheless, the following

useful conclusions were made from this study [37]: Dtracer decreases with porosity

and is ten times larger for surface traps (R2) than for bulk traps (R3) for the same

trap concentration, favoring transport in the former case. This result can be under-

stood from the larger mean coordination number in the R3 model compared to the

R2 model. Electrons in the R3 model tend to hop within small clusters of traps with

high connectivity instead of percolating throughout the network of nanoparticles.

This approach also has the advantage of being less demanding of computational

resources than the more detailed description of electron transport below and so

easier to extend to consider recombination from traps when more information is

available on recombination rates from experiment and/or microscopic theory.

Fig. 8 In the R2 model, electron traps are located on the surface of the nanoparticles, whereas in

the R3 model the traps occupy the whole volume. Each nanoparticles has a diameter of 10 nm.

Results for Dtracer as a function of the porosity of the film are shown (circles) with exponential

distribution of trap energies with T0 ¼ 600 K. A constant number of traps per nanoparticle is

assumed in the calculations so that the total number of traps decreases as the porosity increases.

Open and filled circles are used to represent the data from the R2 and the R3 model respectively. R3

data have been multiplied by 10 to facilitate comparison. Reproduced with permission from [37].

© 2008 American Chemical Society
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To allow a direct comparison between MC simulation for systems with different

morphologies and experimental measurements of macroscopic quantities such as

photocurrent transients and extracted charge, the multi-timescale approach

illustrated in Fig. 9 was developed [40–42]. This work was motivated by the

IMPS measurements of [43] which showed that electron transport is slower in rutile

TiO2 films than in the more commonly used anatase TiO2 films due to differences in

interparticle connectivity giving rise to different particle packing densities. Two

timescales, namely nanoseconds (intragrain motion) and milliseconds (intergrain,

across the 2-μm TiO2 film) are needed because the electron transport in the grains is

governed by scattering events on a femtosecond timescale, whereas the electrons

take approximately milliseconds to reach the collector electrode after photo-

injection. In these simulations, 10 nm radius grains were simulated whose connec-

tivity was controlled by the angle αneck defined in Fig. 9. In addition to transport

along linear chains of grains, transport through a three-dimensional grain network

in which atoms were removed from a simple cubic lattice to ensure the measured

nearest neighbor coordination of four [44] was simulated and is shown in Fig. 10.

The grains are placed on a simple cubic lattice to reduce the computing time

involved in calculating intergrain transport and it is not evident that using this

Fig. 9 Schematic diagram

showing how the grains are

linked and the angle αneck is
defined. The shaded areas
indicate the regions in

which an electron is deemed

to have moved from the

middle grain to a side grain.

Reproduced with

permission from [40].

© 2003 American Chemical

Society

Fig. 10 Grain connectivity

in the voided three-

dimensional network.

The red grains are in the top
layer, the yellow grains in
the middle layer, and the

blue grains in the bottom

layer. Otherwise the grains

are identical. These colors

are used to make it easier to

see the grain connectivity

[42]. Reproduced with

permission of The Royal

Society of Chemistry
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simplification will have a large effect on the electron transport, whereas it is

important to have the correct nearest coordination to ensure sufficient connectivity

between the grains.

In these Monte Carlo simulations the electrons move in straight lines until they

are scattered. On scattering, a random direction is chosen for their subsequent

motion. The average temporal and spatial separation of scattering events experi-

enced by the electrons can be approximated from the electron diffusion coefficient

in bulk anatase TiO2, to give us a length (0.1 nm) and duration (~fs) for the steps

made by electrons in the random walk. Electrons require milliseconds or longer to

exit the TiO2 film so ~1012 steps of 2 fs duration would need to be taken in each

random walk, requiring unrealistically large computational resources. Thus in order

to simulate the passage of electrons through the grains, we split the simulation into

two stages as illustrated in Fig. 11. First, a fine scale simulation, where an electron

Fig. 11 Schematic diagram showing showing how the simulation is divided into fine and coarse

timescales. This illustration is for linear chain coordination [42]. Reproduced with permission of

The Royal Society of Chemistry
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makes a random walk using steps of size 0.1 nm is allowed to continue for a number

of steps that is sufficiently large that the electron could move a few grains along the

chain but sufficiently small that many walks are simulated in a reasonable time

frame. A walk of 105 steps taking 0.2 ns fulfills these requirements. By repeating

such a walk many times, we have obtained probabilities for the number of grains

moved and the likelihood of trapping. These can then be used in a coarse scale

simulation, in which the position of each electron is recorded only in terms of which

grain it is in and at each time interval the electron moves or is trapped according to

the generated probabilities.

Figure 12 [38] shows that the constrictions at the grain necks slow the electrons,

making trapping more likely and hence further delaying their passage to the

extracting electrode and that transport is slower in the three-dimensional network

than the linear chain of grains due to the additional paths available to the electrons.

The reason for the above observations is that in linear chains the electrons move

only up and down the chain. The electrode is therefore reached in a much shorter

time than in the 3D systems where electrons can take more tortuous paths, especially

in the fourfold coordinated system where the reduced coordination makes it even less

likely than for the sixfold coordinated system that the electrons can reach the

electrode in a given time. As the neck size increases for a given film thickness, the

number of grains in the direction normal to the electrodes increases, thus enhancing

the number of possible necks through which the electrons have to pass on each path

Fig. 12 Comparison between total charge extracted Q as a ratio of injected charge Qtot with no

traps present for linear chains with twofold coordination (solid lines) and a cubic network with

sixfold coordination (chained lines) and fourfold coordination (dashed lines) and in grains with

neck angles of 0.66 rad ( filled triangles), 0.45 rad (empty circles), and 0.13 rad (empty squares).
An electron density of 3.84 � 1023 m�3 is assumed, corresponding to four electrons/grain.

Reproduced with permission from [41]. © 2005 American Chemical Society
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and the number of paths available to them. This effect compensates to some extent for

the easier passage due to the wider necks.

The work reported in [37] quantified electron transport through the single

particle diffusion coefficient Dtracer whereas that in [41] was done to calculate

currents through the use of the multi-timescale approach. An effective diffusion

coefficient Deff was found by fitting the charge transients to analytical expressions

obtained by solving the continuity equation for the electron density in the absence

of traps [41]. When traps are present, the competition between slowing down due to

trapping and extraction of charge at the extracting electrode provides transients that

are quite different in shape to the analytical solutions and so a value for Deff cannot

be fitted, suggesting that the TiO2 film is a disperse medium, consistent with the

CTRW approach described above.

The strong influence of nanoparticle connectivity on electron transport has been

seen in time-resolved spectroscopic measurements in the THz and visible spectral

regions interpreted by MC simulations of electron transport within a grain and its

neighbors [27]. Transient conductivity measurements at 9 GHz, where the transport

over several nanoparticles was probed, found an order of magnitude lower mobility

than at THz frequencies. The MC simulations illustrated in Fig. 13 taken from [27]

showed that charge transport in the active solar cell material can be very different

from that in non-sensitized semiconductors, due to strong electrostatic interactions

between injected electrons and dye cations at the surface of the semiconductor

nanoparticle. These interactions localize the electron in the vicinity of the cation.

Fig. 13 (a) Geometry employed in the MC simulations of electrons interacting with dye cations in

ZnO. The cation is located in the center of the picture. The colors show the potential contours and

the dashed lines indicate nanoparticle surfaces. The arrows show a typical electron trajectory. Its

momentum pr at a position r is changed through scattering with a mean time τs. (b) Calculated
electron density distribution whose contours are shown by the colors for the configuration sketched

in (a). Reproduced with permission from [27]. © (2010) The American Physical Society
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4 Summary, Conclusions, Outlook

MC simulations are an essential tool for understanding electron transport in the

mesoporous oxide films employed in DSSC. There are many implementations of

the underlying randomwalk method, dictated by the phenomena being investigated,

from the use of the CTRW to look at energetic disorder due to the traps described in

Sect. 2.1 to simulations with an explicit morphology and in some cases multiple

timescales looking at the subtle influence of connectivity and electrostatic

interactions described in Sect. 2.2. Many papers have been published on DSC

that try to improve the cell efficiency by altering the morphology of the nanoporous

film, for example by using TiO2 nanotubes [16]. For these studies, a Monte Carlo

modeling approach that can examine the effects of the morphology such as the

models reviewed in Sect. 3.2 is important. One caveat is that without detailed

experimental measurements, the less computationally demanding approach of

solving one-dimensional continuity equations for the free and trapped electrons

using averaged parameters is just as effective as shown in [39] where predictions for

the transient photocurrent for multi-timescale MC and the continuity equations

were compared with experiment.

There are many applications of MC related to the examples I have provided

above. Kinetic MC, reviewed in [7], is a generalization of MC that can handle

interacting particles in complex three-dimensional morphologies. For example, the

hole conductivity in SS-DSSC has been studied [45] with this approach. Such

studies are important to tease out the role of additives [45]. By generalizing the

methodology of [38] to kinetic MC to treat interacting particles the device

current–voltage curves can be predicted for the meso-superstructured cells

described in Sect. 1, [4]. The hole transport occurs on the surfaces of the grains

and so the geometry is likely to influence the cell output. To identify the role of

bimolecular recombination in these cells, and to predict how the performance

differs between the devices based on the structures shown, it is important to

consider interactions between the holes moving through the transporter medium

and the electrons moving through the TiO2 film as well as the perovskite layer

(or just the latter for cells where Al2O3 replaces TiO2).
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20. Mosconi E, Yum J-H, Kessler F, Gómez Garcia J, Zuccaccia C, Conti A, Nazeeruddin MK,

Grätzel M, De Angelis F (2012) J Am Chem Soc 134:19438–19453

21. Gagliardi A, Mastroianni S, Gentilini D, Giordano F, Reale A, Brown TM, Di Carlo AD (2010)

Multiscale modelling of dye solar cells and comparison with experimental data. IEEE J Sel

Top Quantum Electron 16:1611–1618

22. Barnes P, Anderson AY, Durrant JR, O’Regan BC (2011) Simulation and measurement of

complete dye sensitized solar cells. Phys Chem Chem Phys 13:5798–5816

23. Hockney RW, Eastwood JW (1988) Computer simulation using particles. Adam Hilger,

London

24. Pastore M, De Angelis F (2013) Modeling materials and processes in dye-sensitized solar

cells: understanding the mechanism, improving the efficiency. Top Curr Chem. doi:10.1007/

128_2013_468

25. Anta JA, Guillén E, Tena-Zaera R (2012) ZnO-based dye-sensitized solar cells. J Phys Chem C

116:11413–11425

Monte Carlo Studies of Electronic Processes in Dye-Sensitized Solar Cells 255

http://10.1038/nphoton.2013.80
http://10.1038/nphoton.2013.80
http://10.1007/128_2013_467
http://10.1007/128_2013_471
http://10.1007/128_2013_468
http://10.1007/128_2013_468


26. Stockwell D, Yang Y, Huang J, Anfuso C, Huang Z, Lian T (2010) Comparison of electron-

transfer dynamics from coumarin 343 to TiO2, SnO2, and ZnO nanocrystalline thin films.

J Phys Chem C 114:6560–6566

27. Nemec H, Rochford J, Taratula O, Galoppini E, Kuzel P, Polı́vka T, Yartsev A, Sundstrom V

(2010) Impact of electron–cation interaction on electron mobility in dye-sensitized ZnO and

TiO2 nanocrystals. Phys Rev Lett 104:197401

28. Sadoughi G, Sivaram V, Gunning R, Docampo P, Bruder I, Pschirer N, Irajizad A, Snaith HJ

(2013) Enhanced electronic contacts in SnO2–dye–P3HT based solid state dye sensitized solar

cells. Phys Chem Chem Phys 13:2075–2080

29. Scher H, Shlesinger MF, Bendler JT (1991) Time-scale invariance in transport and relaxation.

Phys Today 1991:26–34

30. Anta JA (2009) Random walk numerical simulation for solar cell applications. Energy Environ

Sci 2:387–392

31. Nelson J, Haque SA, Klug DR, Durrant JR (2001) Trap-limited recombination in dye-sensitized

nanocrystalline metal oxide electrodes. Phys Rev B 63:205321

32. Barzykin AV, Tachiya M (2002) Mechanism of charge recombination in dye-sensitized

nanocrystalline semiconductors. J Phys Chem B 106:4356–4363

33. Haque SA, Tachibana Y, Willis RL, Moser JE, Grätzel M, Klug DR, Durrant JR (2000)

Parameters influencing charge recombination kinetics in dye-sensitized nanocrystalline

titanium dioxide films. J Phys Chem B 104:538–547

34. Jennings JR, Li F, Wang Q (2010) Reliable determination of electron diffusion length and

charge separation efficiency in dye-sensitized solar cells. J Phys Chem C 114:14665–14674

35. Ansari-Rad M, Abdi Y, Arzi E (2012) Simulation of non-linear recombination of charge

carriers in sensitized nanocrystalline solar cells. J Appl Phys 112:074319

36. Petrozza A, Groves C, Snaith HJ (2008) Electron transport and recombination in dye-

sensitized mesoporous TiO2 probed by photo induced charge-conductivity modulation spec-

troscopy with Monte Carlo modeling. J Am Chem Soc 130:12912–12920

37. Anta JA, Morales-Florez V (2008) Combined effect of energetic and spatial disorder on the

trap-limited electron diffusion coefficient of metal-oxide nanostructures. J Phys Chem C

112:10287–10293
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Monte Carlo Simulations of Organic

Photovoltaics

Chris Groves and Neil C. Greenham

Abstract Monte Carlo simulations are a valuable tool to model the generation,

separation, and collection of charges in organic photovoltaics where charges move

by hopping in a complex nanostructure and Coulomb interactions between charge

carriers are important. We review the Monte Carlo techniques that have been

applied to this problem, and describe the results of simulations of the various

recombination processes that limit device performance. We show how these

processes are influenced by the local physical and energetic structure of the

material, providing information that is useful for design of efficient photovoltaic

systems.

Keywords Monte Carlo simulation � Organic semiconductors � Photovoltaics
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1 Introduction

Organic photovoltaic devices are different from conventional photovoltaics not

only in their materials, structure, and method of manufacture, but also in the

techniques that must be applied to model their operation successfully. One

obvious difference is the complex nanostructure of donor and acceptor materials

that forms the basis of the bulk heterojunction devices that are commonly used.

Accurate modeling of device function therefore requires microscopic simulation

of the motion of charges and other excited states on appropriate lengthscales

within the nanostructure. However, even within a single organic semiconductor

material, there are important differences in the underlying physics compared with

conventional semiconductors, and these already require a microscopic approach

to modeling. Charge transport in organic semiconductors occurs by hopping

between localized sites that may represent individual molecules or segments of

a conjugated polymer chain. These sites are typically not arranged in a regular

crystalline lattice, and the different environments experienced by charges on

different sites lead to a range of energies of those charges. This energetic disorder

is key to understanding the transport properties. Furthermore, due to the localized

nature of excited states and the low dielectric constants of organic

semiconductors (ε~3–4), Coulombic interactions between charges are much

more important than in typical inorganic semiconductors. Photoexcitation of an

organic semiconductor leads to the creation of a bound, neutral excited state

known as an exciton which itself can hop between sites in a diffusive process.

Even once the exciton has diffused to an interface with a second material where

charge transfer can occur, Coulomb interactions between the electron and hole

remain very important and can make it difficult to separate the electron and hole

before they recombine geminately (i.e., the recombination is of an electron and a

hole originating from the same exciton). To model these local interactions

between pairs of carriers, together with the nanoscale morphology and the site-

to-site disorder in energy, requires a model that can keep track of the motion of

individual charge carriers and their interactions within a device. Monte Carlo

(MC) simulations are the natural approach to this, and recent improvements in

computing power mean that it is now feasible to model devices under realistic

conditions. The essence of MC simulations is that excited states are introduced

into a model of a device comprising an array of hopping sites, and are allowed to

move and react in a probabilistic fashion. The models can be used to track the

collection of photogenerated charges at the electrodes, and to identify the recom-

bination processes taking place. To simulate device characteristics accurately it is

necessary to integrate over many photogeneration events, and also sometimes to

average over different random implementations of morphology and energetic

disorder.

Monte Carlo simulations of charge transport in organic semiconductors have a

long history, including the pioneering work of Bässler [1] which allowed the

characteristics of the macroscopically measured mobility to be related to
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the microscopic hopping processes. By simulating the hopping of individual

charge carriers within a lattice of hopping sites in the presence of Gaussian

energetic and spatial disorder he was able to parameterize the temperature and

field dependence of the mobility in terms of the amount of disorder present.

Importantly, this work explained the Poole–Frenkel-type dependence of mobility,

μ, on electric field E [μ/exp(γE0.5)] which is often observed in organic

semiconductors. The importance of simulations increased with the explosion of

interest in organic light-emitting diodes (OLEDs). In these devices electrons and

holes are injected into a thin film of organic semiconductor from metallic

electrodes. Monte Carlo simulations proved invaluable in understanding the

injection of charge carriers in these systems by considering carriers moving

within a disordered energy landscape but in the presence of an image force

drawing them back to the electrode [2, 3].

More recently, it has become apparent that modeling carriers as moving

independently between hopping sites is not necessarily a good approximation

under the conditions typically encountered in organic devices such as LEDs and

field-effect transistors. Once the carrier concentration becomes significant (site

occupancy >1 in 103 for typical disorder widths at room temperature), the fact

that two carriers cannot occupy the same site means that the carriers on average

must occupy higher-energy sites within the Gaussian distribution than they

would under thermal equilibrium in the low-density limit. Since carriers on

higher-energy sites can more easily hop to neighboring sites, the mobility

increases with carrier density. Incorporation of these state-filling effects led to

the development of the “extended Gaussian disorder model” (EGDM) which

allowed the dependence of mobility on both electric field and carrier density to

be parameterized [4], and more recently Coulombic repulsion between the

charge carriers has been considered [5]. These models have led to greatly

improved predictive ability in the simulation of OLEDs, and have resolved

some important questions about the form of the temperature dependence of

mobility [6]. However this remains an open area of research, since there are

important questions about whether simple uncorrelated Gaussian disorder is the

best model to describe the properties of all organic semiconductors, and to what

extent the parameterization of mobilities from the EGDM can be transferred

directly into macroscopic “effective medium” models for device operation.

In this chapter we focus directly on the application of Monte Carlo

simulations in the modeling of organic photovoltaics. Key questions that we

want to answer are as follows. (1) Can we predict macroscopic device perfor-

mance, i.e., the current–voltage curve of a device under illumination, from

microscopic models? (2) How does nanoscale morphology influence device

performance and what would the optimum morphology be? (3) What recombi-

nation mechanisms dominate under different regimes of device operation?

(4) How do charges separate efficiently in the best OPV devices despite the

strong Coulomb attraction between them, and what are the microscopic

requirements to achieve this?
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2 Model Implementation

Kinetic Monte Carlo (KMC) models are an attempt to describe the behavior in time

of individual charges and excitons that give rise to OPV performance. The key

ingredient in any kind of KMC model is the set of rates, Ri, which describe the

various competing processes which may happen to the particles in a system, such as

hopping in different directions. In most KMC simulations, for a given configuration

of particles these rates are assumed to be independent of time. In one commonly-

used implementation of KMC, once the rates are defined the total rate R ¼ ΣRi is

calculated, and a random hopping time is calculated using (1):

τ ¼ � lnðXÞ
R

: (1)

Here X is a random number which is uniformly distributed between 0 and 1. The

time τ is then added to the simulation clock. The process which occurs is then

chosen according to a uniform random distribution, with the probability of a

process occurring being proportional to its rate Ri. It is the use of random numbers

that gives MC models their name. In an alternative, but equivalent, implementation,

random waiting times are generated corresponding to the rates of all the processes

Ri in a similar manner to (1), and the process with the shortest waiting time is

chosen to occur, with the simulation clock then being advanced by this waiting

time. For a system with interacting particles, once an event has occurred it is in

principle necessary to recalculate the rates for all possible events in the new

configuration. The choice and efficient computational realization of KMC methods

is a complex area, particularly for interacting particles, and is reviewed in detail by

Jansen [7].

A key ingredient in any MC model is the equation used to calculate the rates, Ri.

In organic materials, the intermolecular electronic interactions are usually weak,

and coupling of charges to intramolecular vibrations is strong. This leads to

transport proceeding by non-adiabatic tunneling events, or hops. Hopping transport

can be described by a Marcus-type equation:

Rhop ¼ Jj j2
�h

ffiffiffiffiffiffiffiffi
π

λkT

r
exp � ΔEþ λð Þ2

4λkT

 !
: (2)

Here J is the electronic transfer integral associated with the hop, λ is the

reorganization energy (equal to half the polaron binding energy), ΔE is the change

in energy associated with the hop, �h is the reduced Planck’s constant, k is

Boltzmann’s constant, and T is the temperature. ΔE includes a number of different

contributions. First we consider the device empty of charges, with a uniform

electric field arising from the presence of charges (considered as a continuous

sheet) on the electrodes, producing a linear drop in potential across the device.
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We then add on the effects of energetic disorder at each hopping site. Finally we

consider the Coulomb interactions between a charge on the hopping site and other

individual localized carriers within the device. A further complication arises since

the presence of a localized charge in the vicinity of a metal electrode will modify

the charge distribution on the electrode in order to maintain the boundary condition

that the in-plane electric field at the electrode surface must be zero. Rather than

calculating the electrode charge distribution directly, these effects can conveniently

be reproduced using the “method of images.” In this approach, the potential

distribution due to a charge in front of an electrode is found by adding on the

potential from a hypothetical opposite “image charge” placed an equal distance

behind the electrode. Coulomb interactions must therefore be calculated not just

between the actual charges within the device, but also between the actual charges

and all the image charges.

There are a range of KMC models which differ in their treatment of the

electronic coupling, J. The ultimate goal would be to simulate or measure an

exact molecular structure for the solid, to use electronic structure calculations to

determine the nature of the hopping sites, and then to calculate the electronic

coupling for each possible (or likely) hop. Although there has been some progress

towards this goal in molecular systems with artificially generated morphologies [8],

the calculation of the set of J values is laborious and so restricts the use of this

method to simulations of simple processes in relatively small systems. In the

models we describe here a number of simplifications are made. The hopping sites

are assumed to be arranged on a Cartesian lattice, and the electronic coupling is

assumed to be independent of time. Additionally, J is often assumed to be isotropic

[9–11], although in some cases anisotropic coupling is assumed [12]. These

assumptions significantly reduce the time required to calculate hopping rates, and

so permit the examination of larger problems, such as the current–voltage charac-

teristic of an OPV. This of course implies some loss of fidelity in charge transport,

as might be important for example if charge transport is anisotropic [13] or if the

molecular geometry of the chains thermally fluctuates [14]. However, the isotropic,

time-averaged electronic coupling is usually determined by fitting to experimental

mobility data [11, 15, 16] or chosen to give mobilities similar to those seen in

experiment [9, 10, 17, 18]. Likewise, the distribution of energetic disorder, which in

turn will influenceΔE in (2), is fitted to experimental data. Taking this approach has

resulted in KMC models which show quantitative agreement with experimental

data for all-polymer [15, 16] and polymer–fullerene [11] OPV devices. Given that

J falls off very rapidly with distance, we normally consider only nearest-neighbor

hops, although in principle longer-range hops can be included. These long-range

hops are likely to be more important at low temperatures. KMC should be consid-

ered to be intermediate betweenMCmodels which calculate the electronic coupling

between molecules and parts of molecules, and other modeling techniques which

consider charges in terms of local populations [19] or occupation probabilities [4].

To model photovoltaic device operation it is important to include the recombi-

nation events that compete with charge transport and eventual charge extraction.

Since electrons and holes reside predominantly within the acceptor and donor
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materials respectively, recombination events are assumed to occur for opposite

charges located on neighboring sites on either side of a heterojunction interface.

The rate for this process can in principle be calculated from Marcus theory, left as a

fitting parameter, or ideally measured by experiment [15, 16]. Usually the rate is

aggregated over all possible decay routes from the charge pair to the ground state,

although KMC is capable of including multiple decay routes to the ground state if

greater detail is required.

Photogenerated charge is usually introduced via excitons. Excitons can be

created at random positions within the film [9], or at random positions weighted

by the expected optical profile within the device [15]. Excitons are typically

assumed to move via Förster resonant energy transfer (FRET), which is described

by the following equation [20]:

RFRET ¼ we

R0

r

� �6

f ΔEð Þ; (3)

where we is proportional to the attempt-to-hop frequency, R0 is the exciton locali-

zation or Förster radius, r is the hop distance,ΔE is the associated change in energy,

and f(ΔE) is given by a Boltzmann-type rate:

f ΔEð Þ ¼ exp � ΔE
kT

� �
: ΔE > 0

0 : ΔE < 0

�
: (4)

However, it has been shown that a simple random walk approximates the

behavior of (3) relatively well [21]. Exciton transport competes with exciton

decay, which again is taken to occur at a rate measured by spectroscopy [10]. An

exciton incident upon a donor–acceptor interface is typically assumed to dissociate

immediately into an electron–hole pair either side of the heterojunction, in accor-

dance with experimental findings showing that exciton dissociation in charge

transfer pairs is fast.

In order to calculate the current–voltage characteristic of an OPV, it is also

necessary to consider charge injection and extraction at the electrodes. This can be

achieved by considering an array of charges at the contact and calculating their

hopping rate into the device, remembering thatΔE in (2) is determined by the energy

difference between the electrode workfunction and the HOMO or LUMO of the

material in question [2, 9], as well as by Coulomb interactions with charges and

image charges. Unless there is a strong electric field pulling carriers away from the

interface, many of the injected carriers will rapidly hop back into the electrode.

Indeed, for a device in the dark at zero voltage the current must be zero, so the rates

of hopping in and out at the electrodesmust balance and the carriers inside the device

must obey Fermi–Dirac statistics. Once carrier extraction is properly implemented it

can also deal with removal of photogenerated carriers from the device, as required to

collect a photocurrent. Extraction of carriers diffusing to the “wrong” contact must

also be considered; this process can be thought of as interface recombination and can

be a significant loss mechanism in thin OPVs (<50 nm) [22].
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Now we move on to consider the morphological and energetic structure of the

OPV. Of greatest practical importance are bulk heterojunction (BHJ) OPVs,

since these allow simultaneously good optical absorption (i.e., thick films) and

good exciton dissociation (i.e., distributed donor–acceptor heterojunctions).

Ideally, the device simulation would start with a three-dimensional BHJ

morphology determined by experiment, but it is extremely difficult to image

the three-dimensional structure with sufficient resolution. Electron tomography is

beginning to provide suitable data in certain materials systems [23, 24], but in

general it is necessary to simulate the BHJ morphology instead. There are two

commonly used techniques. The first involves “simulated annealing” using an

Ising Hamiltonian to relax an initially fine donor–acceptor structure into a

coarser state [9, 10, 25]. Examples of morphologies simulated using this tech-

nique are shown in Fig. 1.

The technique is straightforward but neglects the thermodynamics and kinetics

of morphology formation. Another technique involves using a modified

Cahn–Hilliard equation to describe blend formation [17]. This approach takes

better account of the physical processes of blend formation, with the additional

benefit of being able to include further processes, such as differing surface energies

[17] or solvent evaporation [26] as appropriate, as shown in Fig. 2.

The morphology itself is usually represented by a Cartesian grid in either two

[27] or three [9, 10] dimensions which is assigned donor or acceptor character in

accordance with the method above. Additionally, each site is assigned a HOMO

or LUMO energy drawn from a probability distribution function (pdf) to emulate

the effects of energetic disorder. Typically this pdf is chosen to be Gaussian, but

other investigations suggest the pdf may be exponential [28], or have multiple

components [29], and so the pdf can be modified as necessary. The site energies

Fig. 1 Evolution of a binary blend structure by simulated annealing, giving characteristic feature

sizes of 2.5, 3.0, and 4.3 units (a–c, respectively). Reproduced with permission from [9].

© American Institute of Physics
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may also be spatially correlated by use of a correlation function [30, 31], as may

be appropriate for crystalline polymers or for molecules with significant dipolar

disorder, for example. There are no prohibitions on the complexity of the

energetic structure in KMC provided one can represent them within the code.

For example, energy cascades in the region of the donor–acceptor heterojunction

have also been examined using KMC models [32].

An important concern in KMC models is how to execute the calculations

efficiently. One of the principal problems is efficient calculation of the Coulomb

interactions required to define ΔE in (2). For greatest accuracy, all Coulomb

interactions between charges and image charges should be considered. In turn

this means that the calculation time of hopping rates should scale at least as n,
where n is the number of charges in the simulation. In actuality, coding will not be

perfect and so the time taken to calculate Coulomb interactions scales superlinearly

with n, meaning simulations around open circuit where carrier densities are high

become very time-consuming. A number of strategies to overcome this issue have

been reported.

The first involves only including Coulomb interactions up to a certain mutual

distance, called the cut-off radius rc. This limits the sphere of influence of

charges and so limits the computational burden. Values of rc have been chosen

from a range spanning from the Debye screening length [10] to the Coulomb

capture radius [9] (defined as the mutual separation at which the Coulomb

attraction between an electron–hole pair is ~kT). However, this may lead to

errors in short-circuit current depending upon the value of rc [33]. Another

approach involves coupling a Poisson solver into the MC model, such that

charges are treated explicitly at short distances, and treated as one-dimensional

sheets of charge at long distances [34, 35]. While an effective method of

handling Coulomb interactions, it is necessary to make sure that charges are

not double-counted [34]. A further method is to calculate Coulomb interactions

only as needed rather than calculating and storing the Coulomb potentials

everywhere [36, 37]. This approach allows all Coulomb interactions to be

Fig. 2 Simulated blend structures using a modified Cahn–Hilliard equation to describe blend

formation, illustrating the ability to control the formation of surface wetting layers (present in (a)

but not in (b)). Reproduced with permission from [17]. © American Chemical Society
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calculated explicitly, and can be effective in reducing run-time when the charge

density is small. The calculation of image charge potentials can likewise be

improved by making use of the periodicity of image charge spacing (i.e., in a

device spanning between 0 and l, a charge at position x will produce image

charges at –x, 2l � x, �(2l � x), (2l + x), and so on) using the so-called Ewald

sum technique [33].

Another noteworthy technique to improve the efficiency of KMC simulations

applies when waiting times of all possible events are calculated and the event

with the shortest waiting time is selected, known as the First Reaction Method

(FRM) [38]. If one were to obtain the maximum accuracy in a KMC model,

whenever a charge moves, the behaviors of all the remaining charges should be

recalculated since the Coulomb interactions will have changed. Practically this

can lead to simulation run time scaling as ~n2 (since for each hop the behavior

of n charges must be determined, and for each charge, the Coulomb

contributions of the other n � 1 charges must be added together). The FRM

reduces this problem by calculating the waiting time for events only once, and

storing these times in an ordered list. Once an event occurs, only the waiting

times for possible events for that particle are recalculated and reinserted in the

queue, making simulation time scale as ~n. For interacting particles this is

physically equivalent to making the assumption that the behavior of a charge

does not change after it has been calculated, even if the local potential environ-

ment changes in the interim. One type of situation in which the FRM might be

expected to lead to errors is in the simulation of geminate pair separation, since

the Coulombic environment of the geminate charges changes significantly as the

charges hop around on either side of the donor–acceptor interface [36, 39]. How-

ever, even when considering geminate recombination, the predictions of the

FRM are in quantitative agreement with the full calculation (where charge

behavior is updated after each hop), both in terms of dynamics [9] and absolute

separation efficiency [37].

3 Losses in OPVs

An important target in OPV research is to reduce the recombination of charges

which competes with carrier extraction that generates the photocurrent. Recom-

bination can be either geminate (where the electron and hole involved were

generated from the same photoexcitation event), or non-geminate (where a

carrier encounters an oppositely charged carrier from a different photoexcitation

event before it has the chance to be extracted from the device). The relative

importance of these losses, and the mechanisms which influence this balance,

have been the subject of lively debate within the community [40]. On the one

hand, one may expect geminate recombination to dominate due to the typically

low dielectric constant in the materials used (ε~3–4), and the consequently

strong Coulomb interactions between geminate charge pairs. These expectations
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are reinforced by findings from Onsager–Braun (O–B) [41, 42] type models

which, when parameters from experiment are used, typically predict small, and

field-dependent, separation efficiencies, ηGS. While small and field-dependent

separation efficiencies are reported in some systems [43–45], in others it appears

that separation efficiencies are large and field-independent [44, 46–48]. A signif-

icant factor appears to be whether geminate charges are formed via a transiently

hot delocalized charge transfer (CT) state [49–51], although it is not yet clear

where the measured dependence of OPV performance upon morphology fits into

this picture [52, 53]. However, efficient charge dissociation via hot CT states

carries a significant penalty in lost energy, and therefore open-circuit voltage,

when the hot CT state cools. Therefore the charge separation process through

lower, more-localized CT states still warrants attention. Indeed, there are many

other mechanisms by which geminate charge separation may still be efficient,

such as charge delocalization [43, 54], cascaded energy heterojunctions [54, 55],

and exciton delocalization [56]. These processes cannot be captured by an

effective medium approach such as O–B or its later refinements to account

better for a finite recombination rate [57] and energetic disorder [58]. KMC is

better able to include detailed morphological and energetic structure than is

possible with an analytical approach.

Non-geminate recombination can also limit the performance of an OPV [44, 59,

60]. On the nanoscale, the degree of non-geminate recombination is perhaps most

conveniently described by the non-geminate rate constant, β (such that βnp is the

total rate of non-geminate recombination, where n and p are the local electron and

hole densities respectively). Expectations of the non-geminate recombination rate

often stem from the Langevin equation:

β ¼ q μe þ μhð Þ
εε0

: (5)

Here μe and μh are the electron and hole mobilities respectively. Equation (5)

was derived on the assumption that charge transport was isotropic, trap-free and

that both electrons and holes move in the same material. These are not good

descriptions of the transport environment within an OPV, and so perhaps unsur-

prisingly, the measured non-geminate rate constant, βm, often does not agree the

predictions of (5). In OPVs it is common that βm < β, and that βm is additionally

dependent on charge density [61–63]. KMC models allow the opportunity

to predict the rate of non-geminate recombination in the context expected to

occur within OPVs, namely including trapping, morphology, and anisotropic

transport.

This section will review KMC findings relating to geminate and non-geminate

recombination in OPVs, and, in doing so, will discuss the effect that energetic and

morphological structure has on OPV devices.
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3.1 Geminate Recombination

3.1.1 Morphology

As discussed previously, O–B models omit many details pertaining to charge

transport which KMC offers the opportunity to examine. First we will consider

the effect of morphology. The simplest morphology to consider is a donor–acceptor

bilayer. Peumans and Forrest [64] examined the effect of a bilayer on the charge

separation efficiency and found that constraining the motion of the electron to the

acceptor and hole to the donor significantly reduced the separation efficiency when

compared to O–B. This was examined further by Groves et al. [39] who also

considered the effect of heterojunction alignment to an electric field, thereby

examining the effect of random heterojunction orientation which occurs in bulk

heterojunction devices (Fig. 3). It was found that the separation efficiency of

charges was minimally affected provided there was no component of the electric

field forcing the charges into (rather than away from) the heterojunction.

These investigations are useful to begin understanding the role of

donor–acceptor morphology, but OPVs of greatest practical importance have

heterojunctions distributed throughout the device to give efficient exciton dissocia-

tion. KMC simulations have been used to examine a variety of distributed

heterojunction devices, including bulk heterojunctions [9, 10, 18, 65, 66], gyroids

[36], and columns [9, 10]. These investigations have shown that, generally, increas-

ing the feature size of the donor or acceptor domains increases geminate separation

efficiency. This can be thought of as a result of increasing entropy driving charge

separation as the domains get larger [67]. However, OPVs also have to transport

excitons efficiently to donor/acceptor interfaces, a process which is favored by

smaller feature sizes. Hence KMC simulations typically show a characteristic peak

in the photocurrent provided by a blend when the domain size is around the exciton

diffusion length, in agreement with experiment [68]. This was first illustrated by

Watkins et al. [10], who simulated exciton diffusion and charge separation in the

absence of energetic disorder for BHJ structures with various feature sizes and

found an optimum feature size of 20 nm (Fig. 4).

Fig. 3 Geminate separation

efficiency for charge pairs in

a bilayer structure as a

function of the angle between

the electric field and the

normal to the heterojunction.

Modified with permission

from [39]. © American

Institute of Physics
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The effect of BHJ feature size on the charge separation was further investigated

in the presence of energetic disorder by Marsh et al. [9]. The general picture

emerging from these simulations is that charge generation is strongly field-

dependent and rather inefficient. Using hopping rates and disorder widths designed

to reproduce bulk mobility values from experiments, it was found that to generate

even modest yields of free carriers (20–50%), surprisingly long recombination

times needed to be used for carriers at the heterojunction interface (2 μs in [9]

and 10 ms in [10]). These times are much longer than the recombination times for

charge-transfer states in these systems measured spectroscopically, which are

typically in the range 1–100 ns. Clearly these MC models are not capturing the

full physics present in real devices, and we discuss possible resolutions for this

issue in the following sections.

When comparing the performance of different morphology types, gyroids and

bulk heterojunctions have been shown to give similar performance for equivalent

domain sizes [36], whereas columns give better performance than either for equiv-

alent domain sizes [9, 10], as shown in Fig. 5. The performance of columnar

structures can be explained by the work of Groves et al. [39], who showed that

Fig. 4 Exciton dissociation

efficiency (dotted line),
charge collection efficiency

(dashed line), and internal

quantum efficiency in blend

structures of different

lengthscales (quantified in

terms of heterojunction

interfacial area per unit

volume). Modified with

permission from [10].

© American Chemical

Society

Fig. 5 Predicted power

conversion efficiency (PCE)

as a function of feature size

for bulk heterojunction (open
triangles), columnar (solid
triangles), gyroid (circles),
double gyroid (solid
squares), and double-

diamond (open squares)
morphologies. Modified with

permission from [36] by

permission of The Royal

Society of Chemistry
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the (optimized) separation efficiency in bilayer donor–acceptor heterojunctions

does not change much as the electric field is rotated from the conventional orienta-

tion perpendicular to the plane of the heterojunction to an orientation parallel to the

plane. Thus all the interfaces in a columnar structure can contribute efficiently to

charge generation. This provides further impetus to fabricate structures with this

morphology [69].

However, bulk heterojunction morphologies are described by much more than

just a characteristic domain size. Further morphological features which may deter-

mine the performance of a bulk heterojunction OPV include the purity of the

domains, the interfaces between these domains, the connectivity of the domains,

and more. Lyons et al. [18] tried to deconvolve the effects of these morphological

features by comparing simulation results on a range of morphologies with different

characteristics, namely impure domains with diffuse interfaces (CI), pure domains

with diffuse interfaces (DII), and pure domains with abrupt interfaces (SII), as

shown in Fig. 6.

All of these morphologies showed the expected characteristic peak in photocur-

rent when the domain size was approximately equal to the exciton diffusion length.

However, what was more pronounced was the influence of the interfacial morphol-

ogy. A morphology with domains of only ~4 nm and sharp heterojunction interfaces

was found to out-perform a morphology with “optimal” sized domains of ~8 nm

with diffuse interfaces. This suggests that the environment around the

Fig. 6 Left: Two-dimensional slices through representative structures with diffuse interfaces (CI),

pure domains with diffuse interfaces (DII) and pure domains with abrupt interfaces (SII). Right:
KMC predictions of short-circuit current density (top), exciton dissociation efficiency (middle),
and carrier collection efficiency (bottom) for the CI (circles), DII (triangles), and SII (squares)
morphologies. Adapted from [18] by permission of The Royal Society of Chemistry
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heterojunction interface is of greater importance to geminate charge separation than

the long-range “bulk” morphology.

3.1.2 Energetic Structure at the Donor–Acceptor Interface

One of the first KMC investigations into the geminate separation process in OPVs

was by Albrecht and Bässler [70]. They showed that energetic disorder leads to

greater than expected charge separation efficiency when compared to the

predictions of O–B, and that this difference was especially large when the avail-

ability of energy to drive charge separation (i.e., field and temperature) was low.

The mechanism for this process is simply that charges are created with a

non-equilibrium energy distribution. While the charges cool, hops apart from one

another can be energetically favored, as shown in Fig. 7, leading to relaxation-

assisted separation. As might be expected, the efficacy of this mechanism depends

strongly upon the energy with which charges are generated. In contrast to the

situation considered by Albrecht and Bässler [70], charges generated trapped within

the bottom of the density of states have far lower separation efficiencies [31, 37].

Relaxation-assisted charge separation was later shown to explain the J-V

characteristics of MDMO-PPV:PCBM OPVs very well using experimentally

Fig. 7 Left: Schematic diagram of the dissociation process for charge-transfer (CT) states.

Horizontal lines indicate the center of the donor and acceptor HOMO and LUMO energy

distributions, and the vertical gradient bars indicate the broadened density of states. Here the

hole is assumed to be immobile. The CT state is dissociated via downward hops, as the electron

relaxes towards its equilibrium energy while overcoming the remaining Coulomb energy (thick
black line). Right: Corresponding Jablonsky diagram. Reproduced with permission from [11].

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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reasonable recombination times of 1 ns [11]. Although these effects are in principle

included within the earlier simulations of Marsh et al. [9], a key issue appears to be

the hopping distance between lattice sites. Where this distance is large (2.5 nm as

assumed in [11]), a small number of hops away from the interface driven by

relaxation within the density of states is sufficient to reduce the Coulomb attraction

considerably. When a hopping distance of 1 nm is assumed [9], more hops are

required to overcome the Coulomb potential and this is less likely to occur during

the relaxation process. This is highlighted by contrasting the findings of [11] with

those of Groves et al. [31], in which a lattice constant of 1 nm is assumed. In Groves

et al. [31], KMC was used to predict the performance of OPVs in systems where the

energetic disorder was spatially correlated, i.e., where the energy of a site is

correlated with that of its neighbors. This may occur in real materials due to the

presence of molecular dipoles, or due to packing effects where the conformation,

and hence the energy, of neighboring polymer chain segments is likely to be

similar. The effect is to reduce the chance of separating charges being trapped at

low-energy sites from which there are no easy escape routes. In the presence of

correlated disorder it was shown that charge separation was efficient and only had a

weak dependence on electric field. Hence, in [31] where the lattice constant is 1 nm,

energetic disorder can lead to charge trapping, while in [11] where the lattice

constant is 2.5 nm, energetic disorder leads to relaxation-assisted separation.

Another important point to note is that Groves et al. [31] showed that charge

separation was primarily a function of the spatial distribution of traps, rather than

of the density of states function or the charge mobility, highlighting the difficulty in

describing OPV performance in terms of average quantities.

Quantum chemical calculations have recently suggested that the variation in

morphological order at various distances from the donor–acceptor interface gives

rise to a cascaded energy heterojunction structure, which is expected to encourage

the separation of geminate charges [55]. This in turn may help explain experimental

data for polymer–fullerene devices which correlate the onset of PCBM crystalliza-

tion/aggregation with increased OPV performance [54]. Groves [32] used KMC to

relate the form of the cascaded energy heterojunction quantitatively to charge

separation. It was found that cascades very similar to those which might be

expected for P3HT:PCBM solar cells do indeed give very large separation

efficiencies (in excess of 70% over the operating field range of OPVs). Essentially

cascades perform the same function as energetic disorder as examined by van

Eersel et al. [11], namely allowing relaxation within the energy landscape to

overcome mutual Coulomb attraction.

3.1.3 Delocalization

A further consideration absent in simple models of charge separation is the possi-

bility of delocalization of charges or of the exciton. Analytical calculations have

considered the effect of efficient charge transport in one dimension upon charge

separation [71], but this did not include the effect of the morphology around the
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polymer chain. Deibel et al. [72] used a KMCmodel to examine the effect of charge

delocalization along a polymer chain on geminate charge separation in the context

of a polymer:fullerene-like morphology. The morphology was generated consider-

ing intermolecular interactions between polymer chains after the technique of Frost

et al. [73]. Charge delocalization was incorporated by “sharing” the charge along

the polymer chain, which varied in length between one (i.e., no delocalization) and

ten lattice units. The results of KMC simulations are shown in Fig. 8. It was found

that only modest increases in the polymer chain length from one to four lattice units

could increase the separation efficiency by roughly an order of magnitude. This has

relevance to recent data relating to hot, delocalized CT states [49–51], showing that

Fig. 8 Predicted

dissociation yield as a

function of electric field,

from KMC simulations,

showing: (a) the effect of

recombination rate (1/τeff)
for a hopping system without

delocalization (CL ¼ 1),

(b) the effect of changing

delocalization length (CL),

(c) the effect of varying CL

for a variety of

experimentally observed

recombination rates.

Reproduced from [72].

©American Physical Society
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delocalization can indeed substantially increase geminate separation efficiency

(although in the case of the KMC model, delocalization occurs in the lowest CT

state, and so is “always there,” whereas the hot delocalized CT state is only

transient).

One effect which delocalization has is to increase the effective distance between

the geminate electron–hole pair. However, there are other processes that can yield

similar results, namely exciton delocalization. Caruso and Troisi [56] have shown

that, for some circumstances (here P3HT lamellae), exciton delocalization is

expected to yield charges which are separated by at least ~2 nm, in turn increasing

the separation efficiency. Both Peumans and Forest [64] and Groves et al. [39]

showed that charges with small separations (of the order of 4 nm) have substantially

higher separation efficiencies than charges which are separated by only 1 nm, as

shown in Fig. 9. This is in spite of the Coulomb capture radius for these simulations

being of the order of 15–20 nm. The commonly reported Coulomb capture radius

does not therefore appear to be the defining lengthscale for charge separation, since

successful charge separation can occur on lengthscales less than 10 nm.

3.1.4 Summary

KMCmodels have examined the effect of a range of OPV properties upon geminate

separation efficiency. It is found that, counter to the expectations of O–B, separa-

tion efficiency can be large when energetic disorder, charge or exciton delocali-

zation, or cascaded energy heterojunctions are present. Furthermore, it is shown

that viable charge separation efficiencies can be obtained within morphologies with

small feature sizes if the interface between donor and acceptor is sharp. These

results affirm the importance of the area immediately surrounding the

donor–acceptor interface in determining separation efficiency, rather than long-

range order. As a final word on the use of O–B models, it should be noted that

quantitative agreement between O–B and KMC can be obtained [31, 70], but the

parameters used in O–B to obtain these fits often have little relation with KMC

Fig. 9 Separation efficiency (ηGS) in a bilayer structure as a function of separation (d ) for geminate

pairs present in the simulation after 100 ns. The electric field, ξ is 0 Vm�1 (squares), 5 � 106 Vm�1

(circles), 107 V m�1 (triangles), 2 � 107 V m�1 (diamonds), and 2.4 � 107 V m�1 (crosses).
Reproduced with permission from [39]. © American Institute of Physics
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values. O–B therefore appears to be useful in fitting to experimental data, but the

values obtained from such fits should be viewed as indicators of the separation

process rather than quantitative metrics of the physical parameters.

3.2 Non-Geminate Recombination

3.2.1 Morphology

The Langevin equation describes the non-geminate recombination rate in a feature-

less morphology, within which both electron and hole are free to move. To begin

examining the effects of the bulk heterojunction in OPVs upon non-geminate

recombination it is convenient to begin with a bilayer, since this represents the

simplest donor–acceptor morphology. Greenham and Bobbert [74] used a KMC and

Master Equation approach to measure the rate of non-geminate recombination at

interfaces where the electrons were mobile in a 2-D plane but holes were immobile,

in the presence of energetic disorder. It was found that under these circumstances the

non-geminate rate constant varied as n0.43, making the recombination kinetics

superlinear with electron density. This helps explain one of the commonly observed

behaviors of non-geminate recombination in blended devices, namely that the

non-geminate recombination kinetics increase more quickly with charge density

than would be expected on the basis of the Langevin expression [61, 62]. The charge

density dependence appears to be due to two mechanisms, namely the filling of

low-energy states [61, 75] and the altered nature of charge transport in confined

volumes [12]. While the former may always be expected to play a role in bulk

heterojunction OPVs, the latter may also be relevant in P3HT:PCBM devices where

P3HT forms two-dimensional lamellae within the larger bulk heterojunction

morphology [76].

More generally, charge transport is constrained to a distributed donor–acceptor

bulk heterojunction within an OPV. This case was considered by Groves and

Greenham [12]. It was shown that the measured non-geminate recombination rate

was generally lower than the predictions of the Langevin equation by factors of

more than 2, depending upon the difference in electron and hole mobilities, degree

of charge trapping, and size of domains as shown in Fig. 10. The reason for the

reduction is that both charges need to be present at the donor–acceptor interface in

order to recombine, and so, on average, there is some degree of waiting involved

since the arrivals of charges at the interface are not synchronized. Hence factors that

increase the average wait, namely larger domains, increased charge trapping, or

larger mismatches between mobilities, all reduce the rate of non-geminate

recombination.

Frost et al. [73] also examined the effect of morphology on non-geminate

recombination, but, in this case, considered more explicitly the link between

molecular interactions and the degree of non-geminate recombination. In this

paper it was assumed that the morphology comprised a series of polymer donor
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“snakes” embedded within a “sea” of fullerene acceptor molecules. The blends

were annealed assuming either heterophilic or homophilic interactions, giving rise

to either well-dispersed or aggregated morphologies, respectively. It was found that

heterophilic interactions lead to greater recombination due to increased surface area

between donor and acceptor, over which recombination can occur.

3.2.2 Transport

The previous section considered the case in which the characteristics of charge

transport were defined by isotropic charge transport and a spatially uniform density

of states function. These assumptions may not always be appropriate for OPVs.

For instance, experiments on organic transistors in which the polymer chains

have been uniformly aligned suggest that the rate of intra-molecular hopping along

the polymer backbone axis is faster than hopping radial to the backbone [13,

77]. This circumstance was considered by Groves and Greenham by introducing

anisotropic hopping prefactors in an MC simulation [12]. As perhaps might be

expected, the non-geminate recombination rate was between the predictions of the

Langevin equation when the axial and perpendicular mobilities, μaxial and μperp,
respectively, were used. Interestingly, KMC data showed that the measured

non-geminate rate coefficient could be predicted quite well if an effective mobility

was used in the Langevin equation of μeff ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiμaxialμperp
p

.

Given that OPV morphology is spatially heterogeneous [78], it is possible that

the density of states function is also spatially heterogeneous. This was considered

by Nelson [75], when a variant of KMC was used where sites could be from one of

Fig. 10 KMC prediction of

the bimolecular

recombination rate constant

(symbols) for bulk
heterojunctions with 4 nm

(black) and 35 nm (red/grey)
domains. Squares correspond
to no energetic disorder,

while triangles assume

Gaussian-distributed

energetic disorder with

σ ¼ 75 meV. The solid line
shows the prediction of the

Langevin equation. Modified

from [12]. © American

Physical Society
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two populations: “transport levels,” where charges moved by diffusion, and “trap

levels,” where charges escaped by thermal activation. The relative density of trap

and transport levels, as well as the density of states function for the traps, were

varied to fit transient spectroscopy data for MDMO-PPV:PCBM OPVs at

temperatures between 220 and 300 K. It was shown that the dynamic behavior of

charge populations, which decay via non-geminate recombination, was sensitive to

both the density of states function and the trap density. Quantitative fits to experi-

mental data could only be obtained for a trap density of 1017 cm�3 with a

characteristic trap depth of 750 K. This in turn shows that KMC models in

combination with experiment can provide useful quantitative information about

trapping behavior of charges in OPVs.

4 Conclusions

We have shown that KMC models can obtain quantitative agreement with experi-

mental OPV data, as well as provide qualitative understanding of the effect of

nanoscale morphology and electronic structure on OPV performance. A number of

investigations were reviewed that can help explain commonly observed inefficient

geminate and non-geminate recombination in OPVs. Although the presence of

delocalized states formed directly after charge transfer appears to be a significant

factor in the efficient formation of free charges, one may not need to be too

pessimistic about the performance of devices in which delocalized CT states do

not form, since local variations in site energies can assist the charge separation

process.

In many cases models predict that variation of quantities on the nanoscale results

in large changes in the recombination processes that limit OPV performance. Given

that morphology can be heterogeneous, and that donor and acceptor materials can

be present in a number of phases at various positions, this calls into question the

appropriateness of modeling OPVs in term of average parameters. However, this

presents a challenge to KMCmodeling as well. Since KMC has shown that losses in

OPVs are sensitive to their nanostructure, predictive models now require a greater

quality of detailed information about both the electronic and morphological struc-

ture of OPVs.
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Device Modelling of Organic Bulk

Heterojunction Solar Cells

Thomas Kirchartz and Jenny Nelson

Abstract We review the methods used to simulate the optoelectronic response of

organic solar cells and focus on the application of one-dimensional drift-diffusion

simulations. We discuss how the important physical processes are treated and

review some of the experiments necessary to determine the input parameters

for device simulations. To illustrate the usefulness of drift-diffusion simulations,

we discuss several case studies, addressing the influence of charged defects on

transport in bipolar and unipolar devices, the influence of defects on recombination,

device performance and ideality factors. To illustrate frequency domain

simulations, we show how to determine the validity range of Mott–Schottky plots

for thin devices. Finally, we discuss an example where optical simulations are used

to calculate the parasitic absorption in contact layers.

Keywords Polymer:fullerene blends � Photovoltaics � Poisson equation � Traps �
Doping � Density of states � Disordered semiconductor
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1 Introduction

1.1 Introducing Organic Bulk Heterojunction Solar Cells

In recent years, much of the research effort in the area of novel photovoltaic

absorber materials has been directed towards developing solution processable

materials consisting of either π-conjugated molecules [1, 2] or inorganic

nanoparticles [3–7]. These materials have in common that they are disordered

materials of rather low electronic quality but with reasonable absorption

coefficients enabling effective light harvesting with absorber thicknesses of order

100 nm. Among the most widely studied absorber materials for solution processed

thin-film solar cells are organic semiconductors such as conjugated polymers and

small molecules. The efficiencies of solar cells based on these organic materials

have increased [8–16] in the last years up to values of around 10% which are

comparable to efficiencies for thin-film silicon solar cells [17]. The semiconducting

properties of organic semiconductors are distinguished by the fact that all electronic

states, including photoexcited and charged states, are localized on individual

molecules or conjugated segments of a few cubic nanometers in volume, and the
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energies of these states vary due to the intrinsic disorder in molecular packing. The

localized nature of the excited states has led to the particular design of most organic

solar cells, where the light absorbing medium is made up of a blend of different

organic semiconductors that are mixed together on the nanoscale and form a

so-called “bulk heterojunction” [18–20]. This heterojunction between the two

types of molecules is non-planar and extends through the whole bulk of the

absorber. The small volume of the exciton combined with the low dielectric

permittivity of organic semiconductors means that the binding energy of the

electron and hole in the photogenerated exciton exceeds the thermal energy kT at

room temperature. The heterojunction provides a sufficient free energy difference

to encourage the dissociation of the exciton into an electron–hole pair. After exciton

dissociation at the heterojunction, the electron will be on the acceptor molecule

(high electron affinity) and the hole on the donor molecule (low ionization poten-

tial). The challenge of creating a good bulk-heterojunction is to optimize simulta-

neously the energetics and the microstructure of the blend. The energetic offsets at

the heterojunction need to be high enough to allow efficient exciton dissociation but

as low as possible to reduce the loss in energy and, consequently, open-circuit

voltage that is associated with the energetic offsets [21–24]. The microstructure of

the film needs to be engineered such that it is fine enough to allow every exciton to

find an interface for dissociation and at the same time it has to be sufficiently

segregated to allow the charge carriers to travel efficiently to the respective

electrode without recombining [25]. While the exciton dissociation and charge

generation are surprisingly efficient in blends of electron-donating polymers and

electron-accepting fullerenes [26–28], charge collection is a challenge due to the

relatively low mobilities and low permittivities of organic materials. Only in a few

cases [29–31] are absorber thicknesses above 100 nm possible without substantially

reducing the efficiency of collecting the photogenerated charge carriers.

The low dielectric constant, high exciton binding energy and the subsequent

use of the bulk-heterojunction concept sets organic solar cells apart from

inorganic solar cells. However, in many ways, organic solar cells have similarities

to amorphous or microcrystalline silicon solar cells. In both cases, the absorber

layer is a relatively disordered semiconductor that contains localized states that

slow down charge carrier transport. In both cases the device consists of an intrinsic

or lowly doped absorber sandwiched between two contact layers that create a

built-in electric field that helps to separate the charge carriers.

Due to these similarities, device modelling of organic solar cells has many

similarities to device modelling in inorganic thin-film solar cells. In particular the

underlying differential equations are the same and the treatment of disorder is based

on the same mathematics as for inorganic solar cells. However, there have been

several models and concepts that are specific to organic solar cells that we will

briefly discuss in the following. However, most of the following theory will be

relevant for all kinds of thin-film solar cells and is not specific to organic molecules.

In this review we will discuss the simulation of organic solar cells based on the

concept of one-dimensional drift-diffusion simulations. We will discuss the under-

lying differential equations, the description of physical phenomena such as transport
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and recombination in organic solar cells and the measurements used to determine

necessary parameters. Finally, we present examples of situations where device

modelling can give useful insights that would otherwise be difficult to obtain.

1.2 Differential Equations

In any semiconductor device the charge densities are governed by three differential

equations, Poisson’s equation which expresses the minimization of electrostatic

potential energy and continuity equations that express the conservation of charges.

Typically, multilayer stacks of thin-film solar cells are simulated in the dimension

parallel to the surface normal of the stack. For such a one-dimensional device

model, these equations become

∂2φ

∂x2
¼ � ρ

ε
, (1)

relating the electrical potential φ to the space charge density ρ,

dn

dt
¼ G� Rþ 1

q

dJn
dx

(2)

expressing the conservation of electron density n in terms of charge pair volume

generation rate G, charge recombination rate R, and electron current density Jn, and

dp

dt
¼ G� R� 1

q

dJp
dx

(3)

expressing the conservation of hole density p in terms of the hole current density Jp,
G and R. Here, x is the coordinate normal to the surface of the device, t is the time

and q is the elementary charge. In (1), ε is the absolute permittivity, i.e. the product

of relative permittivity εr and vacuum permittivity ε0.
In steady state (dn/dt ¼ 0 and dp/dt ¼ 0), the continuity equations can be

rewritten as

� 1

q

dJn xð Þ
dx

¼ �Dn

d2n xð Þ
dx2

� Fμn
dn xð Þ
dx

¼ G xð Þ � R x; n; pð Þ (4)

for electrons and

1

q

dJp xð Þ
dx

¼ �Dp

d2p xð Þ
dx2

þ Fμp
dp xð Þ
dx

¼ G xð Þ � R x; n; pð Þ (5)

for holes. In (4) and (5) the current densities have been split into a diffusion and a

drift term, where Dn,p ¼ kTμn,p/q is the diffusion constant and F is the electric field.
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Note that since the charge concentrations n and p in (4) and (5) are the

concentrations of free carriers and μn and μp are the mobilities of free charge

carriers, the classical Einstein relation (Dn,p ¼ kTμn,p/q) is applicable. Only if

we were to define n and p as the concentration of free and trapped carriers would

we have to use the generalized Einstein relation [32, 33].

In order to solve the above equations, suitable boundary conditions have to be

defined that fix the difference in electrostatic potential at the two contacts (bound-

ary condition for the Poisson equation) and a set of equations that connects the

electron and hole currents flowing out of the devices with the charge carrier

concentrations. In Sect. 2.5 we will discuss these boundary conditions in more

detail.

This set of equations is the basis for the simulation of any optoelectronic device

in one spatial dimension and they are not specific to organic solar cells. In order to

make meaningful simulations, the challenge for the simulation of any solar cell

technology is to determine the form of the mobilities μn and μp, the recombination

rate R and the generation rate G. In the simple case of a crystalline inorganic

semiconductor like Si, the mobilities can be measured (e.g. with Hall effect

measurements), the recombination rate in most of the bulk of the material is

(nearly) proportional to the minority carrier concentration and light intensity and,

because the devices are optically thick, the generation rate can be calculated with

the simple exponential Lambert–Beer law. In addition, the largest part of the

volume of c-Si solar cells is usually the p-type base in which the electric field is

negligible and the only relevant equation to solve is the diffusion equation for

minority carriers, which can be done analytically [34–36]. In contrast, in organic

solar cells the mobilities are a function of carrier density [37, 38] and low. In

addition, the devices are so thin that the carrier concentration gradients are large

[39, 40], meaning that both carrier types have to be considered and the recombina-

tion rates are therefore nonlinear [41, 42]. Low thickness also means that the optical

generation rates depend on optical interference [43–45]. Moreover, the optical

generation rate is not identical to the generation rate for free charge carriers because

of the variable efficiency of the intermediate stages of exciton dissociation and

charge separation [46, 47]. Because of the low dielectric constant in organic

materials, space charge effects are likely to matter more than in similarly thin

inorganic thin-film solar cells. This will mean that the shape of the band diagram

depends strongly on space charge effects due to, e.g. asymmetric mobilities of

electrons and holes and is therefore a function of charge carrier concentration and

often not reliably known [48–50]. Finally, because of the disordered nature of the

films the density of states cannot be approximated by two bands of delocalized

states for electrons and holes. Instead, there is evidence for a continuous distribu-

tion of localized states in the band gap of the semiconductor that affects transport

and recombination [51–54].

In describing solar cell response, different approximations can be made to

solutions of the device equations. In the next sections we review how some of the

common approximate models are used and adapted for organic solar cells.
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1.3 Equivalent Circuit Models

One of the most popular models to describe a solar cell is the equivalent circuit

model. In this case, the dark current/voltage curve of most solar cells is described by

the classical diode equation

Jd ¼ J0 exp
q V � JdRsð Þ

nidkT

� �
� 1

� �
þ V � JdRs

Rp

(6)

including a series resistance Rs and a parallel resistance Rp. Equation (6) is the

mathematical description of an ideal diode, characterized only by a saturation

current density J0 and an ideality factor nid, connected in parallel to a resistor Rp

and both are connected in series to a resistor Rs. These parameters, J0 and nid, relate
to the device parameters and can be derived from solving the continuity and Poisson

equations [55]. While the diode parameters, J0 and nid, describe the recombination

of electrons and holes as a function of applied voltage, the series resistance

considers all resistive effects in series with the diode. These resistive effects can

be internal, i.e. due to the finite conductivity of the semiconductor causing a voltage

drop to drive majority carriers through the device, or external, i.e. due to the finite

conductivity of the contacts. The shunt resistance is due to local defects in the

material that allows unipolar electrical transport through the device that is ohmic or

nearly ohmic.

Different ideal circuit elements (diode, shunt and series resistance) dominate at

different applied voltages. For low voltages, the current (V�JRs)/Rp over the shunt

resistance is dominant. For intermediate voltages, the current increases exponen-

tially with voltage before – at high voltages – the slope starts to decrease again

because of the voltage drop over the series resistance.1

For inorganic pn-junction solar cells the Jl/V curve under illumination follows

from the dark J/V curve by subtraction of the short-circuit current density Jsc
(the “superposition principle”) giving

Jl ¼ J0 exp
q V � JlRsð Þ

nidkT

� �
� 1

� �
þ V � JlRs

Rp

� Jsc: (7)

Thus, the Jl/V curve under illumination is described as a superposition of the

dark current and a current source that takes into account the photovoltaic effect in

the device. The superposition means that this current source is independent of

applied voltage and depends only on illumination. In addition, it is often implicitly

1 The description of the dark current density with (8) is typically sufficient for most solar cell

technologies. In some cases, especially for crystalline Si solar cells, a second diode has to be taken

into account because different recombination mechanisms with different ideality factors dominate

at different voltages (recombination in the space charge region at low voltages and recombination

in the neutral zone at higher voltages).
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assumed that it scales linearly with illumination. This approximation is reasonable

for pn-junction solar cells where charge carrier collection is driven mostly by

diffusion in a field free base.

For thin-film solar cells with absorber layer thicknesses of the order of the space

charge regions, a substantial part of the absorber layer will be depleted of free

charge carriers. Thus, collection will be (at least partly) field driven and, addition-

ally, non-geminate recombination will be nonlinear. Under these circumstances, the

superposition principle will cease to be valid and (7) has to be rephrased:

Jl ¼ J0 exp
q V � JlRsð Þ

nidkT

� �
� 1

� �
þ V � JlRs

Rp

� Jph V;ϕð Þ: (8)

We call Jph the photocurrent which may now depend on voltage V and which

may scale nonlinearly with the photon flux ϕ because the recombination depends

nonlinearly on light intensity. For devices with high mobility and good collection

independent of voltage, Jph would be a constant as a function of voltage.
2 In organic

solar cells Jph may depend on voltage because the charge carrier mobilities are low

and collection is sensitive to the electric field and therefore to the term (Vbi�V)
[58]. Here, Vbi is the built-in voltage (at short circuit) and (Vbi�V ) is the potential
difference between cathode and anode at an applied voltage V. One approach to

incorporate this effect is described next.

1.4 Approximations Based on the Mobility-Lifetime Product

In the case of a thin absorber layer such that the electric field in the device is

uniform, an analytical approximation can be used to describe the voltage dependent

photocurrent in thin-film solar cells at least around short circuit and for small

forward bias. The equation for the photocurrent

Jph ¼ 2qG μτ
Vbi � V

d
1� exp � d2

2μτ Vbi � Vð Þ
� �� �

(9)

is based on the Hecht equation from the 1930s [59] and has been adapted for the

case of amorphous Si solar cells by Crandall in the 1980s [60]. Equation (9) and

similar equations based on the concept of a mobility-lifetime (μτ) product have
been introduced to the field of organic solar cells in recent years [8, 21, 53,

61–63]. Equation (9) captures two main features of the photocurrent Jph. It depends

2However, note that Jph is not equal to Jd�Jl, which would not be a constant as a function of

voltage even for infinite mobilities as long as there is a finite series resistance in the device. This is

due to the fact that the voltage drop over the series resistance is JlRs under illumination and JdRs in

the dark (i.e. not the same), meaning Jd�Jl is affected by the series resistance at larger forward bias
[56, 57].
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on voltage, with higher forward voltage V leading to a lower electric field

(Vbi�V)/d and therefore a less efficient charge carrier collection. In addition, the

photocurrent Jph depends on a representative mobility μ and lifetime τ such that

higher mobilities and lifetimes lead to better collection and higher photocurrents.

Note that the mobility μ is assumed to be representative of both electrons and holes,

which is reasonable because (9) is not valid for highly asymmetric mobilities and

the lifetime τ is assumed equal for both carrier types. Equal lifetimes would result

for the recombination of free charges via midgap defects [60], which is a reasonable

assumption for amorphous Si solar cells. Equation (9) predicts Jph to be linear with
light intensity, which is not necessarily correct for organic solar cells [41].

Some more complicated analytical models have been applied to inorganic thin-

film solar cells mostly by the amorphous Si community [64–67]. However, little

work in this context has been done by the organic photovoltaics community [68].

1.5 Trap Free Drift-Diffusion Models

The next step up in complexity for the organic solar cell community was a trap-free

effective medium drift-diffusion model. Koster et al. [69] solved the continuity,

current and Poisson equations, essentially as for a crystalline semiconductor but

with a modified generation term for free charge carriers. While in inorganic solar

cells at room temperature all recombination is non-geminate (between separated

electrons and holes), in organic solar cells there might also be a substantial amount

of prompt recombination of either excitons or unseparated charge pairs, known as

geminate recombination. To take geminate recombination into account, the gener-

ation term was weighted by a field dependent charge separation probability.

The probability is calculated with a model developed by Onsager [70] and modified

by Braun [71]. In these drift diffusion models, the two phase blend is treated

like one effective medium with the conduction band of the effective semiconductor

representing the energy of free electrons in the acceptor and the valence

representing the energy of the free holes in the donor, so that the exciton diffusion

is not considered. Similar trap-free drift-diffusion models have been used by other

authors [43, 72–76].

Disadvantages of the model are that it only yields ideality factors of one, which

is in contrast to what is mostly found experimentally [77] and that it is unable to

reproduce transient device response since trap states are neglected [54]. In addition,

the model makes it difficult to discriminate between different effects that have

a similar influence on the shape of the current/voltage curve under illumination.

For instance, similar current/voltage curves may be assigned to space charge effects

on non-geminate recombination [78] or to field dependent geminate recombination

[79]. Indeed, several studies [80–82] suggest that effects of field dependent gemi-

nate recombination can be small, at least in some relevant systems.
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1.6 Drift Diffusion Including Localized States

The capability of drift-diffusion models can be increased by introducing localized

states into the band gap. Recently, several studies have introduced single trap levels

[83] as well as distributions of localized states in order to describe the results

of transient and steady state experiments on polymer:fullerene solar cells

[54, 84–89]. Most of these models use a Shockley–Read–Hall type occupation

statistics for the localized states, which we will discuss in more detail in Sect. 2.3

and the Appendix 2 before discussing some of the implications of this model in the

case studies in Sect. 4.1.

1.7 1D Versus 2D Simulations

While most literature on device simulations of organic solar cells is on

one-dimensional simulations, there are also some examples of two- and three-

dimensional simulations [90–93]. Adding one more dimension brings the option

of studying the effect of blend microstructure on device performance. Maturova

et al. studied the relation between device performance and microstructure in

polymer:fullerene solar cells as measured with various microscopic techniques

such as atomic force microscopy (AFM), scanning Kelvin probe microscopy

(SKPM), scanning tunnelling microscopy (STM) and transmission electron micros-

copy (TEM) by using a two-dimensional drift-diffusion model [94–97]. One of

the main features of this model as shown in Fig. 1 is that it consists of layers

containing a mixed donor:acceptor phase and layers containing a pure acceptor

phase. Using this assumption, the model reproduces the dependence of photocur-

rent on the measured phase separation in MDMO-PPV:PCBM where the polymer-

rich phases are usually believed to contain fullerene. If we assume that exciton

diffusion in the mixed donor:acceptor layer is efficient but that the electron mobility

is much smaller as compared to the pure acceptor phase, the trends in photocurrent

vs domain size can be explained quantitatively [94].

1.8 Monte Carlo Simulations

Drift-diffusion treatments are ideal for multilayer devices with one-dimensional

variations in structure and where the density of electronic states is sufficiently sharp

near the band edges that an effective density of states and a quasi Fermi level can

be defined for each carrier type. As we shall see below, part of the challenge in

applying drift-diffusion simulations to organic semiconductors has been handling

the influence of electronic states that lie within the electrical gap and can act as

charge traps and recombination centers. An alternative approach to materials with
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high disorder in the electronic state energies is to use Monte Carlo simulations,

where a disordered medium possessing some density of states is generated at

random, and physical processes of charge generation, separation, transport, recom-

bination and injection can be simulated microscopically. The response of a material

can then be modelled by averaging over a large number of realizations of the

material and of the situation being simulated. A master equation method where

different rates for different charge transfer events are incorporated using different

coupling coefficients in a nonlinear matrix equation can alternatively be used to

model transport in a disordered assembly of transport sites [98].

Monte Carlo approaches are attractive for disordered organic semiconductors

because they incorporate the disorder in energy levels in a natural way. This is

because the chemical nature can be incorporated explicitly through the energy

levels and interactions between different molecules and because the effects of 3D

variations in structure (such as in molecular packing and phase segregation) can be

Fig. 1 Layout of the unit cell simulated by Maturova et al. [94]. The active layer between the two

contacts consists of a pure acceptor phase and a donor-rich phase that contains some acceptor

molecules as well. The donor phase has a lower electron mobility than the acceptor phase. Thus,

photogenerated electrons may either diffuse to the interface to the pure acceptor phase where it is

transported with a high mobility towards the electron contact or it may drift in the donor-rich phase

to the electron contact. Modelling the microstructure of the device as shown in the figure allows

one to explain the trends in device performance vs domain size in MDMO-PPV:PCBM and to

reproduce the shape of the current/voltage curves
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modelled explicitly. The method is also easily compatible with adaptive time steps,

which allows rare events (such as release from a deep trap) to be modelled

efficiently. The disadvantages for device simulation are that a very large number

of simultaneous or competing processes need to be handled, making the simulation

rather slow, especially since multiple repeats of the simulation are needed to

generate good statistics and that it is an inefficient way to model the behaviour of

charge carriers in bands. For device simulation, MC approaches are probably most

useful when used in combination with continuum approaches to simulate parts of

the problem – for example injection from an electrode [99], or when simulating

highly energetically disordered systems where continuum approaches do not work,

or when used to develop the appropriate functional form of some physical process

such as the local charge density dependence of recombination or transport.

Given the limitations in computer time, MC has proved extremely useful in

understanding organic photovoltaic materials and has been used successfully to

study charge transport [100] charge recombination [101] geminate pair separation

at a heterojunction [102, 103], phase segregation [104–106] current generation

[105, 106], charge injection from electrodes [99] and at heterojunctions [107] and

entire device simulation [108]. A separate chapter of this volume is devoted to a

review of this subject [109].

2 Description of Physical Phenomena

2.1 Optical Generation

Optical modelling of absorption in organic and inorganic thin-film solar cells is

widely used in device design, diagnosis and interpretation of measurements [43–45,

76, 110, 111]. It is useful to estimate the maximum photocurrent that a certain

system may provide, for the estimation of losses due to parasitic absorption in

contact layers (like ITO or PEDOT:PSS) or for the calculation of the internal

quantum efficiency [112–115]. It is also helpful to understand how the electrostatics

in the device will affect the amount of charge that will be collected [58]. In the

previous sections we learned that the collection efficiency in organic solar cells is

not necessarily independent of position. For example, if the device is doped

sufficiently highly that the space charge region is much thinner than the cell,

collection efficiency will depend on where the charge is generated. The same

happens if space charge results from asymmetric mobilities [78]. In these cases,

optical modelling allows us to determine whether at a given thickness most light is

absorbed close to the front contact or more homogeneously distributed over the

whole thickness.

The thickness of organic solar cells is comparable to the wavelength of light that

is absorbed in the device. Thus, optical absorption cannot be calculated with a

simple Beer–Lambert approach. Instead, optical interference effects have to be
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taken into account. This can be done easily in the normal case of flat interfaces

using a transfer matrix formalism (see appendix 1). Modelling rough interfaces and

effects of scattering or diffraction of light requires more complex methods possibly

involving solution of Maxwell’s equations in two or three dimensions. Such

approaches lie beyond the scope of this review but we refer the reader to the

literature on this topic in the context of thin-film silicon solar cells, where light

trapping concepts have already been studied for decades from both an experimental

[116–119] and recently also theoretical point of view [120–123].

2.2 Distribution of Localized States

In trap free models we describe the density of states in the bands with an effective

density of states NC and NV for conduction and valence band, and no distribution in

state energy is considered. However, organic semiconductors contain distributions

of energy levels for electrons and holes as a result of the disorder in molecular

conformation, intermolecular interactions, and physical and chemical defects as

well as disorder in conjugation length in the case of conjugated polymers. The

fraction of these states that lie at lower energies than the average LUMO or HOMO

levels act as trap states. The shape of the density of subgap states in organic solar

cells is in general unknown. It is often assumed that around the peak of the density

of states the shape is Gaussian. Further down in the band gap it has been suggested

to continue to be Gaussian [124] or to be exponentially decaying towards midgap

[54]. Sometimes evidence for deep defects is found that can often be modelled as a

second Gaussian feature [52, 53]. When simulating the effect of localized states on

transport and recombination, it is therefore usually sufficient to model the density of

states with a combination of exponential tails and additional Gaussian defects.

Typically, the tails are characterized by a characteristic tail slope EchC or EchV

and a density N0CBT or N0VBT of tail states at the conduction or valence band edge

(unit typically in 1/(cm3 eV)) [40, 54, 58]. Thus, we can write the density NCBT of

states in the conduction band tail as

NCBT ¼ N0CBT exp
E� EC

EchC

� �
(10a)

and the density NVBT of states in the valence band tail as

NVBT ¼ N0VBT exp �E� EV

EchV

� �
: (10b)

Any Gaussian shaped defect is characterized by the position Et of the center of

the Gaussian, the width σt and the absolute concentration Nt. Thus the density of

states for a Gaussian defect can be written as
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NGD Eð Þ ¼ Nt

1

σT
ffiffiffiffiffi
2π

p exp � E� Etð Þ2
2σ2t

 !
: (11)

2.3 Transport and Recombination

In models of transport in crystalline semiconductors all charge carriers are mobile

and their transport properties are characterized by the mobilities of electrons and

holes. Transport in amorphous or nanocrystalline semiconductors is often described

using a multiple trapping model, where some carriers are mobile and some are

trapped in localized states. In organic semiconductors, charge carrier transport is

typically described as a hopping process between localized sites. Hopping can be

approximated by a multiple trapping model [125] by assigning a low mobility

to the most delocalized states and treating more localized states as traps. Such

a multiple trapping model is easy to implement in a drift-diffusion solver and

therefore a good choice to handle disorder and localization while still maintaining

simplicity and computational speed. While the traps slow down transport, they

might also affect the recombination rate if charges on traps can recombine with free

charges of opposite polarity.

The effect of traps can easily be added to a drift-diffusion simulation by

modifying the recombination rate R and the space charge ρ. In Appendix 2, we

describe how the modified R can be obtained. The final result of the derivation is

that the net recombination rate R via the trap or indeed any distribution Nt(E) of
traps can be expressed via (βn,p are the capture coefficients and en,p are the emission

coefficients for electrons and holes)

R ¼
ðEc

Ev

Nt Eð Þβnβp
np� n2i

nβn þ pβp þ en þ ep
dE: (12)

Equation (12) is all the information we need to modify the continuity equations

to take trapping, detrapping and recombination via traps into account. However,

what is still missing is the influence of the trap levels on the space charge and

subsequently the Poisson equation.

When we add up all the space charge in the device for the calculation of the

electrostatic potential via the Poisson equation, we have to know what the charge

states of our trap levels are. Initially, one might assume that a trap is negatively

charged when filled with a trapped electron and neutral when empty. However,

although this is sometimes implicitly assumed [126], it is not necessarily true. In

general, we consider the two most relevant cases of an acceptor-like or a donor-like

trap. An acceptor-like trap is a trap that behaves like an acceptor dopant. An

acceptor dopant creates free holes if ionized and it is therefore negatively charged

if ionized or neutral if occupied with a hole. In contrast a donor like trap is

positively charged when ionized and neutral when occupied with an electron.

Usually, donor-like traps do not affect the space charge much if they are close to

the valence band; likewise for acceptor-like traps if they are close to the conduction
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band. Only if donor-like traps are close to the conduction band or acceptor-like

traps are close to the valence band will they be charged either negatively (acceptor-

like trap) or positively (donor-like trap) and therefore act in the same way as

classical dopants in inorganic semiconductors. They will change the electrostatics

and have an influence on the current/voltage curves as we will show in Sect. 4.1.1.

Traditionally, exponential tails of disordered semiconductors like amorphous Si

have been modelled using acceptor-like conduction band tail states and donor-like

valence band tail states. Thus, the space charge due to free carriers and tails can

simply be calculated by adding the free and trapped holes and subtracting the free

and trapped electrons (i.e. ρ ¼ q( p + ptail � n � ntail).). When using the multiple

trapping model and exponential tails in the context of organic solar cells [40, 54, 86,

88], this definition of the charge states of band tails has been assumed to be valid

as well.

However, there is experimental evidence for deep defects in organic

semiconductors that cannot easily be described by exponential tails and whose

charge states are currently unknown [53, 127]. They may be acceptor-like, donor-

like or even amphoteric, which means that they can be positively charged, neutral

or negatively charged depending on the occupation of the trap with electrons. No

matter what type, these defects can easily be included in the space charge and

recombination via these states can be modelled using Shockley–Read-Hall statistics

for singly charged defects and Sah–Shockley [128, 129] statistics for doubly

charged (amphoteric states). Currently, however, there is a lack of knowledge

about the properties of defects and experimental data that could help to assess

how to model these defects, how to assess their influence on device performance

and how to passivate them and to eliminate their negative influence on device

performance.

2.4 Doping

In contrast to inorganic semiconductors, organic semiconductors are seldom

intentionally doped. This is because of negative effects of dopant impurities

on electronic properties, and difficulties achieving doping in a solution process.

The exception is in the case of vacuum deposited small molecular organic devices

where doping levels can be tuned carefully through vacuum co-deposition

of semiconductor molecules and dopants [130]. Some nominally intrinsic organic

semiconductors have turned out to be unintentionally doped when probed

using capacitance voltage profiling [49, 58, 131–133]. Early work on poly

(3-hexylthiophene) (P3HT):1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-methano

fullerene (PCBM) gave evidence for the blend to be p-type [131], which could

result from the influence of molecular oxygen and partial charge transfer

[134–136]. While capacitance-voltage measurements are in principle a simple

way of analyzing the width of space charge regions in organic solar cells, one has

to exercise caution to get values that are not affected by the device thickness.
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To ensure this, the film thickness should always be sufficiently high so that the

space charge region due to doping is much smaller than the cell thickness [49].

Doping adds to the space charge ρ in Poisson’s equation. Therefore, the electro-
static potential changes as a function of the doping concentration and the type

(n-type or p-type). Sufficiently high doping would lead to the creation of a neutral

region where the electric field is low and a space charge region where the electric

field is high. Because the magnitude of the electric field affects the collection

probability of charges, doping will change this probability and make it position

dependent. This effect can control the thickness dependence of device performance

[58], it can favour photocurrent collection from one side over the other [137] and it

complicates the interpretation of device data [40, 138].

The origin of unintentional doping is not known in general [139]. Synthetic

routes and exposure of samples can influence the phenomenon. As described above,

effective doping may result from the existence of acceptor type defect states that lie

below the Fermi level for electrons or donor type defects lying above the Fermi

level for holes. In many ways the effects of dopants on band profiles and device

behaviour are similar to those of the space charge; see above.

2.5 Band Diagram and Boundary Conditions

The three differential equations (1), (2) and (3) have to be solved with a set of

boundary conditions that define the properties of cathode and anode. The boundary

conditions have to specify the values of the electrical potential and the current

densities for electrons and holes at front and back contact. Figure 2 shows the

schematic band-diagram of a thin organic solar cell with the anode on the left and

the cathode on the right. The donor:acceptor blend appears in the band diagram

like a classical semiconductor with a conduction band with the electron affinity of

the acceptor and a valence band with the ionization potential of the donor. The

conduction and valence band edge are separated by the interfacial band gap:

Egi ¼ Ec � Ev ¼ IPdon � EAacc: (13)

From the band diagram, we can directly define the boundary condition for the

electrical potential φ, which is

φ dð Þ � φ 0ð Þ ¼ Vbi � V: (14)

The absolute value of the electrical potential is of no interest for the simulation,

only the difference between the front and back contact, which is given by the built-

in voltage Vbi and the applied voltage V. Figure 2 shows an example where the

Fermi-level at anode and cathode is in the band gap. This is the case if the

workfunction WFa of the anode is smaller than the ionization potential IPdon of
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the donor and if the workfunction WFc of the cathode is larger than the electron

affinity EAacc of the acceptor. In this case, we can define two contact barriers φa and

φc at the anode and cathode that are given by

φa ¼ IPdon �WFa (15)

and

φc ¼ WFc � EAacc: (16)

If the right hand sides of (15) and (16) were to get negative, the barriers are

usually set to zero, implying that we expect the Fermi-level to pin to the conduction

or valence band edge instead of being in the band. The resulting situation is then

essentially equivalent to a zero contact barrier that results from a fixed, voltage

independent dipole that should not change the result of the simulation. The situation

of the essentially zero contact barrier is especially relevant for the cathode if made

from low workfunction metals like Ca or Ba. The workfunctions of these materials

are substantially lower than the electron affinities of typical acceptors.
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Fig. 2 Schematic band diagram of an organic solar cell at V ¼ 0 V in the dark introducing

relevant quantities like the built-in voltage, the workfunctions of anode and cathode, the electron

affinity of the acceptor and the ionization potential of the donor that are represented by conduction

and valence band in the simulation. From the difference between the contact workfunctions and

conduction and valence band edges at the two contacts one may calculate the contact barriers

φa and φc. Note that the zero on the energy axis is arbitrary
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The fixed contact barriers φa and φc can be used to calculate the equilibrium

concentrations of electrons at the cathode (assumed to be at x ¼ d ):

n0 x ¼ dð Þ ¼ NC exp � φc

kT

� �
(17)

and the equilibrium concentration of holes at the anode (assumed to be at x ¼ 0):

p0 x ¼ 0ð Þ ¼ NV exp � φa

kT

� �
: (18)

Thus, in this model the equilibrium concentrations of majority carriers are fixed

at the contacts by the properties of the contact. The equilibrium concentrations of

minorities (electrons at the anode and holes at the cathode) are fixed as well via

ni
2 ¼ n0p0 and ni

2 ¼ NCNV exp(�Egi/kT). Under applied bias or under illumina-

tion, the majority carrier concentrations will usually still be close to their equilib-

rium values at the electrode but the minority carrier concentrations might be much

higher. When minority carriers approach a contact (electrons the anode, holes the

cathode), they might recombine with a charge in the electrode. For instance a hole

reaching the metal cathode might recombine with an electron in the metal. This

process will decrease the concentration of holes and will therefore lead to losses in

photocurrent and open-circuit voltage. To describe this interaction of charges at the

contact, we use boundary conditions given in form of surface recombination

currents [54]:

Jn 0ð Þ ¼ qSnf n 0ð Þ � n0 0ð Þð Þ (19a)

Jp 0ð Þ ¼ qSpf p 0ð Þ � p0 0ð Þð Þ (19b)

Jn dð Þ ¼ qSnb n dð Þ � n0 dð Þð Þ (19c)

Jp dð Þ ¼ qSpb p dð Þ � p0 dð Þð Þ: (19d)

Here Snf,b is the surface recombination velocity for electrons at the front or back

respectively, while Spf,b is the analogous quantity for the holes.3

3Within the framework of this model, the concentrations of majority carriers at the contacts are

essentially fixed by the workfunctions of the contact materials. The minority carrier concentrations

may or may not be fixed depending on how high the surface recombination velocity is chosen. This

model will lead to a built-in field that is distributed rather homogeneously over the thin (100 nm or

less) absorber layers that are typical for most organic solar cells and will lead to a substantial

relevance of the electric field to charge carrier collection. An alternative suggestion comes from

the group of Juan Bisquert which promotes a model based on an interfacial dipole at the cathode.

This interfacial dipole is not fixed but changes as a function of voltage and accommodates part of

the voltage drop under forward bias and reduces the electric field in the absorber layer relative to

the case without a dipole. This would mean that charge collection would depend less on the electric

field and transport would be mostly controlled by diffusion which will also play a role in the

classical model when the device is thick enough and doped as we will discuss later. While the
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2.6 Solving Continuity and Poisson Equation in Steady State

In the case of trap-free systems (Sect. 1.5), standard methods are used to solve the

system of coupled differential equations (1)–(5) subject to the boundary conditions

(Sect. 2.5). Usually a finite difference method is used where first a grid is generated

and then the equations are discretized on the chosen grid. Typically, the equations

are solved for three independent variables: the electron concentration n, the hole

concentration p and the electrostatic potential φ. Each of these three variables is

an array with the number of grid points as length. All derivatives are written

as difference equations instead. Interpolation is usually done linearly for the

Poisson equation. The same is not possible for the continuity equations because

the equations are stiff, i.e. the carrier concentrations may vary drastically between

grid-points. To have a numerically stable solver without requiring massive numbers

of grid points, the Scharfetter–Gummel method is usually used [141].

The discretization of the three independent variables leads to a set of 3 � N
nonlinear algebraic equations, where N is the number of grid points. These are then

either solved iteratively (Gummel-method [142]) or fully coupled. Both methods

use the Newton iteration method to solve the set of equations. To get the best

convergence, we usually use the Gummel method for the first few iterations and

then switch to the fully coupled method for the rest. For more information on

the numerical details of drift-diffusion solvers see the book by Siegfried

Selberherr [143].

The distribution of localized states that we usually take into account needs to

be discretized in energy to calculate the contribution of the trapped charge to the

space charge and to calculate the recombination via these traps. We usually

discretize the states with at least 20 levels to make sure our result is not influenced

by the discretization. A typical number of gridpoints for the discretization in the

spatial dimension is 200.

2.7 Solving Continuity and Poisson Equation for Transient
Simulations

In the approach to trapped states described in Sect. 2.6 above, the traps are occupied

according to a steady state occupation probability that resembles a Fermi–Dirac

function, which allows one to define a quasi-Fermi level for the trapped charge. In

transient simulations, the occupation function evolves as a function of time through

capture, emission and recombination, which means that the differential equations

influence of interfacial dipoles on the device physics is a highly interesting topic, currently we are

not aware of any publications reporting on (numerical) device simulations studying this effect.

Therefore, we want to refer the reader to current literature on experimental evidence and analytical

modeling that deals with interface dipoles such as for instance those in [48, 140].
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for the charge carrier densities need to be solved for each discretized energy

level individually. To describe such a system numerically, a set of coupled differ-

ence equations has to be solved simultaneously. For a simulation space ofM spatial

mesh points, 3 � M equations need to be solved in steady state. For transient

simulations the number of coupled difference equations increases to 3 � M + M
� (NhDoS + NeDoS) when the electron and hole DoS are discretized into NhDoS and

NeDoS levels. This can be done practically with a Newton method where all

equations are solved self consistently, and strategies are used to encourage

convergence [86].

3 Experimental Methods Relevant to Device Modelling

To implement the drift-diffusion models for organic photovoltaic devices, we need

a way to determine the parameters describing transport, generation and recombina-

tion and their functional form. It is not yet possible to predict these parameters from

the chemical structure of the materials; they should therefore be determined experi-

mentally for the materials under investigation. Here, we give a brief overview of the

experimental methods that are used to determine input parameters for optical or

electrical modelling and to validate the model.

3.1 Methods to Determine Optical Properties of Layers

In order to calculate the optical generation rates in the organic absorbers (see

appendix 1), it is necessary to determine the complex refractive index en ¼ nþ ik
of all layers. The most useful method to obtain this data is spectroscopic

ellipsometry, which allows us to determine the real part n and imaginary part k of
the refractive index. The general measurement principle of ellipsometry is to

measure the polarization of an output beam after the polarized input beam has

interacted with the sample. From the change in polarization we derive the optical

properties of the layer by fitting the measured output polarization to a model of the

optical response of the material [144].

While the real part of en is usually taken as determined from ellipsometry, the

data for the imaginary part, i.e. the extinction coefficient k, can be improved

through complementary measurements of absorption. Low absorption coefficients

can be measured accurately using photothermal deflection spectroscopy (PDS)

where the change in temperature of a liquid in response to heating the sample

through light absorption is measured. During the measurement, the sample is placed

in a liquid that changes its refractive index with temperature. The sample is

illuminated with monochromatic light and, at the same time, the refractive index

is monitored with a laser that is deflected by the refractive index gradient in the

liquid. The deflection of the laser is measured with a position detector. From the
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refractive index change, the temperature change is derived. Because the change in

temperature at each wavelength must be due to absorption of light in the sample, the

absorptance can be derived. From the measured absorptance, the absorption coeffi-

cient α and the extinction coefficient k ¼ αλ/(4π) can be derived when the layer

thickness of the sample is known (λ is the wavelength of light). This method is

very sensitive and is usually able to measure down to absorption coefficients of

α ¼ 10 cm�1 [115]. One of the applications of PDS beyond modelling is to study

the absorption edge and the absorption of the CT state [145–147] as well as to

calculate the internal quantum efficiency of a solar cell with high precision in the

range of low absorption [115].

3.2 Methods to Measure Recombination

Recombination is either characterized using steady state measurements, for

instance in the dark or under open-circuit conditions, or transient methods where

the decay of the concentration of charges is used to analyze the strength and type of

recombination. To determine the recombination rate itself is not useful because

the continuity equations are solved in terms of the charge densities of electrons

and holes on which the recombination rate is strongly dependent. Therefore, we

need to measure directly a recombination lifetime τ or an effective recombination

prefactor k, which is usually defined as k ¼ R/n2, where n is the average excess

electron and hole concentration. Typically, these measurements are done by

transient photovoltage measurements [31, 42, 148–152], by transient absorption

measurements [148, 153] or by impedance measurements [154–156].

3.3 Methods to Measure the Density of States

The density of states of the molecules used in organic photovoltaics is not known in

general, but at least for commonly studied systems such as P3HT:PCBM there is a

variety of experimental data that gives us some information about its shape. The

most important part of the density of states is the density of localized states or traps

in the forbidden gap of a bulk-heterojunction solar cell between the donor HOMO

and the acceptor LUMO. To probe the density of states in the gap, one can probe

optical transitions between the states in absorption [51, 53, 127] and emission

[157]. This has proved to be a useful method to detect changes in trap density

and correlate them with device performance [53, 127]. An alternative method is to

use a transient photocurrent or time of flight experiment, where the transient

response of electrons can be correlated with the depth of the localized states they

occupied [52, 86, 158–160]. In addition, a device can be filled with charges

optically and the amount of charge can be measured as a function of light intensity

by draining the device at short-circuit. By measuring the Voc generated by the same
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light intensity, we can obtain information about the states the charges were stored

in [54, 85, 150, 161]. Additional information on the density of localized states can

also be obtained by other experiments like thermally stimulated currents [161–164],

electron spin resonance measurements [165], space charge limited current

measurements [126, 166–168], transient absorption spectroscopy [89, 101, 169]

and admittance measurements [136, 170]. Most of these experiments hint at a band

tail that may be characterized by an exponential decay. The origin of this energetic

disorder is not known in general but it has been proposed to originate from disorder

in the arrangement of the molecules [171]. In addition, some experiments [53, 136]

give evidence for additional states that are roughly Gaussian in shape and that may

in some cases [136] also act as p-type dopants.

3.4 Methods to Measure Transport

One of the most frequently used methods for the determination of mobilities of

organic photovoltaic absorber materials is the space charge limited current method

[126, 167, 172–182]. The advantage of this method is the ease of device fabrication

and the fact that the sample used for the measurement is – with the exception of

the contacts – the same sample as used for an organic solar cell and importantly has

the same thickness. The measurement is done by measuring the current/voltage

curve of a single carrier device, i.e. a device with two ohmic contacts for electrons

or for holes. The resulting current should depend on the square of the net applied

voltage V�Vbi if the device is reasonably intrinsic and trap free. The main disad-

vantage of this method is that organic semiconductors used for solar cells are

typically neither intrinsic nor trap free. This situation creates an interesting problem

for device modelling which will be further discussed in one of our case studies in

Sect. 4.2. A less frequently used alternative to space charge limited current

measurements is the use of admittance spectroscopy to determine the mobility

[183–186].

Another classical method to determine the mobility of low mobility

semiconductors is the time-of-flight (TOF) measurement [187–192]. In TOF, the

movement of a sheet of charges through a thick device is determined by measuring

the displacement current induced by the transport of the charges. By using a device

thickness that is much larger than the absorption length of light, one of the two

charge carriers will be collected rapidly by the adjacent contact while the other type

may drift through the whole device. From the transit time of the charges travelling

through the device, the mobility is calculated. A disadvantage of the TOF method is

that the TOF samples have to be thicker (>1 μm) than the samples typically used for

organic solar cells. This means that the microstructure of the active layer is not

necessarily the same in a TOF sample as it is in a solar cell. Among the advantages

of the method is that the influence of diffusion can be reduced by applying a larger

bias during extraction [132] and that it is easily possible to distinguish electron and
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hole mobilities. In addition, the post-transit decay can also be interpreted in terms of

a density of states [193].

In recent years, large signal transient photocurrent experiments like TOF have

been adapted to the study of thin solar cells and the interpretation of the data is less

straightforward. These experiments are either called charge extraction at linearly

increasing voltages (CELIV) [192, 194–198] or just charge extraction at short

circuit [37, 199]. In the case of CELIV, the transient photocurrent is measured

while the bias is switched from a forward bias around 0.5 V to a reverse bias with a

linear voltage ramp. Then the peak (time and current) of the transient current is used

to calculate the mobility. In the case of the charge extraction method, the excess

charge density at short circuit is measured as a function of light intensity and is

compared to the short-circuit current at the same light intensity. From the ratio and

the electric field a drift-mobility can be calculated.

3.5 Methods to Measure Doping

One way of analyzing the doping concentration and the electrostatic properties of a

semiconductor is to measure the capacitance as a function of voltage, frequency or

temperature [48, 133, 140, 154, 155, 170, 200–204]. The simplest measurement to

carry out is the so-called Mott–Schottky analysis, which consists of measuring the

capacitance as a function of voltage and then using analytical approximations to

determine the width of the space charge region and the concentration of charged

defects. The solar cell is approximated as a plate capacitor with capacitance

C ¼ ε0εrA

w
(20)

whereA is the area andw is the width between the capacitor plates. This widthwmay

be either the thickness of the semiconductor layer sandwiched between cathode and

anode or it may be the width of the space charge region depending on which is the

smaller. If we assume the space charge width is smaller, we can express w as

w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ε0εr Vbi � Vð Þ

qNA

s
, (21)

when using the depletion approximation. Here, NA is the concentration of charged

defects and within the depletion approximation it is assumed that the charge density

in the space charge region can be approximated by qNA and that the concentration

of free carriers is negligible.

Combining (20) and (21) leads to a dependence of capacitance on the square root

of the concentration of charged defects. To be able to determine the defect concen-

tration by fitting a straight line to the data, the Mott–Schottky analysis involves the

plot of C�2 vs applied d.c. voltage. The intersect of C�2 with the voltage axis yields
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the built-in voltage of the analyzed space charge region while the slope provides

NA via [205]

NA xð Þ ¼ � 2

qε0εrA

dC xð Þ�2

dV

 !�1

, (22)

Obviously this analysis is only possible if the width of the space charge region

is much smaller than the device thickness. The consequences of using the

Mott–Schottky analysis in insufficiently thick devices are discussed in one of the

case studies in Sect. 4.4.

An alternative way of measuring the doping concentration is to counter-dope for

instance a p-type material with known quantities of n-type dopants and measure the

conductivity of the material at the same time. This method has recently been

applied to P3HT:PCBM diodes by Liang and Gregg [139].

4 Case Studies of the Use of Device Simulation

Whilst organic solar cell device models may be intended ultimately to help design

the most efficient solar cells [206–210], they have proved very useful in exploring

fundamental mechanisms [177, 211–214] and in helping to interpret experimental

data [47, 50, 54, 58, 74, 88, 215–219]. In the following we will present a series of

case studies where simulations of experimental results have allowed us to interpret

experimental data better and to understand fundamental physical phenomena.

Please see Appendix 3 for a short description of the used software.

4.1 Current/Voltage Curves

Current/voltage curves are the most important characterization technique for any

solar cell technology, because they define the power conversion efficiency of the

device. However, despite the simplicity of the measurement, current/voltage curves

are challenging to interpret. This is because they are rather featureless and depend

on a variety of different physical phenomena. Thus, current/voltage curves usually

represent the start but rarely also the end of any investigation of the device physics

of organic solar cells.

4.1.1 The Effect of Diffusion on the Photocurrent in Organic

Solar Cells

As mentioned in the introduction, due to the low relative permittivities in organic

semiconductors, the high levels of charged defects often found in organic solar cell
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materials [58, 126, 136, 139] and sometimes due to asymmetric mobilities [220, 221],

the assumption of constant electric fields in organic solar cells is not necessarily valid.

In addition, due to the typically nonlinear recombinationmechanisms in organic solar

cells [42], the light intensity dependence of the photocurrent may be nonlinear as

well. In these conditions the superposition principle is violated and analytical

approximations are no longer feasible. Drift-diffusion simulations are then helpful

in understanding the shape of solar cell current/voltage curves.

An example of an effect where simulations help to explain where analytic

approximations fail is that of reduced mobilities or lifetimes on the current/voltage

curve under illumination for non-uniform electric field. To study this we choose

two limiting situations, one with a high doping concentration and one without any

doping. In each case we simulate the band diagrams of a device with a relatively

thick absorber (300 nm) to amplify the effect of the space charge. In the high doping

case the electric field is low in parts of the device and high in the depletion region,

which has an extension much smaller than the cell thickness as shown in Fig. 3a. In

the neutral (field-free) region, charge carrier collection is driven by diffusion and in

the space charge region it is driven by drift and is therefore more efficient. In the

case without doping (Fig. 3b) the electric field is more uniform, i.e. the built-in

voltage drops more homogeneously over the absorber layer. That means that the

collection efficiency should be less dependent on position but more dependent on

applied voltage then in the case with doping. This is because without doping the

electric field helps in collecting the charges but it does so only at low applied bias

and therefore high average electric field (Vbi�V )/d. With doping, charge collection

in the neutral region will be equally (in)efficient no matter how high the applied

bias. Thus, the photocurrent will be expected to depend less on voltage.
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To study whether our predictions from the band diagrams are true, we simulate

the current /voltage curve under illumination (for simulation parameters see

Table 1). The result is presented in Fig. 4, where we varied the mobility as a

means to study different collection efficiencies without strongly affecting the

electrostatics of the two cases. Without doping (Fig. 4a, b), a reduction in mobility

will indeed lead to a strong voltage dependence of photocurrent collection, seen in

the low fill factor. The photocurrent around the maximum power point will be more

strongly reduced by lower mobilities than the current under reverse bias or short

circuit. With doping (Fig. 4c, d), the photocurrent decreases with reduced mobilities

as well, but the decrease depends less on applied voltage. Thus, the FF will stay

reasonably high even for low mobilities while the short-circuit current will decrease

already at much higher mobilities than without doping. Figure 4b, d shows the

current voltage curves on a log/log plot. This way of presenting the data has been

used frequently in the past [78, 79, 94] as a way to analyze the field dependence of

the photocurrent. The voltage axis is meant to be (roughly) proportional to the

electric field and is defined either as Voc�V if the current under illumination is

plotted on the y-axis or as Vbi�V if the photocurrent is plotted on the y-axis. In
Fig. 4b, the current has essentially two slopes. Close to Voc at low electric fields the

current goes to zero and towards large negative bias the current saturates, leading to

a flat part for high electric fields and a steep part for low electric fields. In Fig. 4d we

Table 1 Parameters used for the simulations (Figs. 3, 4 and 5)

Name Symbol

Doping and

mobility

Deep

defects

Electron mobility μn (cm
2/Vs) Variable 10�3

Hole mobility μp (cm
2/Vs) Variable 10�3

p-Type doping density NA (cm�3) 0 or 1017 0

Effective density of states of the conduction

band

NC (cm�3) 1020 1020

Effective density of states of the of the valence

band

NV (cm�3) 1020 1020

Total density of tail states (conduction band tail) NCtail (cm
�3) 1.6 � 1018 1.6 � 1018

Total density of tail states (valence band tail) NVtail (cm
�3) 1.6 � 1018 1.6 � 1018

Tail slope (conduction band tail) EchC (meV) 80 80

Tail slope (valence band tail) EchV (meV) 80 80

Capture coefficients βn
+ (cm3 s�1) 2.5 � 10�12 2.5 � 10�12

βp
0 (cm3 s�1) 10�10 10�10

βp
� (cm3 s�1) 2.5 � 10�12 2.5 � 10�12

βn
0 (cm3 s�1) 10�10 10�10

Capture coefficient deep defects βdeep (cm
3 s�1) – 10�10

Gaussian width deep defects σ t (meV) – 150

Band gap Eg (eV) 1.1 1.1

Surface recombination velocity S (cm/s) 105 105

Contact barrier φb (meV) 0 0

Note that the mobilities given are band mobilities and apply only to the untrapped fraction of the

charge carrier population
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see a third slope for intermediate voltages that becomes more pronounced for lower

mobilities. This intermediate region has been interpreted alternatively as due to

field dependent geminate recombination [74, 79] or due to spatial effects, where

electrons have to diffuse through a mixed amorphous phase before they are

transported through a fullerene-rich phase to the cathode [94]. Figure 4d shows

that a third slope also occurs whenever charges have to diffuse through parts of the

device with low electric fields. Although diffusion is completely field independent,

the whole collection process is still slightly field dependent, as seen in Fig. 4d

because the reverse bias slowly depletes the absorber and decreases the width of the

field free zone.

The differences described in Fig. 4 are rather fundamental for photovoltaic

devices. They show how to accommodate low mobilities or charge carrier lifetimes

in different geometries. From an electrostatic point of view the major difference

between different solar cells is the position of the main capacitor (the region where

the built-in voltage drops), i.e. whether it lies on the periphery of the device or

makes up a large part of the device volume. For low mobility solar cells it is usually

beneficial to design the device such that the whole absorber is the capacitor, while

for materials with long diffusion lengths, it is beneficial to have the space charge

region on the periphery of the device to minimize the amount of recombination in

the space charge region. Recombination in the space charge region is usually higher
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than in the neutral region (for a given density of traps), because the Shockley Read

Hall statistics lead to maximum recombination if electron and hole concentration

are of similar magnitude, as they are in the space charge region.

4.1.2 Relation Between the Density of Traps and the Current/Voltage

Curve

Another example where numerical simulations bring additional benefit relative to

analytical equations is when a direct relation is sought between the shape and

magnitude of the subgap density of states and device performance. In a recent

experimental study, Street and coworkers examined the effect of different trap

states on the performance of PCDTBT:PCBM solar cells [53]. Using subgap

quantum efficiency measurements they found that prolonged illumination leads to

an increase in deep defects, which then leads to a decreased FF and device

performance as well as increased ideality factors as derived from the dark current/

voltage curve.

Figure 5 shows that these observations are consistent with generic simulations,

where we add a deep defect at midgap and change the defect density (for simulation

parameters see Table 1). Figure 5a shows the density of states used in the simula-

tion. E ¼ 0 eV is defined as the conduction band edge and E ¼ �1.1 eV is the
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valence band edge. In the middle at Et ¼ �0.55 eV, we add a defect of Gaussian

shape with a width σt ¼ 0.15 eV. At low defect densities Nt < 1016 cm�3, recom-

bination via the exponential band tails dominates. At higher trap density, recombi-

nation via midgap defects becomes dominant and we observe that the performance

is reduced (see Fig. 5b). The reduction in performance is due to a reduction in all

three characteristic parameters, Jsc, Voc and FF. Figure 5c shows the effect of the

additional defects on the dark current voltage curve. More defects lead to an

increased series resistance at high voltages and to a smaller slope of the exponential

part at lower voltages (the shunt is chosen to have infinite resistance in the simula-

tion). The increased series resistance shows that the deep defects have a detrimental

effect on transport. The smaller slope at low bias can be interpreted as increased

ideality factor (see Fig. 5d), as expected from a transition from recombination via

band tails to recombination via deep traps. A detailed analysis of the relation

between the density of states and the ideality factor has been published in [40].

4.2 Space Charge Limited Current Measurements

The preceding sections addressed the current/voltage curves of solar cells, i.e. two

carrier devices. In organic photovoltaics, the measurement of single carrier devices

with two electron or two hole injecting and extracting contacts is also relevant as a

way of characterizing transport properties. By injecting only one type of carrier,

the current voltage curve depends entirely on majority carrier properties,

i.e. concentration and mobility of one carrier type. Recombination with the other

carrier type is irrelevant as are the transport properties of the minorities. Thus,

single carrier devices are a means to isolate certain properties of the material from

others.

Contacting an n-type semiconductor with two electron injecting contacts, for

instance, would lead to ohmic conduction with the current depending linearly on

voltage, on mobility and on the concentration of free carriers as determined by the

concentration of ionized dopants. In an intrinsic semiconductor with ohmic

contacts, the injected charge carriers dominate the transport. The injected charge

will determine the space charge, which will then, via Poisson’s equation, control the

band bending and the current density in the device. In this situation, the current will

depend only on mobility and dielectric constant and is called space charge limited

current. The current/voltage dependence is usually called the Mott–Gurney law:

J ¼ 9

8
ε0εrμ

V2

d3
: (23)

and is applicable to trap free and intrinsic semiconductors only. Although organic

semiconductors are in general neither trap free nor intrinsic, the Mott–Gurney

equation or variations of it like the Murgatroyd [222] or the Mark–Helfrich [223]

equation are frequently used to determine the mobility in organic semiconductors

[126, 167, 172–182, 224].
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The main assumptions that enter (23) are that the current is controlled purely by

drift and not by diffusion, that the concentration of minority carriers is negligible

and that the concentration of majority carriers is controlled only by the contacts and

not by the properties of the semiconductor. Numerical simulations of single carrier

devices become interesting, especially if some of these assumptions are no longer

valid. One example is the situation where diffusion, rather than drift, becomes

dominant. There are two obvious and relevant situations where diffusion might

have a major impact on the current/voltage curve. If the two contacts have different

work functions, the device has a built-in voltage while it may still be a single carrier

device. That means one contact might inject electrons well and one contact has a

slightly larger barrier for electron injection and extraction but still doesn’t inject or

extract holes. If the device is biased such that injection occurs at the contact with the

smaller contact barrier, the electric field due to the built-in voltage will impede the

transport of charges. Thus, charges first have to overcome this barrier by diffusion

before drift dominated current sets in. An alternative case is if, for instance, a p-type

semiconductor contacted with two electron injecting contacts. For current to flow,

the electrons would have to diffuse over the barrier created by the negative charge

of the p-type dopants and then only after overcoming the barrier space charge

limited conduction would set in. Both configurations will therefore result in a

current/voltage curve that could be described by a series connection of a diode

with a perfect SCLC-type device.

Figure 6 shows the current/voltage curve (Fig. 6a) and the band diagram for an

electron only device with a p-type dopant (Fig. 6b). Figure 6a shows that, relative to

the undoped case, the current is greatly reduced at low voltages. This is due to the

fact that part of the voltage is used to overcome the barrier that can be seen in
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doping (NA ¼ 1017 cm�3). (b) Band diagram of the simulated electron-only device with doping.

The diffusion over the barrier created by the negative charge of the ionized dopants is visible in the

current/voltage curve as an increased voltage needed to get the same current. The effect disappears

at higher voltages, when the voltage needed to overcome the barrier is negligible relative to the

voltage dropping over the drift-dominated part of the device. Efn and Efp are the quasi-Fermi levels

for electrons and holes and EC and EV are the conduction and valence band edge
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Fig. 6b. Only when the barrier is overcome does the current approach the situation

without doping. Using numerical simulations like these might allow a correct

determination of the properties of the defects (like depth and concentration) [126]

and the mobility at the same time [138]. However, because the effect of a barrier

due to doping is difficult to discriminate from a barrier due to a variation in

workfunctions (a non-zero Vbi), the properties of the contacts have to be known

precisely.

4.3 Transient Measurements

As mentioned in Sects. 3.2 and 3.3, transient electrical measurements are frequently

used to characterize charge generation, recombination and transport in organic

bulk-heterojunction solar cells. These techniques include transient photocurrent

[37, 51, 52, 80, 81, 132, 148–150, 159, 196, 225–227] or transient photovoltage

[31, 42, 148–152] methods and can be classified as either small or large signal

perturbation techniques. One example is a large signal transient photocurrent

technique called charge extraction that is used to analyze the density of states

[54] by extracting the integrated photogenerated charge at different light intensities

and bias conditions. In this method it is assumed that the spatial distribution of

charge carriers is uniform, so that the measured photovoltage at a given light

intensity can be considered as the Fermi level position within a representative

density of states. Steady-state device simulations can be used to evaluate this

method of obtaining a density of states from the extracted charge data. In a recent

study [40] we have shown that the spatial distribution of charge carriers in the

device has a major influence on the charge density vs open-circuit voltage relation-

ship, which can make an interpretation of charge extraction data in terms of a

density of states impossible.

Transient electrical data collected under different bias conditions contain

enough information to determine the density of states with the aid of a transient

device model. One study has shown that by simultaneously fitting a number of

transient current measurements, as well as steady-state device response, a

non-trivial best fit for the densities of sub gap electron and hole states could be

obtained [86]. In a further application of the transient device simulation it has been

shown that in certain conditions the transient current extracted from a solar cell

device accurately reflects the density of states of the carrier type with the greater

density of deep trap states [160]. In those conditions where this approximation is

true, then transient current data can be modelled with a simple expression for

current due to thermally emitted charge carriers, and the current transient mapped

onto a density of states function [51, 52]. However, the approximation fails in the

limit of significant recombination or low electric fields.
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4.4 Capacitance/Voltage Measurements

We have seen above in our discussion of current/voltage curves both in diodes and

single carrier devices that the concentration of defects and the presence of space

charge due to charged defects or dopants have a major influence on the behaviour of

thin-film solar cells. The measurement of the capacitance as a function of voltage is

a useful way to analyze the fixed space charge as described in Sect. 3.5. These

measurements of voltage dependent capacitance have to be done with devices that

are sufficiently thick to ensure that the device is not fully depleted in the measure-

ment range (say from �1 V to forward bias). Figure 7 shows how numerical

simulations can help to explain what happens if this requirement is not met and

the width of the space charge region is comparable to the device thickness [49] (for

parameters used in the simulation see Table 2). This is relevant, because for normal

device thicknesses of 100 nm the device would be fully depleted at short circuit and

an analysis of the capacitance in terms of a doping concentration becomes impossi-

ble. It is therefore important to know how thick devices need to be for a correct

analysis of the data and what the capacitance of an insufficiently thick solar cell

looks like.

If the device thickness is sufficiently high, the Mott–Schottky plot [i.e. C�2 vs

voltage; see (22)] yields a straight line over a considerable voltage range. At larger

reverse bias, C�2 may saturate to a constant value. This indicates that the device is
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Fig. 7 (a) Mott–Schottky plot of a device with NA ¼ 1016 cm�3 p-type doping and different

thicknesses d between 50 and 250 nm. From the Mott–Schottky plot we derive (b) an apparent

built-in voltage Vbi and from the derivative of C�2 vs V, we determine the apparent doping

concentration Napp (c, d). (c) shows the derivative at every position while (d) shows only the

minimum. These plots show that device thicknesses that are small relative to the width of the space

charge region lead to erroneous values for the doping and the built-in voltage because of the

influence of the geometric capacitance. In both cases, the values will be too high in thin devices

Device Modelling of Organic Bulk Heterojunction Solar Cells 309



now fully depleted and the capacitance will approach the value of a plate capacitor

with the plates separated by the device thickness. Figure 7a shows that the smaller

the device thickness the lower the saturation value of C�2 and the higher the voltage

at which the saturation happens. This saturation value also affects the slope of the

linear part of C�2 vs voltage that is used to determine the doping and the built-in

voltage. If we always fit a straight line precisely to the inflection point of the C�2/V

curve as shown in Fig. 7a, we obtain the built-in voltages as shown in Fig. 7b.

Because of the influence of the saturation region on the slope, the Vbi increases for

small thicknesses. The same happens for the doping concentration. If we apply (22)

to the Mott–Schottky plots in Fig. 7a, we obtain the data shown in Fig. 7c. The

inflection points of the Mott–Schottky plot correspond to the minima in Fig. 7c.

These minima also decrease with increasing thickness as shown in Fig. 7d. Thus, a

reasonable representation of the doping concentration is only possible at greater

thicknesses. For the current example of NA ¼ 1016 cm�3 we need thicknesses of

d > 200 nm to get a result that is no longer affected by the geometrical capacitance.4

4.5 Optical Losses and Parasitic Absorption

In Sect. 2.1 we discussed the many applications of optical modelling for organic

solar cells. The case study we chose to present as one application of optical

modelling of organic solar cells is the analysis of parasitic absorption losses in the

different layers of the solar cell stack. One example is shown in Fig. 8.We calculated

the absorptance of each layer in a layer stack glass/ITO (160 nm)/poly(3,4-ethylene-

dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (30 nm)/poly[(4,40-bis

(2-ethylhexyl)dithieno [3,2-b:20,30-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-
benzothiadiazole)-5,50-diyl] (SiPCPDTBT):[6,6]-phenyl C71-butyric acid methyl

ester (PC71BM) (100 nm)/Ca (20 nm)/Al(100 nm). The transfer matrix formalism

Table 2 Parameters used for Fig. 7

Name Symbol

Electron mobility μn (cm
2/Vs) 10�3

Hole mobility μp (cm
2/Vs) 10�3

p-Type doping density NA (cm�3) 1016

Effective density of states of the conduction band NC (cm�3) 1019

Effective density of states of the conduction band of the valence band NV (cm�3) 1019

Band gap Eg (eV) 1.1

Surface recombination velocity S (cm/s) 105

Contact barrier φb (meV) 0

4 The frequency domain simulations done for Fig. 7 have been performed using the drift-diffusion

simulator SCAPS, which is available from Prof. Marc Burgelman at the University of Ghent in

Belgium [228, 229].

310 T. Kirchartz and J. Nelson



allows us to calculate and visualize the parasitic absorption losses in the different

layers. Calculations like this can be used for a variety of purposes. One would be to

quantify the losses in the different layers other than the polymer:fullerene layer and

to optimize their thickness such that the absorption in the active layer is maximized.

Other applications would be to repeat this simulation for various thicknesses and to

integrate the absorption in the active layer to obtain an estimate of the maximum

possible photocurrent as a function of thickness. This can help to show the optimum

thicknesses of the active layer based on the optics of the system. The more complex

the system, the more simulations will be able to help the design by reducing the

amount of trial and error necessary for optimization of devices. Thus, simulations of

absorption in individual layers of tandem cells should be of great help for optimizing

the layer thicknesses. If parameters for the electronic properties of the devices are

available, the optical modelling can be combined with electrical modelling to

produce a predictive tool for modelling the device performance of multijunction

solar cells. This has been done before for thin-film silicon solar cells [230]), but not

yet for organic multijunction solar cells.

Moreover, we can use the calculated absorptance of the active layer to determine

the internal quantum efficiency (IQE) of a device and thereby quantify the elec-

tronic losses relative to the optical losses [112–114]. The IQE is the ratio of the

measured external quantum efficiency to the absorptance of the active layer of the

solar cell. However, because absorptance of the active layer alone cannot easily be

measured, the most effective way to determine IQE is to calculate the absorptance

of the active layer using the experimentally determined complex refractive indices

of all layers (obtained using ellipsometry and sometimes photothermal deflection

spectroscopy [230]).
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Fig. 8 Absorptance per layer, calculated for a layer stack glass/ITO (160 nm)/PEDOT:PSS

(30 nm)/SiPCPDTBT:PC70BM (100 nm)/Ca (20 nm)/Al(100 nm). Note that the glass substrate

is assumed to be perfectly transparent; thus, only the reflection at the air/glass and glass/ITO

interfaces have been taken into account. Except for the glass substrate, the layers were modelled

with a transfer matrix formalism to take interferences into account
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5 Conclusions

In conclusion, we have shown that optical and electrical device modelling of

organic bulk heterojunction solar cells is a useful tool to improve the interpretation

of electrical and optoelectronic measurements. For organic solar cells, numerical

simulations often give additional insight relative to simpler analytical approaches

because of the large variations of charge density as a function of position and

energy that are due to the presence of traps and doping as well as the small

thicknesses typical for organic solar cells. Because optoelectronic device modelling

requires the knowledge of a substantial amount of parameters, we discuss the

characterization methods of relevance. These characterization methods will either

allow us to determine some of the unknown parameters or the simulations may be

used to determine parameters from the experimental data, because there may be no

analytical model to determine the data otherwise. To illustrate some applications of

optical and electrical device modelling we chose a series of relevant case studies

discussing the effect of changes in parameters such as doping, trap concentration,

thickness and mobility on simulated electrical measurements like current/voltage

or capacitance/voltage measurements. Future developments in the field of device

simulations might involve simulating a larger variety of more complex

experiments. While currently simulations are often steady-state simulations used

to analyze current/voltage curves, in future we will use more frequency domain and

time-domain drift-diffusion simulations to simulate directly complex experiments

like transient photocurrent measurements or impedance measurements.

Acknowledgements T. K. acknowledges support by an Imperial College Junior Research

Fellowship. J. N. acknowledges support from the Engineering and Physical Sciences Research

Council (EP/J500021/1 and EP/G031088/1) and the Royal Society through an Industry

Fellowship.

Appendix 1: Transfer Matrix Formalism

There have been plenty of descriptions in the literature of the transfer matrix

formalism for computing the position dependent generation rate in a multilayer

stack with flat interfaces [43–45, 115, 231]. Thus, we will not repeat the whole

derivation, but instead give a short summary of the underlying idea. The situation

most relevant for organic solar cells is that of normal incidence of light on a glass

substrate with a thickness much larger than the wavelength of light followed by

several layers with thicknesses comparable or smaller than the wavelength of light.

Thus, the glass substrate is first treated incoherently with Lambert–Beer and then

the following multi-layer stack is treated with the transfer matrix formalism.

Figure 9 shows the general layout of the problem. Light is incident from the left,

perpendicular to the surface of the solar cell. To calculate the left and right going

electric fields in any layer as a function of the electric fields at the interface between
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substrate and first layer, we need to define matrices for each interface and each

layer. The interface between layers j and k is represented by one interface matrix

[43, 44]

MI
jk ¼

1

tjk

1 rjk
rjk 1

� �
: (24)

where

rjk ¼ en j � en ken j þ en k

(25)

and

tjk ¼ 2en jen j þ en k

(26)

are the Fresnel reflection and transmission coefficients for the special case of

normal incidence. The layers are characterized by their complex refractive indexen j ¼ nj þ ikj and their thickness dj. The thickness becomes relevant for the calcu-

lation of the layer matrix [43, 44]

ML
j ¼

exp �i
2πen jdj

λ

0
@

1
A 0

0 exp i
2πen jdj

λ

0
@

1
A

0
BBBBBB@

1
CCCCCCA
: (27)

Fig. 9 Definition of the electric fields in a multilayer stack consisting of m layers. The matrix

transfer formalism uses a matrix for every interface and every layer to express the in- and outgoing

electric field on the left of the stack to the in- and outgoing electric field on the right of the stack.

With this formalism we can calculate the electric field everywhere in the device and finally the

position dependent generation rate

Device Modelling of Organic Bulk Heterojunction Solar Cells 313



Using the interface and layer matrices, we can express the electric field every-

where in the device as a function of the incoming and outgoing electric field E0 at

the interface between substrate and first layer via

Eþ
0

E�
0

� �
¼ MI

01M
L
1M

I
12 . . .M

L
mM

I
mmþ1

Eþ
mþ1

E�
mþ1

� �
: (28)

Using this concept the electric field everywhere in the device can be calculated

which we can use for the calculation of the generation rate at any position x.
The group of Prof. McGehee in Stanford offers a free transfer matrix modelling

code on their homepage. The code is available in Matlab and Python and contains a

database with the complex refractive indices of common materials of relevance for

photovoltaics. More information is available on http://www.stanford.edu/group/

mcgehee/transfermatrix/ (accessed 3/1/2013).

Appendix 2: Shockley–Read–Hall Recombination

Let us assume we are dealing with a trap level in the band gap as shown in Fig. 10.

To understand how much recombination would be caused by this trap level we

would need to know the occupation of that trap level. Initially we would not know

which quasi-Fermi level (electrons or holes) would control the occupation of that

trap level. This would also depend on how much interaction that trap level has with

the conduction band and the valence band. It would depend on whether the trap

level is a trap in the fullerene phase, in the polymer phase or at the interface of both.

In addition, especially, if the trap can easily interact with both conduction and

valence band, we will see that neither the electron nor hole quasi-Fermi level will be

able to control the occupation probability of this trap. Instead, we would have to

define a new occupation statistics for the trap that is different from that of both

conduction and valence band. This new occupation statistics would not necessarily

look like a Fermi–Dirac statistics so we might not be able to define a quasi-Fermi

level for a trap at all.

To find the occupation statistics for a trap – the Shockley–Read–Hall statistics

[232, 233] – we need to consider the four processes shown in Fig. 10. A single trap

can capture and emit an electron and capture and emit a hole. If the same trap

captures a hole and an electron, one recombination event happens. If a trap captures

and emits an electron or a hole, the trap will have slowed down transport only.

Table 3 summarizes the four rates that we need to consider. However, the four rates

are not independent of each other in quasi-equilibrium. Because in equilibrium,

detailed balance between inverse processes must be obeyed, the capture and

emission processes must be connected. In addition, in thermal equilibrium the

occupation function for all charge carriers (free or trapped, electrons or holes)

must be the Fermi–Dirac function in thermal equilibrium, i.e.
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f theq ¼
1

1þ exp E�EF

kT

	 
� � : (29)

Thus, we can connect the capture coefficients βn,p and the emission coefficients

en,p using the conditions r1(ftheq) ¼ r2(ftheq) and r3(ftheq) ¼ r4(ftheq). This leads to
the conditions

en ¼ βnNcexp
Et � Ec

kT

0
@

1
A

ep ¼ βpNvexp
Ev � Et

kT

0
@

1
A,

(30)

where we used n ¼ Nc exp(�(Ec � EF)/kT) and p ¼ Nv exp((Ev � EF)/kT). Now,
we can compute the steady-state but non-equilibrium solution for the occupation

probability f. Steady state means that the occupation probability of the trap does not

change over time. Therefore, the rates need to obey

r1 � r2 ¼ r3 � r4: (31)

Using (30) and (31) and the rates defined in Table 3, we can calculate the

occupation probability fsrh of our trap level as

f srh ¼
nβn þ ep

nβn þ pβp þ en þ ep
(32)

Note that this occupation probability has indeed no longer the same shape as a

Fermi–Dirac distribution. Instead of one inflection point (the Fermi level in

Fermi–Dirac statistics), there are two inflection points that are sometimes called

quasi-Fermi levels for trapped charge [234, 235].

Fig. 10 Definition of the

four rates of capture and

emission of electrons and

holes by a single trap level.

These four rate equations

are the basis of

Shockley–Read–Hall

statistics, which defines the

occupation probability and

the recombination rate via

this trap
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Either from r1 to r2 or from r3 to r4, we can now calculate the net recombination

rate R via the trap or indeed any distribution Nt(E) of traps via

R ¼
ðEc

Ev

Nt Eð Þβnβp
np� n2i

nβn þ pβp þ en þ ep
dE: (33)

Thus, in the case of a single trap level with concentration Nt, the recombination

rate would be

R ¼ Ntβnβp
np� n2i

nβn þ pβp þ en þ ep
: (34)

which is the result often found in textbooks.

Appendix 3: Software

In the following, we will briefly discuss some programs the authors have used and

found helpful for doing simulations of thin-film solar cells. The first two programs

(ASA, SCAPS) are developed for inorganic solar cells but provide the basic

functionality necessary for one-dimensional effective medium simulations. In all

cases, detailed information is available on the respective homepages, so the main

aim of this section is to make the reader aware of the existence of certain tools

rather than to give a detailed assessment of the capabilities of the programs.

ASA (Zeman Group, Delft)

ASA (Advanced Semiconductor Analysis) has been developed by the group of Prof.

Miro Zeman at the Technical University of Delft in the Netherlands as simulation

software optimized for amorphous silicon solar cells [236]. Because of this focus on

amorphous silicon, the software has several features that make it advantageous for

Table 3 Capture and emission rates of single electron trap states

Process Symbol Rate

Electron capture r1 βnnpt ¼ βnnNt(1 � f )

Electron emission r2 ennt ¼ enNt f

Hole capture r3 βppnt ¼ βppNt f

Hole emission r4 eppt ¼ epNt(1 � f )

The rates are defined in Fig. 10. Note that the occupation probability f is defined by Fermi–Dirac

statistics in thermal equilibrium but by Shockley–Read–Hall statistics in non-equilibrium. The

capture coefficients are denoted by βn,p and the emission coefficients by en,p
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one-dimensional drift-diffusion simulations of organic semiconductors as well.

ASA can simulate both the spatially resolved generation rate based on a transfer

matrix formalism and the electrical transport and recombination of charges in a

multilayer system with a distribution of subgap defects. ASA allows the use of two

exponential band tails and one amphoteric Gaussian defect. The inclusion of optical

models means that electro-optical simulations are very simple. ASA works by

reading in scripts containing the input parameters. It is therefore possible to change

variables in these scripts using external programming languages or software like

Matlab and therefore control the whole software via external scripts. Figures for

this review have been made mostly using ASA and loops to change variables were

written in Matlab. This flexibility allows users to use ASA in innovative ways that

have nothing to do with the original application of amorphous Si solar cells. One

option is to include field dependent photogeneration [75]. This can be done by

running ASA once using field independent photogeneration, then reading in the

optical generation and the electric field calculated by ASA and finally repeating the

electrical calculation until the field no longer changes. Using this technique it is

possible to use a commercially available drift-diffusion simulator and concentrate

on adding extra features without needing to access the source code of ASA.

Because of the focus of thin-film silicon research on light trapping schemes to

optimize light absorption, ASA also contains models to deal with light trapping and

to allow the calculation of photogeneration rates with rough scattering surfaces.

This may be advantageous for future work on light trapping in organic solar cells as

well [237]. In addition, ASA is well suited to model tandem solar cells, also a

typical application for thin-film silicon solar cells [230] and likely to be of increas-

ing relevance for organic photovoltaics [15, 238, 239].

ASA is sold by the TU Delft. More information on ASA can be found under

the following URL: http://www.ewi.tudelft.nl/en/the-faculty/departments/electrical-

sustainable-energy/photovoltaic-materials-and-devices/asa-software/ (accessed

3/1/2013)

SCAPS (Burgelman Group, Ghent)

SCAPS (Solar Cell Capacitance Simulator) is software developed by the group of

Prof. Marc Burgelman at the University of Ghent in Belgium. It was originally

developed for use with compound semiconductor thin-film photovoltaics, i.e. for

devices based on Cu(In,Ga)Se2 or CdTe absorbers [228, 229, 240, 241]. However,

the electrical models provide a basic functionality similar to that of ASA without

having sophisticated optical models. Generation rates calculated with a transfer

matrix formalism (which can be done with freeware as shown below) can be

imported. The main advantage of SCAPS is that not only steady-state simulations

but also frequency domain simulations can be performed. This option allows one to

model the capacitance as a function of voltage, frequency and temperature and to

use SCAPS for interpretation of impedance spectra [136] and Mott–Schottky plots
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[49]. In addition, SCAPS is comparatively easy to learn and intuitive to control.

More information on SCAPS can be found under the following URL: http://users.

elis.ugent.be/ELISgroups/solar/projects/scaps/
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Abstract We review the concepts and methods of modeling of the dye-sensitized

solar cell, starting from fundamental electron transfer theory, and using phenomeno-

logical transport-conservation equations. The models revised here are aimed at

describing the components of the current–voltage curve of the solar cell, based on

small perturbation experimental methods, and to such an end, a range of phenomena

occurring in the nanoparticulate electron transport materials, and at interfaces, are

covered. Disorder plays a major role in the definition of kinetic parameters, and we

introduce single particle as well as collective function definitions of diffusion

coefficient and electron lifetime. Based on these fundamental considerations,

applied tools of analysis of impedance spectroscopy are described, and we outline

in detail the theory of recombination via surface states that is successful to describe

the measured recombination resistance and lifetime.
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1 Introduction

Standard dye-sensitized solar cells (DSCs) [1] are composed of three main

elements, as indicated in Fig. 1a: the electron transport material (ETM), the hole

transport material (HTM), and the light absorber. The ETM is a mesoporous

structured wide band gap metal oxide semiconductor that provides a high internal

area framework to maintain the light absorber rigidly anchored or stuck to the

surface. We will refer to mesoporous anatase TiO2 as the archetypal ETM.

Conventionally the light absorber is a monolayer of metal-organic dye such as

the well known N719 ruthenium bipyridyl dye. In recent years an enormous variety

of dyes have been investigated, and porphyrin dyes in particular have shown very

powerful results, elevating power conversion efficiency to 12% [2]. In addition,

solid light absorbers of different classes, either colloidal quantum dots or uniform

nanometer-thick light absorbing layers, have become increasingly investigated

[3–5]. Finally, the preferred HTM was a liquid electrolyte containing redox couple

I3
�/I� and a number of coadsorbents to control the surface conditioning of the TiO2

metal oxide. Recently, rather effective redox shuttles based on transition metal

complexes have been applied to high performance devices [6]. Fully solid hole

conductors have been widely used as well. In general the selection of the HTM

depends critically on the type of absorber, and these choices also determine the

counterelectrode [7].

Device modeling can serve different purposes. It may be used to gain detailed

scientific insight into a range of phenomena occurring in the DSC. Or it may be

aimed at technical characterization to support the quality of fabrication of devices.

Among the two extremes, a widely used type of application of the methods is to

compare a set of DSCs prepared with some variation of materials or procedures, in

order to extract information about the internal mechanisms. Therefore modeling

DSCs and solar cells in general may have a wide variety of purposes.
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Fig. 1 (a) Energy diagram of a DSC, formed by three phases materials that function, as the

absorber, the electron (ETM) and hole (HTM) transport materials, or redox electrolyte. Carriers

relax to the conduction band of the ETM, EC, and the valence band (EV) of the HTM, producing a

splitting of the quasi-Fermi levels of electrons (EFn) in the ETM and holes (EFp) in the HTM, or

redox level in electrolyte Eredox. (a) The arrows indicate the following processes: (1) absorption of

light, generating electrons and holes in the absorber. (2) Charge separation: Injection from the

absorber to the ETM and HTM. (3) Recombination of electrons and holes. (b) Mesoporous

structure that forms the ETM in a DSC. It consists of interconnected particles that allow the

transport of electrons via extended states. The potential V at the substrate fixes the electron density

at the edge of the nanostructured semiconductor. Injected electrons at the contact have a probabil-

ity to diffuse and recombine by charge transfer to the acceptor species in the HTM, so that the

effective penetration in the layer is governed by the diffusion length Ln. (c) In this case transport in
the extended level is coupled with trapping and release from localized states in the bandgap. The

right contact is reflecting to electrons. If the diffusion length is long with respect to film thickness

then the concentration is nearly homogeneous
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The following overview aims to present a reasonably short summary of the state-

of-the-art and recent exciting developments with a view to broaden the possible

applications of these methods. We aim to cover a series of fundamental factors that

have appeared crucial to the operation of the DSC over many years of research:

causes of fundamental electron transfer rate that govern recombination; energy

disorder affecting electronic states in electron conductor; and the general modeling

approach incorporating such fundamental properties to small perturbation

techniques that have provided outstanding control over the internal state of the

device and the mechanisms lying behind the photovoltaic performance. We will

include the description of the basis of impedance spectroscopy results, the causes

and measurements of the electron lifetime, and how these understandings establish

properties of current–voltage curves.

2 The Electron Subsystem

In cells in which the absorber is a molecular dye and the HTM is a liquid conductor

with low viscosity, the injection of photogenerated electrons into TiO2 is very fast,

in the picosecond domain, and the main modeling issues are referred to the electron

subsystem. Provided that dye regeneration is sufficiently fast, the HTM can be

viewed simply as a homogeneous medium that regenerates the oxidized dye and

therefore provides (the oxidized) species that may accept electrons from TiO2. It is

therefore assumed in a starting approach that the Fermi level of the hole species is

flat and stable and any kind of kinetics in the absorber or HTM can be safely

ignored. In contrast, for thin inorganic absorbers of quantum dots, a number of

additional issues occur because the carrier dynamics in the absorber cannot be

ignored [7–9]. Furthermore, for viscous electrolytes, or solid HTM, it is necessary

to describe the transport of the ionic or electronic species [10].

Let us for the moment set aside the problems of dynamics in the absorber and

HTM and consider the description of electrons in ETM, which is a central problem

to the modeling of dye solar cells.

From the point of view of energetics the basic modeling uses two main levels,

indicated in Fig. 1b: a transport level usually identified with a conduction band

level, Ec, and the electrochemical potential of electrons that is usually called the

Fermi level, EFn. The energy level Ec is significant for issues of charge transfer as in

injection from the dye and recombination [11], while the Fermi level determines the

photovoltage in the DSC and establishes how electron transport is driven by

diffusion [12]. Normally the TiO2 nanoparticles (or wires, tubes, etc.) provide a

well connected structure and the energy level is defined globally in the

nanostructured film as shown in Fig. 1b. Electron density in the transport level nc
is defined as
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nc ¼ Nce
EFn�Ecð Þ=kBT (1)

where kBT is thermal energy and Nc is an effective total density of states. The Fermi

level in the absence of bias voltage EF0 is called the “equilibrium Fermi level”. The

electron density at equilibrium is

nc0 ¼ Nce
EF0�Ecð Þ=kBT (2)

and we may write

nc ¼ nc0e
EFn�EF0ð Þ=kBT (3)

Consider for the sake of clarity a pulse of electrons injected from the substrate

into the metal oxide nanostructure. The electrons diffuse into the ETM, and the

electron motion can be viewed as a random walk process [13], in which a carrier at

each step has a chance to either continue random walk or recombine with the

acceptor ionic species, or holes in the HTM. The probability of moving away from

the injection point is governed by the diffusion length Ln, as suggested in Fig. 1b.

This parameter plays a key role in the modeling of DSC [14] since the size of Ln
compared to film thickness L critically determines the collection efficiency [15] of

the solar cell. In addition, a large Ln >> L implies that carrier gradients are small in

most conditions. This feature greatly simplifies modeling, as stated above, because

one considers homogeneous distribution of carriers and may focus exclusively on

the time dependence of the processes. This case will be developed in the next

section to formulate an important description of the performance of a DSC.

3 The Fundamental Diode Model

According to a fundamental conservation argument, in a film where electrons can

be generated, diffuse, and recombine, as in Fig. 1b, electron density at position x is
shown by the equation

∂nc
∂t

¼ �∂Jn
∂x

þ G xð Þ � Un xð Þ (4)

where Jn is the electron flux, related to the free electron diffusion coefficient, D0, by

Fick’s law:

Jn ¼ �D0

∂nc
∂x

(5)
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G is a local generation rate, and Un is a recombination rate. At the extraction

contact the carrier density is controlled by the voltage. The voltage is given by the

rise of the electrons Fermi level, with respect to the redox level, as indicated in

Fig. 1b:

qV ¼ EFn x ¼ 0ð Þ � Eredox (6)

Note that we use a positive voltage for raising the Fermi level of electrons. This

convention has an opposite sign with respect to the voltage in electrochemistry, but

it is convenient for the description of the DSC, where the active contact is that of

electrons and provides a negative voltage. The convention of (6) makes the normal

photovoltage positive.

At initial equilibrium we have EF0 ¼ Eredox, and we assume here that the redox

level remains stationary even though the electron density may increase. Therefore

we have the following expression for the voltage in the device:

qV ¼ EFn � EF0 (7)

where q is the elementary charge, and therefore

nc x ¼ 0ð Þ ¼ nc 0 e
qV=kBT (8)

The selective boundary at x ¼ L imposes the condition

Jn Lð Þ ¼ 0 (9)

Let us assume reasonably homogeneous carrier distribution in the mesoporous

TiO2 film. This model with fast transport and Fermi levels is shown in Fig. 2.

By spatial integration of (4) along the thickness of the device, we obtain

∂ ncLð Þ
∂t

¼ Jn 0ð Þ þ
ðL
0

G xð Þdx� LUn (10)

Variations of the total carrier number ncL correspond to the sum of three effects:

electrons going out and into the device through the contact, in the flux Jn(0),
generation, and finally, recombination. We start by considering steady state

condition, in which ∂nc/∂t ¼ 0. From (10)

�Jn 0ð Þ ¼
ðL
0

G xð Þdx� LUn (11)

There is a full balance of the three terms of (10) as suggested in Fig. 2a. The

steady state regime is the true domain of operation of a solar cell for electrical

power production under sunlight. On the other hand, most characterization
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techniques involve time dependence in order to provide detailed kinetic informa-

tion about the system, and these conditions will be described later.

Working in steady state conditions we have to describe simply two variables:

The voltage and the current. The electrical current density in the outer circuit

j ¼ qJn 0ð Þ (12)

is a function of the voltage. V is related to concentration by (8). The concentration

enters the balance (11) via the recombination term. A phenomenological model that

gives good results in many cases is the following [14, 16]:

Un ¼ krec nc
β � nc0

β
� �

(13)

Equation (13) represents a power β of the free carrier density and is called the

β-recombination model. This parameter usually has experimental values of

0.6–0.75. The recombination rate in (13) is composed of two terms: a dark

generation rate that we express as a current density:

j0 ¼ qLkrec nc0
β (14)

and the recombination current

jrec ¼ qLkrec nc
β (15)

Fig. 2 (a) Model energy diagram of a solar cell with an electron selective contact at the left side

and a hole selective contact at the right side. Under illumination, absorbed photons promote

excitation of the absorber creating an electron-hole pair. Charge separation produces an electron

in the ETM conduction band and a hole in the transport level of the HTM. The diagram indicates

the balance of radiation in the ideal diode. The diode receives thermal background radiation (even

in dark equilibrium), sunlight, and emits photons by radiative recombination. (b) Processes of

carrier generation, recombination and extraction that lead to the different fluxes indicated in (a)

Device Modeling of Dye-Sensitized Solar Cells 331



The latter term can also be expressed

jrec ¼ j0 e
qβV=kBT (16)

Finally, photogeneration in (11) gives the photocurrent as follows:

jph ¼ q

ðd
0

GΦdx (17)

In summary we have that

j ¼ jph � jrec þ j0 (18)

where jrec, as discussed before, is the recombination current that we have described

in (16) as j0 (the recombination current at thermal equilibrium) enhanced by the

applied voltage. Therefore we may write (18) as

j ¼ jph � j0 eqV=mkBT � 1
� �

(19)

We observe that the diode quality factor relates to the recombination exponent

as m ¼ 1/β [17]. The balance of currents shown at (18) is indicated in Fig. 2a.

4 Features of Current–Voltage Curves: Photocurrent

and Photovoltage

The simple model of Fig. 2 and (19) appears deceptively primitive at first sight but in

fact it has important applications as it contains the main features for the description

of the current–voltage ( jV) curve of the DSC. There are two main assumptions to

this model; the first is a total decoupling of photocurrent and recombination – these

two features are viewed as independent phenomena; the second is that the carrier

density is independent of position. Both assumptions are a good approximation so

far as the diffusion length is very large. But how well are they realized?

If the carrier collection efficiency is very good, then the photocurrent, jph, is
determined by the light absorption and charge injection features that are measured

by Incident Photon to Current conversion Efficiency (IPCE), also known as the

External Quantum Efficiency (EQE) [18]. Examples of the absorption spectra of

efficient dyes are shown in Fig. 3 [19], and the corresponding IPCE is shown in the

figure together with the final photovoltaic performance. In this type of highly

efficient DSC, the measured current can indeed be viewed as completely decoupled

from recombination, as in the model of (19). The convolution of IPCE with the solar

spectrum describes very well the actual value of jph. However, in cells with low

collection efficiency, one should be careful to calculate correctly the collection
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efficiency starting from diffusion lengths [20]. Another important consideration

to describe photocurrent is optical modeling, including features such as glass

reflection, scatter layers, and photonic crystal light absorption [21–26].

The next main feature is recombination of electrons, which is described in this

simple model by jrec in (16). Now recombination describes the shape of the jV curve

apart from the additive jph term. Therefore recombination determines the fill factor

and open-circuit voltage Voc of the solar cell. A vast number of papers and studies

have been devoted to obtaining comparative information on DSCs with varying

characteristics and we will review here a number of features. As an example we

consider the data in Fig. 4a that correspond to a series of DSCs with different

electrolytes but otherwise identical conditions of film thickness, dye (N719), and so

on [27].

We should first note that experimentally it is usually not possible to obtain jrec
from the jV due to complications such as series resistance that is always present and

affects the voltage. The voltage associated with separation of Fermi levels is called
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Fig. 3 Absorption coefficient of N719 and two porphyrin dyes, in comparison with the spectral

photon flux, and the corresponding photovoltaic performance and IPCE. Adapted from [19] by

courtesy of Lu-Lin Li and Eric W. Diau
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Fig. 4 (a) Current density–voltage curves of a set of DSCs with different electrolytes. Points are

obtained from Impedance Spectroscopy measurements and lines by an integration procedure.

(b) Current density–voltage curves with respect to Fermi level voltage VF, in which the voltage

drop due to internal series resistance has been corrected. (c) Recombination resistance between the

semiconductor and the acceptor species in the electrolyte. (d) Chemical capacitance of the TiO2.
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VF, and it is obtained from the measured voltage Vapp by correction of the voltage

drop at series resistance. In Fig. 4b the jV curve is shown with respect to VF. In this

case the downward bending of the curve towards high voltages must be due to

recombination and the curves correspond to (19).

To avoid the common problem of uncertainty of jV curve modeling, it has

become widely accepted in the DSC area to use the technique of impedance

spectroscopy (IS) that separates different resistive components [28, 29] by means

of an equivalent circuit analysis that takes into account the spectral shapes. One key

point about IS applicable to DSC is that it provides a direct probe of recombination

via the recombination resistance, Rrec:

Rrec ¼ ∂jrec
∂VF

� ��1

(20)

Obviously Rrec consists of a derivative of the recombination flux.

Assuming that Rrec is measured, as in Fig. 4, we wish to obtain the parameters for

recombination in the DSC. For example from the model of (16) we obtain the

explicit dependence

Rrec ¼ R0exp � βqVF

kBT

� 	
(21)

where

R0 ¼ kBT

βqj0
(22)

Therefore from the measurement of impedance spectroscopy the recombination

parameters j0 and β can be derived. In general, as may be seen in Fig. 4b, Rrec

approaches quite well the single exponential behaviour given in (21). Another exam-

ple of the recombination resistance in a family of similar DSCs is shown in Fig. 5b.

These results provide strong support to the recombination model at (13). Therefore we

may aim at a more fundamental discussion of the parameters j0 and β in terms of

electron transfer, depending on surface conditions, TiO2 properties, etc. [30–34].

Figure 4c shows that the variation of electrolyte conditions produces a very large

impact on recombination parameters. This is due to two different factors: the shift of

the conduction band and the change of interfacial kinetics, induced by the specific

properties of the electrolyte. These questions will be treated in more detail in a later

section, after we have introduced the disordered DOS in TiO2. In all the cells of

�

Fig. 4 (continued) (e) The recombination resistance with respect to equivalent conduction band

potential Vecb, in which the voltage VF is shifted so that all capacitances match to the same line.

(f) Current density–voltage curves with respect to voltage Vecb. Adapted from [27] by courtesy of

Sonia R. Raga and Fran Fabregat-Santiago
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Fig. 4 the redox couple is the same, but other redox couples based on cobalt or copper

can be used and the variations are investigated using similar methods [35–39].

It has been established that we are able to measure recombination with great

accuracy, and it is a challenge of great significance, from both fundamental and

applied stances, to be able to describe these observations by a comprehensive

theory. We will carry out this discussion below, but first we need to develop a

number of points concerning the disorder in the electron subsystem. It should be

pointed out, however, that the exponential dependence of the recombination resis-

tance on voltage, which is characteristic of high performance liquid electrolyte

Fig. 5 Plots of distributed transport resistance (a), charge transfer resistance (b), electrode

capacitance (c), and electron diffusion length (d) vs open-circuit photovoltage for a series of

cells with average TiO2 layer thicknesses of 4 (circles), 8 (downward triangles), 14 (squares),
16 (upward triangles), and 18 μm (diamonds). The dashed line in (a) is a fit with a slope of

q/kBT ¼ 15.2 V�1, while the dashed line in (d) is just a guide to the eye. Adapted from [45] by

courtesy of James Jennings and Qing Wang
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DSC, is not universal, and different types of behavior have occasionally been

reported [40, 41].

Another important method of application of the recombination resistance is that,

by integration of (20), we can recover jrec. In addition, for the simple model of (16),

integration is not even needed as the following expression [27] can be used:

j ¼ jph þ j0 �
kBT

βq

1

Rrec VFð Þ (23)

Therefore from the impedance data it is possible to reconstruct the jV curve, as

shown in Fig. 4a, with great control over the elements that intervene in the curve.

A similar method has been derived for organic solar cells [42].

We must also discuss the second assumption of the fundamental diode model of

Fig. 2, which is homogeneous carrier density. Clearly this assumption is better

realized close to open circuit than in short circuit conditions, as in the latter case

the electron Fermi level must come to the equilibrium value, at the contact, while

the carrier density is still high in the rest of the device; see Fig. 6 [43]. However, the

region of the jV curve close to open circuit is the most significant one, in cells in

which the collection efficiency is high, as it is in this voltage region where we wish

to measure recombination in order to obtain an understanding of the factors

controlling fill factor and Voc. It is therefore important to check that homogeneous

distribution is a good hypothesis, and this has been done in the data shown in Fig. 5,

that indicate that the distributed transmission line elements [44] (measured at open

circuit conditions), that will be discussed in Sect. 12, are independent of the TiO2

film thickness in the DSC, for a significant variation of film sizes [45]. This result

shows that local impedances in the film are independent of thickness, indicating

nearly homogeneous carrier distribution.

Fig. 6 Trapped carrier

density profiles calculated

from the steady-state

continuity equation for open

and short circuit conditions.

NL,0 ¼ 1019 cm�3,

T0 ¼ 1,000 K, τ0 ¼ 10�5 s,

α ¼ 500 cm � 1,

L ¼ 13 μm, diffusion length

L0 ¼ 20 μm. Reproduced

with permission from [43]
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5 Interfaces and Mass Transport

Let us consider a more detailed modeling of the device operation beyond the

homogeneous model discussed in the previous section. Modeling the DSC and in

general any complex nanostructured device requires four main aspects to be

considered:

1. The number of types of transport species: charged and neutral, ionic and

electronic.

2. The spatial distribution of the charge carriers that relates to important properties

such as shielding, macroscopic electrical fields and the main transport

mechanisms.

3. The structure of interfaces, particularly at the contacts, including a description of

interfacial capacitances.

4. The energy axis, governed by disorder at each material [17], and by energy level

alignment at interfaces [46].

The device is therefore formed by some geometry and morphology that sets the

first constraint in establishing regions where the carriers can be distributed, either in

motion or stationary. Such regions have boundaries that are described by suitable

boundary conditions, and in particular the contacts, in which electronic carriers

communicate with the external circuit, are critically important for the operation of

solar cells [47].

Having set morphologies and boundaries, there are two different

dimensionalities, namely the geometric space which can be described with one or

more dimensions, and the energy space. At each point an energy diagram gives the

allowed energy levels for type of carrier, or their combination, as indicated in

Fig. 1a and in quantitative detail in Fig. 7. Energy levels for electronic carriers may

be stationary states, also called localized states or traps, or extended states that

allow fast transport. Transport may also proceed by hopping between localized

states [48], but this formalism is not usually adopted in DSC, in which the transport

of electrons is well described by the multiple trapping model [49]. The relative

energy alignment at interfaces provides essential constraints for the kinetics of

charge or energy transfer.

Based on these general properties that allow one to describe the model, one

formulates a series of macroscopic equations and boundary conditions that provide,

as a result, carrier densities and carrier dynamics, expressed as output current

densities, either for steady state or any desired transient condition. In this chapter

we focus our attention on phenomenological modeling using macroscopic

equations. A first model, presented in the previous section, contains only one

kind of carrier (electrons in TiO2) and no spatial dimension at all (once the

photocurrent is calculated by an integration of the generation term), since all the

points are considered at the same density. This model is fairly useful, as discussed

above; however, for a deeper understanding of the microscopic electronic phenomena

it is necessary to include the energy axis, distinguishing free and trapped electrons,
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which has a very large effect on all measured kinetic parameters of the DSC. This

description is discussed below [49–52].

Instead of the phenomenological transport and conservation equations, one may

adopt a more fundamental point of view in which electronic states are modeled

individually and the transfer rates between states allow us to analyze the global

dynamics by Monte Carlo simulation [13]. These methods have also been widely

applied; they permit one to establish arbitrary morphologies and to investigate

complex effects such as percolation and nonthermalized electron transport

[53–57]. Still a more fundamental approach consists in a simulation of the molecular

details of the components of the system. This approach can produce very valuable

knowledge about the structure of interfaces and the origin of the observed energy

distribution features, and the nature of excited or intermediate states for charge

transfer phenomena [58–60]. Microscopic simulation methods have been widely

explored in the field of organic materials, and have important applications for the

investigation of carrier and energy transport in organic solids [61–63].

A very important aspect of the modeling of a DSC, beyond the zero-dimensional

homogeneous model, is to consider a one-dimensional model, adapted to the

standard sandwich-type cell, where (4) allows the consideration of gradients like

those shown in Fig. 6 to calculate photocurrents and other quantities. In the steady

state we have

�∂Jn
∂x

þ G xð Þ � Un xð Þ ¼ 0 (24)

Fig. 7 Energetic scheme of the components of a DSC. The position of the conduction band of

TiO2 and the density of states (DOS) in the bandgap is indicated. Also shown is the photovoltage

by difference of the Fermi level of electrons and the redox potential in the electrolyte. At the right
are shown the redox potential of conventional hole conductors. In the center is shown ground and

excited state of standard dyes. More accurately, the excited and ground states are spread over an

energy interval. Energy differences are expressed in eV
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This type of model, generally denoted a diffusion-recombination model, has been

very widely used, with many extensions and variants [43, 64–72]. It is interesting

to recall that (24), and its many extensions, are based on a macrohomogeneous

approach [73–75] in which the mixture of nanoporous ETM and the HTM inside

the pores is viewed as a unique medium that hosts both species, with certain

probabilities of carrier exchanges between ETM andHTM, corresponding to electron

injection, regeneration, electron–hole recombination, etc. In a highly concentrated

electrolyte, the Debye length is very short, and shielding by electroneutrality

prevents the formation of long range electrical fields in the semiconductor

nanostructure. When the electrons are injected into a nanostructured metal oxide,

positive ions move to the surface of the charged nanoparticles and neutralize long

range electrical fields. Therefore electron transport is driven by concentration gradi-

ent, i.e., by diffusion [15]. This property is quite general for a number of photovoltaic

and electrochemical cells, such as inorganic composite solar cells formed by nano-

scale elements [76], classical electrochemical systems when a supporting electrolyte

is used [77], and also crystalline p-silicon solar cells, in which injected electrons are

much less than the majority carrier holes [78, 79].

The crucial mechanism of shielding of electrical fields which considerably

simplifies the modeling tasks is illustrated in Fig. 8. There the increase of electron

Fermi level in the nanostructure is permitted by the large quantity of compensating

charges in the HTM, so that the holes in the latter medium (or ions) effectively play

the role of a majority carrier. If the shielding is effective, then the cell voltage is

readily explained by the change of the Fermi level at the left contact; see Fig. 8. It

should be emphasized that the voltage is the amount of work necessary to carry an

electron from one plate of the device to the other. This work involves the

Fig. 8 Scheme showing electron accumulation in a nanocrystalline semiconductor electrode and

the compensation by positive charge in the electrolyte to produce local electroneutrality. The

electrolyte may contain several species of anions, cations, and redox molecules, as well as

molecules that have the role of modifying the surface to produce some beneficial effects. The

energy diagram shows the change of electrons Fermi level that causes a photovoltage
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measurement of an electrical current with an electrometer and is given by the

difference of electron Fermi levels between the two plates [80, 81], which is the

rationale for (6). It is also true that a change of voltage between the contacts requires

that somewhere in the device a modification of electrostatic potentials (reflected by a
change of the vacuum level diagram) occurs as well. There is a widespread tendency

to look for a change of band bending as a source of photovoltage in a solar cell. In the
area of DSC the question of potential barriers was a matter of concern that promoted

many discussions [82–84]. It is now well established that the origin of photovoltage

is a kinetic balance of excess carriers as expressed by (4), a result that was conclu-

sively demonstrated by Gregg et al. [83]. Monitoring the Fermi level variation is a

definitive explanation of photovoltage but still begs the question about the location of

the electrical field, and this can be reasoned as shown in Fig. 9. The figure suggests

that the change of electrostatic potential, reflected in a change of the vacuum level

associated with the photovoltage, i.e., the difference of electrostatic potentials

between dark and light, is absorbed at the interface between the SnO2 transparent

conducting oxide (TCO) and the TiO2. This interface has been repeatedly discussed

in the literature [85–91]. Due to effective shielding as mentioned above, the electrical

field at the surface of the substrate does not penetrate deeply into the mesostructure.

In principle the diagrams of Figs. 8 and 9 do not seem consistent with the fact

that the conduction bands of TiO2 and SnO2, are normally reported at �4.3 and

�4.8 eV, respectively, with respect to the vacuum level. At acidic pH,

corresponding to the DSC electrolytes, the TCO conduction band should be higher,

but it achieves equilibrium with the redox level, which is about�4.8 eV vs vacuum

for I3
�/I� (see Fig. 7) and deeper for other redox couples, that consequently are able

to produce a higher photovoltage [92]. The remarkable point is the high position of

Fig. 9 Energy diagram showing the contact of the nanocrystalline semiconductor electrode with

the transparent conducting oxide (TCO) substrate, and the change of Fermi levels and the vacuum

level under illumination, with respect to the dark equilibrium. ΔEc is the energy offset between the

conduction band of the TiO2 and the transparent conducting oxide (TCO)
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the TiO2 conduction band [84] that is facilitated by specific coadsorbents, which

allow a large photovoltage to be achieved [93]. It must be noted, therefore, that the

overall picture in Fig. 9 covers the equilibration by interfacial charging at several

interfaces: TCO/electrolyte and TiO2/electrolyte. As a result of these properties the

Fermi level in the TCO finally rises under illumination, pulled up by the electrons in

TiO2 so that the TCO/TiO2 junction forms an excellent selective contact to

electrons that is responsible to a large extent for the good operational properties

of the DSC. For comparison, the operation of the cathode in bulk heterojunction

solar cells seems more problematic, as the initial offset of work functions is shared

by both a surface dipole and band bending entering the bulk of the blend [94].

The previous model erases all electrical fields and interfacial barriers in the

mesostructure, which is viewed in effect as a homogeneous medium. However, in

semiconductor mesostructures, filled with an HTM, one can also allow for the

presence of an electrical field and semiconductor barrier at the internal interface

ETM/HTM. The prevalence of one approach or the other, i.e., a macrohomogeneous

model that only contemplates the Fermi level or the explicit presence of internal

interface barriers, depends on doping densities, size of semiconductor particles or

wires, and Debye length both in the semiconductor nanostructure and in the HTM

[95–97].

The diffusion-recombination model has been developed largely for the liquid

electrolyte containing iodide/triiodide that has a very high conductivity and generally

introduces no problem for transport. It was shown that improving the conditions of

shielding in liquid electrolyte enhances the observed electron diffusion coefficient

[98]. A high concentration electrolyte provides excellent shielding and a flat

reference Eredox. However, energetically the I3
�/I� redox level is too high (see

Fig. 7); for example measurement of tris(1,10-phenanthroline)cobalt(II/III) show

that this redox couple is 230 mV deeper (more positive redox potential) than iodide

electrolyte [37]. As a consequence, cobalt electrolytes, and solid organic hole

conductors, have been widely explored. It should be noticed in Fig. 7 that Co(II/III)

redox couple stands too deep to regenerate oxidized standard ruthenium bipyridyl

dye. Therefore both the dye and the redox couple have been simultaneously

optimized for strong performance [99, 100] and this approach has provided large

rewards in terms of power conversion efficiency [2].

A number of solid electrolytes have been amply investigated, OMETAD being

the best known [101–103] but other materials such as CuSCN [104] and P3HT

[3, 105] also showed promising results. In such solid conductors the free carrier

density is not as high as in the liquid one, and easy shielding and electroneutrality is

not warranted but need to be carefully investigated. IS studies of these DSCs with a

solid hole conductor using either organic or inorganic absorbers have shown that

the transport of holes in these HTMs is usually an issue that introduces a large

additional resistance affecting the fill factor of the solar cell [104–106]. Using high

extinction solid absorbers such as Sb2S3 sensitizer, it was reported that in planar,

thin layer configurations, the solid cells provide a sizable photocurrent, but a poor

fill factor [105]. It is concluded that the role of mesostructure is not only to provide

a large internal area for carrier generation. Charge compensation to satisfy
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electroneutrality is also a central property of mesoporous DSC. The questions will

very likely be more intensively investigated with perovskite absorbers, which very

likely are genuine ambipolar transport materials that do not strictly need fast

separation of carriers into different phases [4, 5, 107].

The one-dimensional diffusion-recombination model neglects the transport in the

electrolyte and shielding conditions. A standard, more general approach to multiple

carrier transport problems [77] is solved using a set of equations that comprises:

– Diffusion-drift equation for each carrier

– Poisson equation that determines the macroscopic electrical fields

– The boundary conditions

These equations must be combined with statements on energy distributions and

charge transfer rates. Early models applied the idea of ambipolar diffusion [108],

which is based on the coupling of just two types of carriers by electroneutrality

[109, 110]. There have been many attempts to develop a general set of equations

able to model the DSC behavior, especially with reference to mass transport

limitations in liquid electrolytes [111–117]. It is tempting to aim at a simulation

tool that will provide a “total” description of the DSC, but one should evaluate very

carefully whether this goal is feasible, recognizing the complexity of the system.

Many aspects of the DSC need to be studied separately, and simulation by a number

of phenomenological equations cannot be a substitute for detailed physical under-

standing. For example, the structure of the three-phase contact at the base of the

substrate, mentioned above, or the detailed rates of charge transfer dependence on

energy and density, as well as the interactions at semiconductor/dye/hole conductor

interface, are issues that have to be properly controlled when describing the system.

New solar cell configurations and absorbers are bound to pose their own subtleties.

There has nevertheless been important progress in the formulation of simulation

tools that can bring useful results. The first important question is that two- or three-

dimensional modeling [118] is able to deal with effects that are certainly beyond

reach of simple one-dimensional modeling, such as the properties of exotic

configurations of the solar cell [119] or important practical features such as the

distribution of the measured quantities in the solar cell plane due to edge effects

[120, 121]. The second relevant line of progress is that the main defect of old

approaches, which was to compare a model with dozens of parameters, with a

measured jV curve that may be described with just two or three, has been corrected.

More sophisticated approaches incorporate the physics that has been learned about

DSC, such as nonlinear recombination model [14, 116, 122, 123]. An example of

realistic modeling including all carriers present in the DSC, as well as free and

trapped electrons, is shown in Fig. 10 [123]. In addition, researchers have

recognized that different experimental techniques have to be combined in order

to provide a meaningful and reliable characterization for the solar cell performance

[124–127]. In particular, the coupling of multidimensional modeling with

impedance spectroscopy analysis has become a powerful method in order to

establish sound results and interpretation of DSC devices [121, 124].
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6 Energy Disorder in the Semiconductor: Combined

Description of Free and Trapped Electrons

In previous sections we have commented on the success of the fundamental diode

model, based on electron density in the conduction band, nc, and phenomenological

β-recombination model in Eq. (13), for a first understanding of current voltage

curves of high quality DSC. However, it has been well established that electron

density restricted to a single level poses important limitations for the description of

measurements of DSC, such as recombination resistance, diffusion coefficient,

electron lifetime, diffusion length, etc., due to the fact that the localized states in

Fig. 10 Upper panel: simulation of a current–voltage characteristic for a typical DSC (10 μm of

mesoporous TiO2/electrolyte, 50 μm of pure electrolyte) with N719 dye. Lower panel: density
distribution (left) and current density (right) within the cell at 737 mV (close to open-circuit

condition). The left picture shows all the charged species in the system: electrons (free and

trapped), iodide and triiodide, positive counter-ion. For the current density only the charged

species which contribute to the total current are shown: free electrons, iodide and triiodide ions.

Simulation performed using TiberCAD software, courtesy of Alessio Gagliardi and Aldo di Carlo
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the bandgap produce strong dynamic effects [17, 128–133]. A model that is

successful to account for most observed properties is indicated in Fig. 11a. It is

composed of the transport level that was discussed above, at energy Ec, and a

density of states (DOS) in the bandgap, g(E). A key feature is that an electron in the

transport level can be trapped in a localized state in the bandgap and later be

thermally ejected to the conduction band. By thermalization the carrier density in

the localized states is found to be

nL ¼
ðþ1

�1
g Eð Þf E� EFnð ÞdE (25)

where f(E � EF) is the Fermi–Dirac function. The total carrier density is

n ¼ nc þ nL (26)

In the DSC as well as in similar devices, the carrier density is measured in steps

at different voltages, or by small perturbation methods. It is important to characterize

the differential of the carrier density, which is known as the chemical

capacitance [134].

Fig. 11 Characteristic distribution of electronic states in the metal oxide nanoparticulate frame-

work of a DSC, and their role in different electronic processes. (a) The electronic states consist of

the transport states in the conduction band level, Ec, the localized states in the bandgap, which

form an exponential distribution, and the surface states, whose energy distribution depends

drastically on surface treatment. For an exponential distribution it is a good approximation to

assume that localized states in the bandgap below the Fermi level are occupied and those above

nearly empty. The occupation of the transport level is an important consideration as it gives rise to

d.c. conductivity. The occupation of surface states depends on their charge transfer properties.

(b) Electron displacement in transport states is interrupted by trapping and release processes.

Trapping occurs mainly to unoccupied states above the Fermi level. Electrons are trapped in

surface states from which charge transfer to acceptor species in solution occurs
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In general the differential capacitance that is measured by small perturbation has

the expression

C ¼ dQ

dV
(27)

The textbook example is a dielectric capacitor, in which the charge separation

creates an electrical field between the plates. The capacitance, per unit area, is given

by

C ¼ εε0
d

(28)

We obtain a chemical capacitance when the Fermi level in a semiconductor is

displaced with respect to the conduction band edge, because in this case we only

change the chemical potential of the electrons, and not their electrostatic potential.

A structure of selective contacts is also necessary so that the Fermi level variation

translates into a voltage as follows:

dV ¼ dEFn=q (29)

This structure is presented in Figs. 2 and 11, in which the change of voltage

implies that the Fermi level of electrons moves toward the conduction band, as

stated before in (6). If L is the thickness of the layer, and A is the area, the charge

accumulated in the semiconductor is Q ¼ � LAnq. Hence we obtain the chemical
capacitance [134, 135] per unit area, that is defined as follows:

Cμ ¼ LAq2
dn

dEFn

(30)

A specific chemical capacitance per unit volume is defined as

cμ ¼ q2
dn

dEFn

(31)

For conduction band carriers the chemical capacitance is

ccbμ ¼ q2nc
kBT

(32)

This was first calculated by Shockley for crystalline semiconductors [136]. The

concept is very useful in the characterization of disordered materials [12, 137]. In

the DSC the contribution of trapped electrons is dominant. The calculation of the

chemical capacitance for a broad DOS is

cμ ¼ q2
ðþ1

�1
g Eð Þ df

dEFn

E� EFnð ÞdE (33)
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Using the approximation of the zero-temperature limit of the Fermi function,

i.e., a step function at E ¼ EFn separating occupied from unoccupied states, as

suggested in Fig. 11a, it can be shown that (33) reduces to [12]

cLμ ¼ q2g EFnð Þ (34)

In this approximation, the Fermi–Dirac function is a unity step function at the

Fermi level. Therefore, displacing the Fermi level by dEF simply fills with carriers a

slice of the DOS: dn ¼ g(EF)dEF. cμ is also denoted a thermodynamic density of
states [138].

Measurements of the chemical capacitance of nanostructured TiO2 have shown

that the localized states are distributed as an exponential distribution that enters the

gap of the semiconductor from the conduction band, as suggested in Fig. 11 and

indicated by the expression

g Eð Þ ¼ NL

kBT0

exp E� Ecð Þ=kBT0½ � (35)

Here NL is the total density of localized states and T0 is a parameter with

temperature units that determines the depth of the distribution, which can be

alternatively expressed as a coefficient α ¼ T/T0. The DOS of nanostructured

TiO2 has been well characterized experimentally [139]. The exponential distribu-

tion is observed in measurements of chemical capacitance shown in Figs. 4d and 5c.

The DOS resulting from such measurements is indicated in Fig. 7.

An important feature of the DOS of the nanostructured metal oxide is that Ec can

be displaced with respect to the redox level, and this method is frequently used to

improve the photovoltage, as mentioned before [93]. The change of position of the

conduction band is obvious in Fig. 4d, where a shiftΔEc is marked, with respect to a

reference sample. Note that the shift changes the equilibrium density, nc0, by (2),

and this affects the dark reverse current, j0. These variations are more generally

discussed in the next section. Therefore a control of the DOS of electrons in titania

is essential for the meaningful discussion of recombination and any other electronic

parameter of the DSC.

In most conditions of measurement we can assume that n � nL. The equilibrium
value of the carrier density is given by

nL0 ¼ NL e
EF0�Ecð Þ=kBT0 (36)

Again, using zero-temperature approximation the total electron carrier density is

given by the integration of DOS up to the Fermi level, (25):

n ¼
ðEFn

0

g Eð Þ dE

¼ NLe
EFn�Ecð Þ=kBT0

¼ nL0e
qVF=kBT0

(37)
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Therefore the chemical capacitance of the localized carriers in the exponential

distribution can be written as

cLμ ¼ q2n

kBT0

(38)

It should be stated that we now have two density parameters n and nc to describe
equations modeling the DSC. We have assumed so far that both densities relate to a

single Fermi level. Equations (1) and (37) provide the following condition:

n

nL0
¼ nc

nc0

� �α

(39)

In fact in steady state conditions, such as in the calculation of current voltage

curves, one could formulate equations in terms of either three parameters: n, nc, or
V (or more appropriately, VF, to discount any series and shunt resistance)

[122]. Which is the best choice? There is not a single answer, but, as shown in

Fig. 4, modeling work in DSC often reverts to explaining the components of

current-density voltage curves, and therefore the voltage is a very good choice for

the x axis representation of different parameters. If different samples have a similar

DOS it is also useful to compare quantities plotted vs n. However, if the DOS is

variable then VF should be preferred, since a value of the Fermi level is stipulated at

each voltage. The special feature of the carriers at the transport level, or free

electrons, nc, is that carrier density is simply related to the voltage VF by (see (8))

nc ¼ nc0 e
qVF=kBT (40)

Therefore actual measurements of carrier density via chemical capacitance or

any related stepped technique will provide the total carrier density n, but since
actual measurements are often performed as function of voltage, the free carrier
density (and not total carrier density) is a useful index of the voltage VF. This is the

advantage of expressing β-recombination model in terms of free carriers as in (15)

[14], as then the exponent β immediately translates into the diode quality factor of

(19). Since one can convert from free to total carrier density by the expression at

(39), recombination of excess carriers can be phenomenologically modeled as a

power-law dependence of the total carrier density:

jrec ¼ qLB nγ � n0
γ½ � (41)

Comparing (15) we obviously have the relationship γ ¼ β/α. Equations (15)

and (41) are equivalent expressions that do not speak about the origin of the

recombination mechanism, which will be discussed later.

In summary, for the modeling of steady state quantities one can switch between

n and nc by using (39). When plotting different measured quantities, one has the
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choice to use V or n. The carrier density n is convenient to remove the shift of the

conduction band, but in general it is important to present the voltage as the main

parameter that changes in the solar cell. For the description of time-dependent

measurements the effects of traps is significant, and it is then important to maintain

the distinction between n and nc. Dynamic effects of traps will be discussed below.

7 Shift of Conduction Band and Change of Redox Level

We have already mentioned that modification of electrolytes and other factors

produce a shift in the position of the TiO2 conduction band, which is an important

property of the DSC. Ec affects charge injection from the dye. In addition, the

change of the position of the conduction band produces a strong variation of the

recombination resistance, because the parameter j0 is modified. Indeed note that by

(2) and (14)

j0 ¼ qLkrecNc
βeβ EF0�Ecð Þ=kBT (42)

Consequently the change of Ec produces a change of R0, according to (22). It is

important to introduce additional kinetic parameters that specify the properties of

j0. The following expression generalizes the suggestions in [28, 30] in order to

include the change of redox level [32]. Let us define a kinetic constant j0k that

determines the recombination rate, independently of the conduction band position:

j0k ¼ qLkrecN
β
c (43)

Therefore

j0 ¼ j0ke
β EF0�Ecð Þ=kBT (44)

so that (19) becomes

j ¼ jsc � j0k e
β EF0�Ecð Þ=kBT eqβVF=kBT � 1

� �
(45)

Equation (44) simplifies the treatment of empirical data by separation in the

conventional “dark current” parameter ( j0) of two effects that frequently have an

important influence on the behavior of DSC: Ec, that tracks possible changes of the

position of the conduction band of the n-semiconductor and j0k (or equivalently U0k

[32]) that represents changes in the charge transfer rate, e.g., by blocking the TiO2

surface. The photovoltage gives

Voc ¼ Ec � EF0

q
� kBT

qβ
ln
jph
j0k

(46)
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These variations are well illustrated in Fig. 4c, in which part of the shift of the

recombination resistance is due to the change of the conduction band position that is

visible in the chemical capacitance of Fig. 4d. An important tool to evaluate

correctly the recombination rate is therefore to plot the recombination resistances

of different devices at the same equivalent value of the position of the conduction

band. Therefore we define a suitable potential,

Vecb ¼ VF � ΔEc=qþ ΔEF0=q (47)

Here “ecb” stands for “common equivalent conduction band,” ΔEc is the shift of

the conduction band, and ΔEF0 is the change of the redox potential of the hole

conductor (for example when comparing different electrolytes), both with respect

to a reference sample:

ΔEc ¼ Ec � Ec, ref (48)

ΔEF0 ¼ EF0 � EF0, ref (49)

We obtain the following expression for the recombination resistance:

rrec ¼ kBT

qβj0k
e�β qVecb�Ec, refþEF0, refð Þ=kBT (50)

Therefore, when plotted with respect to Vecb, as shown in Fig. 4e, differences in

the recombination resistance correspond exactly to the variation of the reciprocal of

the kinetic parameter j0k, removing the influence of change conduction band

position. The analysis is more complicated if the samples present different values

of the DOS parameter α or recombination exponent β.

8 Electron Lifetime

In general the quantities characterizing the recombination flux cannot be obtained

from analysis of steady state measurement, which supplies very limited informa-

tion. Experimentally one uses a method that applies a small perturbation to obtain

the recombination kinetics at each value of stationary voltage. Here we discuss the

electron lifetime, τn, that is a quantity often used to characterize recombination

dynamics in DSCs [50, 52, 140]. We review the definition of the lifetime as a first

illustration of the small perturbation quantity [52, 140–144].

We take first the simplest recombination model which is that of linear

recombination

Un ¼ krec nc � n0ð Þ (51)
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The decay of a population of electrons is governed by the equation

dnc
dt

¼ �Un ncð Þ (52)

Excess electrons injected can be written Δn ¼ n � n0, and their decay is

controlled by the equation

d Δncð Þ
dt

¼ �krecΔnc (53)

Therefore the decay with time takes the form

Δnc tð Þ ¼ Δnc 0ð Þe�t=τn (54)

In general we define the lifetime as the constant in the denominator of the

exponential decay law. In (54) the lifetime, τn, is given by the prefactor of Δn in

(53), that is,

τn ¼ k�1
rec (55)

However, we observe that such decay law depends critically on the fact that our

starting recombination law in (51) is linear, while we have emphasized before that

nonlinear recombination is the general rule in a DSC.

Let us take a system that is determined by any general recombination lawUn(nc).
A stationary density is maintained by a photogeneration GΦ or similar process, so

that the quasiequilibrium, stable carrier density, is �nc. The conservation equation at

(4) can be written

dnc
dt

¼ GΦ � Un ncð Þ (56)

which in equilibrium sets the stable carrier density by the equation

Un �ncð Þ ¼ GΦ (57)

Now the small perturbation n̂ that is induced on top of the steady state provides

the density dependence on time as

nc tð Þ ¼ �nc þ n̂c tð Þ (58)

Using an expansion

Un ncð Þ ¼ Un �ncð Þ þ ∂U
∂nc

n̂c (59)
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we obtain from (56)

d n̂c
dt

¼ �∂Un

∂nc
n̂c (60)

The result we obtain in (60) is that the linearization procedure always takes the

evolution equation to a form of the type (53) that will provide an exponential decay

of the small perturbation excess density. A general feature of small perturbation

methods is that all the nonlinear transport-conservation equations become linear.

Let us introduce the free carrier lifetime [52],

τf ¼ ∂Un

∂nc

� ��1

�nc

(61)

Hence (60) may be written as

dn̂c
dt

¼ � 1

τf
n̂c (62)

As an example of the small perturbation procedure, consider the nonlinear

recombination law introduced in (13). Equation (4) can be written

dn̂c
dt

¼ GΦ � krec �nc þ n̂cð Þβ � nc0
β

h i
(63)

Expanding the sum to first order in n̂ and removing the steady state terms (that

cancel out) we have

dn̂c
dt

¼ �krecβ �nc
β�1n̂c (64)

Therefore the lifetime is

τf �ncð Þ ¼ krecβ �nc
β�1

� ��1
(65)

Obviously the result in (65) can be derived directly by (61). Note that the

lifetime is a function of the steady state; this is a general feature of nonlinear

systems.

The decay of a small population that serves as a probe of the kinetics of the

system has therefore been characterized for any recombination rate law and steady

state condition. More generally, the decay may require a number of sequential

processes coupled to recombination, for example when prior detrapping of

localized carriers is required, as we discuss later on. The free carrier lifetime τf in
(61) does not yet consider the trapping–detrapping dynamics, but just the charge
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transfer kinetics. More generally, the electron lifetime is defined in terms of the

recombination rate Un(n) and total carrier density as [52]

τn ¼ ∂Un

∂n

� ��1

�n

(66)

The relationship with τf is provided below.

9 Trapping Factors in the Kinetic Constants

The main effects of traps in the dynamics of electrons in a DSC are indicated in

Fig. 11b. For the long range transport of electrons in the nanostructure, also outlined

in Fig. 1c, we distinguish two classes of electronic states: the transport states above

the mobility edge (that may be associated with extended states in the conduction

band) and localized states in the bandgap. These assumptions are common in the

classical multiple trapping transport [145–147], which describes the effect of trap

levels over the rate of displacement through transport states. Another important

effect of traps, and more specifically surfaces states is to provide a variety of

pathways in the energy axis for interfacial charge transfer, as indicated in Fig. 12b.

Let us consider the retarding effect of traps and how this effect changes the

measured kinetic constants [51]. In the presence of traps, the time-dependent

conservation equation for free carriers, nc, contains an additional term, due to the

net capture and release by traps, which results in a modified concentration of

localized electrons nL:

∂nc
∂t

¼ G xð Þ � ∂J
∂x

� Un ncð Þ � ∂nL
∂t

(67)

If we use the small perturbation approach of (54) again, (67) is split into two

parts. The first is the steady state equation at (24). Note that the localized states do

not introduce any new effect in the steady state conservation equation. Therefore

quantities such as the electron conductivity are independent of the number and

occupation of traps, as described further below.

The second equation is for the small perturbed density:

∂n̂c
∂t

¼ �∂Ĵ
∂x

� 1

τf
n̂c � ∂n̂L

∂t
(68)

where we have included the free carrier lifetime as defined by (61). Equation (68)

may be completed by a kinetic equation for the traps that defines the variation∂nL/∂t.
However, if the trapping kinetics is fast (with respect to time scale of the transient

measurement) we may assume that the traps follow the equilibrium relation with the

free carriers:
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∂nL
∂t

¼ ∂nL
∂nc

∂nc
∂t

(69)

We developed earlier in (39) the relationship between free and trapped carrier

density when the system rests at equilibrium. Equation (69) has a different meaning

in that it states that equilibrium will be maintained for any time variation during

kinetic measurements. Equation (69) is termed the quasistatic approximation and it

was introduced to account for the properties of measured time constants in DSC [51].

Applying the quasistatic approximation, (68) becomes

1þ ∂nL
∂nc

� �
∂n̂c
∂t

¼ �∂Ĵ
∂x

� 1

τf
n̂c (70)

Fig. 12 Energy diagrams indicating recombination events in a DSC of electrons in TiO2

semiconductor nanoparticle by transfer to the oxidized acceptor species of the redox couple in

the electrolyte. Ec is the energy of the conduction band, EF0 is the equilibrium Fermi level in the

semiconductor, that initially is in equilibrium with the redox level in the electrolyte, and EFn is the

Fermi level in the semiconductor when the TiO2 photoelectrode is at the potential VF. (a) Electron

transfer from a surface state at the energy E to an oxidized ion in electrolyte with probability νel.
(b) Model including the various channels for electron transfer between the surface of TiO2

nanoparticles and the oxidized species in the electrolyte (or hole conductor) in a DSC, namely,

the transfer from extended states of the semiconductor conduction band with probability νel
cb, and

the transfer from a distribution of surface states, each with a probability νel
ss(E)
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We introduce the trapping factor

ΘL ¼ 1þ ∂nL
∂nc

� �
(71)

From the previous definition of lifetimes, (61) and (66), we note that

τn ¼ ΘLτf (72)

Equation (72) now gives the measured lifetime τn as a combination of two

effects: trapping and detrapping effects in the bulk, and subsequent charge transfer,

by a nonlinear dependence on the free carrier density. More complex theories of the

electron lifetime extend this model by a combination of mechanisms and will be

described later [50, 148, 149].

Furthermore we show later that the measured (chemical) diffusion coefficient is

given by

Dn ¼ 1

ΘL

D0 (73)

The trapping factor can also be expressed in terms of the chemical capacitances

of the separate electronic states

ΘL ¼ cμ
ccbμ

¼ ccbμ þ cLμ
ccbμ

(74)

We note that, if the trapped electron density dominates, then

ΘL � ∂nL
∂nc

¼ cLμ
ccbμ

(75)

For an exponential distribution,

ΘL ¼ T

T0

nL
nc

(76)

and we obtain the voltage dependence of the trapping factor as follows:

ΘL ¼ T

T0

nL0
nc0

exp qV
1

kBT0

� 1

kBT

� �� 	
(77)

Using Fick’s law, (5), we convert (70) to

∂n̂c
∂t

¼ D0

ΘL

∂2
n̂c

∂x2
� 1

ΘLτf
n̂c (78)
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and therefore

∂n̂c
∂t

¼ Dn

∂2
n̂c

∂x2
� 1

τn
n̂c (79)

Equation (79) implies that the system of Fig. 11 can be treated with the dynamic

equations of a single level, but with kinetic coefficients (lifetime, diffusion

coefficient) that depend on the steady state. The essence of the quasistatic approxi-

mation is to describe the kinetic factors associated to trapping and detrapping in

terms of occupation of free and localized states. The quasistatic approximation is

explained in more detail in [51, 52, 150, 151]. It has been widely used to describe

experimental results of DSCs.

Figure 13 shows electron densities and time constants dependence on voltage

according to the model developed above, for an exponential distribution of traps.

These features are often observed in experiments [16, 33, 43, 152, 153]. One

exception is the free carrier density that will be commented on separately later.

It is assumed that D0, the free electron diffusion coefficient, is a constant.

The calculation of the chemical diffusion coefficient in (73) for an exponential

distribution gives an exponential dependence on the Fermi-level position as follows

[154]:

Dn ¼ T0

T

Nc

NL

exp EFn � Ecð Þ 1

kBT
� 1

kBT0

� �� 	
D0 (80)

Therefore the electron diffusion coefficient increases when the Fermi level rises.

This is because the retarding effect of traps is suppressed when traps become

increasingly occupied.

On the other hand, the free carrier lifetime, given in (61), depends on the voltage

as follows:

τf ¼ nc0
1�β

βkrec
exp 1� βð Þ qV

kBT

� 	
(81)

and the lifetime has the expression [52]

τn ¼ T

T0

nL0
nc0ββkrec

exp α� βð Þ qV

kBT

� 	
(82)

We observe in Fig. 13 that the lifetime, τn, that is measured by the decay of the

Fermi level, decreases with increasing potential, but this can be attributed mostly to

the trapping factor. The change of position of the Fermi level changes the

detrapping time in an exponential fashion. Characteristic experimental results are

shown in Fig. 14 [155]. It should be pointed out that the relevant lifetime for steady
state conditions is the free carrier lifetime, τf, which increases with the bias voltage
as indicated in (81).
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Another important quantity is the diffusion length, as mentioned before and

indicated in Fig. 1:

Ln ¼
ffiffiffiffiffiffiffiffiffiffi
Dnτn

p
(83)

From (72) and (73) it can be seen that the trapping factors ΘL compensate in the

diffusion length [51]. However, if the free carrier lifetime shows some dependence

Fig. 13 (a) Representation

of the free and localized

carrier density, as a function

of potential (Fermi level

position), for an exponential

distribution of localized

states (T ¼ 300 K,

T0 ¼ 1, 400 K,

β ¼ 0.5 + T/T0 ¼ 0.71).

(b) Electron lifetime, τn and
the diffusion coefficient,

Dn measured by small

perturbation. (c) Free carrier

lifetime, τf, and
diffusion length

Ln ¼
ffiffiffiffiffiffiffiffiffiffi
Dnτn

p ¼ ffiffiffiffiffiffiffiffiffiffi
D0τf

p
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with the potential, as implied by (81), then the diffusion length varies with voltage,

and it should increase according to [14]

Ln ¼
ffiffiffiffiffiffiffiffiffi
D0τf

p
(84)

This feature, indicated in Fig. 13c, is often observed in experimental results; see

Fig. 5d [152, 156]. The connection of the diffusion length with the trap dynamics

has also been investigated by Monte Carlo simulation [13, 157, 158].

Fig. 14 (Top) Series of triphenylamine (TPA)-based dyes where the linker conjugation is

systematically increased with vinylene and thiophene units. (Left) Electron lifetime as function

of Voc for DSCs based on L0 (squares) and L3 (circles) using three different I2 concentrations:

(open symbols) 10 mM, (solid symbols) 50 mM, and (half-filled squares, gray circles in squares)
250 mM in the redox electrolyte. Electrolyte: 0.6 M TBAI, 0.1 M LiI, and 0.5 M 4-tert-
butylpyridine with different I2 concentrations in acetonitrile. (Right) Electron lifetimes for DSCs

based on L0 (squares) and L3 (circles) at Voc ¼ 0.5 V as a function of I2 concentration.

Reproduced with permission [155]
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10 Chemical Diffusion Coefficient and Electron

Conductivity

Details of Fermi level dependence of the diffusion coefficient, summarized in (77)

can be obtained in the framework of a more general kinetic-thermodynamic for-

malism [13, 49, 154, 159].

First, the jump diffusion coefficient DJ is introduced, which is proportional to the

tracer diffusion coefficient, D *, that reflects random walks of a particle:

D� ¼ lim

t ! 1
1

6Nt

XN
i¼1

Δrið Þ2
* +

(85)

Consequently, DJ can be calculated by Monte Carlo simulation [13, 160,

161]. In the multiple trapping framework the jump diffusion coefficient is given

by [49]

DJ ¼ nc
n
D0 (86)

where n � nL is the total carrier density that coincides with trapped carriers in most

conditions (nc << nL). The diffusion coefficient measured by small perturbation

methodsDn is the chemical diffusion coefficient and differs fromDJ by the quantity χn,

Dn ¼ χnDJ (87)

that is called the thermodynamic factor, and is defined as follows:

χn ¼
n

kBT

∂EFn

∂n
(88)

Combining the general form of the chemical and jump diffusion coefficient, (86)

and (87), we have, for the exponential distribution,

Dn ¼ T0

T

nc0
nL01=α

nL
1�αð Þ=αD0 (89)

This is exactly the same result as given above in (80). Another way to arrive at

the same conclusion starts from the equation

Dn ¼ kBT

q
χnun (90)

that is an statement of the generalized Einstein relation [49]. In (90) un is the

mobility. From (87) we obtain
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un ¼ qDJ

kBT
(91)

un is related to the displacement of carriers in the total DOS, and is therefore

proportional to the jump diffusion coefficient. Considering both free and trapped

carriers, the thermodynamic factor can be written as

χn ¼
n

nc

1

1þ ∂nL
∂nc

� n

nc

∂nc
∂nL

(92)

By combining (90), (91), and (92), one gets

Dn ¼ 1þ ∂nL
∂nc

� ��1

D0 (93)

that coincides with (73).

In summary, there is a difference between the jump diffusion coefficient, which

reflects the random walk of a particle in the available DOS and geometry, and the

chemical diffusion coefficient measured by inducing a gradient by a small step

method. The difference is expressed in (87) and consists of the thermodynamic

factor that accounts for the difference between a gradient in concentration, and a

gradient in electrochemical potential, thus generalizing Fick’s law [12].

This connection is a fundamental one and it can be expected to operate more

generally for other types of quantities. Indeed, the same type of relationship can be

postulated for the electron lifetime, as shown recently by Ansari-Rad

et al. [13, 56]. On the one hand, the small perturbation lifetime τn is related to the

decay of the Fermi level after injection of excess carriers. On the other hand a

“jump lifetime” τJ can be calculated by Monte Carlo simulation by following the

survival time of a specific carrier that undergoes the sequence of events indicated in

Fig. 11b, i.e., random walk in the total DOS and charge transfer to acceptor species

in the electrolyte. τJ is different from the free carrier lifetime, τf, introduced above,

in that the latter takes into account the survival time of a free carrier, just by the

charge transfer mechanism, without counting the prior random walk. In fact τf
corresponds to the free electrons diffusion coefficient in the diffusion formalism,

D0. The relationship between these two lifetime quantities is given by [13]

τn ¼ χr
χn

τJ (94)

where χr is a recombination factor that plays a role similar to thermodynamic factor

χn.
It can be concluded that a general distinction exists between single particle

quantities that can be monitored by random walk simulation methods, and collective
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quantities that are measured by small perturbation, involving a modification of the

chemical potential of the species. Both quantities are related by the classical thermo-

dynamic factor [162] and its generalizations [13].

While the measurement of diffusion coefficient requires some type of small

perturbation methods, the electron conductivity drives d.c. transport and can be

measured in steady state conditions, for example by electrochemical gating [163,

164]. The electron conductivity can be given in terms of the total number of carriers

and the mobility as [49]

σn ¼ nqun (95)

Using (91) we can write

σn ¼ q2

kBT
nDJ (96)

We can also express the conductivity in terms of the free carrier density as

follows:

σn ¼ q2D0

kBT
nc (97)

Additionally, we may provide a formulation of the generalized Einstein relation

(90) that links the conductivity, the chemical diffusion coefficient, and the chemical

capacitance [49, 165]:

σn ¼ Dncμ (98)

It is important to note that (97) indicates that the conductivity is determined

exclusively by the transport level and is completely independent of the presence and
distribution of traps, in the context of the multiple trapping model that we have used

herein. The steady-state conduction is not affected by the trapping process because

the traps remain in equilibrium. Alternatively, one can view conduction as the result

of the displacement of the whole electron density, n, with a smaller jump diffusion

coefficient; see (96).

11 Delocalized Electrons in the Conduction Band

We have already commented that measurement of electron density by the chemical

capacitance invariably reveals the exponential distribution associated with the trap

states, or in general the shape of the dominant DOS at the Fermi level in the given

material. The question arises whether the free carrier density, nc, is really accessible
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or is just a theoretical feature that conveniently describes the voltage VF. We have

seen that even if the free electron density is relatively low, the role of the free carrier

density is crucial to provide long range transport. This feature is emphasized in

Figs. 1c and 11b. Even though the general picture of Fig. 13, is very well supported

by measurements of the time constants τn and Dn, it should be noticed that these

parameters depend strongly on the traps in the system. It should be interesting to

detect kinetic phenomena that depend exclusively on conduction band carriers.

Experimentally, such an observation is, however, far from straightforward. In

principle, the method to access the free electrons density seems obvious. One has to

apply the potential VF large enough for increasing EFn close to Ec (see Fig. 11) in

which case the large DOS at Ec will make the nc population larger than nL.
However, this method encounters practical problems of large charging and band

unpinning [166], so that increasing Vapp does not really change VF, as a result of

which the conduction band capacitance of (32) has never been detected, as far as we

know. (It can be observed, however, in defect-free silicon solar cells [79].)

Connected with this question there is also a difficult problem, which is to determine

the exact position of the conduction band, Ec, which has many implications for

electron injection from the absorber and recombination models.

A direct method of detection of free electrons is provided by techniques such as

spectroelectrochemistry and microwave conductivity. The first is based on the detec-

tion of the delocalized carrier by the specific absorption features, such as the Burstein

shift, which is a spectral blueshift due to band filling, and additional intraband

absorption in the infrared region of the spectrum [129, 151, 167, 168]. Recently

Hamann et al. developed a detailed method based on temperature dependence of

the free carrier density to locate the position of the conduction band [166]. The

time-resolved microwave conductivity allows for a detection of electron carriers

[169, 170] although the distinction between free and trapped electrons requires a

detailed analysis [151]. A similar concern arises often in the interpretation of

absorption data, since there are a number of possible absorption effects and these

cannot be simply linked to the concentration [168].

A very important piece of evidence about the free carrier transport arises from

the voltage dependence of the electron conductivity in (97). According to (40) the

conductivity dependence on Fermi level voltage must satisfy the Boltzmann

exponent q/kBT,

σn ¼ q2D0 nc0
kBT

eqVF=kBT (99)

This relationship is often observed to hold almost exactly [16, 34, 151,

171]. An example of the fit is shown in Fig. 5a [45], that displays the transport

resistance, rtr, that is the reciprocal to the electronic conductivity σn:

rtr ¼ σn
�1 (100)

as further discussed below. Some authors have introduced additional exponents in

the carrier density related to d.c. conductivity [116], but the accurate measurement
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of the transport resistance by IS [34, 151] shows that (99) based on the Boltzmann

statistics of the free electrons is well satisfied in good quality cells. Indeed, for

obtaining meaningful voltage dependence of transport and recombination

resistances, a number of aspects of the experiment have to be carefully balanced,

such as the possible bandshifts, or temperature changes of the redox potential [39].

The good behavior of electron conductivity according to the multiple transport

model is, however, not conclusive about the dynamic effects of the carriers in

extended states. One important consequence of the dominance of nc is that the effect
of traps on Dn should be removed, since ΘL ! 1. As a consequence, at high VF, Dn

must saturate to D0 and exhibit a constant value [154]. Only a few results have been

reported about these effects. Archana et al. [172] suggest that a band-edge type

electron diffusion mechanism is observed in doped anatase mesoporous electrodes.

Wang and Jennings reported recombination via the conduction band [173], which

follows (49) by a recombination exponent β ¼ 1, as further commented on below in

the sections on recombination. This type of recombination mechanism has also been

observed by Hamann et al. for the redox couple [Co(Me2bpy)3]
3+/2+ [148].

12 Diffusion-Recombination in Small Signal Methods

We have discussed above how the carrier density transport-kinetic equation is

reduced to a linear form, with density dependent parameters, by the small perturba-

tion method. Such an approach can also be applied for the measurement of

a.c. current with respect to a.c. voltage analysis at variable frequency ω. The resulting
impedance spectroscopy models for DSC have been presented in several works

[29, 44, 150, 174, 175]. In brief, the conservation at (79) for the small perturbation

of the carrier density can be translated to the general expression of the diffusion

impedance in a film of thickness L:

Z ωð Þ ¼ ζ ωð Þrtr½ �1=2coth L ζ ωð Þrtr½ �1=2
n o

(101)

In (101) rtr is the resistivity of the material (or distributed transport impedance,

per unit length per area):

rtr ¼ A 1� pð ÞRtr=L (102)

where Rtr is the macroscopic transport resistance of the film of geometric area A and

p is porosity. rtr is related to electron conductivity as indicated in (99). The diffusion
impedance of (101) can be represented as a distributed equivalent circuit, the

transmission line of Fig. 15a, that is closely connected to a class of transmission

lines for porous electrodes as shown in Fig. 15b.

The case of interest for DSC and solar cells in general is the diffusion-

recombination impedance with a reflecting boundary condition at the end of the
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electron transport channel. The model is shown in Fig. 15c. The recombination

process introduces a recombination resistance in parallel with the chemical

capacitance in the transmission line [44]. The transverse ζ -impedance in (101) in

this case is

ζ ¼ rrec
1þ iω=ωrec

(103)

The characteristic frequency of recombination is related to electron lifetime

τn by

ωrec ¼ τ�1
n (104)

Fig. 15 (a) Transmission line model for the generalized diffusion impedance. (b) Transmission

line model for a porous electrode. (c) Transmission line impedance model for diffusion-

recombination in a mesoporous TiO2 electrode, including also interfacial impedances and mass

transport impedance in electrolyte
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The distributed recombination resistance is given by

rrec ¼ LA 1� pð ÞRrec ¼ LA 1� pð Þ τn
Cμ

(105)

Here Cμ is the chemical capacitance. Rrec is the macroscopic recombination

resistance of the layer that was introduced in (20) and will be the object of detailed

analysis in the remaining sections of this chapter. The impedance model for

diffusion-recombination adopts the form [44]

Z ωð Þ ¼ RtrRrec

1þ iω=ωrec

� �1=2

coth Rtr=Rrecð Þ1=2 1þ iω=ωrecð Þ1=2
h i

(106)

The transmission line circuit and impedance spectra of the model of (106) are

shown in Fig. 16. By fitting the spectra to this model we can obtain:

1. The electron conductivity; see (99).

2. The chemical diffusion coefficient, Dn:

Dn ¼ 1

RtrCμ
¼ ωd

L2
(107)

This last equation corresponds to the generalized Einstein relation given in (90).

3. The electron lifetime, that is obtained as follows:

τn ¼ ω�1
rec ¼ RrecCμ (108)

The impedance model of (106) produces different types of spectra, as shown in

Fig. 16. The shape of the impedance spectra is determined by the factor relating the

characteristic frequencies, which can be expressed in several alternative ways [44]:

ωd

ωrec

¼ Rrec

Rtr

¼ Ln
L

� �2

(109)

Note that the diffusion length can be obtained from the measured resistances by

the expression

Ln ¼ Rrec

Rtr

� �1=2

L (110)

The spectrum for Rtr < Rrec is shown in Fig. 16b, c. It corresponds to a long

diffusion length Ln > L and indicates efficient charge collection in a DSC at

moderate forward bias [16]. The opposite case, for strong recombination, requires

Rtr > Rrec, and is shown in Fig. 16e. The intermediate spectrum for Rtr � Rrec is
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Fig. 16 Diffusion-

recombination transmission

line with reflecting

boundary conditions.

(a) Simulation of the

impedance with parameters

Rrec ¼ 103 Ω,
Cμ ¼ 5 � 10� 6 F and

increasing transport

resistance, (b, c)

Rtr ¼ 102 Ω, (d)
Rtr ¼ 103 Ω, (e)
Rtr ¼ 104 Ω. Shown are the

frequencies in Hertz at

selected points, the

characteristic frequency of

the low frequency arc

(square point), related to the
angular frequency

ωrec ¼ τn
� 1 ¼ 1/RrecCμ,

and the low frequency

resistance. The frequency

(Hz) of the turnover from

Warburg behavior to low

frequency recombination

arc (square point), related to
the characteristic frequency

ωd ¼ 1/RtrCμ is also shown
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shown in Fig. 16d. These impedance spectra have been widely described and

utilized in experiments [16, 34, 37, 39, 43, 45, 151, 156].

13 General Picture of Recombination in a DSC

In the discussion of the fundamental diode model we have already emphasized the

outstanding importance of recombination of photogenerated electrons for the

energy conversion properties of the DSC device. In practice, the DSC progress

has been very much based on the development of better dyes and coadsorbents.

Indeed, current collection, as generated by dye injection, is not generally a major

limitation, and charge collection efficiencies close to unity are routinely obtained in

good quality devices. A major problem of the DSC is the loss of voltage, from

the dye bandgap about 1.6 eV to the actual Voc of less than 1 V [92]. Figure 7 shows

the dramatic loss of voltage that occurs due to the deep position of the dye ground

state with respect to the redox level of the electrolyte. Optimization of DSC requires

one to govern the position of the TiO2 conduction band, as high as possible, while

not hindering injection from the dye, and most of all, controlling the recombination

rate [11].

These features occurring at the semiconductor/dye/hole conductor system can be

analyzed using a variety of techniques [60, 176]. We have already commented on

how tomeasure recombination properties, via electrons lifetimes and recombination

resistance, among a variety of available methods [126, 127, 155, 177–179]. In the

final sections of this chapter we aim to provide deeper insight into the fundamental

mechanisms of recombination in a DSC.

Starting from our general knowledge of electronic states, and fundamental

properties of charge transfer at semiconductor-electrolyte interface, reviewed in

the next section, a general model of recombination by electron transfer from TiO2 to

a redox electrolyte has been developed [16, 50, 180, 181], based on the scheme of

Fig. 12; this model has been well validated by experimental results, as discussed

later. We will focus here on the recombination towards a well defined redox species

in a redox electrolyte, while other situations, such as the organic hole conductor or

the solid absorbers, will not be specifically discussed and we refer the reader to the

literature [40, 102, 176].

14 Fundamental Factors Determining Rates

of Electron Transfer

When an electron is transferred from one reactant in a solution to another, for

example, from a Ru (NH3)6
2+ ion in water to a Fe (H2O)6

3+ ion in the same solvent,

the electron cannot simply jump from one ion to the other, because the
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solvent environment, namely, the ensemble of orientations of the surrounding

solvent molecules after the jump, would not be appropriate to the new ionic

charges, and so just after the electron transfer the system would have a much higher

total energy than before the jump. The atomic nuclei move so slowly that they do

not have time to adapt their positions or velocities to the new charges during the

electron jump (Franck–Condon principle), and so the transfer would violate the law

of conservation of energy.

Instead, as discussed in a 1956 article on the theory of electron transfer reactions

[182], before an electron can jump from one reactant to the other there first has to be

a “reorganization” of the solvent molecules around the ions. Similarly, there also

has to be a “reorganization” of relevant vibrational bond lengths in each reactant,

and sometimes in the bond angles [183, 184]. After a suitable configurational

reorganization of the relevant coordinates has been achieved such that the total

energy of the entire system before and after the electron jump is unchanged, energy

is conserved in the jump. This energy is the sum of all contributions to the potential

energy and kinetic energy of the molecules and ions present. The reorganization

involves suitable changes in the relevant orientations and in the bond lengths and

sometimes in the bond angles of the species present prior to the electron transfer.

There are, thus, fluctuations in all coordinates of the reactants and their surround-

ings, ~1024 coordinates for a mole of solvent.

If the system has N position and momentum coordinates, where N ~ 1024, the

transition state for an electron transfer reaction occupies an N�1 dimensional

“hypersurface” in this N-dimensional space. Accordingly, in the reacting system

when the reacting pair and its surroundings cross that N�1 dimensional hypersur-

face, they form the reaction products, according to transition state theory. We

treated this reorganization for electron transfer between a pair of reactants in a

solvent [182], and subsequently for an electron transfer at metal electrodes

[184–188], electron transfer at semiconductor electrodes [187, 189, 190], and

electron transfer across liquid–liquid interfaces [191]. In each case there is a

reorganization of the orientations of the solvent molecules, of reactant bond

lengths, and sometimes of their bond angles [183–188, 192–194].

The theoretical expressions for these different experimentally studied systems

are given in the following, where krate denotes the reaction rate constant [185]:

krate ¼ Ae�ΔG�=kBT (111)

where

ΔG� ¼ wr þ m2λ (112)

� 2mþ 1ð Þλ ¼ �ΔG0
R (113)

ΔG0
R ¼ ΔG0 þ wp � wr (114)
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and

λ ¼ λ0 þ λi (115)

In the case where the electron transfer is to or from an electrode, (114) is

replaced by [184, 185, 193]

ΔG0
R ¼ �zq qηþ wp � wr (116)

In (114) wr is the “work” (free energy change) required to bring the reactants

from a large distance (sufficiently large that they do not interact at that distance), to

a separation distance R, or in the case of an electron transfer with an electrode

(see (115)), to a distance R from its electrostatic image in the electrode (twice the

distance between the center of charge of the reactant and the electrode surface) and

wp is the corresponding quantity for the products. The ΔG0 in (114) is the “stan-

dard” free energy of reaction in the existing solvent medium. The m in (112) can

actually serve as a reaction coordinate, being 0 for the reactants and �1 for the

products and given by (113) for the transition state.

In (116) zq is � |z| (+ |z|) for the transfer of |z| electrons (holes), q is the positive

elementary charge, and η is the overpotential of the electrode, defined asη ¼ U � U0
0
.

Here U is the electrode potential in the electrochemical convention (note that with

respect to the voltage V defined in previous sections, U ¼ � V) and U0
0
is the

“standard” reduction potential of the electrode for the transfer of electron from the

electrode to the reactant in the prevailing solvent. For example, if the metal electrode

is biased negatively to promote a one electron transfer electrochemical reduction

reaction, then η < 0, and z ¼ � 1. The “work” separating products from reactants

is � qη, so that ΔGR
0 < 0.

The units of A in (111) depend on the geometry, for example in an electron

transfer in solution, the units depend on whether or not the reactants are bound

together and, in the electrode case, on whether the reactant is or is not bound to the

electrode. In the unbound case, A could be written as a relevant “collision fre-

quency” Zmultiplied by κ, an electronic transition probability of electron transfer in
the transition state, being about or near unity for an “adiabatic” or a “nearly

adiabatic” electron transfer, and substantially less than unity for a highly “nonadia-

batic” electron transfer. In a nonadiabatic electron transfer the electronic coupling

of the reactant wave functions is small and so the probability of electron transfer

when the system reaches the intersection of the reactant and the product potential

energy surfaces is also small. In contrast, in an adiabatic electron transfer the

electronic coupling element, coupling the reactant and the product wave functions

near or at the intersection, is substantial and essentially every system reaching that

intersection region undergoes an electron transfer. An approximate expression for

the transition probability is given by the famous 1932 Landau–Zener expression

[195, 196]. A recent survey and analysis of these adiabatic-nonadiabatic effects is

given in [197]. An example of a nonadiabatic electron transfer to or from an
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electrode is an electron transfer across a layer of parallel long chain of CH2’s

bridging groups in thioalkanes, each bound via its sulfide atom to a gold electrode

and at the other end of the chain bound, in a classic experiment, to a ferrocene

[198]. We will return to the nonadiabatic case later.

The reorganization effects relate the thermodynamic free energy difference ΔG0

between reactants and products to the transition state activation free energy ΔG*
that actually determines the rate constant in (111). Combining (112)–(114) we

obtain the form of the rate constant for electron transfer:

krate ¼ Aexp � wr

kBT
� 1

4λkBT
λþ ΔG0

R

� �2� 	
(117)

The rate constants for both the nonadiabatic and adiabatic electron transfers

critically depend on the reorganization energy λ and on a prefactor A whose value

depends on the “nonadiabaticity“ of the electron transfer. We describe the

properties of both parameters in turn.

The λ0 in (115) describes the reorganization energy of the dielectric medium (the

solvent and, in the semiconductor electrode case, also the solid). The λi in (115)

arises from the change in equilibrium values of vibrational coordinates of the

reactants, including, in the semiconductor case, any of its relevant vibrational

coordinates. For example, if the reactant(s) undergoes a change Δqi in the

equilibrium value of some collective coordinate, a “normal coordinate” of a

reactant, and if kj
r and kj

p are the “force constants” of that normal mode for the

reactant and for the product, respectively, then classically [184]

λi ¼
X
j

krj k
p
j = krj þ kpj

� �h i
Δqj
� �2

(118)

where Δqj is the change in the jth normal mode coordinate, normal mode because

there are no cross-terms between the different js in (118). Some ions, such as

Ru(NH3)6
2+ + Ru(NH3)6

3+ undergoing electron transfer have a small Δqj while
some others, such as the Fe(H2O)6

2+ + Fe(H2O)6
3+ have a larger Δqj and hence a

larger λi. The magnitude of these quantities is explained by electronic structure

arguments. In the ions cited above the largest contributor to Δqj comes from the

symmetric stretching (“breathing”) coordinate of the coordination shell of a

reactant.

For an electron transfer reaction between two reactants in solution a dielectric

continuum treatment for the reorganization energy λ0 gave [182]

λ0 ¼ Δeð Þ2 1

2a1
þ 1

2a2
� 1

R

� �
1

εop
� 1

εs

� �
(119)

whereΔe is the charged transferred, the two ais are the radii of the two reactants, εop
is the optical dielectric constant (square of the refractive index) of the solvent, and

εs is the static dielectric constant.
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For electron transfer at a metal electrode, λ0 is given instead by [184, 185]

λ0 ¼ Δeð Þ2 1

2a
� 1

R

� �
1

εop
� 1

εs

� �
(120)

where R is the distance between the center of charge of the ion and its electrostatic

image in the electrode.

For a semiconductor electrode, the expression for λ0 is a little more complex,

since now there is also a reorganization in the semiconductor electrode itself. The

λ0 is given by [189, 190, 199]

λ0 ¼ Δeð Þ2
2a

1

εop1
� 1

εs1

� �
� Δeð Þ2

2R

εop2 � εop1
εop2 þ εop1

1

εop1
� εs2 � εs1
εs2 þ εs1

1

εs1

� �
(121)

The λ0 for electron transfer across the interface of two liquids is more complex,

since there are now two media and two reactants. The λ0 for this case is given in

[191], omitted here since the present main focus is not on electron transfer across a

liquid–liquid interface.

The simplest type of electron transfer reaction is the self-exchange reaction, for

example, the transfer of an electron from an Fe(H2O)6
2+ to an Fe(H2O)6

3+. TheΔG0

in (114) is now zero, wr and wp are equal, and a1 ¼ a2. This class of reactions

(known in the literature as “self exchange” or “isotopic exchange” reactions) is the

simplest class of reactions in all of chemistry. In a simple electron transfer, no

chemical bonds are broken or are formed. The m in (112) and (113) is now �1/2.

Apart from wr and wp in (114) and (116), the free energy barrier to reaction ΔG*
is λ/4.

It can be seen from (119) that the smaller the radii ai of the reactants the larger is
λ0. Small ions like Fe2 have a larger λ0 than large ions such as Ru(bpy)3

2+.

A physical interpretation is clear: the smaller the radii ai the larger the orientating
force of the ionic charges on the nearby solvent molecules, and so the greater the

difference between the ion-polar solvent interaction before and after electron

transfer, and so the larger the reorganization energy λ0. The role of the separation

distance R that appears in (119)–(121) is also clear. When the two ions in solution

are close to each other (see (119)), or when an ion approaches a metal electrode

(see (120)) or a semiconductor electrode (see (121)), that is, when R in each case is

smaller, the reorganization energy λ0 is smaller. This effect is readily understood in

physical terms: when R is smaller, solvent molecules at every point in the system

see less of a change in the electric field acting on them, comparing before and after

the electron transfer. These two different fields are the field created by the reactant

charges and the field created by product charges. Indeed, when the separation

distance R of the reactants is small, distant solvent molecules hardly see a change

of electric field accompanying the electron transfer. In the case of a charge near an

electrode, there is only one ion experiencing that change of electric field, and in that

case the image charge tends to nullify the field of the ionic charge, and the

nullifying effect is larger the smaller the R.
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One also sees that when the solvent is nonpolar, that is when εs ¼ εop, the
solvent contribution to λ0 arising from the orientational and vibrational part of its

dielectric polarization disappears. So λ0 is smaller the less polar the medium. There

may also be specific solvent effects, absent in a dielectric continuum treatment but

present in a molecular treatment of the solvent.

There are various estimates one can make for A in (111). For example, if the

reaction is between two reactants in solution, and if they are linked together or in

a precursor complex, then A has units of a first-order rate constant (sec�1). For a

nonadiabatic reaction (weak electronic coupling element) it can be written as

(see [194] and references cited therein)

A ¼ 2π

�h

Hj j2
4πλkBTð Þ1=2

(122)

where H is the electronic matrix element coupling the two reactants. One approxi-

mation for the latter for a coupling bridge of length R is (see [194] and references

cited therein)

Hj j2 � 1013e�αbR=s (123)

where αb depends on the nature of the bridge between the reactants. It is about

0.1 nm�1 for a chain of CH2 groups and much smaller for a link of conjugated units.

Estimates have been made for various systems and are available from

interpretations of experimental data.

For a nonadiabatic electron transfer to or from an electrode, denoting by ε an

energy state of the electrode, the first-order rate constant krate is given by [186, 187]

krate ¼
2π

ð
dεe�ΔG� εð Þ=kBT H εð Þj j

2

f εð Þdε
�h 4π λkBTð Þ1=2

(124)

where ΔG*(ε) (apart from the work terms – if the reactant is brought from infinity)

[184] for the case of transfer from the metal electrode is given by

ΔG� εð Þ ¼ λ� zqqη� ε
� �2

4λ
(125)

In (124) f(ε) is the Fermi–Dirac distribution function for the probability that a

state k in the electrode with an energy ε(k) is occupied, and |H(ε)|2 is an electron

wave number k-weighted interaction coupling element [186, 187],

H εð Þj j2 �
ð
d3k HkAj j2δ ε kð Þ � ε½ � (126)

where HkA is the electronic matrix element coupling the reactant A and a state k of

the electrode, and δ is the Dirac delta function.
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To depict the energetics of chemical reactions one often plots some quantity

such as the potential energy or free energy along a reaction coordinate. When a

reaction involves breaking one bond and forming another a commonly used

reaction coordinate is some linear combination of the two bond lengths. In the

present case we have an overwhelmingly large number of relevant coordinates and,

even in a dielectric continuummodel, an infinite number of relevant coordinates. So

in this case a quite different type of reaction coordinate is needed. One possibility is

to introduce a linear combination of the equilibrium values for the reactants and for

the products and to plot various quantities as a function of that coordinate. For

example, for a vibrational coordinate qj one could introduce a reaction coordinate x,
via qj(x) ¼ qj

r + x(qp � qj
r) and for a vectorial quantity Pu(r) related to the

orientation-vibrational dielectric polarization of the solvent at each point r of

the system and introduced in the 1956 article [182], one would write Pu(r,n) ¼
Pu
r(r) + x[Pu

p(r) � Pu
r(r)], where the Pu(r)s denote the equilibrium value of that

quantity when the charges are those of the reactants (superscript r) and when they

are those of the products (superscript p).

In terms of this reaction coordinate x, and the free energy of the reactants and

surroundings, relative to their initial value, ΔG* (x) is a function of a reaction

coordinate x, given by

ΔG�r xð Þ ¼ wr þ x2λ (127)

Along this curve for the reactant free energy vs x, x ¼ 0 corresponds to the

reactants but in surroundings appropriate to the reactant charges, x ¼ 1 corresponds

to the products but in surroundings appropriate to the product charges, and x ¼ �m
wherem is given by (113) corresponds to the transition state. The free energy for the

products relative to their initial configuration is given by

ΔG�p xð Þ ¼ wp þ 1� xð Þ2λ (128)

A plot of the free energy changes is given in Fig. 17. R denotes the free energy

curve given by (127) and P denotes the curve given by (128). The difference in

vertical heights of the bottoms of the two wells is ΔG0
0

R , the “standard” free energy

of reaction in the prevailing medium at the separation distance R, and contains all

three terms in (114). Reaction proceeds via fluctuations of all the coordinates,

starting from x ¼ 0 on the R curve, transitioning to the P curve at the intersection,

and proceeding on the P curve to the region at x ¼ 1.

When instead one uses a purely statistical mechanical approach, and also

perhaps with a view to do computer simulations of the free energy curves, a reaction

coordinate grounded in statistical mechanics is needed. One introduced in [183],

and later elaborated in [184] is an energy difference coordinate. The potential

energy of all particles in the reacting system Ur is a function of all the coordinates,

whose totality is denoted by Q and written as Ur(Q). Similarly, the reaction

products and their environment have a potential energy function UP(Q).
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The potential energy difference Ur(Q) � Ur(Q), a function of the N coordinates,

has a fixed value on an N ¼ 1 dimensional surface in N-dimensional space and so

can be used as a reaction coordinate in a statistical mechanical treatment of the

electron transfer, as in [183, 184]. One can calculate a free energy of the system

with the reactant charges and a free energy of a system with the product charges, as

a function of that coordinate. The free energy plots for the reactant and for the

products would look as in Fig. 17.

Some of the factors discussed earlier in this section can be seen in Fig. 17. When

the bond length change from reactants to products is less, it corresponds to shifting

the two parabolas in Fig. 17 closer horizontally, so reducing the height of the

intersection. Similarly, when the radii of the reactants are larger the difference in

ion–solvent interaction before and after the electron transfer is less and again

corresponds to shifting the curves horizontally closer together and so reduces the

height of the intersection. When, because of a more favorable standard free energy

of reaction, i.e., more negative or more favorable standard potential, the P curve in

Fig. 17 is shifted vertically downward relative to the R curve, and the free energy

barrier is smaller for the system depicted by Fig. 17.

15 Carrier Transfer at Semiconductor/Electrolyte

Interface

The mechanism of charge transfer that constitutes recombination in a DSC can be

formulated as a product of three quantities: the electron density, the concentration

of the acceptor (the oxidized half of the redox electrolyte), cox, and the probability

of single transfer event νel, that is described by the electron transfer model of the

previous section, as shown in Fig. 12a. Due to the disorder in the energy axis of the

metal oxide, we have a variety of possible electronic channels that constitute

parallel recombination mechanisms, as indicated in Fig. 12b.

Fig. 17 Free energy curves

as a function of the reaction

coordinate. ΔG0
0

R indicates

the “standard” change of

free energy from reactants

(R) to products (P) and is

negative in the illustrated

case in the figure
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For the direct charge transfer of conduction band electrons, we have the

recombination rate given by

Ucb ¼ νcbel Ecð Þcox nc � nc0½ � (129)

This formula is also expressed as

Ucb ¼ nc � nc0½ �ecbox (130)

where

ecbox ¼ coxν
cb
el Ecð Þ (131)

The model of (129) leads to a linear recombination rate, as stated in (51). In

addition, the charge transfer from the metal oxide may occur via a distribution of

surface states, as shown in Fig. 12b, and the recombination rate has the form

dUss Eð Þ ¼ gss Eð Þf ss Eð Þessox Eð ÞdE (132)

where gss(E) is the density of surface states, fss(E) is the fractional occupancy, and

essox Eð Þ ¼ coxν
ss
el Eð Þ (133)

The total rate of recombination via surface states is

Uss ¼ cox

ðEc

Eredox

gss Eð Þf ss Eð Þνssel Eð ÞdE (134)

In the situation of Fig. 12a, the starting state of the electron in the semiconductor

surface has energy E, while the free energy of electrons in the electrolyte is Eredox.

The probability of an elementary electron transfer event is given in [186]. For a

planar interface

νel Eð Þ ¼ 2π

�h
Hj j2 lsc

αsc δnp dsc2=3 6=πð Þ1=3
FC (135)

where

FC ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πkBTλ

p exp � λþ ΔGð Þ2
4λkBT

" #
(136)

ΔG ¼ Eredox � E (137)

In (135) lsc (cm
�1) is the effective coupling length between the oxidized redox

ion and the electrode, αsc (cm
�1) is the coupling attenuation factor as in (123), and
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dsc (cm
�3) is the density of the atoms that contribute to the density of states of either

the surface states or the band of concern [200, 201]. δnp (cm) is a volume to area

ratio in the nanoparticulate semiconductor electrode.

The electron transfer rate is therefore given by the following formula:

νel Eð Þ ¼ k0exp � Eredox � Eþ λð Þ2
4λkBT

" #
(138)

where k0 ¼ A lsc/[αsc δnp dsc
2/3(6/π)1/3], A being as in (122), so that k0 is measured in

units cm3 s�1. Eredox � E is negative in the situation of Fig. 12a. Equation (138)

applies to each of the recombination channels indicated in Fig. 12b, according to the

actual distribution of surface states that allow the electron transfer to the oxidized

ion at the semiconductor surface.

It should be noted that when the energy difference E � Eredox becomes larger

than the reorganization energy λ, as for example for the transference from the

conduction band states in Fig. 12b, the rate of charge transfer decreases (the

“Marcus inverted region”). This reduction of the rate at high energy difference

has an outstanding importance in biological systems for sunlight energy conversion

in order to avoid recombination of spatially separated charges.

We have discussed in Sect. 7 that differences in the parameter j0k could be

attributed to changes of surface blocking, catalysis of charge transfer, etc. It should

be desirable to pinpoint specific causes for the changes of recombination rates. As

mentioned before, the usual shape of the recombination resistance dependence on

voltage VF is an exponential shape (see (21)) that relates to the phenomenological

nonlinear recombination model of (13). Usually it is observed that β ¼ 0.6 � 0.75,

as mentioned before, but one report [173] has obtained the value β ¼ 1 from the

diode quality factor. This result corresponds to cells in which the conduction band

edge was extremely low, so that conduction band transfer of (129) becomes the

dominant mechanism. This is an exception, however, and one important task of the

model is to explain the normal values β ¼ 0.6 � 0.75, by a combination of charge

transfer pathways, as indicated in (134). This result will be demonstrated in

Sect. 16. The combined measurement of capacitance, recombination resistance,

and application of the recombination model has allowed researchers to provide a

very detailed picture of energetics and kinetics of recombination.

A number of studies have discussed the Marcus model in DSC [39, 179,

201–206]. In general, however, detailed insight to the basic charge transfer

mechanisms has been prevented by the exceedingly complex reaction rate steps

of the iodide/triiodide redox couple that shows very special characteristics, in which

even the nature of the predominant electron acceptor is not clear yet, since it could

be either via reduction of I3
� or free iodine I2 [207–211]. An example of the study

of recombination is shown in Fig. 14, in which the electron lifetime is measured for

a series of DSCs with triphenylamine (TPA) dyes in which the conjugation length is

varied [155]. Larger dyes showed enhanced electron recombination while reducing
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the dye size increases surface blocking of the dye layer and hence the electron

lifetime. It was suggested that an interaction between the dye molecular structure

and I3
� and/or I2 may be correlated to the increased polarizability of the larger TPA

dyes. It is likely that dye-shuttle interaction [212] and a variety of reaction

pathways associated with I3
�/I� prevent the successful application of outer sphere

electron transfer in the Marcus model to this specific redox couple. Nonetheless it is

also important to explain why this couple works so well in kinetic terms, i.e., why

the injected electrons do not reduce I3
� efficiently. Meyer et al. [213] have applied

the Marcus model to one electron reduction of I3
� and conclude that electrons

trapped in TiO2 react slowly with I3
�. A different and very promising approach,

which provides access to specific fundamental quantities governing charge transfer

rates in a DSC, is the utilization of outer sphere redox couples, since these allow

the observation of the lifetime features associated with the Marcus model

[148, 179]. These last results are reviewed in the next section.

16 Recombination Resistance and Lifetime Models

In this section we aim to obtain the model calculation of the recombination flux,

recombination resistance, and the electron lifetime in a DSC associated with the

electron transfer by a combination of surface states that form an exponential

distribution, with a DOS gss(E), as shown in Fig. 12b, also considering the direct

transfer from the conduction band [16, 50, 52, 180, 181, 206, 214].

The current per unit macroscopic area of an electrode of thickness L is

jrec ¼ qLUss

¼ qLcox

ðEc

Eredox

gss Eð Þf ss Eð Þνssel Eð ÞdE (139)

The calculation of jrec requires a stipulation of the surface states that are

occupied. Since surface states exchange electrons both with the conduction band

and the electrolyte, the statistics are more complex than in a bulk trap. The

occupation of the surface states is determined by a demarcation level and in general

it is not possible to define a Fermi level [180, 215]. For simplicity we assume here

that the trapping–release rate is sufficiently fast, so that the surface state is in

equilibrium with the transport states, and the occupancy of both is described by

Fermi–Dirac distribution, with a single Fermi level.

The recombination resistance is

Rss
rec EFnð Þ�1 ¼ A

djrec EFnð Þ
dV

(140)
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Thus

Rss
rec EFnð Þ�1 ¼ q2LAcox

ð
gss Eð Þνssel Eð Þ df ss E� EFnð Þ

dEFn

dE (141)

Applying the zero temperature limit of the Fermi–Dirac distribution, the following

result is obtained [16]:

Rss
rec EFnð Þ�1 ¼ q2LAgss EFnð Þessox EFnð Þ (142)

Equation (142) states that the reciprocal charge-transfer resistance is propor-

tional to the product of the density of surface states at the Fermi level, and the

probability of electron transfer from such states. The calculation of the recombina-

tion resistance involves a small displacement of the Fermi level that fills the surface

states precisely at the Fermi level, and hence the resistance detects only those states.

In summary we have

Rss
rec EFnð Þ�1 ¼ Css

μ EFnð Þessox EFnð Þ (143)

The free carrier lifetime can now be calculated from (108) by selecting the

capacitance of just those electron states that participate in charge transfer [50, 52].

Therefore

τf ¼ RrecC
ss
μ (144)

where

Css
μ ¼ LAq2gss EFnð Þ (145)

is the chemical capacitance of the surface states. Using (143) we get

τf EFnð Þ ¼ 1

essox EFnð Þ ¼
1

coxνssel EFnð Þ (146)

The free carrier lifetime is inversely proportional to the fundamental charge

transfer rate at the Fermi level. If we also consider bulk traps, described by the DOS

gb(E), and a chemical capacitance

Cb
μ ¼ LAq2gb EFnð Þ (147)

then the measured lifetime contains a trapping factor as shown in (71), and we

obtain the expression
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τn EFnð Þ ¼ Cb
μ þ Css

μ

Css
μ e

ss
ox EFnð Þ (148)

If both bulk traps and surface states consist of an exponential distribution with a

similar T0, and number density Ns for surface states and NL for total number of

traps, the trapping factor is just a numerical constant that does not influence the

voltage dependence of the lifetime. Equation (148) can therefore be stated as

function of voltage as follows:

τn Vð Þ ¼ τn0exp
qV � λð Þ2
4λkBT

" #
(149)

where

τn0 ¼ NL

Ns

ffiffiffiffiffiffiffiffi
πλ

kBT

r
1

coxk
ss
0

(150)

There is no functional difference between τn and τf. The significance of this

result must be emphasized. In a DSC we measure recombination resistance,

chemical capacitance, and electron lifetime. However, when we wish to study

fundamental charge transfer questions we really want to determine νel. Equation (146)

states that we have access to the electron transfer probability.

The model of (149) is illustrated in Fig. 18 [50]. First Fig. 18a shows the electron

transfer probability according to Marcus model as stated in (138). Here V ¼ λ/q is

the point of maximum charge transfer rate, where activationless charge transfer

occurs, and the Marcus inverted region occurs when V > λ/q. In Fig. 18b we

observe the reciprocal product of chemical capacitance and transfer rate, which is

the recombination resistance of (142) that is further discussed below. The lifetime is

plotted in Fig. 18c. Note that the carrier transference at the interface through the

exponential distribution of surface states corresponds to the curved region at low

voltage. The lifetime has a parabolic shape (semilogarithmic) as it follows exactly

the Marcus rate νel dependence on the Fermi level [50].

The expression (148) can be generalized very easily to include additional

parallel recombination pathways. For example we can incorporate the direct trans-

ference from the conduction band that has a recombination resistance

Rcb
rec EFnð Þ�1 ¼ Ccb

μ EFnð Þecbox (151)

We observe that the denominator of (148) is the reciprocal of the total recombi-

nation resistance, (151), and the numerator is the total chemical capacitance. Since

the reciprocal parallel resistances are added to obtain a total resistance, we have

more generally [50]
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Fig. 18 Recombination in a DSC according to the Marcus model of charge transfer in an

exponential distribution of surface states. Horizontal axis is the voltage or equivalently the

electron Fermi level. (a) Probability electron transfer to the electronic levels of oxidized species

in solution. (b) The inverse of charge transfer rates, both for conduction band and surface trap

transfer mechanisms, and total recombination resistance in thick line. (c) The lifetime, indicating

the charge transfer mechanism that corresponds to each domain. Simulation parameters are:
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τn EFnð Þ ¼ Cb
μ þ Css

μ þ Ccb
μ

Css
μ e

ss
ox EFnð Þ þ Ccb

μ ecbox EFnð Þ (152)

Now according to (152) there are three regions in the lifetime plot of Fig. 18c.

The curved region at low voltage corresponds to the combination of the exponential

surface state distribution, and the curvature of the Marcus transfer model indicated

in Fig. 18a. It should be noted that the minimum of the lifetime occurs at the same

point of the maximum charge transference. A second region is due to charge

transfer via the conduction band, in which τf is independent of voltage, and the

lifetime decreases at increasing voltage due to the trapping factors indicated in (71).

Finally, conduction band electrons become dominant when the Fermi level

approaches the conduction band, and here ΘL ! 1 in (71) so that τn � τf is a

constant.

Alternatively we may analyze the recombination resistance dependence on

voltage. The resistance in (142) takes the form [16]

Rrec EFnð Þ ¼ R0λexp
EFn � Eredox � λð Þ2

4λkBT
� EFn � Ec

kBT0

" #
(153)

where

R0λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
πλkBT

p
q2LAkss0 coxNsα

(154)

Equation (153) can also be expressed as

Rrec EFnð Þ ¼ R0λexp
q2 V � Vμ

� �2
4λkBT

þ Ec � Eredox � λ 1þ αð Þ
kBT0

" #
(155)

where the following constant has been introduced:

Vμ ¼ 1þ 2
T

T0

� �
λ

q
(156)

Figure 19a shows the characteristic probability of electron transfer according to

the Marcus model, for different values of the reorganization energy. According to

(155) the resistance dependence on voltage, shown in Fig. 19b, consists in a

�

Fig. 18 (continued) λ ¼ 0.35 eV, T ¼ 300 K, L ¼ 10 μm, Ec ¼ 0.8 eV vs Eredox, Nc ¼ 6.8 �
1020 cm� 3, Nb ¼ 1 � 1020 cm� 3, Ns ¼ 1 � 1018 cm� 3, T0s ¼ T0b ¼ 600 K, cox ¼ 3 � 1019

cm� 3, k0
(cb) ¼ 5 � 10� 15 cm3s� 1, k0

(ss) ¼ 5 � 10� 16 cm3s� 1. Reproduced with permission

[50]
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Gaussian function, an inverted parabola (semilogarithmic), centered at the energy

Vμ indicated in (156). The minimum of the parabola of Rrec is shifted positive in the

scale of the Fermi level, with respect to the point of maximum charge transfer, at the

voltage λ/q, by an amount 2λα ¼ 2λT/T0. The displacement of the minimum of

the resistance with respect to that of νel is due to the product of the chemical

capacitance of the exponential distribution.

In previous sections we have remarked that Rrec usually shows in DSC an

exponential dependence on voltage, as stated in (21). While the result in (155)

Fig. 19 Recombination in a DSC according to the Marcus model of charge transfer in an

exponential distribution of surface states. Horizontal axis is the voltage or equivalently the

electron Fermi level. The position of the conduction band, EC, is indicated. Plots at different

values of reorganization energy as indicated. (a) Electron transfer probability. (b) Electron

recombination resistance. Simulation parameters are: T ¼ 300 K, T0 ¼ 1,200 K, α ¼ 0.25,

β ¼ 0.75, Ec ¼ 1 eV vs Eredox, k0
ss ¼ 1 � 10� 7 cm� 3s� 1, R0λ ¼ 10� 5 Ω cm2
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produces a parabolic shape, we can observe in Fig. 19b that, for a large λ, the shape
observed at V << λ is a straight line. Thus the model of (21) can be obtained as a

limit case of (155). Let us write the recombination resistance in the form

Rrec Vð Þ ¼ R0 exp � qβV

kBT
þ q2V2

4λkBT

� 	
(157)

where

R0 ¼ R0λ exp
Ec � Eredox

kBT0

þ λ

4kBT

� 	
(158)

β ¼ 1

2
þ T

T0

(159)

The main feature is that the parabola in the exponential of the Marcus model

electron, corresponding to transfer rate between the semiconductor surface and

redox acceptor in the electrolyte, translates in curvatures. When V << λ, (155)
reduces to the exponential dependence that was suggested above as a phenomeno-

logical approach. Furthermore, based on the microscopic model, the parameter β
accepts the form (159) [16].

Summarizing the model results, we find that despite many simplifications the

model of Fig. 12b provides a detailed description of the lifetime and recombination

resistance, quantities that can be measured as a function of the voltage in a DSC.

The main feature is that the parabola in the exponential of the Marcus model

electron transfer rate between the semiconductor surface and redox acceptor in

the electrolyte translates in curvatures of τn and Rrec. These quantities have been

reported in hundreds of publications, but usually a linear behavior in semilogarithmic

plot is observed, as reported in representative measurements of Figs. 4, 5, and 14.

The absence of curvature could be evidence of a large reorganization energy in

the DSC with I3
�/I� redox couples, and the value λ ¼ 1eV is often used [213].

A simpler explanation is that the outer sphere transfer model is not satisfied because

this couple causes a complex reaction scheme [207–209]. It is nonetheless decep-

tive that all the microscopic complexity of charge transference between TiO2 and

the redox couple, as described in Fig. 12b, ends up in just two parameters for

recombination, j0k and β. It is really highly desirable to obtain and explain with

theory more structured data sets. Some early results [50] showed a curvature for the

lifetime in I3
�/I� redox; however, it was suggested that the recombination from the

substrate would produce such results [216]. This problem has, however, been

controlled by employing suitable TiO2 blocking layers on top of the conducting

substrate. Recently, very promising results have been obtained for the understand-

ing of recombination in a DSC by Hamann et al. [148]. They used outer-sphere

redox shuttles [Co(Me2bpy)3]
3+/2+ and [Ru(bpy)2(MeIm)2]

3+/2+ that should follow

the Marcus model well and they obtained the results in Fig. 20. These results can be

explained by a combination of charge transfer mechanisms. The remarkable point is
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that the curved lifetime, devoid of any substrate effects, is well observed in the case

of [Ru(bpy)2(MeIm)2]
3+/2+, while [Co(Me2bpy)3]

3+/2+ has a much more negative

redox potential and provides the usual exponential dependence. This observation

allows one to obtain detailed information about the physical characteristics of

charge transfer [179], such as the reorganization energy that has been indicated in

Fig. 20b.

Further investigation of this type is required to confirm the validity of the model

at (155), getting closer to a microscopic picture of the events occurring at the

semiconductor/electrolyte interface in a DSC, which may finally also serve for the

characterization of more complex mechanisms such as the redox couple I3
�/I� or

the recombination in solid absorbers and organic hole conductors [40, 41, 102].

Fig. 20 (a) Current density

vs applied potential curves

and (b) electron lifetimes in

DSCs. The two data sets

correspond to different

redox carriers [Co

(Me2bpy)3]
3+/2+ (open

diamonds) and [Ru

(bpy)2(MeIm)2]
3+/2+ (open

circles) with redox potential
indicated in (b). The

reorganization energy λ has
been determined for the

Co-based redox carrier and

it is indicated in (b). Note

that the potential V is more

negative when the Fermi

level of electrons raises

(electrochemical

convention). Courtesy of

Tom Hamann, adapted from

[148], reproduced with

permission
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17 Conclusion

Modeling of the dye solar cell has been very much developed in the last decade,

until establishing very detailed models that allow the extraction of significant

information about the device and materials properties and on the operation

mechanisms. Modeling the device is quite challenging because of the need to

deal with a large number of features: a combination of phases, energy disorder in

low temperature processed semiconductor networks, and a multiplicity of

interfaces. A variety of experimental techniques have been developed that are up

to this task, and the convergence of independent techniques speaks about the reality

of the concepts that have been proposed. Especially important are those techniques

that employ small perturbation methods, since they allow linearization of quantities

that depend on local Fermi level, and therefore that are well defined in the

framework of a highly nonlinear system. This is why we have emphasized

quantities such as electron lifetime in their different meanings. Any quantity that

is well defined physically can be checked by different experimental and computa-

tional methods and can also be related to other quantities, if necessary. In contrast, a

quantity that is linked to one particular measurement may be practical in some

respects but cannot enter the larger conceptual pool that broadens the knowledge

about these systems.

The confirmation that jump and chemical diffusion coefficient concepts can be

also realized for the lifetimes has closed a general interpretation of transport that

implements the basic multiple trapping model to a broad set of measurements and

stochastic simulation. This theory can be considered very advanced now. The main

challenge is to obtain a more detailed theoretical and experimental understanding of

the details of interfacial carrier transfer. So far most of the work has preferred to

study a comparison of several samples that usually show too similar behavior. The

use of model systems that allow isolation of specific experimental behavior

concerning charge transfer should be highly recommended, and can bring new

light to the implementation of charge transfer in nanostructured systems, and a

better control of recombination in these solar cells.
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