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Vol. 301, 2011

Luminescence Applied in Sensor Science

Volume Editors: Luca Prodi, Marco Montalti,

Nelsi Zaccheroni

Vol. 300, 2011

Chemistry of Opioids

Volume Editor: Hiroshi Nagase

Vol. 299, 2011

Electronic and Magnetic Properties of Chiral

Molecules and Supramolecular Architectures

Volume Editors: Ron Naaman,

David N. Beratan, David H. Waldeck

Vol. 298, 2011

Natural Products via Enzymatic Reactions

Volume Editor: Jörn Piel

Vol. 297, 2010

Nucleic Acid Transfection

Volume Editors: Wolfgang Bielke,

Christoph Erbacher

Vol. 296, 2010

Carbohydrates in Sustainable Development II

Volume Editors: Amélia P. Rauter,
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Preface

For these volumes in the Springer book review series Topics in Current Chemistry,
it seemed natural to blend a mix of theory and experiment in chemistry, materials

science, and physics. The content of this volume ranges from conducting polymers

and charge-transfer conductors and superconductors, to single-molecule behavior

and the more recent understanding in single-molecule electronic properties at the

metal–molecule interface.

Molecule-based electronics evolved from several research areas:

1. A long Japanese tradition of studying the organic solid state (since the 1940s:

school of Akamatsu).

2. Cyanocarbon syntheses by the E. I. Dupont de Nemours Co. (1950–1964),

which yielded several interesting electrical semiconductors based on the elec-

tron acceptor 7,7,8,8-tetracyanoquinodimethan (TCNQ).

3. Little’s proposal of excitonic superconductivity (1964).

4. The erroneous yet over-publicized claim of “almost superconductivity” in the

salt TTF TCNQ (Heeger, 1973).

5. The first organic superconductor (Bechgard and Jérôme, 1980) with a critical

temperature Tc = 0.9 K; other organic superconductors later reached Tc 13 K.

6. Electrically insulating films of polyacetylene, “doped” with iodine and sodium,

became semiconductive (Shirakawa, MacDiarmid, Heeger, 1976).

7. The interest in TTF and TCNQ begat a seminal theoretical proposal on one-

molecule rectification (Aviram and Ratner, 1974) which started unimolecular,

or molecular-scale electronics.

8. The discovery of scanning tunneling microscopy (Binnig and Rohrer, 1982).

9. The vast improvement of electron-beam lithography.

10. The discovery of buckminsterfullerene (Kroto, Smalley, and Curl, 1985).

11. Improved chemisorption methods (“self-assembled monolayers”) and physi-

sorption methods (Langmuir–Blodgett films).

12. The growth of various nanoparticles, nanotubes, and nanorods, and most

recently graphene.
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All these advances have helped illuminate, inspire, and develop the world

of single-molecule electronic behavior, and its extension into supramolecular

assemblies.

These volumes bring together many of the leading practitioners of the art (in

each case I mention only the main author). Bässler sets in order the theoretical

understanding of electron transport in disordered (semi)-conducting polymers.

Saito summarizes in fantastic detail the progress in understanding charge-transfer

crystals and organic superconductivity. Echegoyen reviews the chemistry and

electrochemistry of fullerenes and their chemical derivatives. Thompson reviews

the progress made in organic photovoltaics, both polymeric and charge-transfer

based. Ratner updates the current status of electron transfer theory, as is applies to

measurements of currents through single molecules. Metzger summarizes unim-

olecular rectification and interfacial issues. Kagan discusses field-effect transistors

with molecular films as the active semiconductor layer. Allara reminds us that

making a “sandwich” of an organic monolayer between two metal electrodes often

involves creep of metal atoms into the monolayer. Rampi shows howmercury drops

and other techniques from solution electrochemistry can be used to fabricate these

sandwiches. Wandlowski discusses how electrochemical measurements in solution

can help enhance our understanding of metal–molecule interfaces. Hipps reviews

inelastic electron tunneling spectroscopy and orbital-mediated tunneling. Joachim

addresses fundamental issues for future molecular devices, and proposes that, in the

best of possible worlds, all active electronic and logical functions must be prede-

signed into a single if vast molecular assembly. Szulczewski discusses the spin

aspects of tunneling through molecules: this is the emerging area of molecular

spintronics.

Many more areas could have been discussed and will undoubtedly evolve in the

coming years. It is hoped that this volume will help foster new science and even

new technology. I am grateful to all the coauthors for their diligence and Springer-

Verlag for their hosting our efforts.

Tuscaloosa, Alabama, USA Robert Melville Metzger

Delft, The Netherlands

Dresden, Germany
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Charge Transport in Organic Semiconductors

Heinz B€assler and Anna K€ohler

Abstract Modern optoelectronic devices, such as light-emitting diodes, field-

effect transistors and organic solar cells require well controlled motion of charges

for their efficient operation. The understanding of the processes that determine

charge transport is therefore of paramount importance for designing materials with

improved structure-property relationships. Before discussing different regimes of

charge transport in organic semiconductors, we present a brief introduction into the

conceptual framework in which we interpret the relevant photophysical processes.

That is, we compare a molecular picture of electronic excitations against the Su-

Schrieffer-Heeger semiconductor band model. After a brief description of experi-

mental techniques needed to measure charge mobilities, we then elaborate on the

parameters controlling charge transport in technologically relevant materials. Thus,

we consider the influences of electronic coupling between molecular units, disor-

der, polaronic effects and space charge. A particular focus is given to the recent

progress made in understanding charge transport on short time scales and short

length scales. The mechanism for charge injection is briefly addressed towards the

end of this chapter.

Keywords Charge carrier mobility � Charge transport � Organic semiconductors �
Molecular model � Gaussian disorder model � SSH model � Organic

optoelectronics
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1 Introduction

Charge transport in organic semiconductors is a timely subject. Today, organic

semiconductors are already widely used commercially in xerography. For display

and lighting applications they are employed as light emitting diodes (LEDs or

OLEDs) or transistors, and they are making progress to enter the solar cell market

[1–6]. As a result, interest in the science behind this novel class of materials has

risen sharply. The optoelectronic properties of organic semiconductors differ from

that of conventional inorganic crystalline semiconductors in many aspects and the

knowledge of organic semiconductor physics is imperative to advance further with

the associated semiconductor applications [7]. A central problem is the understand-

ing of the mechanisms related to charge transport.

It may seem odd to write an article entitled “charge transport in organic

semiconductors,” notably polymers, when these materials are inherently insulators.

This raises the question about the difference between a semiconductor and an

insulator. The conductivity k of the materials is the product of the elementary

charge e, the mobility m of charge carriers, and their concentration n, i.e., k ¼ enm.
A material can be insulating either if there are no charges available or if they

are immobilized. A prototypical example of the former case is quartz. Since the

absorption edge of quartz is far in the ultraviolet region (at about 120 nm), the gap

Eg between the valence and conduction band is about 10 eV [8]. This implies that, at

ambient temperature, the concentration of free charge carriers is practically zero.

However, if one generates charge carriers by high energy radiation, they would

probably move with a mobility that is comparable to that of a conventional covalently

bonded inorganic semiconductor such as silicon, i.e., 1,000 cm2 V�1 s�1 or larger.

Obviously, an inherent insulator can be converted into a semiconductor if free

2 H. B€assler and A. K€ohler



charge carriers are generated by either injection from the electrodes, by doping, or

by optical excitation.

In traditional semiconductors such as silicon, germanium, or Ga2As3 the

conductivity is between, say, 10�8 to 10�2 O�1 cm�1. In an undoped solid, the

concentration of free charge carriers is determined by n ¼ Neffe
�Eg

2kT where Neff is

the effective density of valence or conduction band states and Eg is the band gap.

For crystalline silicon, Eg is 1.1 eV and the charge carrier mobility is about

1,000 cm2 V�1 s�1. This predicts an intrinsic conductivity of about 10�6 O�1

cm�1 at room temperature. Note that a band gap of 1.1 eV translates into an

absorption edge of 1,100 nm. In view of the relative dielectric constant as large as

e ¼ 11, coulomb effects between electrons and holes are unimportant and

electrons and holes are essentially free at room temperature. This implies that

optical absorption is due to a transition from the valence band to a conduction

band. The situation is fundamentally different in undoped molecular solids. Their

absorption edge is usually larger than 2 eV and the dielectric constant is 3–4. In

this case optical absorption generates coulomb bound electron-hole pairs with a

binding energy of 0.5–1.0 eV. Even if one were to ignore the exciton binding

energy and to identify incorrectly the optical absorption edge with a valence to

conduction band transition, the resultant intrinsic conductivity would be much

less than 10�12 O�1 cm�1, assuming a charge carrier mobility of 1 cm2 V�1 s�1,

i.e., the materials are insulators. However, they can become semiconducting if

charge carriers are generated extrinsically.

This chapter focuses on the electronic transport of organic semiconductors. The

motivation is straightforward. Modern optoelectronic devices, such as light-emitting

diodes, field effect transistors, and organic solar cells are based on charge transport.

The understanding of the processes that control charge transport is therefore of

paramount importance for designing materials with improved structure property

relations. Research into this subject was essentially stimulated by studies on charge

transport in molecularly doped polymers that are now commonly used in modern

photocopying machines. It turns out that xerography is meanwhile a mature tech-

nology [1]. It is the only technology in which organic solids are used as active

elements on a large industrial scale. An important step in the historic development

of xerography was the recognition that one could profitably use aromatic molecules

as a photoreceptor when they are embedded in a cheap inert flexible binding

material such as polycarbonates. Meanwhile, most photocopiers and laser printers

use this kind of receptors although few users will recognize that once they push the

print button they start an experiment on transient photoconductivity in a polymeric

photoreceptor. There is much hope that organic LEDs, FETs, and solar cells will be

able to meet the competition from existing technology based upon inorganic

materials and enter the market, similarly to xerography. OLEDs that are based on

small molecules already constitute a substantial business.

Apart from the endeavor to optimize the structure property relations of

materials used in modern optoelectronic devices there is the desire to understand

the conceptual premises of charge transport in random organic solids. The use

of amorphous, instead of crystalline, organic semiconductor materials is favored

Charge Transport in Organic Semiconductors 3



because they allow for a low cost of device fabrication and the use of flexible

substrates, thus enabling mechanically flexible devices. The aim of this chapter

is to introduce those new to this field to the already established understanding

of charge transport in organic semiconductors, and to point those familiar with

the field to current research activities where new insight emerges and to the

challenges that remain.

2 Basic Concepts of Charge Transport in Organic Solids

2.1 Electronic Structure of Organic Solids

In order to understand charge transport in organic solids, we need to elaborate on

the electronic structure of organic solids. Organic solids such as molecular crystals,

amorphous molecular films, or polymeric films are made of molecular subunits. We

shall therefore start from a molecular picture and consider any coupling between

the molecular units afterwards. Organic semiconductors are hydrocarbon molecules

with a backbone of carbon atoms. The strong bonds that form the molecular

backbone arise from sp2 hybridized atomic orbitals of adjacent carbon atoms that

overlap yielding a bonding and antibonding molecular s and s* orbitals. The

remaining atomic pz orbitals overlap to a lesser degree, so that the resulting

molecular p and p* orbitals are less binding or antibinding, thus forming the frontier

orbitals of the molecule. In the ground state of the molecule, all bonding orbitals up

to the highest occupied molecular orbital, the HOMO, are filled with two electrons

of antiparallel spin while the antibonding orbitals, from the lowest unoccupied

molecular orbital (LUMO) onwards, are empty. Neutral excited states can be

formed for example by light absorption in a molecule, when an electron is promoted

from the HOMO to the LUMO. In general, any configuration with an additional

electron in an antibonding orbital and a missing electron in a bonding orbital, i.e., a

hole, corresponds to a neutral excited state. Due to the low relative dielectric

constant in organic semiconductors (on the order of e � 3), coulomb attraction

between electron and hole is strong, resulting in an exciton binding energy ranging

from of 0.5 eV to more than 1 eV. Molecular orbital diagrams corresponding to the

configurations in the ground or neutral excited states are shown in Fig. 1.

For charge transport in organic solids to take place, there must be a charge on the

molecular unit. This may either be an additional electron that is accommodated in

an antibonding orbital, or one that is removed from a bonding orbital. The molecule

is then no longer in the ground state but rather in a charged excited state. The

addition or removal of an electron from the molecule may be obtained in several

ways:

1. Through injection or extraction of an electron at the interface between a metal

electrode and the molecule, as is typically the case in the operation of a device

such as light-emitting diodes (LED).
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2. Through reduction or oxidation of the molecule by a dopant molecule. Atoms or

molecules with high electron affinity, such as iodine, antimony pentafluoride

(SbCl5), or 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ),

may oxidize a typical organic semiconductor such as poly(p-phenylene)
derivatives, leaving them positively charged. Reduction, i.e., addition of an

electron, may be obtained by doping with alkali metals.

3. Through exothermic dissociation of a neutral excited state in molecule by

electron transfer to an adjacent molecule. This process leads to the generation

of geminately bound electron-hole pairs as precursors of free positive and

negative charges in an organic solar cell.

From electrochemical experiments it is well known that, after the removal of one

electron from an individual molecule, more energy is required to remove a second

electron. This implies that the relative positions of the molecular orbitals with

respect to the vacuum level change upon removal or addition of an electron, as

indicated in Fig. 2a in a qualitative fashion. Furthermore, when an electron is taken

from a p-orbital or added to a p* orbital, this alters the spatial distribution of

electrons in the more strongly bound s-orbitals, resulting in different bond lengths

of the molecule. The energy associated with this change in molecular geometry is

known as the geometric reorganization energy, and the charge in combination with

the geometric distortion of the molecule is referred to as a polaron. These effects

due to electron–electron correlations and electron–phonon couplings are a mani-

festation of the low dielectric constant of organic semiconductors. They are absent

in inorganic semiconductor crystals due to the strong dielectric screening with

e � 11.

A charged molecule may absorb light in the same fashion as does a neutral

molecule, thereby promoting an electron from a lower to a higher molecular orbital.

Possible optical transitions are indicated in Fig. 2a by arrows. These optical

transitions can easily be observed in doped molecular films as well as in solution

(see below). We note that, analogous to transitions in neutral molecules, absorption

Fig. 1 Molecular orbital diagram showing the electronic configuration for the ground state (S0),
for the first spin-singlet excited state (S1) and for the first spin-triplet excited state (T1). The arrows
indicate the electron spin, the thin horizontal gray line is a guide to the eye. In this representation,
coulomb and exchange energies are explicitly included in the positions of the frontier orbitals
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may cause a transition into different vibrational levels of the charged molecule, thus

giving rise to vibrational structure in the polaron absorption spectra.

When molecules are not in a gas phase but in a solid, the absolute values of their

energy levels shift with respect to the vacuum level due to the change in the

polarization of their surroundings. If they are deposited, by spin-coating or evapo-

ration, to form an amorphous film, the surrounding polarization varies spatially in a

random fashion leading to a random distribution of the absolute values of the

molecular energies. By the central limit theorem of statistics, this implies a Gauss-

ian distribution of excited state energies [9] for both neutral and charged excited

states, with a variance s that is characteristic for the energetic disorder. Experi-

mentally, this is observed as an inhomogeneous broadening of the optical spectra

such as absorption, fluorescence, and phosphorescence spectra. Hole and electron

transporting states are similarly disorder broadened although in this case state

broadening is not directly amenable to direct absorption spectroscopy.

Such disorder is absent in a molecular crystal. In an inorganic semiconductor

crystal, such as Si or Ge, atoms are bound by strong covalent bonds to form the

crystal. Consequently, electronic interactions between the atomic orbitals are

strong, and wide bands with bandwidths on the order of a few eV are formed that

allow for charge transfer at high mobilities. In contrast, molecular crystals are kept

together by weak van der Waals bonds. Consequently, electronic interactions

between the molecular orbitals of adjacent lattice sites are weak and the resulting

bands are narrow, with bandwidth below 500 meV [10]. In very pure molecular

crystals of, say, naphthalene or perylene, band transport can therefore be observed

from low temperatures up to room temperature [11–14]. At higher temperatures,

intra- and intermolecular vibrations destroy the coherence between adjacent sites.

A charge carrier is then scattered with a mean free path that approaches the distance
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Fig. 2 (a) Molecular orbital diagram for a neutral molecule in the ground state (S0), for a

positively charged molecule (P+), and for a negatively charged molecule (P�). The shifts in the

molecular orbital levels upon charging are only drawn in a qualitative fashion. Optical transitions

are indicated by red arrows. C1 and C2 label the transitions seen in Fig. 4 further below. (b)

Semiconductor band picture showing self-localized polaron energy levels within the band gap. The

polaron binding energy Ep is also indicated. Predicted optical transitions involving the positive or

negative polaron (P+ or P�, respectively) are indicated through red arrows and labeled by numbers
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between adjacent sites. As a result, band transport is no longer possible and charge

carriers move by hopping.

On passing, we note that even though charge transport in pure molecular crystals

takes place in a band, optical transitions in a molecular crystal do NOT take place

between valence and conduction bands due to a lack of oscillator strength. This is

an inherent consequence of the strong coulomb interaction present between charges

in molecular crystals. While in inorganic crystals, the strong dielectric constant

implies an effective shielding of coulomb forces, this is not the case in organic

crystals due to their low dielectric constant. It implies that when an optical

transition is to take place, in order for an electron to escape from its coulombically

bound sibling, it had to overcome a coulomb capture radius which is about 20 nm.

The electronic coupling among molecules that far apart is negligibly small,

resulting in a negligible oscillator strength for such a “long distance charge-transfer

type” transition. Therefore, a transition such that the electron is outside the coulomb

capture radius of its sibling does not take place. Rather, absorption and emission in

a crystal takes place between orbitals of an individual molecule on a particular

lattice site, or between orbitals of immediately adjacent molecules, thus yielding

strongly coulombically bound electron hole pairs, referred to as Frenkel excitons or

charge transfer excitons, respectively. In a perfectly ordered crystal, the exciton, i.e.,

the two-particle excitation, is equally likely to be on any lattice site and thus couples

electronically to neighboring sites. This results in the formation of an exciton band,

i.e., a band for the two-particle excitation, within which the exciton moves in a

delocalized fashion. Note that the exciton band describes the electronic coupling

between an existing two-particle excitation on a molecule with its neighboring site

(and thus the motion of an exciton), while the p or p* bands describe the coupling

of a one-particle molecular orbital with its neighbor. p or p* bands are therefore

suitable to portray the motion of a single charge carrier in a molecular crystal, yet,

for the reasons just outlined, optical transitions between them do not occur.

Today’s organic semiconductor devices such as LEDs, FETs, or solar cells may

be made from amorphous molecular films, molecular crystals (in the case of some

FETs), or from polymeric semiconductors. In polymers, molecular repeat units are

coupled by covalent bonds allowing for electronic interaction between adjacent

repeat units. As will be detailed in the next section, in a perfectly ordered polymer,

such as crystalline polydiacetylene [15], this electronic interaction leads to the

formation of a broad intra-chain exciton band as well as valence and conduction

bands while inter-chain interactions are moderately weak and comparable with the

situation of molecular crystals. In amorphous polymers, conformational disorder

implies that coherence is only maintained over a few repeat units that thus form a

chromophore [16]. We refer to this section of the polymer chain as the conjugation

length. Naturally, the conjugation length in rigid, well ordered polymers such as

MeLPPP is longer (on the range of 10–15 repeat units) than in polymers with a high

degree of torsional disorder along the chain such as DOO-PPP [17, 18]. A charge

carrier on a polymer chain may move coherently within the conjugation length,

though hopping will take place between different conjugated segments [19, 20]. For

the purpose of considering charge transport, it is therefore convenient to treat
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a conjugated segment of a polymer chain as a chromophore, i.e., analogous to

a molecule.

So far we have outlined the conceptual framework in which we discuss charge

transfer in organic semiconductors. It is based on a molecular picture where the

molecular unit is considered central, with interactions between molecular units

added afterwards. For amorphous molecular solids and for molecular crystals this

approach is undisputed. In the case of semiconducting polymers, a conceptually

different view has been proposed that starts from a one-dimensional (1D) semicon-

ductor band picture, and that is generally known as the Su–Schrieffer–Heeger

(SSH) model [21–24].

We feel the molecular approach we have taken gives an appropriate description

of the underlying electronic structure. The conceptual framework one adopts how-

ever influences the interpretation of experimental results, for example when consid-

ering the absorption spectra of charge carriers. In order to place the discussion

of charge transfer models for polymers into a larger context, it is beneficial to be

aware of agreements and differences between a “molecular approach” and the SSH

model. Therefore we shall digress here to a comparative discussion of the two

approaches.

2.2 Comparison of the Molecular Picture and the SSH
Approach of Treating Charge Carriers in Semiconducting
Conjugated Polymers

The theory for a band picture of semiconducting polymers has been developed for a

perfect, infinite, one-dimensional polymer chain. The simplest case to consider is

polyacetylene, i.e., a chain of sp2-hybridized carbon atoms. Early work on this

“system” was carried out in the 1950s by Salem and Longuett-Higgins [25], who

considered the electronic structure of a long sp2-hybridized carbon chain with

cyclic boundary conditions, i.e., forming a ring. The effect of a charge on such a

system was later investigated by Su, Schrieffer, and Heeger [21], after synthesizing

and doping polyacetylene. A similar theoretical “system” to consider is an infinite,

planar chain of poly(p-phenylene) (PPP), which can be considered analogous to a

one-dimensional “crystal” of phenyl units with strong coupling between the units.

From an experimental point of view, a good realization of a perfect one-dimen-

sional semiconducting polymer chain is given by crystalline polydiacetylene [15].

We will first sketch briefly how the electronic structure of a perfect one-dimen-

sional polymer chain is perceived in a molecular picture before drawing the

comparison to a semiconductor band picture. For our molecular based approach,

we consider, say, a perfect PPP chain as a sequence of molecular repeat units such

as phenylenes that are coupled by a covalent bond. As a result of the coupling, the

molecular orbitals of adjacent units can interact and split. Due to the perfect order

and symmetry, this process takes place across the entire chain leading to the
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formation of bands. For example, p and p* bands will arise from HOMO and

LUMO orbitals, and they will take the role of a valence and conduction band.

This is schematically illustrated in Fig. 3. In the molecular picture, coulomb

interactions are considered to be strong, and consequently, for the same reasons

as outlined in the case of a three-dimensional molecular crystal, optical excitations

in a perfect polymer chain are assumed to result in the formation of strongly bound

electron-hole pairs while direct transitions from a valence p-band to a conduction

p* band are expected not to carry any oscillator strength. The p and p* bands in a

perfect polymer in a perfect crystalline environment, and the energy gap separating

them, owe their existence to the electronic coupling between repeat units. Their

existence is independent of whether the system is aromatic or whether it has an

alternation of single/double bonds. A critical quantity, however, is the relative size

of the coupling energy between repeat units compared to the energetic variation of

each unit (see Sect. 2.3 below). In amorphous polymer films, energetic disorder due

to the polarization of the surroundings is strong, so that electronic coherence is only

maintained over a few repeat units that are usually referred to as a conjugated

segment.

In contrast, in the SSH model, the electrical bandgap Eel
g arises because of the

alternation between single and double carbon–carbon bonds, a signature of the

Peierls distortion in a 1D system. When a perfect 1D chain of equidistant carbon

atoms is considered, the electronic structure resulting from the electronic coupling

between the atomic pz-orbitals is that of a half-filled p band, implying a metallic
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Fig. 3 Schematic, qualitatively illustrating the formation of bands from molecular orbitals when

going from benzene to a perfectly ordered, infinite poly(p-phenylene) (PPP). (a) Energies and

shapes of molecular orbitals for benzene in a simple H€uckel-type picture. (b) Qualitative band

structure resulting from electronic coupling between orbitals with electron density at the para-

position. The frontier orbitals 2 and 4 in benzene can delocalize along the entire PPP chain, thus

forming valence and conduction bands of width W. The lower and higher lying orbitals 1 and 6 in

benzene can form corresponding lower and higher lying bands. Orbitals with nodes at the para-

position such as 3 and 5 remain localized. See also [26]
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character. The introduction of an alternating bond length, however, leads to the

formation of a filled p-band and an empty p* band, with a gap separating them, thus

predicting semiconducting properties.

One of the key assumptions of the SSH model is that the electron–electron

correlations and the coulomb attraction between electrons and holes are very

small. As a direct consequence, the optical absorption is assigned to a valence

band (VB) to conduction band (CB) transition as is in a conventional semicon-

ductor rather than to the transition into a neutral excitonic state. The second key

assumption in the SSH model relates to the magnitude of the electron–phonon

coupling. Once a free electron–hole pair has been excited by an optically driven

VB–CB transition, electrons and holes couple to phonons regardless if the

associated chain distortions are conventional long wavelength phonons or rather

more localized molecular vibrations. This type of coupling is inherent to both the

molecular model and the semiconductor, i.e., SSH–model. It is a signature of the

geometric reorganization a chain suffers when an electron is transferred from the

HOMO to the LUMO. The reorganization energy is referred to as the polaron

binding energy. The essential difference between the molecular and the SSH

model relates to (1) the magnitude of the coupling and (2) the assignment of the

sub-bandgap absorption features that show up when electrons and holes are

excited. In the SSH model and the related Fesser – Bishop – Campbell model

[23] a positively (negatively) charged self localized polaron Pþ (P�) is created by
removal (addition) of an electron with respect to the mid-gap Fermi-energy. As a

result two energy levels form inside the band gap that are occupied with a total of

one electron (three electrons). The polaron is associated with transitions among

localized levels and non-localized band states (see Fig. 2). For example for Pþ, the
lowest transition is from the VB to a localized level (1), the second next lowest

transition is between the localized levels (2), followed by two degenerate

transitions (3). This implies that the lowest transition is a direct measure of the

polaron binding energy Ep while the second next transition should occur at an

energy of Eg � 2Ep, taking into account that the optical absorption edge is

identified as a VB ! CB transition. As a consequence of the neglect of the

coulomb binding energy on the one hand and the assumed large electron–phonon

coupling on the other, the collapse of two charges of the same kind should be an

exothermic process leading to the formation of positively or negatively charged

bipolarons. They are predicted to give rise to two sub-band optical absorption

features.

Meanwhile there is overwhelming evidence that the basic assumptions of the

SSH model are not applicable to p-bonded conjugated polymers. Coulombic and

electron–electron correlation effects are large while electron–phonon coupling is

moderately weak. As a consequence, the spectroscopic features in this class of

materials are characteristic of molecular rather than of inorganic crystalline semi-

conductor systems. There are a number of key experimental and theoretical results

that support this assignment:
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1. A material that can be considered as a prototypical one-dimensional system

consists of a poly-diacetylene (PDA) chain embedded in a perfect molecular

precursor crystal at a concentration low enough that there is no inter-chain

interaction. Such systems can be fabricated by controlled irradiation of a precur-

sor crystal [15]. Some of the PDAs fluoresce. The absorption and fluorescence

spectra are excitonic in character with resonant 0–0 transitions [15]. The Huang

Rhys factor is small, indicating that coupling to molecular vibrations (and

phonons) is weak. In conventional absorption spectroscopy the VB ! CB

transition is absent, although it shows up in electroabsorption spectroscopy.

The energy difference of 0.55 eV between the exciton transition and the valence

p-band ! conduction p* band transition is a direct measure of the exciton

binding energy [27]. This value is supported by theory. In other p-conjugated
polymers the magnitude of the exciton binding energy is similar [28]. In passing,

we note that if the exciton binding energy was only about kT as implied by the

SSH model there should be no efficient electroluminescence in organic LEDs,

since in the absence of coulomb attraction electrons and holes would hardly find

each other [29].

2. Level crossing between the two lowest singlet excited states was observed by the

Kohler group through absorption and luminescence spectroscopy in oligoenes

when the oligomer chain length increases. This can only be accounted for when

electron–electron correlations are strong [30]. Another signature of the strong

electron–electron interactions in p-bonded conjugated polymers is the observa-

tion of phosphorescence [31–34]. Phosphorescence spectra are separated from

the fluorescence spectra by an exchange interaction energy of about 2J ¼ 0.7 eV

(where J is the value of the exchange integral) [34, 35], implying a strong

electron correlation effect.

3. The fact that the lowest charge induced absorption feature in p-conjugated
polymers is near 0.5 eV is in disagreement with the notion that it is due to a

transition involving a localized state and a band state, thus reflecting the

magnitude of the polaron binding energy, which is half of the total reorganiza-

tion energy Ep ¼ l
2
. Even if one interpreted the temperature dependence of the

hole mobility in the ladder type poly(p-phenylene) LPPP in terms of a disorder-

free polaron transport (thus attributing all activation energy to polaronic

effects) one would end up with a value of the polaron binding energy as low

as 50 meV [36].

4. There is convincing evidence that the absorption spectra of charged p-conjugated
oligomers and polymers are electronic transitions among different electronic

levels of (monovalent) radical anions and cations rather than bipolarons (see,

for example, Fig. 4) [37]. The spectra do not reflect the reorganization energy

involved in ion formation but bear out vibronic splitting and follow the same

relation on the reciprocal chain length dependence as do the absorption spectra

of uncharged oligomers. However, in the experiments reported in [37] it has

been observed that upon increasing the concentration of the oxidant/reductant

the absorption features are shifted to higher energies. One could surmise that at

high ion concentration bipolarons are indeed formed. Meanwhile it has been
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suggested, though, that the high energy features are due to the formation of pairs

of monovalent polarons in which the radical ion state splits into a doublet in

which the lower state is doubly occupied [38]. Related work has been performed

on polyazulenes [39, 40]. N€oll et al. find that polyazulene can be doped up to a

maximum number of one positive charge per three to four azulene units. At these

high doping levels the charge carrying units are pairs of single-valent radical

cations rather than bipolarons. At still higher doping levels the polymer starts

decomposing. The energetic instability of bipolarons has further been proven by

quantum chemical calculations on model systems consisting of a ring of thio-

phene units. The result is that, upon adding a second charge to the ring, both

charges avoid each other rather than form a stable bipolaron [41]. More recent

work indicates that a stable entity may only be formed when a pair of like

charges is coupled with an oppositely charged moiety (a “trion”) in which the

coulomb repulsion is diminished [42]. Obviously the coulomb repulsion

between a pair of like charges exceeds the gain in reorganization energy.

Therefore bipolarons are unstable [43, 44]. By the way, it has never been

questioned that the charge carrying species that is monitored in charge transport

studies is a singly rather than a doubly charged entity.

This digression on the interpretation of the absorption from charged polymers

illustrates the importance of the conceptual framework that is adopted. As already

mentioned, for molecular glasses or crystals, a molecular picture has always been

undisputed. For polymers, the debate conducted over the last two decades has
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eventually been largely settled on the same molecular view. Consequently, the

discussion of the charge transfer models in this chapter is also based on a molecular

picture throughout.

2.3 General Approach to Charge Transfer Mechanisms

There is quite a range of charge transfer models based on the molecular picture that

are employed to describe charge transport in organic solids, such as models based

on band transport, polaronic models, and models that focus on the effects of

disorder. At the same time, organic solids are a broad class of materials, comprising

crystals as well as molecular and polymeric glasses. It is therefore necessary to

obtain some basic understanding on which parameters affect charge transport in

order to assess which model may be suitable to describe a particular experimental

situation.

In order to develop such a broader view and a general qualitative understanding

of charge transport, it is beneficial to consider the general one-electron Hamiltonian

shown in (1). In this approach we follow the outline taken in [45]. This Hamiltonian

assumes a low carrier density, and effects due to electron correlation or coulomb

interaction are not considered. Despite these limitations, the following general one-

electron Hamiltonian is useful to illustrate different limiting cases:

H ¼ H0 þ H1 þ H2 þ H3 þ H4 (1)

with

H0 ¼
X

n
Enayn an þ

X
l
�hol b

y
lbl þ

1

2

� �

being the electronic and vibrational excitation term,

H1 ¼
X

n;m
n 6¼m

Jnma
y
n am

being the electron transfer term,

H2 ¼
X

l

X
n
g2nl�hola

y
n an bl þ bþ�l

� �
being the dynamic diagonal disorder term,

H3 ¼
X

n;m
n 6¼m

X
l
f 2nml�hola

y
n am bl þ b

y
�l

� �
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being the dynamic off-diagonal disorder term, and

H4 ¼
X

n
dEnayn an þ

X
n;m
n 6¼m

dJnmayn am

being the static diagonal and off-diagonal disorder term.

a{n (an) is the creation (destruction) operator for an excited electron in an orbital of

energy en at the molecular site n,
b{n (bn) is the creation (destruction) operator for an vibrational mode of energy �hol,

en is the energy in a perfectly ordered lattice and den is its variation due to static

disorder,

Jnm is the electronic interaction between site m and n in a perfectly ordered lattice

and dJnm is its variation due to static disorder, and

gnl and fnml are dimensionless coupling constants for the electron–phonon

coupling.

In (1), H0 yields the total energy of system in which the molecules and the lattice

are excited, yet there are no interactions between molecules and the lattice. The

transfer of an electron from site m to site n is given by H1. Polaronic effects,

i.e., effects due to the interaction of the electronic excitation and the lattice, are

given by H2 and H3. In H2, the energy of the site is reduced by the interaction with

the lattice vibration. In H3, the lattice vibration alters the transition probability

amplitude from site m to n. The term lattice vibration may refer to inter-molecular

or intra-molecular vibrations. Static disorder effects are considered in H4, which

describes the changes to the site energy or transition probability amplitude by

variations in the structure of the molecular solid.

The interactions considered in the polaronic termsH2 andH3 introduce “dynamic”

disorder, since they are based on coupling of the electronic excitation to lattice

vibrations. In contrast, the changes to site energy and transition rate in H4 are

independent of vibrations. They are merely due to variations in the morphological

structure of the film or crystal, i.e., intermolecular distances and orientations, and they

are thus referred to as “static” disorder. When (1) is written out in a matrix notation,

the site energies appear on the diagonal position of the matrix, and thus energetic

variations are sometimes called “diagonal disorder” while changes in the transition

rate from site n to m are disguised by the term “off-diagonal disorder.” In the

Hamiltonian of (1), only linear coupling to lattice vibrations is considered. Through-

out this chapter, the expression “disorder” usually refers to static disorder only, while

we tend to employ the expression “polaronic effects” to discuss the effects due to the

electron–phonon coupling expressed in H2 and H3.

Having clarified some of the terminology used, we can now turn to considering

different modes of charge transfer. The nature of charge transfer is determined by

the relative sizes of the interaction energy Jnm, the strength of the electron–phonon

coupling expressed though the coupling constants in g2nl�hol and f 2nml�hol, and

the degree of static disorder present and expressed through de and dJnm. Essentially,
there are three limiting cases.
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2.3.1 Band Transport

If the interaction energy with nearest neighbor, Jn,n+1,is large compared to any other

energy present such as the effects of dynamic or static disorder, charge transport

takes place through a band. The charge carrier delocalizes to form a propagating

Bloch wave that may be scattered by lattice vibrations. Band transport can only

occur if the bands are wider than the energetic uncertainty of the charge carrier.

This requirement implies that by zero order reasoning [45] the charge carrier

mobility must very roughly exceed ea2W=�hkT, where e is the elementary charge,

a is the lattice constant, and W is the bandwidth. For organic semiconductors,

W � 10 kT and a � 1 nm so that band transport occurs if m � 10 cm2 V–1 s–1.

2.3.2 Polaronic Transport

If H1 is small compared to H2 and H3, and if H4 can be neglected, the transport

is dominated by the coupling of the electronic excitation to intermolecular or

intramolecular vibrations, and the charge carrier coupled to the lattice is termed

a polaron. The interaction expressed in termH2 causes a reduction of the site energy

by the polaron binding energy. For charge transport, this needs to be overcome

by thermal activation. The charge transfer itself takes place by an uncorrelated,

phonon-assisted hopping process, and it is determined by H3.

2.3.3 Disorder-Based Transport

If fluctuations in the intermolecular distances and orientations give rise to a large

variation in the site energy and transition probability amplitude compared to the

other terms, the static disorder dominates the charge transport. A charge carrier

moves by uncorrelated hops in a broad density of states. Thermal activation is

required to overcome the energy differences between different sites.

These different modes of transport result in a dissimilar temperature depen-

dence of the charge carrier mobility, and this often provides a convenient means

to investigate which transport regime may apply. In this chapter, due attention is

therefore given to experimental approaches that allow for an investigation of the

transport mechanism, and concomitantly of the underlying electronic structure.

In this chapter we start by considering charge transport for materials where the

disorder aspect is dominant. This conceptual framework is then extended to

include polaronic aspects. After discussing the effects of charge carrier density

on charge transport in this disorder + polaronic dominated transport regime, we

next consider how a stronger coupling between molecular units alters the mode of

charge transport, finally arriving at the regime of band transport. Charge injection,

which often precedes charge transport, is briefly addressed at the end of this

chapter.
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In the context of this chapter, we focus on the undoped or lightly doped

p-conjugated systems that are commonly referred to as organic semiconductors.

Conducting polymers, such as PEDOT:PSS, plexcore, polyaniline, polypyrrole, and

others are not addressed here as their charge transfer mechanisms are rather

different and would warrant an article in its own right.

3 Charge Transport at Low Carrier Density

The mobility of charge carrier is a key parameter for the understanding of

electronic phenomena in organic semiconductors used, for instance, in electro-

photography, and in modern devices such as organic light emitting diodes

(OLEDs), field effect transistors (FETs), and photovoltaic (PV) cells. It

determines both the device current and, concomitantly, the device efficiency as

well as its response time. Devices of practical use are often layers of molecularly

doped polymers, vapor deposited p-bonded oligomeric molecules, or p-conju-
gated main chain polymers. In such systems, disorder is a major issue for the

structure–property relation. Since there is already a wealth of understanding of

salient disorder phenomena pertinent to charge transport in such systems (see

[46]), we shall only summarize earlier achievements and concentrate in more

detail on more recent developments instead.

3.1 Experimental Approaches

The classic experiment to measure the mobility m of charge carriers in a semicon-

ductor is based upon the time of flight (ToF) technique. One creates a spatially

narrow sheet of charge carriers next to the semitransparent top electrode in a

sandwich-type sample by a short laser pulse and one records its arrival time (transit

time) ttr ¼ m=dF at the exit contact, d being the sample thickness and F being the

electric field. Typically, one observes an initial spike followed by a plateau that falls

off with a more or less pronounced kink. The initial spike reflects charge motion

prior to the energetic relaxation in the DOS provided that the RC time constant of

the device is short. Charges generated high in the density of states have a high

hopping rate to neighboring sites since virtually all neighboring sites are at lower

energy, and jumps down in energy are fast. This high hopping rate translates in a

high current. Once in thermal equilibrium, the hopping rate is slower, reflected in a

moderate and constant current. The initial spike is thus a genuine feature of a ToF

signal in an amorphous film unless charge carriers are generated site-selectively at

tail states of the DOS [47]. Experiments on molecularly doped polymers bear out

this phenomenon consistently. It is not present in molecular crystals, where the

mobility is time-independent. While the position of the kink in the current vs. time

plot gives the transit time, the sharpness of the kink at the end of the plateau, i.e.,
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the broadening of the signal, is a measure of the diffusion of the charge carriers

while they are drifting under action of the applied field F. However, to observe ideal
ToF signals requires that (1) the sample is free of charges without photoexcitation

implying that the dielectric relaxation time ee0=k is large compared to the transit

time ttr, (2) the RC-time constant is small compared to the transit time ttr, (3) the
thickness of the spatial spread of the packet of charge carriers is small compared to

the film thickness d, (4) the concentration of charges is low enough that the charges

do not interact, (5) there is no deep trapping, and (6) the mobility is time indepen-

dent. Under intrinsic optical charge generation, condition (3) requires that the

sample thickness is much larger than the penetration depth of light which is at

least 100 nm or even larger. This implies a sample thickness of several

micrometers. The problem can be circumvented if charges are photoinjected from

a thin sensitizing dye layer [48]. This method has been applied to samples as thin as

300 nm [49]. Regarding condition (4), one usually assumes that it is fulfilled if the

number of transported charges is less that 5% of the capacitor charge in order to

prevent distortion of the ToF signal. For a field of 105 V/cm, a dielectric constant e
of 3 and a film thickness of d ¼ 2 mm implies that the concentration of mobile

charges inside the samples is smaller than 1015 cm�3 while a film thickness of

100 nm leads to a concentration of about 2 � 1016 cm�3. These numbers suggest

about 10�6 or, respectively, 2 � 10–5 charges per transport unit. The latter can be a

molecule or a segment of a conjugated polymer. In order to overcome the problem

of the RC time constant of the device exceeding the charge carrier transit time in

thin samples, Klenkler et al. applied a transient electroluminescent technique to

measure the electron mobility in Alq3 [50]. The technique is fundamentally optical

insofar that it decouples the carrier transit signal from the device charging signal,

and it is free of RC time constant constraints. However, since it requires the

fabrication of multilayer devices, it is applicable to polymer systems only if

interlayer penetration can be avoided [51].

An alternative technique to measure the charge carrier mobility involves the

injection of a space-charge-limited current from an ohmic electrode. In the absence

of deep trapping the current is given by Child’s law, i.e., ee0mF2=d. More recently,

Juska et al. developed the technique of extracting charge carrier by linearly

increasing voltage (CELIV) to measure m [52]. In this technique one probes charge

transport under steady state conditions. Therefore dispersion effects that are often

important in ToF experiments are eliminated. However, the correct evaluation of

the CELIV transients produced by photoexcitation nevertheless needs to be carried

out with due care [53]. Dispersion effects are also eliminated when monitoring

charge flow between coplanar source and drain electrodes in a field effect transistor.

In an FET a variable gate voltage modulates a current injected from one of the

electrodes. Since the number of charges is determined by the sample capacitance,

the current is a direct measure of the carrier mobility. It turns out the mobility

inferred from an FET-characteristic can exceed the value determined by a ToF

experiment significantly. The reason is that the space charge existing in an FET fills

up deep trapping states (see Sect. 4.1).
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3.2 Conceptual Frameworks: Disorder-Based Models

A basic concept to analyze the charge carrier mobility in a disordered organic

solid is the Gaussian disorder model (GDM) [46, 54] that describes hopping in a

manifold of sites. In its original version the system is considered as an array of

structureless point-like hopping sites with cubic symmetry whose energies feature

a Gaussian-type density of energetically uncorrelated states distribution (DOS)

with variance s. The simplest ansatz for the hopping rate is that of Miller and

Abrahams [55],

vij ¼ v0exp �2ga
rij
a

� �
� exp �

�
ej � ei
kT

� ��
for ej > ei; (2a)

vij ¼ v0exp �2ga
rij
a

� �
� 1 for ej � ei; (2b)

where rij a= is the relative jump distance between sites i and j, a is the lattice

constant, g is the inverse localization radius related to the electronic coupling matrix

element between adjacent sites, and n0 is a frequency factor. In a conventional ToF

experiment or in Monte Carlo simulations one generates independent charge

carriers at energetically arbitrary sites and one follows their motion under the action

of an applied electric field. This implies that the charges execute a random walk.

In its course they tend to relax energetically towards quasi equilibrium. Asymptoti-

cally, an occupational density of states distribution (ODOS) with the same variance

yet displaced from the center of the original DOS by s2=kT is approached.

Subsequent charge transport occurs by thermally activated jumps from the ODOS

to a so-called transport energy somewhat below the center of the DOS [56]. This

process is terminated when the charges arrive at the exit electrode. During the

relaxation process the mean hopping rate, and thus the velocity of the packet of

charges, decrease. This implies that the mobility decreases with time until a steady

state condition is approached. Depending on the experimental parameters this

relaxation process may not be completed before the charge carriers arrive at the

exit contact. In a ToF experiment this results in a dispersive signal. In this case the

ToF signal shows a featureless decay if plotted in a linear current vs time diagram.

Only when displayed using logarithmic scales does a kink mark the arrival of the

fastest carriers. However, the inferred “mobility” is no longer a material parameter.

Rather it depends on experimental parameters such as sample thickness and electric

field. However, even if the energetic relaxation of the charge carriers is completed

before they reach the exit contact, the tail of the ToF signal is broader than expected

for a hopping system devoid of disorder. The reason is that disorder gives rise to an

anomalous spatial spreading of the packet of charges that increases with electric

field and degree of disorder [57–61]. It turns out that this spread of the tail, defined

as w ¼ ðt1=2�ttrÞ
t1=2

, where t1=2 is the time at which the current has decayed to half of

18 H. B€assler and A. K€ohler



the plateau value, is more or less universal, yielding w ¼ 0.4–0.5 for a system in

which s is about 0.1 eV [62].

In an extended version of the hopping concept, positional (“off-diagonal”)

disorder in addition to energetic (“diagonal”) disorder has been introduced

[54, 63]. The simplest ansatz was to incorporate this by allowing the electronic overlap

parameter 2ga to vary statistically. Operationally, one splits this parameter into two

site contributions, each taken from a Gaussian probability density, and defines a

positional disorder parameter S, in addition to the energetic disorder parameter s.
Monte Carlo simulations [54], analytical effective medium theory [64], and

stochastic hopping theory [46] predict a dependence of the charge carrier mobility

as a function of temperature and electric field given in (3):

mðŝ;FÞ ¼ m0exp � 4ŝ2

9

� �
exp Cðŝ2 � S2Þ

ffiffiffi
F

pn o
for S � 1:5; (3a)

mðŝ;FÞ ¼ m0exp � 4ŝ2

9

� �
exp Cðŝ2 � 2:25Þ

ffiffiffi
F

pn o
for S � 1:5; (3b)

where ŝ ¼ s=kT and C is a numerical constant that depends on the site separation.

If the lattice constant a ¼ 0.6 nm, then C is 2.9 � 10�4 cmV1/2. Equation (3)

predicts a Poole Frenkel-like field dependence. It is important to note, though,

that the Poole Frenkel-like field dependence is experimentally obeyed within a

significantly larger field range than predicted by simple simulation. The reason is

that the energies of the hopping sites are essentially determined by the van der

Waals interaction between a charged site and its polarizable neighbor sites which

may carry an additional static dipole moment. This implies that the site energies

are correlated [65]. Dunlap et al. [66] pursued the idea further and proposed the

following empirical relation for mðŝ;FÞ :

mðŝd;FÞ ¼ m0exp � 9ŝ2d
25

� �
exp C0 ŝ1:5d � G

� � ffiffiffiffiffiffiffiffi
eaF

sd

r	 

; (4)

where C0 ¼ 0.78, G describes the positional disorder, and sd is the width of the

DOS caused by the electrostatic coupling of a charged site to neighboring dipoles.

This correlated Gaussian disorder model (CGDM) explains the observed range

of the ln mðFÞ / ffiffiffi
F

p
dependence and reproduces the ln mðFÞ / 1=T2 type of

temperature dependence. Values for s calculated by using (4) instead of using (3)

turn out to be about 10% larger.

Equation (3) implies that the field dependence of the mobility can become

negative if ŝ < S in (3a) or if S > 1.5 in (3b). This is a signature of positional

disorder. The reason is the following. Suppose that a migrating charge carrier

encounters a site from which the next jump in field direction is blocked because

of poor electronic coupling. Under this condition the carrier may find it easier to

circumvent that blockade. If the detour involves jumps against the field direction it
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will be blocked for higher electric fields. This process involves an interplay

between energetic and positional disorder and it has been treated theoretically on

an advanced level [63]. The treatment supports the conceptual premise and

confirms that the effect is a genuine property of hopping within an energetically

and positionally disordered system rather than a signature solely of diffusion of

charge carriers at low electric fields [63, 67, 68]. At very high electric fields the

velocity of charge carriers must saturate and, concomitantly, m(F) must approach a

m / 1=F law because jumps in a backward direction are blocked and transport

becomes entirely drift-controlled. Since this effect scales with eFa=s, the onset of
saturation should occur at lower fields if the energetic disorder decreases.

3.3 Conceptual Frameworks: Polaronic Contribution
to Transport

So far we have disregarded polaronic effects. However, upon ionizing a molecule or

a polymer chain by adding an extra electron there is a readjustment of bond lengths

because the electron distribution changes. In optical transitions this effect is

revealed by the coupling of the excitation to molecular vibrations. This effect can

be quantified in terms of the Huang–Rhys factor. It determines the geometric

relaxation energy between the initially generated vertical Franck Condon transition

and relaxed electronic state. When transferring a charge between a pair of

chromophores the concomitant relaxation energy has to be transferred as well,

and this implies that transport is polaronic. Unfortunately, the relaxation energy

associated with placing a charge on a chromophore is not amenable to direct

probing. This lack of quantitative knowledge gave rise to a lively discussion in

the literature on whether or not disorder effects or polaron effects control the

temperature dependence of the charge carrier mobility [69]. Meanwhile it is

generally agreed that an analysis of the temperature and field dependence of the

mobility solely in terms of polaronic effects requires unrealistic parameters, notably

an unacceptably large electronic overlap. Moreover, polaron effects cannot explain

the observation of dispersive transport at lower temperatures.

An analytical theory based upon the effective medium approach (EMA) has been

developed by Fishchuk et al. [70]. They consider the superposition of disorder and

polaron effects and treat the elementary charge transfer process at moderate to high

temperatures in terms of symmetric Marcus rates instead of Miller–Abrahams rates

(see below). The predicted temperature and field dependence of the mobility is

m ¼ m0exp � Ea

kT
� ŝ
8q2

� �
exp

ŝ1:5

2
ffiffiffi
2

p
q2

ffiffiffiffiffiffiffiffi
eaE

s

r !
exp

eaE

4q2kT

� �
; (5)

where Ea is half of the polaron binding energy, q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� s2=8eakT

p
. Note that in

deriving this equation, site correlations have been included. Equation (5) agrees
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qualitatively with the empirical expression (6) derived from computer simulations

[71]:

m ¼ m0exp � Ea

kT
� 0:31ŝ2

� �
exp 0:78ðŝ1:5 � 1:75Þ

ffiffiffiffiffiffiffiffi
eaE

s

r !
: (6)

These expressions have been successfully applied to polymeric systems of

practical relevance, as detailed in the next section.

3.4 Survey of Representative Experimental Results

3.4.1 On the Origin of Energetic Disorder

Although most of the recent results on charge transport in organic solids have been

obtained on p-conjugated polymers and oligomers used in organic OLEDs, FETs,

and PV cells, it is appropriate to refer to a recent survey on charge transport in

molecularly doped polymers by Schein and Tyutnev [72]. In fact, the prime

intention to develop the Gaussian disorder model has been to understand charge

transport in photoreceptors used in electrophotography. This survey elaborates on

the origin of the energetic disorder parameter. It has been a straightforward

assumption that the disorder parameter s is a measure of the statistical spread of

the electronic interaction of a charged transport molecule with induced dipole

moments in the molecular environment, i.e., the van der Waals coupling, and of

the interaction between permanent dipoles of both matrix and transport molecules.

By measuring the temperature dependence of the charge mobility, it has been

experimentally verified that in a sample in which hole transport is carried by

1,1‐bis(di‐4‐tolylaminophenyl)cyclohexane (TAPC) molecules, whose dipole

moment is small (about 1 D), the disorder parameter increases when the polarity

of its surroundings increases. This occurs for example in the order of bulk film,

TAPC blended with a polar polystyrene and TAPC blended with polycarbonate in

which the carbonyl groups carry a high dipole moment [73]. This proves that the

polarity of the matrix increases the energetic disorder. It is straightforward to

conjecture that this increase of s is of intermolecular origin and arises from the

electrostatic coupling between the charged transport unit and the statistically

oriented dipole moments of the carbonyl groups.

However, in that survey Schein and Tyutnev question the intermolecular origin of s.
They compared s values derived from studies of hole transport in 1-phenyl-

3-((diethylamino)styryl)-5-(p-(diethylamino)phenyl)pyrazoline (DEASP) molecules,

derivatives of pyrazoline, whose dipole moment is 4.34 D, blended with either

polystyrene or polycarbonate as function of concentration. They found that s is

independent of the matrix material and that s remains constant when the concentration

of DEASP increases from 10% to 70% while one would expect that s increases as
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the concentration of the polar DEASP molecules increases. However, this expecta-

tion rests upon the assumption that the blend is homogeneous. It ignores aggrega-

tion effects that are particularly important for polar molecules. Since charge carriers

will preferentially jump among nearest neighbor sites, dilution will only reduce the

number of the transports paths between DEASP clusters rather than decreasing the

ensemble averaged mean electronic coupling while the width of the DOS remains

constant. Note, however, when the transport moieties are not rigid there can, in fact,

be an intramolecular contribution to energetic disorder caused by a statistical

distribution of conformations that translates into a spread of site energies [18].

In conjugated polymers there is an additional intra-chain contribution to the

energetic disorder because the effective conjugation length of the entities that

control the electronic properties is a statistical quantity. It turns out that the low

energy tail of the absorption spectra as well as the high energy wing of the

photoluminescence spectra can be fitted well to Gaussian envelope functions and

their variances contain both intrachain and interchain contributions. Since the

inhomogeneous line broadening of excitons and charge states has a common origin,

it is a plausible assumption that the DOS of charge carriers in conjugated polymers

is also a Gaussian, at least its low energy wing that is relevant for charge carrier

hopping. Unfortunately, the DOS distribution for charge carriers is not amenable to

absorption spectroscopy (see above). Indirect information can be inferred from that

analysis of the temperature and field dependence of the charge carrier mobility and

the shape of time of flight (ToF) signals. Note that if the DOS had an exponential

rather than Gaussian tail a ToF signal would always be dispersive because charge

carriers can never attain quasi equilibrium [74, 75].

3.4.2 Application of the Gaussian Disorder Model

A textbook example for the application of the uncorrelated GDM is the recent study

by Gambino et al. on a light emitting dendrimer [49]. The system consists of a bis

(fluorene) core, meta-linked biphenyl dendrons, and ethylhexyloxy surface units.

ToF experiments shown in Fig. 5 were performed on 300 nm thick sandwich films

Fig. 5 Typical room temperature

TOF hole transient for a first

generation bis-fluorene dendrimer

film of thickness 300 nm and

an electric field of 1.6 � 105 V/cm.

Also shown is the structure of

the dendrimer. From [49] with

permission. Copyright (2008)

by Elsevier
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within a temperature range between 315 and 195 K and within a field range between

1.5 � 104 and 3 � 105 V/cm using dye-sensitized injection (see Sect. 3.1). Data

analysis yields an energetic disorder parameter s ¼ 74 � 4 meV, a positional

disorder parameter S ¼ 2.6 and m0 ¼ 1.6 � 10�3 cm2 V�1 s�1. Previous Monte

Carlo simulations predicted that above a critical value of s/kT ToF signals should

become dispersive, indicating that charge carriers can no longer equilibrate ener-

getically before they recombine with the electrode. For s ¼ 74 meV and a sample

thickness of 300 nm the critical temperature is predicted to be 228 K. In fact, the

experimental ToF signals lose their inflection points, i.e., become dispersive, at

215 K, as shown in Fig. 6. This a gratifying confirmation of the model.

Martens et al. inferred hole mobilities as a function of temperature and electric

field in 100–300 nm thick films of four poly(p-phenylenevinylene) derivatives from
space-charge-limited steady state currents injected from an ITO anode [76]. Within

a dynamic range of two to three orders of magnitude the T-dependence of m obeyed

a ln m vs T�2 dependence with s values ranging from 93 meV (OC1C10-PPV) to

121 meV (partially conjugated OC1C10-PPV). In view of the extended range of the

lnm vs
ffiffiffi
F

p
dependence, the data have been analyzed in terms of the correlated GMD

model. Note that in their analysis the authors used a Poole–Frenkel-type of field

dependence in Child’s law for space-charge-limited current flow, jChild ¼ 9
8
ee0mF2

d .

In this approach, the authors do not consider the modification of the mobility due to

filling of tail states in the DOS (see Sect. 4.1). However, this modification to Child’s

law is only justified if the field dependence of m is weak since a field dependent

mobility has a feedback on the spatial distribution of the space charge [77, 78].

Under these circumstances there is no explicit solution for jChild(F) under space-
charge-limited conditions [79]. However, the essential conclusion relates to the

absolute value of the hole mobility and the verification of the predicted temperature

dependence. The results confirm the notion that the molecular structure has an

important bearing on charge transport. Broken conjugation limits transport, mainly

due to the effective dilution of the fraction of the charge transporting moieties

as evidenced by the low value of the prefactor to the mobility m0 ¼ 4 � 10�6

cm2 V�1 s�1. This prefactor is a measure of the electronic coupling among the

Fig. 6 Zero field hole

mobility of the bis-fluorene

dendrimer of Fig. 5

as a function of 1/T2. The

deviation of the lnmðFÞ/1=T2

dependence below 215 K

is a signature of the onset

of transit time dispersion.

From [49] with permission.

Copyright (2008) by Elsevier

Charge Transport in Organic Semiconductors 23



transport sites. In this respect, bulky transport groups containing spiro-units are

unfavorable [80, 81]. On the other hand, sterically demanding groups reduce charge

trapping because they diminish the propensity of the sites for forming sandwich

conformations that can act as charge carrier traps. Using a polymer with a high

degree of regioregularity can significantly increase the mobility due to improved

electronic interchain coupling and decreasing energetic disorder. Improved inter-

chain ordering in substituted poly(3-hexylthiophene) (P3HT) can raise mobility up

to 0.1 cm2 V�1 s�1 [82, 83] as demonstrated in Fig. 7. The impact of this inter-chain

ordering is also revealed in optical spectroscopy [84, 85]. This effect is profitably

used in organic FETs and organic integrated circuits, employing, for instance

ordered semiconducting self-assembled monolayers on polymeric surfaces. Such

systems can be exploited in flexible monolayer electronics. Surprisingly, in the

ladder-type poly-phenylene (MeLPPP), which is one of the least disordered of

all p-conjugated polymers, the hole mobility is only about 3 � 10�3 cm2 V�1 s�1

at room temperature [36]. Since the temperature dependence is low – because of low

disorder – this has to be accounted for by weak inter-chain interactions. Obviously,

the bulky substituents reduce the electronic coupling among the polymer chains.

Despite the success of the disorder model concerning the interpretation of data

on the temperature and field dependence of the mobility, one has to recognize that

the temperature regime available for data analysis is quite restricted. Therefore it is

often difficult to decide if a ln m vs T�2 or rather a ln m vs T�1 representation is more

appropriate. This ambiguity is an inherent conceptual problem because in organic

semiconductors there is, inevitably, a superposition of disorder and polaron effects

whose mutual contributions depend on the kind of material. A few representative

studies may suffice to illustrate the intricacies involved when analyzing experimen-

tal results. They deal with polyfluorene copolymers, arylamine-containing

polyfluorene copolymers, and s-bonded polysilanes.

3.4.3 Polaronic Effects vs Disorder Effects

The most comprehensive study is that of Khan et al. [86]. They describe ToF

experiments on sandwich-type samples with films of poly(9,9-dioctyl-fluorene)

Fig. 7 Room temperature

FET-mobility of P3HT in

different microstructures.

Downward triangles: spin-
coated regioregular film,

upward triangles: solution
cast film. From [83] with

permission. Copyright (1999)

by Macmillan Publishers
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(PFO), PFB, and a series of fluorene-triarylamine copolymers with different

triarylamine content covering a broad temperature and field range. In all cases the

field dependence of the hole mobility follows a ln m / ffiffiffi
F

p
dependence and a super-

Arrhenius-type of temperature dependence. At lower temperatures the ToF signals

are dispersive. When analyzing the experimental data the authors first checked

whether or not the uncorrelated Gaussian disorder model (GDM) is appropriate.

There are indeed reasonably good fits to the temperature and field dependence

based upon (3). Recognizing, however, that experimentally observed ln m vs
ffiffiffi
F

p
dependence extends to lower fields than the GDM predicts, they went one step

further and tested the correlated disorder model (CDM) in the empirical form of (4).

Here the site separation enters as an explicit parameter. This analysis confirms the

validity of the ln m / T�2 law except that the s values turn out to be 10% larger

because in the CDM the coefficient that enters the exponent in the temperature

dependence is 3/5 instead of 2/3 in the GDM. The positional disorder parameters

are comparable and the values for the site separation are realistic. Finally the

authors took into account polaron effects by using the empirical expression (6).

The difficulty is how to separate the polaron and disorder contributions to the

T-dependence of m. This can be done via an analysis of the field dependence of m.
Once s is known the factor exp � Ea

kT

� �
, that accounts for the polaron contribution,

can be determined. The parameters inferred from the data fits are then compared by

Khan and coworkers [86]. They find that by taking into account polaronic

contributions, the s value decreases while the prefactor to the mobilities increases

by roughly one order of magnitude. The polaron binding energy 2Ea is significant

and ranges between 0.25 eV and 0.40 eV: Nevertheless, energetic disorder plays

a dominant role in hole transport. It is larger in the copolymers as compared to the

homopolymers PFO and PFB.

A similar analysis has been carried out by Kreouzis et al. for hole transport in

pristine and annealed polyfluorene films [87]. Consistent with the work of Khan

et al. [86] on the copolymers, the results can best be rationalized in terms of the

correlated disorder model including polaron effects. For different unannealed

samples s values are between 62 and 75 meV, the polaron activation energies are

180 meV, and the prefactor mobilities m0 are 0.4 and 0.9 cm2 V�1 s�1. Annealing

reduces the disorder parameters to 52 � 1meV and the prefactor to 0.3 cm2V�1 s�1.

It is well known that PFO can exhibit different phases [88, 89]. Annealing an

amorphous PFO film induces the formation of a fraction of the so-called b-phase,
where chains are locked into a planar conformation resulting in a long conjugation

length and low disorder. This lowers the geometric relaxation energy upon ioniza-

tion, i.e., the polaron binding energy, for the b-phase.
However, one should be cautious about overinterpreting the field and tempera-

ture dependence of the mobility obtained from ToF measurements. For instance, in

the analyses of the data in [86, 87], ToF signals have been considered that are

dispersive. It is well known that data collected under dispersive transport conditions

carry a weaker temperature dependence because the charge carriers have not yet

reached quasi-equilibrium. This contributes to an apparent Arrhenius-type temper-

ature dependence of m that might erroneously be accounted for by polaron effects.
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In fact, in their recent work, Mensfoort et al. [90] conclude that in polyfluorene

copolymers hole transport is entirely dominated by disorder. This is supported by a

strictly linear ln m / T�2 dependence covering a dynamic range of 15 decades with

a temperature range from 150 to 315 K (Fig. 8). Based upon stationary space-

charge-limited current measurement, where the charge carriers are in quasi equilib-

rium so that dispersion effects are absent, the authors determine a width s of the

DOS for holes as large as 130 meV with negligible polaron contribution.

The work of Mensfoort et al. is a striking test of the importance of charge

carrier density effects in space-charge-limited transport studies. For a given applied

voltage the space charge concentration is inversely proportional to the device

thickness. This explains why in Fig. 9 the deviation from the ln m / T�2

Fig. 8 Temperature

dependence of the zero field

hole mobility in the low

carrier density limit in a

polyfluorene copolymer. The

data are inferred from space-

charge-limited current

experiments and analyzed

in terms of the extended

Gaussian disorder model

(see Sect. 4.1). From [90]

with permission. Copyright

(2008) by the American

Institute of Physics

Fig. 9 Temperature dependence of the hole mobility of a polyfluorene copolymer inferred from

space-charge-limited current measurements on samples of thicknesses 122 nm, 1 mm, and 10 mm.

The full curve is an extrapolation to the low carrier density limit using the extended Gaussian

disorder model. From [90] with permission. Copyright (2008) by the American Institute of Physics
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dependence of the hole mobility becomes more significant in thinner samples. This

will be discussed in greater detail in Sect. 4.1.

In this context it is appropriate to recall the work of Mozer et al. [91] on hole

transport in regio(3-hexylthiophene). These authors compared the field and tempera-

ture dependencies of the hole mobility measured via the ToF and CELIV methods.

Quite remarkably, the temperature dependence deduced from ToF signals plotted on

a ln m vs T�2 scale deviate significantly from linearity while the CELIV data follow a

lnm / T�2 law down to lowest temperatures (180 K) (see Fig. 10). The reason is that

in a ToF experiment the charge carriers are generated randomly within the DOS and

relax to quasi-equilibrium in their hopping motion while in a CELIV experiment

relaxation is already completed. This indicates that a deviation from a lnm / T�2

form may well be a signature of the onset of dispersion rather than a process that is

associated with an Arrhenius-type of temperature dependence such as polaron trans-

port. Therefore the larger polaron binding energy that had been extracted from ToF

data measured in the non-annealed PFO films should be considered with caution.

Obviously, if one wants to distinguish between polaron and disorder effects based

upon the temperature and field dependencies of the mobility one should ensure that

dispersion effects are weak.

The conclusion that polaron effects contribute only weakly to the temperature

dependence of the charge carrier mobility is supported by a theoretical study of
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Fig. 10 Temperature dependence of the hole mobility in regioregular P3HT measured in TOF

(left) and CELIV (right) configuration. Different symbols refer to different samples. From [91]

with permission. Copyright (2005) by the American Institute of Physics
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polarons in several conjugated polymers. Meisel et al. [92] considered the electron–

phonon interaction and calculated polaron formation in polythiophene, polyphenyle-

nevinylene, and polyphenylene within an extended Holstein model. Minimization of

the energy of the electronic state with respect to lattice degrees of freedom yields the

polaron ground state. Input parameters of the Hamiltonian are obtained from ab initio

calculations based on density-functional theory (DFT). The authors determined the

size and the binding energies of the polarons as well as the lattice deformation as a

function of the conjugation length. The binding energies decrease significantly with

increasing conjugation length because the fractional change of bond lengths and

angles decreases as the charges are more delocalized. The polaron extents are in the

range of 6–11 nm for polythiophenes and polyphenylenevinylenes, and the associated

polaron binding energies are 3 meV for holes and 7 meV for electrons. For

polyphenylenes, the polaron size is about 2–2.5 nm and its binding energy is

30meV for the hole and 60meV for the electron. Although the calculations document

that charge carriers are self-trapped, they indicate that polaron binding energies are

much smaller than the typical width of the DOS of representative p-bonded conju-

gated polymers. This raises doubts on the conclusiveness of analyses of mobility data

inferred from dispersive ToF signals.

Another cautionary remark relates to the field dependence of the charge

carrier mobility. Ray Mohari et al. [93] measured the hole mobility in a blend

of N,N0-diphenyl-N,N0-bis(3-methylphenyl)-(1,10-biphenyl)-4,40-diamine (TPD)

and polystyrene in which the TPD molecules tend to aggregate. In the ordered

regions the energetic disorder is significantly reduced relative to a system in

which TPD is dispersed homogeneously. The experiments confirm that aggrega-

tion gives rise to a negative field dependence of the mobility. Associating that

effect solely with positional disorder in a hypothetical homogenous system would

yield a positional disorder parameter that is too large. These results demonstrate

that changes of sample morphology can be of major impact on the field depen-

dence of m.
In the context of polaron effects we also mention the experimental work on

hole transport in polysilanes that has been analyzed in terms of Fishchuk et al.’s

analytical theory [70]. In this theory polaron effects are treated in Marcus terms

instead of Miller–Abrahams jump rates, taking into account correlated energy

disorder [see (5)]. The materials were poly(methyl(phenyl)silylene) (PMPSi) and

poly(biphenyl(methyl)silylene) (PBPMSi) films. Polysilanes are preferred objects

for research into polaron effects because when an electron is taken away from a

s-bonded, i.e., singly-bonded, polymer chain there ought to be a significant

structural reorganization that gives rise to a comparatively large polaron binding

energy. Representative plots for the temperature dependence of the hole mobility

in PMPSi are shown in Fig. 11. Symbols show experimental data, full lines are

theoretical fits. Considering that there is no arbitrary scaling parameter, those fits

are an excellent confirmation of the theory. Note that the coupling element J that

enters the Marcus rate has been inferred from the prefactor mobility. The data

analysis also shows that the polaron binding energies in these materials are

significant and depend on the pendant group.
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4 Charge Transport at High Carrier Density

4.1 Charge Transport in the Presence of Space Charge

The transport models discussed in Sect. 3 are premised on the condition that the

interaction of the charge carriers is negligible. This is no longer granted if (1) a

trapped space charge distorts the distribution of the electric field inside the dielec-

tric, (2) ionized dopant molecules modify the DOS, or (3) the current flowing

through the dielectric is sufficiently large so that a non-negligible fraction of tail

states of the DOS is already occupied. The latter case is realized when either the

current device is space-charge-limited (SCL) or the current is confined to a thin

layer of the dielectric, for instance in a field effect transistor. It is conceptionally

easy to understand that the temperature dependence of the charge carrier mobility

must change when charge carriers fill up tail states of the DOS beyond the critical

level defined by the condition of quasi-equilibrium. In this case the carrier statistics

Fig. 11 Temperature dependence of the hole mobility in PMPSi at different electric fields. Full
curves are calculated using the theory by Fishchuk et al. [70]. The fit parameters are the width s of

the density of states distribution, the activation energy Ea (which is Ep/2), the electronic exchange

integral J, and the intersite separation a. From [70] with permission. Copyright (2003) by the

American Institute of Physics
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becomes Fermi–Dirac-like whereas it is Boltzmann-like if state filling is negligible.

At low carrier density, a charge carrier in thermal equilibrium will relax to an

energy e1 ¼ s2
kT below the center of the DOS, provided it is given enough time to

complete the relaxation process. Charge transport, however, requires a certain

minimum energy to ensure there are enough neighboring sites that are energetically

accessible [54]. To reach this so-called transport energy from the thermal equilib-

rium energy, an activation energy is needed. If, at higher carrier density, a quasi-

Fermi level will be established that moves beyond e1, the activation energy needed

for a charge carrier to reach the transport level decreases and, concomitantly, the

mobility increases (Fig. 12). This is associated not only with a weaker temperature

dependence of m but also with a gradual change from the ln m / T�2 dependence to

an Arrhenius-type ln m / T�1 dependence because upward jumps of charge

carriers no longer start from a temperature dependent occupational DOS but from

the Fermi-level set by the applied voltage. The straightforward verification of this

effect is the observation that the carrier mobilities measured under FET-conditions

can be up to three orders of magnitude larger than the values inferred from ToF

experiments [94]. Further, one observes a steeper increase of space-charge-limited

current mobility with electric field than predicted by Child’s law [76]. It is mean-

while recognized that this steeper increase is not due to a field dependence of the

mobility under the premise of negligible concentration. Rather, as illustrated by

Fig. 13, it is mostly an effect of the filling up of the DOS due to the increase of the

n(E) n(E) n(E)

a b c

Fig. 12 Schematic view of the effect of state filling in the Gaussian distribution of the hopping

states. (a) Charge carrier transport requires thermally activated transitions of a charge carrier from

the occupational DOS (ODOS) to the transport energy Etr in the low carrier limit. (b) Charge

transport in the presence of a space charge obeying Fermi–Dirac statistics under the assumption

that the space charge does not alter the DOS. (c) Charge transport in the presence of a space charge

considering the broadening of the DOS due the countercharges generated, e.g., in the course

of electrochemical doping. Note the larger width of the DOS
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charge carrier concentration [95]. Ignoring this effect in a data analysis would yield

numerically incorrect results.

Among the first theoretical treatments of transport in the presence of a space

charge is that of Arkhipov et al. [97]. These authors pointed out that in chemically

doped materials and in the conduction channel of an FET the number of charge

carriers occupying deep tail states of the Gaussian DOS can be significant relative

to the total density of states. They developed a stochastic hopping theory based

upon the variable range concept and incorporated the Fermi–Dirac distribution to

describe the temperature dependence of the mobility. Currently the most frequently

used formalism is that of Pasveer et al. [96]. It is based upon a numerical solution of

the master equation representing charge carrier hopping in a lattice. Considering

that a fraction of sites is already occupied, charge transport is considered as a

thermally assisted tunneling process with Miller–Abrahams rates in a Gaussian

manifold of states with variance s, tacitly assuming that formation of a bipolaron,

i.e., a pair of like charges on a given site, is prevented by coulomb repulsion. The

results can be condensed into an analytical solution in factorized form,

mðT;F; nÞ ¼ m0ðTÞg1ðF; TÞg2ðnÞ; (7)

where m0(T) is the temperature dependent mobility in the limit of F ¼ 0, g1(F, T) is
the mobility enhancement due to the electric field, and g2(n) is the enhancement

factor due to state filling.

A more comprehensive theoretical treatment has been developed by Coehoorn

et al. [98] in which the various approaches for charge carrier hopping in random

organic systems have been compared. In subsequent work, Coehoorn [99] used two

Fig. 13 Experimental (symbols) and theoretical (lines) data for the current-density as a function of
applied voltage for a polymer film of a derivative of PPV under the condition of space-charge-

limited current flow. Full curves are the solution of a transport equation that includes DOS filling

(see text), dashed lines show the prediction of Child’s law for space-charge-limited current flow

assuming a constant charge carrier mobility. From [96] with permission. Copyright (2005) by the

American Institute of Physics
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semi-analytical models to focus on charge transport in host guest systems, namely a

relatively simple Mott-type model and a more advanced effective medium model.

The latter model was generalized in order to be able to include the effect of different

wave function extensions of host and guest molecules in a blend system.

At the same time Fishchuk et al. [100] developed an analytical theory based upon

the effective medium approach to charge transport as a function of the charge carrier

concentration within the DOS. In contrast to the work by Pasveer et al. they included

polaron effects. It is obvious that how charges are transported, i.e., the trade-off

between disorder and polaron effects, should have a major impact on the result. In

the extreme case of vanishing disorder yet strong polaronic coupling, filling tail states

of DOS by charge carriers should not have an effect on the transport except at very

large charge concentration when coulomb repulsion becomes important. Filling-up

tail states of the DOS will, however, become progressively important as the disorder

contribution to charge transport increases. To incorporate polaron effects, Fishchuk

et al. [100] replaced the Miller–Abrahams-type of hopping rate with a Marcus rate.

Note, however, that the magnitude of the effect of DOS filling is solely determined by

the ratio between the disorder energy s and the polaron energy Ep and not by the

analytical form of the hopping rate. The prize for doing analytical rather than numeric

work is that it requires the solving of integrals of the hopping rate over the density of

states in an effectivemedium approach, thus yielding a rather complicated expression.

It is gratifying, though, that both the treatments of Arkhipov et al. and Pasveer et al. as

well as Fishchuk et al.’s effective medium approach (EMA) are mutually consistent

[96, 97, 100]. Figure 14 compares the results of the three models as a function of

carrier concentration parametric in the disorder parameter s. Figure 15 demonstrates

that the effective medium approach provides a good fit to the concentration depen-

dence of the carrier mobility in field effect transistors (FETs) using P3HT and

OC1C10-PPV as active layers while Fig. 16 shows the temperature dependence of ln

m vs T�1 and ln m vs T�2 parametric in the carrier concentration. It is obvious that there

is a transition from the lnm / T�2 dependence at n ¼ 0 to a lnm / T�1 law at higher

concentrations. The Fishchuk et al. theory also confirms that, in a system in which

polaron effects are dominant, Ea/s ¼ 3 implying Ep/s ¼ 6, i.e., the temperature

dependence of the transport is dominated by polaron effects instead of disorder, so

that the filling of the DOS with carrier density is unimportant. Unfortunately, the

present EMA treatment does not allow encompassing of the parameter regime

Ea/s < 3.

Recently, Fishchuk et al. extended their effective medium approach to include a

discussion of the so-called Meyer Neldel rule [102]. The Meyer Neldel rule is an

empirical relation, originally derived from chemical kinetics. It describes the fact

that enthalpy and entropy of a chemical reaction are functionally related to each

other. More generally, it states that in a thermally activated rate process an increase

in the activation energy needed is partially compensated by an increase in the

prefactor. There are numerous examples, notably in semiconductor physics, that

this rule is fulfilled for various reasons. Recently Emin advanced an adiabatic

polaron hopping model that considers carrier-induced softening of the vibrations

promoting charge carrier motion [103]. Fishchuk et al. were able to show that in
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a disordered system with a partially filled density of states distribution the

Meyer–Nedel rule is indeed fulfilled but it is not related to polaronic transport.

Instead, it is a genuine signature of hopping transport in a random system with

Gaussian DOS distribution upon varying the charge carrier concentration as

realized, e.g., in a field effect transistor at variable gate voltage. Figure 17 shows

the temperature dependence of the hole mobility measured in a field effect transis-

tor (FET) with pentacene (Fig. 17a) and P3HT (Fig. 17b) as active layers. This

study also disproves the previous claim by Craciun et al. [104] that the temperature

dependence of the charge carrier mobility in a variety of conjugated polymers

Fig. 14 A comparison of different approaches to describe the charge carrier mobility in a

Gaussian-type hopping system as a function of the normalized concentration of the charge carriers.

(a) Full curves are the result of effective medium calculations [100] while symbols are computer

simulations [96]. (b) Full curves are calculated using the variable range hopping concept [101],

symbols are the computer simulations. From [100] with permission. Copyright (2007) by the

American Institute of Physics
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Fig. 15 Fits to experimental values of the hole FET-mobility using P3HT and OC1C10-PPV as

active layers. From [100] with permission. Copyright (2007) by the American Institute of Physics

Fig. 16 Calculated charge

carrier mobility in a

Gaussian-type hopping

system parametric in the

charge carrier concentration

and plotted (a) on a ln m vs

s/kT scale and (b) on a ln m vs

(s/kT)2 scale. From [100]

with permission. Copyright

(2007) by the American

Institute of Physics
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extrapolates to an universal value of 30 cm2 V�1 s�1 in the T ! 1 limit. This has

been corroborated by the work of Mensfoort et al. (see Fig. 9).

Meanwhile the Pasveer et al. formalism [96] has been termed as “extended

Gaussian disorder model (EDGM)” and “extended correlated disorder model

(ECDM)” depending on whether the correlation of the site energies is included or

not. The EGDM has recently been applied to analyze the SCL current injected from

an ohmic PEDOT:PSS anode into a polyfluorene based light emitting polymer layer

with different layer thicknesses [105]. It is instructive to compare the experimental

Fig. 17 Temperature dependence of the hole mobility measured in an FET with (a) pentacene and

(b) P3HT as active layers. Parameter is the gate voltage. Data fitting using the Fishchuk et al.

theory in [102] yields values for the mobility and the disorder potential extrapolated to zero

electric field and zero carrier concentration. T0 is the Meyer–Nedel temperature (see text). From

[102] with permission. Copyright (2010) by the American Institute of Physics
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current–voltage characteristics to curves calculated by using the classic Child’s law

combined with a Poole–Frenkel-type field dependence of the mobility to the

predictions of the EGDM model in which DOS filling has been taken into account.

The comparison indicates that (1) the EGDM model can reproduce the experimen-

tal results with remarkable accuracy, yet (2) high precision regarding data quality is

required to distinguish among the various models, and (3) the influence of DOS

filling diminishes in thicker samples. The latter effect results from the inverse decay

of the carrier concentration with cell thickness at constant applied electric field.

This may explain why Agrawal et al. [106] could successfully explain their SCL

current flow in copper phthalocyanine (CuPc) layers with thicknesses ranging from

100 to 400 nm. The same reasoning applies to the work of Mensfoort et al. [90] on

SCL current flow in the polyfluorene diode mentioned above. The authors demon-

strate that in a thick sample the temperature dependence of the mobility strictly

follows a ln m / T�2 law yet it acquires a lnm / T�1 branch at lower temperatures

with an activation energy that decreases with decreasing layer thickness. At lower

temperatures, a Fermi level is formed at an energetic position that depends on the

carrier concentration and thus on the film thickness. Their quantitative data analysis

confirms the notion that in this material polaron effects are unimportant. This is

consistent with the work of Meisel et al. [92].

4.2 Transport in Doped Semiconductors

The conventional way to increase the conductivity of a semiconductor is to intro-

duce dopants that can act as electron donors or/and acceptors. In fact, significant

progress with inorganic semiconductors could only be obtained once carrier trans-

port was no longer determined by impurities but could be controlled and tuned by

doping. Controlled and stable doping can be accomplished easily in inorganic

semiconductors yet it imposes serious problems for organic semiconductors.

The problem is related to the level spectrum of transport states. P-type doping

requires the transfer of an electron from the filled HOMO of the host to the LUMO

of the dopant at no or only little energy expense as illustrated in Fig. 18.

Correspondingly, the HOMO of the dopant has to be close to the LUMO of the

host in order to promote n-type doping. This puts serious constraints on the mutual

energy levels. In most organic materials the HOMO is around �5 to �6 eV below

the vacuum level. Assuming an electrical bandgap of 2.5 eV, a p-type dopant

therefore has to act as a very strong electron acceptor. N-type dopants had to

have a HOMO level near �2.5 to �3.5 eV. Clearly, this is difficult to achieve.

On the other hand, it would be of considerable advantage to be able to raise the

concentration of mobile charge carriers significantly. In addition to yielding a

higher carrier mobility, as outlined above, a higher charge carrier density should

also reduce ohmic losses at internal interfaces. Note that in organic semiconductors

the intrinsic conductivity is low. Therefore a device behaves like a dielectric

medium, and an applied voltage drops across the bulk of the sample rather than at
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an active interfacial layer between, say, donor and acceptor layers. If one were to

increase the conductivity of the material, in which the charge carriers are

transported towards the interfacial layer by doping, one would ensure that a larger

fraction of the applied voltage drops at the active layer. Therefore doping should

minimize ohmic losses.

Attempts to dope organic semiconductors have been made very early in the field,

motivated by the prospect of possibly reaching metallic conductivities [108, 109].

These “synthetic metals,” however, have not been realized. While p-type doping

could be obtained, for example, with iodine gases for poly-p-phenylene vinylene

(PPV) derivatives, and n-type doping was demonstrated with sodium for a cyano-

derivative of PPV, the doping levels obtained were not stable with time. The dopant

molecules readily diffused into the organic semiconductor, yet also out of it. Due

to the lack of stability, these approaches were not suitable for commercial

applications.

Pioneering work on stable doping in organic LEDs has been carried out by

the group of K. Leo in Dresden and has been reviewed by Walzer [107]. It is now

clear that F4-TCNQ can act as a dopant because its electron affinity is close to 5 eV

[110, 111], which is close to the ionization potential of triphenylamine derivatives

and to some phthalocyanines (Pc) [107]. It turns out that doping of ZnPc by 2% of

F4-TCNQ raises the conductivity to a level of 10�3 O�1 cm�1. When using TCNQ

instead of F4-TCNQ the conductivity is only 10�6 O�1 cm�1. This illustrates the

importance of the fluoro-substituents that raise the electron affinity. After all, the

key parameter for efficient p-type doping is the difference between the LUMO of

the dopant and the HOMO of the host [112, 113], although some level mismatch

can be compensated by the effect of disorder broadening of the distribution of

transport states. One can expect that disorder ameliorates a fatal level mismatch in a

similar way as it is the case of thermally activated charge injection from an

electrode (see Sect. 6).

The concentration of free holes generated by the p-dopant can be calculated

under the assumption that doping does not alter the hole mobility. Doing so, Zhang

Fig. 18 Doping mechanisms

for molecular p-type doping

(top) and for n-type doping

(bottom). P-type (n-type)
doping is achieved when the

molecular dopant acts as

acceptor (donor). After [107]
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et al. [114] derived a concentration of free holes of 4 � 1016 cm�3 upon doping a

PPV film by F4-TCNQ at a doping ratio of 1:600. At such a doping level process-

able films are still formed. By relating the charge concentration to the mass ratio the

authors estimated that only 1% of the dopant molecules are ionized. This is

supported by impedance spectroscopy on Schottky diodes. However, the assump-

tion of a constant mobility is not trivial. There is a superposition of several

conceivably compensating effects including level filling (see below), DOS broad-

ening (see below), charge percolation, and changes of the wavefunction overlap

parameter that controls charge carrier hopping [115].

In contrast to p-type doping, n-type doping is intrinsically much more difficult to

achieve because dopants with high lying HOMO levels can easily and inadvertently

be reduced by oxygen. One way towards n-type doping is the use of alkali metals

such as lithium or cesium [107]. They are frequently employed to improve electron

injection from the anode of an OLED [116]. In small molecule OLED devices,

fabricated by evaporation, the dopant metal can be coevaporated. Replacing lithium

by cesium has the advantage that Cs+ ions have a lower diffusivity compared to the

small Li+ ions. This makes the devices less sensitive to temperature and helps keep

the dopant away from the charge recombination layer. This is important because ion

diffusion into the recombination zone causes quenching of the electroluminescence.

A first study of controlled molecular n-type doping in molecular organic

semiconductors was presented by Nollau et al. [117]. They doped naphthalene-

tetracarboxylic dianhydride (NTCDA) by co-sublimation with the donor molecule

bis(ethylenedithio)-tetrathiafulvalene. It was shown that the Fermi level shifts

towards the transport level and that the conductivity was increases. However, the

conductivities achieved were rather low and only one to two orders of magnitude

above the background conductivity of nominally undoped NTCDA. More success-

ful was doping of hexadecafluorophthalocyaninatozinc (F16ZnPC) by tetrathia-

naphthacene (TTN). The dependence of the UPS spectra on doping suggested

that TTN acts as an efficient donor. Essentially no doping was found with Alq3 as

a host material because its LUMO is too high to allow for efficient electron

injection from TTN [118]. Another pair of host and guest materials, investigated

by the Kahn group [119], is an electron transporting tris(thieno)hexaazatri-

phenylene derivative doped with bis(cyclopentadienyl)-cobalt(II) that has an

unusually low ionization energy of 4 eV in the condensed phase. By UV, X-ray,

and inverse photoemission studies the authors concluded that the dopant shifts the

Fermi level 0.56 eV towards the unoccupied states of the host. A three orders of

magnitude increase in the current was demonstrated. The result indicates that the

electron is still quite localized at the dopant site and requires thermal activation for

complete ionization.

Another way to accomplish n-type doping is by using cationic dyes [120, 121].

The cationic doping method has been applied successfully for solar cells in which

materials with low lying LUMOs are used for electron transporting purposes. The

straightforward message is that one has to employ strong electron acceptors as hole

transporters, since the HOMO of a stable n-type dopant cannot be higher than, say,
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4 eV. Of course, there is a price to pay for this because the lower the LUMO of the

hole acceptor the more likely it is that an impurity acts as a hole trap and vice versa.

In the case of doping by organic salts one should be aware of the effects caused

by the inevitable presence of counter ions. They act as coulomb wells and modify

the DOS of the transport states. By fabricating a gated electrochemical cell with

PPV as a transporting film and Au/Pt as source-drain electrodes immersed in an

electrolyte (0.1 M tetrabutylammonium perchlorate or hexafluorophosphate or

LiClO4 in acetonitrile) Hulea et al. were able to quantify this effect [122]. When

the applied potential is increased, holes are injected into PPV. Their charge is

counterbalanced by ClO4
� or PF6

� ions that enter the film from the electrolyte. The

number of holes, inferred from the differential capacitance, allows the energy

spectrum of transport states (DOS) to be mapped out. The resulting DOS carries a

Gaussian core centered at 5.55 � 0.02 eV with a variance of 0.19 � 0.01 eV

followed by an exponential tail. However, at very low doping, 10�4 (states/eV)

per monomer, the DOS is a single Gaussian with variance of 0.11 eV. This is

consistent with charge transport studies on an undoped film [123]. Obviously, the

presence of random coulomb centers broadens the Gaussian distribution and creates

deep tail states, in corroboration of earlier Monte Carlo simulations [124] and more

recent analytical theory [125]. The broadening of the tail states is illustrated in

Fig. 19. The net effect of this tail broadening is a decreasing charge carrier mobility

at low to moderate doping levels. At higher doping levels the coulomb traps overlap

spatially and smooth the energy landscape. A striking documentation of this effect
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Fig. 19 The effect of doping on the density of states distribution in a disordered organic

semiconductor at variable concentration of charged dopants. The energy scale is normalized to

the width of the DOS, expressed through s, of the undoped sample. The parameters are the

intrinsic site concentration Ni and the dopant concentration Nd. From [125] with permission.

Copyright (2005) by the American Institute of Physics
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is presented in Fig. 20. It shows the dependence of the hole mobility in a P3HT film

as a function of concentration of holes generated either by electrochemical doping

or by injection from electrodes in an FET structure. In the former case the counter

charges are ions incorporated within the film while in the latter they are weakly

bound electrons inside the gate electrode. More recent Monte Carlo simulations

confirm the interplay between an increase of disorder and a concomitant decrease of

the carrier mobility in the presence of a moderate concentration of extra charges and

a smoothing of the energy landscape at higher concentrations [126]. By the way,

broadening of the DOS distribution by counter charges also effects the Langevin-

type electron hole recombination process, as was demonstrated by Monte-Carlo

simulations by van der Holst and coworkers [127].

The preceding discussion of doping effects pertain to systems with low to

moderate doping levels. Under this premise charge transport tends to remain of

the hopping type though the shape of the DOSmay be altered by the dopant. This no

longer true in the case of highly doped materials that are metallic or quasi-metallic

such as PEDOT [128, 129], poly-aniline [130–132], and poly-pyrrole [133, 134].

While there are calls for new concepts, notably because highly doped systems can

no longer be considered as being homogeneous [128] and because there are issues

concerning a possible semiconductor–metal transition, some of the experimental

results can be rationalized in terms of the variable range, i.e., a modified, hopping

concept [134, 135]. This is a topic in its own right and shall, therefore, not be

discussed here.

Fig. 20 Charge carrier mobility in P3HT as a function of the charge carrier concentration.

Squares refer to an experiment performed on a field effect transistor while circles refer to

experiments done on an electrochemically doped sample. In the latter case the mobility is inferred

from the steady state current at a given doping level. Solid and dashed lines have been fitted using
the theory of [101]. The fit parameters are the site separation a, the prefactor n0 in the Miller–

Abrahams-type hopping rate, the inverse wavefunction decay parameter g and the dielectric

constant e. From [101] with permission. Copyright (2005) by the American Institute of Physics
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5 Charge Transport in the Strong Coupling Regime

5.1 Intra-Chain Transport at Short Time Scales

In amorphous molecular systems, even the fastest hopping process is determined by

the strength of inter-molecular coupling among the adjacent transport sites. A crude

measure for the jump time can be obtained from the mobility extrapolated to infinite

temperatures, mðT ! 1Þ ¼ m0, in a ln m vs T2 plot. For this rough estimation we

use Einstein’s ratio eD ¼ mkT and assume isotropic hopping with a diffusion

constant D ¼ 1
6
av2 where a ¼ 1 nm is the inter-site separation and v is the inter-

hop frequency. Taking m0 ¼ 10�2 cm2 V�1 s�1s as a representative value for the

prefactor mobility, we obtain n ¼ 1011 s�1, equivalent to a minimum jump time of

10 ps for iso-energetic jumps.

The situation is different for systems in which the hopping sites are extended as

realized in conjugated polymers. Here, one expects a hierarchy of transport pro-

cesses, i.e., there should be fast on-chain transport followed by slower inter-site

transport as visualized in Fig. 21. Calculations of the effective mass of charge

carriers in conjugated polymers [28] predict a charge carrier mobility as high as

1,000 cm2 V�1 s�1, i.e., six to nine orders of magnitude larger than measured in a

conventional ToF experiment. The obvious reason for this discrepancy is related to

the spatial scale over which transport is measured. It is reasonable to assume that, in

principle, transport is fast as long it is not affected by intrinsic or extrinsic scattering

and/or localization.

The ideal systems to test this conjecture are single-crystalline poly-diacetylenes

(PDAs), notably perfect PDA chains embedded in a crystalline lattice [15].

Employing the electroreflection method, Weiser and M€oller [136] analyzed the

Fig. 21 A schematic view of the hierarchy of charge carrier hopping in a network of disordered

conjugated polymer chains. 1 depicts ultra-fast motion within an ordered segment of the chain

while 2 and 3 illustrate intra-and interchain hopping processes
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reflection feature occurring approximately 0.5 eV above the excitonic absorption

edge in terms of the Franz–Keldysh effect acting on the otherwise hidden valence to

conduction band transition. They came up with an effective mass of approximately

0.05 me, in agreement with theoretical calculations [28]. This would translate into an

electron mobility of approximately 1,000 cm2/V�1s�1. So far, nobody has confirmed

this prediction. Employing various methods, there is consensus that the macroscopic

mobility of, presumably, electrons in crystalline PDA is greater than 1 cm2/V�1s�1

along the chain and a factor 10�2 to 10�3 lower perpendicular to it [20, 137].

However, this value refers to macroscopic samples rather than to individual chains.

In order to obtain information pertaining to the on-chain motion, one has to rely

on analogous spectroscopic studies on excitons. The Schott group studied the

photoluminescence of single PDA chains in an unreacted crystalline matrix. They

found that at low temperatures the excited state is an exciton that moves coherently

within a distance of tens of micrometers with a coherence time of up to 1 ps.

However, in a non-crystalline conjugated polymer such as MEH-PPV the phase

coherence time of an optical excitation is as short as 100 fs [138, 139]. This strongly

suggests that dephasing is due to scattering at static or dynamic chain imperfections

rather than a generic property of conjugated polymers in general. It is straightfor-

ward to conjecture that the scattering time of charge carriers is similarly short and

that their motion on macroscopic dimension is disorder controlled.

It is instructive to estimate the displacement of a charge carrier after generation.

Using Einstein ratio eD ¼ mkT, one arrives at a mean square displacement of a

charge carrier,
ffiffiffiffiffiffiffiffiffiffiffi
Dx2h i

p
, of 20 nm (60 nm) if scattering occurred at 100 fs (1 ps) after

excitation and if the initial mobility were 1,000 cm2/V�1s�1 (Fig. 22). This has to

be compared to the electronic correlation length of a chain, the so-called effective

conjugation length. Usually, although not well founded, it is inferred from the

dependence of the energy of a singlet excitation as a function of the lengths of

oligomers. A conservative estimate is a value less than 10 nm. This indicates that

Fig. 22 A schematic plot of

the mean square root

displacement
ffiffiffiffiffiffiffiffi
x2h ip

of a

charge carrier as a function of

time for mobilities of

103 cm2/Vs
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one has to probe charge carrier motion on a very short length and on an ultra-fast

time scale in order to be able to monitor the intrinsic, i.e., defect-free mobility.

Pioneering work on the time-resolved probing of charge carrier motion along the

chain of a conjugated polymer has been performed by the Delft group employing

the time resolved microwave conductivity (TRMC) technique [140]. It is an

electrode-less technique. Charge carriers are generated homogeneously inside the

sample by irradiation with 5–20 ns pulses of 3 MeV electrons from a van der Graaff

electron accelerator. One probes their oscillatory motion by a microwave field on a

short length scale yet within a nanosecond to microsecond time scale, i.e., long

compared to the inverse probing microwave frequency. Typical frequencies are

either 10 GHz or 34 GHz. The peak amplitude of the microwave field is of the order

of 100 V/cm, i.e., low as compared to the field strengths commonly used in ToF

experiments. The radiation induced conductivity is inferred from the decrease of

the microwave power reflected from the cell. It is given by the product of the charge

carrier concentration and their mobility. The charge concentration can be estimated

from the irradiation dose and the known ionization efficiency. In order to probe

charge motion on isolated polymer chains, the polymer is dissolved in benzene

solution. However, the technique can also be used to study solid state effects in bulk

samples. The high energy electrons absorbed inside the sample scatter on the

solvent molecules and produce a virtually uniform distribution of excess electrons

and benzene cations with a known concentration. Benzene cations diffuse towards

the polymer chains and form polymer cations. As this diffusion-controlled reaction

proceeds, an increase of the transient conductivity is observed on a time scale of

hundreds of nanoseconds. This increase indicates that the positive charge on the

chains are more mobile than the benzene cation in solution whose mobility is

1.2 � 10�3 cm2/V�1s�1 at room temperature. Monitoring the motion of electrons

on the polymer chain requires thorough degassing and doping with a strong hole

scavenger such as tetramethyl-p-phenylenediamine (TMPD). In order to study

selectively the motion of holes the solution can be saturated by oxygen that is an

efficient scavenger for excess electrons.

A representative example for the information extracted from a TRMC experi-

ment is the work of Prins et al. [141] on the electron and hole dynamics on isolated

chains of solution-processable poly(thienylenevinylene) (PTV) derivatives in dilute

solution. The mobility of both electrons and holes as well as the kinetics of their

bimolecular recombination have been monitored by a 34-GHz microwave field.

It was found that at room temperature both electrons and holes have high intra-

chain mobilities of m� ¼ 0.23 � 0.04 cm2/V�1s�1 and m+ ¼ 0.38 � 0.02 cm2/

V�1s�1. The electrons become trapped at defects or impurities within 4 ms while
no trapping was observed for holes. The essential results are (1) that the trap-free

mobilities of electrons and holes are comparable and (2) that the intra-chain hole

mobility in PTV is about three orders of magnitude larger than the macroscopic

hole mobility measured in PTV devices [142]. This proves that the mobilities

inferred from ToF and FET experiments are limited by inter-chain hopping, in

addition to possible trapping events. It also confirms the notion that there is no

reason why electron and hole mobilities should be principally different. The fact
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that electron mobilities observed in devices are usually much lower than the hole

mobilities is exclusively due to trapping. Note that in a polymer with high lying

HOMO, the LUMO level is also high, implying that inadvertent impurities such as

oxidation products can act as electron traps. Analogous reasoning applies to holes.

Similar experiments were performed to measure the mobility of holes along

isolated chains of polyphenylenevinylene and polythiophene backbones. The

values are 0.43 cm2/V�1s�1 for MEH-PPV and 0.02 cm2/V�1s�1 for P3HT [143].

The TRMC technique has also been applied to solid samples. It delineates the

effects of sample morphology. Among the materials investigated were crystalline

poly-diacetylenes, p�p stacked columnar discotic liquid crystals, and conjugated

polymers [144]. The largest values, on the order of 10 cm2/V�1s�1, were found for

single-crystal poly-diacetylenes. Much lower values covering the range from 0.009

to 0.125 cm2/V�1s�1 were obtained for solution synthesized conjugated polymers

with six different backbone structures. This is attributed mainly to their complex

morphology and the resulting static disorder in the backbone structure. The highest

mobilities for this class of materials, ca. 0.1 cm2/V�1s�1, were found for liquid

crystalline derivatives of polyfluorene and poly(phenylenevinylene). Even larger

values, close to 1 cm2/V�1s�1, were measured with discotic materials in crystalline

and liquid crystalline phases. This is a signature of their self-organizing nature and

hence their degree of structural order, which compensates for the weaker electronic

coupling between monomeric units in the discotics as compared with covalently

bonded conjugated polymers [145].

The TRMC technique has successfully been used to answer open questions

regarding the relation between morphology and charge carrier mobility in layers

of P3HT with different molecular weight [146]. In agreement with intuition, the

TRMC experiment probes the local mobility within ordered grains in which the

chains are fully elongated. It depends only weakly on molecular weight. In contrast,

the macroscopic mobility of medium molecular weight layers is two orders of

magnitude lower than the local mobility and decreaseswith increasing temperature.

The rate limiting process is transport through disordered material surrounding

ordered grains [147]. A clue for the unusual temperature dependence is provided

by temperature dependent UV–Vis absorption spectra. They suggest that the

aggregates undergo a “premelting” significantly below the actual melting tempera-

ture. As a result, the aggregate width decreases. The concomitant increase in width

of the interlamellar zones, as well as the likely increase of disorder in these

amorphous regions, is presumably the main reason for the drop in the macroscopic

mobility of short chain deuterated P3HT upon heating. In contrast, long chains may

interconnect the crystalline domains in high molecular weight deuterated P3HT,

thus bypassing the disordered interlamellar regions and rendering the macroscopic

charge transport in this material less susceptible to changes of the sample

heterogeneity.

Although the above mobilities in isolated chains of conjugated polymers and in

solid phases are much larger than values inferred from ToF experiments, in no case

do they come close to the value of 1,000 cm2/V�1s�1 expected for a perfect one-

dimensional p-bonded polymer chain. Moreover, they are morphology-sensitive.
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Improved ordering enhances the mobility. It is straightforward to conjecture that

even the on-chain mobility is limited by static and dynamic disorder. A simple

estimate will illustrate this. Suppose that an initially generated charge carrier had an

ultra-high mobility of 1,000 cm2/V�1s�1 and, accordingly, a diffusion coefficient of

25 cm2/s at 295 K. Within 10 ps, which is the characteristic time scale of the

microwave field, the diffusional spread of a packet of charge carriers should be

200 nm. This value is much larger that the effective conjugation length of conju-

gated polymers except for polydiactylenes in crystalline matrix. Therefore the

carrier transport is mediated by scattering events and even blockades due to chain

defects and chain ends. This notion is experimentally verified by probing the carrier

motion at different microwave frequencies. If the frequency is increased their

motion is confined to a smaller length scale, i.e., a carrier experiences fewer

stopping events between the energy barriers. This, in turn, leads to a higher mobility

upon increasing frequency. Obviously the TRMC technique does not yield a well-

defined mobility value but depends on the experimental conditions. This is an

inherent feature of the technique and can be exploited to extract information

regarding carrier motion inside of a polymer chain. i.e., the scattering mechanism.

One can even extrapolate on the carrier motion prior to scattering and blocking at a

chain defect/end.

To extract pertinent information from experimental results requires a theoretical

model. Based upon earlier work by Grozema et al. [143], Prins et al. [148]

developed a framework to understand the effects that static disorder as well as

chain dynamics have on the charge motion inside a p-conjugated chain. The basic

idea is that, in conjugated oligomers and polymers, torsions, static conjugation

breaks, or chain ends can all act as barriers to charge transport. The presence of

these barriers leads to an increase of the charge carrier mobility with increasing

microwave frequency because at higher frequency the carrier motion is probed on a

smaller length scale, i.e., between these barriers. A major source of time-dependent

disorder is presented by thermally driven torsional motion between repeat units of,

say, a poly-phenylenevinylene or a poly-thiophene chain. It results in a variation of

the electronic coupling between the repeat units. In the theory the electronic

coupling was calculated by density functional theory. The results confirm that the

carrier mobility probed by the TRMC technique increases with increasing length of

the chain and with conjugation length. Experiments on PV oligomers with varying

length and polymers containing a variable fraction of chemical conjugation breaks

are in good agreement with theory. The concept of time-dependent disorder also

explains why the hole mobility in MEH-PPV probed by 34-GHz radiation is

0.46 cm2/V�1s�1 while it is only 0.02 cm2/V�1s�1 in P3HT. The reason is the

larger deviation of coplanar alignment of the structural units of P3TH as compared

to MEH-PPV.

It was straightforward to apply the TRMC technique to study on-chain charge

transport to ladder-type poly-phenylene (LPPP) systems because covalent bridging

between the phenylene rings planarizes the chain skeleton, eliminates ring torsions,

and reduces static disorder. One can conjecture that in these systems intra-chain

motion should be mostly limited by static disorder and chain ends. To confirm this
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notion, Prins et al. [149] measured the complex microwave conductivity in solid

samples of either phenyl- or methyl-substituted LPPP with different chain lengths,

i.e., of Ph-LPPP with hni ¼ 13, 16, 35, and of MeLPPP with hni ¼ 54, hni being
the average number of repeat units. In such an experiment, the real part of the

conductivity reflects the field-induced barrier-less in-phase drift velocity of charges

undergoing conventional Gaussian diffusion along an ordered, infinitely long

polymer chain while the imaginary part reflects the carrier motion hindered by

barriers such as chain ends. The observation that the mobility extracted from the

imaginary part of the conductivity increases from 0.056 to 0.08 cm2/V�1s�1 and to

0.14 cm2/V�1s�1 when hni increases from 13 to 16 and to 35 proves that the carrier

motion is limited by chain ends. In order to obtain the mobility in an infinitely long

chain the authors developed a model for one-dimensional diffusional motion

between infinitely high reflection barriers as a function of the chain length.

By extrapolation, the authors arrived at an infinite chain mobility of 30 cm2/

V�1s�1. Analogous experiments and analyzing procedures on MeLPPP in dilute

solution yield a spectacular value of 600 cm2/V�1s�1, comparable to the hypothet-

ical value for a perfect chain [150]. The fact that the infinite chain mobility in solid

LPPP-type systems is a factor of 30 less than in solution testifies to the role of inter-

chain disorder in bulk systems. Although these extrapolated infinite-chain

mobilities should be viewed with some caution, they provide an idea of how charge

carriers move between scattering barriers in a conjugated polymer in a device.

When interpreting the results derived from TRMC experiments one should keep

in mind that a GHz microwave field interrogates the charge carrier dynamics on

a time scale ranging from nano- to microseconds. This implies that one does not

probe nascent charge carriers but, rather, carriers that have had enough time to relax

to energetically more favorable sections of a polymer chain. To reveal the carrier

dynamics on an ultra-fast time scale requires all-optical probing. The technique of

choice is time resolved terahertz (THz) spectroscopy that offers picosecond time

resolution and low probing fields (kV/cm) [151–153]. It yields the far-infrared

conductivity of charges generated by femtosecond light pulses. One can monitor

the evolution of charge motion as a function of delay time between generation and

probe pulses. The price to pay for shifting the observation window to picosecond

and to sub-picosecond time scales is (1) the difficulty to retrieve the pertinent

information from the raw data and (2) that the measured property is a conductivity,

i.e., the product of the carrier yield and their mobility. The Sundstr€om group [153]

applied this technique to study holes on low-bandgap conjugated polymers

consisting of an alternating sequence of a low bandgap unit as an electron accepting

group and a dialkoxy-phenylene unit. The copolymer was blended with the fuller-

ene derivative PCBM which is often used as an acceptor in organic solar cells.

Upon photoexcitation the electron is transferred to the PCBM. The hole remains on

the polymer chain and is responsible for the ultra-fast conductivity because the

electron motion among the PCBM units is much slower. From the intricate analysis

of the experimental results combined with simulation the authors conclude an

intrinsic carrier mobility of 40 cm2/V�1s�1 within unperturbed chain segments

comprising about four repeat units. Like the electron, the hole generated by the
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dissociation process carries an initial excess of kinetic energy that allows it to pass

easily over potential barriers with an intrinsic mobility of about 2 cm2/V�1s�1.

Subsequently, the hole cools down at an initial relaxation rate of 1/180 fs�1 and gets

trapped at an initial rate of 1/860 fs�1. This is manifested by a steep drop of the

conductivity. The results are consistent with the notion of an ultra-fast mobility of

charges on a p-conjugated chain between scattering events. They also indicate that

the time averaged mobility derived from a TRMC experiment is that of charge

carriers that already suffered some relaxation.

An independent and complementary method to measure the charge carrier

mobility on ultra-fast time scales has recently been introduced by Devizis

et al. [154]. It is based on time resolved electric field induced second harmonic

generation (SHG). This method is commonly used to determine molecular

hyperpolarizabilities. Any process that changes the electric field distribution in

the material will affect the temporal SHG signal. In turn, the SHG intensity can

be taken as a probe of changes of the electric field due to charge motion. Upon

generating charge carriers in a charged capacitor by a short laser flash the moving

charge partially shields the electric field and the SHG efficiency decreases. Mea-

suring the decrease of the SHG signal as a function of time after the laser pulse

yields the time dependence of the carrier motion up to a detection time of 3 ns.

Integrated photocurrents measured within a time window of 10 ns to 10 ms comple-

ment the information on the time dependence of the mobility. The technique was

applied to poly-spiro-bifluorene-co-benzothiadiazol (PSF-BT). It turns out that the
sum of the electron and hole mobilities probed at 1 ps after excitation is about

0.1 cm2/V�1s�1. It decreases to 10�6 cm2/V�1s�1 at 1 ms featuring an ln m vs t–b law
with b ranging from 0.84 at lower fields (about 4 � 105 V/cm) to 0.75 (at about

1.5 � 106 V/cm) (see Fig. 23). These results prove unambiguously that within

a time range of 6 decades transport is dispersive and, concomitantly, controlled by

disorder.

5.2 Band Transport

In this chapter we so far focussed on charge transport in organic solids that are used

as active materials in modern opto-electronic devices such as OLEDs, solar cells,

field effect transistors, and photocopiers. Dictated by the need for cost-efficient

device manufacturing and the realization of optimized structure-property relations

for special applications, the active device elements are usually non-crystalline, if

not amorphous. This implies that charge transport is of the hopping type. It turned

out, though, that crystalline organic semiconductors may profitably be employed as

active layers in field effect transistors where band-like carrier transport prevails. For

this reason we shall very briefly address recent developments in this area without

attempting to cover the growing field of organic field effect transistors in greater

detail.
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Band-like charge transport in molecular crystals was investigated experimen-

tally in the 1980s and 1990s. The pioneering work of Karl and his group in

Stuttgart showed that close to and below room temperature, and dependent on

crystallographic direction, the mobility of both electrons and holes feature a T�n

law with n ¼ 2–3, provided that they can be purified efficiently (see [155]). For

less pure crystals, the mobility is temperature activated with an activation energy

that is given by the difference of the HOMO (LUMO) levels between host and

guest. This proves that transport is trap limited. The temperature at which the

transition from band to trap limited transport occurs depends on the trap concen-

tration and the trap depth. In view of the narrow width of valence and conduction

bands in molecular crystals the charge carrier mean free paths are only a few

lattice sites at most. This implies that transport is on the borderline between being

coherent and incoherent. This problem has been discussed intensively in the

books of Pope and Swenberg [45] and of Silinsh and Capek [156] and recently

Fig. 23 (a) Dependence of the hole mobility in a film of poly-spiro-bifluorene-co-benzothiazole
(PSF-BT) as function of the time elapsed after charge carrier generation by a 130 fs laser pulse at

different applied voltages. The horizontal lines represent the electron and hole mobilities inferred

from ToF experiments. (b) Momentary mobility as a function of the averaged distance that a

carrier travelled after a given time. The inset depicts the chemical structure of PSF-BT. From [154]

with permission. Copyright (2009) by the American Institute of Physics
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by Fratini and Chiuchi [157]. A comprehensive review of more recent advances

has been published by Coropceanu et al. [10]. Based upon quantum chemical

treatments the authors developed a consistent theoretical framework of the elec-

tronic coupling and the electron–phonon interaction as a function of the lattice

structure. The electronic transfer integral is the matrix element that couples

the wavefunctions of two charge-localized states via an electronic Hamiltonian

of the system. It depends on the mutual orientation of the molecules and thus on

the crystallographic direction. Typical values range between about 10 and

83 meV for the (100) direction of a rubrene crystal. Since the widths of the

transport bands is four times the transfer integral, this results in bandwidths of

the order of some 10–100 meV. Although these calculations refer to molecular

crystals they are also relevant for disorder systems because the charge carrier

mobility extrapolated to infinite temperature (m0) depends on the electronic

coupling among the structural building blocks.

Organic crystalline materials that may be used in FETs are rubrene and

pentacene because the relevant electronic transfer integrals are comparatively

large. Accordingly, both materials have comparatively high hole mobilities of

10 cm2/V�1s�1 or higher at room temperature if measured in FET configuration

(see [158]). Podzorov et al. [159] measured a value of 30 cm2/V�1s�1 at 200 K. In

later work Zeis et al. [160] reported a maximal mobility of 13 cm2/V�1s�1 with

strong anisotropy. A decrease of m at lower temperatures is a signature of charge

carrier trapping. Applying a hot wall deposition method, a hole mobility of only

2.4 cm2/V�1s�1 in rubrene has been measured. Obviously sample preparation and

purification have a profound effect on the crystal properties, particularly if the

sample is polycrystalline instead of single crystalline [161]. For pentacene, an

extrapolated value as high as 50 cm2/V�1s�1 for the in-plane mobility has been

inferred from space-charge-limited current measurements performed in surface

configuration [162]. A high hole mobility is consistent with a valence bandwidth

along the 100 direction of 240 meV at 120 K and 190 meV at 295 K determined

from photoemission spectroscopy [163] and with DFT calculations for the charge

transfer integral that yield values of 70–75 meV [10]. However, the way the sample

is prepared has a major effect on the mobility. This is illustrated by the work of

Minarin et al. [164]. These authors measured the hole mobility in a single-grain

pentacene FET within a temperature range between 300 K and 5.8 K and found a

room temperature mobility of about 1 cm2/V�1s�1 and weakly activated transport

below with an activation energy of 4.6 meV. In a polycrystalline sample the room

temperature mobility is about 0.3 cm2/V�1s�1 and the activation energy is 55 meV.

Obviously, grain boundaries act as charge carrier traps [165, 166].

In an attempt to combine band-like charge carrier motion realized in an –

inevitably fragile – crystalline FET structure with structural robustness and flexi-

bility, Sakanoue and Sirringhaus [167] prepared FETs using spin coated films of

6,13-bis(triisopropylsilylethynyl)(TIPS)-pentacene films in contact with a

perfluorinated, low dielectric-constant polymer gate electrode. The (linear) hole

mobility at room temperature is 0.8 cm2/V�1s�1 with tendency of an apparent

“band-like” negative temperature coefficient of the mobility (dm/dT < 0).
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The authors use optical spectroscopy of gate-induced charge carriers to show that,

at low temperature and small lateral electric field, charges become localized onto

individual molecules in shallow trap states, but that at moderate temperatures an

electric field is able to detrap them, resulting in transport that is not temperature-

activated. This work demonstrates that transport in such systems can be interpreted

in terms of classical semiconductor physics and there is no need to invoke one-

dimensional Luttinger liquid physics [168].

6 Charge Injection

6.1 Mechanism of Charge Carrier Injection

In most cases, injection from the electrodes is the process by which charge carriers

are generated in OLEDs and FETs. Usually it is limited by an energy barrier

between the Fermi-level of the electrode and the transport levels of the dielectric.

In conventional crystalline inorganic semiconductors, the relevant processes are

either Richardson–Schottky emission or Fowler–Nordheim tunneling (see Fig. 24).

The former process implies that a thermally excited electron from the Fermi

level travels across the maximum of the electrostatic potential modified by the

coulomb potential of the image charge and the applied electric field without being

scattered. It gives rise to an Arrhenius-type of temperature dependence ( ln j / T),
and a Poole–Frenkel-type of field dependence, i.e., ln j / ffiffiffi

F
p

. In the classic

Fowler–Nordheim case, one ignores the image potential and one assumes that an

electron at the Fermi level of the metal tunnels through a triangular potential barrier

set by the interfacial energy barrier and the applied potential. For both mechanisms,

the crucial condition is that there is strong electronic coupling among the

constituting lattice elements that leads to wide valence and conduction bands.

This implies that the scattering length of charge carriers is much larger than the

interatomic separation. In organic solids this condition is violated because elec-

tronic coupling between molecules is of van der Waals type and thus weak.

Accordingly, transport is incoherent and of the hopping type. Therefore, the

condition of collision-free charge injection across the maximum of the electrostatic

potential, implied by Schottky theory, is violated. An experimental signature of

this failure of the classic injection models is that the temperature dependence of the

injection current is (1) weaker than expected based upon the estimated energy

barriers and (2) sub-linear on an Arrhenius scale. This excludes a classic

Richardson–Schottky emission process, yet this also eliminates Fowler–Nordheim

tunneling as a mechanism since these observations hold even within a field range at

which tunneling has got to be inefficient. Thus, theoretical reasoning and experi-

mental observation imply that the classical inorganic semiconductor mechanisms

for charge injection do not apply. Therefore, alternative, more suited approaches

are needed.
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Based upon simulation [169] and analytical theory [170] a model has meanwhile

been developed that takes into account (1) the existence of the image charge at the

electrode, (2) the hopping-type of charge transport, and (3) the presence of disorder

existing in a non-crystalline system. The underlying idea, originally introduced by

Gartstein and Conwell [171], is that a thermally activated jump raises an electron

from the Fermi level of the electrode to a tail state of the density of states

distribution of transport sites of the dielectric medium subject to the condition
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that this site has at least one hopping neighbor at equal or even lower energy. It is

fulfilled by optimizing a transport parameter with regard to both jump distance and

jump energy. This condition ensures that the primarily injected carrier can continue

its motion away from the interface rather than recombine with its image charge in

the electrode. Subsequently, the carrier is considered to execute a diffusive random

walk in the combined coulomb potential of the image charge and the externally

applied potential, and this is described by using a one-dimensional Onsager’s

theory. Simulation and analytical theory for injection barriers ranging from 0.2 to

0.7 eV and for temperatures between 300 and 200 K are mutually consistent.

Apparently, the neglect of the stochastic nature of the carrier motion in the vicinity

of the electrode as well as the neglect of disorder on the one-dimensional Onsager-

type escape process is uncritical in the considered parameter regime. The field

dependence of the injection efficiency follows a Poole–Frenkel-type law and bears

out a sub-linear temperature dependence on an Arrhenius scale with a mean

activation energy that is significantly lower than one might suspect based upon

the literature values of the work-function of the electrode and the electron affinity/

ionization energy of the dielectric. The qualitative explanation of this ubiquitously

observed phenomenon [172] is the following. Upon lowering the temperature, the

transport energy, and therefore also the critical site energy from which a charge

carrier can start its diffusive motion within the DOS distribution, decreases. Con-

sequently the activation energy needed for injection is not constant but decreases

with decreasing temperature.

A textbook example for the successful application of the model of Arkhipov

et al. is the work of van Woudenbergh et al. [173]. More recently, Agrawal et al.

[106] compared injection limited currents and space-charge-limited currents in a

copper-phthalocyanine sandwich cell with ITO and Al electrodes. An analysis of

experimental data yields consistent values for the width of the DOS distribution as

well as for inter-site separation [174]. These studies support the model of thermally

activated injection into a Gaussian DOS distribution of hopping sites and confirm

the notion that disorder facilitates injection because it lowers the injection barrier,

although the transport velocity decreases with increasing disorder.

In 2000, A. Burin and M. Ratner [175] presented an injection model based upon

the idea that injection and transport occur through one-dimensional straight paths,

effectively lowering the injection barrier. Meanwhile, van der Holst et al. [127]

developed a three-dimensional master equation model that includes the disorder in

the transport and avoids the shortcomings of the one-dimensional model, in which

carrier blockade events can be crucial (Fig. 25). It is fair to say, though, that for

devices operating close to room temperature, the simpler treatment of Arkhipov

et al. is sufficient. It is worth pointing out, however, that all these treatments rely on

the notion that the initial injection event is largely controlled by the existence of tail

states of the DOS at the interface and that it is defined by an energy vs hopping

range optimization procedure. Since in a bulk system the low energy sites are

spatially fixed, the injection process is NOT spatially homogeneous, but filamentary

as pointed out by van der Holst et al.
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The magnitude of the injection barrier is open to conjecture. Meanwhile there is

consensus that energy barriers can deviate significantly from the values estimated

from vacuum values of the work-function of the electrode and from the center of the

hole and electron transporting states, respectively. The reason is related to the

possible formation of interfacial dipole layers that are specific for the kind of

material. Photoelectron spectroscopy indicates that injection barriers can differ by

more than 1 eV from values that assume vacuum level alignment [176, 177].

Photoemission studies can also delineate band bending close to the interface [178].

An example of the difficulties encountered when trying to fabricate an ohmic

electrode, able to sustain a space-charge-limited current, is the recent work of the

Neher group [179]. The authors deposited barium as an electron injection cathode

on top of an electron transporting polymer based on a naphthalene diimide core

whose LUMO is as low as �4 eV below vacuum level. Although the Fermi level of

barium should be above the LUMO of the polymer, the electron current is,

Fig. 25 Comparison of the predictions of various models for current injection from a metal

electrode into a hopping system featuring a Gaussian DOS of variance s ¼ 75 meV as a function

of the electric field at different temperatures. The 1D continuum and the 3D master equation model

have been developed by van der Holst et al. [127]. The calculations based upon the Burin-Ratner

and the Arkhipov et al. models are taken from [175] and [170] respectively. Parameters are the

sample length L, the intersite separation a and the injection barrierD. From [127] with permission.

Copyright (2009) by the American Institute of Physics
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unexpectedly, contact-limited rather than space-charge-limited. It appears that

evaporation of reactive metals onto layers of conjugated polymers introduces

injection barriers through the formation of oxides and chemical defects. While

this effect can be masked by the low bulk currents in the majority of n-type

polymers with low electron mobilities, it is important in the case of this naphthalene

diimide polymer that has an unusually high electron mobility of 3.5 � 10�3 cm2/

V�1s�1 at 295 K.

6.2 Ohmic Injection

At low injection barriers the surface charge injected into a layer next to the

electrode can become comparable with the capacitor charge. If this condition is

met at arbitrary applied voltage, such a contact serves as an “ohmic” electrode from

which charge injection occurs. In this case the current is solely determined

by transport within the bulk of the dielectric rather than by the injection process,

i.e., by the charge carrier mobility, and it is considered to be space-charge-limited

(SCL). Establishment of this condition depends on both the magnitude of the

injection barrier and the charge carrier mobility. For typical OLED parameters,

the critical energy barrier is about 0.3 eV [180, 181]. Interfacial doping, for

instance by electron acceptors such as C60 [182, 183] and the more electronegative

tetrafluoronocyanoquinodimethane (F4-TCNQ) [184], can lower the injection bar-

rier. Another way to improve injection is to insert a thin interfacial layer, such as a

self-assembled monolayer [185]. The effect of such a layer can be due to interfacial

tunneling [186] or to changes of the sample morphology and/or the electronic

structure at the interface.

It is obvious that in an OLED efficient charge injection is crucial. A simple

estimate will illustrate this. Suppose that a concentration n of charge carriers

equivalent to the capacitor charge CV, where C is the capacitance per unit area

and V is the applied voltage, is distributed homogeneously within a dielectric layer

of thickness d. We find n ¼ ee0F
ed

. The bimolecular recombination time with a

counter charge is 1
ng , where g is the bimolecular recombination coefficient. Chemi-

cal kinetics predicts g ¼ 4p Rh iðDþ þ D�Þ, where Rh i is the mean distance at which

charges recombine, and D+ and D� are the diffusion constants of the charge

carriers. It is taken to be the coulomb capture radius Rh i ¼ e2

4pe0e kT
. Using the

Einstein ratio eD ¼ mkT between the sum of the diffusion coefficients D and the

sum of the mobilities m, one obtains 1
ng ¼ d

mF , i.e.,
1
ng is equal to the transit time of

the charge carrier. This shows that in an OLED the concentration of positive and

negative charges must at least be comparable to the capacitor charge in order to

ensure that charges recombine bimolecularly rather than wastefully at the

electrodes. A crucial test of this condition is to check whether or not the unipolar

current injected from a supposedly ohmic electrode obeys Childs’s law for SCL
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current flow, j ¼ 9

8
e e0m

F2

d
, i.e., at a given electric field the current must follow a

1/d dependence on sample thickness [106]. There should also be consistency

regarding the value of the mobility inferred from a ToF experiment performed

under weak injection conditions and the SCL current [187]. However, even if one

would expect an electrode to be ohmic based upon the estimate for the injection

barrier, ohmicity is not always granted. An example is the work on poly(9,

90-dioctyl-fluorenyl-2,7-diyl)-co-(4,40-N-(4-sec-butyl))diphenylamine (TBB) with

ITO/PEDOT:PSS serving as a hole injecting electrode. Due to appropriate synthesis

and purification procedures, the mobility can be raised to 10�2 cm2/V�1s�1.

Unexpectedly, the hole current is not space-charge-limited, most likely because

the sheet resistance of the ITO/PEDOT:PSS electrode can become the limiting

parameter relative to the bulk resistance if the mobility is high [188]. Obviously the

design of an ohmic electrode with low sheet resistance, able to sustain a large SCL

current, is still a challenge.

7 Summary and Conclusions

In this chapter we have tried to summarize the current understanding of charge

transport in organic semiconductors. It includes a brief description of the methods

to measure charge transport, an overview of pertinent experimental results, and

an outline of theoretical concepts. These conceptual frameworks had been devel-

oped in the course of a most fruitful interaction between theoreticians and

experimentalists. This scientific progress can also be expected to bring about

technological advances. For example, in the beginning of electrophotography it

was not at all clear whether or not an organic material like a polymer could ever

replace inorganic photoreceptors such as selenium and arsenic selenide due to the

omnipresent charge carrier trapping in the organic material. Polymers can never be

purified up to the level attained in silicon or selenium. However, it was the intuition

of organic chemists and electrochemists who realized that one can overcome the

problem of charge carrier trapping in an organic photoreceptor used in xerography

by using a transport material with low oxidation potential, so that most impurities

are inactive. Nowadays, photocopying machines with organic semiconductors are

present in virtually every office worldwide.

In a similar way, the role of disorder, that inevitably is present in a polymer or a

molecularly doped polymer, can now be quantified due to the significant advances

in our theoretical understanding that have been outlined in this chapter. Ultimately,

this will allow for the design of transport materials with sufficiently large carrier

mobilities. Until we arrive there, however, it is worth recalling what we do

understand and which challenges remain. Today, we have a reasonably well-

founded understanding of the macroscopic, i.e., ensemble-averaged process of

charge transport in disordered organic solids. This applies to single-component
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materials as well as to multi-component materials such as doped organic

semiconductors. The corresponding models were presented in Sects. 3 and 4.

However, our understanding on the microscopic scale, in particular on very short

time scales and over very short distances, is still incomplete. The present advances

towards understanding this regime have been outlined in Sect. 5. These short-scale,

short-range processes are of particular importance to solar cells.

It is a generally accepted notion that the most efficient organic cells utilize

donor-acceptor blends forming internal heterojunctions as active materials. In

these cells the primary step is the absorption of a photon in (usually) the donor

phase. The generated exciton diffuses towards the internal interface and transfers

an electron to the acceptor, thus forming an electron-hole pair (synonymously

called a charge transfer (CT) state or geminate pair). The pair has to dissociate and

both electron and hole must drift under the action of the built-in potential and be

collected at the electrodes without suffering further geminate and non-geminate

recombination. Meanwhile there is consensus that the crucial step is the escape of

the electron-hole pair from its mutual coulomb potential. It is an open question,

though, why in efficient organic cells the geminate recombination of the initially

generated pair is greatly reduced. (1) Is there a disorder related blockade of the

non-radiative decay of the pair [61], (2) is the formation of the geminate pair an

ultra-fast process during which the carriers move in a high mobility state (see

Sect. 5) so that the initially generated pair is only loosely bound, (3) is there a

shielding of the coulomb potential due to dark dipoles existing at their internal

interface [189], (4) is the dissociation process disorder assisted [190–192], and (5)

does the conjugation length of the donor or acceptor play a role [193]? At the

moment there are no unique answers to these questions and there is likely to

continue to be no unique answers because polymers and small molecule devices

should behave differently. It is highly probable, however, that microscopic charge

transport, controlled by morphology, plays a crucial role, and current research

points this way [194–197].

The progress reported here has been achieved through simultaneous advances in

theoretical methodology and experimental techniques and, importantly, through

good scientific communication between theoretically and experimentally-minded

physicists and chemists. Our experimental abilities as well as computing powers

and theoretical methodologies are constantly expanding. Optical experiments can

be conducted in the femtosecond range, techniques such as the use of terahertz

spectroscopy allow for the probing of carrier mobility at ultrafast time scales, and

sophisticated computer simulations can be based on realistic models of the organic

film morphology. It will be interesting to see which concepts will have been

established in the future concerning charge transport on short time scales and

distances, and to which advanced optoelectronic applications our established

knowledge on macroscopic carrier transport has led us from its simple beginnings

in the photocopying process.

56 H. B€assler and A. K€ohler



References

1. Borsenberger PM, Weiss DS (1998) Organic photoreceptors for xerography. Marcel Dekker,

New York

2. Friend RH, Gymer RW, Holmes AB, Burroughes JH, Marks RN, Taliani C, Bradley DDC,

Dos Santos DA, Bredas JL, Logdlund M, Salaneck WR (1999) Electroluminescence in

conjugated polymers. Nature 397:121

3. Forrest SR (2004) The path to ubiquitous and low-cost organic electronic appliances on

plastic. Nature 428:911

4. All Articles in (2007) Special issue on organic electronics and optoelectronics. Chem Rev

107:923

5. M€ullen K, Scherf U (2006) Organic light emitting devices: synthesis, properties and

applications. Wiley-VCH, Weinheim

6. Yersin H (2007) Highly efficient OLEDs with phosphorescent materials. Wiley-VCH,

Weinheim

7. Hertel D, B€assler H (2008) Photoconduction in amorphous organic solids. Chemphyschem

9:666

8. Chang EK, Rohlfing M, Louie SG (2000) Excitons and optical properties of alpha-quartz.

Phys Rev Lett 85:2613

9. Kador L (1991) Stochastic-theory of inhomogeneous spectroscopic line-shapes

reinvestigated. J Chem Phys 95:5574

10. Coropceanu V, Cornil J, da Silva DA, Olivier Y, Silbey R, Bredas JL (2007) Charge transport

in organic semiconductors. Chem Rev 107:926

11. Warta W, Stehle R, Karl N (1985) Ultrapure, high mobility organic photoconductors.

Appl Phys A 36:163

12. Karl N (2000) In: Madelung O, Schulz M, Weiss H (eds) Semiconductors (Landolt-

Boernstein (New Series), Group III). Springer, Heidelberg, p 106

13. Karl N (2001) In: Farchioni R, Grosso G (eds) Organic electronic materials. Springer-Verlag,

Berlin

14. Schwoerer M, Wolf HC (2007) Organic molecular solids. Wiley-VCH, Weinheim

15. Schott M (2006) In: Lanzani G (ed) Photophysics of molecular materials: from single

molecules to single crystals. Wiley-VCH, Weinheim, p 49

16. Collini E, Scholes RD (2009) Coherent intrachain energy migration in a conjugated polymer

at room temperature. Science 323:369

17. Barford W, Trembath D (2009) Exciton localization in polymers with static disorder.

Phys Rev B 80:165418

18. Hoffmann ST, B€assler H, K€ohler A (2010) What determines inhomogeneous broadening

of electronic transitions in conjugated polymers. J Phys Chem B 114:17037

19. B€assler H (1985) In: Bloor D, Chance RR (eds) Polydiacetylenes. Martinus Nijhof,

Dordrecht, The Netherlands, p 135

20. Blum T, B€assler H (1988) Reinvestigation of generation and transport of charge-carriers

in crystalline polydiacetylenes. Chem Phys 123:431

21. Su WP, Schrieffer JR, Heeger AJ (1979) Solitons in polyacetylene. Phys Rev Lett 42:1698

22. Heeger AJ, Kivelson S, Schrieffer JR, Su WP (1988) Solitons in conducting polymers.

Rev Mod Phys 60:781

23. Fesser K, Bishop AR, Campbell DK (1983) Optical-absorption from polarons in a model

of polyacetylene. Phys Rev B 27:4804

24. Sariciftci NS (1997) Primary photoexcitations in conjugated polymers: molecular exciton

versus semiconductor band model. Word Scientific, Singapore

25. Longuet-Higgins HC, Salem L (1959) The alternation of bond lengths in long conjugated

chain molecules. Proc Royal Soc London A 251:172

Charge Transport in Organic Semiconductors 57



26. Salaneck WR, Staftstr€om S, Bredas J-L (1996) Conjugated polymer surfaces and interfaces.

Electronic and chemical structure of interfaces for polymer light emitting devices. Cambridge

University Press, Cambridge

27. Weiser G (1992) Stark-effect of one-dimensional Wannier excitons in polydiacetylene

single-crystals. Phys Rev B 45:14076

28. Van der Horst JW, Bobbert PA, Michels MAJ, B€assler H (2001) Calculation of excitonic

properties of conjugated polymers using the Bethe–Salpeter equation. J Chem Phys 114:6950

29. Albrecht U, B€assler H (1995) Efficiency of charge recombination in organic light-emitting-

diodes. Chem Phys 199:207

30. Kohler BE, Woehl JC (1995) A simple-model for conjugation lengths in long polyene chains.

J Chem Phys 103:6253

31. Romanovskii YV, Gerhard A, Schweitzer B, Personov RI, B€assler H (1999) Delayed

luminescence of the ladder-type methyl-poly(para-phenylene). Chem Phys 249:29

32. Monkman AP, Burrows HD, Hamblett I, Navaratnam S, Scherf U, Schmitt C (2000)

The triplet state of the ladder-type methyl-poly(p-phenylene) as seen by pulse radiolysis-

energy transfer. Chem Phys Lett 327:111

33. Hertel D, Setayesh S, Nothofer HG, Scherf U, M€ullen K, B€assler H (2001) Phosphorescence

in conjugated poly(para-phenylene)-derivatives. Adv Mater 13:65

34. K€ohler A, Wilson JS, Friend RH, Al-Suti MK, Khan MS, Gerhard A, B€assler H (2002)

The singlet-triplet energy gap in organic and Pt-containing phenylene ethynylene polymers

and monomers. J Chem Phys 116:9457

35. K€ohler A, Beljonne D (2004) The singlet-triplet exchange energy in conjugated polymers.

Adv Funct Mater 14:11

36. Hertel D, B€assler H, Scherf U, H€orhold HH (1999) Charge carrier transport in conjugated

polymers. J Chem Phys 110:9214

37. Deussen M, B€assler H (1993) Anion and cation absorption-spectra of conjugated oligomers

and polymer. Synth Met 54:49

38. B€auerle P, Segelbacher U, Maier A, Mehring M (1993) Electronic-structure of monomeric

and dimeric cation radicals in end-capped oligothiophenes. J Am Chem Soc 115:10217

39. N€oll G, Lambert C, Lynch M, Porsch M, Daub J (2008) Electronic structure and properties of

poly- and oligoazulenes. J Phys Chem C 112:2156

40. Osterholm A, Petr A, Kvarnstrm C, Ivaska A, Dunsch L (2008) The nature of the charge

carriers in polyazulene as studied by in situ electron spin resonance�UV�visible�near-

infrared spectroscopy. J Phys Chem B 112:14149

41. van Haare JAEH, Havinga EE, van Dongen JLJ, Janssen RAJ, Cornil J, Bredas JL (1998)

Redox states of long oligothiophenes: two polarons on a single chain. Chem Eur J 4:1509

42. Kadashchuk A, Arkhipov VI, Kim C-H, Shinar J, Lee D-W, Hong Y-R, Jin J-I, Heremans P,

B€assler H (2007) Localized trions in conjugated polymers. Phys Rev B 76:235205

43. Furukawa Y (1996) Electronic absorption and vibrational spectroscopies of conjugated

conducting polymers. J Phys Chem 100:15644

44. Sakamoto A, Nakamura O, Tasumi M (2008) Picosecond time-resolved polarized infrared

spectroscopic study of photoexcited states and their dynamics in oriented poly(p-phenylene-

vinylene). J Phys Chem B 112:16437

45. Pope M, Swenberg CE (1999) Electronic processes in organic crystals and polymers. Oxford

University Press, Oxford

46. Arkhipov VI, Fishchuk II, Kadashchuk A, B€assler H (2007) In: Hadziioannou G, Malliaras

GG (eds) Semiconducting polymers: chemistry, physics, engineering, vol 1. Wiley-VCH,

Weinheim

47. Borsenberger PM, Pautmeier L, B€assler H (1991) Hole transport in bis(4-N, N-diethylamino-

2-methylphenyl)-4-methylphenylmethane. J Chem Phys 95:1258

48. Markham JPJ, Anthopoulos TD, Samuel IDW, Richards GJ, Burn PL, Im C, B€assler H (2002)

Nondispersive hole transport in a spin-coated dendrimer film measured by the charge-

generation-layer time-of-flight method. Appl Phys Lett 81:3266

58 H. B€assler and A. K€ohler



49. Gambino S, Samuel IDW, Barcena H, Burn PL (2008) Electric field and temperature

dependence of the hole mobility in a bis-fluorene cored dendrimer. Org Electron 9:220

50. Klenkler RA, Xu G, Aziz H, Popovic ZD (2006) Charge-carrier mobility in an organic

semiconductor thin film measured by photoinduced electroluminescence. Appl Phys Lett

88:242101

51. Bange S, Kuksov A, Neher D (2007) Sensing electron transport in a blue-emitting copolymer

by transient electroluminescence. Appl Phys Lett 91:143516

52. Juska G, Arlauskas K, Viliunas M, Kocka J (2000) Extraction current transients: new method

of study of charge transport in microcrystalline silicon. Phys Rev Lett 84:4946

53. Bange S, Schubert M, Neher D (2010) Charge mobility determination by current extraction

under linear increasing voltages: case of nonequilibrium charges and field-dependent

mobilities. Phys Rev B 81:035209

54. B€assler H (1993) Charge transport in disordered organic photoconductors – a Monte-Carlo

simulation study. Phys Status Solidi B 175:15

55. Miller A, Abrahams E (1960) Impurity conduction at low concentrations. Phys Rev 120:745

56. Arkhipov VI, Emelianova EV, Adriaenssens GJ (2001) Effective transport energy versus the

energy of most probable jumps in disordered hopping systems. Phys Rev B 6412:125125

57. Pautmeier L, Richert R, B€assler H (1991) Anomalous time-independent diffusion of charge-

carriers in a random potential under a bias field. Phil Mag B 63:587

58. Richert R, Pautmeier L, B€assler H (1989) Diffusion and drift of charge-carriers in a random

potential – deviation from Einstein law. Phys Rev Lett 63:547

59. Roichman Y, Tessler N (2002) Generalized Einstein relation for disordered semiconductors –

implications for device performance. Appl Phys Lett 80:1948

60. Tal O, Epstein I, Snir O, Roichman Y, Ganot Y, Chan CK, Kahn A, Tessler N, Rosenwaks Y

(2008) Measurements of the Einstein relation in doped and undoped molecular thin films.

Phys Rev B 77:201201

61. Tessler N, Preezant Y, Rappaport N, Roichman Y (2009) Charge transport in disordered

organic materials and its relevance to thin-film devices: a tutorial review. Adv Mater 21:2741

62. Borsenberger PM, Pautmeier LT, B€assler H (1993) Scaling behavior of nondispersive charge-

transport in disordered molecular-solids. Phys Rev B 48:3066

63. Fishchuk II, Kadashchuk A, B€assler H, Abkowitz M (2004) Low-field charge-carrier hopping

transport in energetically and positionally disordered organic materials. Phys Rev B

70:245212

64. Movaghar B, Gr€unewald M, Ries B, B€assler H, Wurtz D (1986) Diffusion and relaxation of

energy in disordered organic and inorganic materials. Phys Rev B 33:5545

65. Gartstein YN, Conwell EM (1994) High-field hopping mobility of polarons in disordered

molecular-solids – a Monte-Carlo study. Chem Phys Lett 217:41

66. Dunlap DH, Parris PE, Kenkre VM (1996) Charge-dipole model for the universal field

dependence of mobilities in molecularly doped polymers. Phys Rev Lett 77:542

67. Cordes H, Baranovskii SD, Kohary K, Thomas P, Yamasaki S, Hensel F, Wendorff JH (2001)

One-dimensional hopping transport in disordered organic solids. I. Analytic calculations.

Phys Rev B 63:094201

68. Hirao A, Nishizawa H, Sugiuchi M (1995) Diffusion and drift of charge carriers in molecu-

larly doped polymers. Phys Rev Lett 75:1787

69. Schein LB, Glatz D, Scott JC (1990) Observation of the transition from adiabatic to

nonadiabatic small polaron hopping in a molecularly doped polymer. Phys Rev Lett 65:472

70. Fishchuk II, Kadashchuk A, B€assler H, Nespurek S (2003) Nondispersive polaron transport in

disordered organic solids. Phys Rev B 67:224303

71. Parris PE, Kenkre VM, Dunlap DH (2001) Nature of charge carriers in disordered molecular

solids: are polarons compatible with observations? Phys Rev Lett 87:126601

72. Schein LB, Tyutnev A (2008) The contribution of energetic disorder to charge transport in

molecularly doped polymers. J Phys Chem C 112:7295

Charge Transport in Organic Semiconductors 59



73. Borsenberger PM, B€assler H (1991) Concerning the role of dipolar disorder on charge

transport in molecularly doped polymers. J Chem Phys 95:5327

74. Scher H, Montroll EW (1975) Anomalous transit-time dispersion in amorphous solids.

Phys Rev B 12:2455

75. Arkhipov VI, Iovu MS, Rudenko AI, Shutov SD (1979) Analysis of the dispersive charge

transport in vitreous 0.55 As2S3-0.45 Sb2S3. Physica Status Solidi (a) 54:67

76. Martens HCF, Blom PWM, Schoo HFM (2000) Comparative study of hole transport in

poly(p-phenylene vinylene) derivatives. Phys Rev B 61:7489

77. Young RH (1994) Trap-free space-charge-limited current – analytical solution for an arbitrary

mobility law. Phil Mag Lett 70:331

78. Abkowitz M, Pai DM (1986) Comparison of the drift mobility measured under transient and

steady-state conditions in a prototypical hopping system. Phil Mag B 53:193

79. Young RH (1994) A law of corresponding states for hopping transport in disordered

materials. Phil Mag B 69:577

80. Laquai F, Wegner G, Im C, B€assler H, Heun S (2006) Nondispersive hole transport in

carbazole- and anthracene-containing polyspirobifluorene copolymers studied by the

charge-generation layer time-of-flight technique. J Appl Phys 99:033710

81. Laquai F, Wegner G, Im C, B€assler H, Heun S (2006) Comparative study of hole transport in

polyspirobifluorene polymers measured by the charge-generation layer time-of-flight tech-

nique. J Appl Phys 99:023712

82. Bao Z, Dodabalapur A, Lovinger AJ (1996) Soluble and processable regioregular poly

(3-hexylthiophene) for thin film field-effect transistor applications with high mobility.

Appl Phys Lett 69:4108

83. Sirringhaus H, Brown PJ, Friend RH, Nielsen MM, Bechgaard K, Langeveld-Voss BMW,

Spiering AJH, Janssen RAJ, Meijer EW, Herwig P, de Leeuw DM (1999) Two-dimensional

charge transport in self-organized, high-mobility conjugated polymers. Nature 401:685

84. Brown PJ, Sirringhaus H, Harrison M, ShkunovM, Friend RH (2001) Optical spectroscopy of

field-induced charge in self-organized high mobility poly(3-hexylthiophene). Phys Rev B

63:125204

85. Brown PJ, Thomas DS, K€ohler A, Wilson JS, Kim J-S, Ramsdale CM, Sirringhaus H,

Friend RH (2003) Effect of interchain interactions on the absorption and emission of poly

(3-hexylthiophene). Phys Rev B 67:064203

86. Khan RUA, Poplavskyy D, Kreouzis T, Bradley DDC (2007) Hole mobility within

arylamine-containing polyfluorene copolymers: a time-of-flight transient-photocurrent

study. Phys Rev B 75:035215

87. Kreouzis T, Poplavskyy D, Tuladhar SM, Campoy-Quiles M, Nelson J, Campbell AJ,

Bradley DDC (2006) Temperature and field dependence of hole mobility in poly

(9,9-dioctylfluorene). Phys Rev B 73:235201

88. Scherf U, List EJW (2002) Semiconducting polyfluorenes – towards reliable structure–-

property relationships. Adv Mater 14:477

89. Khan ALT, Sreearunothai P, Herz LM, Banach MJ, K€ohler A (2004) Morphology-dependent

energy transfer within polyfluorene thin films. Phys Rev B 69:085201

90. Van Mensfoort SLM, Vulto SIE, Janssen RAJ, Coehoorn R (2008) Hole transport in

polyfluorene-based sandwich-type devices: quantitative analysis of the role of energetic

disorder. Phys Rev B 78:085208
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Abstract We review the development of conductive organic molecular assemblies

including organic metals, superconductors, single component conductors, conductive

films, conductors with a switching function, and new spin state (quantum spin liquid

state). We emphasize the importance of the ionicity phase diagram for a variety of

charge transfer systems to provide a strategy for the development of functional
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1 Introduction

In this review we introduce the present status of conducting organic assemblies

including single component conductors, organic metals and superconductors of the

charge transfer type, exotic conductors having switching function, and new spin

state (quantum spin liquid state) that neighbors a superconducting phase, with

a focus on our achievements. We also briefly describe metallic and superconducting

polymers. Ionic conduction, including proton conduction, is one of the essential

transport phenomena in organic materials and has already been extensively

reviewed [1] and therefore will not be discussed further in the present review.

2 Single Component Conductors

Since the discovery of the first metallic charge transfer (CT) solid, TTF�TCNQ
(Scheme 1) by Ferraris, Cowan, et al. in 1973 [2], much attention has been devoted

to organic (super)conductors by studies of several component CT solids based on

TTF and TCNQ derivatives [3–18]. Besides numerous studies on multicomponent

CT solids, several single-component organic conductors have been demonstrated

based on (1) closed shell organic solids under high pressure [19–23] and those

having peripheral chalcogen atoms [24, 25] or long alkyl chain (fastener effect)

[26–29] functionalized TTF derivatives (Scheme 2), (2) organic neutral p-radicals
(Scheme 3) [30–37], (3) betainic (zwitterionic) radicals of TCNQ [38–40] and TTF

derivatives [41–45] (Scheme 4), and (4) transition metal complexes of phthalocya-

nine (Pc) [46, 47] and TTF-dithiolate [48, 49] ligands (Scheme 5). Among them,

metallic behavior has been reported on three kinds of materials: closed shell organic

solids under extremely high pressure [19–23], transition metal complexes of

S

S

S

S

TTF

CN

CNNC

NC

TCNQ
Scheme 1 Chemical

structures of TTF and TCNQ
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Scheme 3 Chemical structures of neutral p-radical and biradical molecules of organic conductors

Scheme 4 Chemical structures of betainic p-radical molecules of organic conductors

Scheme 5 Chemical structures of transition metal complexes of organic conductors

Scheme 2 Chemical structures of closed shell molecules of organic conductors

Frontiers of Organic Conductors and Superconductors 69



phthalocyanines [46], and transition metal complexes of TTF-dithiolate ligands

[48, 49]. Superconductivity was observed in closed shell organic solids under high

pressure [20, 21, 23].

2.1 Closed Shell Neutral Solids

Even though pentacene is known to be the first organic metal (semimetal) showing

a decrease of resistivity down to ca. 200 K at 21.3 GPa [19], no superconductivity

has been reported so far for solids composed only of aromatic hydrocarbons.

Though Sch€on et al. reported superconductivity on polyacenes (anthracene,

tetracene, and pentacene) in field effect transistor (FET) devices at low temperatures

(Tc < 4 K), the paper was retracted [50]. Electric conductivity increases by the

enhancement of intermolecular interactions by appropriate use of hetero-atomic

contacts [24, 25, 51–56] to exert an atomic-wire effect and by peripheral addition

of alkyl or alkylchalcogen groups [26–29, 53, 56, 57] to exert a fastener effect. The

atomic-wire effect [51, 56] or fastener effect [26] afforded conduction paths in the

solids, giving rise to high-mobility materials [24, 25, 29, 51, 55–59]. Table 1

summarizes selected conductors of closed shell molecules. However, so far at

ambient pressure, the conductivity has only reached ~10–3 S cm–1 (bis(thiadia-

zolo)quino-TTF (BTQBT) and 4). There are two single-component super-

conductors under extremely high pressure, p-iodanil (sRT ¼ 1 � 10–12 S cm–1

Table 1 Selected organic conductors of closed shell molecules

Molecule sRT/S cm�1 at ambient

pressure (AP)a
Characteristicsb Reference

TTC10–TTF 2.7 � 10–6 Fastener effect,

m ¼ 9–20 cm2 V–1 s–1

(time of flight)

[28, 29]

TTeC1–TTE 1.4 � 10–5 Hetero-atomic contacts,

m ¼ 19�29 cm2 V–1 s–1

(time of flight)

[51]

1 2 � 10–5 Hetero-atomic contacts,

m ¼ 6 � 10�4 cm2 V–1 s–1
[52]

2 1.7 � 10–4 Fastener effect [53]

3 2.7 � 10–4 Hetero-atomic contacts [54]

DT–TTF 6 � 10–4 Hetero-atomic contacts,

m ¼ 1.4 cm2 V–1 s–1 (FET)

[55]

BTQBT 1 � 10–3 Hetero-atomic contacts,

m ¼ 0.2 cm2 V–1 s–1 (FET)

[24, 25]

4 2.5 � 10–3 Fastener effect [57]

p-Iodanil 1 � 10–12 at AP ! 2 � 10 at

25 GPa, Tc ¼ ca. 2 K at 52

GPa

Hetero-atomic contacts [20]

Hexaiodobenzene Tc ¼ 0.6 � 0.7 K at ca. 33

GPa, Tc ¼ ca. 2.3 K at 58

GPa

Hetero-atomic contacts [21]

asRT electric conductivity at room temperature (RT)
bm mobility
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at ambient pressure, sRT ¼ 2 � 10 S cm–1 at 25 GPa, and superconductivity at

Tc ¼ ca. 2 K at 52 GPa), and hexaiodobenzene (Tc ¼ 0.6–0.7 K at around 33 GPa

and ca. 2.3 K at 58 GPa). Both have peripheral chalcogen atoms, iodine, which

may increase the electronic dimensionality of the solid under pressure.

2.2 Neutral p-Radical Solids

When the effective on-site Coulomb repulsive energy (Ueff) of the solid composed of

p-radical molecules is smaller than the bandwidth (W), then the solid becomes a half-

filled metal provided that the molecules stack uniformly without dimerization and can

be described by a band picture. So far, no such radical molecules have been prepared.

In order to decrease Ueff and stabilize radical molecules chemically, a push–pull

effect and an extension of the p-system have been implemented, though a large Ueff

and high reactivity (polymerization) are still crucial for the metallic transport. Table 2

summarizes selected organic conductors of neutral p-radical molecules.

2.3 Zwitterionic (Betainic) p-Radical Solids

A betainic structure is very effective in decreasing Ueff according to the LeBlanc’s

proposal for the TCNQ anion radical salt (eq. 1), where a is the molecular

polarizability of the cation and r is the distance between TCNQ anion radical and

a cation [67]:

Ueff ¼ ð1� a=r3ÞU: (1)

For a single component betaine, the cation moiety is connected or fused with the

anion moiety by chemical bond and this fusion is more appropriate to decrease r.
Pyrimido fused TTF betaines (11, 12, 14, and 15 in Scheme 4, r ¼ 4 – 5 Å) are

such examples compared with the single-bonded betaine (10, r > 10 Å). Table 3

summarizes selected organic conductors of betainic p-radical molecules. Very high

sRT values for 12, 14, and 15 even on compacted pellet sample have been ascribed

to strong intermolecular interactions through complementary hydrogen bonds (see

Sect. 3.4.3). A phenalenyl-based betainic radical 13 shares one radical electron

Table 2 Selected organic conductors of neutral p-radical molecules

Molecule sRT/S cm–1 at AP Characteristics Reference

5 No data, Mott insulator Push–pull effect, weak ferromagnet

(Tc ¼ 35.5 K at AP, Tc ¼ 64.5 K at 1.6 GPa)

[60–62]

6 5.7 � 10–6 Push–pull effect [63]

7 10–4 Dimer [30]

8 2 � 10–4 Extension of p-system, a-form: zigzag

chain, b-form: dimer

[64, 65]

9 <10–2 (polymerized) Extension of p-system, dimer [66]
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between two phenalenyl groups leading to +0.5 charge on each phenalenyl group

that may give rise to high mobility for the radical electron even for a large-U
system. This resembles the concept of mixed valence or partial charge.

2.4 Transition Metal Complex Solids

Some transition metal complexes are excellent conductors. Thin films of cyto-

chrome-c3, which contains four heme moieties coordinated by protein, exhibited

a high conductivity with mixed valence state (Fe2+/Fe3+) and showed an increase in

conductivity as the temperature was decreased (2 � 10–2 S cm–1 at 268 K) [68–70].

The temperature dependence of conductivity in the highly conductive region is the

opposite of that of semiconductors and may preclude the ionic conduction as

a dominant contribution. However, since the high conductivity is realized in the

presence of hydrogenase and hydrogen, the system is not strictly a single but rather

a multicomponent molecular solid.

Although numerous reports on highly conductive single component transition

metal compounds have appeared since 2000 (Table 4), the characterization of

some compounds is insufficient to claim being a metallic single molecular solid

because of issues of purity, measurement conditions, experimental information, etc.

Many transition metal complexes of phthalocyanines or TTF-dithiolate ligands

(Scheme 5) were insoluble in conventional solvents that rendered purification

very difficult and the residual impurity might act as dopant to form a CT solid.

Note that most authors stated that their material is the first single-component

metal or good conductor without mentioning preceding studies on pentacene,

p-iodanil, and [bis(benzoquinone dioximato)Pt(II): Pt(bqd)2] under pressure or

Tl2Pc at ambient pressure done before 2000.

Metallic behavior down to low temperatures was reported on a compacted pellet

of Tl2Pc [46] with very high conductivity of sRT ~ 104 S cm–1 (four-probe method

using indium lead wires). A specific three-dimensional crystal architecture of Tl2Pc

is anticipated to form a three-dimensional semimetallic band. However, the

Table 3 Selected organic conductors of betainic p-radical molecules

Molecule sRT/S cm–1 at AP Characteristics Reference

10a 3.2 � 10–5 Connected by single bond [38]

11a 5 � 10–4 Fused [42, 44, 45]

12
a 1.2 � 10–3 Fused [41, 43]

13
b 5 � 10–2 Fused, sharing one electron

by two phenalenyl groups

[31, 34]

14a 5 � 10–2 Fused [44, 45]

15a 1.4 � 10–1 Fused [44, 45]
aMeasured on compacted pellet
bMeasured on single crystal
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reproducibility of the transport properties and even of the synthesis of the molecule

is poor [79].

High conductivity for transition metal complexes of TTF-dithiolate ligands have

long been known, due to the mixing of p-d orbitals resulting in a small

HOMO–LUMO gap [80]. At present, 17 is the most reliable metal in this category

(sRT ¼ 4 � 102 S cm–1, metallic down to 0.6 K) based on its purity, temperature

dependencies of resistivity and magnetic susceptibility, and de Haas-van Alphen

(dHvA) oscillations [48, 75].

Compound 20 was reported to be the first highly conductive (14 S cm–1 on

compaction pellet sample) single-component molecular metal different from the

dithiolate-type; however, the conductivity was measured by a two-probe method

and no SQUID response was observed for 200 K > T > 5 K [78].

A metal complex Pt(bqd)2 exhibited an insulator–metal–semiconductor tran-

sition under pressure [72, 73]. A continuous color change was observed in bis

(diphenylglyoximato)Pt(II), Scheme 5 [81] under pressure and thus has been used

as a pressure indicator. For these cases it is not clear that p-d orbital mixing is

critical for the transport.

3 Organic Metals of Charge Transfer Type

3.1 Basic Concept for Organic Conductors

A metallic band structure is realized when the CT solids have a partial CT state and

molecules form uniform segregated columns or layers. Figure 1 shows electrical

conductivity data for 1:1 low-dimensional TTF�TCNQ system, as a function of

redox potentials [82]. The two lines a and b are related to the equation expressing

the relationship between ID, EA, and the Madelung energyM(d) (d ¼ degree of CT)

between partially charged component molecules (eq. 2) [83], where ID and EA are

Table 4 Selected transition metal complex solids claimed to be metal composed of single

component

Molecule sRT/S cm–1 at AP Characteristics Reference Year

Pt(bqd)2 3.3 � 10–3 at AP [71],

insulator–metal–semiconductor

under 1.7 GPa

[72, 73] 1989

Tl2Pc >104, metal >5 K Poor reproducibility [46] 1994

16 10–1, metal (300–275 K) Analytically pure [74] 1996

17 4 � 102, metal >0.6 K dHvA oscillations [48, 75] 2001

18 3 – 4 � 102, metal >230 K [76] 2001

19 8, metal >120 K Dysonian EPR signal,

no elemental analysis data

[77] 2003

20 14, metal Measured by two-probe

method, no SQUID signal

[78] 2003
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the ionization potential of an electron donor (D) and electron affinity of an electron

acceptor (A), respectively (Scheme 6). The mixed valence region (M) is located

between fully ionic (I) and neutral (N) regions. In the region M, the CT solids

are either highly conductive (yellow circles) or metallic (red circles) when they

have segregated stacks. The solids in the regions I and N are insulators (triangles),

in general.

ID � EA ¼ MðdÞ: (2)

So the partial CT state can be predicted and controlled by (ID � EA) or DE(DA) [DE
(DA) ¼ E1(D) � E1(A): E1, first redox potential; �0.02 V � DE(DA) � +0.34 V

for TTF�TCNQ system] for a combination of specific D and A, and the complex

D�A exhibits a low lying CT band below 5 � 103 cm–1.

Important Remarks:
1) Mixed valence state for low-dimensional CT solids

0.02 V E(DA)  +0.34 V, 0.5  < 1
2) Complex isomerization (bistable CT solids)

TMTSF TCNQ (24), TSF Et2TCNQ (25)
BEDT-TTF(ET) TCNQ (26)  ET two-dimensional conductor

3) Region I (  = 1) 
Mott insulator (21, 22), antiferromagnet, spin-Peierls,
FET channel, switching (memory) system

4) Region M (0.5  < 1)
metal (23, 27), electrode (for FET), transparent metal of BO 
complex, switching, capacitor

5) Region N (  < 0.5)
non-linear optics, FET channel, solar cell

Fig. 1 Ionicity diagram for TTF�TCNQ system plotted as E1(A) vs E1(D) vs SCE after modifica-

tion of the original diagram in [82]. Open triangles insulators or semiconductors; yellow circles
highly conducting in compaction studies; red circles organic metals. Donors and acceptors are

depicted in Scheme 6. Complexes 21–27 are HMTTF�F4TCNQ, HMTSF�F4TCNQ, TTF�TCNQ,
TMTSF�TCNQ, TSF�Et2TCNQ, ET�TCNQ, and DBTTF�Cl2TCNQ, respectively. E1(A) and

E1(D) in this figure are the peak values. Region N: neutral, M: partial CT, I: fully ionic. Line

a: DE(DA) ¼ �0.02 V, b: DE(DA) ¼ 0.34 V
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Scheme 6 Chemical structures of electron donor and acceptor molecules in Fig. 1

74 G. Saito and Y. Yoshida



Figure 2 shows the relationship between Fig. 1 and another kind of ionicity phase

diagram (V shaped line in Fig. 2b) proposed by Torrance for the neutral-ionic

(N�I) phase transition for the alternating stacks [84]. Figure 2a was made by

rotating Fig. 1 (E1(D) and E1(A) have the same scale here) so as to make the two

borderlines a and b vertical. Then all CT solids that lie on a horizontal line in

Fig. 2a have the same chemical potential (ID + EA ¼ constant). The organic metals

in the region M residing on several different horizontal lines in Fig. 2a were

employed as the source and drain electrodes to control the Fermi level alignment

Fig. 2 (a) The same figure as Fig. 1 except for the scale of E1(D or A). Organic metals on the blue
dotted line have the same chemical potential (Ip þ EA ¼ constant). (b) Schematic phase diagram

of ionicity, conductivity and stacking of DA CT solids. The first optical transition energy in solid

(hnCT) is plotted against the DE(DA) value. Left- and right-hand sides of the V-shaped line

correspond to hnNCT ¼ ID � EA � C (eq. 3) and hnICT ¼ �ID þ EA þ ð2a� 1ÞC (eq. 4) respec-

tively, where C and aC are the Coulomb attractive energy between D•+ and A•� and the Madelung

energy, respectively. IA ionic alternating, MA mixed valence alternating, NA neutral alternating,

NS neutral segregated, MS mixed valence segregated (MS-1: non 1:1 (minor component is fully

ionic),MS-2: 1:1 low-dimensional,M0S: 1:1 high-dimensional). An appropriate V-shaped line for

the p-quinone system was obtained by a parallel shift of the V-shaped line for the TCNQ system

towards the lower side by 0.13–0.16 V
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between electrodes and channel for FET, making the injection of carriers smooth

and giving varied polarity in FET behavior (see Sect. 3.4.1) [85].

In the neutral region near the bottom of the V-shaped line (region MA), an

enantiotropic phase transition system (N–I transition) is located [84]. The CT solids

that have hnCT bands below 5 � 103 cm�1 (horizontal green dotted line) belong to

a different class (region MS) that usually includes (super)conductors and narrow-

gap semiconductors having mixed valence segregated stacks or layers. The impor-

tant point here is that M0S is for high-dimensional 1:1 CT solids, which usually

extend their metallic regime toward lower d values (higher DE(DA) values), like the
HMTTeF [86] and BEDO-TTF (BO) [87] systems (Scheme 7), owing to their strong

self-aggregation ability (see Sect. 3.3). Even with d ¼ 1/3, some BO complexes

have segregated stacks and show metallic behavior. Figures 1 and 2 illustrate a

prediction on the modes of molecular stacking: alternating and segregated, and

information on the chemical potentials and other functionalities as described below.

3.2 Organic Metals and Related Functional Solids

Ionicity diagrams as depicted in Figs. 1 and 2 are clues to explore functional

conductors of CT type, such as molecular metals, Mott insulators, N–I systems,

complex isomers, and self-aggregated two-dimensional conductors (see comments

in Fig. 1 and [3]).

1. The fully ionic solids (region I) afforded band insulators, 1:1 Mott insulators

with ground states of antiferromagnets (E�b(21) and F�b(22) in Fig. 1) or spin-

Peierls systems, ferroelectrics, ferromagnets, spin-ladders, and nonlinear trans-

port materials (switching and memory).

2. The mixed valence solids (region M in Fig. 1a, and MA, MS-1, MS-2 and M0S
in Fig. 2b) afforded (super)conductors and the following various kinds of

insulators: (1) a (nearly) uniform segregated stack having spin density wave

(SDW), and anion or charge ordered (¼charge disproportionation) state, (2)

a non-uniform segregated stack showing Peierls-type distortion, spin-Peierls

distortion, and dimer-type Mott insulators including antiferromagnets, quantum

spin liquid and spin-ladders, and (3) an alternating stack including N–I systems,

ferroelectrics, and highly conductive semiconductors. There are hybrids from

the combination of ferro-, ferri-, or paramagnetic species based on transition
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Scheme 7 Chemical structures of HMTTeF, BEDO-TTF(BO) and EOET
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metal compounds as one component and mixed valence counterparts to form

magnetic CT conductors.

3. The neutral solids (regions N and NA + NS), in general, exhibit a CT band

represented by eq. 3 in the caption to Fig. 2, regardless of the stacking modes.

Since most of the CT solids in the region N prefer alternating stacks with

a few exceptions, they are band insulators with low ionicity. Very weak CT

solids having segregated stacks are potential candidates for FET channel and

solar cell materials since they have good conduction paths. Hydrogen-bonding

and proton-transfer between the components manifest many interesting func-

tions: switching, ferroelectrics, etc.

4. Near the borderline b in Fig. 1, the bistability concerning the ionicity between

the neutral and partial CT states is realized, i.e., the monotropic complex

isomers G�m, H�p, and K�m (24, 25, and 26 in Fig. 1, respectively). Even

though K�m (ET�TCNQ) is expected to afford a neutral insulator based on its

DE(DA) value, a highly conductive complex isomer has been prepared. This

result indicates that the ET molecule has a significant self-aggregation ability

to form a segregated column with increased dimensionality, which is a nature

of the solids in the region M0S in Fig. 2b (see next section). The insulating

CT solids residing near the borderline a or b have the potential to exhibit

a phase transition into a highly conducting phase induced by external stimuli

(electric field, photons, etc.) with smaller threshold than those placed far from

the borderlines.

3.3 Molecular Design for Dimensionality: Self-Aggregation
Ability

Since the metallic state in the one-dimensional electronic system is unstable, an

increase in the electronic dimensionality is necessary to prevent the nesting of

Fermi surfaces. Several attempts have been made through “pressure”, “heavy atom

substitution”, “peripheral addition of alkylchalcogen groups”, or “fusion of TTF

skeletons” [88] (Fig. 3, Scheme 8). The latter three correspond to the enhancement

of the self-aggregation ability of the molecules and hence increase the electronic

dimensionality of molecular assemblies. The HMTTeF molecules afforded a stable

metallic phase without any trace of superconductivity [86]. The BO molecules also

afforded stable two-dimensional metals having two-dimensional Fermi surfaces

(b in Fig. 3) owing to the strong self-aggregation ability (see Sect. 3.4.2) [87]. The

substitution of an ethylenedioxy group with an ethylenedithio group (BO ! EOET

(Scheme 7) [89] ! ET) destabilized the stable metallic state of BO compounds and

provided unstable two-dimensional conductors (d in Fig. 3). The elimination of one

ethylenedioxy group (BO ! EDO) [90, 91] was found to be very effective in

making a one-dimensional Fermi surface (e in Fig. 3) to afford localized (magnetic)

phase or metal–insulator (MI) transition (see Sect. 4.2). Several superconductors
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have been prepared based on TMTSF having warped one-dimensional Fermi

surface (a in Fig. 3), and on two-dimensional metals of ET, BO and a variety of

analogs of TTF, even though TTF itself did not afford superconductors (see

Sect. 5.1).

3.4 Variety of Conductive Charge Transfer Solids

3.4.1 Tuning of Fermi Level of FET Electrodes

Figure 4 demonstrates the control of p-, n-, and ambipolar-type FET operations in

prototypical single-crystal organic FETs by “chemically tuning” the Fermi energy

in TTF�TCNQ-based organic metal electrodes [85]. Figure 4a shows a device,

where the organic channel is a neutral CT solid DBTTF�TCNQ, which has an

alternating stack and the valence and conduction bands are mainly derived from the
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Fig. 3 Strategy for chemical modification of the TTF molecule to increase or decrease the

electronic dimensionality (D) by the aid of enhance or suppress the self-aggregation ability of

the donor molecules, respectively. Typical Fermi surfaces of TMTSF (a: (TMTSF)2NbF6), BO

(b: (BO)2.4I3), TTP (c: (BEDT-TTP)2I3, Scheme 8) [88], ET (d: b-(ET)2I3), and EDO
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HOMO of DBTTF and the LUMO of TCNQ, respectively (Fig. 4b). Source and

drain electrodes are several organic metals of the TTF�TCNQ type having different

chemical potentials predicted using Fig. 4c which is the same as Fig. 2a. For the

electrodes whose chemical potentials are set within the conduction band of the

channel material, FET exhibited n-type behavior (A in Fig. 4d). When the chemical

potentials of organic metals are allocated within or near the valence band of the

channel, p-type behaviors were observed (E, F in Fig. 4d). When the chemical

potentials of the electrodes are within the gap of the channel, FET exhibited

ambipolar-type behavior (B–D in Fig. 4d). Since the channel material is the

alternating CT solid, the drain current is not excellent and a Mott type insulator

of DA type or almost neutral CT solid having segregated stacks is much preferable

in this context.
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Fig. 4 Organic FET (OFET) composed of CT-complex-based organic metal electrodes. (a) An

illustration of the device. (b) Interface band diagram of metal/semiconductor contact in

DBTTF�TCNQ single crystal OFET with a variety of organic metal electrodes. (c) Modified figure

of Fig. 2a. The conductive complexes A–F are drawn as functions of both ID [or E1(D)] and EA [or

E1(A)]. (d) Transfer characteristics at VD ¼ 5 V of DBTTF�TCNQ single-crystal field effect

transistors with the source and drain electrodes, composed of A: TTF�TCNQ, B: TTF�FTCNQ,
C: TTF�F2TCNQ, D: TSF�FTCNQ, E: TSF�F2TCNQ, and F: DBTTF�F4TCNQ, measured along

the crystal long axes [85]
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3.4.2 Two-Dimensional Stable Metals in Various Shapes

The related elements, proton (H+), hydrogen (H•), and hydride (H�) change their
physical properties (including their size) drastically by the change of the number

of electrons. Hydrogen-bond and proton-transfer interactions are the key to

understanding many chemical reactions, biological activities, structure of mole-

cular assemblies and supramolecules, functionalities in the solid state, etc.

As shown in Fig. 3 the peripheral addition of alkylchalcogen groups to the TTF

skeleton increases the self-aggregation ability of the molecules and hence the

electronic dimensionality of molecular assemblies increases. The typical example

is the BO system [87]. Figure 5a,b shows one of the common packing patterns of the

BO molecules. The strong self-aggregation ability of the BO molecules arises from

both the CH���O hydrogen bonds in the face-to-face direction (Fig. 5a) and robust

transfer interactions in two different oblique directions owing to the strong S���S
atomic contacts (Fig. 5b) since inner chalcogen atoms have much higher electronic

density than outer chalcogen atoms. These afford both a wide valence range of

metallic state (0.33 � d) and a limited number of preferable packing patterns

giving rise to a stable two-dimensional metallic state.

These robust intermolecular interactions provide a wide metallic band even in

strongly disordered systems such as Langmuir–Blodgett (LB) films (BO complexes

of (MeO)2TCNQ, CnTCNQ (n ¼ 10, 14), behenic acid, and stearic acid) [92–95],

polycarbonate films dispersed with BO complexes (reticulate doped polymer (RDP)

films with I3 or Br salt, surface resistivity 1 � 10–3 S/□ at RT corresponding to ca.

102–103 S cm–1) some of which are transparent (Br salt) [96, 97], compressed

pellets with ferrimagnetic behavior [(BO)3[FeCr(oxalate)3](H2O)3.5] [98], films

sensitive to the moisture in air [(BO)2ReO4(H2O), (BO)2Br(H2O)3] [99–101],

etc., regardless of the sort, shape, and size of acceptor or anion molecules. As a

result, the BO complexes hardly exhibit any phase transition including the

superconducting one (only two superconducting salts with Tc � 1.5 K;

(BO)3Cu2(NCS)3 [102] and (BO)2ReO4(H2O) [103]).

Fig. 5 Donor packing and Fermi surface for BO compounds. (a) Face-to-face packing (dotted
lines indicate the CH���O hydrogen bonds), (b) side-by-side contacts (dotted lines indicate the short
S���S atomic contacts), and calculated Fermi surfaces of (c) (BO)2Cl(H2O)3. Calculated Fermi

surface of (BO)2.4I3 is depicted in Fig. 3b
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3.4.3 Conductors Based on Biological Materials

A variety of transport properties of biological materials, such as hemoglobin, amino

acids, proteins, polypeptides, and so on, have been investigated, started with the

pioneering works by Eley et al. [18, 104–113] (see also Chap. 12 in [18]). Most of

them are insulating (<10–11 S cm–1 at 400 K) [18, 104–113] except cytochrome-c3
(see Sect. 2.4) [68–70]. In recent studies on biomolecular conductors, DNA is one

of the most active target molecules, and numerous experiments concerning the

transport properties of DNA molecule have been carried out [114–122]. In the

double-stranded DNA molecules, nucleobases establish a one-dimensional

p-stacking structure which was proposed to be an efficient charge conduction

path within DNA.

This past decade has seen numerous controversial studies regarding electrical

conduction of DNA. Some reported high conductivity [115, 116, 118] with sRT of

at most 104 S cm�1 [115] or even superconducting properties [119], while others

claimed that the carefully deionized DNA molecules are insulating [117, 120] in

agreement with the old reports [121, 122] with sRT less than 10�6 S cm�1. The

controversy seems to have settled on a wide consensus that, apart from ionic

conduction by the sodium gegenions, double-stranded DNA is an electrical

insulator.

Several conductive CT solids with nucleobase skeletons have been developed in

the TTF systems having uracil moieties (sRT ¼ 10–1–2 S cm–1) [123–127]. Also

several attempts have been undertaken to investigate the CT complexes in a variety

of biochemical systems, especially using nucleobases (Scheme 9) [18, 104]. Esti-

mation of IP of the nucleobases, as potential components in CT complexes, indicate

that they are reasonably effective p-donors particularly in the case of guanine (G);

ID ¼ 7.64–7.85 eV vs adenine (A, 7.80–8.26 eV), cytosine (C, 8.45–8.74 eV), and

thymine (T, 8.74–8.87 eV) [128–131].

In the complex formation of nucleobases with p-chloranil, onlyG gave a CT solid

which is in the neutral ground state estimated from the optical spectrum [132]. The

mobility of electrons was described with regard to the transport properties on the CT

solid of TCNQ with G [133]. C and 1-methylcytosine gave dark blue TCNQ radical

anion salts with a 2:1 stoichiometry [134]. The examination of the CT solids of C,

which has a weak electron donating ability (Ep
ox ¼ +1.90 V vs SCE in water) as well

as medium proton donating and strong proton accepting abilities (pKa ¼ 4.55 and

12.2) [135] with several TCNQs (RTCNQ) revealed the following [136–140].

N

N N
H

N

NH2

Adenine

HN

N N
H

N

Guanine

O

H2N

N

N
H

NH2

O

Cytosine

HN

N
H

O

O

Thymine

Me

Scheme 9 Chemical structures of nucleobases; adenine, guanine, cytosine, and thymine
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Reaction between C in methanol and RTCNQ in acetonitrile yielded three kinds

of ionic solids: (1) insulators composed of methoxy substituted RTCNQ anions

such as (CHC+)[F4TCNQ-OMe�](H2O) (Fig. 6) [136], (2) semiconducting CT

solids with fully ionic RTCNQ radical anions such as (CHC+)(TCNQ•�)
[137, 138], and (3) conducting CT solids of partially ionic or mixed valent

RTCNQ radical anions such as (CHC
+)(MeTCNQ0.5•�)2 [138], where CHC

+ is

the hemiprotonated cytosine pair (Fig. 6b). Cation units in all products were found

to be protonated cytosine species, most commonly CHC+, where H+ comes from

methanol. This result suggests that the intrinsic transport properties of DNA should

be studied not in protic solvents but under strictly dried conditions.

Crystal structural analysis of (CHC+)(TCNQ•�) revealed the segregated struc-

ture with a uniform stacking pattern (Fig. 7a). The interplanar separations of TCNQ

and CHC+ columns were 3.14 and 3.32 Å, respectively. The CHC+ pairs formed a

one-dimensional ribbon structure (Fig. 7b). The hydrogen bonds between CHC
+

ribbon and TCNQ molecules constructed the layered structure. In addition, the self-

aggregation ability ofC strengthened the uniform arrangement of the crystal resulting

in both the high conductivity (sRT ¼ 3.2 � 10–2 S cm�1 on single crystal), which is

one of the best among the conventional Mott type TCNQ salts and the absence of

spin-Peierls type structural distortion down to 10 K. Transport property of (CHC+)

(TCNQ•�) was examined under high pressures up to about 7 GPa using a diamond

anvil cell. The activation energy ea of 0.14 eV at ambient pressure decreased

monotonically by a rate of 0.013 eV GPa�1 [140]. The partially ionic salt of

MeTCNQ in Group 3 exhibited the highest conductivity of 2 S cm–1 so far observed

for CT complexes based on biological molecules. This study revealed that the

protonated states of C, especially the CHC+ species, are extraordinary stable and

furthermore the characteristic pattern of the complementary hydrogen bonds between

the cytosine molecules contribute to allow effective molecular packing and to control

the electronic structure of TCNQ molecules for electronic conductors.

3.4.4 Two-Dimensional Metal Based on C60

CT solids of fullerene C60 with a number of different inorganic cations have shown

metallic or superconducting properties (for superconductivity, see Sect. 5.2.3).

Among the fullerene metals, the best known families are MC60 anion radical salts

Fig. 6 Molecular structures of F4TCNQ-OMe� (a) and hemiprotonated cytosine pair CHC+

(b): dotted lines indicate the hydrogen bonds
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(M ¼ K, Rb, and Cs), which contain linearly polymerized C60
•–, and super-

conducting M3C60 salts (M ¼ alkali metals), obtained by doping C60 with alkali

metals [141–143]. As metal cations expand the three-dimensional lattice of the

initial C60 framework, M3C60 salts exhibit three-dimensional metallic conductivity,

whereas MC60 salts are either three-dimensional (when M ¼ K) or quasi-

one-dimensional metals (when M ¼ Rb or Cs) [144]. Two-dimensional fullerene

metals have not been obtained by conventional doping methods except for Na4C60

where C60 has a two-dimensional polymeric structure [145], whilst the various

possible ways of modifying MxC60 CT solids have almost been exhausted. With

conventional organic donor molecules, C60 is too weak an acceptor molecule to

afford ionic solids. A very strong organic donor molecule, tetrakis(dimethylamino)

ethylene (TDAE, Scheme 10), did yield a completely ionic solid – a ferromagnet

with Tc ¼ 16 K [146].

A multicomponent approach for synthesizing ionic fullerene compounds

DI
+�DII�(fullerene)•– is very effective in developing various functional and structural

fullerene CT solids, including s- and p-type dimers of fullerenes and an �-type

Fig. 7 Crystal structure of (CHC+)(TCNQ) salt. (a) Uniform segregated stacks of CHC+ and

TCNQ. (b)CHC+ ribbons by complementary hydrogen bonds and TCNQ form a layer within a bc-
plane (hydrogen bonds: red dotted lines). (c) Formation of three-dimensional structure (//a)
between hemiprotonated cytosine pair and RTCNQ species
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complex (Fig. 8), where DI
+ is a small, strong donor or cation that ionizes fullerene

and determines its charged state, whereas DII is a large, neutral molecule that

defines the crystal packing of the complex [147–154]. In order to exhibit metallic

properties, the C60 sublattice should have a close-packed structure with appropriate

C60���C60 distances. Otherwise, diamagnetic single-bonded (C60
–)2 dimers were

formed when the distance is short, or strong spin frustration will be created based

on the trilateral triangle spin geometry of C60
•– when the distance is large just like

k-(ET)2Cu2(CN)3 in Sect. 6.1. The triptycene (TPC) molecule (Scheme 11)

afforded a suitable geometrical space and spatial regulation as the DII component

for C60
•– ions, giving rise to a close-packed fullerene two-dimensional sublattice in

which the C60
•� monomers preferentially form a two-dimensional honeycomb

network of C60
•–. Namely, the TPC molecules form hexagonal layers with voids

that accommodate the N-methyldiazabicyclooctane cation (MDABCO+, DI
+)

(Scheme 11, Fig. 9a). Docking C60
•– into the periodic hollow sites in the

(MDABCO+)�TPC network (Fig. 9b,c) leads to the two-dimensional organic

metal (MDABCO+)�TPC�(C60
•–) [154]. There are two kinds of C60 layers, layer A

(Fig. 9f) and layer B. C60
•– molecules in layer B are rotationally disordered above

200 K and layer B is not metallic and exhibits spin frustration. The ordering of C60
•–

in the B layers with MDABCO+ at around 200 K triggers a transition from a

nonmetallic and antiferromagnetically frustrated state to a metallic state in layer B,
whilst the ordered C60

•– in layer A keeps its two-dimensional itinerancy over the

entire temperature range. It exhibits a metallic state down to 1.9 K, which was

TDAE
NMe2

NMe2Me2N

Me2N

Scheme 10 Chemical structure of TDAE

d

a

b

c

Fig. 8 (a) s-type C60 dimer, (b) s-type C70 dimer, (c) p-type C60 dimer, and (d) �1-coordination
of cobalt(II) tetraphenylporphyrin with C60(CN)2
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consistent with the calculated Fermi surfaces (Fig. 9d,e). This metal is composed of

only light elements (C, H, and N).

4 Exotic Conductors with a Switching Function

4.1 Basic Aspects

All of the organic molecules have multifunctional natures and provide plural

intermolecular interactions depending on the nature of counter component,

TPC

N

N

Me

N-Methyldiaza-
bicyclooctane
(MDABCO)

+

Scheme 11 Chemical structures of TPC and MDABCO

ed

a

b
c

f

ΓΓ

X

Y

V

V ’
V ’C

Γ

X

Y

V

C

Fig. 9 Molecular structures of TPC (DII) and MDABCO+ (DI
+) [154]. Crystal structure packing in

(MDABCO+)�TPC�(C60
•�). (a) TPC molecules form a hexagonal hollow and the MDABCO+

cation fits into the hollow; the C60
•� molecules are docked into the hollow in TPC layer in a

key–keyhole relationship [top view (b) and side view (c)] to form DI
+DIIC60

•�. Colors: C, dark
yellow: H, pale blue; and N, dark blue. Calculated Fermi surface at 160 K in (d) layer A and

(e) layer B. (f) Projection of the (MDABCO+)�TPC layer on the C60 layer A (red color:
MDABCO+)
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morphology (solid, films, uni-molecule, etc.), and external circumstances. For

example, the CT interaction between D and A molecules in solid are broken

down into two kinds of interactions: Interaction I – electron transfer from neutral

D to A molecules that costs (ID – EA) and Interaction II – Madelung energy M, as

described in Sect. 3.1 (Fig. 10a). One can expect that the balance between the

interactions I and II can be controlled easily by external stimuli. The controllability

increases as the system approaches to a boundary area and the system shows a

variety of phase transitions (i.e., metal $ insulator, Mott insulator $ metal,

quantum spin liquid $ superconductor, neutral $ ionic, valence tautomerization),

monotropic (e.g., complexes 24–26 in Fig. 1) and enantiotropic (e.g., TTF�p-
chloranil) complex isomerizations, and switching or memory effect depending on

the potential depths and barrier height DE in Fig. 10b. Therefore, possible

candidates for such phase transition can be selected based on the diagrams in

Fig. 10c, d.

The switching or memory phenomena induced by electric field application or

photo irradiation have been studied on Mott insulators, charge ordered insulators,

and N–I transition systems and were found to be fast phase transitions in general.

For the former two systems, the phase transitions caused a pronounced change in

reflectance and conductivity from insulating to metallic features. The third system

also exhibited a change in conductivity and dielectric response connected with

the transports of solitons and/or domain walls, dynamic dimerization, and

Fig. 10 (a) A schematic balance between ionization energy (ID � EA) and Madelung cohesive

energy M for CT solids. (b) Model double minimum potential for the N–I system for switching

(upper, potential barrier between stable and metastable states is small and thermally accessible)

and memory (lower, potential barrier is rather high DE >> kBT). One- (c) and two-dimensional

(d) diagrams for searching for the boundary zone and functional materials. (d) is a schematic

diagram corresponding to Fig. 1
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ferroelectricity. It should be emphasized that most of the p-molecules are, in

Pearson nomenclature, soft acids or soft bases. Thus they have a huge electronic

polarizability, and are susceptible to external stimuli when the ionicity and mutual

orientation of the molecules are appropriately designed. Table 5 summarizes CT

solids having switching behavior and are compared with superconductor

(TMTSF)2ClO4 showing sliding SDW. So far among the switching systems by

electric-field, (NT)3GaCl4 (Scheme 12) exhibited the lowest threshold

(1 � 102 V cm–1) [166], which is smaller by one order of magnitude than the

well known Cu�TCNQ [155, 156], but much larger than that of sliding SDW. As for

the response to the electric field, the ability to show thyristor action was

demonstrated for the charge-ordered systems based on TTF derivatives [167].

For these transition systems, the following five parameters are important for the

development of materials:

1. Response time which can be controlled by taking into account the origin of the

transition (1) fs for pure electronic transition, (2) addition of molecular defor-

mation leads to ps response time, (3) further addition of lattice deformation leads

to a slower response time > ps.

2. Coherence (transition efficiency) depends on the degree of electron–phonon or

electron–molecular vibration coupling.

3. Response temperature (operating temperature) may decrease in the following

order: bond formation and cleavage ! molecular deformation ! lattice defor-

mation ! electronic deformation such as SDW and charge-order melting.

4. Threshold of the external stimuli should not be zero to have clear switching and

memory.

5. Durability of the system.

4.2 Ultrafast Photo-Induced Phase Transition in (EDO)2X

To destabilize the metallic state of the BO complexes, the elimination of one

ethylenedioxy group (BO ! EDO) [90, 91] was very efficient owing to the weak-

ened self-aggregation ability (Fig. 3). The (EDO)2X salts (X ¼ PF6, AsF6, and

SbF6) are three-quarters-filled band conductors with a quasi-one-dimensional Fermi

surface (Fig. 3e) and exhibit a first-order MI transition (Fig. 11a, b) at rather high

temperatures (240–280 K) [90, 173]. The TMI was tuned by chemical modifications.

Deuteration of EDO (d2-EDO, Scheme 13) increased TMI by ca. 2.5 K, while

complexation with larger counter anions decreased TMI in the order X ¼ ClO4

(>337 K) > PF6 (278 K) > AsF6 (ca. 268 K) > SbF6 (ca. 240 K) [173–176].

The phase transition consists of a cooperative mechanism with charge-ordering,

anion order–disorder, Peierls-like lattice distortion, which induces a doubled lattice

periodicity giving rise to 2kF nesting, andmolecular deformation (Fig. 11c). The high

temperature metallic phase is composed of flat EDO molecules with +0.5 charge,

while the low temperature insulating phase is composed of both flat monocations
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and bent neutral EDO molecules with charge-ordered stripes (+1, +1, 0, 0) [177,

178]. This stripe is different from the so far known (0, +1, 0, +1) stripe for y-
(ET)2MM0(SCN)4 [179], indicating that the neighbor-site Coulomb repulsion

energy is not dominant compared to the transfer energy within the (EDO1+)2 dimer.

Laser irradiation onto the insulating (EDO)2PF6 crystal induces a phase transi-

tion to the highly conductive state within a few picoseconds [162, 180]. The crystal

surface was excited by laser irradiation with a pulse width of 0.12 ps. The excitation

photon energy (1.55 eV) was nearly resonant to the CT band at 11.1 � 103 cm�1

(1.37 eV), directly reflecting the excitation of the charge ordered state.

O

O

Cl

Cl

Cl

Cl

QCl4: p-Chloranil

NC

NC

CN

CN

TNAP

N

N

Me

Me

NC

CN

DMDCNQI

N

S
S

N

S
S

NT

Scheme 12 Chemical structures of p-chloranil, TNAP, DMDCNQI, and NT

Fig. 11 Temperature dependence of (a) resistivity and (b) magnetic susceptibility of (EDO)2PF6.

Gray shadow in (a) and arrows in (b) indicate the MI transition. (c) Molecular structures of neutral

andmonocationic EDOmolecules [90]. Calculated Fermi surface of (EDO)2PF6 is depicted in Fig. 3e

S

S S

S

O

OD

D
d2-EDO

Scheme 13 Chemical structure of d2-EDO
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The reflectance change DR/R from insulating to conductive states exhibits negative

and positive maxima at the probe photon energy of 1.38 and 1.72 eV, respectively

(Fig. 12). The life-time of the photo-induced conductive phase strongly depends on

the excitation intensity. In case of 2 � 1018 cm–3 excitation condition, the reflec-

tance change occurred within only about 1.5 ps. Therefore, it is said that the melting

of the charge ordered state accompanied by the insulator-to-conductor phase

conversion occurs within 1.5 ps just after excitation with threshold-like behavior

(threshold photon density is 1018 cm–3). The excitation intensity corresponds to a

single excitation photon for ca. 500 molecules. Within the resolution time (1 ms),
the electric conductivity was largely enhanced (more than five orders of magnitude)

just after photo-excitation.

So far, among the switching systems by photo irradiation, TTF�p-chloranil,
which is known to have strong electron–lattice coupling, has the highest sensitiv-

ity (280–2,800 molecules per photon) and fast response time (20–100 ps), though

the operating temperature is low (77 K). The EDO system has high sensitivity

(500 molecules per photon), fast response time (1.5–2 ps), and moderately high

operating temperature (270 K for X ¼ PF6). To realize a molecular phase-

switching device controllable by light irradiation with 1 ps response time

(i.e., THz region), it is essential to develop a material that shows highly sensitive

and ultra-fast PIPT phenomena near RT with high repeatability and durability.

Such an ultra-fast transition has been observed in a purely electronic origin.

Although the ultra-fast transition (within a few hundred fs) accompanied by the

molecular conformational change has been observed for systems such as retinal in

rhodopsin [181], this is a unimolecular nano-system. As for the meso-size scale

switch, an electron–lattice coupled coherent system is necessary for an ultra-fast

transition.

Fig. 12 Probe photon energy

dependence of the time

profile for the reflectance

change DR/R observed at

180 K and 260 K. The pump

photon energy (E//b) was
1.55 eV and the probe photon

energy (E//b) was 1.72 and

1.38 eV for the upper and
lower panels, respectively.
The oscillations in DR/R
relate molecular deformation

modes [162]
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5 Organic Superconductors of Charge Transfer Type

There are several comprehensive textbooks and review articles devoted to organic

superconductors [3, 4, 182–186] which describe design and preparation, crystal and

band structures, chemical, transport, magnetic, optical, and thermal properties, and

theory.

5.1 Superconductors Based on Donor Molecules

5.1.1 TMTSF Superconductors

The most successful molecule by “heavy atom substitution” (Fig. 3) is TMTSF.

Since the discovery of the first organic superconductor (TMTSF)2PF6 (Tc ¼ 1.1 K

at 0.65 GPa) by Jérome and Bechgaard [187, 188], eight quasi-one-dimensional

superconductors (TMTSF)2X (X ¼ PF6, AsF6, SbF6, NbF6, TaF6, ClO4, ReO4,

and FSO3) with Tc < 3 K have been prepared [187–189]. Among them, the

superconducting NbF6 salt can only be prepared by using ionic liquid (1-ethyl-3-

methylimidazolium)NbF6 [189] and others by using more common tetrabutylam-

monium salts as the electrolyte. Salts with octahedral anions exhibited an MI

transition at 11–17 K at ambient pressure due to SDW; superconductivity appeared

with an on-set Tc of ca. 1 K at 0.6–1.2 GPa. Salts with (pseudo)tetrahedral anions

exhibited an order–disorder transition for the anions which induced an MI transition

for X ¼ ReO4 and FSO3 at 177 K and 88 K, respectively, and superconductivity

appeared at 1.2 K and 3 K, respectively, under 0.5–1 GPa. The isomorphous

(TMTTF)2X salts displayed superconductivity under high pressure of 2.6–9 GPa

with Tc less than 3 K for X ¼ PF6, SbF6, BF4, and Br [190–193].

(TMTSF)2ClO4 is the only ambient pressure superconductor among them; it

did not show the Hebel–Slichter coherence peak, indicating that its superconduc-

tivity is of the non-s-wave type [194]. A generalized phase diagram, including

(TMTTF)2X and (TMTSF)2X, indicates that the superconducting phase neighbors

the magnetic SDW phase (Fig. 13) [195].

5.1.2 ET Two-Dimensional Conductors and Superconductors

k-Type Superconductors

TTF derivatives with peripheral addition of alkylchalcogen groups were found to be

effective in increasing dimensionality of CT solids and suppressing the Peierls-type

MI transition. The first ET two-dimensional organic metal down to low

Frontiers of Organic Conductors and Superconductors 91



temperatures was (ET)2ClO4(1,1,2-trichloroethane) [196]. Since then, hundreds of

ET solids have been prepared. Different kinds of ET���ET (p–p, S���S) and

ET���anion (hydrogen bonds) intermolecular interactions, large conformational free-

dom of ethylene groups, flexible molecular framework, fairly narrow bandwidth (W),

and strong electron correlations (Ueff) gave a rich variety of complexes with

different crystal and electronic structures ranging from insulators

to superconductors. About 60 ET superconductors are known so far. Currently

b0-(h8-ET)2ICl2 (on-set Tc ¼ 14.2 K at 8.2 GPa [197], mid-point Tc of 13.4 K is

estimated), and k-(d8-ET)2Cu[N(CN)2]Cl (Tc ¼ 13.1 K at 0.03 GPa) [198] show

the highest Tc under pressure, while both are Mott insulators at ambient pressure.

At ambient pressure, k-(d8-ET)2Cu(CN)[N(CN)2] shows the highest Tc of 12.3 K

[199] followed by k-(h8-ET)2Cu[N(CN)2]Br (Tc ¼ 11.8 K) [200].

The four k-type superconductors k-(ET)2CuL1L2 (L1, L2 ¼ Cl, Br, NCS, and N

(CN)2), which were discovered by us and the Argonne group [200–203], share some

common structural and physical properties. Table 6 summarizes the two kinds of

ligand in a salt, Tc of H- and D-salts (salt using h8-ET and d8-ET, respectively;

Scheme 14), ratio of transfer interactions t0/t for triangle geometry of ET dimers

(see Sect. 6.1), U/W, and year of discovery. Figure 14 shows the crystal structure of

the prototype k-(ET)2Cu(NCS)2, anion structures, calculated Fermi surface, and

micrograph of single crystals. Although these ET salts have similar structural

aspects, their transport properties differ (Fig. 15). k-(ET)2Cu(CN)[N(CN)2] (29)
showed a monotonic decrease of resistivity with upper curvature down to

Tc. k-(ET)2Cu[N(CN)2]Br (31) exhibited a similar behavior to that of k-(ET)2Cu
(NCS)2 (30) except that a metallic regime near RT was observed in 30. k-(ET)2Cu
[N(CN)2]Cl (32) showed a semiconductor (eg ¼ 24 meV)–semiconductor

(eg ¼ 104 meV) transition at ca. 42 K due to an antiferromagnetic (AF) fluctuation

resulting in a weak ferromagnet below 27 K [208, 209]. Under a weak pressure,

it showed a similar temperature dependence to that of k-(ET)2Cu[N(CN)2]Br.

Fig. 13 Generalized phase diagram for the (TMTSF)2X and (TMTTF)2X by Jérome [195]. CL,

SP, SDW, and SC refer to charge-localized (which corresponds to charge-ordered state), spin-

Peierls, spin density wave, and superconducting states, respectively. (a) (TMTTF)2PF6,

(b) (TMTTF)2Br, (c) (TMTSF)2PF6, (d) (TMTSF)2ClO4
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Scheme 14 Chemical structures of h8-ET and d8-ET

Fig. 14 k-(ET)2Cu(NCS)2. (a) Crystal structure: two-dimensional conducting ET layer is sand-

wiched by the insulating anion layers along the a-axis (bc-plane is two-dimensional conducting

plane). Two kinds of layers are Josephson coupled. (b) Anion structure: Cu���SCN���Cu���SCN���
forms zigzag infinite chain along the b-axis and other ligand SCN (Ligand L2 in Table 6)

coordinates to Cu(I) by N atom to make a space (indicated by red ellipsoid) to which an ET

dimer fits. Picture is the dextrorotatory form. (c) Reflecting the crystal symmetry, the calculated

Fermi surfaces of the P21 salts (k-(ET)2Cu(NCS)2, k-(ET)2Cu(CN)[N(CN)2]) showed the certain

energy gap between a one-dimensional electron like Fermi surface and a two-dimensional cylin-

drical hole-like one (a-orbit), while such a gap is absent in the Pnma salts (k-(ET)2Cu[N(CN)2]Br,
k-(ET)2Cu[N(CN)2]Cl). For k-(ET)2Cu(NCS)2, electrons move along the closed ellipsoid (a-orbit)
then at higher magnetic field (>20 T) electron hops from the ellipsoid to open Fermi surface to show

circular trajectory (b-orbit, Magnetic breakdown). (d) Single crystals by electrooxidation

Fig. 15 Temperature dependences of resistivity of 10 K class superconductors k-(ET)2Cu(CN)[N
(CN)2] (29), k-(ET)2Cu(NCS)2 (30), k-(ET)2Cu[N(CN)2]Br (31), and k-(ET)2Cu[N(CN)2]Cl (32)
are compared with those of a good metal with low Tc b-(ET)2AuI2 (28), strongly electron

correlated insulator y-(ET)2Cu2(CN)[N(CN)2]2 (33), and a Mott insulator k-(ET)2Cu2(CN)3 (34)
at ambient pressure
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k-(h8-ET)2Cu[N(CN)2]Cl showed a complicated T–P phase diagram as elucidated

by Ishiguro and Ito et al. (Fig. 16a) [213–222]. Thoroughgoing studies under He gas

pressure showed firm evidence of the coexistence of superconducting (I-SC-II

phase: I-SC ¼ incomplete superconducting) and AF phases [210, 216, 223, 224],

where the radical electrons of ET molecules played both roles of localized and

itinerant ones. Under a pressure of ca. 20–30 MPa another incomplete

superconducting phase (I-SC-I) appeared and the complete superconducting

(C-SC) phase resides adjacent to this phase at higher pressures. Below these

superconducting phases, a reentrant nonmetallic (RN) phase was observed. Similar

T–P phase diagrams were obtained for k-(d8-ET)2X (X ¼ Cu[N(CN)2]Cl [218] and

X ¼ Cu[N(CN)2]Br [219–221]) with a parallel shift of pressure. They occur at the

higher and lower pressure sides of the k-(h8-ET)2Cu[N(CN)2]Cl for the Br and Cl

salts, respectively. In contrast to the H salt, k-(d8-ET)2Cu[N(CN)2]Cl did not

exhibit a coexistence of the superconducting and AF phases, and hence afforded

AF resonance [222]. Increasing the distance between the ET dimers in Fig. 14a,b

causes the transfer interactions between ET dimers to decrease; this may corre-

spond to the decrease of band-width and to the increase of density of states at Fermi

level D(eF), and consequently Tc is expected to increase. According to this line

of thought, higher Tc is expected for the salt having a larger anion spacing. Such a

k-type salt may be found near the border between poor metals and Mott insulators.

The Fermi surfaces of these salts have been studied by measuring the quantum

oscillations [183] such as SdH (Shubnikov–de Haas) and dHvA and geometrical

oscillations (AMRO, angle-dependent magnetoresistance oscillation) ([4], Appendix,

pp 445–448). The Fermi surface of k-(ET)2Cu(NCS)2 (Fig. 14c) calculated based

on the crystal structure is in good agreement with those observed data [225].

Fig. 16 (a) Phase diagram of k-(h8-ET)2Cu[N(CN)2]Cl determined from conductivity and mag-

netic measurements [213, 217, 218]. N1–N4: nonmetallic phase, M: metallic phase, RN: reentrant

nonmetallic phase, I-SC-I, II: incomplete superconducting phase, S-SC: complete superconducting

phase. N2 shows the low-dimensional AF fluctuation. N3 shows growth of three-dimensional AF

ordered phase. N4: weak ferromagnetic phase. (b) Proposed phase diagram [211, 212]
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Superconducting Characteristics of k-Type Superconductors

1. HC2. k-(ET)2Cu(NCS)2 gave higher upper critical magnetic field Hc2 values in

the two-dimensional plane than the Pauli limited magnetic field HPauli [226, 227].

2. Symmetry of superconducting state. No Hebel–Slichter coherence peak was obser-
ved in either k-(ET)2Cu(NCS)2 or k-(ET)2Cu[N(CN)2]Br in

1H NMR measure-

ments, ruling out a BCS s-wave state. The symmetry of the superconducting state

of k-(ET)2Cu(NCS)2 had been controversially described as normal BCS-type

or non-BCS type; however, scanning tunneling spectroscopy showed d-wave
symmetry with line nodes along the direction near p/4 from ka- and kc-axes
[228, 229], and thermal conductivity measurements were consistent with this

result [230]. k-(ET)2Cu [N(CN)2]Br showed the same symmetry [231].

3. Inverse isotope effect. The inverse isotope effect has so far been observed for

k-(ET)2Cu(NCS)2 [3–18, 232] (Fig. 53 in [3]), k-(ET)2Cu(CN)[N(CN)2]
[3, 199], and k-(ET)2Cu[N(CN)2]Cl [198], and the normal isotope effect for

k-(ET)2Cu[N(CN)2]Br [204, 233].
4. Phase diagram. A proposed T–P phase diagram for k-(ET)2CuL1L2 by Kanoda

(Fig. 16b), where only the parameter U/W is taken into account, includes the

salts k-(ET)2Cu(NCS)2, k-(ET)2Cu[N(CN)2]Br, and k-(ET)2Cu[N(CN)2]Cl
[211, 212]. However, themetallic behaviors ofk-(ET)2Cu(NCS)2 30 above 270K
and of k-(ET)2Cu(CN)[N(CN)2] 29, the whole nature of k-(ET)2Cu2(CN)3 34,
and the low-temperature reentrant behavior of k-(ET)2Cu[N(CN)2]Br and

k-(ET)2Cu[N(CN)2]Cl cannot be allocated in this diagram. This diagram is

a simplified one, compared with the experimentally observed phase diagram

[213, 222], but is convenient and useful to explain the general trends for these

salts. The phase diagram and “geometrical isotope effect” [234] point out that Tc
decreases with increasing pressure if only the parameter U/W or D(eF) is taken
into account. This tendency has been observed under hydrostatic pressure but not

under uni-axial pressure (see next Section and Sects. 5.1.3 and 6.2).

Other ET Superconductors

One of the most intriguing ET superconductors is the salt with I3 anion, which

afforded a, at, bL, bH, d, e, g, y, and k-type salts with different crystal and electronic
structures. Among them, a, at, bL, bH, g, y, and k-type salts are superconductors

with Tc ¼ 7.2, ~8, 1.5, 8.1, 2.5, 3.6, and 3.6 K, respectively [235–249]. The

a-(ET)2I3 exhibited nearly temperature independent resistivity down to 135 K

[235], at which charge-ordered MI transition occurred [236]. It has been claimed

that a-(ET)2I3 has a zero-gap state with a Dirac cone type energy dispersion, hence

with zero-effective mass and infinite mobility in the metallic state like graphene

[237, 238]. Under hydrostatic pressure it became two-dimensional metal down to

low temperatures (at 2 GPa). Very interestingly, however, it became superconduc-

tor under the uniaxial pressure along the a-axis (0.2 GPa, Tc ¼ 7.2 K on-set),

though along the b-axis it remained metal down to low temperature
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(0.3–0.5 GPa) [239]. a-(ET)2I3 was able to be converted to mosaic polycrystal with

Tc ~ 8 K by tempering at 70–100 �C for more than 3 days. The Tc ~ 8 K phase thus

obtained exhibited a similar NMR pattern to that of the bH-salt; however, it was
isolated at ambient pressure so was designated as at-salt [240]. RDP films com-

posed of ET in polycarbonate (2 wt%) were treated with CH2Cl2/I2 vapors and then

annealed at 137 or 155 �C to convert the a-(ET)2I3 to the superconducting at-
(ET)2I3. The film is metallic and exhibits a broad superconducting transition below

7 K [241].

The bL-salt was the first ambient pressure superconductor in the ET family with

Tc ¼ 1.5 K, reported by Yagubskii et al. [242]. The bL-salt is characterized by

having a superlattice appearing at 175 K with incommensurate modulations of ET

and I3 to each other [243]. Then the orientationally disordered ethylene groups near

I3 are ordered so as to make a new periodicity according to the incommensurate

superlattice periodicity. The bL-salt was converted to the high Tc phase, bH-salt
Tc ¼ 8.1 K, by pressurizing (hydrostatic pressure) above 0.04 GPa by the suppres-

sion of the superlattice and then by depressurizing while keeping the sample below

125 K [244, 245]. The bH-salt returned to bL-salt when the salt was kept above

125 K at ambient pressure. The Tc of bH-salt decreased with hydrostatic pressure

monotonically; however, under the uniaxial stress the further Tc increase taking

a maximum at a piston pressure of 0.3–0.4 GPa is observed for both directions

parallel and perpendicular to the donor stack [246].

5.1.3 Superconductors of Other Donor Molecules

Besides ET, BO (two low Tc superconductors; see Sect. 3.4.2), TMTSF, and TMTTF

superconductors, there are other superconductors (Scheme 15, numbers in bracket

are the total members of each superconductor and the highest Tc) of CT salts based

on symmetric (BETS [250], BEDSe-TTF [251], and BDA-TTP [252–255]) and

asymmetric donors (ESET-TTF [256], S,S-DMBEDT-TTF [257], meso-DMBEDT-

TTF [258, 259], DMET [260], DMEDO-TSeF [261, 262], DODHT [263], TMET-

STF [264], DMET-TSeF [265], DIETS [266], EDT-TTF [267], MDT-TTF [268,

269], MDT-ST [270, 271], MDT-TS [272], MDT-TSF [273–276], MDSe-TSF

[277], and DTEDT [278]). The reported Tcs of most superconductors recently

prepared are the on-set Tc values that are approximately 0.5–1 K higher than the

mid-point Tc values. Tcs of them are less than 10 K.

DMEDO-TSeF afforded eight superconductors. Six of them are k-(DMEDO-

TSeF)[Au(CN)2](solvent) and their Tcs (1.7–5.3 K) are tuned by the use of cyclic

ethers as solvent of crystallization [262].

b-(BDA-TTP)2X (X ¼ SbF6, AsF6) exhibited a slight Tc increase at the initial

stage of uniaxial strain parallel to the donor stack and interlayer direction while

Tc decreased perpendicular to the donor stack [253]. y-(DIETS)2[Au(CN)4] exhibited
superconductivity under uniaxial strain parallel to the c-axis (Tc ¼ 8.6 K at 1 GPa),

though under hydrostatic pressure a sharpMI transition remained even at 1.8 GPa [266].
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MDT-ST, MDT-TS, and MDT-TSF superconductors have noninteger ratio

of donor and anion molecules such as (MDT-TS)(AuI2)0.441 making the Fermi level

different from the conventional 3/4 filled band for TMTSF andET 2:1 salts [270–276].

The Fermi surface topology of (MDT-TSF)X (X ¼ (AuI2)0.436, (I3)0.422), and (MDT-

ST)(I3)0.417 has been studied by SdH and AMRO [271, 274–276].

k-(MDT-TTF)2AuI2 (Tc ¼ 3.5 K) exhibited a Hebel–Slichter coherent peak

just below Tc, indicating a BCS-type gap with s-symmetry [269], while d-wave
like superconductivity has been suggested for b-(BDA-TTP)2SbF6 [254, 255].

The most intriguing phenomenon is the reentrant superconductor–insulator–

superconductor transition under a magnetic field for (BETS)2FeCl4. Kobayashi

et al. have developed BETS salts formed with tetrahedral anions MX4 (M: Fe and

Ga, X: Cl and Br) [279–283]. Especially salts with l-[284, 285] or k-type packings
[279–281] have been studied in terms of the competition of magnetic ordering and

superconductivity. The initial notable finding is for l-(BETS)2GaCl4 with a super-

conducting transition at 8 K (mid-point 5.5 K) and for l-(BETS)2FeCl4 with a coupled
AF and MI transitions at 8.3 K. For the FeCl4 salt, a relaxor ferroelectric behavior in

the metallic state below 70 K [286] and a firm nonlinear electrical transport

associated with the negative resistance effect in the magnetic ordered state have

been observed [287]. Moreover, it has been found by Uji et al. that the FeCl4
salt shows a field-induced superconducting transition under a magnetic field of

18–41 T applied exactly parallel to the conducting layers [285]. Interestingly, the

l-(BETS)2FexGa1–xX4 passes through a superconducting to insulating transition on

cooling [288]. The k-(BETS)2FeX4 (X ¼ Cl, Br) are AF superconductors, where

the transition temperatures were TN ¼ 2.5 K and Tc ¼ 1.1 K for the Br salt, and

TN ¼ 0.45 K and Tc ¼ 0.17 K for the Cl salt [289]. Similar phenomena, namely AF,
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ferromagnetic, or field induced superconductivity, have been observed in several

inorganic solids such as the Chevrel phase [290] and heavy-fermion systems

[291]. Recently it has been reported that l-(BETS)2GaCl4 exhibited superconductiv-
ity in the minute size of four pairs of (BETS)2GaCl4 based on the scanning tunneling

microscopy study [292].

5.2 Superconductors Based on Acceptor Molecules

There are three kinds of superconductors based on acceptor molecules: M(dmit)2
(Scheme 15, M ¼ Ni, Pd) [293], picene [294], and C60 [141–143]. C60 system has

the highest Tc for molecular superconductors (Tc ¼ 38 K) followed by the picene

one (Tc ¼ 18 K); however, those two systems are very unstable chemically (caused

partly by very weak electron accepting ability) and decompose immediately at

ambient condition.

5.2.1 dmit System

Eleven superconductors were prepared based on M(dmit)2 (three for M ¼ Ni, eight

for M ¼ Pd) and their Tcs are less than 8.4 K. Only one showed superconductivity

at ambient pressure (EDT-TTF[Ni(dmit)2], Tc ¼ 1.3 K) [295]. Superconducting LB

films of dimethylbis(tetradecyl)ammonium[M(dmit)2] (Tc < 3.9 K) have been

reported [296].

5.2.2 Picene System

Very recently, Kubozono and his coworkers reported new organic superconductors:

alkali-metal doped picene compounds [294]. Although their shielding fractions

are relatively small (<15%), the bulk superconducting phase was observed below

7.0 K for K2.9picene, 18 K for K3.3picene, and 6.9 K for Rb3.1picene, in which

the LUMO þ 1 orbital for picene would be in a half-filled electronic state. For

K3.3picene, Tc is significantly higher than that of K-doped graphite (Tc ~ 5.5 K)

[297] and comparable to that of K3C60 (Tc ¼ 18 K) [141]. The Pauli-like para-

magnetic susceptibility is higher than that of K2.9picene with lower Tc, suggesting
BCS-type superconductivity. At present, although the crystal structures of the

doped compounds are unclear, the refined lattice parameters are indicative of the

deformation of the herringbone structure of pristine picene and the intercalation of

alkali dopants within the two-dimensional picene layers [294].
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5.2.3 C60 System

The icosahedral C60 molecule with Ih symmetry has triply degenerate LUMO and

LUMO þ 1 orbitals with t1u and t1g symmetries, respectively, and C60 can accept

up to 12 electrons.

Immediately after the isolation of macroscopic quantities of C60 solid [298],

highly conducting [299] and superconducting [141] behaviors were verified for the

K-doped compounds prepared by a vapor–solid reaction (Haddon, Hebard, et al.).

Crystallographic study based on the powder X-ray diffraction profile revealed that

the composition of the superconducting phase is K3C60 and the diffraction pattern

can be indexed to be a face-centered cubic (fcc) structure with a three-dimensional

electronic pathway [300]. The lattice parameter (a ¼ 14.24 Å) is apparently

expanded relative to the undoped cubic C60 (a ¼ 14.17 Å). The superconductivity

has been observed for many A3C60 (A: alkali metal), e.g., Rb3C60 (Tc ¼ 29 K

[301]), Rb2CsC60 (Tc ¼ 31 K [302]), and RbCs2C60 (Tc ¼ 33 K; the highest Tc
among the ambient pressure C60 superconductors, reported by Tanigaki et al.

[302]), and their structures are analogous to that of K3C60 with varying lattice

constants. The Tc varies monotonically with the lattice constant, independently of

the type of the alkali dopant [302, 303]. This behavior can be interpreted in terms of

BCS theory, in agreement with the observation of Hebel–Slichter coherence peaks

for NMR [304] and mSR [305] and the normal isotope effect; namely Tc decreases
by the isotopic substitution 12C ! 13C [306].

Keeping the C60 valence invariant (�3), the intercalation of NH3 molecules

(e.g., (NH3)K3C60) results in a lattice distortion from cubic to orthorhombic,

accompanied by the appearance of AF ordering instead of superconductivity

[307]. Changing the valence in cubic system also has a pronounced effect on Tc.
For example, Tc in Rb3–xCsxC60 prepared in liquid ammonia gradually increases

as the mixing ratio approaches x ¼ 2 [308]. Further increasing the nominal ratio of

Cs leads to a sizable decrease of Tc, despite the fact that the lattice keeps the fcc

structure for x < 2.65. Such a band-filling control has been realized for Na2CsxC60

(0 � x � 1) [309] and LixCsC60 (2 � x � 6) [310], and shows that Tc decreases
sharply as the valence state on C60 deviates from �3.

According to the relationship between the lattice volume and Tc as described,
cubic Cs3C60 would be an ultimate candidate for a higher Tc superconductor, but the
conventional vapor–solid reaction affords only the thermodynamically stable CsC60

and Cs4C60 phases. In 1995, noncubic Cs3C60 was obtained by a solution process in

liquid ammonia, and the superconductivity was observed below 40 K under an

applied hydrostatic pressure of 1.4 GPa [311].

In 2008, the A15 or body-centered cubic (bcc) Cs3C60 phase, which shows bulk

superconductivity under applied hydrostatic pressure, was obtained, together with

a small amount of by-products of body-centered orthorhombic (bco) and fcc phases,

by a solution process in liquid methylamine (Prassides, Rosseinsky, et al.) [312].

Interestingly, the lattice contraction with respect to pressure results in an increase in

Tc up to around 0.8 GPa, above which Tc gradually decreases. The highest Tc is
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38 K, which exceeds the value of RbCs2C60 (33 K). The trend in the initial pressure

range is not explicable within the simple BCS theory. Under an ambient pressure,

on the other hand, the A15 Cs3C60 shows an AF ordering below 46 K, verified

by means of 133Cs NMR and mSR [313]. Very recently, it has been found that

the fcc phase also shows an AF ordering at 2.2 K under an ambient pressure, and

a superconducting transition at 35 K under an applied hydrostatic pressure of about

0.7 GPa [314]. Note that Tc of both phases follows the universal relationship for

A3C60 superconductors in the vicinity of the Mott boundary.

Some noncubic superconductors have been obtained for Yb2.75C60 (Tc ¼ 6 K)

[315], Sm2.75C60 (Tc ¼ 8 K) [316], Ba4C60 (Tc ¼ 6.7 K) [317, 318], and Sr4C60

(Tc ¼ 4.4 K) [318]. Eu6C60 with bcc packing undergoes a ferromagnetic transition

at 12 K, arising from Eu2+ cations with S ¼ 7/2 spin [319], and shows a giant

negative magnetoresistance arising from a significant p-f coupling between the

conduction electrons on C60 and localized 4f-electrons on Eu [320]. CexC60 shows

a coexistence of superconductivity and ferromagnetism below 13.5 K, although its

crystal structure and composition are currently unclear [321].

C60 doped with K (Tc < 8.1 K) [322] and Rb (Tc < 23 K) [323] exhibit

superconductivity on LB films, which was detected by the AC complex magnetic

susceptibility or low magnetic field microwave absorption measurements. How-

ever, both the structural disorder inherent to the LB films and the low-dimensional

nature of the thin-layer structure severely prohibit the observation of superconduc-

tivity by resistivity measurements.

As mentioned, the (super)conductors based on C60 and picene are chemically

very unstable, and immediately decompose on exposure to air. Crystal engineering

to protect such (super)conductors against air and moisture is essential for further

investigation.

5.3 Metallic Doped Polymers and Unidentified Organic
Superconductors

5.3.1 Polymer Superconductors and Metallic Polymer

Little’s 1964 proposal for high Tc superconductivity was based on a polymer system

having both a conduction path and highly polarizable pendants, which mediate the

formation of Cooper pairs in the conduction path by electron–exciton coupling [324].

There are at least two inorganic polymer superconductors, poly(sulfur nitride) (SN)x
[325–327] and black phosphorus [328], with crystalline forms. The covalent bond of

the golden crystal of (SN)x has an ionic character by a partial electron transfer (0.4 e)
from S to N.Weak interchain interactions between SN polymer chains give it a quasi-

one-dimensional nature.Along the polymer chain, thesRT value is 1–4 � 103 S cm�1,

rising by a factor of ca. 102 at 4.2 K and superconductivity appeared at Tc ¼ 0.26 K

and Tc increased under pressure (Tc� 3 K). Black phosphorus has a two-dimensional
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layer structure with sRT ~ 1 S cm�1 and exhibited superconductivity under pressure

(Tc ~ 6 K, 16 GPa). When the sample was pressurized after cooling the sample

at ambient pressure to 4.2 K, Tc increased considerably (Tc ¼ 10.7 K, 29 GPa).

These are metallic and superconducting polymers without doping.

After Little’s proposal, many researchers have pursued such an exciting system

in vain. Even metallic behavior was rarely seen in doped organic polymers, gels,

and actuators. As mentioned in Sect. 3.4.4, MC60 with linearly polymerized C60
•–

exhibited one-dimensional (M ¼ Rb, Cs) or three-dimensional (M ¼ K) metallic

behavior [144]. Recently a doped polyaniline was reported to exhibit a metallic

temperature dependence for a crystalline polymer; chemical oxidation of

monomers grew crystallite polyaniline [329]; early doping studies on polypyrrole

(PF6) and poly(3,4-ethylene-dioxythiophene)X (X ¼ PF6, BF4, and CF3SO3)

prepared by electrooxidation at low temperatures also showed a metallic tempera-

ture dependence below 10–20 K (Scheme 16) [330, 331].

So far no organic polymers have been confirmed to show superconductivity, in

spite of several unconfirmed polymer superconductors mentioned below. It should

be remembered that the sample should be well oriented, otherwise the disorder

inherent to organic polymers will destroy the superconductivity.

5.3.2 Unidentified Superconducting Organics

There have been several experimental reports describing very high Tcs or

very fascinating materials with low Tc though these data are not reproducible.

The most puzzling one was the Na salt of cholanate with Tc ¼ 277.0 K reported

in 1976, though cholanic acid does not have p-electrons (Scheme 17) [332]. The

superconductivity was detected by conductivity and magnetic measurements. The

authors mentioned that the salt showed an insulator to superconducting transition

and the transition was fractional. Very recently, a biological compound (double-

stranded DNA) was reported to exhibit proximity-induced superconductivity below

1 K [119]. The deionized DNA molecules are insulating and superconductivity

cannot be expected.

In 1978, aniline black was reported to show possible superconductivity by the irre-

versible drop of resistivity by 106 in the I–Vmeasurements at RT around 250 V (Tc¼
295.5 K) [333]. In 1989, a resistance drop by nine orders of magnitude and a strong

N
H

Pyrrole S
3,4-Ethylenedioxy-
thiophene

OO

Scheme 16 Chemical structures of pyrrole and 3,4-ethylene-dioxythiophene
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diamagnetismwhichwas destroyed bymagnetic fieldwere reported on polypropylene

oxidized for 3 years (Tc ¼ 293 K) [334]. Oligo- and polyphthalocyanines have been

reported to exhibit Tc of 83 and 92 K, detected by LFMA (low-field magnetic

absorption) [335], which is very sensitive but sometimes gives false signals.

6 Spin Disordered State (Quantum Spin Liquid State)

Neighboring Superconductivity

Figures 13 and 16b, and also the phase diagrams for electron-correlated C60

[336], cuprate oxide, iron pnictide, and heavy fermion systems [337], indicate

that a magnetic ordered state (SDW, AF) can be located in a phase diagram next

to the superconducting state. However, for the system having very strong electron

frustrations a new exotic magnetic state (quantum spin liquid state without any

magnetic order) appeared. That spin liquid state has only been predicted theoreti-

cally [338]. Furthermore, the superconducting state neighbors directly to the spin

liquid state for the Mott insulator k-(ET)2Cu2(CN)3 34 (in Table 6), which has a

larger anion space than those for four 10 K class superconductors 29–32 in Table 6.

Its Fermi surface has a similar shape to that of k-(ET)2Cu(NCS)2 [339–341].

6.1 New Spin State Originated from Strong Spin Frustrations:
Quantum Spin Liquid State

Figure 17a shows the packing motif of k-(ET)2Cu2(CN)3 where an ET dimer, which is

encircled by an ellipsoid, is a unit with S ¼ 1/2 spin. The geometry of the spin lattice

(Fig. 17b) is a triangular latticewith two kinds of transfer integrals, t¼ (|tp| þ |tq|)/2 and
t0 ¼ tb2/2 [343, 344], suggesting that the system has a strong spin frustration.Allk-type
salts have such triangular spin lattice, though the magnitude of the frustration depends

on the shape of the triangle and the ratio t0/t is a good parameter to estimate the

frustration. The t0/t values for k-(ET)2X in Table 6 calculated by extended H€uckel

H3C

HOOC
CH3

HCH3

H

H H

Cholanic acid

Scheme 17 Chemical structure of cholanic acid
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method indicate that the spins in k-(ET)2Cu2(CN)3 (t0/t ¼ 1.06) are severely frustrated

compared with the other k-type salts (t0/t ¼ 0.7–0.9). Even though the previous

density-function theory (DFT) calculations [345, 346] gave a little higher t’/t and the

recent DFT calculations using a generalized-gradient-approximation gave the smaller

t’/t (�0.8) [347, 348] than unity, k-(ET)2Cu2(CN)3 exhibited the unprecedented

features caused by strong spin frustration.

Figure 17c,d compares the line shapes of 1H NMR absorption of k-(ET)2
Cu2(CN)3 and k-(ET)2Cu[N(CN)2]Cl, respectively. k-(ET)2Cu[N(CN)2]Cl exhi-
bited a drastic change below 27 K owing to the formation of three-dimensional

AF ordering, while, the absorption band of k-(ET)2Cu2(CN)3 remained almost

invariant down to 32 mK, indicating a nonspin-ordered state: the quantum spin

liquid state [342, 349–357].

The three Mott insulators, k-(ET)2Cu[N(CN)2]Cl, deuterated k-(ET)2Cu[N
(CN)2]Br, and k-(ET)2Cu2(CN)3, have nearly the same Ueff/W (~0.9); however,

the electronic ground states of them are different. The spins in the former two salts

condensed into the AF state because of the less frustrated spin geometry

in k-(ET)2Cu[N(CN)2]Cl (t0/t ~ 0.75) and D-salt of k-(ET)2Cu[N(CN)2]Br
(t0/t ¼ 0.68 for the H-salt). Since the spin frustration is quite significant in

k-(ET)2Cu2(CN)3 because of the equilateral triangle spin geometry, the formation

of the AF and superconducting states is suppressed at ambient pressure and the

unprecedented spin liquid state appears instead.

Controversial discussions ensued concerning the magnitude of the gap of the

spin liquid state. Specific heat measurements suggested a gapless nature [358],

while thermal conductivity measurements suggested a small gap [359]. Further-

more, there is an abnormality in lattice near 5–6 K which was detected by 13C NMR

[357] and thermal expansion [360] measurements, indicating that the lattice is not

frozen even at 5–6 K.
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Fig. 17 (a) Donor packing pattern of k-(ET)2Cu2(CN)3 along the a-axis (transfer integrals; tb1 ¼ 22

meV, tb2 ¼ 12 meV, tp ¼ 8 meV, and tq ¼ 3 meV) and (b) triangular spin lattice (t0/t ¼ 1.06;

t0 ¼ tb2, t ¼ (|tp| + |tq|)/2) composed of the ET dimer which is encircled by an ellipsoid in (a) and

represented by closed circle in (b). Line shape of 1H NMR of (c) k-(ET)2Cu2(CN)3 [342] and (d)

k-(ET)2Cu[N(CN)2]Cl [209]
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6.2 Emergence of Superconducting State Next to Spin Liquid
State

The uni-axial strain method can apply strain only along one direction. For k-(ET)2
Cu2(CN)3, uni-axial strain changed the temperature dependence of resistivity

from that depicted in Fig. 15 to be similar to those of 30 and 31, namely

semiconductor–metal–superconducting behavior. A superconducting state readily

appeared nearly above 0.1 GPa in both directions along the b- (Fig. 18 right figure:

t0/t increases in this direction) and c- (Fig. 18 left figure: t0/t decreases in this

direction) axes [361], without passing through the spin-ordered state. The appear-

ance of the superconducting state is ascribed to the release of the strong

spin frustrations since the t0/t deviates from unity in both directions. Within the

bc-plane, the superconducting state appeared above 0.1 GPa [Tc ¼ 3.8 K (//b),
5.8 K (//c)] and Tc increased up to 6.8 K (//b, 0.5 GPa) and 7.2 K (//c, 0.3 GPa).

Along the a*-axis, the superconducting state appeared above 0.3 GPa.

A plot of Tc vs TIM (Fig. 19), which is a Mott insulator–metal transition

temperature, indicates that the pressure dependence of Tc behaves similarly in

both directions. However, the uni-axial results are considerably different from

those resulting under hydrostatic pressure, which extinguish the superconducting

phase above 0.3 GPa. k-(ET)2Cu2(CN)3 was converted to a metal and supercon-

ductor by applying hydrostatic pressure through a Mott insulator–metal transition at

13–14 K with a resistivity drop by 105 [354, 362]. The critical pressure and Tc under
hydrostatic pressure differ within the literature [203, 205–207, 354, 362], reflecting

anisotropic nature of Tc and high sensitivity to the inclusion of Cu2+ and N(CN)2
anion as described in the next section. The uni-axial method afforded (1) a much

higher Tc value, (2) an increase of Tc at the initial pressure region, (3) an anisotropic
pressure dependence, and (4) superconducting phase remaining at higher pressure

compared with that of hydrostatic results. There have been many hydrostatic pres-

sure studies on systems having very anisotropic electronic structures. According

to the results in Fig. 19 where the hydrostatic pressure results do not agree with

Fig. 18 Temperature–uniaxial pressure phase diagram in the low temperature region of

k-(ET)2Cu2(CN)3 [361]. The strain along the c-axis corresponds to decrease t0/t (left side), while
the stress along the b-axis increases t0/t (right side)
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any of those along the principal axes or their averaged ones, it is very difficult to

understand logically the hydrostatic pressure results.

The emergence of the superconducting state is interpreted by both the increase of

Ueff/W and the deviation of t0/t from unity. The increase of Tc in the initial pressure
regime is ascribed to the reduction of the spin frustration. The following decrease of

Tc in whole measured directions is explained by the decrease of D(eF) owing to the

increase of W. The appearance of superconducting state immediately after the

release of the spin frustration in the spin liquid state is an indication of the

importance of the magnetic mediation for superconductivity. The uni-axial strain

experiments, which included other k-type superconductors, clearly revealed that Tc
increased as the U/W approaches unity and as the t0/t departs from unity (Fig. 20)

[363].

Following k-(ET)2Cu2(CN)3, five materials [364], including EtMe3Sb[Pd

(dmit)2]2 as an organic solid [365], have been found to have quantum spin liquid

states; however, superconductivity has been confirmed only for k-(ET)2Cu2(CN)3.

6.3 Control of U/W and Band Filling: k0-(ET)2Cu2(CN)3

The anion structure of the Mott insulator k-(ET)2Cu2(CN)3 34 in Fig. 21 revealed

the disorder in the position of C and N atoms of the C�N groups (L2 part; Table 6,

Fig. 21a) [205–207, 370], due to the existence of an inversion center. However, 13C

NMR experiments observed very sharp resonance lines due to the homogeneous

local field in the metallic state [371], which suggests that the C/N disorder, if any,

does not work as the disorder potential in the conduction layer.

Owing to the very similar geometrical shape, size, and equal charge between

Cu(CN)2[N�C–Cu–C�N for X–Cu–Y, with obtuse bond angle of 120.1�] and

N(CN)2[N�C–N–C�N, bond angle 116.7�], they were nearly freely replaceable

with each other in the anion layer, resulting in comparable lattice parameters among

k-(ET)2Cu(CN)3, k-(ET)2Cu(CN)[N(CN)]2, and their alloy, k0-salt (Fig. 21a–c).

Fig. 19 Pressure

dependence of on-set Tc
of k-(ET)2Cu2(CN)3 by
the uni-axial strain and

hydrostatic pressure methods
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It was found that the exact chemical formula of k0-(ET)2Cu(CN)3 was k-(ET)2
(Cu1+2–x–yCu

2+
x){(CN)3–2y[N(CN)2]y} and its transport natures were governed by

the amount of Cu2+ (x) and ligand [NC–N–CN]� (y) [368]. At x ¼ 0 and y ¼ 0, the

salt is a Mott insulator k-(ET)2Cu2(CN)3 (point a in Fig. 21d), while the other

extreme side (x ¼ 0, y ¼ 1) is k-(ET)2Cu(CN)[N(CN)2] with Tc ¼ 11.2 K at

ambient pressure (point e). By changing both x (80–1,200 ppm) and y [preferential
values of y are 0.05 (point b), 0.3–0.4 (c), 0.8 (d)], the Tc was tuned from 3 to 11 K.

At y ¼ 0.3–0.4, the Tc ranged from 3 to 10 K and the crystals with different Tc had
different x values, indicating that the charge of ET was modified fromþ0.5 toþ0.5

(1 � x), that corresponds to the change of chemical potential, i.e., band-filling.

Tc increased with increasing x (¼ the content of Cu2+) up to 400 ppm, and then

Tc decreased.
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Fig. 20 Tc of k-(ET)2X
salts are plotted as function of
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Fig. 21 The anion structures of (a) k-(ET)2Cu2(CN)3 and (c) k-(ET)2Cu(CN)[N(CN)2].
(b) A schematic figure of k-(ET)2(Cu

+
2–x–yCu

2+
x){(CN)3–2y[N(CN)2]y} with y ~ 0.1. (d) Relation

between the content of N(CN)2, y and Tc in several crystals of k0 salt: k-(ET)2(Cu
1+)2–x–y

(Cu2+)x(CN)3–2y[N(CN)2]y. As for points a–e, see text. Dashed line indicates the samples of

y ~ 0.3 [362, 366–369]
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These experimental facts indicate that this system can be an excellent model

of band-filling control, and will be a good candidate for making a superlattice

composed of Mott insulator/superconductor hetero-junctions. It should be empha-

sized that their lattice parameters are nearly kept constant through such an anion

modification, which is the most essential feature for achieving the successful tuning

of Tc in an organic superconductor.
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315. Özdas E, Kortan AR, Kopylov N, Ramirez AP, Siegrist T, Rabe KM, Bair HE, Schuppler S,

Citrin PH (1995) Superconductivity and cation-vacancy ordering in the rare-earth fulleride

Yb2.75C60. Nature 375:126–129

316. Chen XH, Roth G (1995) Superconductivity at 8 K in samarium-doped C60. Phys Rev B52:

15534–15536

317. Baenitz M, Heinze M, L€uders K, Werner H, Schl€ogl R, Weiden M, Sparn G, Steglich F

(1995) Superconductivity of Ba doped C60 – susceptibility results and upper critical field.

Solid State Commun 96:539–544

318. Brown CM, Taga S, Gogia B, Kordatos K, Margadonna S, Prassides K, Iwasa Y, Tanigaki K,

Fitch AN, Pattison P (1999) Structural and electronic properties of the noncubic super-

conducting fullerides A4
0C60 (A

0 ¼ Ba, Sr). Phys Rev Lett 83:2258–2261

319. Ksari-Habiles Y, Claves D, Chouteau G, Touzain Ph, Cl J, Oddou JL, Stepanov A (1997)

Superexchange and magnetic relaxation in novel Eu-doped C60 phases. J Phys Chem Solids

58:1771–1778

320. Ishii K, Fujiwara A, Suematsu H, Kubozono Y (2002) Ferromagnetism and giant magnetore-

sistance in the rare-earth fullerides Eu6-xSrxC60. Phys Rev B65:134431/1-6

321. Maruyama Y, Motohashi S, Sakai N, Watanabe K, Suzuki K, Ogata H, Kubozono Y (2002)

Possible competition of superconductivity and ferromagnetism in CexC60 compounds.

Solid State Commun 123:229–233

322. Wang P, Metzger RM, Bandow S, Maruyama Y (1993) Superconductivity in Langmuir-

Blodgett multilayers of fullerene (C60) doped with potassium. J Phys Chem 97:2926–2927

323. Ikegami K, Kuroda S, Matsumoto M, Nakamura T (1995) Alkali-metal doping of Langmuir-

Blodgett films of C60 studied by ESR. Jpn J Appl Phys 34:L1227–L1229

324. Little WA (1964) Possibility of synthesizing an organic superconductor. Phys Rev A134:

1416–1424

325. Greene RL, Street GB, Suter LJ (1975) Superconductivity in polysulfur nitride (SN)x.

Phys Rev Lett 34:577–579

326. Labes MM, Love P, Nichols LF (1979) Polysulfur nitride – a metallic, superconducting

polymer. Chem Rev 79:1–15

327. Banister AJ, Gorrell IB (1998) Poly(sulfur nitride): the first polymeric metal. Adv Mater 10:

1415–1429

328. Kawamura H, Shirotani I, Tachikawa K (1984) Anomalous superconductivity in black

phosphorus under high pressures. Solid State Commun 49:879–881

329. Lee K, Cho S, Park SH, Heeger AJ, Lee C-W, Lee S-H (2006) Metallic transport in

polyaniline. Nature 441:65–68

124 G. Saito and Y. Yoshida



330. Sato K, Yamaura M, Hagiwara T, Murata K, Tokumoto M (1991) Study on the electrical

conduction mechanism of polypyrrole films. Synth Met 40:35–48

331. Aleshin A, Kiebooms R, Menon R, Heeger AJ (1997) Electronic transport in doped poly

(3,4-ethylenedioxythiophene) near the metal-insulator transition. Synth Met 90:61–68

332. Wolf AA, Halpern EH (1976) On a class of organic superconductors: a summary of findings.

Proc IEEE 64:357–359

333. Langer J (1978) Unusual properties of the aniline black: does the superconductivity exist at

room temperature? Solid State Commun 26:839–844

334. Enikolopyan NS, Grigorov LN, Smirnova SG (1989) Possible superconductivity near 300 K

in oxidized polypropylene. JETP Lett 49:371–375

335. Lyubchenko LS, Stepanov SV, Lyubchenko ML, Sherle AI, Epstein VP, Dadali AA,

Malinsky J (1992) Low-field microwave absorption in high-Tc superconductors based on

olygo- and polyphthalocyanines. Phys Lett A162:69–78

336. Iwasa Y, Takenobu T (2003) Superconductivity, Mott-Hubbard states, and molecular orbital

order in intercalated fullerides. J Phys Condens Matter 15:R495–R519

337. Chu CW (2009) High-temperature superconductivity: alive and kicking. Nat Phys 5:787–789

338. Anderson PW (1973) Resonating valence bonds: a new kind of insulator? Mater Res Bull 8:

153–160

339. Ohmichi E, Ito H, Ishiguro T, Komatsu T, Saito G (1997) Angle-dependent magnetoresis-

tance in the organic superconductor (BEDT-TTF)2Cu2(CN)3 under pressure. J Phys Soc Jpn

66:310–311

340. Ohmichi E, Ito H, Ishiguro T, Komatsu T, Saito G (1998) Pressure dependence of magneto-

resistance and Fermi surface of (BEDT-TTF)2Cu2(CN)3. Rev High Pressure Sci Technol 7:

523–525

341. Ohmichi E, Ito H, Ishiguro T, Saito G (1998) Shubnikov-de Haas oscillation with unusual angle

dependence in the organic superconductor k-(BEDT-TTF)2Cu2(CN)3. Phys Rev B57:7481–7484
342. Shimizu Y, Miyagawa K, Kanoda K, Maesato M, Saito G (2003) Spin liquid state in

an organic Mott insulator with a triangular lattice. Phys Rev Lett 91:107001/1-4.

k-(ET)2Cu2(CN)3 was first prepared and reported by some groups including [206–209]

343. McKenzie RH (1998) A strongly correlated electron model for the layered organic

superconductors k-(BEDT-TTF)2X. Comments. Condens Matter Phys 18:309–337

344. Kino H, Fukuyama H (1995) Electronic states of conducting organic k-(BEDT-TTF)2X.
J Phys Soc Jpn 64:2726–2729

345. Imamura Y, Ten-no S, Yonemitsu K, Tanimura Y (1999) Structures and electronic phases of

the bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) clusters and k-(BEDT-TTF) salts: a
theoretical study based on ab initio molecular orbital methods. J Chem Phys 111:5986–5994.

Though the previous density-function theory (DFT) calculations gave a little higher t0/t
than those by the extended H€uckel method [345, 346], the recent DFT calculations using

a generalized-gradient-approximation gave the smaller t0/t (~0.8) [347, 348].
346. Kawakami T, Taniguchi T, Kitagawa Y, Takano Y, Nagao H, Yamaguchi K (2002) Theoret-

ical investigation of magnetic parameters in two-dimensional sheets of pure organic BEDT-

TTF and BETS molecules by using ab initio MO and DFT methods. Mol Phys 100:

2641–2652

347. Kandpal HC, Opahle I, Zhang Y, Jeschke HO, Valenti R (2009) Revision of model para-

meters for k-type charge transfer salts: an ab initio study. Phys Rev Lett 103:067004/1-4

348. Nakamura K, Yoshimoto Y, Kosugi T, Arita R, Imada M (2009) Ab initio derivation of low-

energy model for k-ET Type organic conductors. J Phys Soc Jpn 78:083710/1-4

349. Shimizu Y, Maesato M, Saito G, Miyagawa K, Kanoda K (2003) Magnetic properties

of k-(ET)2Cu2(CN)3. Synth Met 137:1247–1248

350. Shimizu Y, Maesato M, Saito G, Drozdova O, Ouahab L (2003) Transport properties of

a Mott insulator k-(ET)2Cu2(CN)3 under the uniaxial strain. Synth Met 133–134:225–226

351. Shimizu Y, Miyagawa K, Oda K, Kanoda K, Maesato M, Saito G (2004) 1H-NMRstudy of

Mott insulator k-(ET)2Cu2(CN)3 with isotropic triangular lattice. J Phys IV 114:377–378

Frontiers of Organic Conductors and Superconductors 125



352. Shimizu Y, Kurosaki Y, Miyagawa K, Kanoda K, Maesato M, Saito G (2005) NMR

study of the spin-liquid state and Mott transition in the spin-frustrated organic system,

k-(ET)2Cu2(CN)3. Synth Met 152:393–396

353. Shimizu Y, Miyagawa K, Kanoda K, Maesato M, Saito G (2005) Spin liquid in a spin-

frustrated organic Mott insulator. Prog Theor Phys Suppl 159:52–60

354. Kurosaki Y, Shimizu Y, Miyagawa K, Kanoda K, Saito G (2005) Mott transition from

spin liquid in the spin-frustrated organic conductor k-(ET)2Cu2(CN)3. Phys Rev Lett 95:

177001/1-4
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Fullerenes, Carbon Nanotubes, and Graphene

for Molecular Electronics

Julio R. Pinzón, Adrián Villalta-Cerdas, and Luis Echegoyen

Abstract With the constant growing complexity of electronic devices, the top-down

approach used with silicon based technology is facing both technological and physi-

cal challenges. Carbon based nanomaterials are good candidates to be used in the

construction of electronic circuitry using a bottom-up approach, because they have

semiconductor properties and dimensions within the required physical limit to

establish electrical connections. The unique electronic properties of fullerenes for

example, have allowed the construction of molecular rectifiers and transistors that can

operate with more than two logical states. Carbon nanotubes have shown their

potential to be used in the construction of molecular wires and FET transistors that

can operate in the THz frequency range. On the other hand, graphene is not only the

most promising material for replacing ITO in the construction of transparent electro-

des but it has also shown quantum Hall effect and conductance properties that depend

on the edges or chemical doping. The purpose of this review is to present recent

developments on the utilization carbon nanomaterials in molecular electronics.

Keywords Bottom-up � Carbon nanomaterials � Molecular conductance �
Molecular electronics � Unimolecular electronic devices
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1 Introduction

With the constant growing complexity of electronic devices, the top-down

approach used with silicon based technology is facing both technological and

physical challenges [1–3]. In contrast, constructing circuitry from small pieces

using bottom-up approaches is gaining considerable attention [4]. Single molecules

are ideal candidates to be used as electronic devices because they can be prepared

using well known and easily reproducible synthetic procedures. In 2003, Tao and

collaborators measured single molecule conductances for several organic com-

pounds between a gold scanning tunneling microscope (STM) tip and a gold surface

[5]. Conductance histograms showed peaks at integer values of 1/100 of conduc-

tance quantization G0 (¼2e2/h ¼ 77 mS), ascribed to the number of molecules

forming a stable junction between the electrodes (see Fig. 1a).

In 2005, the same group reported the use of an organic molecule as a single

molecule transistor (see Fig. 1b), in which the current through the molecule was

modulated by a gate potential (Vg) applied at room temperature [6]. As the gate

potential was reduced the current increased, resulting in a huge increase (~500

times vs Vg ¼ 0 V) at�0.65 V, corresponding to the reduction of the organic linker

(see Fig. 1c). Control experiments using alkanedithiol showed no current depen-

dence upon applied gate voltage (see Fig. 1d), further proving the effectiveness of

the transistor behavior in these experiments.

Carbon based nanomaterials [7] are strong candidates to be used as building

blocks for molecular electronics, because they have semiconductor properties and

dimensions within the required physical limit to establish electrical connections [8].

Many researchers have studied and measured single molecule conductance and its

dependence on intrinsic chemical properties. For example, in 2006 Venkataraman

et al. demonstrated that conductances for a series of biphenyl compounds decreases

when the molecular twist angle between the phenyl groups (y) increases (see Fig. 2)
[9]. This correlates with the predicted transport through p-conjugated biphenyl

systems considering the cos2y.
Therefore, single molecule conductance measurements provide experimental

evidence for theoretically expected behavior which cannot be determined by any

other means but single molecule analysis.
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The purpose of this review is to present recent developments on the utilization of

fullerenes, carbon nanotubes, and graphene in molecular electronics.

1.1 Types and Shapes of Carbon Nanomaterials

After the discovery of fullerenes [10] the family of carbon based nanostructures

has been constantly growing (see Fig. 3). Fullerene discovery was followed by

Fig. 1 (a) Single molecule conductance experiments of bipyridine. (Reprinted with permission

from [5]. (b, c) Single molecule transistor experiments using an organic molecule. (Reprinted with

permission from [6])

Fig. 2 (a) Schematic diagram of single molecule junction conductance measurement. (b) Struc-

tures of a subset of the biphenyl series studied, shown in order of increasing twist angle (y) or
decreasing conjugation. (c) Biphenyl junction conductance as a function of molecular twist angle.

(Reprinted with permission from [9])
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multiwall [11] (MWCNTs) and single wall carbon nanotubes (SWCNTs) [12, 13].

“Onion-like” structures of concentric multishell fullerenes were observed in the

carbon soot resulting from the resistive evaporation of graphite [14, 15], and they

are also formed upon strong electron beam irradiation of amorphous carbon and

carbon nanotubes [16], by high temperature annealing of nanodiamonds [17], or by

arc discharge under water [18], organic solvents [19], or liquid nitrogen [20]. Other

striking nanostructures are the so-called carbon nanohorns (CNHs) which result

from the CO2 laser ablation of carbon at room temperature without a metal catalyst

[21]. Despite the fact that endohedral metallofullerenes were observed right after

the discovery of fullerenes via mass spectrometry [22], their endohedral nature was

only confirmed a few years later [23]. Atom clusters can also be confined inside

fullerenes. Perhaps the most important family within this group is the trimetallic

nitride endohedral metallofullerenes (TNT-EMFs) [24, 25]. However, clusters

containing metal oxides [26], metal carbides [27], or metal sulfides [28, 29] can

also be encapsulated inside the fullerene cages.

2 Fullerenes

2.1 Fullerene Preparation

Fullerenes were detected for the first time upon laser-induced vaporization of

graphite [10]. However, the first preparative method involved the vaporization of

graphite by arc discharge (see Fig. 4) [30–33]. Today, the sooting flame from a

Fig. 3 Representative examples of carbon nanomaterials. Empty cage fullerenes (a) C60, (b) C70;

endohedral fullerenes (c) La2@Ih-C80, (d) Lu3N@Ih-C80, (e) graphene sheet, (f) zig-zag single

wall carbon nanotube, (g) arm chair single wall carbon nanotube, (h) chiral carbon nanotubes,

(i) carbon nanohorn, (j) carbon nanoonion
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hydrocarbon feedstock is the most efficient method for the preparation of empty

cage fullerenes [34–38]. This is the method used in the largest fullerene production

facility in the world located in Japan [39]. The flame is produced by burning part of

the hydrocarbon; therefore, the reaction temperature depends on the hydrocarbon to

oxygen ratio and it is usually lower than 2,000 K [34]. The main advantage of this

method is that it is a continuous process with overall low energy consumption.

However, the flame introduces limitations to the scope of this method; therefore, the

arcing process is preferred in lab scale preparation of fullerenes. In this process,

high purity graphite rods are evaporated in electrically generated plasmas by either

alternating current AC [32, 40] or direct current DC discharge [41, 42]. The

distance gap between the electrodes not only affects the electrical characteristics

of the plasma, but also the radiation level and the heat exchange between the plasma

and the surroundings [43].

Other parameters such as the metals added, plasma gas, and temperature become

independent and can be adjusted freely, thus making possible the production of a

large variety of carbon nanomaterials by using the same arc discharge reactor [44].

Powdered metals or metal oxides can be packed in the graphite rods and can lead

to the formation of endohedral metallofullerenes [45–47]. If, simultaneously,

the arcing atmosphere is charged with reactive gases, different clusters can be

incorporated inside the fullerene cages [48–51]. Salts or organic molecules can

be used as packing materials as well, further diversifying the products that can be

obtained directly from the arcing process [26, 29, 52].

2.2 Redox Properties of Fullerenes

Early theoretical calculations established that C60 has a low energy LUMO orbital

that is triply degenerate and hence capable of accepting six electrons upon reduc-

tion [53]. However, the electrochemical detection of the C60 hexaanion was only

Graphite rod packed with the metal oxide (anode)

Vacuum outlet

Motor

Gas outlet

To power supply To power supplyWater outlets

Graphite cathode

Plasma

Fig. 4 Arc discharge reactor for the production of fullerenes. (Reprinted with permission

from [25])
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possible when the solvent potential window was expanded by running the electro-

chemical experiments using a toluene/acetonitrile 5:1 v/v solvent mixture at �10 �C
(see Fig. 5) [54].

In the case of C70, it was predicted that the LUMO orbital was doubly degenerate

and thus capable of accepting four electrons; however, the energy difference

between the LUMO and the LUMO + 1 orbital is very small and, as in the case

of C60, six reversible reduction processes were observed [54]. On the oxidation

scan, using 1,1,2,2-tetrachloroethane as the solvent, one chemically reversible

oxidation was observed for C60 whereas two oxidative processes were observed

for C70 [55] and, by calculating the energy difference between the first reduction

and the first oxidation processes, the HOMO–LUMO gaps in solution for C60 and

C70 were established at 2.32 eV and 2.22 eV respectively. These findings also show

the rich redox chemistry of C60 and C70 [56]. The redox properties of larger empty

cage fullerenes are equally rich and it has become an important technique for

differentiating among different isomers [57].

The electrochemical properties of TNT-EMFs, M3N@C2n (n > 39) differ from

those of the empty cage fullerenes (see Fig. 6) due to the interaction of the metal

cluster with the carbon cage and because the structure of these carbon cages are

generally different. As a consequence, the reductive processes are electrochemically

irreversible but chemically reversible. The oxidative processes occur at lower poten-

tials because the HOMO orbital is mainly localized on the trimetallic nitride clusters

and theHOMO–LUMOgaps in solution are smaller [25, 58]. The endohedralmetallo-

fullerenesM@C2n show similar behavior but even smaller HOMO–LUMOgaps [59].

2.3 Electronic Transport Properties of Single Fullerene
Molecules

In order to understand the electronic transport properties of single fullerene mole-

cules, and thus to explore the possibility of device application, it is very important to

5 μA

0

T1g LUMO+1
LUMOT1u

hu HOMO

–1

E

a b

Potential (volts vs. Fc / Fc*)

–1.0 –2.0 –3.0

10 μA

Fig. 5 (a) Electrochemistry of C60 fullerene, cyclic voltammetry (top) and differential pulse

voltammetry (bottom) (Reprinted with permission from [54]). (b) Schematic representation of

HOMO and LUMO orbitals after addition of six electrons (red arrows) to the fullerene
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study the current–voltage (I–V) characteristics of single fullerene molecules

connected to two electrodes [60]. The charge transport through single C60 molecules

has been studied experimentally using STM. C60 molecules have been studied using

two different approaches. In the first approach, C60 molecules were deposited on a

metal surface and a single molecule was contacted with an STM tip, thus creating a

single barrier tunnel junction. C60 fullerene has a band gap above 2 V and thus it

behaves as an insulator at room temperature, but it has a low lying energy LUMO

level and, thus, when a C60 molecule is contacted with metal electrodes, charge

transfer can take place and conductance can be established through the LUMO

orbital. Under these conditions the I–V characteristics of single fullerene molecules

deposited on top of Au electrodes are linear at voltages lower than the HOMO–-

LUMO gap [61, 62]. Low temperature studies of C60 molecules absorbed on Cu(100)

showed a sudden change of conductance from �0.25 G0 to G0 (G0 ¼ 2e2/h) when

the conductance regime changed from tunneling to contact and the increase on the

conductance is attributed to the formation of a chemical bond between the fullerene

and the STM tip [63]. Theoretical studies have established that the number of contacts

between the tip and the atoms in the fullerene cage affects the conductance due to

interference effects [64]. Other theoretical studies have predicted that the charge

transport through endohedral fullerenes differs from that of empty cages depending

on the nature of the encapsulated atom because the main channel for the charge

transport could be the fullerene cage or the encapsulated atom [65]. This difference

could be useful for controlling the current in future nano-sized devices.

In the second experimental approach, the C60 molecules are deposited on top of

an insulating self-assembled monolayer, thus creating a double barrier tunnel

junction connected in series and sharing an electrode [66, 67]. Under these condi-

tions current steps in the I–V graph are observed, because when a potential is

applied the capacitances of each junction has to be charged to a threshold potential

before an electron can tunnel through the junction and when it is favorable for an

electron to sit in the middle electrode the amount of current that flows through the

junctions increases [68].

1.5

a b

1.0 0.5 0.0 –0.5

Potential(V vs Fc/Fc+)
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Fig. 6 (a) Cyclic voltammograms C60 (top) and Sc3N@Ih-C80 (bottom) in a 0.050 M solution of

TBAPF6 in o-DCB. (b) Schematic energy diagram of HOMO-LUMO gaps difference between C60

and Sc3N@Ih-C80
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2.4 Fullerene Based Unimolecular Devices

2.4.1 Molecular Wires and Donor–Acceptor Systems

Fullerenes have unique properties that make them good candidates as electron

acceptors in the construction of photo induced charge transfer systems. Due to

their low energy and triply degenerate LUMO orbital (see Fig. 5b), they can accept

electrons easily [69]. Another important property is that their reorganization energy

upon reduction is very low because of their rigid spherical geometry and electron

delocalization through the whole molecule [70]. According to Marcus’ theory of

electron transfer [71–73] the low reorganization energy favors charge separation

while slowing down the charge recombination, thus leading to long lived charge

separated states. Therefore, many fullerene and fullerene derivatives have been

studied as electron acceptor materials as has the coupling through covalent bonding

of the electron donor moieties and the fullerene to produce molecular dyads (see

Fig. 7).

The bridge that links the donor and the acceptor plays a vital role in several key

aspects. For example, they eliminate diffusion as the rate determining step for

the charge transfer process. The chemical nature and length of the bridge is more

important than the donor–acceptor (D–A) separation, orientation, overlap, and

topology [74]. Three different scenarios can appear; the first is when the donor

and acceptor moieties are connected by an insulating bridge (see Fig. 8a). A rigid

bridge is more advantageous because it prevents undesired rearrangements or

conformers whereas a flexible one may lead to different behaviors and the chemical

nature of the bridge affects the conductance or charge transport behavior. For

those donor-bridge-acceptor architectures, the efficiency of the charge transfer

process decreases exponentially with the distance between the donor and the

acceptor [75, 76] but longer distances produce longer lived charge separated states.

A different architecture creates molecular redox gradients in which several short

distance charge separation processes can occur instead of a single long distance

transfer [77, 78] (see Fig. 8b). This strategy allows the formation of extremely long

lived radical ion pairs separated by distances up to 50 Å compared to the maximum

20 Å observed in donor–acceptor systems connected by an aliphatic bridge; how-

ever, some energy is lost in each redox step.

Finally, another alternative is to connect the donor and the acceptor using highly

conjugated molecules that act as molecular wires (see Fig. 8c). In that case the

charge separation process is dominated by the degree of overlap between the donor,

the acceptor, and the linker orbitals. In such systems, the charge separation usually

takes place through the LUMO of the bridges via a super-exchange mechanism

and/or a hopping mechanism, depending on their relative LUMO energy levels.

In contrast, the charge recombination of the radical ion pairs usually takes place

through the HOMO of the bridges [79]. For example, olefin conjugated systems

such as p-phenyleneethynylene facilitate the charge transfer process because the

energies of the C60 HOMOs match those of the bridge, which facilitates electron/

134 J.R. Pinzón et al.



hole injection into the wire [80]. Polythiophene oligomers [80], on the other hand

[81], can participate in the charge separation and charge recombination processes

and the radical cations produced upon photoexcitation are delocalized not only in

the donor but also in the linker.

The conjugation in the molecular wire may be disrupted or modulated to create

systems with different properties. For example, a porphyrin C60 donor–acceptor

system linked with a conjugated binaphthyl unit, has a preference for the atropi-

somer where the fullerene unit is closer to the porphyrin system, thus increasing

the through space interactions [82]. The charge transfer process on a dyad con-

taining a crown ether in the linker structure can be modulated by complexation/

decomplexation of sodium cations [83] but even more interesting is the con-

struction of supramolecular systems where the donor and acceptor moieties are

N
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Fig. 7 Molecular dyads based on fullerene derivatives
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connected by selective metal complexation [84], catenanes [85], or p–p interactions

[86, 87] (see Fig. 9).

2.4.2 Rectifiers

Rectification phenomena through molecules is attributed to three different

effects. The first is due to Schottky barriers because a surface dipole is formed

at the organic/metal interface. The second effect occurs when the LUMO

Fig. 9 Example of a supramolecular donor–acceptor system. (Reprinted with permission from

[85])
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Fig. 8 Bridge type connecting the donor and acceptor moieties. (a) Insulating bridge, (b) Redox

gradient bridge, and (c) highly conjugated bridge
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orbital, which has to be accessed during the conduction process, is placed

unsymmetrically between two metal electrodes and the third one occurs when

there is electron transfer between the HOMO and LUMO orbitals unsymmetri-

cally located within a molecule [88, 89]. This last phenomenon is really the true

molecular rectification and it was originally proposed by Aviram and Ratner

[90]. Theoretical comparative studies between N doped and P doped fullerenes

have shown that these materials can be used to prepare a classical N–P junction

and therefore a diode [91, 92].

Two different rectification behaviors on a Langmuir–Blodgett monolayer

of dimethylanilino-aza-[C60]-fullerene sandwiched between gold electrodes was

observed. At low potentials a moderate molecular rectification ratio of ~2 can be

attained [93]. However, if the device is operated at higher potentials, it can reach a

rectification ratio up to 20,000 at 1.5 V. This observation is presumably due to the

presence of defects or stalagmitic filaments of gold growing from the bottom

electrode under positive bias which are broken when a negative potential is applied

[94]. A detailed study with a similar molecule N-3-g-Pyridyl-aza[C60]fulleroid

showed that both the molecular rectification and the geometric asymmetry of the

junction contribute to the rectifying effect [95].

Rectification ratios between 87 and 158 were observed in Langmuir–Blodgett

monolayer films of C60-didodecyloxybenzene dyad at 3.0 V [96]. Supramole-

cularly connected ZnTTP and a C60 fulleropyrrolidine donor–acceptor system

was prepared over a gold(111) surface. This device shows molecular rectification

with high tunneling currents at positive substrate voltages [97]. The amphiphilic

fullerene derivative 1,4,11,15,30-pentakis(4-hydroxyphenyl)-2H-1,2,4,11,15,30-
hexahydro-[60]fullerene (see Fig. 10) was used to create a stable Langmuir–

Blodgett film on water with the hydrophobic fullerenes pointing up. This film

was transferred to a gold electrode and asymmetric rectification behavior was

Fig. 10 (a) Schematic representation of the I–V measurement of the C60 derivative based

molecular rectifier. (b) I–V characteristics of the Langmuir–Blodgett film of the fullerene penta-

pod showing current rectification at bias voltage of �1.0 V measured at different junction

positions, with high rectification ratios (RR) registered at each junction. (Reprinted with permis-

sion from [98])
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observed in the range of 1.0–2.0 V. Theoretical calculations demonstrate that both

the HOMO and LUMO orbitals are located on the fullerene cage, in contrast to

other unimolecular diodes prepared with fullerenes [98].

The fabrication of diodes on silicon substrates was demonstrated using the

supramolecular interactions between a 5,10,15,20-tetra(3-fluorophenyl)porphyrin

and C60 fullerene with a rectification ratio of ~1,500 (see Fig. 11). The rectifying

behavior is explained by theoretical calculations which show that the LUMO orbital

is located mainly on the fullerene whereas the HOMO orbital is located on the

porphyrin moiety [99].

2.4.3 Transistors

The first device fabricated with C60 that can be considered a transistor because

it performed voltage amplification is an electromechanical amplifier where a single

C60 molecule was pressed with an STM tip connected to a piezoelectric actuator

(see Fig. 12) [100]. The input voltage was applied to the piezoelectric which

pressed the C60 molecule against the copper(100) surface where it was deposited,

thus changing the conductance characteristics by approximately two orders of

magnitude, corresponding to deformations around 0.2 nm. This device can tolerate

currents up to several microamperes but, more important, this result proved the

feasibility for the construction and operation of single molecule C60 based transis-

tors (see Fig. 13) [101].

Single molecule C60 based transistors were also fabricated by depositing a

diluted C60 toluene solution onto a pair of gold electrodes. The whole structure

was built on an insulating SiO2 layer on top of a doped Si wafer that was used as the

gate electrode to modulate the electrostatic potential of the C60 molecule trapped in

the middle of the junction (see Fig. 14). The observed I–V characteristics were
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Fig. 11 (a) Molecular orbital location in a C60 based molecular rectifier. (b) Typical current–vol-

tage characteristics recorded for Hg/TFPP/C60/Si(n
++) structure (schematic shown in the upper

inset). The lower inset shows a symmetric I–V curve recorded for the Hg/C60/Si(n
++) structure.

(Reprinted with permission from [99])
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explained by the nanomechanical oscillations of the C60 molecule against the gold

electrode surface with a frequency of ~1.2 THz [102].

C60 single molecules between electrodes fabricated by electromigration [103] to

create single C60 molecule transistors were measured at a temperature of 40 mK.

The results showed the coexistence and competition of the effects of Coulomb

repulsion, Kondo correlations and superconductivity [104]. The Kondo effect had

been previously observed in similar devices [105]. Recently a SAM of a tricar-

boxylic acid fullerene derivative was used to fabricate a transistor. The SAM was

created by allowing the fullerene compound to self assemble on top of an Al2O3

layer just above the aluminum drain electrode; the source lead was created by
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Fig. 12 (a) Schematic diagram of single molecule C60 based electromechanical amplifier.

(b) Schematic representation of the on/off states. (Reprinted with permission from [100])
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Fig. 13 (a) Schematic of an electromechanical single molecule transistor. (b) Schematic of the

planar version of the C60 amplifier. (Reprinted with permission from [101])
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evaporation of Pd on top of the SAM whereas the gate electrode was lithographi-

cally defined as a vertical rod of Ti metal covered with TiO2 acting as the gate oxide

layer. The resulting device has a good current dependence on the gate voltage and

the phenomenon was attributed to the strong coupling with the gate electrode which

is separated by an oxide dielectric layer with dimensions close to the molecular

length. The device also shows asymmetric conduction behavior because the bottom

covalent contact is different from the purely electrostatic metal at the fullerene top

contact. A gate voltage dependent hysteresis that decreases when the gate voltage is

increased was also observed. Hence this transistor can be operated both by voltage

driven switching and voltage controlled hysteresis. The first case can be applied

in regular switching applications whereas the second may be of interest for the

fabrication of memory devices [106].

2.5 Conclusions and Future Directions

Fullerene molecules show potential for the construction of nano-sized electronic

devices because of their easily accessible and degenerate LUMO orbitals, their

spherical shape that makes the self assembling process highly predictable and

geometry independent, the possibility of establishing multiple conductance chan-

nels through a single molecule to avoid the intrinsic high quantum resistance
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values, and their good tolerance to relatively high temperatures when compared to

ordinary organic compounds. In contrast to other carbon nanomaterials, fullerenes

have a precise and well defined structure and can be isolated in high purity using

well established chemical methods. The diversity is increasing constantly with the

discovery of new fullerene families that also bring new properties.

Chemical functionalization can provide additional modulation of the physical

and electronic properties. For example, potential-controlled STM conductance

measurements of a trans-2-C60 derivative immobilized on gold electrodes by

amino-gold linkages showed that the tunneling current changes reproducibly

upon first and second reduction/reoxidation reactions (see Fig. 15). The molecular

conductance is higher in the order C60 dianion > C60 anion > C60 neutral,

showing the potential of using the eight different redox states of C60 for

constructing molecular switching devices [107]. Similar behavior can be expected

for trans-1-C60 derivatives [108–110]. However, further studies are required to

incorporate fullerene or fullerene derivatives into more complex electronic

devices such as memories or logic gates based on rectifiers or single molecule

transistors.
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Fig. 15 (a) Schematic illustration of the potential-controlled STM measurement. (b) Cyclic

voltammetry of the C60-modified substrate in a 0.1 M TBAPF6 DMF solution. (c) Representative

current–time curves upon potential sweep for the bare gold surface trans-2-C60 in a 0.1 M TBAPF6
DMF solution. (Reprinted with permission from [107])
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3 Carbon Nanotubes

Multiwall carbon nanotubes were discovered in the cathodic deposit formed

during the preparation of fullerenes using arcing techniques [11]. The formation

of SWCNTs only occurs if the arcing process is made in the presence of a metal

catalyst [12, 13]. Since their discovery, many applications have been suggested for

nanotubes based on their unique properties. The tensile strength, for example,

far exceeds that of steel [111]. However, the electronic properties are even more

interesting. SWCNTs can be described as a graphene sheet rolled up to form a tube.

Since a graphene sheet has a honeycomb arrangement of carbon atoms, different

structures may result upon rolling up the graphene sheet. However, every possible

nanotube that results can be differentiated using Hamada’s notation [112].

In that nomenclature system, the center of a hexagon is chosen as the origin (0,0)

and then it is superimposed with the center (m,n) of another hexagon to form the

nanotube. There are three types of carbon nanotubes. If the graphene sheet is rolled

in the direction of the axis, it will produce either an armchair nanotube (m ¼ n) or a
zig-zag nanotube (m ¼ 0). On the other hand, if the graphene sheet is rolled in any

other (m,n) direction it will produce a chiral nanotube and the chirality will depend

on whether the sheet is rolled upwards or backwards.

3.1 CNT Preparation and Purification

Since the discovery of SWCNTs prepared by the arc discharge of graphite

rods doped with a metal catalyst [12, 13], considerable effort has been directed to

developing other methods for the production of large amounts of nanotube materi-

als; most methods are based on three primary approaches: electric arc discharge,

laser ablation, and chemical vapor deposition (CVD) [113]. However, the prepara-

tion of CNTs in flames is also gaining attention. In the arc discharge method CNTs

are prepared in a similar fashion to the preparation of fullerenes [11]; a doped

graphite anode is evaporated in an inert 500–600 mbar He atmosphere with currents

between 50 and 100 A. Carbon nanotubes are only formed in the presence of a

metallic catalyst and most of them accumulate as a growing deposit formed in the

cathode. Diverse metal catalysts have been used but the highest yield has been

achieved with a mixture of 1 wt% Y and 4.2 wt% Ni [114].

In the laser ablation technique, the apparatus consists of a tube furnace operating

at 1,200 �C under argon where a graphite target impregnated with a metal catalyst is

ablated with a high power laser [115]. This method displays a high conversion of

graphite into CNTs. The CVD is perhaps the most interesting method because it

allows the controlled growth of SWCNTs along a surface. The direct growth of both

MWCNTs [116] and SWCNTs by CVD has been observed by field emission

microscopy (FEM) and it showed that the nanotube rotates during the growing

process [117] (see Fig. 16). The metal catalyst is first deposited on a surface where

the SWCNTs will grow by simple spin coating or ultrahigh vacuum deposition. The
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most typical carbon feedstock used is C2H2/NH3 or CH4/H2 among numerous other

source gases, while nickel, iron, and cobalt, or alloys of those metals are used as

catalysts [118]. Recently, the preparation of MWCNTs in a rotating counterflow

diffusion flame using nickel nitrate coated nickel substrates was reported.

A mixture of 86% nitrogen and 14% ethylene was used as the fuel, with air as the

oxidant [119]. A similar method uses a V-type pyrolysis flame using CO as the

carbon source [120].

Independent of the preparation method, SWCNTs are a complex mixture con-

taining tubes with different length, diameter, chirality, and electronic properties.

Additionally they are grouped in insoluble tube bundles or tube ropes. SWCNT

samples are usually contaminated with metals, fullerenes, carbon nano-onions, and

related carbon nanomaterials. One of the most significant obstacles to the applica-

tion of SWCNTs in nanoelectronics has been their separation according to their

length, diameter, and chirality. The production of highly homogenous samples or

the purification of SWCNTs is still an open field and is a big obstacle towards

practical applications in nanoelectronics [121]. CNT purification methods have

been extensively reviewed in the literature [113, 122–125]; however, some remark-

able methods for the separation of nanotubes exploit their different electrical

properties [126, 127], their difference in density [128, 129], and their selective

chirality driven DNA wrapping [130–135] that allows their separation by high

performance liquid chromatography methods.

3.2 Electrochemical Properties of CNT

Knowing the electrochemical properties of CNTs is important for the rational

design of electronic devices; however, the study of the electrochemical properties

of carbon nanotubes as individual entities or individual molecules has encountered

diverse problems. The extremely low solubility of CNT samples, the ionic strength

Fig. 16 Growing of a

SWCNT on a catalyst particle

by chemical vapor deposition.

(Reprinted with permission

from [117])
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of the electrolyte solutions, the interference of surfactants, and the limited electro-

chemical window of the aqueous medium have prevented the study of the electro-

chemical properties of CNTs in solution [136]. The electrochemical properties of

CNTs supported on metal electrodes was studied in aqueous [137] and organic

electrolytes [138] and it was observed that CNTs do not have discrete reduction

peaks but a constantly growing current on the cathodic scan, which reflects the

presence of a complex mixture of different CNTs. The first electrochemical studies

in solution were made on soluble samples of pyrrolidine functionalized CNTs.

Those derivatives showed irreversible reductive behavior that was attributed to the

decomposition of the functionalized nanotubes on the surface of the electrode;

theoretical calculations suggested that CNT functionalization significantly affects

the energy of the low lying electronic states of the nanotubes [139].

Pyrrolidine functionalized CNTs having ferrocenyl groups showed a reversible

oxidation step associated with the oxidation of the ferrocene moieties, no discrete

electrochemical steps associated with single electron transfer events, but a continu-

ous increase of the current with the increase of the negative potential, indicative of

multiple electron transfer events starting at �0.5 V relative to a pseudo reference

silver electrode [140], similar to what was observed for the reductive scan of CNTs

supported on metal electrodes. Attempts to study the redox properties of CNTs in

solution were made using UV–Vis/NIR spectroscopy to monitor electron transfer

between (6,5)-enriched SWCNTs and K2IrCl6 during a titration experiment that

revealed a reduction potential of approximately 800 mV vs NHE [141]. The

reduction of nanotubes with alkali metals produces polyionic salts that are soluble

without using sonication, surfactants or chemical functionalization [142]. By using

this technique, SWCNTs were solubilized and their electrochemical properties

studied. The CV experimental results were checked for consistency with the

electronic spectra as a function of the potential and the exciton binding energy

[143, 144] of the nanotubes and the average reduction and oxidation potentials for

the CNTs were confidently established (see Fig. 17) [136].

3.3 Charge Transport Properties of CNTs

The conductive properties of SWCNTs were predicted to depend on the helicity and

the diameter of the nanotube [112, 145]. Nanotubes can behave either as metals or

semiconductors depending upon how the tube is rolled up. The armchair nanotubes

are metallic whereas the rest of them are semiconductive. The conductance through

carbon nanotube junctions is highly dependent on the CNT/metal contact [146].

The first measurement of conductance on CNTs was made on a metallic nanotube

connected between two Pt electrodes on top of a Si/SiO2 substrate and it was

observed that individual metallic SWCNTs behave as quantum wires [147]. A third

electrode placed nearby was used as a gate electrode, but the conductance had a

minor dependence on the gate voltage for metallic nanotubes at room temperature.

The conductance of metallic nanotubes surpasses the best known metals because the
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electron transport is ballistic [148] and they are able to carry currents with densities

that exceed 2.5 � 109 A/cm2 for a 1 nm diameter nanotube [149].

The conductance of MWCNTs is quantized. The experimental setup to measure

the conducting properties involved the replacement of an STM tip with a nanotube

fiber that was lowered into a liquid metal to establish the electrical contact. The

conductance value observed corresponded to one unit of quantum conductance

(G0 ¼ 2e2/h ¼ 12.9 kO�1). This value may reflect the conductance of the external

tube because, for energetic reasons, the different layers are electrically insulated

[150]. Finally, the conductance of semiconductor nanotubes depends on the voltage

applied to the gate electrode; their band gap is a function of their diameter and

helicity [145] and the ON/OFF ratio of the transistors fabricated with semicon-

ductor nanotubes is typically 105 at room temperature and can be as high as 107 at

extremely low temperatures [151].

3.4 CNT Based Devices

3.4.1 CNT as Contacts

Construction of devices based on molecular electronics will require connections at

the molecular level. One of the biggest challenges is to construct wires or electrodes

Fig. 17 Redox potentials of SWCNTs as a function of their chirality. (Reprinted with permission

from [136])
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to connect molecules. Carbon nanotubes are 1D ballistic electron conductors so

they can transport electrons essentially without heat dissipation; thus these proper-

ties can be used for the construction of true molecular devices. There are two

different methods to cut SWCNTs and create nanogaps with ~2 nm length. In the

first method a bias voltage is applied to a nanotube connected to two electrodes until

an electrical breakdown occurs [152].

In the other method the carbon nanotubes are spin coated and covered with a

polymethyl methacrylate PMMA mask where a small window is defined using

ultrahigh resolution electron beam lithography; then the carbon nanotubes are cut

through the window using oxygen plasma ion etching (see Fig. 18) [153]. Carbox-

ylic acid groups are normally produced at the points where the nanotubes are cut.

They are easily converted into acyl halides that after reacting with amines yield

amide linkages that are then used to connect single-walled carbon nanotubes

covalently to other molecules. Theoretical calculations have shown that CNTs are

well suited for establishing these connections because of the good match between

the energy levels of the molecules responsible for the conduction and the Fermi

level of the nanotubes [154, 155]. Cutting nanotubes connected to electrodes and

rejoining the ends with conductive molecules provides a new generation of nano-

scale devices [156] with applications including selective ion detection [157] and

reversible photo driven switches [158] among others. CNTs also have the potential

to be used as atomic force microscopy (AFM) tips but they are still not widely

adopted [159].

3.4.2 CNT Transistors

Semiconductive SWCNT FET transistors capable of operating at room temperature

were constructed several years ago and their operation in the terahertz frequency

range was predicted [160]. These early devices had p-type characteristics (hole

Fig. 18 (a) Fine cutting of SWNT with oxygen plasma introduced through an opening in a

window of PMMA defined with e-beam lithography. (b) Schematic demonstration of holistic

construction of a single molecule circuit. (Reprinted with permission from [153])
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conductors); however, this behavior is not an intrinsic property of the nanotubes

and the p-type nanotube based field-effect transistors (FETs) can be switched to

n-type simply by annealing them under vacuum [161] or by chemical doping with

alkali metals [162] or other reducing agents [163, 164]. However, these doping

strategies are not completely reliable and make the fabrication process of complex

devices a big challenge. This problem was solved by choosing the right materials

for the electrodes, Pd for p-type and Sc for n-type carbon nanotube FETs [165].

A disadvantage of this method is that Sc is ~5 times more expensive than gold,

but Sc can be substituted by Y which is ~1,000 times cheaper and gives the same

effect [166].

As an alternative, top gated devices contacted with TiC show ambipolar behav-

ior and better stability [167, 168]. Ambipolar transistors, however, cannot be used

to reproduce the current CMOS technology where both p-type and n-type transis-

tors are used because the combination of the two has superior performance and

lower power consumption than devices built with only one type of transistor. An

alternative solution was recently presented and consists of selectively applying

negative or positive gate voltages to CNT ambipolar transistors, which make them

behave as p-type or n-type respectively [169].

Other alternatives for the construction of CNT based FETs have been explored.

For example, carbon nanotube branches with Y shape can be used directly as

transistors where the modulation of the current from an ON to an OFF state is

presumably mediated by the defects and the morphology of the junction (see

Fig. 19) [170, 171]. Carbon nanotube based FETs can be gated by an electrode

immersed in a solution, or by charged molecules in solution (proteins, DNA, etc.)

which opens a huge field of applications in sensors [172–176] (see Fig. 20). Their

ability to operate under biological conditions allows their direct use or integration

into biological systems [177].

CNT based FETs can outperform the current FET technologies in many ways;

however, one of the most interesting properties of carbon nanotubes is the ballistic

transport of electrons [178], which opens the possibility of constructing FETs that

can operate at extremely high frequencies, making them suitable for the next gene-

ration electronic devices. Operation of SWCNT transistors has been demonstrated

at microwave frequencies (see Fig. 21) [179] and more recently the operation of an

SWCNT transistor in the terahertz frequency range was demonstrated [148].

3.5 Integration into ICs and Future Direction

Fundamental studies of CNTs reveal extraordinary properties at room temperature

including mobilities that exceed all of the known semiconductors [180] and large

current carrying capacities. Despite the report of the construction and operation of

logic circuits using SWCNT transistors [151], the construction of complex devices

that use single nanotube transistors needs further development because of the very

difficult problem of synthesizing and precisely positioning a large number of
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overall circuit arrangement used in the measurement of the electrical characteristics, with Au
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Fig. 20 Example of a CNT

based FET used as sensor.

(Reprinted with permission

from [176])
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individual electrically and geometrically uniform nanotubes, but some research

groups are already making progress in that direction [181] and the future looks very

promising. The basic principles of fabrication and operation are already understood

but much of the progress in the near future will rely on the chemist’s ability to

find methods that allow either selective synthesis in high scale or highly reliable

methods of purification or a combination of the two.

4 Graphene

4.1 Introduction

Graphite, the most common allotropic form of carbon found in nature, is composed

of stacked two-dimensional flat sheets of honeycomb-like carbon hexagons. Each

of these sheets is a single carbon atom thick. Recently the separation, isolation,

and synthesis of these individual sheets was reported and the product is known as

graphene (see Fig. 22) [182, 183]. Its planar shape and chemical structure grant it

a collection of properties not found in other materials. In the field of molecular

electronics, graphene has found a realm of potential applications due to interesting

properties such as high current density [183–185], quantum Hall effect (QHE)

behavior [186–192], high electron mobility [193–196], high optical transparency

[197, 198], chemical stability and inertness, good mechanical resistance [199], and

differential electrical behavior depending on its edge structure (metallic or semi-

conductor), among others [200–203].

Fig. 22 Atomic force

microscopy (AFM) image of

graphene flakes. (Reprinted

with permission from [182])

Fig. 21 Operation of a SWCNT based transistor in the microwave frequency range. (Reprinted

with permission from [179])
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Isolation of high quality graphene layers in 2D crystal lattices with homoge-

neous size and layer count (see Fig. 23), as well as in good amounts, continues to

be a challenge. However, its fascinating properties have resulted in the design of

multiple synthetic routes for its preparation [193, 204, 205]. From the top-down

synthetic point of view, the isolation of graphene sheets (single and few layers) has

been possible by mechanical exfoliation of graphite with high quality crystallites

[183, 206–209]. In addition, extensive work has been performed by means of

mechanical intercalation in graphite to exfoliate it later in single sheets, as well

as chemical modification to ease the exfoliation (e.g., graphite oxide) to later remove

the functional groups and recover the carbon based sheets [193]. Although good

quantities are obtained, the chemical methods show low selectivity for 2D crystal

size, quality, and layer count. In contrast, bottom-up methods (e.g., total organic

syntheses, CVD, and reduction of silicon carbide) promise good control of the

number and size of the deposited layers [200, 201, 204]. However they are far from

being scalable for large quantities with uniform single layers.

4.2 Properties

Many of the interesting properties of graphene have been measured on single

layer samples; however, the use of bi-layer and multi layers (three to ten layers)

have been considered in order to access those properties in adequate material

Fig. 23 Different layer

thicknesses of graphene films.

(a) TEM image and (b)

Raman spectra (increasing

number of layers from bottom
to top). (Reprinted with

permission from [193])
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quantities, and have shown significant differences depending on the number of

layers [193, 204].

4.2.1 Single- and Bi-Layer Graphene

Single layer graphene is thermodynamically unstable [204, 210]; because of this,

it has been found to be rough and not entirely flat. Ripples are observed by STM

and TEM analysis [211, 212]. However, this distortion of its expected planar

geometry does not interfere with its properties. Graphene is a strong material

in terms of physical–mechanical properties with a Young’s modulus of 1 TPa

[213, 214], an intrinsic strength of 130 GPa [214], and thermal conductivity of

5,300 Wm�1K�1 with high thermal stability [215]. The high electron mobility of

25–200 � 103 cm2 V�1 s�1 has been attributed to carrier confinement and coher-

ence [216–218]. In addition, graphene has shown a strong ambipolar electric field,

i.e., charge carriers can be alternated between holes and electrons depending upon

the nature of the gate voltage [183].

One important feature of graphene is its extremely low thickness. Thus, graphene

light transmittance is extremely high with measured values of light transmittance of

>97% for a single layer and >95% for a bi-layer of graphene (see Fig. 24) [197],

making it potentially useful in optoelectronic applications as a highly transparent

material [219]. It has been found that the optical and electronic properties are not

affected if strongly bent or stretched [220, 221]. As a result, it is the most flexible

and stretchable transparent conductor material known to date.

Fig. 24 Light transmittance

of single- and bi-layer

graphene sheets. (Reprinted

with permission from [197])
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The electronic band structure of single layer graphene has attracted many theoret-

ical studies, in which (1 + 2)-dimensional Dirac equations seem to describe the

electrons more accurately than the Schr€odinger equation for a graphene layer

[2, 192, 202, 204, 222, 223]. The calculated band structure shows an overlap in the

Brillouin zone at two conically shaped points, K and K0 (see Fig. 25) [193]. The

electrons are described as mass-less Dirac Fermions, i.e., electrons without rest mass

[222]. In the bi-layer graphene, the two layers show a gapless state due to their near

binding approximation, the interaction creating parabolic bands in the electronic

structure at the overlapping point instead of conical bands [186, 193, 224]. Charge

carriers have finite mass, and are thus called massive Dirac fermions [202, 204].

The electronic properties of graphene are highly dependent on the edges (e.g., zig-

zag, armchair), from which magnetic properties can arise due to the appearance of

edge states [225–231]. The edge states can cause particular unconventional magne-

tism like ferromagnetism, spin glass behavior, and magnetic switching phenomena.

Based on computational calculations, graphene is expected to show similar behavior

to that of metals, semiconductors, and semi-metal materials [193, 202, 204, 232,

233]. It is predicted that by carefully controlling the shape of the edge on graphene,

by specific directional cutting, or by chemical modification, its magnetic properties

will become tunable [193, 232, 233]. Also, adsorption of molecules affects the

electronic states at the edge and therefore the magnetic properties are also affected,

depending on the nature of the interacting molecule [193, 233]. The substrates in

which graphene is deposited affect its electronic behavior and its stacking sequence

[234, 235]. Zhou et al. showed that even multi layer graphene (up to ten layers) can

show similar electronic structure to single layer graphene due to graphene-substrate

interactions and induced asymmetry in the layers [234].

Single layer graphene shows a half-integer QHE at room and low temperatures

(see Fig. 26) [186–192]. Thus, graphene is exceptionally appropriate for mole-

cular electronic applications. For bi-layer graphene, the QHE is also observed;

nonetheless it keeps a metallic behavior at zero carrier concentration or neutrality

[186]. Under the influence of a gate voltage, a semiconducting gap behavior is

obtained, due to a change in the carrier concentration that introduces asymmetry

between layers [237, 238]. It has also been found that substrate interactions and

modification of lattice symmetry in graphene (single and multi layer) can cause

a remarkable modification of its electronic band structure, leading to finite band

gaps [234].

K′ K

E

ky

kx

Fig. 25 Calculated band

structure of single-layer

graphene. (Reprinted with

permission from [193])
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4.2.2 Multi Layer Graphene

In contrast with single and bi-layer graphene, multi layer graphene has no band

gap in its electronic structure [239]. Thus, it shows a similar behavior to those

of metallic materials. Use of composite electrodes with multi layer graphene for

Li-ion battery applications has improved the performance of such devices due to its

capacity to partake in the redox processes [193, 240, 241]. Studies in energy storage

applications, e.g., batteries and supercapacitors, have shown promising results that

suggest considerable future work [204, 242, 243] (see Fig. 27).

The appearance of magnetic properties in multi layer graphene has been studied

[204, 227, 244–248]. Using graphene based activated carbon fibers it has been

found that these materials show a Cuire–Weiss behavior, giving evidence of the

presence of localized magnetic moments at its edges (see Fig. 28) [249].

4.3 Applications in Molecular Electronics

In this section, we will discuss fascinating results of graphene applications in

molecular electronics, with the focus on optoelectronics and organic FETs.
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4.3.1 Organic Optoelectronic Applications

In order to consider a material suitable as an electrode for optoelectronic app-

lications (e.g., organic light-emitting diodes, solar cells) it needs to fulfil two

major requirements: (1) high light transmittance (>90%), i.e., light should not be

Fig. 27 Supercapacitor study

using graphene electrodes

(5 mg each). (a) Cyclic

voltammogram of chemical

vapor deposited graphene

(CG); nanodiamond derived

graphene (NG) and exfoliated

graphene (EG). (b) Evolution

of specific capacitance vs

scan rate. (Reprinted with

permission from [243])

Fig. 28 Magnetic

susceptibility (w) dependence
with temperature of activated

carbon fibers heated at

1,500 �C. Inset shows
behavior from 0 to 50 K.

(Reprinted with permission

from [249])
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absorbed and (2) electrical conductivity, i.e., regardless of the thickness, the layer

should conduct electrical current efficiently [193, 250, 251]. However, nowadays

these materials are also required to comply with new characteristics to improve

the physicomechanical properties and efficiency of the commonly used materials

(e.g., indium–tin oxide) [252–254]. Among these properties, the materials should

be flexible, low-cost, thermally stable, and suitable for large-scale production pro-

cedures [252]. Thus, graphene is potentially an excellent candidate. Extensive

research has been done in order to prove its usefulness as a transparent electrode

[221, 250, 255–258].

The controlled synthesis and homogeneous coating of substrates with graphene

are some of the major challenges to overcome. However, devices have been made

that showed good results, although not comparable to those of indium–tin oxide

based devices, but showing that careful design and further research will almost

certainly lead to replacement of metal oxide based electrodes [2, 193, 252]. In this

section, major results and device designs using graphene as anode/cathode electro-

des in organic light-emitting devices (OLEDs) and solar cells will be described

and discussed.

Organic Light-Emitting Devices

Since C. W. Tang reported in 1987 [259] the first light-emitting device based on

organic polymers (OLEDs), these devices have attracted researchers due to the low-

cost of manufacture and easy variability of the polymer physical properties [254].

LEDs are basically a light-emitting polymer trapped between two electrodes exter-

nally connected to a power supply (see Fig. 29) [253]. The cathode provides

electrons to the LUMO of the polymer and the anode injects holes in the HOMO

of the polymer. Once the electrons and holes recombine into the bulk of the polymer

an exciton is produced which later releases its energy in the form of electromagnetic

radiation [253].

In order for the radiation to be observed, one of the electrodes has to be

transparent. This is made possible using ITO electrodes but several disadvantages
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Fig. 29 (a) Architecture of graphene based OLED. (b) Energy band diagram of the device.

(Reprinted with permission from [260])
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with this material [254] have forced researchers to look for alternative ones,

including carbon nanotubes, metal nanowires and gratings, conductive oxides,

and metal films. Recently, graphene based electrodes have been studied and the

results are promising [253, 254, 260, 261]. P. Peumans and collaborators showed

that graphene can be used as transparent electrodes in OLEDs with an enormous

reduction on the film thickness (7 nm) compared to the commonly used ITO

(150 nm) [254]. The manufactured devices showed results comparable to those

of ITO-based devices (see Fig. 30). Qin et al. further proved the usefulness of

graphene as anode electrodes in OLED [260]. A maximum luminance efficiency

of 0.75 cd/A at 7.2 V and 0.38 lm/W at 5.8 V was obtained.

A different approach to incorporate graphene into light-emitting devices was

reported by N. D. Robinson and collaborators [253]. A light-emitting electrochem-

ical cell (LEC) device was constructed using graphene as the cathode and PEDOT-

PSS as the transparent electrode. Here the light-emitting polymer is blended with an

electrolyte. When a potential is applied to the cell, rearrangement of electrolyte ions

produces high charge-density layers on the surface of the electrodes, allowing the

injection of electrons and holes into the active polymer. The calculated power

conversion efficiency and quantum efficiency for the cell at 4 V were 5 lm/W and

9 cd/A, respectively. These results are close to reported values for highly optimized

LEC devices.

Graphene films are promising candidates as electrodes in OLED devices as

transparent anodes and cathodes. However, optimization of graphene film charac-

teristics (thickness and quality) is necessary in order to obtain device results

comparable to ITO based devices [254, 260].

Dye-Sensitized Solar Cell Devices

Since Gr€atzel et al. introduced the dye-sensitized solar cells (DSSC) in 1991 using

TiO2 films as anode electrodes [262], these cells have become the focus of intense

investigation. Its low cost and relatively high efficiencies for sunlight conversion

Fig. 30 ITO vs graphene based OLED. Open circles refer to plot on right axis. (Reprinted with

permission from [254])
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into electric current are the main reasons for the interest [263]. Conversion effi-

ciencies of up to 11% have been reported, but further improvements and optimiza-

tion are constantly being reported [264]. These devices operate through light energy

absorption by the dye material which supplies the current into the system. The

window electrode, a semiconductor (e.g., TiO2), separates the charge together with

the counter electrode (e.g., carbon) and the electrolyte, in which a redox process

occurs promoted by the counter electrode (see Fig. 31) [265, 266].

In 2007, M€ullen and collaborators reported the use of multi layer graphene as a

transparent electrode in a DSSC [267]. The graphene layer functioned as the anode

electrode (see Fig. 32) in the cell. Although the cell overall conversion efficiency

was 0.26%, feasibility was proven. This result started a new area of applications for

graphene in optoelectronics.

In the last few years, several studies have reported the design and use of different

experimental methods to incorporate graphene into DSSCs with interesting results.

In 2009, Kim et al. reported an improvement of photoconversion efficiency from

4.89 to 5.26% by incorporating graphene into the TiO2 interfacial layer between a

fluorine doped tin oxide (FTO) layer and a pristine TiO2 film [263]. In this study,

graphene oxide (GO) and TiO2 nanocomposites were photocatalytically reduced

successfully by UV-irradiation. In this case, graphene layers came to improve the

connection between the photoactive layer and the electrode, reducing the back-

transfer reaction of electrons into the FTO and pristine TiO2 film interface.

In 2010 Yang, Zhai et al. reported a DSSC with a total conversion efficiency

of 6.97% [268]. The introduction of graphene as 2D bridges into the electrodes
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Photoelectrode / Dye

Electrolyte
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b
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e–
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Red Ox

Dye Electrolyte Carbon

Fig. 31 (a) Schematic design of a dye-sensitized solar cell. (b) Energy band diagram of DSSC.

(Reprinted with permission from [265])

Fig. 32 (a) Energy level diagram, (b) Four layers from bottom to top are Au, dye-sensitized

heterojunction, compact TiO2, and graphene film. (Reprinted with permission from [267])
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increased the conversion efficiency by 39% compared with a nanocrystalline

titanium dioxide photoanode. Also, the short-circuit current density was increased

by 45% without affecting the open-circuit voltage of the cell. In this case, the

composites were prepared by mixing GO with the TiO2 material and then it was

thermally reduced to graphene. In the same year, L. Gao and collaborators

reported an overall energy conversion efficiency of 4.28% by incorporating

0.5 wt% graphene in the TiO2 photoanode [269]. This represents an enhancement

of 59% against the DSSC without graphene. It was concluded that the presence of

graphene layers increased the dye adsorption efficiency and extended the exciton

lifetime; the short-circuit photocurrent density was also increased by 66% to

8.38 mA/cm2.

Electrophoretic deposition of graphene-TiO2 composites on ITO have been

studied by S. Lee and used in DSSC devices [270]. An improvement of up to five

times in the power conversion efficiency was obtained by incorporating graphene

into the device, with a maximum value of 1.68%. This was attributed to a reduction

in the charge transfer resistance in the composite film which at the end facilitates

the transport of electrons and lowers the probability of electron–hole recombina-

tion. The effect of the amount of graphene incorporated on the DSSC photovoltaic

performance was also studied. It was found that the overall energy conversion

efficiency increases and then decreases as the amount of graphene is increased (see

Fig. 33). It was concluded that as the graphene amount increases the transmittance

of the film decreases, affecting the overall cell performance.

In DSSCs, graphene incorporation into electrode composites increases the over-

all energy conversion efficiency by up to five times. Nonetheless, further research

is in order to optimize the construction and characteristics of graphene based

devices (e.g., graphene film thickness and amount, device fabrication conditions,

and configuration) [267, 270].
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Bulk Heterojunction Solar Cell Devices

Bulk heterojunction (BHJ) solar cell devices have been the focus of many studies in

the last two decades. The incorporation of organic based polymers and dyes,

functionalized polymers, and composites made of single organic molecules have

taken these devices into higher and higher energy conversion efficiencies [271].

New materials are designed and studied continuously in order to achieve higher

conversion efficiencies and lower cost of production for these devices. Graphene

has come to play an important role in the design of novel BHJ devices, due to its

high electron mobility and transmittance. Many studies have employed it as trans-

parent counter electrode, as the photoactive composite of the cell, and as a hole

transporting and electron blocking layer [221, 258, 272–282].

M€ullen et al. in 2008 reported the successful use of graphene films (TGF) as

transparent electrodes (anodes) in BHJ solar cells composed of P3HT and PCBM

as the active layer (see Fig. 34) [258]. The cell conversion efficiency under low

intensity monochromatic light showed the same values as the ITO electrode (1.5%)

and under simulated solar light the values were lower (0.29%) compared to the

obtained values for ITO (1.17%) under the same conditions. Although the study

under simulated solar light was not satisfactory, the BHJ solar cell shows promise

for the use of graphene in this type of devices after further optimization of the cell.

Further research has taken the BHJ cells into more complex designs and new

photoactive layers with values of energy conversion efficiencies from 0.13 [273] to

1.4% [282]. Graphene provides these cells with new characteristics impossible to

match by ITO based cells, like functionality under extreme bending angles up to

138� under which ITO cells crack and fail after bending by 60� [221].
Graphene has also been studied as the acceptor within the active layer of the

cell (see Fig. 35). In these studies hydrophilic GO and solution-processable func-

tionalized graphene (SPFGraphene) act as efficient acceptor moieties [272, 280].

In these cells it has been determined that the energy conversion efficiency depends

on the graphene content and the annealing temperature of the cell when constructed

(see Fig. 36). Conversion efficiencies vary from 0.034 to 1.4% for SPFGraphene

[280] and from 2.1 to 3.8% for GO based solar devices [277].

Fig. 34 Illustration of the BHJ solar cell. (a) The four layers from bottom to top are Ag, blend

of P3HT and PCBM, graphene and quartz. (b) Energy level diagram of the cell. (Reprinted with

permission from [258])
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Optimization of these devices will lead to continuously higher conversion

efficiencies, and possibly to the unequivocally replacement of ITO and metal

oxide based electrodes from these devices to reduce cost and improve the physi-

cal–mechanical properties of the cells (e.g., bending, thermal stability) [221].

Field-Effect Transistor Applications

The graphene based FET is of great interest due to its intrinsic electro-mechanical

properties [185]. Its physical–mechanical resistance makes it suitable for device

manufacture. Graphene FET devices (see Fig. 37) have been made by standardized
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Fig. 35 (a) Schematic structure of BHJ cell with P3HT/SPFGraphene as active layer. (b) Energy

band diagram. (Reprinted with permission from [278])
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lithography methods also applied to other nanomaterials [201, 283–285]. These

devices allowed measurement of carrier mobility on suspended graphene and top

gated devices. It was observed that the substrate and gate potential affected greatly

the carrier mobility on the graphene sheet [185, 193, 201, 286, 287]. Carrier

mobility values on nonoptimized top gated devices have exceeded those of silicon

based FETs (see Fig. 38) [185, 283, 285].

Due to its zero-gap electronic structure, large graphene sheets are not suitable for

FET applications [185, 193]. It has been shown that graphene transistors conduct

current even at the point of expected isolator behavior (i.e., Dirac point) [288].

Therefore, current modulation cannot be achieved using “macroscopic” graphene

sheets [185]. In order to have a band gap on graphene, the use of narrow ribbons of
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Fig. 37 Left: scheme of graphene FET device. Right: top-view micrograph of graphene FET.
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graphene (GNRs) have been considered [185, 193, 286, 287, 289, 290]. Computa-

tional calculations predict semiconductor to semi-metallic behaviors, based on the

width and type of edge (armchair or zig-zag) [193, 291–295].

Experimental results confirmed the presence of band gaps on devices made

of 20 nm width GNRs at low temperatures (1.7–4 K) [185, 289, 296]. In 2008,

Ponomarenko et al. measured a band gap of 500 meV in a 1 nm width GNR FET

device [297]. This device did not show conductance at room temperature, which

is necessary for good performance of manually modulated transistors. Further

research is needed in order to design devices carefully with smaller width graphene

ribbons, as well as to control the type of edge obtained.

The design of dual gate FET devices (see Fig. 39) has also been explored, using

single layer and bi-layer graphene, with remarkable results. Wide gate-tunable band

gaps up to 250 meV in bi-layer devices [298], carrier mobilities of 8,000 cm2/V

at room temperature [299], and cutoff frequencies of 50 GHz [300] have been

achieved, providing more evidence for the potential use of graphene in this type of

molecular electronic devices.

4.4 Conclusions and Future Directions

Since 2004 [183], graphene research has evolved from a heavily theoretical and

fundamental field into a variety of research areas [301]. Its electrical, magnetic,

physical–mechanical, and chemical properties position it as the most promising

material for molecular electronic and optoelectronic applications, possibly repla-

cing the currently used silicon and metal oxide based devices. Nonetheless, further

research is essential in order to control easily such properties and construct devices

with specific and novel architectures to explore in depth all of these exciting

properties, as well as to achieve the synthesis of large-scale, size- and layer-count

controlled graphene.
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Fig. 39 (a) Device schematic of the dual-gate graphene transistor. (b) SEM image of a double-

channel graphene transistor. The channel width is 27 mm, and the gate length is 350 nm for each

channel. (Reprinted with permission from [298])
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Current Challenges in Organic Photovoltaic

Solar Energy Conversion

Cody W. Schlenker and Mark E. Thompson

Abstract Over the last 10 years, significant interest in utilizing conjugated organic

molecules for solid-state solar to electric conversion has produced rapid improve-

ment in device efficiencies. Organic photovoltaic (OPV) devices are attractive for

their compatibility with low-cost processing techniques and thin-film applicability

to flexible and conformal applications. However, many of the processes that lead to

power losses in these systems still remain poorly understood, posing a significant

challenge for the future efficiency improvements required to make these devices an

attractive solar technology. While semiconductor band models have been employed

to describe OPV operation, a more appropriate molecular picture of the pertinent

processes is beginning to emerge. This chapter presents mechanisms of OPV device

operation, based on the bound molecular nature of the involved transient species.

With the intention to underscore the importance of considering both thermody-

namic and kinetic factors, recent progress in elucidating molecular characteristics

that dictate photovoltage losses in heterojunction organic photovoltaics is also

discussed.

Keywords Charge-transfer state � Organic electronics � Organic solar cells �
Photovoltaics � Solar energy
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1 Introduction to Photovoltaics

1.1 The Global Energy Landscape

Developing a sustainable platform to meet the global demand for clean energy is

arguably one of the greatest technological challenges of the twenty-first century [1]

and one that will require significant innovation in the chemical sciences. As of

2007, anthropogenic emissions of CO2 into the atmosphere due to energy consump-

tion had risen to 29.9 billion metric tons per year, with no prior year showing

a reduction in emission relative to the preceding year [2]. This release of CO2,

considered to be a radiative climate-forcing factor [3], corresponds to a world

primary energy consumption of 502 � 1018 J and an average energy consumption

rate of 15.9 TW (1 TW ¼ 1012 W). Both China and the United States, each emitting

roughly 6 billion metric tons of CO2 due to energy production, outpace all other

countries with regard to energy-related emissions, as shown in Fig. 1a. As depicted

in Fig. 1b, fossil fuel sources currently deliver the majority of the world’s energy

production. With comparable constitution of coal (~21%), petroleum (~37%), and

natural gas (~25%) as primary energy sources, in the United States for example,

only a small fraction of total energy production is derived from carbon-neutral

renewable sources, such as solar photovoltaic (PV) energy conversion. This is

illustrated graphically in Fig. 1c. As a result, realizing even the most modest

stabilization levels in greenhouse gas emissions proposed by the Intergovernmental

Panel on Climate Change (IPCC) in the next 5–15 years requires significant scien-

tific and technological advances in clean energy production and utilization [4].

A major limitation to widespread deployment of solar PV technology to generate

clean electricity is the high cost of solar panels. One potentially attractive avenue

to bring down the cost of solar PV is to use thin-film organic materials that can be

produced and processed cheaply to fabricate lightweight and flexible panels at

minimal cost. Such organic solar converters have the advantage of potentially

being 100% recyclable and deployable in a range of applications that are intractable

for current technologies, due to weight and conformational restrictions. This chap-

ter deals with recent advances and current challenges in solar energy conversion

using organic photovoltaics.
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1.2 The Photovoltaic Effect

The photovoltaic (PV) effect, known since the mid-nineteenth century [5], gener-

ally describes the onset of, or change in, an electrical potential occurring upon

illumination when two electrodes are separated by a suitable material. The material

separating the two electrodes in a PV cell, which is any device exhibiting the

photovoltaic effect, may be either a solid or a liquid [6]. Depending on the nature

of this photoactive material and the nature of the electrical contacts, one of several

different mechanisms [6–11] may be responsible for the separation of opposite

polarity charges that constitutes the PV effect. In all cases, the photovoltaic gene-

ration of charge arises due to some form of asymmetry within the device, either

static (existing both in the presence and absence of illumination) or photoinduced

(occurring only under illumination). As a result, PV cells exhibit definite polarity

with respect to their electrical terminals, a feature that distinguishes the photovol-

taic effect from photoconductivity [12]. When charge separation in the PV cell
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results, due to electromagnetic radiation within the spectral irradiance of the sun,

the device is referred to as a solar cell. Utilizing the voltage supplied by a solar cell,

or a modular array of solar cells, to power common electrical appliances is the

primary impetus behind the study of photovoltaic solar energy conversion. The

capture and storage of solar energy through the selective cleavage and formation of

chemical bonds, referred to as artificial photosynthesis [13] or solar fuel production

[14], is a closely related topic, with many similar processes that may occur in

PV cells.

Differences between various solar cell technologies are characterized most

broadly by the nature of the material in the photoactive region. In solid-state

solar cells, such a photoactive region may consist of a junction formed in a single

material by a process known as doping. Doping entails the controlled (both

in concentration and identity) introduction of impurities on opposite sides of the

junction. Generally, electron-accepting materials are introduced to form a region of

concentrated positive (p) charge carriers on one side of the junction, and electron-

donating materials are introduced to form a region of concentrated negative (n)
charge carriers on the opposite side of the junction. This type of junction is referred

to as a pn junction.

Alternatively, a heterojunction may be formed between two different materials,

each being either doped or undoped. Further distinctions can be drawn regarding

the nature of the bonding between lattice sites, as well as the dielectric properties

of the material in the photoactive region. Here two primary classes of solar cell

device structures may be defined. The first class incorporates conventional non-

carbon-based semiconductor materials, such as crystalline silicon, that possess

strong covalent interactions between lattice sites and exhibit relatively high

dielectric constants (em ¼ 10–15). The second class incorporates carbon-based

materials, such as dye molecules and conjugated polymers, which may be pro-

cessed at low temperature or from solution. Introducing the current understanding

of the mechanism of action for this second class of organic PV devices is the

primary focus in this chapter. The information is presented with the assumption

that the reader has a basic understanding of chemistry and solid-state physics,

insofar as to recognize the existence of molecular orbitals [15] and energy band

structures [16].

1.3 The Solar Photovoltaic Industry

While silicon is not the ideal solar cell material, it currently dominates the solar PV

market due to its prevalence in the microelectronics industry. Crystalline silicon

(c-Si) is an inorganic semiconductor, in which the valence-band maximum and

conduction-band minimum are not directly aligned in k-space, making c-Si an

indirect bandgap material. The indirect nature of the bandgap in c-Si means that a

considerable change in momentum is required for the promotion of an electron from
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the highest energy state in the valence band to the lowest energy state in the

conduction band. As a result, the absorption coefficient for c-Si is relatively low

in the wavelength region relevant to solar photon capture (l ¼ 300–1,300 nm) and

cuts off completely near l ¼ 1,100 nm. To absorb a significant percentage (~90%)

of the incident photons, a 100 mm thick c-Si layer is required, meaning that minority

charge carriers must diffuse on the order of 200 mm, in order to be efficiently swept

apart at the pn junction, and collected at the external contacts. Consequently,

efficient c-Si devices require material of high purity and high crystal quality [17].

Despite these dubious characteristics, crystalline silicon in its various forms

dominates the solar cell market with roughly 83% market share [11]. This is largely

a result of the maturity of other silicon technologies, such as those of the transistor

and microelectronics industries, that have developed infrastructure and processing

techniques required for producing silicon solar cells with record power-conversion

efficiency (�p ¼ 25.0%). Several alternative high-performance inorganic techno-

logies include III–V materials, such as crystalline GaAs (�p ¼ 26.4%) and InP

(�p ¼ 22.1%), thin film chalcogenide systems, such as CuInGaSe2 (known as

CIGS), (�p ¼ 19.4%) and CdTe (�p ¼ 16.7%), and multi-junction devices, such

as GaInP/GaAs/Ge (�p ¼ 32.0%) and thin-film GaAs/CIS (�p ¼ 25.8%) [18]. In

total, alternative technologies such as these represent roughly 15% of the global PV

market share.

1.4 Organic Solar Cells

While high-efficiency PV solar energy conversion is technologically feasible, the

high cost of solar panels utilizing present systems is an impediment to the techno-

logy’s wide deployment [11]. Economic viability is paramount in establishing a PV

platform as a ubiquitous carbon-neutral route to meeting the ever-increasing global

energy demand [19–21]. With predicted practical power conversion efficiencies

of �p ¼ 10–15% [22, 23] and the potential for low-cost processing [24], organic

photovoltaic (OPV) devices have recently garnered considerable attention [25–27]

as an energy source that may eventually become cost-competitive with fossil fuels.

Significant achievements have been seen over the last 20 years in the field of organic

electronics, with the demonstrated success in commercializing organic light-emitting

diodes [28] and performance advances in organic field-effect transistor devices

[29–31] and sensors [32].

Interest in OPVs for solar energy conversion on the part of the scientific

community began in earnest only within the last decade. This is illustrated in

Fig. 2 by the low percentage (~5%) of reports appearing in peer-reviewed scientific

journals pertaining to the topic of “organic solar photovoltaics,” relative to all such

“solar photovoltaics” reports through the year 1999. From the year 2000 to the

present the relative percentage of organic solar photovoltaic reports has increased

to greater than 35% of the total. Correspondingly, the OPV community has
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demonstrated several noteworthy milestones over the past decade. For a planar

heterojunction architecture device, incorporating copper phthalocyanine (CuPc)

and fullerene C60, efficiencies of �p ¼ 3.6% at 1.5 suns (1 sun ¼ 1 kW/m2) [33]

and �p ¼ 4.2% at high intensity ~4 suns [34] have been achieved. Incorporating

these materials in a multilayer mixed heterojunction architecture [35] has lead to

reports of improved efficiency with CuPc/C60 to �p ~ 5% and tandem cells [36, 37]

with efficiency of �p ¼ 5.2–5.7%. Conductivity doping has recently been identified

as a promising route to enhanced efficiencies in both tandem and single junction

cells, leading to efficiencies of �p ~ 4% [38, 39] and higher. Notable recent reports

for high-efficiency polymer-fullerene-composite solar cells [18, 40] are in the range

of �p ¼ 7.4–7.9%. Currently, certified world records above 8% continue [41, 42] to

creep toward the balance of systems threshold considered to be practical for many

applications.

With these encouraging findings, rudimentary market analysis [43], device

degradation studies [27, 44], and high throughput process characterization [24,

45, 46] have been performed for OPV solar cells and modules as well. Solar OPV

components are also beginning to find their way into select niche applications,

such as backpack-integrated solar charging modules for portable consumer elec-

tronics, and solar powered mass transit shelters [47]. While these demonstrations

are very promising, OPV solar-energy conversion is presently a relatively immature

technology, with device performance lagging behind that of its counterpart

technologies, and falling short of the predictions for practical efficiencies. Thus,

further development is required to identify promising new materials and suppress

loss mechanisms for future high-performance organic solar cells. The following

sections present current conceptions and perspectives on these latter topics.

Fig. 2 Number of organic solar PV reports as a percentage of total solar PV reports in scholarly

peer-reviewed journals between the years of 1990 and 2010, illustrating the redoubled research

effort in organic solar cells beginning ca. 2000. Overlaid on the right axis are academic and

industry reports of maximum OPV power conversion efficiencies between 2000 and 2010, as

tabulated by the National Renewable Energy Laboratory (NREL; Golden, CO, USA) and the

Fraunhofer Institute for Solar Energy Systems (ISE; Freiburg, Germany)
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2 Organic Materials and Mechanisms

2.1 Challenges for OPV

The present limit to improved organic solar cell efficiency may lie in balancing

robust spectral coverage, leading to high current density, with controlled energy-

level offsets, leading to enhanced open-circuit voltage (Voc, J ¼ 0) and short-circuit

current density (Jsc, V ¼ 0). There are a considerable number of photons in the

near-infrared (NIR) and infrared (IR) regions of the solar spectrum that are cur-

rently uncollected in a typical OPV. The Jsc could be markedly improved by

converting these photons to electrical charges. However, since obtaining a high

maximum output power density (Pmax), corresponding to high power conversion

efficiency (�p), also requires maintaining large Voc, care must be taken when con-

sidering low-energy absorbing materials, so that improved photon collection does

not come at the expense of electric potential. This chapter is intended to introduce a

molecular perspective on the present state-of-the-art for OPV devices. First,

characteristics of archetypal materials used in OPV devices are described from a

photochemical standpoint, highlighting their excitonic character and electrical

behavior. Recent demonstrations of suppressed voltage losses and strategies for

controlling exciton dynamics are related to molecular properties. The scientific and

technological implications of these findings are discussed. While this chapter is

meant to emphasize the benefit that examining a wide array of materials for use in

OPV devices can lend to a robust understanding of the involved processes, it is in no

way intended as a comprehensive review of the number of materials and device

architectures that have been explored. However, there are a number of both mole-

cular and polymeric materials that have been reported for application to OPV. The

reader is referred to several exceptional recent reviews for more detailed informa-

tion regarding materials and OPVs [25, 26, 48–54].

2.2 Excitonic Materials

In conventional semiconductor (Si, GaAs, CdTe, etc.) PV devices, the site of

photon absorption intimately shares its valence electrons with its neighbors in a

strong covalent network. Therefore, the resulting excited state can be spatially

delocalized over many lattice sites. The electronic excited state resulting from

photon absorption by the condensed-phase material is termed an exciton, which

one may consider as a quasi-particle capable of transporting electronic excitation

with no net transport of mass or charge. The energy required to dissociate this

exciton into a free hole and electron in inorganic semiconductors is on the order of

kT [55–57], the thermal energy available at room temperature. Optical excitation of

organic molecules does not directly generate free electron and hole pairs. This is
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because strong covalent bonding exists only intramolecularly, while the local

intermolecular interactions in the condensed-phase organic material are compara-

tively weak. The excited state in such a system is spatially localized, generally on a

single molecule. These excitons typically have energies 0.3–1.0 eV below that of

the free electron and hole. As a result, OPV device operation often exhibits features

reminiscent of molecular excitation- and charge-transfer reactions, while retaining

relatively well-defined vibronic features associated with the isolated molecule.

Dielectric constants in organic semiconductors are commonly lower than their

inorganic counterparts by a factor of four. Thus, the inchoate charge separation,

induced during photon absorption, is relatively unscreened by the surrounding

dielectric. The coulombic attraction between opposing partial charges of the elec-

tronically excited molecule results in an energetic stabilization of the exciton,

compared to the free electron and radical anion (electron-polaron) or cation

(hole-polaron) species. Both of these effects work in concert to produce energeti-

cally bound and spatially localized Frenkel-type excitons, with binding energies on

the order of 0.5–1.5 eV in organic materials [58]. Thus, room- temperature optical

excitation in conjugated organic materials leads to excitons, while generally leading

to free charges in an inorganic semiconductor device.

A molecule in its electronically excited state can be a potent oxidizing agent, as

well as a potent reducing agent. The efficient photoinduced charge-transfer required

for converting solar photons to electrical or chemical energy may be realized at the

interface between an excited-state electron donor (D) and a well chosen electron

acceptor (A). This interface, termed the D/A heterojunction, is the contact point,

where a charge-transfer event between two different materials can take place. The

D/A heterojunction in its various configurations is the defining feature central to

contemporary organic solar cell devices, as depicted in Fig. 3. The chemical

potential energy gradient in organic D/A OPVs drives the photoconversion process

[59]. Orbital energies, such as those implied by Fig. 3, are commonly used to esti-

mate the driving force for charge-transfer and other important processes. However,

as we will discuss in Sect. 3, the “LUMO” of the donor and the “HOMO” must be

replaced by more relevant quantities, in order to understand fully donor/acceptor

interactions in organic solar cells.

Fig. 3 Contemporary

organic solar cell devices are

based on donor/acceptor

heterojunction device

architectures. (a) Energy

level diagram. (b) Planar

heterojunction configuration.

(c) Bulk heterojunction

configuration
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2.3 Photophysical Processes in Organic Solar Cells

The physical phenomenon of current generation in simple D/A systems can be

thought of in terms of the six chemical steps depicted in Fig. 4. (1) The absorption

of a photon leads to a localized exciton with energy E00 on either the donor (
1,3D*) or

acceptor (1,3A*), the superscripts denoting the spin multiplicity of the excited state.

(2) This exciton diffuses to the donor/acceptor interface via an energy-transfer

mechanism (i.e., no net transport of mass or charge occurs). (3) Charge-transfer

quenching of the exciton at the D/A interface produces a charge- transfer (CT) state,

in the form of a coulombically interacting donor/acceptor complex (D+A�). The
nomenclature used to describe this species has been relatively imprecise, and has

Fig. 4 Schematic illustration of the processes leading to photocurrent generation in organic solar

cells. (a) Photon absorption in Step 1 leads to excitons that may diffuse in Step 2 to the donor/

acceptor (D/A) interface. Quenching of the exciton at the D/A interface in Step 3 leads to

formation of the charge-transfer (CT) state. Note that processes analogous to Steps 1–3 may

also occur in the acceptor material. (b) Charge separation in Step 4 leads to free polarons that are

transported through the organic layers and collected at the electrodes in Steps 5 and 6, respectively.

(c) The equilibria involved in Steps 1–4 strongly influence device efficiency
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encompassed terms such as geminate polaron pair, geminate hole-electron pair,

charge-transfer exciton, and exciplex. In Fig. 4 the mixing between ionic radical

and locally excited modes is expected to determine the degree of charge-transfer

character [60–63] and we will use the general term “charge-transfer state” to refer to

this species. In Fig. 4 the situation is illustrated for an optically excited donor and an

acceptor in its ground state; however, it is important to note that a similar process can

take place with an optically excited acceptor and a ground state donor. Utilizing

photoexcitation of both the donor and acceptor materials is important to achieving

the broadest possible coverage of the solar spectrum. (4) Subsequent spatial separa-

tion of the charges making up the CT state proceeds to produce fully ionized 2D+

(hole) and 2A� (electron) polaron species. (5) Transport of opposite-polarity carriers

in the donor and acceptor layers proceeds via self-exchange between localized

hopping sites. (6) Electrical contacts facilitate charge collection in the external

circuit, by regenerating the neutral ground-state molecular species. The thermody-

namic and kinetic factors associated with each of these processes ultimately deter-

mine the power-conversion efficiency of the fabricated device. These processes will

be explained in more detail in the following sections, as reversible chemical reactions

with associated reactants, products, kinetic equilibria, and changes in free energy.

2.3.1 Photon Absorption

Molecules used in OPVs typically possess exceptionally high absorption coeffi-

cients (a), compared to conventional inorganic semiconductors. As a result, a

relatively thin film of molecules absorbs a substantial fraction of the incident

solar photon flux (F). Among the most widely studied are the metal phthalo-

cyanines, reported for use in nonlinear optics [64], as sensitizers for photodynamic

therapy [65, 66], and for organic thin-film transistors [30, 31]. In Fig. 5 the

absorption for a typical organic D/A pair, copper phthalocyanine (CuPc) and

fullerene C60, is compared with the common direct and indirect bandgap inorganic

semiconductors, gallium arsenide (GaAs) [67] and crystalline silicon (c-Si) [68].

Assuming a two-pass optical path in each case, and calculating the percentage of

solar photons captured by 1,000 Å of each of these three active layers, we see that at

630 nm, near the peak of the solar spectral irradiance, a typical organic D/A pair

captures roughly 90% of the incident solar photons, while GaAs and c-Si capture

only 50% and 10% respectively. Note that for the organic D/A pair, this estimate is

rather conservative, as there exist promising molecular materials with substantially

higher a, compared with CuPc/C60 [69]. Nonetheless, from Fig. 5 one may conclude

that OPV active-layer thicknesses on the nanometer length scale are sufficient for

efficient photon capture, in contrast to active layer thicknesses of several microns

required for c-Si. Thus, with significantly thinner films that absorb the same fraction

of light, far less material is necessary for OPV devices, making the energy and

charge conduction requirements less stringent.

Since thermal deactivation from high-lying electronically excited states occurs

on the picosecond timescale [70, 71] for conjugated molecules, excitation energy
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absorbed in excess of the lowest energy electronic state (E00) is transferred as heat

to the surrounding medium, as the site relaxes to the lowest-energy exciton. The

spectral bands associated with this excitonic state tend to be broadened and batho-

chromically shifted, while retaining similar vibronic structure to the molecular

species. For example, in Fig. 6, the thin-film absorption spectrum for the oligoacene

rubrene is slightly broadened and red-shifted, compared with its solution spectrum.

Fig. 5 Solar photon fluxF (derived from ASTM G173-03 AM1.5 G spectral irradiance) is plotted

as a function of wavelength in the top panel. The absorption coefficient a for the active region of an
archetypal organic donor/acceptor pair, CuPc/C60 (solid red trace, Organic D/A), is compared in

the intermediate panel with that of gallium arsenide (dashed black trace, GaAs), a direct bandgap
semiconductor, and both are contrasted with crystalline silicon (dotted blue trace, c-Si), an indirect
bandgap semiconductor. The bottom panel illustrates the percentage of solar photons captured by

1,000 Å active layers with a identical to those in the middle panel, assuming a two-pass optical

path. Chemical structures for CuPc and C60 are depicted to the right

Fig. 6 Absorbance spectra

for solution (dotted trace) and
thin film (solid trace) samples

of rubrene in the upper panel
and tetracene in the lower
panel. Molecular aggregation

in the tetracene thin film gives

rise to the splitting of its

absorption bands. Inset are
chemical structures for

rubrene and tetracene
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In certain extreme cases, dimeric or excimeric species, arising from partial charge-

transfer character between neighboring chromophores, may lead to distinct low-

energy excitonic features that do not occur in the isolated species. Such is the case

for the oligoacene tetracene shown in Fig. 6. Strong tetracene–tetracene interactions

in the thin film give rise to splitting of the absorption bands, and a red-shift of

ca. 100 nm relative to the solution spectrum. For simplicity, however, in the

following discussion the excitonic species will be considered as a molecular

excitation, with energy E00 equal to the energy of the intersection of the excitation

and emission spectra of the thin-film sample.

2.3.2 Exciton Diffusion

In order to generate charge efficiently, when a molecule that is spatially remote

from the D/A interface absorbs a photon, the energy of that excitation must diffuse

to the D/A interface. This energy-transfer process is called exciton diffusion. The

length over which excitation can propagate, prior to decay of the exciton population

to 1/e (roughly 35%) of its initial value, is the exciton diffusion length (LD). Ideally,
the percentage of the solar photon flux absorbed within LD of the D/A hetero-

junction will be 100%. In practice, however, this can be as low as 10%, due to short

exciton diffusion length in many organic materials. This means that, in a film thick

enough to absorb nearly all the incident photons, 90% of the resulting excitons

are more than an exciton diffusion length from the D/A interface. In this case,

a substantial fraction of the absorbed photons lead to excitons that do not undergo

charge-transfer and subsequent charge separation. As a result, researchers have

circumnavigated this problem by developing bulk-heterojunction architectures

consisting of interdigitating domains of donor and acceptor molecules, with

phase-segregation on a nanometer length-scale. As illustrated in Fig. 3, such a

structure is attractive for ensuring that excitons are formed within LD of the D/A

interface. The photocurrent generated by such bulk-heterojunction devices can be

substantial; however, their performance is directly linked to local heterogeneity on

the nanometer length-scale. The characterization and control of these features is

currently a major limitation to bulk-heterojunction device performance [72, 73].

Understanding exciton diffusion is a current topic of scientific interest. Gener-

ally, excitons diffuse by either coulombic coupling, or by electron exchange. The

former results from resonant interaction between transition dipole moments of the

excited and ground-state molecules, and can occur on length scales considerably

larger than the sum of their van der Waals radii. This form of energy migration is

known as F€orster resonant excitation transfer (FRET) and is the primary mechanism

for singlet exciton diffusion in the OPVs. Conceptually, the coulombic interaction

between the electric field of a photon and the p-system of a molecule can be directly

extended to describe the FRET process. The elementary rate may be expressed as

kFRET ¼ (8.8 � 10�28/n4tor
6) jK2 mol, where n is the index of refraction of the

medium, to is the radiative lifetime of the energy donor, r is the intermolecular

separation, j is the spectral overlap integral, and K is an orientation factor. This

186 C.W. Schlenker and M.E. Thompson



dipolar interaction is the primary mechanism for singlet excitation transfer in OPV

structures. In practice, predicting exciton dynamics using the above expression is

complicated by conformational distortion, molecular disorder, and the presence of

trap states in the structures used in OPV devices [74–76]. Consequently, there is

significant interest in developing accurate methodologies for probing exciton

dynamics [75, 77] in OPV structures [49, 78–85].

The other non-trivial mechanism for exciton diffusion arises from electron

exchange between a chromophore in its electronically excited state and a ground-

state molecule in close proximity. This process, known as Dexter excitation transfer

(DET), occurs through direct wave-function overlap and is, therefore, limited to

length scales on the order of the van der Waals radii of the two molecules. Triplet

excited-state lifetimes are commonly in the microsecond to millisecond regime, and

DET is the primary mechanism for triplet exciton diffusion. Although the formal

rate dependence for DET is proportional to the spectral overlap integral and

attenuates as kDET / exp(�2r), it contains terms that cannot easily be related to

physically measurable quantities. Therefore, in general it is difficult to adequately

address even the elementary rate of triplet exciton diffusion. The utility of triplet

exciton diffusion in OPVs is a current area of interest [86–88].

2.3.3 Charge Transfer

Following exciton diffusion to the D/A interface, efficient charge-transfer

quenching of the excited state must occur in order to initiate charge generation.

The driving force for charge-transfer may be understood by considering the mole-

cular orbital mixing of D* and A, as the two species begin to interact. According to

perturbation theory, as D* encounters A, the electrophilic singly occupied orbital of

D*, corresponding to the donor HOMO, will interact with the acceptor HOMO,

while the nucleophilic singly-occupied orbital of D* corresponding to the donor

LUMO will interact with the acceptor LUMO [89]. As shown in Fig. 7, the four

resulting newMOs are split in energy, relative to the original MOs of either isolated

species. One of the new HOMO-type levels is lower in energy than in either isolated

species, and one of the new HOMO-type orbitals is higher in energy than in either

of the isolated species. The new energy levels of the complex corresponding to

the LUMO orbitals are similarly split above and below the isolated LUMOs.

Fig. 7 (a) Molecular orbital

(MO) description for the

charge-transfer state

formation in organic donor/

acceptor systems. (b)

Description for CT state

emission energy hnEMCT using

exciplex MOs in (a)
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As the electrons undergo redistribution from their initial non-interacting orbitals,

three electrons are stabilized, while only one of the electrons is destabilized upon

forming the charge-transfer state. This electronic stabilization is the driving force

for populating the charge-transfer state relative to the initial non-interacting

D* + A state.

In principle, the thermodynamic requirements for charge-transfer are straightfor-

ward. The energy of an exciton interacting with a charge acceptor must be greater

than the CT-state energy. In practice, however, assigning enthalpic quantities

associated with the lowest unoccupied molecular orbital (LUMO) in condensed

phase organic materials is often complicated by sample degradation [90, 91]. Addi-

tionally, the physics of semiconductor devices has historically been discussed

in terms of band models for covalent crystalline materials, where the free-electron

approximation is appropriate, which is not the case for most organic systems.

Terms like conduction band, LUMO, electron affinity, transport level, and optical

LUMO are often inappropriately taken to be interchangeable. Significant attention

[92–104] has been given to developing a physically relevant energy-level descrip-

tion for organic electronic materials, where it is more appropriate to discuss weakly

interacting molecules in condensed-phase low-dielectric media.

Of particular importance to formation of the CT state is the energy of the excited

state. When a molecule at the D/A interface becomes electronically excited by

FRET, DET, or photon absorption, it may take part in a charge-transfer reaction

with the adjacent charge-acceptor molecule. The thermodynamic requirements

to form the CT state species (D+A�) at the D/A interface can be understood

by considering the change in enthalpy for the photoinduced charge-transfer reac-

tion 1,3D* + A ! (D+A�). The ionization energy of the excitonic state E�
i

� �
,

sometimes referred to as the “optical LUMO,” is an extremely useful quantity for

assessing whether forward electron transfer will be exothermic. Succinctly, E�
i is

the oxidation potential of the excited state [D � E�
i���! Dþ þ e�], which can be used

to determine which acceptors will engage in efficient charge-transfer with D*. An

upper limit for E�
i may be estimated from the combination of ultraviolet photo-

electron spectroscopy (UPS) and UV-vis absorption/emission spectroscopy by

numerically subtracting �E00 from the ionization energy of the neutral ground

state species, E�
i ¼ Ei � ð�E00Þ, where E00 is given by the spectral intersection of

the thin-film absorption and emission bands for fluorescent materials. For materials

with high triplet-exciton yields, a value for E00 may be estimated from the high-

energy onset of the phosphorescence band. Determining values for E00 in materials

that relax to non-radiative states can be complicated, since information about the

energy of the exciton cannot be obtained from their emission bands. In materials

where emission is absent, an upper limit for E00 can be taken as the low-energy

onset of the neat-film absorption.

If E�
i is greater than the electron affinity (Ea) of the accepter, then the photoin-

duced forward electron-transfer reaction will be exothermic. This approach can be

used to determine the E�
i for both singlet and triplet excitons from the corresponding

singlet and triplet state E00 values. A similar calculation of an acceptor exciton’s

electron affinity E�
a

� �
may be made, to assess whether acceptor exciton-dissociation
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will be exothermic. Thus, one can also define an “optical HOMO” for OPV

acceptors from the electron affinity and E00, which can be used to assess which

donors will be appropriate for dissociation of an exciton in a given acceptor (Fig. 8).

Although a cogent kinetic description for the overall charge-generation process

is still developing, during exciton dissociation some generalized charge-transfer

(CT) state [92, 105] is thought to form (see above). Very little screening of charge

takes place, since the dielectric constant, em � 3, of the surrounding medium is

relatively low, and the attractive electrostatic potential energy Ec ¼ q2/4pe0emr
between (D+A�) pairs is on the order of 25 kJ mol�1 for an average polaron spacing

of r ¼ 20 Å. This means that the coulombic stabilization is roughly ten times

greater than kT at room temperature, and, if not efficiently surmounted, may

severely limit the output power of OPV devices by markedly reducing the fill factor

[106, 107]. Understanding the process of separating the charges generated during

charge-transfer state formation is a current topic of OPV research and is discussed

in the next section.

2.3.4 Charge Separation

Once formed, the charge-transfer state may decay via one of two general reversible

pathways, excluding photochemical degradation. The first pathway results in the

regeneration of some neutral species (excited-state or ground-state). This process,

referred to as recombination, because it involves combining conjugate charges, can

be a major loss mechanism. The second is the preferred pathway for CT state decay,

in which a series of electron self-exchange reactions occur between the partial

Fig. 8 Schematic illustration of donor/acceptor energies relevant for charge-transfer in organic

solar cells. Straight lines represent ground state binding energies, while wavy lines represent

excited state binding energies
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positive (negative) charge of the CT complex and the surrounding neutral ground

state donor (acceptor) molecules. A comprehensive picture for the charge separa-

tion process (as well as the exciton dissociation process) has yet to materialize.

However, it has been noted by Clarke and Durrant [54], as shown in Fig. 9, that

entropy may play an important role, since the change in free energy (DG ¼
DH – TDS) must of course be DG < 0 for charge separation to occur spontane-

ously. In the case of the relaxed CT1 state, the change in enthalpy (DH) for charge
separation will be positive. Therefore, at a given temperature (T) the change in

entropy is necessarily DS > 0. In this case, charge separation is driven by an

entropic effect. In general, the relative importance of DS will depend on the

relaxation rate for CTn ! CT1, relative to any other competing process.

A major experimental challenge in this area is the development of ultrafast two-

dimensional optical spectroscopies with interfacial specificity to characterize reli-

ably the electronic coupling and CT state dynamics for a broad range of materials

and architectures [108–111]. Recently, there has been substantial interest in more

precisely probing the time scale of charge separation for donor/acceptor OPV

materials [112–117]. Of specific concern has been the role of higher-lying (hot)

CTn states [118] that may enable sub-picosecond free-polaron generation with no

resolvable CT state formation, compared with bound CT state relaxation, followed

by charge separation as a two-step process [112]. The primary tool in such studies is

transient absorption spectroscopy [113]; however, there are notable difficulties in

uniquely distinguishing the low-energy optical signatures, as they are generally

broad and unstructured, with significant spectral overlap between polaron species

[119]. In many respects the work being taken up in this area parallels the observed

dependence on the dielectric constant of the solvent [120] whether solvent-

separated or contact ion-pairs are formed in donor/acceptor systems in solution

[61, 121] as developed by Weller [122].

Fig. 9 Illustration

highlighting the possible

importance of entropy in the

charge separation process.

Positive and negative

polarons experience a strong

coulombic attraction that may

be offset by entropy to

achieve charge separation.

Reproduced with permission

from [54]. Copyright 2010

American Chemical Society
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2.3.5 Charge Transport

Following charge separation, weak electronic coupling in OPV materials leads to

localized radicals surrounded by polarized neutral molecules. Transport of this

polaron species generally proceeds via localized hopping. Ideally, the hopping

rate may be expressed [123, 124] in terms of Marcus theory, to account for elec-

tronic coupling and for the internal reorganization energy required for the neutral

and charged species to reach the same geometry. Inhomogeneity often leads to

carrier trapping in amorphous OPV materials, decreasing the charge-transport rates

below those given by Marcus theory. Thus, the use of crystalline materials in OPVs

is being explored, which would eliminate carrier traps of this type, and improve

OPV performance [101, 123, 125, 126].

2.3.6 Charge Collection

The nature of the electrical contacts employed in device preparation is largely

determined by interface states between the electrode and the organic materials, and

can strongly impact device performance. Properties of this organic/electrode inter-

face are an area of substantial interest, since the density of states profile can be quite

complex, due to interface chemical and polarization effects [93–95, 127]. A general

theoretical treatment for the surface recombination velocity at the interface of an

amorphous organic semiconductor and a metal electrode has been developed by

Scott and Malliaras [128]. This treatment implies that one may expect a finite

surface recombination velocity for the extraction of photogenerated charges. While

indium tin oxide (ITO) is currently the dominant transparent electrode technology

for D/A OPV devices, its ultimate utility is questionable. Several promising

alternatives to ITO are currently being investigated, such as nanowire or nanotube

arrays fabricated from various materials [129–134]. Graphene based transparent

electrodes for optoelectronic applications are also noteworthy [135–138].

3 Electrical Response

The preceding sections described molecular interactions important in organic solar

cells. This section discusses the impact of those interactions on the overall device

behavior. Simulated electrical behavior for a typical solar cell is illustrated in

Fig. 10. Under forward bias voltages 0 < V < Voc, a typical photovoltaic device

under illumination supplies power (P ¼ J � V) to the external circuit (cf. lower

panel of Fig. 10, dashed trace in first quadrant). The formalism used here implies

that, under reverse bias, the organic material is reduced at the anode and oxidized at

the cathode, while, under forward bias, the organic material is oxidized at the anode

and reduced at the cathode. The short circuit current, Jsc, is approximately equal to
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the photocurrent and open circuit voltage, Voc, is the point at which a sufficient bias

has been applied to “shut off” the OPV. It is easy to see in this plot that the Voc

occurs at the point where the magnitude of the dark current in forward bias matches

the photocurrent (see the blue arrows in Fig. 10). At this point the rate of injection of

charge is equal to the rate of its photogeneration, and the device is under a steady-

state condition, with J ¼ 0. The point of maximum output power density is denoted

by Pmax in Fig. 10, corresponding to the maximum product of current and voltage.

A useful quantity for assessing Pmax relative to the photocurrent and photovoltage is

the fill factor, given by FF ¼ Pmax/Jsc � Voc. Typical FF values for OPVs range

from 0.3 to 0.7. Finally, the power conversion efficiency (�P) is calculated as the

numerical quotient of Pmax and the total integrated spectral irradiance (Po), giving

�P ¼ Pmax/Po. Note that precise standards of measurement and calibration have

been developed, including spectral mismatch correction, for accurately reporting

�P. The active researcher is admonished to adhere to the standards outlined in the

literature [139–142] whenever reporting OPV performance metrics.

3.1 Photocurrent

Photocurrent generation, involving the CT state, has often been treated [106, 107,

143–145] according to the Onsager–Braun model [146, 147], to describe the field

dependence for charge separation and charge recombination from the CT state. The

Fig. 10 Simulated solar cell electrical behavior in the dark (dotted traces) and under illumination

(solid traces) comparing the effect of the saturation current parameter Js on Voc. The black traces
represent a device with Js � 106 that of the device represented by the red traces. The sharp

inflection points in the semilog plots (upper panel) are the points where the current switches from
positive to negative. Also illustrated in the linear representation (lower panel) are the short circuit
current density, Jsc, and the maximum output power, Pmax, given by the product of current and

voltage. The blue arrows represent the point at which the dark current and the current under

illumination are equal in magnitude. The corresponding potential marked in blue on the voltage

axis is Voc for the black trace
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original model proposed by Onsager predicts that the probability for a charged

particle undergoing Brownian motion, to escape the Coulomb potential of its

conjugate charge, will depend on the initial charge separation and on the applied

electric field. This model was later extended by Braun to account for the finite

lifetime of the charge-transfer state. As such, the probability for charge separation

from the CT1 state is taken as P(E) ¼ kd(E)/[kd(E) + kf(E)] ¼ kd(E)t(E), where
kd(E) is the rate constant for CT1 separation, kf is the rate constant for charge

recombination, and t is the field-dependent charge-transfer state lifetime. A salient

feature of the Onsager–Braun formulation is that the dissociation rate kd(E) is a

linear function of the (spatially averaged) charge-carrier mobility. Several modifi-

cations to the Onsager–Braun model have been proposed to improve its validity in

describing the field dependent photocurrent in organic solar cells. For example the

impact of carrier diffusion was implemented by Mihailetchi et al. [148] for PPV:

PCBM based on the Sokel–Hughes [149] model and this has been extended to the

P3HT:PCBM system by Limpinsel et al. [150], as illustrated in Fig. 11. Several

other authors have suggested improvements to the Onsager–Braun description, such

as to account for its breakdown in dealing with species of high charge mobility

[151, 152]. The model has also been modified to include a more appropriate

description of charge separation and recombination kinetics [153, 154].

In practice, poor charge mobility, energetic disorder, carrier trapping, and

physical aberrations complicate device characterization. The effects of these non-

idealities are often modeled according to an equivalent circuit shown in Fig. 12.

Incorporating all specific series resistive elements as Rs, and all specific parallel

resistances as Rp, one obtains the expression

Fig. 11 Adapted Onsager–Braun model for photocurrent analysis applied to P3HT:PCBM.

Reprinted figure with permission from [150]. Copyright 2010 by the American Physical Society
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J ¼ Js exp q
V � JRs

nkT

� �
� 1

� �
þ V � JRs

Rp

� Jph; (1)

where q, k, T, and Jph are elementary charge, Boltzman’s constant, temperature,

and photocurrent density, respectively [106, 107, 155–159]. Ideality factors of

n � 2 are common for organic devices and are associated with current–voltage

relationships dominated by recombination [16]. Developing a physically relevant

interpretation for the commonly observed phenomenological J–V behavior [34,

49, 160], represented by (1), is an active area of OPV device research [106, 107,

155, 156, 161–163]. Giebink et al. [106, 107] proposed that the current–voltage

characteristics in donor/fullerene small-molecule OPVs can be described based on

the kinetics of CT state separation and trap-limited recombination at the D/A

interface. This description more accurately reproduces low-temperature and low-

bias characteristics, where the fidelity of (1) is often poor.

In the dark, the device behaves as a diode, exhibiting saturation current density

(Js), flowing with limited voltage dependence under reverse bias and an exponential

rise (rectification) in current density in forward bias. In a hypothetical device with

no resistive losses, the current in the dark follows J ¼ Js exp[(qV/nkT) � 1]. While

an oversimplification, this expression highlights that Js relates the current density

under reverse bias to the current density under forward bias. For the latter, Fig. 13

represents the processes that determine the magnitude of Js in the recombination

controlled regime. In general, the magnitude of Js will depend on the rate (kinj) of
carrier injection from the electrodes, the charge mobility of the materials, and

the rate of net charge recombination (krec) at the donor/acceptor interface, i.e.,

(D+A�) ! (D + A) or (D* + A) or (D + A*). As we will see, the saturation

current can be a useful concept for discussing the magnitude of the open circuit

voltage.

Under illumination, the charge-transfer state concentration at the D/A interface

is increased, due to photoinduced electron transfer. A reducing potential, applied

to the anode, facilitates charge separation and hole collection by regenerating D+

polarons at the anode/donor interface. Electrons are analogously collected at the

cathode. Switching polarity at the electrodes opposes the charge-separation and

collection processes. In Fig. 10, the expression J ¼ Js exp[(qV/nkT) � 1] � Jph is
plotted to illustrate this behavior for two different values of Js. For the simple

expression in Fig. 10, with no applied potential, J ¼ Jsc ¼ � Jph. At open cir-

cuit no current flows through the device, and the photovoltage is Voc ¼ q�1 nkT

Fig. 12 Single diode

equivalent circuit model

commonly employed in

estimating solar cell losses
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ln (Jsc/Js + 1). For n � 2, the magnitude of the photovoltage depends on a ratio of

rates, where Jsc represents how frequently photogenerated charges are collected,

and Js represents how frequently charges recombine. As shown in Fig. 10, when all

other parameters are invariant, small Js (i.e., slow recombination) leads to large Voc.

Since Pmax ¼ Jsc � Voc/FF, the saturation current directly influences device per-

formance. Thus, a key to attaining high Voc is achieving a low Js, which requires

that the recombination rate be very low.

3.2 Photovoltage

The photovoltage for inorganic photodiodes is directly limited by the “built-in”

electrical potential (Vbi) across the pn junction, as illustrated in Fig. 14a [164–166].
However, the most general description for the open-circuit voltage limit in any

photovoltaic device has been addressed by Gregg [59]. According to the free energy

of the system, the obtainable photovoltage will depend on both the electrical and

chemical potential energy gradients in the device. Since the equilibrium charge-

carrier concentrations and carrier mobilities in most heavily-doped inorganic PV

devices are extremely high, compared with organic molecules, the effect of the

chemical potential in classic silicon-based cells is negligible.

In organic solar cells, the chemical potential must be considered in addition

to the electrical potential. For example, the magnitude and polarity of the photo-

voltage produced by the first modern donor/acceptor OPV device [9] was noted to

Fig. 13 Recombination losses occurring under forward bias in a typical OPV device. Holes injected

from the anode Fermi level (EF,A) into the HOMO level (Ei) of the donor and electrons injected from

the cathode Fermi level (EF,C) into the LUMO level (Ea) of the acceptor are transported to the D/A

interface. Coulombic attraction between holes and electrons yields the (D+A�) CT state with energy

ECT. Charge recombination reaction (D+A�) ! D + A occurs with rate constant krec
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depend only weakly on the built-in potential across the device. Although estimates

for Vbi have been made by measuring the open-circuit voltage produced from

composites of various conjugated polymers [167] and derivatized fullerenes

[168], the relationship between Vbi and Voc can be complicated, even for organic

single-layer devices [169]. In fact, the photovoltaic effect has been observed for

organic molecular systems with no intrinsic electrical asymmetry [170–172]; hence

Vbi ¼ 0. The offset (DEDA), as depicted in Fig. 14, between the ionization energy

(Ei) associated with the donor HOMO level and the electron affinity (Ea) associated

with the acceptor LUMO level, appears to strongly influence the Voc [22, 167, 168,

173–178]. In other words, the energy required to remove an electron from the

HOMO of the donor and place it in the LUMO of the acceptor appears to be directly

related to Voc. However, since both electrical and chemical potential energy

gradients affect OPVs, Voc losses are also controlled by the interfacial kinetics

[170] for depopulation of the CT state. In the following sections we discuss the

population of the charge-transfer state and its relationship to the open-circuit

voltage.

3.3 Charge-Transfer State Population

The MO description of the CT state illustrated in Fig. 7a not only describes the

energetic driving force for charge-transfer to occur, but also helps to characterize

important processes that this transient state may undergo. The charge-transfer

complex illustrated in Fig. 7 should be regarded generally as possessing its own

set of higher-lying electronic excited states and associated electronic transitions

between states and their respective vibrational manifolds. For example, dissociation

of the charge-transfer complex from the CT1 electronic state via radiative decay,

giving off a photon of energy hnEmCT , has been observed for a large number of D/A

Fig. 14 (a) Equilibrium energy diagram for a pn junction in an inorganic semiconductor material

with intrinsic Fermi energyEFi, conduction band energyEc, valence band energyEv. The quantity Vbi

represents the total built-in electrical potential due to band bending. (b) Energy diagram illustrating

ionization energies for an organic donor in both the ground (Ei) and excited E�
i

� �
states, the acceptor

electron affinities in the ground (Ea) and excited E�
a

� �
states, and the energy level offset DEDA
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systems [60, 106, 179–186]. One may consider this process to be synonymous with

exciplex emission [122, 187] for cases when the ground state is dissociative. Radia-

tionless decay pathways from the CT state to the ground state are also possible, and

have been implicated as a major efficiency-loss mechanism in some devices [188].

Such radiationless decay can occur through direct thermal relaxation or via singlet-

triplet intersystem crossing [189]. It is also possible to imagine a D/A system in which

the CT1 state is close enough in energy to the D* + A state to allow appreciable

dynamic equilibrium between population of the 1,3D* + A and that of (D+A�),
allowing for the efficient formation of singlet and triplet excitons from the CT

state. This is the operational mechanism for an organic light emitting diode (OLED).

To suppress open-circuit voltage losses in OPVs it is highly desirable to arrest all

parasitic non-radiative CT deactivation pathways. That is, given two D/A systems

exhibiting CT bands with similar oscillator strength and energy, the system with the

higher rates of non-radiative CT decay will undergo faster charge recombination.

Recombination via thermally activated non-radiative CT state decay is known to

follow the standard Marcus treatment. Temperature-independent non-radiative

components have been treated, in some cases, as radiationless quantum transitions

for exciplex decay [190].

The general implication of the Onsager–Braun mechanism for OPV devices is

that the efficiency of the charge separation process, and therefore the efficiency of

the device, will be linked to the lifetime of the charge-transfer state. Processes that

act to depopulate the CT1 state more rapidly than charge separation proceeds will

deleteriously impact device performance. In some cases the charge-transfer state

properties can be probed using steady-state optical signatures. Donor/acceptor

combinations exhibiting direct photon absorption to, or emission from, the charge-

transfer state are of particular interest in defining the CT1 energy and identifying

potential losses. Low-energy absorption [191], emission [192], and electrolumines-

cence [185], observed experimentally, may be visualized schematically, as illustrated

by the simplified MO picture in Fig. 7b. An excited electron, populating the singly

occupied orbital with largely acceptor LUMO character, relaxes to fill the singly

occupied orbital with largely donor HOMO character, as excess optical energy is

emitted by the charge-transfer complex. For example, several reports have suggested

that low-energy bands observed in the luminescence spectra for blended polymer/

fullerene composites, as shown in Fig. 15, may be ascribed to emission from the

charge-transfer state formed between the polymer donor and the fullerene acceptor

[179–184]. Similar effects have also been observed in small-molecule donor/acceptor

systems [106, 185, 186].

Processes contributing to CT state deactivation are important since, in many

cases, for efficient photocurrent generation, charge separation must kinetically

compete with alternate deactivation pathways. As we have already mentioned,

there are two general loss pathways, radiative and non-radiative CT deactivation.

The probability for transient charge-transfer states in polymer:fullerene blends to

undergo charge separation, radiative decay, or non-radiative deactivation has been

analyzed by Vandewal et al. [188], according to the principle of detailed balance

[164, 193]. The relative photovoltaic efficiency losses can be determined using a

Current Challenges in Organic Photovoltaic Solar Energy Conversion 197



combination of Fourier-transform photocurrent spectroscopy (FTPS) [194] to mea-

sure the photovoltaic external quantum-efficiency (EQEPV) and electrolumines-

cence (EL) measurements. This method affords an accurate estimate of the CT state

energy, as illustrated by the intersection of the EQEPV and EL curves for MDMO-

PPV:PCBM blend in Fig. 16. This detailed-balance approach, based simply on

photovoltaic and electroluminescence quantum efficiencies, has been used to

accurately predict [195] the photovoltage produced by several polymer:fullerene

blends, using a range of process conditions. The agreement between the calculated

Voc and the measured Voc is illustrated in Fig. 17, and the structures for PCPDTBT

and LBPP5 polymers are shown below.

In accord with the work of Rau [193], the EQEPV and EL data collected over a

given range of temperatures and PV illumination intensities for PCBM blends with

MDMO-PPV, P3HT, and APFO3 donor polymers were then used, for each blend,
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Fig. 16 Parameters for

defining the charge-transfer

state energy ECT in organic

solar cells. Charge-transfer

state energy for MDMO-PPV:

PCBM blend device

determined by Fourier

transform photocurrent

spectroscopy and

electroluminescence

measurements. Reprinted

figure with permission from

[188]. Copyright 2010 by the

American Physical Society
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Fig. 17 Detailed balance approach for determining open circuit voltage based on the energy of the

D/A charge-transfer state and its coupling to recombination loss modes. Reproduced with permis-

sion from [195]. Copyright 2009 Macmillan Publishers Limited
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to calculate the total relative photovoltage loss and the contribution from both

radiative losses and non-radiative losses, as summarized in Table 1. These data

illustrate that the non-radiative loss component can be considerable. For example,

in the case of P3HT, non-radiative CT state decay accounts for 80% of the total loss

incurred for the device. Factors influencing the magnitude of this non-radiative loss

component to charge separation are a current topic of OPV research. Strategies for

mitigating these recombination losses are briefly discussed in the next section.

3.4 Charge Recombination and Electronic Coupling

The values in Table 1 illustrate that many organic solar cells incur Voc losses related

to the rate of both radiative and non-radiative recombination events. When an

oxidizing potential is applied to the donor, this rate is directly related to the dark

saturation current Js, as shown in Fig. 13. Therefore, minimum Js leads to maximum

Voc. Based on Marcus theory, when the CT state energy is high enough, thermally

activated charge recombination occurs in the inverted regime. This means that,

as the driving force for recombination increases, the rate decreases and, likewise,

Js decreases. By necessity, recombination rates must be slow enough for charge

separation to out-compete charge recombination. The commonly observed trend

of increasing Voc with increasing DEDA is a direct result of this inverted regime

behavior, and the fact that the CT state energy tends to correlate with DEDA.

In practice, suppressing charge-recombination rates by controlling DEDA is

undesirable, since it leads to absorption overlap between the donor and acceptor,

thus limiting the photocurrent. Alternatively, consider Fig. 18, illustrating the

electronic coupling element Hij for recombination from the initial CT state, i, to
the final neutral state, j. The rate constant for non-radiative recombination in the

Marcus inverted regime is

kNRrec ¼ 4p2

h
H2

ij

1ffiffiffiffiffiffiffiffiffiffiffiffiffi
4plkT

p exp
� DG� þ lð Þ2

4lkT

( )
; (2)

where h is Planck’s constant, l is the free energy for geometric reorganization, DG�

is the total change in free energy, and kT is the available thermal energy. In Fig. 18,

the activation energy, DG*, for charge recombination exhibits a quadratic

Table 1 Radiative and non-radiative voltage losses in polymer:fullerene solar cells

Total loss Radiative Non-radiative

MDMO-PPV:PCBM (1:4) 0.58 0.24 0.34

P3HT:PCBM (1:1) 0.53 0.11 0.42

APFO3:PCBM (1:4) 0.59 0.24 0.35

APFO3:PCBM (1:1) 0.59 0.25 0.34

Voltage losses, DV, given in V
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dependence on DG�. However, in two similar systems with equivalent thermody-

namics, the system with weaker electronic coupling (smaller Hij) will exhibit

slower recombination and Voc closer to the thermodynamic limit.

A practical approach to control Hij is to control the distance between the

p-systems of D+ and A� at the D/A interface. By tuning the steric interactions

Fig. 18 Free energy surfaces illustrating the activation energy DG* for charge recombination in the

Marcus inverted region and the coupling term Hij between the initial state, i, and the final state, j

Fig. 19 Current–voltage characteristics for ITO/donor/C60/BCP/Al based OPVs, donor ¼ CuPC

or PtTPBP. Images to the right show the structures of the donors and their HOMO and LUMO

orbitals in blue and red, respectively. Steric interactions with the PtTPBP phenyl groups prevent

close association of the donor and C60
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between bound polaron species, the length scale, over which charge recombination

must occur, can be increased [196]. As a result, recombination rates diminish,

while the charge-separation rate is either unaffected or increases. Several systems

have been identified in which steric effects are thought to play a major role in

determining Voc. For example, crowding of the phenyl rings in platinum tetraphe-

nylbenzoporphyrin (PtTPBP), shown in Fig. 19, causes saddling of the macrocycle,

and the phenyls partially block access to the porphyrin p-system. While DEDA is

1.4 eV for the D/A heterojunction formed between fullerene C60 and PtTPBP,

DEDA for CuPc/C60 is 1.7 eV. Based solely on these values, one might expect the

photovoltage produced by the PtTPBP/C60 device to be significantly lower than that

of the CuPc/C60 heterojunction. However, the PtTPBP device exhibits Voc ¼ 0.69 V,

40% higher than the CuPc device, with Voc ¼ 0.48 V. Similar effects have been

observed between tetracene and rubrene [196], and related small molecules, as well

as for polymer:fullerene blends [197].

4 Conclusions and Perspectives

Over the last 10 years, research in photovoltaic energy conversion has increasingly

focused on organic solar cells, due to their potential to deliver power in low-

cost, lightweight, flexible, and portable electronics. As a result, very significant

improvements in device efficiencies have been achieved. New discoveries in this

field have also revealed interesting prospects and challenges for future device

improvements. In this chapter we highlight the role that transient charge-transfer

states appear to have in determining photocurrent, photovoltage, and the resulting

power-conversion efficiency.

Energy conversion in organic solar cells often involves several bound transient

species. As a result, the relaxation pathways available to these intermediates can

have a significant impact on the performance of the device. Charge-transfer states

formed between the donor and acceptor appear to be particularly important in

determining the open-circuit voltage. Understanding the origin of the Voc is directly

linked to energy losses, since photons near the solar peak maximum, ~2.0 eV

(~600 nm), are efficiently absorbed by OPVs, yet qVoc commonly ranges from

only 0.5 to 1.0 eV. Gains in efficiency are further limited by Voc losses, when one

considers that a large fraction of incident solar photons are in the near-infrared

(NIR). By eliminating voltage losses and harvesting NIR photons, future

efficiencies two to three times that of present devices may be achievable.

Tuning frontier orbital energies has demonstrated that Voc is related to DEDA at

low temperature. This effect has been shown, by detailed balance, to be a direct

result of increasing the energy of the charge-transfer state and, therefore, increasing

the Marcus reorganization energy for recombination. However, at room tempera-

ture or low light intensity, thermally activated recombination losses can lower Voc

from what is expected, based on the CT state energy.
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Variations in molecular structure are known to substantially impact electron-

transfer kinetics in chemical [13, 198, 199] and biological [200, 201] systems. The

voltage produced by solution-based photoelectrochemical cells has also been linked

to charge-transfer rates [202, 203]. Recent results have suggested that recombina-

tion losses can be controlled in thin film OPVs as well by tuning the electronic

coupling at the D/A interface. Practical routes to controlled coupling have been

explored for oligoacenes, porphyrinic materials, polymers, and perylene acceptors.

These results suggest that Voc losses can be recouped when the p-system of either

the donor or the acceptor is sterically shielded from back electron transfer. How-

ever, a major challenge is that strong electronic coupling is desirable for efficient

exciton diffusion, forward electron transfer, and charge transport. The large substi-

tuents used to frustrate electronic coupling also tend to diminish the absorption

coefficient of these materials. Thus, significant effort will be needed to find new

OPV materials systems that simultaneously give high Jsc and Voc.
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Molecular Monolayers as Semiconducting

Channels in Field Effect Transistors

Cherie R. Kagan

Abstract This chapter describes the fundamental study of charge transport through

single layers of p-conjugated molecules organized to form the semiconducting

channels of field-effect transistors (FETs). Physical and chemical methods of

evaporation, Langmuir-Blodgett assembly and transfer, and self-assembly have

been used by the community to realize single molecular monolayers on the gate

or gate dielectric surface of FETs. Advancements in molecular design and chemical

modification of FET interfaces continue to improve measured charge transport

properties in FETs. These monolayer FETs have been integrated in electronic

circuitry and demonstrated as chemical sensors, where they promise the ultimate

in performance as the entire molecular monolayer is modulated by the applied gate

field and is accessed by analytes, respectively.

Keywords Circuits � Field-effect transistor � Langmuir-Blodgett � Monolayer �
Self-assembly � Sensors
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Molecular electronics is the study of the motion of charge that depends on the

chemical structure, conformation or organization, and environment of molecular

species. Assembling circuitry through molecular design was first theorized by

Aviram and Ratner [1]. This chapter describes fundamental studies of the behavior

of charge in molecular monolayers through solid-state measurements of charge

transport in monolayers organized at surfaces to form field-effect transistors

(FETs), and the application of these transistors in electronics and as chemical

sensors. Figure 1 is a general schematic of a molecular monolayer FET, where

the molecules are organized into an ordered, close packed single sheet, providing

intermolecular p–p coupling, so charges are transported in the monolayer plane.

Synthetic chemistry allows molecules to be designed considering both the

charge transport

gate dielectric

gate

Fig. 1 Schematic of a molecular monolayer field-effect transistor. The bubble highlights (i) the
substrate and/or the monolayer may comprise the electrically insulating, gate dielectric layer of the

FET, and (ii) contains a p-conjugated core for charge transport from source-to-drain, modulated by

the voltage applied to the gate electrode. Regions (i) and (ii) of the molecule may also contain

binding groups for self-assembly or aliphatic chemistry for Langmuir–Blodgett assembly and

transfer from the air–water interface
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electronic behavior of the FET and the methods, such as chemically directed self-

assembly and Langmuir–Blodgett transfer, used to organize the monolayers at

device surfaces. For example, segment (1) of the molecule may be designed to

incorporate part, or all, of the gate dielectric layer, and may have functional groups

to allow chemical self-assembly on device surfaces. Segment (2) may incorporate

p-conjugated charge-transporting groups, polymerizable chemistries, and/or ali-

phatic chemistry to facilitate Langmuir–Blodgett assembly on the water surface

and transfer to device surfaces. The architecture of the FET provides a junction to

probe charge transport in the molecular solid state, allowing electron and hole

transport behavior to be separated and characterized. The junction geometry also

introduces metal–semiconductor and semiconductor–dielectric interfaces, which

may affect charge injection and charge trapping, introducing extrinsic behaviors

to the measured transport characteristics. This chapter will review the methods of

molecular monolayer assembly in FETs and the physics of FET behavior for

various molecular monolayer chemistries and junction geometries that have been

studied by the community for consideration in applications.

1 Background

The movement of charge in molecular compounds has traditionally been studied by

the physical chemistry community through spectroscopicmeasurements in solution of

charge transfer between donors and acceptors, separated by a relatively short s or p
bridge [2, 3]. Recent efforts to extend our understanding of charge transfer in

molecular systems to the solid state have attracted attention for both fundamental

and technological opportunities. While in this chapter we will focus on the FET,

probing charge transport in the solid state necessitates the introduction of interfaces

between the molecules and chemically and electronically different surfaces, such as

metals and insulators. The solid state examines molecular systems between at least

two electrodes under an applied bias, and in the FET, spaced by a dielectric layer from

a third electrode. Interfacial charge transfer between a donor and an electrode has been

investigated by probing molecular assemblies on metal surfaces through solution-

phase electrochemical techniques [4–6] or photoemission spectroscopy [7, 8].

Research on charge transfer in solid-state molecular systems extends and marries

the techniques, tooling, models, and theory of optical spectroscopy, electrochemistry,

and charge transfer, common to the chemical community, with electrical

measurements and charge transport, more common to mesoscopic physics. It is the

interface spanning chemistry, physics, materials, and electrical disciplines that opens

up the exploration of new chemical and physical phenomena unique to molecular

systems. In this chapter, the aim is to bridge the languages used to describe the

structures, the techniques used to probe charge transport, and the unique chemical

and physical issues presented by charge transport in the molecular solid state.
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2 Operation of the Molecular Monolayer Field-Effect

Transistor

In the three-terminal junction of the FET (Fig. 1), the molecular monolayer forms

the semiconducting channel extending between two electrodes, known as the source

and the drain. A third electrode, the gate electrode, is separated from the charge-

transporting monolayer channel by a dielectric layer, which may be fabricated on

the underlying substrate, and/or may be a functional group synthesized in the design

of the molecular species forming the monolayer. The influence of the gate on the

channel can be understood as a capacitor, with the gate and the source-channel-

drain representing parallel plates (Fig. 2). Applying a positive (negative) bias to the

gate electrode may accumulate electrons (holes) in the semiconducting molecular

channel. Increasing the magnitude of the applied bias increases the number of

carriers accumulated in the channel at the interface with the gate dielectric layer.

The number of accumulated carriers is proportional to the product of the

gate

gate dielectric

charge transport
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+ + + + + + + + +
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Fig. 2 Schematic of a p-type FET, where the semiconducting channel (blue layer) consists of a
molecular monolayer. Application of an increasingly negative applied voltage to the gate [from (a)

to (c)], with respect to the source, gives rise to an increase in the number of accumulated holes in

the monolayer channel. (d) ID–VDS and (e, f) ID–VG curves are collected to characterize the FET

behavior; mobility, threshold voltage (VT), current modulation ION/IOFF, and subthreshold slope

(S�1) in the linear and saturation regimes. Note: in the linear regime the current is linearly related

to VG and is lower, whereas in the saturation regime the current is related to the square of VG and is

comparably higher [as may be expected from (d)]. In the ID–VDS and ID–VG curves, the points

(a–c) reflect the device schematics
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capacitance of the dielectric layer and the applied gate bias, although not all

induced carriers are free, as any traps in the material or at the device interfaces

will be preferentially filled prior to creating mobile carriers. The threshold voltage

describes the gate voltage required to fill the traps, and subsequently to induce free

carriers in the channel. The threshold voltage may also be shifted by dopants in the

semiconductor, even though most molecular semiconductors are unintentionally

doped, and interface dipoles that develop upon formation of the metal–semiconductor

interface. Applying a voltage between the source and drain electrodes results in

currents that vary as the number of free carriers in the channel. The source and

drain get their names, as commonly the source is grounded, and injects charge into

the channel, which upon traversing the channel, exits at the drain. Figure 2a–c depicts

the increase in channel hole density, as the applied gate voltage is made increasingly

negative. By studying the thickness dependence of mobility in thin-film FETs, it has

been shown in thin-film organic semiconductors that the charge-carrier concentration

is modulated in only the first few nanometers of the semiconductor channel at the

interface with the gate dielectric layer that gives rise to transistor action [9–15]. The

“ultrathin” picture of the channel has spurred interest in studying charge transport and

pursuing the physics and application of transistors having only a molecular mono-

layer as the semiconductor channel.

The gate-voltage-dependent FET behavior is characterized by two different

measurements: (1) the current from source to drain (ID) is measured as the voltage

between drain and source (VDS) is swept for various magnitudes of applied gate

voltage (VG) (Fig. 2d), yielding the “output” characteristics of the FET, and (2) ID is

measured as VG is swept for constant VDS (Fig. 2e, f), giving the “transfer”

characteristics of the FET. It is in the ID–VG characteristics of the FET (plotted

on a log scale) where its behavior as a switch “on” and “off” is seen. The measured

device I–V characteristics are modeled by applying the same equations developed

to describe the I–V behavior for the metal–oxide semiconductor field-effect transis-

tor (MOSFET) and similarly for inorganic and organic thin film FETs. This

analytical description of the FET assumes the field perpendicular to the channel

produced by the gate is much greater than the field parallel to the channel from

source-to-drain – this is known as the gradual channel approximation. For

derivations of the analytical expressions, see references described in the context

of MOSFETs [16, 17], inorganic [18, 19], and organic FETs [19–21]. The I–V
characteristics of the FET at low VDS is known as the linear regime, as ID increases

linearly with VDS, as

ID;linear ¼ eiW
tiL

mlinearVDS VG � VT � VDS

2

� �
; (1)

where ei and ti are the dielectric constant and thickness of the insulating gate

dielectric layer, W and L are the geometrical width and length of the FET, m is the

field-effect mobility of the semiconducting channel, and VT is the device threshold

voltage. In the linear regime, VDS << (VG – VT), and the last term may be neglected.

At low voltages the accumulated carrier density in the channel is largely uniform
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from the source to the drain. Equation (1) is commonly used to extract the field-effect

mobility (m) for the semiconductor material in the device, and the device threshold

voltage (VT) from the slope and intercept, respectively, of the ID–VG characteristics

(plotted on a linear scale) at low VDS (approaching VDS!0). At higher applied VDS,

referred to as the saturation regime, ID saturates, as the accumulated carriers are

depleted near the drain electrode, causing the channel to be “pinched-off.” The FET

behavior in the saturation regime is described by

ID;saturation ¼ eiW
2tiL

msatðVG � VTÞ2 (2)

and, upon plotting ID
1/2 vs VG, it is similarly used to extract m and VT for the

accumulated carriers in the semiconducting channel. The field-effect mobility of

molecular semiconducting thin film and monolayer channels is commonly reduced

from that for an idealized layer, or single crystal, by disorder and defects that give

rise to traps in the material and at the device interfaces. This is particularly important

in studying charge transport in molecular monolayers, as disorder and defects in the

single layer may dramatically affect the characteristics for different channel length

FETs of the same molecular monolayer. As described above, VT reflects carrier

trapping, channel doping, and carrier injection at the metal–semiconductor interface.

In the linear or saturation regimes of the ID vs VG characteristics, the current

modulation between the “on” and “off” states (ION/IOFF) and the subthreshold

slope, that describes how quickly the FET turns on, are both important quantities to

characterize for FET applications.

The gradual channel approximation (described above) may fail, as the channel

length of the FET is shortened. The electrostatics of the FET limit L > 1.5 � ti in a

molecular FET, where the dielectric constant of the gate dielectric layer and

semiconductor channel may be similar [22, 23]. This is particularly important in

monolayer transistors, as many monolayer FETs studied have been limited to tens

of nanometers channel length by the tens of nanometers size of ordered domains,

and therefore require thin gate dielectric layers. Only recently (described below)

have routes been shown to form more extended ordered molecular monolayers,

allowing micron-scale FET channel lengths to be explored.

While thin-film organic semiconductors have been fabricated with p- or n-type or

ambipolar (both electron and hole transport) behavior, molecular monolayer FETs

demonstrated to-date (and described below) have only shown p-type characteristics.

In thin-film organic semiconductors the electronic structure of the metal–semi-

conductor or semiconductor–dielectric interfaces are tailored by selecting the

metal, the dielectric material, and the organic semiconductor, and profoundly affect

the measured FET characteristics. Engineering the metal–semiconductor interface is

critical to charge injection and the semiconductor–dielectric interface to preventing

carrier trapping. For example, acene- and thiophene-based organic compounds typi-

cally have lower electron affinity and, in combination with high work-function metal

electrodes, such as Au, form metal–semiconductor interfaces with lower barriers to

hole injection, giving rise to FETs with p-type behavior [24–28]. In contrast, perylene
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and naphthalene diimides have higher electron affinity, and, fabricated with high

workfunction metal electrodes, have metal–semiconductor interfaces with lower

barriers to electron injection, and therefore form n-type FETs [29–31]. Recently it

was reported that oxide dielectric materials, either from surface hydroxyl groups or

water, act as electron traps [32]. Yet thermally oxidized Si wafers are a convenient

platform upon which to fabricate molecular monolayer FET junctions, and SiO2 and

metal oxides provide good surfaces for chemisorption (see below). Polymer dielectric

layers have been shown to eliminate the surface traps at oxide surfaces, allowing

electron transport to be observed in thin-film materials previously thought to be

“p-type.” It has been shown that, by utilizing trap-free polymeric dielectric materials,

and engineering the electronic structure and organization of molecules at the

metal–semiconductor interface using self-assembled monolayers, p-type, n-type,

and ambipolar organic thin FETs can be achieved [33–35]. While electron transport

has not yet been observed in monolayer FETs, engineering the metal–monolayer and

dielectric–monolayer interfaces, by either the choice of the metal and dielectric

materials, or by synthesizing and assembling molecules to tailor the metal–molecule

and dielectric–molecule interfaces, may provide a route forward to fabricate not only

p-type, but n-type and ambipolar molecular monolayer FETs.

The monolayer channel offers unique advantages in FET performance: (1) the

monolayer provides the channel for charge transport, achieving carrier mobilities

similar to those in thin-film semiconductors and (2) carrier concentration is modulated

only in about the first monolayer at the molecule–dielectric interface, allowing higher

current modulation (ION/IOFF) in monolayer FETs, which is limited by higher IOFF in
thin films by their greater thickness.Monolayer FETs also provide access to the channel

modulated by the gate, important in probing the physics of charge transport in the

molecular solid state, and to FET applications in electronics and chemical sensing.

3 Methods for Molecular Monolayer Organization on Device

Surfaces

Three-methods have been pursued to organize monolayers from different organic

compounds to form molecular monolayer FETs: (1) thermal evaporation of approxi-

mately monolayer thickness on the dielectric surface of FETs, (2) Langmuir–Blodgett

assembly on the water surface and transfer to device surfaces, and (3) self-assembly of

functionalized organic compounds on the surface of the gate, or gate dielectric layers

of FETs.

3.1 Thermal Evaporation

Carefully controlled studies of the growth of physically evaporated organic

semiconductors on surfaces have shown that near monolayers may be deposited.
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The nature of the growth of the molecular layers, two-dimensional layer-by-layer,

vs more three-dimensional island growth, depends on the chemistry of the underly-

ing surface [36], the nature of the organic compound [37], and commonly changes

from 2D to 3D growth with increasing film thickness [38]. The nature of growth and

the development of charge transport, expressed by the increase and saturation in

carrier mobility, have been studied on some of the highest carrier mobility, small-

molecule thin-film semiconductors, such as pentacene, various derivatized

oligothiophenes, and copper phthalocyanine. For example, pentacene and copper

phthalocyanine FET studies show hole mobility saturates after six monolayers have

been deposited [12, 39, 40]. Although in pentacene, only around two to three

monolayers are believed complete, as island growth of pentacene is observed upon

the first pentacene monolayer [41]. Asadi et al. studied the transport in high quality,

near-single monolayer pentacene deposited by supersonicmolecular beam deposition.

Figure 3a shows an atomic force microscopy (AFM) image of the pentacene layer at

the interface with one of the electrodes forming a bottom-contact, bottom-gate FET.

The source and drain electrodes were modified with 1H,1H,2H,2H-perfluoro-
octanethiol (PFOT), which, as has been shown in thin films for a number of assembled

thiolates, maintains the organization and orientation of large pentacene grains at and

across the electrode interface, and improves device performance [42]. Figure 3b, c

showwell-behaved (b) output and (c) transfer characteristics for pentacene monolayer

FETs. By modifying the FET source and drain electrodes, the FET hole mobility,

calculated in the saturation regime using (2), was 0.015 cm2/V s, a relatively high

mobility for pentacene deposited on a bare SiO2 surface, and the FET threshold voltage

and hysteresis were also reduced. This work shows that surface modification, which

has been used to improve electron and hole transport in thin-film organic

semiconductors, provides a similar opportunity to improve the performance of mono-

layer FETs important in their application [33–35, 43–46].

In oligothiophene derivatives, hole mobilities are reported to saturate after only

around one to two monolayers are deposited [10, 14]. Huang et al. studied vacuum-

evaporated 5,50-bis(4-hexylphenyl)-2,20-bithiophene (6PTTP6) monolayers deposited

by thermal evaporation (Fig. 4) [37]. Submonolayer (at 0.75 of a monolayer) platelets

deposit, and some appear to coalesce, forming a near-complete monolayer prior to the

next layer’s growth (exemplified by the 1.27 monolayers and 1.31 monolayers). The

hole mobility is seen to increase slightly as the first monolayer becomes nearly

complete, and to increase by ~104, at 1.31 deposited monolayers (Fig. 4b). The hole

mobility quickly saturates with further increase in 6PTTP6 deposition. Figure 4c

depicts the expected physical underpinnings, as near-complete monolayers are depos-

ited, but leave undesirable voids in the first layer (at 1.27 ML). Partial deposition of a

second layer provides a pathway for charge transport, to bridge the voids in the

underlyingmonolayer (at 1.31ML), exemplifying the role of defects in limiting carrier

mobility in monolayers. This near-monolayer 6PTTP6 semiconductor provides an

attractive material system, as thick as the gate-modulated channel, that was further

applied in chemical sensing applications (see below).
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Fig. 3 Pentacene grown by

supersonic molecular beam

deposition to form near

monolayer p-type FETs with

thiolate monolayer modified

Au source and drain contacts

(a) visualized by atomic force

microscopy and with well-

behaved (b) ID–VDS and (c)

ID–VG characteristics
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3.2 Langmuir–Blodgett Assembly

Langmuir–Blodgett (LB) assembly has been used to integrate monolayer (and

multilayer) assemblies of a wide range of molecules, polymers, nanoparticles,

lipids, and proteins on surfaces [47, 48]. Molecules, insoluble in the liquid sub-

phase, are deposited and compressed into organized assemblies at the gas–liquid

interface of a Langmuir–Blodgett trough. The organized assemblies are transferred

to substrates by vertically extracting the substrate immersed in the liquid subphase,

through the monolayer assembly, and into the gas phase using a robotic dipper.

Typically, the liquid subphase is water, and the gas phase is air. Amphiphilic

molecules are commonly used to orient molecules on the air–water interface and

to transfer these assemblies to surfaces. For monolayer electronics, compounds

with p-conjugated cores and aliphatic tail groups have been synthesized for LB

assembly, although a number of unexpected compounds have also been found to

assemble into LB films.

For example, Scott et al. derivatized pentacosa-10,12-diynoic acid by reaction of

the terminal carboxylic acid with silanes and amines, and assembled these

Fig. 4 Thermally evaporated (a) 0.75, 1.27, and 1.31 monolayers of 5,50-bis(4-hexylphenyl)-
2,20-bithiophene [6PTTP6], which were incorporated in FETs and (b) show a dramatic increase in

mobility at 1.31 monolayers. (c) The partial second layer is illustrated schematically to bridge

voids in the underlying monolayer, providing pathways for increased charge transport
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amphiphilic compounds at the air–water interface [49]. This compound is particu-

larly interesting, as the middle of the compound contains diacetylene, which upon

exposure to UV radiation (254 nm) was polymerized as a monolayer on the

air–water interface, providing a strong, covalently-coupled conjugated pathway

for charge transport. The polymerization can be followed as the absorption spec-

trum is red-shifted, converting the unpolymerized “blue phase” into the

polymerized “red phase.” The selection of the end group was shown to influence

the assembly, polymerization, and film organization. The underivatized carboxylic

acid showed hysteresis in its pressure–area isotherm (collected as the trough barrier

compresses the monolayer and is taken back) and formed multilayers, instead of

monolayers, upon transfer to substrates. The silane required a pH 4.5 water sub-

phase to form silanol, but formed monolayers with poor crystallinity. The

diethanolamine did not photopolymerize, as the bulkier side groups are expected

to have limited the close approach of the compounds, preventing their photopoly-

merization. The ethanolamine derivative showed well-behaved reversible

pressure–area isotherms, formed monolayers that were readily photopolymerized,

and transferred as single monolayer polydiacetylenes to substrates. The ethanol-

amine was used to study charge transport by transferring the polydiacetylene

monolayers to FET structures (Fig. 5). The measured ID–VDS characteristics show

gate-modulated hole conductance with ION/IOFF as high as 10
2, but the FET currents

were <100 pA. The currents were constrained by (1) the device electrostatics, as

the channel lengths studied (20–500 nm) were not substantially longer than the

100 nm SiO2 gate dielectric layer, and (2) hydroxy-amide side groups, expected to

give rise to high contact resistances at the metal–molecule interface, limiting carrier

Fig. 5 ID–VDS characteristics for polydiacetylene monolayers, assembled and polymerized on the

air–water interface (inset) and transferred to form bottom-contact, bottom-gate p-type FETs

Molecular Monolayers as Semiconducting Channels in Field Effect Transistors 223



injection. The polydiacetylene monolayers provide an intriguing opportunity to

explore other derivatized diacetylenes to improve FET performance.

Copper phthalocyanine (CuPc) is an example of a molecular structure that is not a

typical amphiphilic compound used in LB assembly, but has been reported by Wei

et al. to form stable monolayers on the air–water interface of the LB trough [50]. The

monolayers were transferred to the gate dielectric surface to form bottom-contact,

bottom-gate FET structures. Figure 6 shows (a) scanning electron and (b) AFM images

of FETs fabricated with monolayer CuPc semiconducting channels ranging from

100 nm to 50 mm in length. The CuPc monolayers form p-type FETs. The FET

mobility, measured in the saturation regime, varied with channel length (Fig. 6c).

The mobility first increased, as the channel length was enlarged from 100 nm to 5 mm,

as high contact resistances, compared to the smaller channel resistances at shorter

channel lengths, limited FETmobility, as has been observed in organic thin-film FETs

with similar channel lengths [34, 51]; at the smaller channel lengths, the electrostatics

(on a 100-nm SiO2 gate dielectric layer) may restrict current modulation. Themobility

in channels ranging from 5 to 20 mm were nearly constant at ~0.0015 cm2/V s, but for

the 50 mm channel-length devices the mobility again decreased, attributed to a large

number of defects in the channel. The LB-transferredmonolayer FETswere reported to

have mobilities three times larger than those of 50 nm thick evaporated CuPc thin film

FETs, attributed to achieving better orientation and crystallinity of the LB CuPc

monolayers at the important semiconductor–dielectric interface of the FET.

3.3 Chemically Directed Self-Assembly

Organic compounds functionalized with groups that chemically bind to substrate

surfaces will spontaneously self-assemble into close-packed, organized monolayers

upon immersing the substrates into solutions of such compounds. Self-assembly on

Fig. 6 (a) Scanning electron

and (b) atomic force

microscopy images of copper

phthalocyanine

Langmuir–Blodgett

monolayer FETs. (c) Hole

field-effect mobility as a

function of the copper

phthalocyanine channel

length
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metal [52, 53] and oxide [53–55] surfaces has been utilized in molecular devices to

control the surface wetting of deposited semiconductors [56, 57], to derivatize the

metal and gate dielectric surfaces, to engineer the metal workfunction and the

organization of organic semiconductors at metal–semiconductor interfaces

[58–60], and to assemble ultrathin gate dielectrics [61–63]. Here, examples of

self-assembled monolayers forming the active semiconductor channel of the FET,

often referred to as the SAMFET (self-assembled monolayer FET), will be

provided, as these self-assembled devices open an attractive route to produce

low-cost, large-area electronics. To date, all of the SAMFETs have been fabricated

with chemistries that bind to underlying SiO2, metal oxide, and polymer-gate

dielectric surfaces, but self-assembly of monolayers on metal [53] and doped-Si

surfaces [64] provide an avenue for SAMFETs directly assembled on the FET gate.

The first demonstration of directly chemisorbing a semiconductor monolayer to

the gate dielectric layer of an FET structure was demonstrated by Tulevski et al. [65].

They employed a catechol-derivatized tetracene which, using synchrotron X-ray

reflectivity, was shown to form upright, close-packed assemblies on metal oxide

surfaces such as Al2O3 (Fig. 7a), the catechol chelates Al2O3 forming an aluminum

ester linkage. This chemistry was used to assemble tetracene-based monolayer

semiconducting channels on 5-nm Al2O3 layers deposited on 5-nm thermally

oxidized n+ Si wafers, forming the gate dielectric layer (Al2O3/SiO2) and gate of

the FETs. Au source and drain electrodes were defined by e-beam lithography, prior

to assembling the monolayers, to form sub-100-nm monolayer channels (Fig. 7b, c).

10.7 Å

a

b

c

d

Fig. 7 (a) Catechol derivatized tetracenes self-assemble on metal oxide surfaces such as alumi-

num oxide. (b) Schematic and (c) scanning electron micrographs of FET structures fabricated with

a 5-nm aluminum oxide layer on top of a 5-nm thermally oxidized Si wafer to allow self-assembly

of the derivatized tetracene between sub-100 nm Au source and drain electrodes. (d) ID–VDS

characteristics of the assembled tetracene monolayer FET for a 40 nm channel length showing hole

modulation and (inset) an atomic force microscope image of the FET channel
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Observation of gate-modulated hole currents (Fig. 7d) demonstrated the prospect of

realizing SAMFETs, even though the FET characteristics were not well-behaved.

These I–V characteristics were collected for device channel lengths�60 nm in>50%

yield. The yield dropped sharply for longer channel lengths, as the monolayers were

assembled on Al2O3 with ~40-nm grains, imaged by AFM, which is anticipated to

give rise to disorder, limiting charge transport. The nonlinear behavior of the I–V
characteristics may arise from high contact resistances, as the monolayer does not

assemble on the Au surface, and device electrostatics, which are not as well-scaled

for the shorter channel lengths.

More recently, Mottaghi et al. reported assembling monolayers of (1)

quaterthiophene bonded to octanoic acid (4T) on ~100-nm Al2O3 gate-dielectric

surfaces of FETs and (2) terthiophene added to preassembled long alkylsilanes (3T)

on 10-nm SiO2 gate dielectric surfaces of FETs [66]. The carboxylic acid group,

provided by the octanoic acid of the 4T compound, is one of the first chemistries

studied to assemble monolayers for molecular electronics [67]. Carboxylic acids,

and other acids such as phosphonic and hydroxamic acids, assemble on more basic

metal oxide surfaces, such as Al2O3 [52, 53]. The silane chemistry, used to

functionalize the 3T compound and other examples described below, is widely

used to derivatize hydroxylated surfaces, most commonly the SiO2 surface, as

surface water acts to catalyze the polymerization of polysiloxane, which connects

to surface silanol groups [53]. The 3T and 4T FETs were fabricated with channel

lengths of 50 nm to 1 mm, as longer channel lengths showed no current similarly

expected to arise from disorder in the assembled monolayers. The device configura-

tion selected for the 4T molecular monolayer FETs was bottom-contact, bottom-gate,

whereas the 3T monolayer FETs were fabricated in top-contact, bottom-gate configu-

ration. For the 4T devices, while the yield of devices was not high, out of 25 fabricated

FETs, 4 showed nonlinear ID–VDS characteristics (akin to those in Fig. 7d), but

remarkably 2 FETs showed well-behaved p-type FET characteristics (Fig. 8a).

These FETs allowed hole mobilities to be extracted, with mobilities as high as

0.0035 cm2/V s, only slightly lower than those of similar thin-film FETs. For 3T

assemblies, 173 FETswere fabricated, ofwhich 153 showed no current, 12were short-

circuited, but 7 samples (Fig. 8b) showed nonlinear but gate-modulated hole currents,

estimated to have hole mobilities of 8 � 10�4 cm3/V s. This work demonstrated the

feasibility of attaining well-behaved molecular monolayer FETs for ordered

assemblies that form good electrical contacts to the FET source and drain electrodes.

Instead of fabricating long-channel-length devices, that are often limited by

disorder in self-assembled monolayers, Guo et al. formed ultrasmall ~2–6 nm

source-drain channel lengths by oxidatively etching a gap in individual metallic

single-walled carbon nanotubes (SWCNT) deposited across macroscopic metal

electrodes (Fig. 9a) [68]. Ordered assemblies spanning the ultrasmall source-drain

channels were achieved using columnar hexabenzocoronenes (HBCs),

functionalized with acid chlorides, that chemisorbed on an underlying SiO2 gate

dielectric layer, grown on a highly doped Si wafer serving as the gate, to complete

the FETs. An estimated column of 4–12 HBCs spanned the SWCNT junctions.

Nanometer-scale monolayer and organic thin-film FETs typically show low current
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modulation (ION/IOFF) due to poor device electrostatics. Interestingly, using the

SWCNT electrodes, the gate field is not as dramatically screened, allowing

well-behaved monolayer HBC FETs to be fabricated. This is seen by the current

saturation in the measured ID–VDS curves (Fig. 9b) and by ION/IOFF ~10
5 collected in

the ID–VG curve (Fig. 9c). Hole mobilities in excess of 1 cm2/V s are calculated.

Similarly short but wider channel Pt junctions assembled with the HBC do not show

current modulation, as they effectively screen the gate field. In SWCNT FETs needle-

like contacts were modeled to thin the Schottky barrier at the metal–semiconductor

interface, giving rise to increased current levels at lower gate voltages [69]. The same

enhanced field at the contacts may narrow the metal–molecule barrier in the HBC

FETs, giving rise to the dramatically improved FET performance in SWCNT vsmetal

contacts, studied using Pt electrodes for the HBCs, and metals such as Au in the

nanoscale monolayer FETs studied in the community. The SWCNT electrodes pro-

vide an exciting platform to study molecular monolayer FETs, and were further

applied in a demonstration of chemical sensing (described below).

Recently, Smits et al. extended the length scale of monolayer ordering by

synthesizing and assembling liquid-crystalline p-conjugated cores end-substituted

with long alkyl chains bearing a terminal surface-anchoring group [70].

Quinquethiophene was selected as the p-conjugated core to maintain solubility,

while having a large intermolecular p–p coupling. An undecane aliphatic chain was

coupled to the quinquethiophene to promote liquid-crystalline ordering, and it was

terminated with a silane to allow assembly on the SiO2 gate dielectric surface to form

SAMFETs. The quinquethiophene self-assembled monolayer was structurally

characterized to form upright assemblies, ordered in-plane on the SiO2 surface. The

Fig. 8 (a) 8-Methylether-a,a0-quaterthiopheneoctanoic acid was assembled onto the ~100-nm

Al2O3 gate dielectric surface of bottom-contact, bottom-gate FETs. ID–VDS characteristics of 2 of

the 25 fabricated devices yielded well-behaved modulation of hole currents. (b) The vinyl group of

assembled 10-undecenyl trichlorosilane monolayers assembled on 10-nm SiO2 gate dielectric

surfaces of FETs was oxidized allowing coupling of bis-(5,500-(2-hydroxy 2-methylethyl))-

2,20:50,200-terthiophene by esterification. The FETs were fabricated in top-contact, bottom-gate

configuration. Seven of 173 devices showed current modulation, seen in ID–VDS characteristics

Molecular Monolayers as Semiconducting Channels in Field Effect Transistors 227



longer-range ordering enabled by the liquid crystalline nature of the assemblies

allowed micron-scale FETs to be fabricated with near unity yield [71]. Monolayer

FETs characteristics are represented by the 40 mm channel-length FET (in a ring

geometry) in Fig. 10. Linear and saturation regime ID–VG characteristics (Fig. 10a)

were used to extract linear and saturation FET mobilities of 0.01–0.04 cm2/V s and

ION/IOFF of 107 for the monolayer FETs. Both ID–VG and ID–VDS (Fig. 10b)

characteristics were well-behaved, and showed nearly no hysteresis. The large current

Fig. 9 (a) Acid chloride derivatized hexabenzocoronenes (HBC) assemble upright on the SiO2

gate dielectric surface of heavily doped Si wafers (gate) and bridge ~2–6 nm gaps etched in

metallic single-walled carbon nanotubes to form the source and drain of the FETs. (b) ID–VDS and

(c) ID–VG characteristics of HBC monolayers as assembled and (d) ID–VDS and (e) ID–VG

characteristics of the HBC FET upon exposure to TCNQ
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modulation ION/IOFF exemplified the unique attributes achievable with molecular

monolayer FETs.

The liquid crystalline, a-substituted quinquethiophene was used by the same

group to translate this approach of self-assembly from the SiO2 gate dielectric

surface of FETs to assembly on organic dielectric surfaces, a first step toward

fabricating flexible monolayer electronics [72]. Figure 11a provides a schematic of

Fig. 10 (a) Transfer

characteristics in the linear

and saturation regimes for a-
substituted quinquethiophene

liquid crystalline monolayers

assembled on the SiO2 gate

dielectric surface of a 40 mm
channel length FET. (Inset)
Field-effect mobility as a

function of FET channel

length. (b) Output

characteristics of the FET.

The transfer and output

characteristics were scanned

in both positive and negative

directions in applied voltage
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the organic dielectric layer introduced into a bottom-contact, bottom-gate FET

structure. The organic dielectric material selected was cross-linked SU8, a common

negative photoresist. SU8 bears epoxides, that, upon exposure to oxygen plasma

and hydrolysis, form hydroxyl groups that allow the self-assembly of the silane-

functionalized alkylquinquethiophenes, with the same in-plane and upright struc-

ture as seen on the SiO2 surface. The ordered packing of the monolayers is

attributed to the liquid crystalline nature of the compound, provided by the long

alkyl chains and p–p interactions between the thiophene cores. Figure 11b shows

the ID–VG characteristics in the linear and saturation regimes for a 20-mm FET in a

ring geometry. Field-effect mobilities of 0.02 cm2/V s and ION/IOFF ~106 were

realized for the FETs having organic gate dielectric layers.

Fantastically, this same a-substituted quinquethiophene allowed the fabrication

and characterization of a dual gate monolayer FET [73]. Using the bottom-gate

monolayer FETs assembled on the SiO2 gate dielectric surface, a top-gate dielectric

and gate were fabricated by spin-coating an amorphous Teflon derivative (AF-

1600, Sigma-Aldrich) and evaporating Au through a shadow mask, respectively

(Fig. 12a). Dual-gate and wrap-around-gate FET architectures are being pursued in

Si technology, as well as in the integration of one-dimensional nanoscale materials

in FETs, to allow control of the carrier modulation in the entire semiconductor

body. In molecular FETs gate modulation of the carrier concentration occurs in the

first few nanometers of the gate dielectric interface (as described above). Unlike

organic thin-film dual-gate FETs with semiconductor films >10 nm in thickness,

which form two spatially separated channels, the dual-gate monolayer FET

uniquely allows both the top and bottom FET gates to modulate overlapping

semiconducting channels in the monolayer. The dual-gate FET structure is impor-

tant in achieving higher currents and subthreshold slope (S�1 in Fig. 2e, f) and in

tuning FET threshold voltage (VT) to attain lower-noise circuitry. The top and

bottom gate transfer characteristics (Fig. 12b) showed, by fixing the opposite gate

Fig. 11 (a) Schematic of an a-substituted quinquethiophene liquid crystalline monolayer assem-

bled on an SU8 organic gate dielectric layer of an FET. (b) Transfer characteristics in the linear

and saturation regimes for a 20 mm channel length monolayer FET fabricated (inset) in a ring

geometry

230 C.R. Kagan



at voltages between �6 V and +6 V (Fig. 12b, inset), that VT was linearly shifted.

The VT shift for the bottom gate is greater than that for the top gate, as the

capacitance of the bottom SiO2 gate dielectric layer is lower than that of the top

Teflon gate dielectric layer.

4 Molecular Monolayer Circuitry

Integration of FETs into circuitry is one of the ultimate technology demonstrations,

requiring many devices to be fabricated with near-uniform electrical

characteristics. For the SAMFETs, the spontaneous nature of the assembly process

renders it particularly attractive for low-cost, large-area electronics. The micron-

scale channel a-substituted quinquethiophene SAMFETs were quickly

implemented in different electronic circuits, with FETs having SiO2 and SU8

gate dielectrics [70, 72].

While detailed circuit operation will not be described, these SAMFETs were

demonstrated in three different circuit topologies. Figure 13a shows an optical

micrograph of a unipolar p-type inverter and its transfer characteristics. The

inverter is one of the simplest FET circuits, integrating two FETs, and is a building

block of larger circuits. For the inverter, the dc transfer characteristics are described by

the output voltage (VOUT), measured as a function of input voltage (VIN) for different

supply voltages (VDD). The action of the circuit is to invert the input signal, so a low

VIN gives rise to high VOUT and a high VIN gives rise to low VOUT. The inverter can

also act as a voltage amplifier. The gain of the monolayer inverters is shown inset for

different supply voltages. Combining multiple inverters with a buffer was used to

form (Fig. 13b) seven-stage ring oscillators that on the SU8 gate dielectric oscillate at

2 kHz. A 4-bit code generator, building on the oscillator, was demonstrated, requiring

Fig. 12 (a) a-Substituted quinquethiophene liquid crystalline monolayer dual gate FET fabricated

by assembly in a bottom gate FET configuration on an SiO2 gate dielectric surface followed by

spincoating a Teflon® top gate dielectric and evaporating a Au top gate. (b) Transfer

characteristics of the top and bottom gate FETs and (inset) the threshold voltage at fixed gate

voltages on the opposite gate
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over 100 SAMFETs with uniform enough electrical characteristics (Fig. 13c). These

monolayer circuits have performances similar to those of organic thin-film circuits,

and demonstrate the uniformity in performance that may be achieved for hundreds of

FETs, necessary to realize monolayer FET integrated electronics.

5 Molecular Monolayer Chemical Sensors

The access of analytes to the gate-modulated semiconductor channel that is achiev-

able in molecular monolayer FETs makes this device architecture particularly

attractive for applications in chemical sensing. Both vacuum-evaporated near-

monolayer and self-assembled-monolayer molecular FETs have been applied in

chemical sensing. The near-1.3 monolayer thermally evaporated FETs of 6PTTP6,

described above, were used with an added 4-nm blend layer of 6PTTP6 and

HO6OPT (5,50-bis (4-(6-hydroxyhexyloxy)phenyl)-2,20-bithiophene) [37]. The

HO6OPT introduces surface hydroxyl groups that act as receptors of dimethyl

methylphosphonate (DMMP), a nerve agent. The FET mobility reversibly

decreased by 70% after 40 s exposure to 5 ppm DMMP, and was recovered by

flowing N2 gas over the device (Fig. 14).

SAMFETs have also been used in chemical sensing. The a-substituted
quinquethiophene SAMFETs were covered with a ~10-nm pinhole-riddled ironIII

tetraphenylporphyrin chloride layer, that acts as a receptor to nitric oxide (NO), an

important biomarker [74]. The threshold voltage, measured by the FET transfer

characteristics with the porphyrin receptor shifts upon increased exposure to NO.

Annealing the monolayer FET in vacuum restores the initial FET behavior. Also, in

the single monolayer HBC assembled FETs between metallic SWCNT source and

drain electrodes increased current levels were measured in ID–VDS and ID–VG

characteristics (Fig. 9) upon exposure to solutions of the electron acceptor TCNQ

[68]. While the mechanism of response is not known, TCNQ has an affinity for

coronene, and likely gives rise to charge transfer between electron-deficient TCNQ

Fig. 13 Monolayer FETs assembled on SU8 organic gate dielectric layers configured to form

different circuits. (a) dc transfer characteristics of an inverter at different supply voltages (Vdd) (b)

output characteristics of a 7-stage ring oscillator, and (c) output of a 4-bit code generator

(continuous line) and the preprogrammed code (dotted line)
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and electron-rich HBC. The exposure to TCNQ is observed as a positive shift in VT of

the FETs. Application of molecular monolayer FETs in chemical sensing has only

recently been reported. Themechanisms of interaction between the monolayer and the

analyte may vary with the system under study, and give different output signatures,

such as changes in mobility or threshold voltage. Monolayer FETs are expected to

provide the ultimate sensing performance, with faster response times and higher

sensitivity than for thin-film semiconductor FETs, as already reducing the thickness

of organic thin films has allowed the demonstration of higher-performance chemical

sensors [75].

6 Conclusion

Molecular monolayer FETs have rapidly been advanced from first demonstrations

to integration in electronic circuitry and chemical sensors. The order and organiza-

tion in molecular monolayers on the length scale of the device is critical to realizing

high-performance monolayer electronics, and may be lengthened through molecu-

lar design. The flexibility afforded by synthetic chemistry promises a wider range of

molecular materials. Functionalization is important both to our understanding of

charge transport in the molecular solid state and to electronic and sensing

applications. Understanding how to manipulate charge injection and charge trans-

port, and preventing undesirable charge trapping, may lead not only to the p-type

molecular monolayer FETs demonstrated to date, but to p-type, n-type, and

ambipolar FETs desirable for molecular-monolayer-like CMOS (complementary

metal–oxide semiconductor FET) electronics. The first steps have been taken to

transfer molecular assembly from inorganic to organic surfaces, providing a path-

way for flexible, molecular, monolayer electronics.

Fig. 14 Normalized field-

effect mobility recorded as a

function of time upon (gray)
exposure to 5 ppm DMMP and

(white) flowing fresh N2 gas
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Issues and Challenges in Vapor-Deposited

Top Metal Contacts for Molecule-Based

Electronic Devices

Masato M. Maitani and David L. Allara

Abstract Metal vapor deposition to form ohmic contacts is commonly used in the

fabrication of organic electronic devices because of significant manufacturability

advantages. In the case of single molecular layer devices, however, the extremely

small thickness, typically ~1–2 nm, presents serious challenges in achieving good

contacts and device integrity. This review focuses on recent scientific aspects of

metal vapor deposition on monolayer thickness molecular films, particularly self-

assembled monolayers, ranging across mechanisms of metal nucleation, metal-

molecular group interactions and chemical reactions, diffusion of metal atoms

within and through organic films, and the correlations of these and other factors

with device function. Results for both non-reactive and reactive metal deposi-

tion are reviewed. Finally, novel strategies are considered which show promise

for providing highly reliable and durable metal/organic top contacts for use in

metal–molecule–metal junctions for device applications.
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1 Introduction and Scope of the Review

Metal vapor deposition to form ohmic contacts is commonly used in fabrication of

electronic deviceswith organic films serving as the active functional component and is

one of themeans of preparing research devices based on singlemolecularmonolayers.

In terms of the manufacturability of a molecule-based device with top metal contacts

there are significant advantages to using vapor deposition, including a clean environ-

ment, simple integration into a standard fab process, the potential ease of making

highly uniform contacts over large area device wafers, the flexibility of choosing from

a large variety of possible metals, and the added advantage that for certain types

of devices the use of electropositive metals can result in charge injection to form

a favorable interface dipole to assist charge transport across the junction [1–10].

In the case of single molecular layer devices, however, the extremely small

thickness, at the 1–2 nm scale dictated by the end-to-end dimensions of a molecule,

presents serious challenges in achieving good contacts and device integrity. In

contrast to inorganic thin films, which have strong chemical bonding throughout

the atomic lattice and can form highly uniform, dense coatings via deposition

methods such as atomic layer deposition (ALD), soft matter molecular films are

bound together by weak intermolecular interactions, mostly van der Waals in

origin, which typically allow defects, such as pinholes caused by missing molecules

and misoriented molecules, to arise after deposition. The soft character of the

films frequently leads to damage by thermal exposure, for example via impact of

depositing metal atoms with high kinetic energies when generated from molten

sources at high temperatures (>1,000 K typically). The penetration of only a few

atoms stacked axially in a defect hole of ~1–2 nm length can lead to a local short in

the junction. Further, the rich p-electron character of typical molecules of interest

for device activity can pose issues with respect to adverse chemical interactions for

many metals, ranging from simple donor–acceptor complexation to vigorous deg-

radation of the molecular backbone for those metals which can form strong C–metal

or O–metal bonds, corresponding to inorganic carbide and oxide products. With

these and related factors in mind, it is clear that there is a significant challenge in

meeting the key objective of creating an organic/metal contact for a given organic

film and metal atom combination which produces the desired device behavior with
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good junction properties that last through millions of device cycles. To meet this

challenge a range of scientific and engineering knowledge is needed, including

mechanisms of metal nucleation on specific organic surfaces, metal-molecular

group interactions and reactions, diffusion of metal atoms within and through

organic films, and the correlations of these and many other factors with device

function.

The focus in this chapter is on the scientific issues and challenges in the

application of vapor deposited top metal contacts to devices fabricated from self-

assembled monolayers (SAMs) and related films such as Langmuir Blodgett (LB)

monolayers. Specifically the chapter will review the types of possible interactions

of nascent metal atoms with SAMs, with a view to the effects on top contact

behavior, and then review examples from the literature on specific metals and

SAMs. A schematic of a metal/molecule/metal or M3 device is shown in Fig. 1

for reference.

2 General Structural Features of Organized Molecular

Monolayers

In order to understand the effects of metal vapor deposition on supported molecular

monolayers it is necessary to define and understand the basic elements of their

structure. For reference, the general features are shown in Fig. 2. This diagram also

applies to LB films and we will use the term SAM to cover both cases unless

otherwise specified. SAMs can be divided into two limiting classes according to the

headgroup attachment at the substrate surface to form the headgroup–substrate
interface: (1) headgroups chemically attached to the substrate by donor-acceptor

bonding, e.g., thiol groups (–SH) chemisorbed to Au as thiolate (–S) species,

covalent bonding, e.g., C–Si bonds in the case of alkylsilanes grafted onto hydride

Si surfaces, and ionic types of bonding, e.g., carboxylic acids (�CO2H)

chemisorbed as carboxylate ions (� CO�
2 ) on oxide-covered Ag and (2)

metal-molecule-metal
(M3) device

Fig. 1 Schematic of an M3 device fabricated with a vapor-deposited top metal contact
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headgroups solvated by a thin layer of water (~1–3 monolayers) adsorbed at the

substrate surface, e.g., typical LB films drawn from an air–water interface onto

hydrophilic substrates and octadecyl trisiloxane (ODS) films self-assembled on

highly hydrated silicon oxide surfaces. The first class consists of chemically

attached films on a substrate template and the second is essentially a surfactant

monolayer on a supported ultrathin water film. In general, organized molecular

monolayer structures will fall somewhere between these two limits depending

on the specific molecules, substrates and preparation conditions. In the case of

a crystalline substrate with strong bonding sites the translational (the two-dimen-

sional arrangement) organization of a SAM is driven by a matching of the molecu-

lar sizes and headgroup positions to an ordered arrangement of substrate surface

atoms. In the case of weaker bonding substrate sites and those with no preferential

sites (e.g., a water layer), the intrinsic intermolecular forces tend to drive the

molecules into an ordered packing (essentially a surfactant layer self-assembling

on a liquid surface). The orientational arrangements of the molecules (tilting and

twisting) and the conformational sequences are driven by secondary interactions of

the interior molecular structure or “backbone” which guide the molecules into

tighter contact, thus lowering the potential energy of the system. In the case of

M3 devices, the interior molecular groups are functional in terms of moderating

charge transport through the molecule, thus they are termed interior molecular
functionality and their exact orientational and conformational ordering can be

important in the functioning of the device. Finally, the terminal groups of the

SAM, exposed to the ambient interface (or the top electrode in the fabricated

device) will be organized generally according to the headgroup-substrate and

interior molecular ordering.

The static defects in a SAM are of considerable importance in making high

quality vapor deposited metal top contact layers since metal atoms are ~3 Å in

diameter and can easily penetrate through molecular scale defects. In general,

because of the statistical difficulty of annealing planar, two-dimensional films,

the translational ordering of a molecular monolayer is typically not long range

with translational correlation lengths of ordered domains for well-organized SAMs

of the order of ~10–20 nm on single crystal substrates, which gives rise to defects in

Fig. 2 Schematic of a SAM showing the constituent features of interest for applications
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the monolayer between the domains. Further, if the substrates are polycrystalline

defects, they are readily introduced at the grain boundaries on the underlying

substrate surface. The main molecular defects consist of missing molecules,

which constitutes the smallest “pinhole,” depressions in the SAM due to missing

atom defects in the substrate in an otherwise defect free substrate surface terrace

(also termed “pit defects”), and various defects at the edges of molecular domains,

as illustrated in Fig. 3 for the example of an alkanethiolate on Au(111) SAM.

Overall, there are a number of different types of intrinsic static defects that can play

a role in producing defects in vapor deposited top metal contacts in terms of

defeating the production of highly uniform, sharp interface contacts with no leakage

paths between the electrodes.

Dynamic defects can also arise in certain types of SAM and are particularly

important in organothiolate SAMs on Au surfaces [11–13]. These types of defects

arise from the intrinsic local thermal motion of the headgroup laterally around the

pinning site on the substrate. Coupling with transverse motions of the molecules in

a local region can result in transient formation of a molecular diameter scale

pinhole in the film, even for highly organized domains on a crystalline pinning

lattice. These transient holes in turn can provide channels for metal atom transport

through the film to the substrate. Transient defects can be expected for any SAM in

which the displacement potential for a headgroup motion around the pinning site is

of the order of the thermal energy (~kT) in the system and are particularly notable

for organothiolates on Au(111). An illustration of the transient pinhole for an

organothiolate adsorbate on Au(111) is given in Fig. 4 [11–13]. Extensive consid-

eration of such effects has been made in a study of O atom penetration into various

Langmuir-Blodgett films by Naaman et al. [14].

Fig. 3 Schematic of a SAM showing different types of molecular defects
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Finally, another class of important defects involves impurity materials included

in the junction during processing, typically water, which is often hard to remove if

a component of the junction has some hydrophilic character and the processing

includes steps with air exposure or even cooling of samples under vacuum, e.g.,

during metal vapor deposition, where the vacuum chamber background pressure

allows residual water vapor to condense on the sample prior to metal flux exposure.

In the case of LB films drawn from the air/water interface with salts in the aqueous

subphase, water layers and salts remain in the film/substrate interface and survive

during vacuum processing. Thus in order to fabricate molecular junctions for device

applications, contamination is an important issue [15–20].

3 General Aspects of Metal Vapor Deposition

Vacuum deposition of metal films is typically done by exposure of a sample to

metal atom fluxes typically produced by three major methods: (1) evaporation from

a heated boat or filament containing the pure metal (thermal evaporation), (2)

evaporation from a grounded, conductive boat in which a tightly focused electron

beam on an isolated region of a metal charge contained in the crucible is heated,

causing metal vaporization (electron-beam or e-beam evaporation), and (3) ejection

of metal atoms from a metal target into the vapor phase by means of energetic inert

gas ions striking the target (sputtering). In the first two cases the energy for

vaporization of the metal comes from the thermal energy delivered to the metal

source. Given the high vaporization energies of most metals, this process places the

metal source at temperatures well above 1,000 K and can result in thermal damage

to an exposed SAM by radiation heating and/or by conduction heat transfer from

the impinging thermally excited metal atoms. In the case of sputtering the presence

of the energetic ions and neutral species used to bombard the source target and the

excess energy of the metal vapor itself can also lead to sample damage. The main

advantage of sputtering is the extremely fast rates of deposition, useful for example

in producing micrometer-thick films. For any method, damage to the sample during

deposition can be reduced by cooling the sample, for example, to liquid nitrogen

temperatures, and for evaporation processing minimizing sample exposure to

Fig. 4 Schematic illustrating the dynamic mechanism of metal atom penetration into a SAM by

means of transient opening of holes by lateral motion of the adsorbate molecules
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radiation from the metal source. In all three methods the nascent atoms are

delivered ballistically (line of sight) onto the surface. Since this mode of deposition

cannot coat conformally surfaces with roughness features larger than the metal film

thickness or with interior cavities, the final films may be highly non-uniform with

incomplete coverage across the surface.

A general summary of the variables involved in producing good junctions are

depicted in the schematic in Fig. 5. The main challenge is to choose the best metal

and process conditions for a given SAM with the potential function of interest for

device operation. The metal can vary widely depending upon the factors such as

reactivity with the SAM and some desired molecule/metal interface electrical

property. Once the metal has been chosen, the variables that can be controlled

most readily are the rate of deposition, background pressure, deposition angle, and

substrate temperature. More difficult to control directly are the average atom kinetic

energy (KE), which is typically set by the source temperature of the vaporizing

metal, and the degree of clustering of gaseous metal atoms, which can be a complex

parameter of several of the other variables. There will be some discussion of these

factors in later sections but in general these sorts of details are beyond the scope of

this chapter and can be found elsewhere in many standard references and texts.

4 Issues in Vapor Deposited Top Metal Electrodes

for M3 Devices

A perfect top contact would have a highly uniform layer of metal with complete,

conformal contact at the SAM surface to form a sharp interface in which there is

good overlap of the electronic states of the metal surface and the molecule terminal

groups. This ideal situation is not to be expected in real device processing as

a number of physical and chemical defects can easily arise, as summarized in the

schematic in Fig. 6.

With respect to the sharpness of the top metal/molecule interface, thermody-

namically, given the vastly different lattice energies of the soft-condensed matter

SAM and the hard metal layer, one would expect the interface to be near the limit of

no interfacial mixing (essentially a large chi mixing parameter, w�1) and the

interface to approach an infinitely sharp condition. An example of the complexity

that can be introduced in this simple picture is illustrated by considering the case of

Process Conditions

• Substrate T
• Flux
    • rate
    • background P
    • atom KE
        (distribution)
    • angle
    • clustering

Final Junction
Structure

Metal

SAM

Fig. 5 Diagram showing the

major aspects of metal atom

vapor deposition on a SAM
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chemical bond formation between the terminal groups and the condensed metal

atoms, favorable for good electronic overlap in the junction, In this case an

interfacial layer of metal–molecule reaction product is formed so the interface

has new electronic character introduced, where, in the limit of highly exothermic

reactions, such as can occur with vigorously reactive metals such as titanium, the

reaction products can reach the limit of inorganic carbides, oxides, or nitrides, for

example, and result in new inorganic layers introduced in the interfacial region,

with likely adverse effects on charge transport. The obvious trade-off is that

increased chemical interaction favors uniform metal nucleation, which results in

uniform lateral growth and high contact integrity, whereas extensive chemical

interaction can continue into the interior of the molecule and destroy the intended

device functionality for the given molecule.

The presence of lateral density defects in the SAM, e.g., static pinholes resulting
from missing molecules or dynamic formation of transient diffusion channels (see

Sect. 5), can result in metal atom penetration into the SAM interior. On a thermo-

dynamic basis, if there is no chemical reaction with the interior groups of the SAM,

the metal atoms will cluster if space is available. Further, those atoms which can

reach the underlying bottom metal/headgroup interface region may have a highly

favorable interaction with the underlying metal phase, ranging from insertion into

the headgroup/metal bond, to formation of an interface metal alloy and/or even to

penetrating further into the bottom metal phase to form a bulk phase alloy. The

simplest issue is the formation of metal filaments which leads to local shorts in the

contact, essentially a set of very low resistance, parallel paths across the junction. In

the case of formation of interlayer phases at the bottom contact, adverse changes in

junction impedance may result.

In addition to these static problems with M3 junctions, once a device is

operating, dynamic perturbations may arise during a given area of device operation,

as illustrated in Fig. 7. The major cause of perturbations would be the onset of

extremely high electric fields across the junction, e.g., ~5 � 108 V m�1 for an

Fig. 6 Schematic showing the main features and technical issues of a SAM undergoing metal

vapor deposition
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~2 nm long molecule in a junction at a 1 V bias. At these high fields there is

sufficient energy to cause migration of metal atoms, either those intrinsic to the

electrode or impurities, across the junction, in some cases even causing filament

formation with resultant shorting. In addition, the fields can exert large electrostatic

forces capable of twisting molecules bearing dipoles into new configurations with

permanent changes in charge transport behavior. In some cases, if controlled, the

latter effects can be the basis of switching or memristor effects but when these

effects are spurious they lead to device failure over cycling. Other effects can arise,

such as electrochemistry if the junction contains traces of water and salts and

thermally driven effects arising from junction heating during operation.

Overall, from this discussion, amplified with the pictorial illustrations in Figs. 6

and 7, it is clear that a number of adverse perturbations can arise during top metal

processing and operation of an M3 device. The examples given in the following

sections will demonstrate that these effects indeed arise and that considerable

design and processing strategies are needed to overcome these problems along

with a deep base of fundamental knowledge of the physical and chemical structures

and operational mechanisms underlying the behavior of the M3 devices.

5 Specific Fundamental Studies for Different Metals

and Device Application

5.1 Overview and General Considerations

Since SAMs for device application typically involve organothiolate molecules

assembled on an Au substrate, this review will focus on these types of SAMs for

Fig. 7 Schematic of an M3device with illustrations of features critical to the device operation

Issues and Challenges in Vapor-Deposited Top Metal Contacts 247



the most part. Extensions to other SAMs can be made by comparing the attachment

chemistries and substrate characteristics and making projections based on the

differences. The most critical issue for any SAM is metal atom leakage to the

substrate with formation of filaments which can cause shorts. This problem typi-

cally arises from the presence of intrinsic static defects caused by the imperfection

of self-assembly and atomic level morphologies of Au substrates, step edges and

kinks, and from transient, dynamic defects caused by high frequency phonon

type lateral motions of the headgroup moiety around the pinning site on the

substrate [11, 12, 14]. Limited filament formation will interfere with the desired

level of device operation, and continued formation eventually leads to complete

device failure. In the case of penetration of nascent metal atoms through dynamic,

transient defects, insertion into S�Au bonds can occur, and if the new S–metal–Au

bonding is stronger than S–Au bonds this can result in diminishing of the lateral

fluctuations, thereby stopping formation of the temporal vacancy channels, thus

limiting the extent of penetration. On the other hand, this freezing process of the

lateral positional fluctuation may also lead to new static defects because of

the continuing disordering of the SAM molecule positions driven by the incom-

mensurate non-uniform insertion of deposited metal into the SAM-substrate inter-

face [20, 21].

In order to avoid introducing chemical reaction products into the junction via

reactions of the deposited metal with the SAM and to avoid oxidation or corrosion

of the top contact, inert or low reactive metal species, such as Au, Ag, Cu, and Pd,

have been used [22–28]. Nonreactive metal atoms, however, due to their inertness

with the SAM molecules, can easily penetrate wherever defects arise. In the case of

dynamic defects which arise uniformly across the surface, the penetration can even

continuously produce an under layer at the SAM/substrate interface. For example,

in the case of inert aliphatic thiolate SAM molecules on Au, deposited Au atoms

subsequently diffuse around the ambient surface and penetrate through both static

and dynamic channels of SAMs, resulting in a “floating” SAM structure [11–13,

29–31]. To avoid the penetration through SAMs, reactive functional groups, such as

–COOH, –COOCH3, –OH, –COCH3, –CN, –SH, etc., have been introduced to the

SAM backbone, generally as terminal groups, as “traps” for the deposited atoms at

the ambient surface. A variety of results with such reactive terminal groups will be

discussed.

On the other hand, highly reactive metals can result in only top deposition on

the SAM without penetration, though this takes place under conditions where

reaction occurs, often resulting in serious degradation and corrosion of the SAM

backbone. For example, Ti metal deposition will seriously degrade simple aliphatic

types of thiolate SAMs to produce oxide and carbide species [32–35]. Another issue

of reactive metal is reaction with adventitious contamination incorporated in the

film during formation. In cases with water trapped, such as in LB films, deposition

of reaction metal atoms such as Ti can result in formation of metal oxide species

[17, 36]. The metal oxide produced during top metal deposition severely affects the

electronic characteristics of the M3 junction, although the coincident metal oxide
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species can actually be utilized as the materials basis for a memorister device

[37, 38]. Even background oxygen gas in vacuum chambers can cause slow oxida-

tion. For example, exposure of deposited Al to background pressures of ~10�9 Torr

for extended periods can result in aluminum oxide formation at the exposed Al

metal surfaces [20].

In the following literature review, advantages and disadvantages of both low

reactive (inert) and highly reactive metal species are summarized with a few

categories of metal species. Since the combination of metal and functional groups

of SAMs is a key factor to determine the final metal contact structure, it is important

to understand the fundamental mechanistic pathways of impinging metal atom

adsorption on organic film surfaces. Therefore some fundamental studies of

metal–SAM reactions are summarized briefly along with associated surface

analysis methods used to characterize the film structures, including IRS, XPS,

ToF-SIMS, SPM, spectroscopic ellipsometry, and related techniques. Readers,

should refer to more comprehensive reviews for detailed discussions in this area

[22–28]. The main focus of this review is on recent experimental studies designed

to elucidate the fundamental issues in constructing M3 molecular junctions metal

vapor top contacts. Finally, a few promising alternate types of metal deposition

processes are summarized which look to be useful.

5.2 Low and Non-Reactive Metals

5.2.1 Au

Room Temperature Deposition

Gold is by far the most common metal used in top metal contacts for devices based

on SAMs. It is preferred in terms of its high electrical conductivity and near

complete inertness towards typical environmental species such as oxygen and

water vapor, as well as even towards more reactive gases such as acid vapors.

Although well-made alkanethiolate SAMs on Au{111} are closely packed with

excellent barrier characteristics, e.g., as observed in electrochemical measurements

[39], vapor deposited Au atoms can easily penetrate through the SAMs [29–31, 40,

41], generally accepted as due to a dynamic defect mechanism [11–13]. Since Au

is a highly inert metal, very few terminal groups are effective as trap groups

to prevent metal penetration. Gold does interact with highly polarizable molecules

and atoms, e.g., I, S, Se, and pi-electron rich aromatic molecules, to form moder-

ately strong donor–acceptor bonding (e.g., ~30–60 kJ/mol). Based on this type of

interaction, SAMs with thiol terminal groups have been used to trap depositing gold

atoms [29, 40–43], typically for M3 junctions with rigid dithiol molecules

such as oligophenyldithiol [44]. In contrast, though, filament growth with Au

deposition on an alkanedithiol SAM has been observed by conducting probe
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AFM (cp-AFM).1 This specific measurement detects highly local and isolated pene-

tration spots caused by either static pinholes or local blocking of a thiol terminal

group at the SAM/vacuum interface due to some local disorder in the SAM.

To avoid penetration and filament formation via static and randomly scattered

pinholes, one approach is to diminish the area of the junction until statistically the

presence of a pinhole defect is near vanishing, as might be calculated by a Poisson

distribution. An example of this strategy is the use of a nanopore junction of ~50 nm

diameter, though in this case the device fabrication yields were still reported to be

quite low, down to a few percent [16].

Another strategy is the use of terminal groups which are cohesively bound

together to prevent the surface from following the dynamic diffusion channel

formation from the substrate interface, thus closing down penetration through the

surface layer. One example is the introduction of strong ionic bonding between

carboxylic acid terminal groups by titration with potassium vapor to form

K+(–CO2)
� species. While this strategy does prevent the standard result of

a floating SAM, cp-AFM images reveal short-circuit filament growth, presumably

due to static defects of SAM, especially at step edges of the Au substrate [45, 46].

Cryogenic Deposition

One potential approach to avoiding rapid diffusion of Au atoms across the SAM/

vacuum surface and into isolated penetration channels is to cool the SAM to

cryogenic temperatures during deposition. In addition, the low temperatures should

avoid any side reactions with metals that are more reactive than Au [22]. It is

reported, however, that Au cryogenic deposition does not achieve reliable repro-

ducibility [16, 47], presumably because of the presence of intrinsic static defects

which provide filament growth channels, either during deposition or upon warmup.

The use of a nanopore structure may decrease the probability of static defect

formation, as described above, but is reported to provide only low yields as well

as varying I-V (current-voltage) characteristics due to filaments. It also has been

confirmed that cryogenic deposition of Au at ~10 K rarely prevents short-circuit

filament growth through alkanethiolate and even thiol-terminated SAMs in large

area (~a few micrometers) contacts [44, 48]. This could be because of a low

reactivity of the metal with the terminal functional groups of the SAMs (or more

properly, kinetic barriers to the trapping interaction), as Tarlov reported [22]. Under

this circumstance the metal atoms could diffuse into the intrinsic static defects

before being trapped by thiol terminal groups at cryogenic conditions. Another

possibility is that metal clusters and atoms could be loosely trapped in SAM

domains and subsequently become mobile and penetrate through the SAM upon

sample warmup [22].

1Our preliminary cp-AFM results of Au thermal deposition on octanedithiol SAM under UHV

condition at room temperature and 10 K revealed short-circuit filament generation.
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5.2.2 Cu and Ag

Deposition on Non-Reactive SAMs

The general outcome of using Cu and Ag metals in top contact deposition on non-

reactive SAMs, e.g., n-alkanethiolate SAMs/Au, gives very similar results to Au,

including dominant formation of floating SAMs at room temperature and formation

of metal filaments at cryogenic sample temperatures [22–27, 32, 33, 49]. Since Ag

atoms are more mobile than Au atoms on an inert surface, penetration is expected to

be quite rapid into pinholes. Arenethiolate/Au types of SAMs appear to lead to top

layer deposition, possibly due to Ag atom/phenyl group interactions via the aro-

matic p-electrons [33], but further analysis, for example by cp-AFM, is needed to

conclude that there is no penetration. In the case of Cu, an interaction between

a phenyl ring and Cu atoms has been concluded based on the appearance of

Cu–C6H5
+ species in time-of-flight secondary ion mass spectrometry (TOF-

SIMS) spectra [33].

Deposition on Reactive SAMs

There have been a number of studies with Cu and Ag deposition on SAMs with

varied terminal groups including –COOH, –COOCH3, –OCH3, –OH, –CN, and

–SH [23–27, 50–52]. While interactions with Ag appear minimal, Cu can interact

with O-containing functionality, e.g., –COOH interactions can lead to formation of

inorganic phases such as CuO, Cu2O, and Cu(OH)2 [23–27, 52, 53] and interaction

between Cu and COOCH3 can result in formation of carboxylate [23–27, 52]. In

spite of the interaction in the latter case, some fraction of Cu atoms still penetrate

through the SAM to produce an under layer with the overall result of disordering of

the SAM. In the case of SAMs with –CN terminal groups, only weak interactions

occur, which leads to significant penetration with formation of an under layer at the

SAM-substrate interface. Similarly, for Ag and Cu on �OCH3 terminated SAMs,

some complexation of the metal atoms with the OCH3 groups occurs, as evidenced

by TOF-SIMS, and considerable penetration through the SAMs occurs [23, 32, 33,

49, 52], though Cu appears to interact more strongly [52]. Overall, it is clear that Ag

and Cu are not promising candidates for preparing top metal electrodes for M3

junctions for most organiothiolate/Au SAMs under typical deposition conditions

unless highly reactive terminal groups are present, such as demonstrated for

a phenylthiolate type SAM with a thiol terminal group which appears to exhibit

a sufficiently strong interaction with Cu atoms to prevent penetration [51].

5.2.3 Pd

It remains a challenge to stop completely the penetration of Pd into SAMs by vapor

deposition. One might expect problems given the high vaporization temperature
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of the metal which leads to high kinetic energies of the nascent atoms and

opportunities for thermal damage and activated penetration rates upon adsorption.

In one study of constructing a nanopore junction device, Pd was deposited on 1,4-

phenylene diisocyanide SAM on a Pd substrate with the idea of creating a strong

trapping interaction with the –N�C terminal group to give a good junction yield.

The results showed significant hopping dominated charge transport characteristics

which indicate a nonuniform top metal/SAM interface and unidentified defect

components [44].

Although direct vapor deposition of Pd on SAMs with various types of

trapping functional groups and/or under cryogenic condition could potentially

reduce the extent of short-circuits through static pinhole defects and the level of

thermally induced damage, the indirect deposition method proposed by Cahen

and co-workers appears to be an attractive solution as shown by the good device

yields (5–50% in yield) [54]. Further, less penetration was observed with indirect

vapor deposition of Pd on inert alkanethiolate SAMs under cryogenic condition

(150–200 K) as compared with Au, which is not surprising given the stronger

interaction of Pd towards many common molecular groups compared to Au.

However, it has also been proposed that the difference of device yields of Pd

compared to Au arises because of the difference in growth mechanisms of Au and

Pd; Pd quickly coalesces into a continuous film before penetrating into SAMs,

while the Au atoms are less bound to the SAM, making them more mobile for

diffusion into the SAM before coalescence [47, 54]. A systematic study of Pd

indirectly deposited on SAMs on GaAs with various terminal functional groups

(–N(CH3)2, –OCH3, –CH3, –H, –F, –CF3, –Br, –CN, –NO2, –CN) revealed low

damage depositions, whereas direct deposition induced degradation of the SAMs

[55]. Overall, the indirect deposition appears to be a promising process to

construct top Pd contacts on SAMs.

5.2.4 Pb

While Pb is typically not a useful choice for device top contacts because of its low

melting point and soft mechanical characteristics, it is of considerable interest for

its superconducting characteristics. There appear to be, however, no reports on Pb

deposition on SAMs. In our own preliminary experiments of Pb deposition on C16

alkanethiolate SAM on Au/mica from UHV AFM imaging, we observed complete

penetration with no top surface cluster formation and continuing penetration into

the underlying Au lattice.2

2Our preliminary AFM observation of Pb thermal deposition on hexadecanedithiol SAM on Au/

mica under UHV condition at room temperature revealed continuous penetration of Pb as

unpublished results.
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5.3 Reactive Metals

5.3.1 Overview

Reactive metals are of interest for two primary reasons: (1) reaction with the

uppermost part of the SAM which can drive uniform nucleation with no penetration

and (2) for electropositive metals, injection of electrons into the SAM to create

a favorable dipole at the metal/SAM interface for device operation. With respect to

the first, as opposed to the results with non-reactive metal deposition, some reports

of reactive metal deposition appear to show prevention of metal penetration with

the avoidance of short-circuits across the M3 junction. In general, serious concerns

remain that some of metal atoms react destructively with the SAM backbone to

produce inorganic species, e.g., carbides and oxides in the case of aggressive metals

such as titanium.

5.3.2 Ti

Reactivity with SAMs

Titanium is a highly reactive metal with most organics, especially in the form of

nascent atoms, due to the very favorable thermochemistry to form inorganic oxides

and carbides, and even hydrides, at ambient temperatures. It has been reported for

normally inert n-alkanethiolate and aromatic ring thiolates/Au SAMs that deposited

Ti atoms do form top metal overlayers but the initial atoms depositing react

vigorously to form multiple layers of inorganic carbides which continue from the

top surface down into the SAM [23, 33–35, 40, 41, 56]. Studies made for the series

of�CH3, �OH, �COOH, �COOCH3, and –CN reveal extensive reactions and the

penetration depth of Ti into the SAM molecular backbone appears to correlate

somewhat with the oxygen component of the terminal group following the series

�CH3 < �OH < �COOCH3 < �COOH [23, 35]. In the case of the �OCH3

group, it has been reported that Ti deposition results in parallel reactions with

both the �OCH3 terminus and �CH2� backbone groups to degrade the SAM

extensively [33, 56]. Extensive degradation to form carbides also has been observed

for aromatic SAMs [33, 40, 41].

Based on cp-AFM evidence for the simple case of an n-alkanethiolate/Au SAM,

the M3 structures show no evidence for penetration of metal to form conducting

filaments that can cause shorts. The resultant junctions, however, do show extensive

formation of reaction product layers with complex chemical compositions which

may lead to unfavorable characteristics for molecular device operation. Indeed, in

recent reports the use of Ti deposition on LB films, which contain water and

inorganic salts at the bottom Pt electrode/LB film interface, leads to formation of

inorganic titanium oxide type species in the junction but these complex inorganic

layers have also been reported to impart fortuitously quite useful device
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characteristics, somewhat independent of the specific molecule in the junction [17].

Following this strategy, reliable memristor devices have been by produced by

deliberate fabrication of ~1–2 nm metal–TiOx–metal junctions [36–38].

5.3.3 Mg, Ca, Na, K

Deposition of the highly electropositive alkaline earth metals, e.g., Ca and Mg, and

alkali metals, e.g., Na and K, on organic films have strong tendencies to inject

electrons into the organic moiety. For the alkaline earth metals this effect can be

useful for generating low work function cathode metal electrodes in organic light

emission diodes (OLEDs) and organic electro luminescence display (OELDs).

Alkaline earth metals, however, are not only active in injecting electrons into

conjugated molecules but also are chemically reactive and can form reaction

products with many organic groups [56, 57]. In general, the alkali metals are not

used for commercial applications but are useful to study for their simple behavior as

one electron injection atoms.

Reactivity with Inert SAMs

For inert SAMs such as n-alkanethiolates/Au, alkaline earth and alkali metal

deposition on inert SAMs tends to exhibit low sticking coefficients of the nascent

metal atoms due to quite weak interactions with the –CH3 terminus; sometimes

<10�6 of the impinging metal atoms stick to the surface while the rest scatter off

the surface [23, 58]. Bammel and co-workers observed quite slow penetration of

Na through this inert SAM [59]. In the case of Mg and Ca depositions on

n-alkanethiolate SAMs it was observed that while Mg does not react it does undergo

continuous penetration thorough the SAM. In contrast, Ca does react to some extent

resulting in calcium carbide species formation [56, 57]. In the case of K on an

n-alkanethiolate SAM the results are more complicated. For example, at ~10 K

atoms per SAM molecule, it has been reported that half of the deposited metal

penetrates to the SAM/Au interface while the remainder is claimed to remain

embedded within the SAM matrix [60], though such space is not available theoreti-

cally in a dense SAM.

Reactivity with Reactive SAMs

Both alkali metal and alkaline earth atoms are reactive with oxygen-bearing

terminal groups but the latter appear to be far more destructive. K deposition on

–COOCH3 and –COOH terminated SAMs results in a 1:1 reaction to form –COO�

species, which in the ester case requires cleavage of the –CH3 group [45, 46, 58,

59, 61]. Walker and co-workers have reported that Ca deposition on �OCH3
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functionalized alkanethiolate SAMs results in selective reaction with the �OCH3

terminus in the initial stage of deposition with continued deposition leading to the

onset of reaction with the �(CH2)� backbone and degradation of the SAM, similar

to the case of Ti deposition [56]. The interactions of Mg and Ca atoms on�COOH,

�OH, �OCH3, and �CO2CH3 functional groups have been studied. Both Mg and

Ca react with these groups with insertion of metal into C�O bonds with cleavage

[57]. Continuing deposition of Mg forms a top metal layer [62, 63], although further

analysis of filament generation still has to be performed in order to show reliability

of this deposition for M3 junction fabrication. Ahn and co-workers have reported

the complete penetration of K on thiophene terminated alkane thiolate/Au SAMs.

The thiophene rings remained intact even after deposition of large amounts of

K [64].

5.3.4 Al

Aluminum, a highly electropositive metal similar to the alkaline earth metals, can

be useful in deposition of low work function cathode metal electrodes in OLEDs

and OELDs, and is preferred for many electronics applications because of its low

cost and high conductivity, although it is somewhat prone to electro migration

[8, 65]. Since Al is an important metal for device applications its deposition on

SAMs has been extensively studied [20, 21, 23, 32, 33, 41, 50, 65–69]. The critical

problem for Al, however, is its facility in penetration along with filament growth.

Penetration and Top Deposition Transition on Inert SAM

Al deposition on relatively inert n-alkanethiolate/Au SAMs tends to proceed with

partitioning between some complexation with surface terminal groups and penetra-

tion to the underlying Au–S interface. Though Al atoms are highly reactive with

a number of functional groups and are thermochemically driven to form oxides,

carbides, and hydrides, kinetic control typically tends to drive the Al atoms to

undergo penetration with stabilization at the underlying S/Au interface. As the

reactivity of the terminal group increases, however, the partitioning to form surface

overlayers of Al metal increases, often with unexpected metal morphologies such as

porous films [20, 21, 41, 49, 68, 69].

Two specific illustrative cases of the extreme limits of behavior are given by Al

deposition on �CH3 and –COOCH3 terminated hexadecanethiolate/Au SAMs

[20, 21]. The –CH3 terminated SAM case shows a spectrum of deposition modes,

including penetration to the Au-SAM interface and ambient surface overlayer

formation. The penetration was explained in terms of Al atoms diffusing into

dynamically formed temporal vacancies in the SAM (see Sect. 2) caused by

fluctuations of Au�thiolate moieties around their equilibrium positions on the Au

substrate [11–13]. Once the Al atoms arrive at the substrate, energetically favorable

insertion into S�Au bonds can occur. This in turn can result in strongly decreased
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positional fluctuations of the adsorbate, thereby shutting off the temporal vacancy

channels. In the case of aromatic thiolate/Au SAMs, the penetration of the Al is

somewhat retarded and localized to a depth of ~1 nm due to some complexation

with the phenyl rings, resulting in a more selective top layer formation [41].

Reactivity with Functional Groups

It has been observed that Al penetration can be avoided by introducing reactive

functional groups such as �CO2H, �OCH3, �CH2OH, �CO2CH3, and –SH,

thereby resulting in a more precise Al/SAM/Au layered structure [20, 21, 23, 32,

33, 41, 49, 65–69]. Note, however, that the trapping of the Al atoms at the ambient

interface, for example by �COOH or �COOCH3, arises because of chemical

reactions which produce various organometallic and oxide species at the top

surface, as concluded from infrared reflection spectroscopy, X-ray photoelectron

spectroscopy, ToF-SIMS, and spectroscopic ellipsometry [20, 21, 32, 33, 49,

67–69]. More information on minor penetration channels can be obtained from

application of AFM and cp-AFM to image both the morphology and the electrical

character of the deposited metal surfaces as a function of deposition coverage and

such studies in the case of the �COOCH3 terminated SAM reveal scattered,

isolated metal filaments, likely formed by static pinholes [20]. Thus, even if the

terminal group reactions are successful in shutting down the dynamic penetration

channels, it appears that static pinhole channels may still be available. Thus

formation of ideal M3 junctions may require more than the presence of surface

trap groups. Another example of Al deposition on reactive functional groups is

given by the report of deposition on a thiophene-terminated alkanethiolate/Au

SAM. Spectroscopic analyses reveals formation of a top overlayer, presumably

created by a strong Al-thiophene interaction which leads to top Al deposition with

an insulating interface [65, 66].

5.3.5 Cr, Ni

Deposition of Cr can produce degradation with formation of inorganic species for

terminal functional groups. For example, Cr on –COOCH3 terminal groups shows

evidence for formation of inorganic carbide and oxide species [24, 28]. Surpris-

ingly, the deposition on the –COOH group does not show this feature. As the

coverage of Cr increases, the interaction between carboxyl group and Cr is reported

to vanish, although a chromium oxide species was detected, probably due to the

background residual oxygen. No evidence for penetration was observed in these

experiments, which suggests that Cr on a –COOH terminated SAM may be useful

for fabrication of M3 junctions [24, 28].

On the other hand, Ni shows intermediate or low reactivity with –COOH,

–COOCH3, –SH, and �OH groups, but penetration has not been observed
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[24, 28, 70, 71]. Ni and Cr deposition on –CN terminated alkanethiolate/Au SAMs

both under room temperature and modest cryogenic conditions (173 K) are reported

to result in penetration, although at cryogenic temperatures the deposition is

slightly diminished [23]. Further, Cr typically reveals less penetration than Ni,

probably due to the difference in reactivity with –CN. Nitride and carbide species

were observed for Cr at high coverage, similar to typical observations for Cr

deposition on polymer surfaces, while no evidence of carbide production was

observed for Ni. Aromatic thiolate/Au SAMs appear to give selective top deposi-

tion of Cr [33, 72]. In this case, degradation side reactions were not observed. Ni

deposition, however, showed evidence of penetration though aromatic SAMs

whereas cross-linked aromatic SAMs, induced by electron beam irradiation, give

selective top metal deposition [73]. Ni deposition on cross-linked aromatic SAMs

was confirmed to result in a completely electrically isolated top Ni layer by

electrochemical analyses [74].

5.3.6 Fe

Although Fe deposition has been less studied than other metals, some reports are

available. Deposition on fluorinated organic films, such as partially fluorinated

decanethiolate/Au SAMs, shows extensive defluorination of the molecular group

to form Fe(II) fluorides, with no evidence for reactions with the C atoms of the

chains [75]. Further, for an aromatic thiolate/Au SAM, no degrading side reactions

were observed [33].

5.4 Strategies for Producing High Quality Top Contacts
with No Shorts from Deposition of Low Reactivity Metals

As reviewed above, direct vapor deposition of metal onto SAMs has still not been

developed to a point where the process could be used to fabricate large quantities of

M3 junctions with sufficiently high yields for practical device applications, though,

clearly, small quantities of junctions can be produced for scientific research into the

study of molecular conduction and switching, for example. In order to utilize vapor

phase deposition, challenges remain. Achieving high yields, reaching well beyond

99%, of non-shorted junctions operating within extremely small tolerances in their

electronic characteristics for millions of junctions, requires key factors, such as

illustrated earlier in Figs. 6 and 7, to be precisely controlled. From this standpoint,

there are several novel techniques proposed recently which could serve as alternate

or additional methods to improve fabrication yields of M3 devices instead of using

standard metal vapor top deposition. In this section, some of these new strategies

are reviewed.
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5.4.1 Terminal Group Chemical Trap Reactions

Donor–Acceptor Interactions with Selected SAMs Terminal Groups

As described in the earlier sections, introducing reactive terminal groups has been

utilized in attempts to stop the penetration of metal into SAMs with varying success

for different metal functional group combinations. One of the notable issues was the

presence of static pinholes which often continue to allow some penetration at these

local defect sites even though the dominant mechanism for metal atom deposition

was via trapping at the terminal groups. Since it is virtually impossible to self-

assemble perfect SAMs without any static defect, the trapping strategy is a chal-

lenge for generating the highest quality M3 devices. An excellent demonstration is

given by cp-AFM observations with Al on –COOCH3 [20] and Au on –SH

terminated alkanethiolate SAMs for which short-circuit filament features were

typically observed at the step edges of the Au substrate where the SAM typically

has a significant number of static defects. For some metals even the simple phenyl

ring substituents in aromatic thiolate types of SAMs can show selective top

deposition, likely via some metal atom–phenyl ring interactions which may be

sufficient to reduce pinhole diffusion [33, 65, 66, 72, 73]. Therefore aromatic types

of SAMs with appropriate molecular structures bearing reactive terminal functional

groups could be promising candidates for preparing M3 molecular junction devices,

though cp-AFM analysis still has to be employed with these systems to confirm no

filament growth in SAMs [20, 46, 48]. This strategy is good since the typical device

type molecules have aromatic rings with rich p-electron character.

5.4.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) on SAMs could be a very promising method to

deposit metal contacts on SAMs for M3 molecular junctions. The limitation of CVD

processes is the limited variation and availability of the organometallic precursors

which have to be volatile, reactive with respect to decomposition at the SAM

surface, and applicable at relatively low surface temperature, well below the

stability threshold of typical SAMs, for example, at ~70 �C [76]. Since CVD

processes are often based on the decomposition of precursor by specific reaction

with functional groups on the SAM, the decomposed precursor organic products

must be volatile, leaving only the metal film on the surface. In spite of these

limitation, various metal species, e.g., Au, Pd, Al, Cu, and V, have been success-

fully deposited on SAMs. There is a potential clear advantage for CVD in the cases

of refractory metals with high vaporization temperatures (well above 1,000 K)

where the metal atoms arrive at the SAM surface at quite high kinetic energies,

a condition that can cause considerable damage to the SAM, whereas for CVD the

precursor vapor generally arrives at ambient temperatures which in principle should

reduce the rate of diffusion across the surface and favor surface metal cluster
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formation, thus reducing penetration. Reports are available which show the possi-

bility of using CVD to deposit metal films on SAMs [77–79]. W€oll and Fishcher

and co-workers have reviewed wide variations of metal deposition on SAMs,

including CVD, which can provide reproducible metal-organic interfaces, as

characterized by spectroscopic studies [80]. It should pointed out, however, that

degradation of a SAM also can occur due to the intrinsic reactivity of metal atoms

that form, regardless of CVD or vapor deposition. For example, W€oll and co-

workers have observed for CVD on a SAM that the catalytic reactivity of Pd results

in the degradation of the SAMs upon exposure to air. The top metal layer can form

without penetration of metal and damage by the use of H2 exposure to reduce Pd on

the surface [78]. Finally, since CVD processes require very specific surface chemi-

cal reactions, the metal deposition is very surface sensitive and the deposition

site can be controlled by the use of surface functional groups, which can also lead

to a patterning strategy, in principle.

Au

For Au CVD an organogold complex, (trimethylphosphine)methylgold(I) ((Me3P)

AuCH3), has been used with the result of selective deposition on �SH and �CH3

terminated SAMs maintained at 70 �C [81–83]. Further, CVD at 70 �C on SAMs

with �SH, �CH3, and �OH terminal groups was studied by spectroscopic and

microscopic analyses with the result that no penetration was observed for the–SH

surface but was observed for the –CH3 and –OH surfaces. Standard thermal

deposition of Au on the –SH surface showed, in contrast to CVD, that the penetra-

tion cannot be completely prevented [83].

Cu

It has been reported that Cu deposition can be carried out via organometallic

precursors at elevated temperatures onto –SH and –SO3H terminated SAMs, typi-

cally on non-metallic substrates. In the case of silane SAMs on SiO2, top deposition

of metallic Cu has been reported for substrate temperatures >150 �C, as confirmed

by XPS, X-ray diffraction, and SEM [84, 85]. The surface functionality apparently

changes the activation energy of nucleation; �SO3H appears to show the lowest

activation energy, likely due to protonation of ligands leading to more rapid

nucleation of Cu [86].

Pd

Cyclopentadienyl-allyl-palladium (Cp-(allyl)Pd) precursors have been typically

used for Pd deposition on SAMs at room temperature. Successful CVD has been

reported for –SH terminated SAMs [87], though upon exposure to air degradation
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results. This can be prevented apparently by H2 exposure [78]. Since Cp-(allyl)Pd

on both –SH and non-functionalized aromatic SAM is not selective, –OH terminal

groups were introduced to achieve selectivity. Hydroxyl group-terminated aromatic

SAMs functionalized with trimethylamine alane as a seed layer activates the

reaction with Pd precursor, resulting in Pd deposition with surface selectivity

relative to an inert alkanethiolate SAM.

Al

Trimethylamine alane has been used for Al deposition on various SAMs

functionalized with �COOH, –OH, and –CH3 terminal groups. No reaction was

observed with –CH3 but reactions were observed with –OH and –COOH. In the

latter cases room temperature deposition created Al oxide and Al layers under

conditions of N2 purging and UHV, respectively [79, 88, 89].

5.4.3 Atomic Layer Deposition

ALD via deposition of organometallic complexes has been used to prepare the top

contact between metal and SAMs [90–93]. The concept of ALD is quite similar to

CVD in terms of using organometallic precursors rather than a metal atom vapor.

Specifically, the ALD process can be distinguished from CVD by the use of a self-

limiting deposition process in ALD, in contrast to a continual process in CVD. In

ALD the chemical reaction between precursor and substrate surface can be limited

to exactly one monolayer, regardless of the presence of a large excess of precursor

vapor, whereas CVD continues to grow films and the achievement of a single

uniform monolayer is extremely difficult. On the other hand, the disadvantage of

ALD is the slow rate of growth. In particular, each layer to be formed requires: (1)

exposure to the precursor gas to form the layer, (2) complete evacuation of the

precursor gas, and (3) a decomposition process, such as heating, hydrogen, or other

chemical regent exposure for reduction to generate the metal species from

precursors. The ALD process for SAMs has been applied to deposition of metals

such as Ti, Ru, Hf, and Pt. The complex, tetrakis(dimethylamido)titanium has been

used to deposit Ti on SAMs with�OH,�NH2, and�CH3 terminal groups [94–96].

A two-step-ALD process of Cu deposition on�CH3 and�COOH SAMs on silicon

substrates has been reported in which the second step was followed by H2 exposure.

The final samples, characterized by XPS, IRS, AFM, and Hg drop current-voltage

measurements, showed no damage of the SAM in general, but did show reaction of

the �COOH group with Cu [97]. SAMs with terminal functional groups of –NH2,

–OH, and –COOH appear to be free of Cu metal penetration, although the –CH3

terminated SAM sometimes allows the penetration during successive reaction

processes. It should be emphasized that ALD provides self-limiting deposition

by ligand exchange of the organometallic complex. Therefore some systems can

have different stoichiometries, for example, 1:1 or 1:2 reactions between metal
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precursors depending on the terminal functional groups. Finally, the major

challenges in ALD for standard large area M3 top metal contacts with thicknesses

in the range of ~200 nm are the slow deposition rate with time consuming

processing and how to develop the more difficult growth of metals rather than

oxides for reactive metals such as Ti and Al.

5.4.4 Cluster Deposition

Cluster Deposition Mechanisms

Cluster deposition is a method in which clusters of metal atoms of selected sizes and

distributions are deposited on a surface. This process prevents individual atoms

from impinging on the surface and thus provides a great reduction in the diffusion

of metals across the surface and into pores because of the large size of the diffusing

species, though if the cluster size is too large the metal layer can become grainy

with poor conduction and mechanical properties. Some information is available in

several review papers [55, 76, 98, 99]. Cluster deposition can been performed by

different methods involving formation of the clusters directly before they impinge

on the surface or after surface adsorption. In the former case, several methods have

been used such as extremely high deposition fluxes of metal vapors which allow

extensive metal atom-metal atom collisions, plasma sputtering or laser ablation of

clusters from a metal target, and subjecting a metal vapor flux from a thermal source

(e.g., e-beam hearth) to scattering from an introduced inert gas or even an inert

surface such as a Teflon coated plate, which cools the vapor and reduces the mean

free path, thereby encouraging metal atom coalescence from increased metal–metal

atom collisions. There are a few studies with quite small metal clusters, down to just

a few atoms, which provide information on the intrinsic properties of isolated metal

cluster and their size effects [100, 101], but here we focus primarily on relatively

large cluster deposition processes which have been applied to fabricate M3 molec-

ular device junctions. The second general method involves impinging the metal

atom vapor directly onto a cryogenically cooled inert buffer layer on the SAM

surface. In this process the KE of the metal atoms is instantly quenched and

coalescence of the atoms occurs, creating clusters directly on the surface.

Cluster Deposition via Inert Gas Scattering

Metzger and co-workers and Cahen and co-workers have both proposed formation

of clusters via a decrease of the KE of atoms in a metal vapor by introducing Ar gas

into the vacuum deposition chamber to lower the base pressure during deposition

from typical values of ~10�7 Torr or lower to several orders of magnitude higher

pressures. This condition in principle should produce not only clusters but cooler

temperatures of the depositing metal. In addition, an advantage can be realized by

facing the SAM surface away from the metal thermal source to reduce radiation
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heating of the surface from the source. Further cooling can be achieved by sample

cooling down to 77 K using liquid nitrogen. In the case of the Cahen group, the

sample temperature was maintained at 150 ~ 200 K and another cold finger (at

77 K) was placed next to the sample to collect all contaminants or residual gas to

avoid contamination of the cooled sample surface by condensation of background

gas. This process was reported to improve significantly the device yield for Au,

typically a highly penetrating metal, presumably due to minimizing the surface

diffusion length of metal atoms on SAM surface [47, 54, 55, 76, 98, 99, 102–104].

Cluster Deposition via High Deposition Rates

Thermal deposition of Cu on alkanethiolates/Au SAMs at high deposition rates

(~10 nm/s) gives top deposition of the metal, in contrast to the typical floating

SAMs with extensive pinholes, but does result in irreversible disordering of the

SAM. A series of analyses after Cu deposition involving electrochemistry, XPS,

and IRS confirmed the disordering and showed that it is similar to simple heating of

the SAM to elevated temperatures but the electrochemical analyses revealed no

pinholes [50, 51]. Gold cluster deposition on SAMs of benzenedimethanethiol on

Au has been carried out with low KE clusters produced by laser vaporization to give

precisely controlled sizes, ~250 atoms (2.6 nm in diameter). The depositions

resulted in top metal layers with no floating SAM, pinholes, or migration of the

SAMs onto the deposited clusters [43]. On the other hand, a recent scanning

tunneling microscope (STM) investigation reports the opposite results. In the

case of nanometer scale Au clusters (d ¼ 1.5 ~ 3 nm) deposited onto

a dodecanethiolate/Au SAM, the clusters were observed to diffuse to the SAM/

substrate interface resulting in buried Au clusters below the SAM [105]. Conse-

quently, it is important to confirm independently that there is no filament growth

short-circuiting the M3 junctions by scanning probe microscopic analyses for local

information. Although coulomb blockade characteristics are sometimes considered

to be an indicator of isolated metal on top of SAMs [101], Sheng and co-workers

have suggested that a coulomb blockade feature can be observed with a small

fraction of Au clusters which remains on top of inert alkane thiolate SAM after the

majority of deposited Au penetrates to the SAM/substrate interface [31]. Deng and

co-workers also confirmed that the device yield was significantly improved by

applying cluster deposition to prepare the top contact of a nanopore molecular

junction device, with a maximum yield ~40% or possibly even better [106]. The

large variation of chip-to-chip yield, however, indicates that achieving high yields

with the cluster deposition process is still a large challenge.

5.4.5 Low Temperature Depositions with Soft-Landing

Since high kinetic energies of the impinging metal atoms or clusters can have

deleterious effects, including damage to the SAMs, accelerating undesired
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chemical reactions, diffusion across the SAM surface to find penetration channels

for either static or dynamic penetration, the main strategy of soft-landing process

is to freeze impinging metal atoms completely in an inert buffer layer. The thicker

the layer, the more one can expect the metal film to be formed without contact

with the SAM until the buffer layer is removed by evaporation on warm up.

This buffer layer assisted growth (BLAG) strategy was proposed originally by

Weaver and co-workers with rare gas buffer layers such as Xe or Kr on the target

surface held at cryogenic temperatures by liquid helium below the condensation

point of the gas [107–109]. Following the soft-landing process step the sample is

heated sufficiently to allow the buffer layer to sublime into the vacuum, leaving

a top layer of immobile metal nanoclusters to make contact with the SAM. In our

own work we have observed a high yield of large area (many micrometers) M3

devices which show good tunneling characteristics through the SAM. The less

than expected conductance by about one order of magnitude, however, suggests

that the contact of the nanocluster assembly with the SAM surface is only at

specific points likely arising from the spatial distribution of clusters directly

at the SAM surface. This situation presumably could be improved by controlling

the surface morphology of buffer layers through variations in the process

parameters [48].

5.5 Various Alternate Methods to Prevent Shorts
in M3 Devices

5.5.1 Plugging of Defect Pinholes with Polymers

Since it is extremely difficult to establish the ideal abrupt organic/metal interface,

de Boer and co-workers have proposed the use of conductive organic diffusion

barrier layers inserted between the SAM and top metal electrode, thus preventing

metal atom diffusion to the bottom electrode [110, 111]. They demonstrated

organic barrier layers via spin coating of a conductive polymer, poly-ethylenediox-

ythiophene derivatives (PEDOT). The Au top electrode was prepared by vapor

deposition of Au on top of the PEDOT layer. Since PEDOT can act as a conducting

material, direct tunneling characteristics through the molecular junction were

observed, similar to those in other M3 architectures [112–115]. This process

looks promising to prevent penetration of vaporized metal penetration and provide

high yields of molecular devices for large scale device manufacturing, although

some inconsistencies in electronic characteristics are pointed out that arise from

a comparison between polymer/SAM and Au/SAM interfaces [116, 117]. Further

studies of the conductive polymer/SAM interface is desired in order to understand

better the dependencies of the interface characteristics, morphology, and conduc-

tance on the SAM functional groups [118].
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5.5.2 Oxidation of Conducting Metal Filaments to form Dielectric Material

As has been noted for Al deposition on inert alkanethiolate SAMs, the metal atoms

easily penetrate through both static and dynamic defects of the SAMs. Al insertion

in S–Au bonds, however, closes the dynamic penetration channel due to formation

of more stable S–Al bonds preventing sulfur positional fluctuation, though static

defects may actually increase via the freezing in of some molecular displacements

at the Au–Al–S interface, as is indicated by the presence of shorts at higher Al

coverages as observed by cp-AFM while under vacuum. After continued exposure

to the vacuum condition for a few hours, however, the shorts vanish [20]. This is

undoubtedly due to the oxidation of the Al metal in the filaments by residual oxygen

species in the UHV chamber background gas to form insulating aluminum oxide

filaments. This prompts a strategy for closing both dynamic and static penetration

channels for metals with strong tendencies to form strong metal–S bonds at the

Au–SAM interface of an organothiolate SAM and to undergo oxidation of any

filaments to form insulating filaments. Although this strategy has not yet been

extended to chip level device arrays, this process could be one to achieve high

device yield of M3 molecular junction for large scale device applications.

5.5.3 Metal Deposition on SAM/Non-Metal Substrate Structures

Since typical SAMs are usually prepared on metal substrates, mostly Au using

divalent organosulfur chemistry, most studies of metal deposition on SAMs have

been performed on metal substrates. Nevertheless extensive work is also available

for SAMs on non-metal substrates. Though typically this is of little interest for

molecular electronic devices, there are a few relevant examples and this system as

well can teach us about the fundamentals of top metal layer formation. Since SAMs

can have both intrinsic static defects due to imperfections in self-assembly and

dynamic defects for thermal fluctuation of molecular positions at the pinning sites,

non-metal substrates, which often provide strong bonding with SAM molecules,

may actually increase static defects since annealing of positions during assembly

may be difficult while decreasing dynamic defects due to the inability of thermally

driven positional fluctuations. SAMs of interest include molecules with siloxane

bonding on oxide substrates, such as silicon oxide, tin oxide, and indium tin oxide.

Issues for these systems are: (1) difficulty of SAM characterization, (2) difficulty of

introducing terminal groups with varied chemistry, and (3) difficulty in detecting

filament formation or metal penetration by electrical measurements since the

substrate is usually a wide bandgap insulator. In one study, Al deposition on various

types of aromatic silane derivatives on silicon oxide covered silicon substrates

revealed Fermi level pinning at the metal/SAM interface, which provides a rectifi-

cation behavior [119]. In another study, vapor deposition of Au and Ag on

functionalized alkyl and alkylsiloxane SAMs on Si–H and Si–O substrates, respec-

tively, revealed different characteristics. Although Au shows a clear penetration
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feature to the SAM/substrate interface, Ag remains on top of SAMs. This was

understood by the difference of Ag and Au in reactivity with Si substrate [120]. On

the other hand, another study reported that Ag deposition on fluorinated alkyl silane

SAMs on an SiO2 substrate revealed destructive reaction between Ag and

fluorinated alkyl moiety [121]. Vapor deposition of Al on alkanethiolate SAMs

on a conductive indium tin oxide substrate revealed resistive tunneling type I-V

characteristics rather than a short-circuited junction, although it is not clear whether

this feature arises from the molecular junction or a resistive Al oxide layer [122].

Overall such studies show that it is important to extend the area of fundamental

study of SAMs to different substrates, such as oxides and semiconductors, as well

as various transition metals to explore conditions for preparing uniformly assem-

bled steady SAMs without static defects and the reduction or elimination of

transient dynamic defects [123, 124].

6 Future Developments and Needs

The area of molecular electronics as a competitive technology for standard semi-

conductor devices has experienced drastic fluctuations between boom and disap-

pointment in this past decade. Overwhelmingly the disappointments can be

attributed to a lack of rigor in device fabrication, the neglect of critical process

issues, and the difficulty of independent characterization of the devices other than

the standard I-V testing. For M3 devices the challenge has been to avoid shorts and

erratic behavior of the devices, a standard result once the top contact has been

deposited. Recently extensive efforts have revealed undesirable features arising,

such as heterogeneity of the top metal/SAM and SAM/substrate interfaces for

deposition of a large variety of metal species. Based on this fundamental knowl-

edge, recent research into new types of vapor phase deposition processes and some

alternate processes have provided promising results with acceptable yields and

device reproducibility. There still remains long way to go, however, to produce

reliable molecular electronic devices for mass production. Looking ahead, we

summarize the future needs to achieve the ultimate goal of the production of high

quality M3 molecular electronic devices and the related research needs:

1. To avoid misleading results, the electronic characteristics of a device always

have to be analyzed in a proper statistical manner to characterize the results of

the process in terms of device structure details, yield, electrical performance,

and durability.

2. Since the deviation of device characteristics may come from the local heteroge-

neity of metal/molecule interfaces, the local characterization of the molecular

structure and interfaces is necessary to learn how to alter processes and materials

in order to achieve high yield, stable process condition, and low deviations of

device characteristics. A few researchers have proposed the use of the scanning

probe microscopic technique [conducting probe AFM, surface potential
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(Kelvin-probe) AFM, and STM] to analyze the local phenomena and structure

after top contact construction. Development of new techniques such as surface

plasmon resonance Raman, for example, could be applied to advantage for

junctions fabricated with plasmonically active metals such as silver [125] or

gold [126].

3. Since the static intrinsic defects and dynamic defects are critical problem for

SAMs in M3 junctions, improvement of SAM assembly is still desired to achieve

more closely packed stable SAMs. Engineering of interactions, such as

headgroup–substrate, headgroup–headgroup, and intermolecular interaction

with the backbone structure and the terminal groups, remains a frontier area

since most SAMs studied are still limited to a few types of organothiolate

molecules on noble metal substrates. A few studies have extended SAMs to

non-metal substrates, e.g., SiO2, GaAs, and ITO. Therefore continuation of the

development of new types of SAMs on different substrates needs to be studied

with an emphasis on characterization of the fundamental aspects of orientation,

bonding characteristics, packing features, intermolecular interactions, thermal

stability, and molecular mobility, which ultimately leads to methods for

minimizing the intrinsic static and dynamic defects.

4. While recent developments have opened a door to new types of top contacts, for

example, using conductive polymer/SAM layers, as promising strategies, this

approach is largely an unknown area and questions of how the conductive

polymer/SAM interface contributes to the electronic characteristics of M3 junc-

tion as a faction of chemical functional groups needs study. In particular, the

influence of the interface has to be studied from various aspects such as surface

dipole, bonding, hydrophilic–hydrophobic characteristics, morphologies, over-

all electronic characteristics, and yield and operating stability of the device.

5. Lastly, and ultimately the most important, is evaluation of the applicability of

the metal vapor top contact process for insertion into fabrication lines for mass

production. At this point, significant improvements are required, well beyond the

present state-of-the art, in order to achieve large cost efficient, high yield, high

throughput fabrication. Hopefully, in the next decade, many of these issues will

be resolved by the integrated research results from workers worldwide.
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Spin Polarized Electron Tunneling and

Magnetoresistance in Molecular Junctions

Greg Szulczewski

Abstract This chapter reviews tunneling of spin-polarized electrons through

molecules positioned between ferromagnetic electrodes, which gives rise to

tunneling magnetoresistance. Such measurements yield important insight into the

factors governing spin-polarized electron injection into organic semiconductors,

thereby offering the possibility to manipulate the quantum-mechanical spin degrees

of freedom for charge carriers in optical/electrical devices. In the first section of the

chapter a brief description of the Jullière model of spin-dependent electron

tunneling is reviewed. Next, a brief description of device fabrication and character-

ization is presented. The bulk of the review highlights experimental studies on spin-

polarized electron tunneling and magnetoresistance in molecular junctions. In

addition, some experiments describing spin-polarized scanning tunneling micros-

copy/spectroscopy on single molecules are mentioned. Finally, some general

conclusions and prospectus on the impact of spin-polarized tunneling in molecular

junctions are offered.
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1 Introduction

Although tunneling is a well-established theoretical concept in quantum mechanics,

experimental studies of tunneling in metal/insulator/metal structures were largely

absent until the invention of the transistor. In the 1950s and 1960s experimental

studies on tunneling had a renaissance. Driven largely to verify experimentally the

Bardeen–Copper–Schreefer (BCS) theory of superconductivity, tunneling through

M–I–M structures, where M is a metal and I is an electrical insulator, was a very

active research area at Bell Labs and General Electric. An excellent book that

describes many of the seminal activities during these decades was edited by

Burstein and Lundqvist [1]. The importance of this era was recognized when the

1973 Nobel Prize in Physics was awarded to Leo Esaki and Ivar Giaever for “their

experimental discoveries regarding tunneling phenomena in semiconductors and

superconductors” and to Brian Josephson “for his theoretical predictions of the

properties of a supercurrent through a tunnel barrier, in particular those phenomena

which are generally known as the Josephson effects.” The importance of tunneling

in real-world devices cannot be understated. In 2007, Intel announced that it would

replace the SiO2 gate dielectric with HfO2 in order to decrease the leakage current

due to tunneling in field-effect transistors. To paraphrase Gordon Moore, one of

Intel’s founders, the transition away from SiO2 marked the biggest change in

transistor technology since the late 1960s.

The development of advanced electronic devices is confronted by imposing tech-

nical limits and costs set by lithographic tools, so scientists and engineers have been

exploring new paradigms to design future computing and memory technologies. One

example that has reached commercialization is solid-state memory. Today there are

inexpensive portable “flash” drives that contain as much memory as hard-disk drives

did only a few years ago. Currently there is great interest in creating a “universal”

memory from solid-state structures with no moving parts and low power consumption.

One of the most appealing strategies is to combine transistor logic with magnetic

tunnel junctions. The theoretical prediction [2, 3] and experimental verification [4] of

spin-torque-induced switching allows the magnetization direction of a thin magnetic

layer in a nanojunction to be controlled with an electrical current. In this way an

electrically addressable magnetic memory element can be placed at every transistor, to

create magnetic random-access memory.

Advances in the synthesis and processing of organic molecules and polymers

have led to the development of organic semiconductor-based devices that exhibit

a multitude of functionalities, e.g., photovoltaics, memory/logic, and displays;
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some commercial organic semiconductor devices have already appeared on the

market. The primary motivation to use organic materials is the prospect of low-cost

and low-temperature processing methods, such as roll-to-roll and ink-jet printing,

that enable devices to be fabricated on flexible substrate. The market for such

products is expected to reach US $50 billion by 2020 [5]. To expand the versatility

of molecular materials; there has been an effort to manipulate the spin degrees of

freedom of electrical carriers (mainly electrons) in organic semiconductors. It is

envisioned that, in addition to the charge-transport property, spin-dependent

properties, such as the recombination of electron-hole pairs to yield light, can be

controlled to yield a new class of multifunctional materials. To this end, there are

a few basic issues that must be addressed. First, undoped organic semiconductors

have no free carriers, so electrons (or holes) must be supplied by a source, usually

a metal. To observe spin-dependent effects, it is natural to use magnetic metals or

alloys, which possess an imbalance of spin-polarized electrons. Second, a device

that can discriminate the current carried by “up” and “down” spin electrons must be

available. Fortunately the fate of spin-polarized electron transport in ferromagnetic

metals has been well studied over the past three decades and the Nobel Prize in

Physics in 2007 was award to Albert Fert and Peter Gr€unberg “for the discovery of

giant magnetoresistance.” Magnetoresistance was originally observed in multilayer

structures with alternating magnetic and nonmagnetic layers [6]. In a trilayer

structure, often called a spin-valve, two magnetic electrodes are separated by

a very thin nonmagnetic layer, which can be conducting or insulating.

This chapter focuses on spin-polarized tunneling through molecules, which results

in tunneling magnetoresistance (TMR). This is in distinct contrast to another form of

“organic magnetoresistance,” or OMAR, observed in organic semiconductor devices

without magnetic electrodes [7–10]. There are several theories to explain OMAR,

and the interested reader is referred to the literature for the details [11, 12]. This

chapter also excludes the magnetoresistance observed in carbon nanotubes [13],

graphene [14], and organic superconductors [15]. Furthermore, there is no discussion

of the theoretical approaches developed to model the organic magnetoresistance

phenomena. Section 2 presents a brief tutorial on the concepts of spin-polarization,

superconductors, and band-structure of ferromagnetic metals. In Sect. 3 basic experi-

mental methods are discussed. Section 4 summarizes the results of several

experiments. Section 5 gives a brief synopsis of the field. In general, this chapter is

written from a chronological perspective, covering the years 2004 through 2010.

2 Basic Concepts in Tunneling with Ferromagnetic

Metals and Superconductors

2.1 Spin Polarization of Ferromagnetic Metals

Majority- and minority-spin electrons are often referred to as “up” or “down”

electrons, respectively. Consider a simplified drawing of the bulk electronic band
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structure for Fe and Ni shown in Fig. 1. It is well known that the d-bands split due
to the exchange interaction [16]. For Ni there is a larger density of states for the

minority electrons at the Fermi level, while Fe has a larger density of states for

the majority electrons. Not shown in Fig. 1 is the sp-hybridized band that crosses

the Fermi energy: this has important consequences in the transport studies

described below. The band structure depicted in Fig. 1 suggests that the majority

and minority bands for Fe are reversed with respect to Ni. However, tunneling

experiments that utilize a superconducting electrode as a spin-detector reveal

a difference picture. Tedrow and Meservey pioneered measurement of the spin-

polarization of a ferromagnetic thin film by tunneling spectroscopy. The details of

the technique will not be described here, but the interested reader can consult their

excellent review article [17]. In brief, a thin (~4 nm) Al electrode is deposited onto an

insulating substrate, followed by brief oxidation, to produce a very thin Al2O3 layer.

Next, a ferromagnetic metal or alloy can be deposited on top to form a tunnel

junction. When the junction is cooled below ~2 K, the Al becomes superconducting.

As a result, magnetic fields up to about 4 T can be applied that split the degenerate

density of states by the Zeeman energy. In this configuration, the superconducting

Al electrode functions as a spin-detector. When a small bias (~1 mV) is applied to

the junction, no current flows, due to the energy gap in the superconductor. Once

the gap energy is exceeded by the bias, two peaks are observed in the differential

conductance spectrum, G(V) ¼ dI/dV. These peaks correspond to the current from

the “up” and “down” spin electrons in the ferromagnetic metal. To a first approxi-

mation, the difference in the amplitude of these peaks can be used to estimate the

spin-polarization of the ferromagnetic layers. Using a more rigorous theoretical

description of the superconductor, it is possible to determine both the sign and

magnitude of the spin polarization [18]. The results of many experiments reveal that

the sign of the polarization is positive for Fe, Ni, and Co, which does not seem to

support the simple band structure shown in Fig. 1. The origin of the positive spin-

polarization in Fe, Ni, and Co results from the fact that the tunneling probability is

higher for s electrons than for d electrons because they have a higher velocity at the
Fermi energy.

Fig. 1 Schematic diagram

depicting the bulk spin-

dependent electronic

structure of Fe and Ni
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2.2 Tunneling Magnetoresistance and the Jullière Model

In 1975 Jullière measured the TMR ratio for a Co/Ge/Fe trilayer at 4.2 K, and

proposed a simple way to estimate the magnitude of the effect [19]. The model is

essentially a combination of Mott’s two-current model in ferromagnetic metals

and the Meservey–Tedrow estimate of the effective density of states measured by

spin-polarized tunneling. In the Jullière model, the up and down spin electrons are

thought to pass the barrier in parallel channels, without spin scattering. A schematic

drawing is shown in Fig. 2. Under these assumptions, the tunneling conductance

between the ferromagnetic electrodes can be written as the sum of the conductance

for the two channels. Thus, for parallel electrode alignment of the electrode

magnetization, the up-spin electrons on the left side ("l) are still up-spin on the

right ("r) after tunneling through the barrier. Conversely, the down-spin electrons

on the left (#l) remain down-spin on the right (#r). In contrast, for antiparallel

alignments of the electrode magnetization, electrons that are locally up-spin find

themselves in a region of opposite magnetization, which means that they are locally

down-spin. Consequently, down-spins on the left become up-spins on the right.

In this model it is straightforward to derive the formula for TMR. In the parallel and

antiparallel configuration of the electrode magnetization the equations for DC

conductance (Gp and Gap, respectively) are

Gp ¼ Gð"l; "rÞ þ Gð#l; #rÞ (1)

and

Gap ¼ Gð"l; #rÞ þ Gð"r; #lÞ: (2)

Fig. 2 Schematic diagram

of spin-conserved tunneling

via the Jullière model. The

top and bottom panels
indicate parallel and

antiparallel alignment of

the magnetization of the

top and bottom electrodes,

respectively
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Jullière assumed that the conductance is proportional to the density of states of

the left and right electrodes. The TMR is usually defined as the ratio of the change

in conductance to the minimum conductance by the equation

TMR ¼ ðGp � GapÞ=Gap: (3)

Furthermore, if the polarizations of the left and right electrodes are defined as

PL ¼ ½Nð"lÞ � Nð#lÞ =� ½Nð"lÞ þ Nð#lÞ� (4)

and

PR ¼ ½Nð"rÞ � Nð#rÞ =� ½Nð"rÞ þ Nð#rÞ� (5)

respectively, where N is proportional to the number of up and down spin electrons,

then the equation for TMR becomes

TMR ¼ 2PLPR=ð1� PLPRÞ: (6)

Equation (6) shows that TMR can be expressed in terms of the spin polarization

of the left and right electrodes. Although this formula is frequently used to analyze

data from TMR experiments, it must be applied with great care. First, the polariza-

tion should not be interpreted as the spin-polarization of the density of states at

the Fermi energy. The reason for this is that the spin polarization of the tunneling

current can only be measured when electrons tunnel between a ferromagnetic

electrode and a superconducting electrode. Second, even though Ni (and Co) has

more minority electrons than majority electrons at the Fermi energy, it is the majority

electrons that tunnel with a higher probability. Third, the sign of the TMR has been

observed to reverse when the barrier layer is replaced, even though the ferromagnetic

electrodes remain the same. As a result, the Jullière formula is most useful when

comparing TMR for junctions with different electrodes, while keeping the barrier

material constant.

In contrast to the discussion above with amorphous barriers, it is possible to use

first-principles electron-structure calculations to describe TMR with crystalline

tunnel barriers. In the Jullière model the TMR is dependent only on the polarization

of the electrodes, and not on the properties of the barrier. In contrast, theoretical

work by Butler and coworkers showed that the transmission probability for the

tunneling electrons depends on the symmetry of the barrier, which has a dramatic

influence on the calculated TMR values [20]. In the case of Fe(100)/MgO(100)/Fe

(100) the majority of electrons in the Fe are spin-up. They are derived from a band

of delta-symmetry. In 2004 these theoretical predictions were experimentally

confirmed by Parkin et al. and Yusha et al. [21, 22]. Remarkably, by 2005 TMR

read heads were introduced into commercial hard disk drives.
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3 Experimental Methods

3.1 Junction Fabrication

The most common method to form tunnel junctions involves the sequential deposi-

tion, usually by thermal evaporation through shadow masks, of a bottom electrode,

organic layer(s), and a top electrode orthogonal to the bottom electrode, resulting in

a crossbar structure. Another approach involves deposition of continuous films and

subsequent photolithography to determine the junction size. Szulczewski et al.

described a procedure that combined sputtering, thermal evaporation, and photoli-

thography [23]. The process yielded 40% of nonshorted junctions and the standard

deviation of TMR values in working junctions was �2% of the average value.

A microphotograph of a finished device is shown in Fig. 3. The principal

advantages of these fabrication methods is the generation of a four-terminal device.

In such devices the contact electrical resistance of the leads is canceled. Another

important aspect is that the junction resistance must be at least an order of

magnitude greater than the lead resistance. If not, micromagnetics simulations

have shown that current crowding can occur, and the measured TMR will be an

overestimate of the true value [24]. A few other approaches have been attempted

and yielded two-terminal devices. For example, electromigration of a narrow

constriction in a metal wire can lead to a nanoscale gap [25]. The formation of

nanopore junctions has also been utilized [26]. Since both of the approaches

requires access to high-fidelity electron-beam lithography tools, they are somewhat

specialized, and not routinely practiced. One study reported the fabrication of

micron- to millimeter-size junctions by soft-contact printing techniques; however,

the I/V measurements on the final structures showed considerable hysteresis,

probably because the Co electrodes were oxidized [27]. Regardless of what

approach is used to create a sandwich structure, one important criterion is that the

ferromagnetic electrodes must have different coercive fields, that is, the magnetic

energy to switch the magnetization direction. This is accomplished by using

magnetic “hard” (e.g., Co) and “soft” (e.g., Ni80Fe20) layers. Since the coercivity

Fig. 3 Microphotograph of

some junctions prepared by

the methods described in [23]
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is an intrinsic parameter that depends on many properties, such as film thickness,

roughness, deposition conditions, etc., one should measure a hysteresis loop, ideally

as a function of temperature.

3.2 Tunneling Criteria

Before reviewing the experimental results, it is germane to outline the criteria

expected for tunneling behavior. First, in the tunneling limit there is the expectation

that current/voltage (I/V) curves will be nonlinear, due to the exponential depen-

dence of tunneling current on the barrier width and height. Specifically, the

differential conductance should scale quadratically with voltage [28]. Second, if

the area of the device is varied (and the thickness is held constant), the resistance-

area product should remain constant. If so, this is a good indication of uniform

conduction and the absence of “hot-spots” in locally thin regions of the barrier.

Third, the resistance should change very little with temperature. In fact one of the

most accepted criteria to support a tunneling model is a slight increase (~10–20%)

in the junction resistance with decreasing temperature [29]. If the resistance

decreases with decreasing temperature, then metallic shorts are likely between

the electrodes. Finally, if one of the ferromagnetic electrodes is replaced with

a superconductor, then an energy gap (characteristic of a superconductor) should

appear in a differential conductance measurement. The examples shown below

have been selected because they satisfy these criteria, and represent the first

generation of experiments that observed TMR in molecular junctions.

3.3 Spectroscopic Characterization

After the criteria for tunneling are met, there remains another challenge. How is

the buried molecule/metal interface characterized? One of the best methods is to

use inelastic tunneling spectroscopy (IETS). Since IETS is nicely described in the

chapter by Hipps in this series, it will not be discussed in detail here. On the other

hand, it is possible to probe the interface at various stages of the top-metal deposi-

tion with spectroscopic methods. This approach has provided tremendous insight

into the electronic structure of the metal/molecule interface [30]. However, very

few photoemission studies have been reported for ferromagnetic metals deposited

onto organic molecules [31–38]. Since there are several examples of spin-polarized

tunneling through Alq3 barrier layers with Co electrodes in Sect. 4, we next provide

a brief characterization of the Alq3/Co interface.

Xu et al. used X-ray photoelectron spectroscopy (XPS), ultraviolet photoelec-

tron spectroscopy (UPS), and X-ray magnetic circular dichroism (XMCD) spec-

troscopy to characterize the electronic and magnetic structure of Co deposited onto

Alq3 films under high-vacuum conditions [35]. Figure 4 shows the N(1s), O(1s),
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and C(1s) core-level signals from a 10-nm Alq3 film before and after deposition of

2, 4, 6, 12, and 24 Å of Co. Initially, the pristine Alq3 film has a single N(1s) peak at
400.3 eV. After deposition of 2 Å Co, a low binding-energy peak at 398.5 eV

appears. A shift in 1.8 eV to lower binding energy has been seen previously for

the initial stages of Ca, Mg, and Al deposition on Alq3 [39, 40]. With further Co

deposition, the intensity of the peak at 398.5 eV increases, and the peak intensity

at 400.3 eV decreases. The N(1s) spectrum after the 24-Å Co deposition can be

deconvoluted with two Gaussian peaks, to indicate clearly two chemical states. The

O(1s) core level shifts from 531.7 to 532.1 eV after a 4-Å Co deposition. The broad

background that appears on the high binding-energy side is due to a Co Auger

transition. There is slight shoulder developing on the low binding-energy side

for the C(1s) peak that becomes obvious after the 24-Å Co deposition. This may

suggest decomposition of the quinolate ring. There is no shift in the Al(2p) core-
level binding energy at any Co coverage (data not shown). Due to the attenuation

effect in XPS, the core-level spectra shown after the 24-Å Co deposition suggest

that there is a chemical interaction between Co and Alq3. After a 50-Å Co deposi-

tion (data not shown), all the core-level signals from Alq3 are almost completely

attenuated, which implies limited diffusion of Co into Alq3. The Co(2p3/2) region

Fig. 4 X-ray photoelectron

spectra of Alq3 core levels

before and after 2, 4, 6, 12,

and 24 Å thick deposition of

Co. Taken from [35] with

permission

Fig. 5 X-ray photoelectron

spectra of the Co(2p3/2) core
levels before and after a 2, 4,

6, 12, and 24 Å thick cobalt

deposition on Alq3. The inset
shows the XAS and XMCD

spectra recorded at 300 K for

a 20-Å deposition of cobalt on

Alq3. Taken from [35] with

permission
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before and after Co deposition is shown in Fig. 5. The binding energy of the Co

(2p3/2) peak is found at 778.5 eV after a 2-Å Co deposition, and shifts to 778.0 eV

after a 12-Å Co deposition. The binding energy of metallic Co is 778.0 eV, while

the binding energy of the Co2+ is known to be near 780 eV [41]. Since the intensity

of the Co signal increases and the Alq3 core levels decrease when increasing the

cobalt thickness, it is an indication that most of the Co is accumulating within the

near-surface region, and not penetrating deep into the Alq3 layer. Moreover, the Co

(2p3/2) binding energy is consistent with metallic Co if the film thickness exceeds

10 Å. The inset of Fig. 5 shows an XMCD spectrum (the difference spectrum)

measured at 300 K for 20 Å of Co deposited onto Alq3: it shows a clear signature

for ferromagnetism. The decrease in the Alq3 core-level signals and the increase

in the Co (2p3/2) suggest that there is minimal diffusion of Co into the Alq3 films.

This is directly observed in the TEM image shown in Fig. 6.

4 Review of Seminal Spin-Polarized Tunneling Studies

Through Molecules

4.1 Single Molecule and Alkanethiol Monolayers

In 2004 Pasupathy et al. were the first to report tunneling through a single molecule

using ferromagnetic electrodes [42]. Using the electromigration technique on Ni

wires with different coercivity, Pasupathy et al. were able to isolate single C60

molecules in the gap. However, the yield of working devices was rather low, and

only 36 out of 1,200 junctions exhibited TMR behavior. At 1.5 K one of the

junctions showed a TMR of �80% and another �38% at a 10-mV bias. The sign

and magnitude is opposite and larger, respectively, than the Jullière model predic-

tion of +21%, if the spin-polarization of Ni is assumed to be 31% [43]. The authors

also observed the Kondo effect, which is characteristic of a coupling between a

localized spin and conduction electrons. The experimental evidence for the Kondo

Fig. 6 Cross-sectional TEM

image of a 10-nm Co film

deposited onto a 30-nm Alq3
film. Taken from [35] with

permission
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effect was twofold: (1) a splitting in the zero-bias conductance at low temperature

when an external magnetic field is applied and (2) a logarithmic decrease in the

zero-bias conductance when the temperature is increased. The authors proposed

that the Kondo resonance was responsible for the deviation from Jullière model.

Later in 2004 Petta et al. used nanopore geometry to study tunneling through a self-

assembled monolayer (SAM) composed of octanethiol molecules on Ni electrodes

[44]. The nanopores had a diameter in the 5–10 nm range, into which octanethiol

molecules were allowed to self-assemble from a 1 mM solution in ethanol for 48 h.

Approximately 100–400 molecules would be in such a pore, assuming a packing

density of 5 molecules/nm2 [45]. To avoid damage to the molecules, the top

Ni electrode was deposited at 0.1 Å/s to a total thickness of 3 nm, with the substrate

held at 77 K. In some junctions a 1-nm Ti layer was deposited before the Ni. The

authors reported no substantial difference in the TMR curves of junctions with

or without the Ti. Control experiments verified that TMR was only observed in

junctions containing the SAM. At 4.2 K, without an external magnetic field, the I/V
curves were nearly symmetric around zero bias. Using the Simmons tunneling model,

the authors fit the I/V curves and obtained a barrier height of ~1.5 eV, which is similar

to the barrier height for alkanethiol SAMs formed in nanopore junctions with Au

electrodes [46]. When an external magnetic field was�0.6 to 0.6 T and back at 4.2 K,

the junction resistance changed between two levels, which signals the TMR phenom-

enon. There was a direct correlation between the TMR value and the magnitude of the

junction resistance. In general, large TMR values were measured for junctions

with the highest resistance. For example, the TMR was ~1%, 3%, and 7 % at 10 mV

biaswhen the junction resistancewas ~1, 10, and 100MΩ, respectively. Regardless of

resistance, all the junctions showed a strong temperature and bias dependence. When

the bias was increased from 10 to 50 mV, the TMR dropped to almost zero with

the temperature fixed at 4.2 K. In addition, when the bias was fixed and the tempera-

ture was increased from 5 to 30 K, the TMR nearly vanished. Finally, Petta et al.

reported evidence for telegraph noise in some of the junctions, that is, two-level

resistance changes. Taken together, the experimental evidence suggested that

the SAMs contain defects at between one and ten molecule sites in the junctions

that might be responsible for the fluctuations.

In 2006 Wang and Richter measured TMR and inelastic tunneling electron

spectroscopy (IETS) for Co/SAM/Ni nanopore structures [47]. A nonlinear I/V
curve measured at 4.2 K was symmetrical about zero bias. Wang and Richter

noted that above 50 K the I/V curves showed a slight temperature dependence,

but below 50 K they were independent of temperature. An IETS spectrum at 4.2 K

revealed vibration excitation of the Ni–S, C–S, and C–C stretching mode and a CH2

deformation mode. The same peaks were observed after application of small

magnetic field up to 0.6 T. The TMR at 4.2 K did not show distinct resistance

changes between two states. Nonetheless Wang and Richter estimated a 9% TMR

value between the maximum and minimum valves of the resistance. The TMR

decreased when the junction bias coincided with the first vibration excitation

(Ni–S), so they speculated that excitation of the molecular vibration maybe the

main cause of the TMR decrease instead of magnon excitations.
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4.2 Alq3 and Rubrene Based Tunnel Barriers

In 2007 Santos showed the first reproducible and robust set of experiments to

demonstrate TMR through a thin layer Alq3 at room temperature [48]. In these

experiments up to 72 junctions can be fabricated at once with different junction

area and Alq3 thickness. As a result, the bottom and top electrodes are the same and

help to reduce systematic variations that are inevitable in different depositions.

Figure 7 shows the electrical behavior of Co(8 nm)/Al2O3(0.6 nm)/Alq3(1.6 nm)/

Ni80Fe20(10 nm) as a function of temperature. The I/V curve is symmetrical about

zero bias and was fit to the Brinkman model [28] and yielded a barrier height of

0.47 eV. The corresponding G(V) curves at 300, 77, and 4.2 K in Fig. 7 show the

expected parabolic dependence as a function of bias and no zero bias anomalies.

The inset in Fig. 7 shows the junction resistance scales exponentially with increas-

ing Alq3 thickness. These data suggest that the junctions are pinhole free and

exhibit proper tunneling characteristics. In Fig. 8 the TMR is plotted as a function

of external magnetic field and bias. In Fig. 8a the TMR curves were measured at

a 10-mV bias, as the external magnetic field was scanned back and forth from�100

to +100 Oe. The abrupt switching of the resistance at the coercive fields of the

electrodes signals is observed, and the maximum TMR increased slightly upon

cooling the junctions from 300 to 4.2 K. In Fig. 8b the bias dependence of the TMR

is shown. Upon increasing the bias from 10 to 100 mV, the TMR value drops from

~7% to ~4% at 4.2 K. The inset in Fig. 8b shows a cross-section TEM image

of the junctions, and confirms that the Alq3 is continuous, as is implied from the

I/V curves. In addition to the TMR measurements, Santos et al. measured

Fig. 7 I/V characteristics for an 8-nm Co/0.6-nm Al2O3/1.6-nm Alq3/10-nm Ni80Fe20 junction.

The fit to the I/V curve is shown as the line through the data points. The inset shows the exponential
dependence of the junction resistance (RJ) vs Alq3 thickness, for a total of 72 junctions made in a

single deposition. Taken from [48] with permission
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the spin-polarization of the top electrodes using the Tedrow–Meservey technique.

Figure 9 shows the conductance vs bias for Alq3 junctions at 0.4 K, using a

superconducting ~4-nm Al bottom electrode with and without an Al2O3 layer.

The G(V) data were fit to extract the spin polarization and the barrier height.

For the junction shown in Fig. 9 with the Al2O3 barrier, the spin-polarization of

the Co electrode was determined to be 27%. In other junctions (data not shown) the

spin-polarization was 30% and 38%, respectively, for Fe and Ni80Fe20 top

electrodes. In contrast, when no Al2O3 barrier was present on the superconducting

Fig. 8 TMR for 8 nm Co/0.6 nm Al2O3/1.6 nm Alq3/10 nm Ni80Fe20 junction. In (a) the TMRwas

measured at a 10-mV bias. The inset shows the temperature dependence of the junction resistance

and the chemical structure of the Alq3 molecule. In (b) the bias dependence of the TMR is shown.

The inset in (b) is a cross-sectional high-resolution TEM image of the junction showing the

continuous barrier. Taken from [48] with permission
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Al electrode, the polarization of the Co top electrode dropped to 6% and the barrier

height increased to 1.8 eV. Santos et al. rationalized the increase in the barrier

height in the absence of the Al2O3 layer to the surface dipole layer that is known to

exist at Al/Alq3 interfaces [49]. One of the key findings of the Santos study was the

observation of a positive TMR value both with and without the Al2O3 layer, as

expected based on the known sign of the electrode polarization [17].

Shortly after Santos et al. published their results, Xu et al. fabricated organic spin

valves using La0.67Sr0.23Mn3O (LSMO) and Co as the bottom and top electrodes,

respectively, as the spin-injecting and spin-detecting ferromagnetic metal with

tetraphenylporphyrin (TPP) and Alq3 thin films as the spin-conducting layers

Fig. 9 Conductance of a

3.8 nm Al/Al2O3/8 nm

Alq3/8 nm Co junction

(solid squares) and 3.7 nm

Al/3.7 nmAlq3/3 nm Co/6 nm

Ni80Fe20 junction (open
circles) with and without

a 3.5-T magnetic field. Taken

from [48] with permission

Fig. 10 Current–voltage data (circles) for a 15-nm TPP junction at 11 K together with a fit to the

data (line). The inset shows the conductance vs voltage at 0.5 K. Taken from [50] with permission
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[50]. Figure 10 shows a typical I/V curve for a 15 nm thick film of TPP at 11 K; the

inset shows the conductance vs voltage V of the same junction measured at 0.5 K.

There are two characteristics to highlight. First, the I/V curve is nonlinear, sugges-

tive of tunneling. Consequently, the curves were fit to the Simmons model to extract

the effective barrier width and height [51]. The fit (shown as the thin line through

the data points) yields a barrier height of 0.67 eV and a width of 2.5 nm. Second, the

I/V curves are symmetrical under positive and negative bias, which indicates a

similar barrier height at the Co/TPP and LSMO/TPP interfaces. This latter point is

consistent with the fact that the work functions of Co and LSMO are about 4.8 eV

[52]. The first ionization potential of TPP molecules in films is known to be 5.4 eV

[53]. Consequently, the highest occupied molecular orbital of should be located

~0.6 eV below the Fermi energy of LSMO and Co, which is in very good agreement

with fits to the Simmons model. The G(V) measurement at 0.5 K shows the

expected voltage dependence for tunneling in a “ferromagnet/insulator/

ferromagnet” junction [29]. The linear contribution to G(V) observed at low biases

can be qualitatively understood in terms of magnon-assisted tunneling [54]. Basi-

cally, electrons that tunnel from the negatively biased ferromagnetic electrode

arrive in the positively biased ferromagnetic electrode with energy above the

Fermi energy in that electrode. These “hot” electrons can then lose energy by

emitting a magnon. As a result, the process leads to the linear contribution to

G(V) that saturates beyond the bias voltage corresponding to the maximum magnon

energy in the magnon-emitting electrode.

In Fig. 11 the change in the junction resistance (at ~2 mV) is plotted as an

external magnetic field which goes from 1,500 to �1,500 Oe (circles) and is then

reversed from �1,500 to 1,500 Oe (triangles) with the sample held at 80 K. When

the magnetic field is between ~20 and ~200 Oe, the magnetization direction of the

LSMO layer becomes antiparallel to the Co layer. Using the conventional definition

of MR, defined as DR/Rap ¼ (Rap � Rp)/Rap, where Rap is the junction resistance in

the antiparallel configuration and Rp is the junction resistance in the parallel

configuration, respectively, then the device exhibits an “inverse” MR. The inset

shows the junction resistance as a function of temperature (with no magnetic field).

As the temperature is decreased from 80 to 11 K, the junction resistance increases

by almost a factor of two [29]. Consequently, the data in Figs. 10 and 11 are

convincing evidence for tunneling.

Fig. 11 Magnetoresistance

curves of an LSMO/20 nm

TPP/5 nm Co junction

measured at 80 K. The arrows
indicate the relative

magnetization orientation of

LSMO (bottom arrow) and
Co (top arrow) electrodes.
Taken from [50] with

permission
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Figure 12 shows the temperature-dependent MR for TPP and Alq3, and the inset

shows that the MR also decays rapidly with increasing bias voltage. The decrease

in TMR can be largely attributed to the loss of spin polarization in LSMO with

increasing temperature. The MR drops to half its maximum value at about 70 mV.

There is a slight, yet reproducible asymmetry in the bias-dependence. The MR

decays more slowly when the bias is negative. Qualitatively, De Tersa et al. have

seen the same trend [55]. They observed an inverse magnetoresistance in magnetic

tunnel junctions composed of “35 nm LSMO/2.5 nm SrTiO3/30 nm Co/5 nm Au.”

Based on the relative density of states in the Co d band and LSMO, they concluded

that a higher tunneling probably exists, when majority electrons in the LSMO are

transferred into the Co minority states when the bias voltage is less than zero.

However, recent results by Barraud et al. indicate that positive MR is observed in

nanoscale junctions of “LMSO/Alq3/Co” [56].

In 2008 Shin et al. used IETS and transmission electron microscopy (TEM) to

characterize the chemical integrity and morphology of rubrene (C40H24) layers after

deposition of an Fe top electrode [57]. The IETS spectra were consistent with the

known IR- and Raman-active normal modes, which led the authors to conclude

there were no chemical reactions with Fe. Cross-sectional TEM images showed

continuous rubrene layers between the bottom Co layer and top Fe layer, with no

evidence for small particle formation. Similar to the study by Santos et al., they

found that the presence of an Al2O3 layer had a profound effect on the tunneling

Fig. 12 (a) Temperature

dependence of the

magnetoresistance for the

junction shown in Fig. 10.

The inset shows the
corresponding junction

resistance vs temperature

with no applied magnetic

field. (b) Magnetoresistance

as a function of applied DC

bias at 11 K for the same

device in (a). Taken from [50]

with permission
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behavior of rubrene films. Specifically, rubrene layers grown on Al2O3 showed only

a slight temperature-dependent G(V), whereas the rubrene films grown directly

on Co showed a much more pronounced temperature-dependent G(V). In Fig. 13

the normalized G(V) for these junctions is plotted against T�0.25. Such a plot can

help establish whether the transport occurs through Mott’s variable-range-hopping

model [58]. It is evident that G(V) is proportional to T�0.25 at higher temperature

(~120–300 K) for the rubrene films grown directly on Co. The Al2O3 also greatly

influenced the TMR. At 4.2 K the TMR value was 16%, and dropped to 6% at room

temperature. In contrast, no TMR was observed in rubrene junctions without the

Al2O3 layer. Finally, Fig. 14 shows the loss of spin-polarization as a function of

increasing rubrene thickness. The decay can be described by an exponential func-

tion. The authors ascribe the characteristic decay constant, 13 nm, to be an estimate

of the spin-diffusion length.

In 2009 Schoonus et al. proposed a model to support experimental evidence for

sequential tunneling in Alq3 junctions [59]. A schematic depiction of an Alq3
molecule in a junction between two ferromagnetic electrodes is shown in Fig. 15.

The model assumes that, as the total Alq3 layer thickness (d) increases, the total

tunneling current (J) is the sum of a direct current (Jdirect) and a two-step current

(J2-step):

J � 1� Ndð ÞJdirect þ N

ðd
o

J2�stepðd1Þdd1: (7)

Fig. 13 Temperature dependence of the tunneling conductance for a 3.8 nm Al/6 nm rubrene/

15 nm Co junction and 3.8 nm Al/0.5 nm Al2O3/5.5 nm rubrene/15 nm Co junction. The solid line
is a fit the VHR model to the data at high temperatures for the rubrene-only barrier. The inset
shows I/V curves for junctions at 4.2 K. Taken from [57] with permission
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The direct tunneling current is assumed to be proportional to the exponential

decay of the wave function, J ~ exp[�kd], where k � 4p (2mU)1/2, U is the barrier

height, and m is the electron mass. Equation (7) also assumes that there is

a homogenous linear distribution of N molecular sites, which can be occupied at

a certain position, labeled as d1. The two-step tunneling current arises from

conservation of current into and out of the intermediate site (n1, d1). These two

processes are depicted in Fig. 16a. The interesting prediction of the model is

a transition in the junction resistance (which is proportional to 1/J) with increasing

layer thickness, as shown schematically in Fig. 16d. Tunnel junctions were made by
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Fig. 14 TMR vs applied magnetic field for an 8 nm Co/0.5 nm Al2O3/4.6 nm rubrene/10 nm Fe/

1.5 nm Co junction. The arrows indicate the magnetic configuration of the Co and Fe electrodes at

various applied fields. The inset shows the bias dependence of the TMR. Taken from [57] with

permission

Fig. 15 Schematic diagram illustrating spin procession around the sum of the hyperfine field Hhf

and the applied magnetic field Ha on an Alq3 molecule, only showing the downstream tunneling

from or to majority and minority 3d spin bands of the ferromagnetic electrodes. Taken from [59]

with permission
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depositing a 2-nm Ta adhesion layer onto a glass substrate, followed by a 2-nm

CoFeB layer, and then a 1.2-nm Al layer. The Al layer was completely oxidized by

an in situ plasma treatment, followed by deposition of Alq3 at 110 K and by a 20-nm

Co layer. The junction resistance and TMR at 300 K are shown in Fig. 17 for

different Alq3 layer thicknesses. The first trend to point out is the rapid decrease in

Fig. 16 (a) Schematic band diagram of Alq3 in between two ferromagnetic electrodes. (b)

Valence band spectra for an increasing Alq3 layer on Al2O3, where the characteristic occupied

molecular orbitals are seen in the 3-nm film. Calculation of (c) junction resistance and TMR for

two-step tunneling as a function of d1. (d) 1/J as a function of d. Taken from [59] with permission

Fig. 17 Room-temperature

resistance (circle, right axis)
and TMR (squares, left axis)
for variable Alq3 thicknesses.

Lines are fits based on (7).

Taken from [59] with

permission
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the TMR when 1 and 2 nm of Alq3 were deposited onto the Al2O3 layer. In this

thickness regime, the direct tunneling current dominates, and the decay in TMR

can be ascribed to the exponential decay of the spin-polarized wave function with

increased d. For junctions with Alq3 films greater than 2 nm, a small increase in the

TMR was observed, with a concomitant increase in the junction resistance. The

authors believed that the transition in the junction resistance and TMR values signaled

the onset of the multiple-step tunneling predicted by (7). The solid line and dashed

lines in Fig. 17 are the results of fitting the data to (7). The details of the fitting

procedure and extracted parameters can be found in the original publication [59].

In 2009 Szulczewski et al. were the first to report junctions using an MgO spin-

filter in a tunnel junction with Alq3 [23]. Figure 18 shows the electrical and

magneto-resistive characteristics of the MgO/Alq3. The MgO/Alq3 series show

TMR values of up to 16% at room temperature, for t ¼ 0, which falls to 12–13%

at zero bias upon inserting the Alq3, and remains unchanged with increasing barrier

thickness, as shown in Fig. 18b. The I/V curves are quite asymmetric for the MgO

barriers. Maximum TMR actually occurs at a negative bias of 100 mV. The

magnetoresistance changes sign at a positive bias of about 250 mV for the 2-nm

Fig. 18 Characteristics

of Alq3 junctions with a

CoFeB/MgO spin injection

layer. The resistance

switching curve is plotted as

a function of applied field for

different thicknesses or bias

in the top panel, and the TMR

ratio is plotted as function of

bias, together with the dI/dV
curve for t ¼ 0 and 2 nm in

the bottom panel. The curve
for t ¼ 2 nm at 500 mV is

included in the top panel.
Taken from [23] with

permission
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Alq3 tunnel barrier, reaching a maximum negative value of �5%. Positive bias

corresponds to a flow of electrons from the CoFeB pinned layer into the stack. The

top panel in Fig. 18 shows the resistance/magnetic field (R/H) curves, measured at

different bias or barrier thickness. The TMR is 13% for t ¼ 0, and it falls to 8–9%

for 1 nm of Alq3. These results are consistent with those of Santos et al. [48], in

the 2–4 nm thick Alq3 films, where the transport is by tunelling. However, in the

4–8 nm thick films elastic tunneling is unlikely, and transport is either by multistep

tunneling or hopping, as observed by Schoonus et al. [59]. Initially, the resistance-

area (RA) product of the junctions increases exponentially with increasing barrier

thickness, and then tends to saturate, as shown in Fig. 19. Assuming that the

tunelling resistance of the Alq3 tunnel barrier increases exponentially with thickness

as exp(t/t0), and that the resistance in the hopping regime increases as t, the total

resistance-area product of the composite barrier is the sum of the resistances of the

parallel tunelling and hopping channels:

RAðtÞ ¼ ½1=ð2RAð0Þ þ rrtÞ þ 1= 2RAð0Þexp t=t0ð Þð ��1
(8)

where RA(0) is the resistance-area product of the MgO barrier. The characteristic

thickness deduced from the fit in Fig. 19 is t0 ¼ 0.8 nm, and the resistivity of the

organic film in the hopping regime is r ¼ 2.0 kO m, which agrees with a literature

value for amorphous films of this material [60]. The data of Fig. 19 show no

significant reduction of magnetoresistance in the hopping regime, at least out to

8 nm, which suggests that approximately three-quarters of the spin polarization is

preserved in the rubrene layers. The asymmetric bias-dependence of the TMR with

MgO (Fig. 18) and the sign change at positive bias in the tunelling regime are

a feature that reflects the asymmetry of the top and bottom interfaces, which could

be chemical or magnetic in nature. The magnetoresistance depends on the overlap

of the " and # Fermi-surface cross-sections for the two ferromagnetic electrodes.

The voltage at the sign change, +250mV, is related to the bottom electrode, and may

correspond approximately to the exchange splitting of the energy of the tunneling

electrons in crystallized CoFeB, which has a much lower Curie temperature than

cobalt.

A very comprehensive set of electrical/magnetic measurements on “LSMO/

LAO/rubrene/Fe” spin-valves was reported by Yoo et al. in 2009 [61]. These

authors varied the thickness of the rubrene layer between 5 and 50 nm, and were

able to distinguish between the tunneling and hopping regimes discussed above. In

the TMR limit, the TMR was about 12% at 10 K, and monotonically decreased

as the temperature was increased; above 250 K no TMR was observed. This trend

in the MR with increasing temperature has been observed in most spin-valves using

LSMO as the bottom electrode. When the rubrene layer was increased to 20 and

30 nm, the MR at 10 K decreased to ~6% and ~2%, respectively. For rubrene layers

thicker than 40 nm no GMR was observed, which implies that the spin-diffusion

length in rubrene at 10 K is 10–20 nm. This value is consistent with the 13 nm spin-

diffusion length for rubrene at 0.4 K estimated by Santos et al. from the decay of the
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spin-polarization [48]. A similar study was able to distinguish between the

tunneling and injection regimes of rubrene spin valves. In 2010 Lin et al. fabricated

spin valves onto oxidized Si wafer by depositing a 15-nm Co film, followed by

2.5 nm of Al [62]. The Al film was then oxidized ex situ in an oxygen plasma.
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Rubrene films were grown on the oxidized surface, followed by 15 nm of Fe. When

the rubrene films were less than 10 nm thick, the I/V curves were typical for tunnel

junctions; specifically, they showed a parabolic G(V) behavior and very little

temperature dependence. At 100 K the TMR was �6% when the rubrene layer

was 5 nm thick. In contrast, when the rubrene layer was 15 nm thick, the I/V curves

were nonlinear and temperature-dependent. No TMR was observed when the

rubrene films were greater than 15 nm.

In 2010 Barraud et al. fabricated nanoscale junctions in Alq3 films grown on

LSMO films by a nanoindentation technique. Cobalt was deposited into the

nanopore to complete the sandwich structure. At 2 K the junction resistance was

found to increase exponentially with increasing Alq3 thickness, which demonstrates

that tunneling is the primary transport mechanism. One of the most interesting

aspects of this work was the observation of positive TMR. In several other reports,

using square-millimeter sized “LSMO/Alq3/Co” junctions, the sign of the MR had

usually been negative. There is one notable exception, where both positive and

negative MR in “LSMO/Alq3/Co” junctions was measured in some samples by the

same group [63]. In order to reconcile the positive sign, Barraud et al. proposed

a spin-dependent interfacial molecular hybridization model. Essentially, the model

assumes that the polarization of the LSMO/Alq3 interface inverts due to strong

coupling between the Alq3 HOMO and one spin channel in the LSMO.

4.3 Spin-Polarized Scanning Tunneling Microscopy/Spectroscopy

In contrast to all the examples discussed above, scanning tunneling microscopy

(STM) and spectroscopy allows one to measure spin-currents through molecules

without the need to deposit top metal contact. Furthermore, STM experiments

are done under UHV conditions on single-crystal surfaces, so exquisite control of

the sample environment is available, even though the difficulty of the experiment

increases. One of the first spin-polarized STM studies to visualize ferromagnetic

coupling between a molecule and magnetic substrate was reported by Iovichi et al.

[64]. In this study, Co was deposited onto a Cu(111) surface to produce triangular-

shaped islands about two atomic layers thick; then Co phthalocyanine (CoPc) was

evaporated on top. STM images at 4.6 K were taken with Co-coated tips, and

showed that the CoPc molecules adsorbed to the top and the edges of the Co islands.

Two different types of magnetic islands were identified in spin-dependent G(V)

plots vs tip-sample bias (in the absence of CoPc molecules). For one type of

Co island, a strong peak in G(V) occurred at �0.28 V, which was defined as an

“antiparallel” ("#) configuration. A second type of Co island was defined as

the “parallel” ("") configuration, because a second G(V) peak was observed at

a �0.6-V sample-tip bias. Note that this definition of the parallel and antiparallel

configurations does not imply a relative orientation of the tip and island magneti-

zation. After CoPc deposition on the islands, spin-polarized G(V) spectra were

recorded over the center of molecules, i.e., directly over the Co2+ site. For CoPc
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molecules on the "" islands there was a broad peak near �0.19 V, which was

much weaker than for CoPc adsorbed on the "# islands. This suggested that the

spin-polarized tunneling current through the CoPc was linked to the magnetization

of the island; this was confirmed by averaging the results of several different

molecules and tips. Using first-principles density-functional theory calculations of

the spin-dependent conductance, the authors suggested a ferromagnetic coupling

between the local spins in the molecule and the substrate.

Another spin-polarized STM study on CoPc found evidence for strong molecule-

substrate hybridization of orbitals. Brede et al. reported submolecular resolution

STM images of single CoPc molecules adsorbed onto a two monolayer-thick Fe

film on a W(100) surface [65]. They combined spin- and energy-dependent

tunneling data to visualize variations in the spin-polarized current through different

regions of a single CoPc molecule. The authors were able to simulate accurately the

experimental spin-polarized STM results with the aid of state-of-the-art ab initio

calculations.

5 Concluding Remarks

This review has focused on spin-dependent tunneling through molecules. In general,

the experimental data reported so far suggest two common mechanisms of spin-

transport. In one limit, the wave function of the two electrodes overlap in the barrier

and primarily lead to nonresonant incoherent tunneling through the molecules. In this

regime, evidence has been found for inelastic excitation of molecular vibrations.

In another limit, where the wave functions of the ferromagnetic electrodes are too far

apart to overlap, one can observe multistep tunneling from molecule to molecule.

It appears that the chemical, magnetic, and structural details of the interfaces are key

to how much of the spin-polarization is preserved. Unfortunately, it has been difficult

to elucidate a direct cause-and-effect scenario, since the details of device fabrication

vary slightly from lab to lab. However, one clear observation has emerged. The

presence of an amorphous Al2O3 or crystalline MgO tunneling barrier dramatically

improves spin-polarized tunneling in Alq3 barriers. The role of a tunnel barrier

may function to increase the interfacial spin-dependent resistance in a similar way,

to solve the conductivity mismatch at the metal/inorganic semiconductor interface

[66, 67]. The studies highlighted in Sect. 4 are likely to motivate future studies that

will reveal more insight into spin-injection and spin-ejection across ferromagnetic

metal/molecule interfaces [68]. In particular, we are beginning to see more photo-

emission and magnetometry studies aimed at probing the electronic/magnetic struc-

ture of such interfaces. Several important questions still remain unanswered. For

example, what is/are the mechanism(s) for spin relaxation? What factors determine

the sign of the TMR? What are the roles of hyperfine and spin-orbit coupling? Given

the intense activity in this field over the past few years, it is likely that we will begin to

find the answers to these questions soon.
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Dimethyl methylphosphonate (DMMP), 232

Disorder-based transport/models, 15, 18

DMDCNQI, 89

DMEDO-TSeF, 97

DNA, 81

Donor packing, BO, 80

Donor–acceptor systems, 134, 183, 190

DOO-PPP, 7

DT–TTF, 70

Dye-sensitized solar cells (DSSC), 156

Dynamic diagonal disorder term, 13

Dynamic off-diagonal disorder term, 14

E

EDO, 87

Effective medium approach (EMA), 20, 32

Electrical bandgap, 9

Electrical response, 191

Electroluminescence (EL), 198

Electron donors/acceptor, 74

Electron transfer, 13

Electronic and vibrational excitation term, 13

Electronic coupling, 200

Electronic devices, unimolecular, 127

Electronic dimensionality, 67

Electronics, molecular, 239

organic, 175

EOET, 76

ET superconductors, 91

ET�TCNQ, 77
(1-Ethyl-3-methylimidazolium)NbF6, 91

3,4-Ethylenedioxythiophene, 102

Exciton diffusion, 186

Excitonic materials, 181

Extended correlated disorder model

(ECDM), 35

Extended Gaussian disorder model

(EDGM), 35

External quantum-efficiency (EQEPV), 198

F

Fermi level, FET electrodes, 78

Fermi surface, BO, 80

Ferromagnets, 76, 277

Fesser–Bishop–Campbell model, 10

FET electrodes, Fermi level, 78

Field-effect transistors (FETs), 16, 32, 70, 147,

160, 213

Fluorine doped tin oxide (FTO), 157

F€orster resonant excitation transfer (FRET),

186

Fowler–Nordheim tunneling, 50

Franz–Keldysh effect, 42

Fullerenes, 82, 127, 130

arc discharge reactor, 131

redox properties, 131

Functional organic solid, 67

G

Gallium arsenide (GaAs), 184

Gaussian disorder model (GDM), 1, 18

Gold deposition, 249, 259

Graphene, 127, 149

Graphite, 149

Guanine, 81

H

Headgroup, 241

Headgroup–substrate interface, 241

Hemoglobin, 81

Hexabenzocoronenes (HBCs), 226

Hexadecafluorophthalocyaninatozinc

(F16ZnPC), 38

Hexaiodobenzene, 70

HMTTeF, 76

HOMO/LUMO, 4, 36, 48, 132, 182, 187

Huang–Rhys factor, 20

Hydroxamic acids, 226
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I

Indium tin oxide (ITO), 191

Inelastic tunneling spectroscopy (IETS), 282

p-Iodanil, 70
Ionicity diagram, 67, 74

Ionization efficiency, 43

Iron deposition, 257

Iron pnictide, 103

ITO/donor/C60/BCP/Al, 201

ITO/PEDOT:PSS, 55

J

Jullière model, tunneling magnetoresistance, 279

Junction fabrication, 281

K

K3C60, 100

L

Ladder-type poly(p-phenylene) (LPPP), 11, 45
Langmuir–Blodgett (LB) films, 80, 213,

215, 241

Langmuir–Blodgett assembly, 222

LBPP5, 198

Lead deposition, 251

Level crossing, 11

Light-emitting diodes, 2, 4

Light-emitting electrochemical cell (LEC), 156

M

Madelung energy, 73

Magnetoresistance, 275

Marcus theory, 200

M(dmit)2, 99

MDMO-PPV, 198

MeLPPP, 7, 24, 46

Metal vapor deposition, 239, 244

Metallic doped polymers, 101

Metallofullerenes, 130

Metal-organic interface, 239

Metal–oxide semiconductor field-effect

transistor (MOSFET), 217

Methylcytosine, 81

N-Methyldiazabicyclooctane (MDABCO), 84

Meyer Neldel rule, 32

Miller–Abrahams jump rates, 28

Molecular conductance, 127

Molecular devices, 239

Molecular electronics, 127

Molecular models, 1

Molecular wires, 134

Moleculer junctions, 275

Monolayers, 213, 239

chemical sensors, 232

circuitry, 231

Mott insulator, 67, 76, 86, 106

MWCNTs, 130, 142

N

Naphthalenetetracarboxylic dianhydride

(NTCDA), 38

NbF6, 91

Neutral p-radical solids, 71
Nickel deposition, 256

NT, 89

(NT)3GaCl4, 87

Nucleobase skeletons, 81

O

Occupational density of states distribution

(ODOS), 18

Octadecyl trisiloxane (ODS), 242

Ohmic injection, 54

Oligophthalocyanines, 103

Oligothiophene, 220

Onsager–Braun model, 192

Optoelectronics, organic, 1

Organic conductors, 73

Organic electro luminescence display

(OELDs), 254

Organic FET (OFET), 79

Organic light-emitting diodes (OLEDs), 16, 54,

155, 197, 254

Organic magnetoresistance (OMAR), 277

Organic metal, 67

Organic photovoltaic (OPV) devices, 175, 179

Organic solid, functional, 67

P

P3HT:PCBM, 193

Palladium deposition, 251, 259

PCPDTBT, 198

PEDOT, 40, 263

PEDOT:PSS, 16

Peierls distortion, 9, 76

Pentacene, 220

Perfluorooctanethiol (PFOT), 220

Phase transition, 67

Phenalenyl-based betainic radical, 71
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1-Phenyl-3-((diethylamino)styryl)-5-

(p-(diethylamino)phenyl)pyrazoline

(DEASP), 21

Phosphorus, black, superconductivity, 101

Photoconductivity, 177

Photocurrent, 192

Photon absorption, 184

Photovoltage, 195

Photovoltaic (PV) cells, 16, 177

Photovoltaics, 175, 177

Phthalocyanines (Pc), 37

Picene system, 99

Platinum tetraphenylbenzoporphyrin

(PtTPBP), 202

Plexcore, 16

Polaronic transport, 15, 20

Polyaniline, 16, 40

Polyazulenes, 12

Polydiacetylenes, 7, 11, 223

Polyethylenedioxythiophene (PEDOT),

40, 263

Polyfluorene copolymers, 24

Polymer superconductors, 101

Polypeptides, 81

Polyphenylene, 28

Polyphenylenevinylene, 28

Polyphthalocyanines, 103

Polypyrrole, 16

Polysilanes, 28

Poly-spiro-bifluorene-co-benzothiadiazol
(PSF-BT), 47

Polythiophene, 28, 135

Poly(biphenyl(methyl)silylene) (PBPMSi), 28

Poly(9,9-dioctyl-fluorene), 24

Poly(9,9-dioctyl-fluorenyl-2,7-diyl)-co-(4,4-N-
(4-sec-butyl))diphenylamine (TBB), 55

Poly(3-hexylthiophene) (P3HT), 24

Poly(methyl(phenyl)silylene) (PMPSi), 28

Poly(p-phenylene) (PPP), 5, 8
Poly(phenylenevinylene), 44

Poly(sulfur nitride), superconductivity, 101

Poly(thienylenevinylene) (PTV), 43

Proteins, 81

Pt(bqd)2, 72

Pyrazoline, 21

Pyrimido fused TTF betaines, 71

Pyrrole, 102

Q

QCl4�p-chloranil, 89
Quantum Hall effect (QHE), 149

Quantum spin liquid state, 67, 103

Quartz, 2

Quaterthiophene, 226

Quinquethiophene, 227

R

Rb2CsC60, 100

Rectifiers, 136

Reticulate doped polymer (RDP), 80

Richardson–Schottky emission, 50

Rubrene, 49, 185, 202, 286, 295

S

Scanning tunneling microscopy (STM), 128,

262, 297

Second harmonic generation (SHG), 47

Self-aggregation, 77

Self-assembled monolayer FET (SAMFET),

225, 231

Self-assembled monolayers, 239, 241

Self-assembly, 213, 239

chemically directed, 224

Semiconductors, doped, transport, 36

organic, 1

silicon/germanium, 3

Sensors, 213

Silver deposition, 251

Single-component organic conductors, 68

Solar cells, organic, 175, 179

Solar energy, 175, 178

Solar photon flux, 185

Solution-processable functionalized graphene

(SPFGraphene), 159

Space charge, 29

Space-charge-limited (SCL), 29, 54

Spin density wave (SDW), 76

Spin disordered state, 103

Spin lattice, 103

Spin polarized electron tunneling, 275

Substrate surface, 241

Superconductors, organic, 67

Su–Schrieffer–Heeger (SSH) model, 1, 8

SWCNTs, 130, 140, 142, 226, 232

chirality, redox potentials, 145

Switching, 67

T

TCNQ, 68, 71

Tetracene, 202

Tetrafluoro-tetracyanoquinodimethane

(F4-TCNQ), 5, 37, 54
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Tetrakis(dimethylamino)ethylene (TDAE), 83

Tetramethyl-p-phenylenediamine (TMPD), 43

Tetrathianaphthacene (TTN), 38

Thermal evaporation, 219

Thymine, 81

Time resolved microwave conductivity

(TRMC), 43

Titanium, reactivity with SAMs, 252

TMTSF, 78, 91

(TMTSF)2ClO4, 87

TNAP, 89

Transistors, 138

CNT, 146

single molecule, 139

Transition metal complex solids, 69, 72

Trimetallic nitride endohedral

metallofullerenes (TNT-EMFs), 130

Trimethylamine alane, 260

Triptycene (TPC), 84

TSF�FTCNQ, 79
TTC10–TTF, 70

TTeC1–TTE, 70

TTF, 68

TTF�TCNQ, 78
TTF-dithiolate ligands, 72

Tunneling, 31, 50, 141, 275

Tunneling magnetoresistance (TMR), 277

V

Vacuum deposition, 244

Valence band (VB), 10

Vapor-deposited top metal contact, 241

Z

Zig-zag nanotube, 142

Zwitterionic (betainic) p-radical solids, 71
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