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Preface

An introductory lecture on surface plasmons often begins by showing the audience
a photograph of a Lycurgus cup dating back to the fourth-century Roman period.
The spectacular cup exhibits a most impressive change in colour from red to green
depending on whether light shines from behind or from the front. Colloidal
nanoparticles of gold and silver had been dispersed in the glass of the cup and their
strong interaction with visible light due to localized surface plasmons is responsible
for the fascinating colour effect. It is a challenge for scientists to understand how the
Romans were able to make this cup; whether they could control the colour effect by
design or whether it was more or less made by chance.

Surface plasmons exhibit many other fascinating properties, which attract the
interest of scientists in many different fields, including electrochemistry, artificial
photosynthesis, plasmon mediated chemical nanoparticle growth, catalysis, photo-
thermal cancer therapy, telecommunications, scanning tunnelling and surface
plasmon microscopy, optical sensing and in particular optical bio-sensing. This
book focuses mainly but not exclusively on the latter topic, and it is intended to be
used as a materials guide in the design of surface plasmon sensors, but it may also
serve as an inspiration for people in other fields.

The book is a result of a study of the parameters that affect the surface plasmon
response. The important parameters are the choice of metal for the thin film or the
nanoparticle, the choice of dielectric substrate materials, the choice of liquid ana-
lyte, sizes and configurations. Properties of a large number of metals have been
collected from the periodic table, including traditional noble metals like gold and
silver, noble transition metals of the platinum group like osmium and rhodium,
alkali metals like lithium, and transition metals like molybdenum and tantalum, and
other common metals. In addition, a few examples of surface plasmon responses of
alloys and superlattices have been included. Three different types of surface plas-
mons are examined: (1) a propagating surface-plasmon in a metal thin film between
two dielectrics, where one dielectric is a substrate material in which the surface
plasmon is excited by light and the other layer is a liquid analyte causing the sensor
response; (2) a propagating long-range surface plasmon in a metal thin film between
two dielectrics, but further comprising an additional dielectric layer situated
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between the substrate and the liquid analyte enabling the propagation of an anti-
symmetric surface plasmon mode with a long propagating length; and (3) a
localized surface plasmon in a metal nanoparticle.

The analysis of the surface plasmon sensor response covers three different
interrogation modes: (a) the angular interrogation mode, where the wavelength is
fixed and the response is monitored as a function of the incident angle of the light
(excluded for nanoparticles), (b) the wavelength interrogation mode, where the
angle of incidence of light is fixed and the sensor response is monitored as a
function of wavelength and (c) the intensity interrogation mode where both the
angle and the wavelength are fixed and solely the intensity is monitored. The latter
interrogation mode is only briefly treated in this book, because it is obviously less
sensitive than the other methods, but it may be relevant for analysis of large arrays
of sensor elements in surface plasmon resonance imaging of, for example, two-
dimensional arrays of sensor elements. The book starts with an introduction to
surface plasmons and surface plasmon resonance sensors followed by a sensor
design guide and descriptions of modelling the surface resonance response for
propagating surface plasmons and localized surface plasmons. These topics are
covered in Chaps. 1–5. For a number of materials systems and surface plasmon
configurations as described above, detailed surface plasmon response analyses are
presented in Chaps. 6–12. Finally, the results of the analyses are summarized in
Chap. 13 by a table and concluding remarks are presented. It is the hope of the
authors that the book will inspire scientists from several other fields beyond bio-
sensing and that it can help in introducing new materials and/or configurations for
surface plasmons, going beyond those based on gold and silver, whose effects have
already fascinated people for centuries.

Campina Grande, Paraíba, Brazil, October 2014 Leiva Casemiro Oliveira
Campina Grande, Paraíba, Brazil Antonio Marcus Nogueira Lima
Lyngby, Denmark Carsten Thirstrup
Campina Grande, Paraíba, Brazil Helmut Franz Neff
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Chapter 1
Introduction and Background Information

The optically excited surface plasmon resonance (SPR) in thin metal films, also
known as the surface plasmon polariton (SPP), is a scientifically and technologically
attractive physical phenomenon, utilized in the design of a large variety of physico-
chemical optical sensors. The collective electronic excitation originates from a coher-
ent, resonant interaction of photons with the free electron system in the metal. Its
negatively charged, mobile electrons oscillate at a plasma frequency ωp against the
static background of positively charged metal ions. At the resonance, the angular
frequency of an incident electro-magnetic wave corresponds to ωp. Furthermore, for
a thin metal film, confined between two identical or different bulk dielectrics, the
plasma resonance at frequency ωsp becomes considerably modified, when compared
with the situation in the bulk metal, the single metal-dielectric interface or to small
metal particles embedded within a dielectric matrix.

Under certain conditions, the SPP constitutes two modes of an attenuated,
TM-polarized electro-magnetic plane wave, expressed as A0e j(ωt−k·r). It propa-
gates along the metal-dielectric interfaces, with k representing the wave vector and
r the space vector, and A0 the interfacial field amplitude. Apart from appearance
of distinct optical absorption features that may involve co-existing symmetric and
anti-symmetric modes, the resonance is also linked to high interfacial electric fields.
Attenuation of the propagating SPP-wave caused by a limited lifetime reduces the
propagation length to the order of micro-meters or less. Eventually, the spectral or
angular variations of the resonance account for the characteristic features of an SPR
based optical sensor, commonly associated with its optical responsivity, the related
(linear) sensing range and the limit of detection (LOD).

The excitation and propagation of plasma waves in solids, considered as an ana-
logue to those in ionized gases, was established long time ago [1]. The plasmon
energy Esp

(
ωsp, ksp

)
varies with frequency ω and wave-vector k, which is known

as the plasmon dispersion relation. Originally, the existence of both, bulk and surface
plasmons in thin metal sheets was introduced to explain the inelastic scattering char-
acteristics of traversing free electrons [2]. Closed analytical representations of the
SP phenomenon were only reported within the classical Drude approximation (DA),

© The Author(s) 2015
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2 1 Introduction and Background Information

and thus were restricted to free electron type metals that exhibit strictly parabolic
conduction bands.

Briefly, the DA roughly explains the frequency dependent, complex electrical
conductivity of a metal sample as:

σ (ω) = σ0

1 + jω/γ
, (1.1)

and

σ0 = Ne2

meγ
(1.2)

is the dc-value, N is the number of electrons per volume unit,me is the effective elec-
tron mass, e is its charge and γ is an attenuation coefficient. At optical frequencies,
the complex dielectric constant (CDK) writes as:

ε′′ (ω) ≈
(

1 − ω2
p

ω2

)

+ j

(

γ
ω2

p

ω3

)

, (1.3)

with the plasma frequency of a bulk sample ωp given as:

ωp =
√

Ne2

meε0
. (1.4)

Ideally, the reflectivity from the surface approaches unity for the frequency range
ω < ωp, but drops to rather small values for ω > ωp. Both physical quantities, the
electrical dc-conductivity σ0 and the plasma frequency ωp, scale with N and

√
N

respectively. Hence ωp-as well as ωsp-should scale with
√

σ0. Nevertheless, the DA
is of only limited value for an understanding of the optical properties of real world
metals, which require inclusion of electronic band structure effects, particularly inter-
band transitions.

The resonant interaction of surface confined plasmons with light in thin metal
films leads to the concept of the surface plasmon polariton. As said above, the optical
reflectance differs significantly from the corresponding bulk sample. For a further
in-depths exploration of theoretical and experimental aspects, we refer the reader to
Refs. [3–20].

The experimental optical SPR set-up typically comprises a multi-layer arrange-
ment, where a thin metal film is embedded between two different or identical layers
of an optically transmitting dielectric material. Especially for optical sensor applica-
tions, one of the layers is either a polar (water) or non-polar liquid, and it is commonly
called “the analyte”. A sketch of the corresponding optical arrangement is shown in
Fig. 1.1.

A comparison between the CDK of Aluminum, as obtained from a modified
version of the DA and experimentally determined values, is depicted in Fig. 1.2
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Fig. 1.1 Sketch of a surface plasmon resonance set-up and required components in theKretschmann
configuration in the angular interrogation mode, employing a bulk glass prism and a thin glass chip,
attached thereon by an index matching gel for efficient optical coupling

Fig. 1.2 Comparison of the wavelength dependent CDK of Aluminum, obtained from the DA
(broken curves) with the experimentally determined CDK (solid curve)

for optical frequencies, illustrating the limitations of this approximation. Evidently,
the complex part ε′′ is too small and insufficiently reproduced by the DA, as well
as any wavelength dependent features in both, ε′ and ε′′ that appear at wavelengths
around 800nm.

There are a large number of solid, optically transmitting dielectric substrate
materials available. Thin metal films can be placed onto the substrates by means
of a suitable deposition method. This can be achieved using thermal or electron
beam evaporation in high vacuum, electrolytic deposition, magnetron sputtering,
laser ablation or chemical vapor deposition, among numerous other deposition meth-
ods. Thermal evaporation of pure metals requires temperatures between the metal
melting and boiling points, which usually needs to be sustained over a time span of
minutes, and a high vacuum environment.Magnetron sputtering is typically achieved
in gas plasma, supported by a magnetic field at low pressure (mTorr range) of
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un-reactive noble gases, usually Argon. Quartz microbalance recordings are
frequently used to determine the metal film thickness, down to the nanometer scale.

For the noble metals, the lower limit for deposition of homogeneous films is
20–30 nm. Due to an influence of surface scattering of charge carriers, the elec-
trical conductivity of thin, homogeneous metal films is considerably smaller, than
those obtained for a thick metal layer. Furthermore, very thin metal films, deposited
onto amorphous solid substrates below the critical film thickness and low substrate
temperature, tend to nucleate into small and electrically isolated islands. For such
inhomogeneous films, thermally activated electrical conduction via tunneling occurs,
resulting in a further increase of the electrical resistance. The present Fresnel model
still applies to inhomogeneous thin metal films, if the average island size exceeds
the SPP-propagation range. For smaller extensions, use of a model for localized
SPP’s would be required. Whilst the dc-conductivity is rather sensitive to the actual
film thickness, the materials specific CDK at optical frequencies remains largely
unaffected.

The SPP is observable by various optical configurations. Most commonly, an
incident collimated light beam at a pre-selected angle and/or wavelength range is
specularly reflected from an optically semi-transparent metal layer, comprising the
condition of total internal reflection (TIR). The reflected fraction of the incident
radiation is detected by a suitable optical receiver, which is frequently a CMOS or
CCD camera, or by a fiber optic spectrometer. Its output signals are processed by
suited algorithms for further information extraction. This optical set-up is known as
the “Kretschmann configuration”. It is widely utilized in the design of commercial
instruments. Since it avoids moving optical components, it is suitable for real time
monitoring of binding events to a metal surface. Other experimental optical configu-
rations include the “Otto-configuration”, and the “grating” based configuration. Both
optical configurations are not considered in this report.

Analytically, those optical features originating from the SPP phenomenon can be
obtained from a Fresnel analysis in a multi-layer matrix representation. This math-
ematical treatment requires experimentally determined materials specific dispersion
relations for the optical constants of the dielectrics and metals, being selected for the
respective materials combinations and wavelength range of interest. The MATLAB
software platform has been employed in this book, which efficiently supports the
lengthy matrix calculations.

Under certain conditions, multiple excitations may exist, or the width of the res-
onance would decrease substantially, along with an increased propagation length
and life time of the SPP at the interface: this effect is known as the long range sur-
face plasmon polariton (LRSPP), as reported earlier in Ref. [10]. This phenomenon
comes into effect for a symmetric dielectric layer configurations, where the CDK of
the supporting solid dielectrics with the metal film thereon, is close to the CDK of
the analyte solution at the opposite side. Results of the Fresnel analysis are presented
for selected metals in Chaps. 6–8.

Furthermore, the phenomenonof localized surface plasmonsmodes inmetal nano-
particles (NP’s) has attracted much attention recently. Within the DA, its frequency
is defined by

http://dx.doi.org/10.1007/978-3-319-14926-4_6
http://dx.doi.org/10.1007/978-3-319-14926-4_8
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Fig. 1.3 Sketch of an optical transmission set-up for detection of the localized surface plasmon
resonance, utilizing nano-particles (NP’s) dissolved in a liquid, contained in a glass vessel and
optical components

ωlsp =
√

Ne2

3meε0
. (1.5)

For an overview, we refer to Refs. [18, 19]. The theoretical model used here, utilizes
the Mie light scattering theory, described briefly in Sect. 5.3. Both SP-modes are
explored here for a limited number of metals.

A sketch of the experimental arrangement for optical spectroscopy with localized
plasmons is shown below in Fig. 1.3.

There are established chemical methods for synthesis of colloidal, metal nano-
particles and a variety of nano-particles is already commercially available. The selec-
tion of solid dielectrics including amorphous optical polymers, glasses, as well as
various crystalline substrate materials is shown below. TOPAS is the trade name for a
certain class of cyclo-olefinswith exceptionally good optical properties. Thematerial
behaves similar toBK7and iswidely used for large volumeproduction of commercial
optical products. For simplification, crystalline dielectric substrates are treated here
as isotropic. A large variety ofmetals has been explored bymulti-layer Fresnel analy-
sis, as is listed below. Optical materials parameters were taken from Refs. [21–32].
Data fits were made either by polynomial fits or suitable spline representations. The
SPR characteristic of the noble metals Au, Ag and Cu is well established, and fully
confirmed by experiments, although being restricted to few substrate materials. Here,
we present the SPR characteristic of a large variety of commonmetals, a quasi-metal,
a degenerately doped semiconductor and an example of a metal-dielectric superlat-
tice structure (Table1.1). All are of potential technical interest and can be produced
as thin films by established deposition methods, especially magnetron sputter depo-
sition. Native oxide layers-if present—forming upon contact of the individual metal
surfaces to air or water, are usually self-limiting in the mono—or few layer range.
They therefore do not significantly modify the SPP characteristics.

Figure1.4 illustrates the dispersion curves, i.e. the variation of the refractive
index as function of wavelength λ at ambient temperature for the dielectric substrate

http://dx.doi.org/10.1007/978-3-319-14926-4_5
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Table 1.1 List of materials: active metals and metallic compounds, solid dielectric substrates,
liquid dielectrics

SPR-active metals and metallic compounds

1. Aluminium (Al) 11. Lithium (Li) 21. Ruthenium (Ru)

2. Bismuth (Bi) 12. Lead (Pb) 22. Silver (Ag)

3. Chromium (Cr) 13. Magnesium (Mg) 23. Tantalum(Ta)

4. Cobalt (Co) 14. Molybdenum (Mo) 24. Tin (Sn)

5. Copper (Cu) 15. Nickel (Ni) 25. Titanium (Ti)

6. Gold (Au) 16. Niobium (Nb) 26. Titaniumnitride (TiN)

7. Indium (In) 17. Osmium (Os) 27. Tungsten (W)

8. IndiumTinOxide (ITO) 18. Palladium (Pd) 28. Vanadium (V)

9. Iridium (Ir) 19. Platinum (Pt) 29. Zinc (Zn)

10. Iron (Fe) 20. Rhodium (Rh) 30. Zirconium (Zr)

Solid dielectric substrates

1. BK7 5. PMMA 9. LiF

2. Sapphire 6. TOPAS 10. MgF2

3. Quartz 7. Teflon

4. PC 8. CaF2

Liquid dielectrics

Water and cyclo-Hexane

Fig. 1.4 Refractive index as
function of wavelength for
various dielectric substrate
materials
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materials under consideration. The materials specific coefficients BN and CN of the
Sellmeier equation, which writes as:

nMAT (λ)2 = 1 + B1λ
2

λ2 − C1
+ B2λ

2

λ2 − C2
+ B3λ

2

λ2 − C3
(1.6)

are indicated in Refs. [21–28, 33–35]. In some special cases, higher order polyno-
mials were also employed in the data fitting.

Similarly, the dispersion curves for the two liquid dielectrics at ambient temper-
ature are shown in Fig. 1.5. Lower and upper wavelength limits for all materials are
selected to maintain optical transmission>90%.Water is a versatile solvent used for
many organic and in-organic substances, including a large variety of bio-chemicals.
Use of an organic solvent is required for those reactive metals that would immedi-
ately oxidize on contact with water, without first forming a protective oxide-layer
at the surface. Many organic compounds, as well as some bio-chemicals dissolve in
cyclo-hexane.

Except the noble metals, metals in contact with water or the ambient atmosphere
form thin, frequently compact oxide films at the surface. The oxide layer usually
affects theSPR features depending, however, on its actual film thickness.Anoticeable
deterioration of sensor performance can be avoided, if the oxide layer thickness
remains on the order of one or two mono-layers. Films of highly reactive metals,
such as the alkaline earth metals, are not stable in contact with water or ambient
atmosphere and undergo an exothermic chemical reaction. Hence, use of a non-
oxidizing organic solvent as the liquid dielectric is essential.

The present book provides the information, that is needed in the design of an SPR
sensor: selection of the optical dielectric substrate and type of metal film, associated
input angle or angle range,wavelength orwavelength range, the thickness of themetal
film and optimal combinations thereof, where the resonance-or resonances-would
occur. Since solid-gas interfaces are rarely employed in SPR-sensor applications,
this situation is not included in the present materials evaluation. There are numerous
excellent review articles and books published that extensively treat basic physics
features of the SPR phenomenon and SPR-sensors.We refer especially to Refs. [7, 8]
and the review paper in Ref. [36]. Hence, these aspects are not covered in this report.
The information provided here rather supports those researchers and instrumental
developers who are planning to build or optimize their own SPR sensor.

Fig. 1.5 Optical dispersion
of water and cyclo-hexane at
ambient temperature
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Chapter 2
Physical Features of the Surface Plasmon
Polariton

The surface plasmon resonance is an interfacial many particle phenomenon, where
a resonant interaction of free electrons in thin metal films with incoming photons
accounts for an angular or spectral precisely defined optical absorption. This feature
is used in the design of optical sensors that are able to determine either the refractive
index of bulk solutions, or detect presence and/or temporal evolution of optically
transparent absorption layers in real time with exceptional accuracy.

The currently best known application area of SPR sensors is linked to biochemi-
cal research. The identification of antigen-antibody interactions, enzymatic reactions,
drug screening and forensics, the search for new bio-markers, proteomics and numer-
ous other applications are important research topics being addressed. Real time SPR
sensing also allows a kinetic analysis of selective binding mechanisms. As a major
advantage, SPR sensing technology avoids need for color, fluorescent or radio-active
molecular labeling. The surface plasmon resonance also plays a role in the surface
enhanced Raman scattering (SERS) process, may support heterogeneous catalysis
and the development of novel opto-electronic and magneto-optical devices.

The SPR phenomenon at solid-liquid and solid-gas interfaces is well established
for the noble metals including Gold, Copper and Silver. Primarily, since its opti-
cal materials properties are well-known, thin films of this class of materials class
are easily fabricated by evaporation at elevated temperature, and their surfaces are
relatively insensitive to oxidation. Nevertheless, a considerable fraction of common
metals-yet rarely considered as potential SPR sensor materials-also exhibits suited
electro-optical properties, i.e. sufficiently negative values of the real part of dielec-
tric constant in the visible and near infrared range of the electro-magnetic spectrum.
This feature establishes presence and the excitation conditions of SPP’s provided,
however, that such the films are placed onto and combined with suited dielectric
substrate materials. Furthermore, especially by means of magnetron sputter depo-
sition technology in inert atmosphere, thin layers of chemically reactive non-noble
metal on various dielectric substrates are readily produced without danger of sur-
face oxidation or bulk oxygen contamination. Cost reduction through replacement of
noble metals is a major requirement for large volume production and thus desirable
in the design of disposable biochips. A rather large number of optical, geometrical

© The Author(s) 2015
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and materials parameters determines the SPP: incident wavelength and angle range,
the substrate and metal film material, its thickness. To achieve optimum optimal
SPR sensor performance, all of these parameters must be appropriately selected and
adjusted for.

Briefly, existence and position of a surface plasmon resonance within a suited
energy/wavelength range ismost easily illustrated by the dispersion relations E (k) =
�k of the exciting photon and the SPP. E is the energy, � is the reduced Planck
constant, λ is the incident wavelength and k is the associated wave-vector. The SPP
wave-vector along the interface between ametal film and an adjacent liquid dielectric
writes as:

kspp (λ) = 2π

λ

√
εan (λ) εmr (λ)

εan (λ) + εmr (λ)
(2.1)

Within the wavelength range of interest, the CDK of the dielectric analyte εan (λ)

remains real. It should be re-called that the refractive index n is related with to the
CDK and permeability μ via: n = √

με, but simplifies to
√

ε, if μ ≈ 1. Further-
more, since the dielectric constant εmr (λ) = ε′

mr (λ) + jε′′
mr (λ) of the metal film

is a complex quantity, the wave-vector of the SPP also writes in a complex form
kspp (λ) = k′ (λ) + jk′′ (λ). To obtain a scalar representation for the dispersion
E (k) = �|k| transformation into a solely real expression by means of its complex
conjugate k∗

spp and calculation of |k| = √
k · k∗ is beneficial. The outcome of this

formal treatment is not obvious, and occasionally leads to unexpected features.
The photon wave-vector for propagation in vacuum is real and writes as:

kph = 2π

λ
(2.2)

Upon propagation within a non-absorptive dielectric substrate with refractive index
nMAT and incident angle θ , the wave-vector component parallel to the metal film
writes as

kph = nMAT
2π

λ
sin (θ) (2.3)

In case of surface plasmon-photon coupling, both expressions of Eqs. 2.1 and 2.3
match at the resonance wavelength λres (or λR), and the intersection point defines
the resonance position for this 3-phase layer system. The outcome is an analytical
expression for the refractive index of the liquid bulk analyte nan , as function of a
varying resonance angle θres or θR (the Angular Interrogation Mode—AIM), whilst
comprising a fixed incident wavelength λres ,

nan (θres) =
√

εmr (λres) [nMAT (λres) sin (θres)]2

εmr (λres) − [nMAT (λres) sin (θres)]2
(2.4)

Similarly, in the Wavelength Interrogation Mode—WIM, the refractive index of the
analyte as function of a varying resonance wavelength λres at fixed incident angle
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θ1, is expressed as:

nan (λres) =
√√√√ εmr (λres) nMAT (λres) sin (θ1)

4

[
εmr (λres) − nMAT (λres)

2 sin (θ1)
2]2 + εmr (λres)

2
(2.5)

These expressions illustrate that the physical function of an SPR-sensor essentially
resembles an optical refractometer.

Figure2.1 illustrates the elementary physical interaction scheme, based on energy-
momentum (wave-vector) conservation: the SPP-dispersion E(kspp) in case of a free
electron type Aluminum metal surface, and its coupling to photons, with dispersion
E(kph).

Ideally, E(kph) exhibits a straight line in vacuum (or gas), and is placed outside
of the SPP dispersion region. At low k-values, it may bend beneath the E(kspp)

regime, provided that the light beam propagates within a suitable dielectric substrate
that supports the metal film. Under optimum conditions, E(kph) intersects with the
SPP-dispersion at a well-defined resonance energy or wavelength, whilst the slopes
(or group velocities) comprise d E(kspp)/dk �= d E(kph)/dk. Furthermore, due to
the dispersion nMAT(λ) within a dielectric, over a large range of k-values, E(kph) is
not necessarily a simple straight line.

Fig. 2.1 Surface plasmon E(kspp) and photon E(kph) dispersions for a free electron type metal on
a quartz substrate, and described by the Drude equation, and deposited onto a quartz substrate. The
metal surface is in contact with water. QB denotes the quasi bound, and RPP the radiative surface
plasmon polariton branch. The cross-over is at 2.25 eV
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Furthermore, as is shown later for certain metal films, both dispersion curves may
quasi coincide at low k-values over an extended range, without existence of a sharp
cross-over point. In this case, the slopes d E(kspp)/dk ≈ d E(kph)/dk and results in
a spectrally broadened resonance.

At moderate to high kspp-values, the energy of the SPP of Al within the Drude
approximation remains constant at 6.6 eV. In accordance with the findings, reported
in Ref. [1], a further split-off plasmon branch exists, known as the quasi-bound
SPP. Its dispersion is placed within the so-called plasmonic gap, slightly above the
dispersion curve of the bound SPP. It is imaginary, exhibits an oppositely directed
group velocity and eventually evolves into the so-called a radiative plasmon mode
or RPP at low k, where it coincides with the photon dispersion. The SPP intersects
with the photon dispersion at around 2.25 eV, as is illustrated in the lower inset.
It is important to recall that strong spectral modulations/wavelength dependence
of the CDK may also result in weak variations of the SPP dispersion. For a few
metals, this phenomenon leads to additional intersection points with the more or
less linear photon dispersion, and it is independent of the actual eigen-modes of the
SPP-wave function. Furthermore, under certain conditions, and not outlined here in
more detail, a surface plasmon also may decay into an electron-hole pair (exciton),
along with generation of a freely propagating electron, provided that wave vectors
and particle energies match. This leads to enhanced internal photoemission, as is
reported in Refs. [2, 3] for an electrochemically roughened Silver film in contact
with water. Surface plasmon coupled UV-photon emission is a further plasmonic
radiative decay process, and reported in Ref. [4].
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Chapter 3
Physical Features of Surface Plasmon
Resonance Sensors

SPR sensors are normally based on a Kretschmann configuration and may be
operated in two different modes; the angular interrogation (AIM) and the wave-
length interrogation mode (WIM). In principle, as said before, SPR sensors are opti-
cal refractometers, and provide a refractive index nan-value. This quantity is available
in dimensionless refractive index units (RIU), either for bulk liquid analyte solutions
adjacent to, or of thin dielectric films adsorbed onto an SPR-active thin metal film,
in contact with a liquid solution behind.

Schematics of the optical set-up are shown in Fig. 4.1a, b, each setup comprising
a flat dove type prism chip. The design route allows the construction of compact
instruments and avoids implementation of a bulky optical prism. The optical function
of SPR chips is similar to a wave guide. In the AIM, incident radiation is spectrally
narrow band, whilst the angle range is wide and the resonance angle is recorded. In
the WIM, the incident radiation is spectrally broadband, the incident angle range is
narrow, comprising a collimated light beam, and the resonance wavelength is tracked
by a spectrometer. A third-less popular-hybrid sensor configuration is the Intensity
Mode (IM), as shown in Fig. 4.1c, where a collimated beam at fixed (resonance)
angle and wavelength is employed.

The intensity minimum, as illustrated in Fig. 5.2, indicates the resonance position.
Intensity variations and displacements of the resonance are tracked by the electrical
output signal of a simple single element optical receiver. A fourth operation mode,
not considered here, relies on optical phase recordings. The experimentally demand-
ing method utilizes an ellipsometric arrangement, where optical phase changes are
detected by means of a rotating polarizer.

For extraction of the resonance minimum, twomeasurements are needed to locate
its precise angle or wavelength, respectively, defined by the intensity ratio:

Ires = Iwet (θ, λ)

Idry (θ, λ)
(3.1)
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These quantities are taken either as function of angle θ in the AIM, or wave-
length λ in the WIM. Idry (θ, λ) is the reflectance signal, obtained from the dry
cell, and Iwet (θ, λ) is recorded in presence of the liquid analyte. This normalization
procedure eliminates spatial or spectral non-uniformities within the detected beam
profile, caused by the characteristics of light source and/or optical receiver. As a
result, the resonance feature is extracted, as illustrated in Fig. 5.2. Outside of the
resonance, the ratio approaches unity, whilst virtually all radiation is absorbed at the
resonance minimum. A change of the bulk refractive index of the analyte Δnan, or
presence of an adsorption layer with nanometer thickness d, comprising a refrac-
tive index different from the adjacent liquid dielectric, usually causes a shift of the
minimum to a higher angle in the AIM, or to longer wavelength in the WIM.

Furthermore, dark current correction of the receiver output signal, as well as
dynamic compensation of low frequency light source and/or receiver fluctuations
(1/f -noise) should be taken into account, especially towards reduction of long
term thermal drift effects. Mathematical signal averaging and smoothing routines
are commonly implemented to further improve the signal-to-noise ratio. Short
term fluctuations and noise magnitudes σ , respectively, of the refractive index
〈σnan〉 ≈ 10−7 RIU, along with long time signal drift levels ≤10−4 RIU/h are
achievable under optimum conditions. Both quantities determine the limit of detec-
tion (LOD), defined as the 3σ -value.

Short term noise originates primarily from fluctuations of the light source. It is
determined and can be controlled by the quality of the power supply and electrical
biasing settings for light emitting diodes or lasers. Noise contributions from state-of-
the art CMOS or CCD cameras usually are small and can be neglected. Long term
instrumental drift is mostly caused by thermal effects. The total instrumental linear
dynamic sensing range for a recorded refractive index variation Δnmax

an should reach
0.1 RIU. The optical sensing depth of SPR sensors, and associated electric fields,
extends approximately λ/3 into the volume of the adjacent liquid analyte, albeit
field penetration is much shorter within the metal film. If both signs of the electric
fields are identical, then the associated SPP wave-function is symmetric, otherwise
anti-symmetric. The refractive index change, resulting from the presence of a non-
absorptive ad-layer is obtained from the difference Δnads = neff − nan, where nan is
the RIU value, as recorded for the plain analyte, and neff denotes the corresponding
value in presence of an ad-layer. The former case is called an optical 3-layer set-up;
the latter situation is assigned to an optical 4-layer system. Since both configurations
are equivalent, it is sufficient to treat the 3-layer system in the Fresnel simulation.

Furthermore, for adsorbed dielectric films ≤100 nm thickness, a linear relation
exists between the ad-layer induced refractive index change Δnads and its thickness
or, alternatively, the particle surface concentration. Large molecules do not necessar-
ily form a homogeneous film. With assumptions on size and orientation of adsorbed
molecules, the effective surface coverage beneath a complete mono-layer can be
estimated, as outlined in Ref. [1].

http://dx.doi.org/10.1007/978-3-319-14926-4_5
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Chapter 4
Design Features of Surface Plasmon
Resonance Sensors

4.1 Propagating Surface Plasmons

The two sensing modes under consideration exhibit advantages and disadvan-
tages in terms of technical complexity, data processing and operation conditions.
The temperature coefficient of the refractive index of water at ambient T , with
−1.2 × 10−4 RIU/◦C, is quite high and exceeds those of the optical components,
typically used in the optics design. Hence, it should be recalled that SPR sensors are
particularly sensitive to temperature fluctuations. They are also sensitive to mechan-
ical vibrations or thermal distortions in the optical path, down to the micrometer
or even sub-micrometer levels. A rigid mechanical design is therefore beneficial.
Surface conditions, preparation and functionalization, as well as long term temporal
stability and signal drift effects are further important issues, since recordings may
last for several hours. Usually a flat exchangeable and/or disposable optical glass or
polymer chip is used. The chip comprises a metal film on the top—in contact with
the liquid analyte—and it is attached to a bulky glass prism on the bottom via an
index matching oil or gel. Optical chips can also be designed as Dove type prisms
or flat plates with integrated diffractive optical coupling elements. Compared to the
classical bulk prism design, such optical chips are mechanically more easily inte-
grated into an instrumental set-up, as outlined in Ref. [1]. Among other issues, this
approach also avoids need for index matching optical elements, as gel or oil.

A retractable micro-fluidic cell is attached to the upper surface in the center of the
Dove prism. An external peristaltic or syringe pump enables all solutions as well as
the liquid analyte to be guided to the central sensing spot. To perform reliable and
reproducible recordings, a proven protocol of surface cleaning, functionalization,
surface rinse/wash and analyte admission steps is required, as well as use of high
quality solvents and solutes. The possibility of chip fabrication from relatively low
cost optical polymermaterials and injectionmolding technology allows large volume
production and disposable use. Schematics of the optical set-ups based on the Dove
type prisms operating at the angular, wavelength and intensity interrogation modes
are shown in Fig. 4.1.

© The Author(s) 2015
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Fig. 4.1 Principal design
features, components and
set-up for WIM, AIM and
IM operation, using a Dove
type glass prism chip with
absence of a index matching
gel or liquid

Until today, the majority of commercial SPR-instruments with real time opera-
tion capability utilize the AIM. It is evident that this mode offers considerably higher
flexibility, since no moving parts or dispersive elements are required and the instru-
mental performance is largely determined by the quality of the data processing soft-
ware. As is outlined later, the angular resonance position is much more pronounced
than the corresponding spectral feature, especially for SP-active films, made from
other than the noble metals.

An example of a compact SPR instrument, employing a disposable optical chip
attached to a micro-fluidic cell, is shown in Fig. 4.2. Its outer dimensions are 12 ×
6 × 6 cm. The components of the device are made from Aluminum, and they are
embedded in a thermally isolating PET housing. The unit is attached to an electrically
controlled Peltier cooler device, to sustain a stable internal instrumental temperature.
The data acquisition system utilizes a commercial FPGA (field programmable gate
array) for processing the output data of a Hamamatsu CMOS image sensor. The
instrument can be operated in all three modes (AIM, WIM and IM), depending on
the selected light source, optical chip and radiation detector.
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Fig. 4.2 Example of a compact, thermally stabilized SPR instrument that utilizes diffractive optical
coupling chips in the AIM

Optical simulation results presented in this report address the relevant aspects of
the SPR phenomenon, preferably for the metal-water interface and, in few cases,
for the solid-hexane interface: optical reflectance for p-polarized radiation (with the
E-field vector parallel to the incident plane) as function of wavelength, incident
angle; selection of the metal film at its optimal thickness, and the most suitable sub-
strate material. From these data, the achievable SPR-sensor responsivity, spectral
and angular broadening at half maximum (FWHM) and achievable sensing range
are extracted. An achievable LOD value is not provided, since this performance
parameter largely depends on the quality and noise level of the opto-electronic com-
ponents of the instrument. However, the LOD approximately scales with the spectral
(Δλres) or angular (Δθres) resonance width that defines the accuracy to which the
actual resonance position can be determined. These quantities are the essential design
parameters of interest for the construction of this sort of optical instruments.

In principle, each metal film will display a surface Plasmon resonance. However,
its position may be placed at either a wavelength or an angle, which is technically
difficult to use or to implement. The wavelength regime λ < 1,000 nm is easily
accessible by means of silicon based light detectors. Especially CMOS detectors are
available at moderate cost, while at larger wavelengths either germanium based, or
expensive compound semiconductor receivers must be employed.

SP-resonance angles typically appear at incident angles >55◦ and extend up to
80◦. For an optical construction, the upper angle limitation ≤75◦. Furthermore, in
the design and implementation of the radiation/image sensor, one needs to com-
promise on individual pixel size/area, and the distance between pixels (pitch). The
larger the area, the higher the output signal is, while the angular resolution decreases.
The achievable angular resolution 10−4 degree, but requires suitable data process-
ing algorithms to achieve appropriate sub-pixel resolution. The spectral resolution
of spectrometers for WIM operation should not be below 1 nm. Compact, high
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Fig. 4.3 Influence of the substrate material and angle on the shape and strength of the SPR signal
in the WIM. Example of Lithium deposited on Sapphire (a–d) and Quartz (e–h)

resolution fiber optic spectrometers are now available at moderate cost. For AIM
applications, diode lasers and LED’s with excellent quality are available to wave-
length ≤1.6µm. However, it is quite difficult to find suitable spectrally broad band
radiation emitters at wavelength >0.8 µm, which usually require so-called “globar”
low resistive ceramics, along with high current power supply.

An example of a series of SPR plots, as will be presented in this report for the
different metal films is shown below in Fig. 4.3.

The figures illustrate the optical reflectance of p-polarized radiation as function
of wavelength for a 50nm thin Lithium film, deposited onto a Sapphire (lower fig-
ures a–d), and on a quartz substrate (upper figure e–h). On the opposite side, the
Li-metal film is in contact with a dielectric cyclo-hexane solution to prevent surface
oxidation. The refractive index of this non-oxidizing organic liquid is displayed for
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a series of increasing values, indicated by different colors. Four incident angles of
45◦, 68◦, 71◦ and 80◦ have been considered. Both dielectric substrate materials are
frequently used for SPR sensors. It is evident, that the Sapphire substrate accounts for
pronounced SPR dip near a wavelength of 600nm for all angles, except 45◦. In con-
trast, the quartz substrate in connection with Li-films is not suitable for SPR sensing
(see Y-scale factor), since the associated SPR-dip appears only at very high incident
angle ≈85◦, which is unsuited for a reliable optical construction.

Also included and illustrated in this report are the materials specific photon and
SP-dispersions and associated resonance conditions. As mentioned above, these
investigations are made for a broad range of common substrate materials, as are
organic polymers used in optics, glasses and inorganic crystals. Only such metals
are considered, from which thin films can be readily made by established sputtering
methods, and reliable optical materials parameters are available. The optimal film
thickness that is required for SPR excitation is determined and it is typically within
the 20–70 nm nanometer range. It depends considerably on the metal film materials,
and it is also sensitive to and varies with the selected dielectric substrate. However,
for certain SPR-active, highly doped semiconductors or semi-metals, the optimal
film thickness is substantially higher. Resonance wavelengths vary broadly from the
UV region to the near infrared part of the electromagnetic spectrum, and incident
angles for SP excitation usually exceed 55◦.

The present work also treats the SPR characteristic of a selected dielectric-metal
multilayer system, beyond the immediate need for practical application. The optical
properties of these artificial structures are yet not established and suitable experi-
mental deposition methods thereof have not been exploited.

The primary feature of interest in the design of an SPR sensor is:
SPR responsivity in the AIM: ratio of the variation of the resonance angle Δθres

with the refractive index variation Δnan, defined as RAIM = Δθres/Δnan.
SPR responsivity in the WIM: ratio of the variation of the resonance wavelength

Δλres with the refractive index variation Δnan, defined as the differential RWIM =
Δλres/Δnan.

If the imaginary part of the metal CDK is sufficiently small, an analytical expres-
sion can be derived for the optical responsivity RAIM in the AIM from (2.4) by dif-
ferentiation. For the noble metals Au, Ag and Cu, it writes with sufficient accuracy
as:

RAIM = εmr
√−εmr

(
εmr + n2an

)√
εmr

(
n2an − n2MAT

) − n2ann2MAT

(4.1)

This expression requires that the associated spectral resonance wavelength λres is
reliably known:

εmr is the real part of the dielectric function of themetal film, nMAT is the refractive
index of the dielectric substrate and nan is the effective refractive index of the liquid
analyte under consideration. In general,RAIM is a non-linear function of all variables.
However, neglecting the imaginary part of themetallic CDK is inappropriate formost
other metals, and the approximation given in 4.1 is not applicable.

http://dx.doi.org/10.1007/978-3-319-14926-4_2
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At present, an analytical representation for RWIM = Δλres/Δnan in the WIM is
not available. Inclusion of all optical dispersion relations for the different materials
involved leads to rather odd analytical expressions. Nevertheless, RWIM is numer-
ically accessible from a Fresnel analysis, as is outlined below for the individual
materials combinations.

4.2 Localized SP’s

There are a number of experimental configurations for measurements of the localized
surface plasmon response, including direct optical transmission measurements [2–4]
and reflectance measurements [2, 5] for measuring extinction spectra of an ensemble
of nano-particles. An example of a Dove prism set-up, analog to those of Fig. 4.1a–c,
is given below in Fig. 4.4

Since the extinction spectrum of a nano-particle (NP) sensitively depends on
its size and shape, extinction spectra of an ensemble of particles are inhomoge-
neously broadened [6]. It is therefore often desirable to obtain extinction spectra
from colloidal particles. Dark-field imaging using a high-numerical aperture dark-
field condenser and a low numerical aperture microscope objective combined with
a liquid crystal tunable filter and a cooled CCD camera have been used to record
single NP scattering spectra [7]. An alternative configuration utilizes Dove prism
coupled total-internal-reflection (TIR) spectrometry, where the extinction spectrum
is obtained collecting the scattered light by a photo-spectrometer, or an image is
recorded by a CCD camera [4, 8]. A micro-fluidic cell is attached to the upper
prism surface. It supplies the analyte solution, through a micro-flow channel to the
central sensing spot. Through the TIR effect at the upper prism surface, a consider-
able E-field component of the incoming radiation extends into the flow channel and

Fig. 4.4 Principal design features, components and set-up for LSPR spectroscopy, using a Dove
type glass prism chip (NP’s are detected in flow cell)
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interacts with the NP’s. The latter configuration, as illustrated schematically in
Fig. 4.4, is similar to the Kretschmann prism coupling configuration, as used in the
design of a conventional surface plasmon resonance sensor, outlined before. How-
ever, this arrangement does not comprise a thin semi-transparent metal film on the
prism’s upper surface. A microscope objective collects the scattered light from the
NP’s, illumination is achieved by white light source and a photo-spectrometer mea-
sures the spectra or images are recorded by a camera, which may be combined with
a tunable wavelength filter. An additional photo-spectrometer may also measure the
light spectra at the output of the prism similar to the case of conventional wavelength
interrogation SPR sensors (not shown in Fig. 4.4).

Compared to conventional propagation SPR sensors, the sensitivity of LSPR sen-
sors is lower because of a smaller evanescent wave decay length, unless the sensing
layer thickness is smaller than or similar to the evanescent wave decay length of the
LSPR, i.e. of the order of 20 nm [9]. In this case, the LSPR sensor has the advantage
of being less sensitive to temperature fluctuations [10]. The synthesis of metallic
NP’s is discussed in Ref. [11].
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Chapter 5
Data Extraction Algorithms

5.1 Multilayer Fresnel Analysis for Extended Metal Films

The Fresnel equation system in its matrix representation is the appropriate tool to
analyze the optical properties of multi-layer systems, treating all interference effects,
except diffraction. It has been introduced about 50years ago by F. Abelés.We refer to
Ref. [1], and references cited therein. The outcome is a precise value for the reflection
and transmission coefficients of an optical wave, incident onto an ensemble of several
interfaces and media, with a given incident angle and different (complex) refractive
indices.

Here, the equations are applied to a film arrangement that comprises 3 layers with
different refractive indices, as is illustrated in Fig. 5.1a. For comparison the 4 layer
configuration is included in Fig. 5.1b. The different media are described as follows:

Medium 1: The optically transmitting substrate material with a known high (real)
refractive index n1re and a thickness d1, considered as being infinite.

Medium 2: A thin metal film, with a known complex refractive index n2 =
n2 + iκ2. The thickness d2 is much smaller than the wavelength of the incident light.

Medium 3: A liquid layer, which is usually aqueous solution, with a known (real)
refractive index n3. The thickness is d3, considered to be infinite.

All optical quantities vary with wavelength.
Briefly, reflection, absorption and transmission of a p-polarized light beam,

impinging onto a planar multilayer structure (see Fig. 6) are computed by means
of the transfer matrix method. As the first step for creation of the transfer matrix
both, the admittance qj and layer phase shift βj are defined

qj =
√

n2j (λ) − (nMAT (λ) sin (θ1))
2

n2k (λ)
(5.1)

βj = 2π

λ
dj

√
n2j (λ) − (nMAT (λ) sin (θ1))

2 (5.2)

© The Author(s) 2015
L.C. Oliveira et al., Surface Plasmon Resonance Sensors,
SpringerBriefs in Physics, DOI 10.1007/978-3-319-14926-4_5

27



28 5 Data Extraction Algorithms

Fig. 5.1 Three-layer system and optical boundary conditions used for the Fresnel calculations in
a, b illustrates the 4-layer configuration

for each layer. In (5.1) and (5.2) nj = njr + injI (i = √−1), nj is the refractive
index of the medium j; θj is the incident angle of light into the medium j; dj denotes
the width of the layer and λ the wavelength of the incident radiation. The incident
light beam experiences multiple reflections until it reaches the last layer, and all of
them must be taken into account in the total reflection/transmission calculation. The
transfer matrix that describes the transfer of a wave, propagating from medium j to
medium j + 1 is then defined as:

Mj =
[

cos
(
βj

)
(i sin (βi)) /qj

−iqj sin
(
βj

)
cos

(
βj

)
]

(5.3)

The total transfer matrix, Mtot , calculated as a function of the individual matrices
Mj for each interface between the media, writes as:

Mtot =
m−1∏

j=2

[
m11 m12
m21 m22

]
(5.4)

The total reflection R and the transmission coefficients T , the so-called Fresnel coef-
ficients, of a multilayer structure composed of m layers is obtained from (5.9) and
given by

R = (m11 + m12qm) q1 − (m21 + m22) qm

(m11 + m12qm) q1 + (m11 + m12) qm
(5.5)

T = 2qm

(m11 + m12qm) q1 + (m11 + m12) qm
(5.6)

It is illustrated in Fig. 5.2 that the minimum of the reflectivity (θres in the AIM
and λres in the WIM) defines the resonance condition.
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Fig. 5.2 Example of an asymmetric surface Plasmon resonance curve, as obtained from the Fresnel
analysis. The displacement from λres1 to λres2 in theWIM, or from θres1 to θres2 in the AIM indicates
a change of the refractive index of layer 3. The broadening parameter taken at FWHM is calculated
as Cr+Cl, where Cr and CL are the distances in degrees (AIM) or nanometers (WIM) between
resonance minimum and right and left edges of the curve, respectively

Modifications of the chemical composition of the analyte solution, or presence of a
dielectric ad-layer on the metal surface cause a displacement of θres and/or resonance
wavelength λres. On experimental data, numerous, fast tracking algorithms have been
developed to extract the exact reflectance minimum of the SPR curve in real time.

5.2 Long Range Surface Plasmon Polaritons

Long range surface plasmon polaritons (LRSPP) are a special case and exist under
selected layer conditions. Calculations for the LRSPP utilize the same Fresnel
equations system as outlined before. However, a second thin dielectric layer is addi-
tionally placed onto a BK7 bulk substrate to form a dielectric bi-layer. Here, a Teflon
film with varying thickness, ranging from 200–400 nm has been selected. This poly-
mer exhibits a low refractive index, close to those of the aqueous analyte solution.
It almost establishes the symmetric dielectric layer configuration that is needed for
excitation of the LRSPP.With this condition, the SPP dispersion splits into a symmet-
ric (same sign of the E-field of the SPP across the interface) and an anti-symmetric
branch (with opposite sign). Both branches intersect with the photon dispersion. This
results in two co-existing SP-resonances, which are detectable in both the WIM and
AIM mode. For further details of this SP-sensing method, we refer to Ref. [2].
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5.3 Localized Surface Plasmon Resonance in Small Particles

As mentioned earlier, SP’s, linked to an extended conductive material-dielectric
interface are propagating transverse magnetic (TM) surface waves. They exhibit
the maximum field intensity at the interface that decays exponentially into both
media. In an aqueous dielectric medium, the evanescent wave decay length is of
the order of 200–400 nm and surface plasmon resonance sensors utilize the extreme
sensitivity of the resonance position to refractive index changeswithin approximately
the evanescent wave decay length into the adjacent dielectric medium. Employing
a nano-particle (NP) smaller than the wavelength of light and composed by the
same conductive material, the surface plasmon will be localized at the NP, and thus
represent an eigenmode of the wave equation. The associated evanescent wave decay
length is of the order of 5–30 nm. Within the NP, free conduction electrons will
oscillate coherently with the frequency of light that illuminates the NP. There exist
various chemical reactions and treatments for generation of colloidal metal particles
with defined geometric properties.

The theoretical description of extinction and scattering of a particle by light can
be described by the Mie theory [3–6]. There are extensive reviews about this electro-
magnetic model, and descriptions can be found in several monographs and text books
[7–10]. The Mie theory applies to homogeneous and spherical particles.

Briefly, assuming that a conductive spherical particle is illuminated by a plane
wave of light exciting a localized surface plasmon, the problem of scattering can be
solved by expanding the incident, scattered, and internal fields in a series of vector
spherical harmonics, where the coefficients of expansion are determined by requiring
continuity of the tangential components of the electric and magnetic fields across
the surface of the spherical particle. The coefficients of the infinite series for the
extinction and scattering coefficients are [8]:

Cext = 2π

k2

∞∑

j=1

(2j + 1)Re
{
aj + bj

}
(5.7)

Csca = 2π

k2
∑

(2j + 1)Re
{∣∣aj

∣∣2 + ∣∣bj
∣∣2

}
(5.8)

and the absorption coefficient is then obtained from

Cabs = Cext − Csca (5.9)

Assuming that the permeability (μ) of the particle and the dielectric surrounding it
is the same, the scattering coefficients in Eqs. (5.7) and (5.8) can be written [8]:
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aj =

[
ψ ′

j (mx)

mψj(mx) + j
x

]
ψj (mx) − ψj−1 (mx)

[
ψ ′

j (mx)

mψj(mx) + j
x

]
ξj (mx) − ξj−1 (mx)

bj =

[
mψ ′

j (mx)

ψj(mx) + j
x

]
ψj (mx) − ψj−1 (mx)

[
ψ ′

j (mx)

ψj(mx) + j
x

]
ξj (mx) − ξj−1 (mx)

where x = ka is a size parameter, with a being the radius of the spherical particle
and k being the wavenumber of the incident light; m is the ratio between the complex
refractive index of the particle nm, where n2m = ε′

mr (λ)+ iε′′
mr (λ), and the refractive

index of the surrounding dielectric (nan); ψj and ξj are oscillating, but non-periodic
Riccati-Bessel functions. A number of web sites provides programs for computations
of light scattering from nanoparticles by solving Eqs. (5.7–5.9) [11].

5.4 Partial Differential Equation Formulation

The rigorous study of surface plasmon lies within the framework of the Maxwell’s
equations and eventually leads to the solution of the partial differential equation
that represents a relatively complex physical phenomenon. Such approach permits
a complete evaluation of the electro-optical characteristics of the surface plasmon,
whilst exploiting optical reflections, interferences and scattering. The basic model is
provided by the wave equation which is given by

(∇ − ik) × μ−1
r ((∇ − ik) × E) − k20

(
εr − jσ

ωε0

)
E = 0 (5.10)

which includes wave-vectors and relevant physical constants. Examples of a surface
plasmon related reflectance curves for a thin Iron films in presence of a magnetic
field that utilizes changes in the magnetic permeability (μ) are shown in Chap.9.

The Finite Element Method (FEM) is widely used for solving partial differential
equations. A important advantage of FEM is the flexible assessment of geometry
effects in two or three dimensions and inclusion of magnetic phenomena, where the
magnetic permeability μ exceeds 1. Hence, the FEM expands research work to a
substantially higher level, and principally inclusion of all phenomena that affect the
SPR signal: adsorption kinetics, thermal and hydrodynamic effects by flow injection,
influence of mechanical, magnetic and optical phenomena.

http://dx.doi.org/10.1007/978-3-319-14926-4_9
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Chapter 6
SPR-Sensor Properties of Metal Films
and Particles: Free Electron Type Metals

6.1 Thin Aluminum Films and Colloidal Particles

The complex optical constant εmr(λ) = ε′
mr(λ)+jε′′

mr(λ) of theweakly paramagnetic
metal has been taken from Ref. [1], as illustrated in the right inset of Fig. 6.1. The
electron configuration of the single atom in the ground state is [Ne]3s23p1. The outer
single 3p and 3s electron states account for the partially occupied and nearly parabolic
conduction band in the solidifiedmaterial. The band-structure of themetal is reported
in Ref. [2] and exhibits a high electrical dc-conductivity of 35.5 × 106 (�m)−1 at
ambient T (20 ◦C). Electrical materials parameters for Al and the following metals
were taken from Ref. [3]. The CDK can be approximated by a modified form of the
Drudemodel. ε(λ)decreases steadily to high negative valueswithin the spectral range
of interest. However, both ε′(λ) and ε(λ)′′, reveal a prominent feature near 800 nm.
It originates from an inter-band transition that is not considered in the simple DA.
The SPP and photon dispersions are shown in Fig. 6.1; Polycrystalline or amorphous
Aluminum films are most easily deposited by magnetron sputtering from a massive
Al-target in low pressure Ar-atmosphere, by electron beam or thermal evaporation
from electrically heated Tungsten or Ta foils or carbon boats in high vacuum to avoid
bulk contamination of the films with oxygen. The boiling temperature of Al with
2,470 ◦C is rather high. Upon contact with air or water (pH 7), a dense, amorphous
self-limiting native oxide layer of 0.2–0.4 nm thickness and chemical composition
Al2O3 forms on the pure Al-film surface very fast. The SP-resonance is only weakly
affected through its presence.

Towards high k-values, the surface Plasmon energy ESPP(k) at the Al-water inter-
face approaches 7.6 eV. In case of a BK7 substrate, photon and SP-dispersion curves
intersect at two points: near 4 eV at short and around 1.5 eV at much longer wave-
length, as is illustrated in the magnified left lower inset. The spectral distribution of
the reflectanceR(λ) in theWIM, as is resolved in Fig. 6.2 formost substratematerials,
exhibits resonance splitting: an SP-dip at short (Sw) and longer wavelength (Lw).
Both resonances belong to short range SP’s, with symmetric E-field distributions
into the adjacent dielectrics and the metal film. The resonance features seem most

© The Author(s) 2015
L.C. Oliveira et al., Surface Plasmon Resonance Sensors,
SpringerBriefs in Physics, DOI 10.1007/978-3-319-14926-4_6
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Fig. 6.1 Photon and symmetric SPP-dispersion at the Al-water interface (solid-line) for BK7
substrates (dashed-line). Right inset reveals the real and imaginary fractions of the CDK of the
metal. The primary upper intersection point is located at 4 eV. Left lower inset illustrates amagnified
section of two further cross-over points at low k-value and energy near 1.4 and 1.6 eV

Fig. 6.2 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 400 nm <

λ < 1,400 nm. The Al-film thickness is 20 nm, being in contact with water as the liquid dielectric

pronounced for Quartz and BK7 glass substrates. PC, PMMA, Sapphire, MgF2 and
LiF apparently are poorly suited as substrates for SPR sensing. This is most clearly
visible in the data set of Fig. 6.3, computed for AIM conditions.

For the Quartz substrate, the SP-energy (eV) varies with the incident angle within
the range 65◦ < θ < 75◦ approximately linearly as: ESP(θ) = 0.357θ − 23.02.
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Fig. 6.3 Reflectance curves under AIM-conditions and best SP-depths for different substrate mate-
rials, as indicated in the plots, and different incident wavelengths for the angle range 50◦ < θ < 80◦.
Al-film thickness is 20 nm, in contact with water

The sensing characteristic of each metal are obtained from of the aqueous analyte
withRIU-values 1.33 < nan < 1.39 and increases of 5×10−3 RIU.TheWIMsensing
characteristic for Al-film is shown in Fig. 6.4 for BK7, comprising a resonance angle
of 68◦. Two resonances, i.e. a resonance splitting effect at short (Sw) and long (Lw)

Fig. 6.4 WIM-sensor properties, spectral reflectance R(λ) for different RIU-value of the aqueous
analyte 1.33 < nan < 1.39 with increases of 5 × 10−3 RIU, indicating resonance splitting. Sub-
strate is BK7, incident angle is 68◦. Insets show resonance displacements λres(nan), responsivity
RWIM (nan) and line broadening Δλres(nan) for Sw and Lw excitations
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Fig. 6.5 AIM-sensor properties: angular reflectance R(θ) for different RIU-values of the aqueous
analyte 1.33 < nan < 1.39 with increases of 5× 10−3 RIU. Substrate is BK7, incident wavelength
345 nm (Sw-excitation). Three figures at right show resonance displacements θres(nan), and line
broadening Δθres(nan) for Sw at top, responsivity RAIM (nan) for three wavelength below

wavelength are resolved. The displacement of the resonance position in the Sw (start
at 380 nm) and Lw (start at 840 nm) as function of the refractive index (RIU) of the
liquid analyte are shown in the lower left inset. The depth/contrast of both resonances
varies oppositely with increasing RIU-values of the analyte. The associated sensor
responsivities are illustrated in the lower right inset. The Sw-resonance substantially
exceeds the responsivity of the Lw-excitation. Both quantities increase weakly non-
linear with the RIU variation of the analyte. The SPR-line broadening effect (at Full
Width at HalfMaximum (FWHM)) of both resonances is presented in the upper right
inset, and indicates smaller values with Sw excitation conditions.

The SPR-sensing characteristic in the AIM is shown in Fig. 6.5, comprising an
initial resonance angle of 68◦ and wavelength of 348 nm (Sw-resonance). The depth
of the SPR resonance is independent of the RIU of the analyte, in contrast to the
WIM. A nearly linear increase of resonance angle, SPR sensor responsivity RAIM

and line broadening with the RIU of the analyte are resolved in the upper right and
lower insets. The analysis reveals that the responsivity RAIM at short wavelengths
(Sw) with a value centered around 130◦/RIU, is favorable.

Eventually, the influence of film thickness for the WIM and AIM is outlined in
Figs. 6.6 and 6.7 comprising Sw and Lw-optical excitation conditions. This data set
clearly indicates that the Al-film thickness for optimum SPR sensor operation is
placed at 20 nm.

6.1.1 Long Range Surface Plasmon Polaritons (LRSPP-Mode)

The spectral SP-sensor properties in presence of an additionLRSPPmode in theWIM
are depicted at the left side of Fig. 6.8, and reveal three prominent co-existing SP-
excitations: two symmetric, short range modes (blue lines at right figures) at 400 and
800 nm, and the addition anti-symmetric, long range (LRSPP) mode (green lines)
at 1,200 nm. All plotted for a set of different nan-values The weaker SP-feature
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Fig. 6.6 WIM-reflectance at the SP-resonance for different Al-film thickness values of 1, 10, 20,
30 and 50 nm. RIU-value of the aqueous analyte: 1.33 < nan < 1.39 with increases of 5 × 10−3

RIU

Fig. 6.7 AIM-reflectance at the SP-resonance for different Al-film thickness values of 1, 10, 20,
30 and 50 nm. RIU-value of the aqueous analyte: 1.33 < nan < 1.39 with increases of 5 × 10−3

RIU

Fig. 6.8 WIM-sensor properties in presence of the LRSPP mode (line with circles): spectral
reflectance R(λ) (left figure) for different RIU-values of the aqueous analyte 1.33 < nan < 1.39,
indicating three SP-dips. Substrate is BK7, with a 250 nmTeflon film on top, incident angle is 62.5◦.
Three figures at right show line broadening Δλres(nan) and resonance displacements λres(nan) at
top and responsivity RWIM (nan) below for short (line with squares) and long range SPP’s (line with
circles)

at 800 nm is also a short range symmetric mode, assigned before as Lw-mode.
Comparison with Fig. 6.4 illustrates an increase by a factor 2 for the responsivity
RWIM(λ) for the LRSPP-mode, up to high values of 13,000 nm/RIU. In contrast to
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Fig. 6.9 AIM-sensor propertieswith the addition anti-symmetricLRSPP-mode: angular reflectance
R(θ) (left) for different RIU-values of the aqueous analyte 1.33 < nan < 1.39 indicating two SP-
dips. Substrate is BK7 with a 250 nm Teflon film on top, and the metal film placed thereon. Incident
wavelength is now 670 nm. Three figures at right show line broadening Δθres(nan) and angular
resonance displacements θres(nan) at top, and responsivities RAIM (nan) for both modes below

the short range Surface Plasmon, shown before, this sensor quantity does not vary
significantly with nan.

SP-sensor properties of the LRSPP mode in the AIM are depicted in Fig. 6.9. In
this mode, the highest achievable sensor responsivity RAIM(θ) is not much different
from the short range SPP, depicted in Fig. 6.5, except the wavelength shift to 670 nm.

6.1.2 Localized Plasmons in Colloidal Al-Particles
(LSPR-Mode)

The optical absorption characteristic of colloidal Al-particles with 45nm diameter,
immersed into an aqueous solution with varying refractive index nan as function
of wavelength, is depicted in Fig. 6.10. Upper right insets reveal spectral reso-

Fig. 6.10 Oscillating optical absorption for Al-particles of 45 nm diameter, calculated as function
of wavelength for different refractive index (RIU) values of the surrounding solution. Insets show
resonance position λR(nan) and optical responsivity SQext (nan), taken at the first spectral maximum
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nance position λres(nan), which is in agreement with the Ref. [4], and responsiv-
ity SQext (nan) = ΔλR/Δnan. This quantity is considerably smaller than calculated
before for both, short and long range SPP’s.

A compilation of achievable SPR sensor performance is displayed in Table6.1.

6.2 Thin Lithium (Li) Films

The complex optical constant εmr(λ) = ε′
mr(λ)+jε′′

mr(λ) of theweakly paramagnetic
metal has been taken from Ref. [5], as illustrated in the right inset of Fig. 6.11. The
atomic ground state electron configuration is [He]2s1. In the solidified material,
the outer single 2s electron contributes to a partially occupied, nearly parabolic
conduction band, according to Ref. [6]. The low electrical dc-conductivity of 10.77×
106 (�m)−1 and CDK is in accord with the free electron or Drude model, which
also applies to other Alkali metals like Na, K and Cs. ε′′

mr is positive and relatively
small at wavelengths <1,000 nm and increases slowly towards longer wavelength.
The surface plasmon and photon dispersions are shown in Fig. 6.11; Lithium films
can be made by magnetron sputtering from a massive target in inert Ar-atmosphere,
by electron beam or thermal evaporation from an electrically heated Tungsten foil
or carbon boat in high vacuum. The boiling temperature of Lithium is 1,330 ◦C. The
metal is highly reactive and exhibits a strong exothermic oxidation reaction. Upon
contact with air or water, the complete metal film ultimately transforms into an oxide
or hydroxide. It does not form a stable, thin native oxide layer on the metal surface.
Hence, a non-oxidizing cyclo-hexane solution has been selected in this case as the
liquid analyte.

Towards high k-values, the energy of the surface Plasmon ESPP(k) at the
Li-cyclo-hexane interface remains at approximately 3.5 eV. For the Sapphire sub-
strate, the photon and SP-dispersion curves display a single cross-over point near
2 eV. The spectral features of the reflectance R(λ) in the WIM are shown in Fig. 6.12
for the substrate materials under consideration. Apparently, few substrates are suited
for SP-sensing applications. A clearly defined resonance exists only for TOPAS, PC
and the Sapphire substrate, but is virtually absent for all other materials. The spectral
resonance positions are favorable for Sapphire. This is most pronounced in the data
set of Fig. 6.13 for AIM conditions, where SP-resonances are placed around 60◦ for
a selected set of wavelengths.

For the Sapphire substrate, the SP-energy (eV) of thin Li-films varies non-linearly
with the resonance angle within the range 50◦ < θ < 65◦ approximately as:
ESP(θ) = 0.0097θ2 + 1.1992θ − 35.048.

Figure6.14 illustrates the spectral characteristic of the resonance under WIM
conditions for a set of RIU values of the dielectric analyte. Comprising a Sapphire
substrate, the displacement of the resonance wavelength as function of the refractive
index of the liquid dielectric within the range 1.33 < nan < 1.39 forWIM conditions
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Fig. 6.11 Photon and SPP-dispersion curves of the symmetric mode at the Li-cyclo-hexane inter-
face (solid-line), calculated for a Sapphire substrate (dashed line). Right inset reveals the real and
imaginary fractions of the CDK of Lithium. The intersection point is near 2 eV

Fig. 6.12 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 300 nm <

λ < 1,400 nm. The Li-film thickness is 50 nm, and is in contact with cyclo-hexane as the liquid
dielectric

is shown in the upper left inset of the figure. The depth/contrast of the resonance
remains approximately constant towards increasing nan of the liquid dielectric. The
width of the resonance (FWHM) is illustrated in the lower left inset and increases
slightly non-linear towards higher RIU values of the analyte. The WIM-responsivity
RWIM is displayed in the right inset, comprising amagnitude of 2,000± 500 nm/RIU,
and increases roughly linear with nan.
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Fig. 6.13 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 50◦ < θ < 80◦. Li-film thickness
is 50 nm, in contact with cyclo-hexane

Fig. 6.14 WIM-sensing properties, spectral reflectanceR(λ) for different RIU-values of the organic
analyte 1.33 < nan < 1.39. Substrate is Sapphire, incident angle is 60◦. Left insets show resonance
displacements λres(nan) and line broadening Δλ(nan) and responsivity RWIM (nan) at right

Eventually, the influence of film thickness for the WIM and AIM is outlined
in Figs. 6.15 and 6.16. This data set clearly indicates that the Li-film thickness
for optimum SPR sensor operation is placed at 50 nm. Not shown here are the
SP-properties of thinmetallicNa-films andK-films. Bothmetals exhibit an electronic
structure that well compares to Lithium, and thus almost identical SPP features.

A compilation of achievable SPR sensor performance is displayed in Table6.2.
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Fig. 6.15 WIM-reflectance at the SP-resonance for different Li-films thickness values of 10, 30,
50, 70 and 90 nm

Fig. 6.16 AIM-reflectance at the SP-resonance for different Li-films thickness values of 10, 30,
50, 70 and 90 nm

Table 6.2 SP-sensor performance and figures ofmerit for thin Li-filmsmetal-cyclohexane interface

Operation
mode

Suited/best
substrate

Optical
responsivity

Linear
dynamic
range

SPR
width

Optimum
film
thickness

Remarks

AIM Sapphire 60–130◦/RIU >5× 10−2

RIU
8◦ 20 nm Very few

substrate
materials
available

WIM Sapphire 1,500–2,600
nm/RIU

None 85 nm 20 nm

6.3 Thin Magnesium (Mg) Films

The complex optical constant εmr(λ) = ε′
mr(λ) + jε′′

mr(λ) of the paramagnetic metal
has been taken from Refs. [7, 8] and is illustrated in the inset to Fig. 6.17. The atomic
electron configuration is [Ne]3s2. In the solid material, the two outer 3s electrons
form a partially filled, parabolic conduction band, according to Ref. [9]. The metal
exhibits a high electrical dc-conductivity of 22.77 × 106 (�m)−1 at ambient T.
Since ε′′

mr(λ) increases quickly to very high positive values up to a wavelength of
700 nm due to a strong inter-band transition, the metal is inappropriately described
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Fig. 6.17 Photon and SPP-dispersion curves of Magnesium at the metal-cyclohexane interface
(solid-line), calculated for a poly-carbonate (PC) substrate (dashed-line). Right inset reveals the
real and imaginary fractions of the CDK of Magnesium. The intersection point is near 1.6 eV

Fig. 6.18 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 600 nm <

λ < 1,100 nm. TheMg-film thickness is 20 nm, in contact with cyclo-hexane as the liquid dielectric

by the Drude model. Likewise, ε′
mr(λ) quickly falls off to very large negative values

within the same spectral range. The surface Plasmon dispersion of Fig. 6.17 exhibits
distinct modulations near the sharp cross-over point at 1.6 eV. At high k-values the
SP-energy approaches 1.8 eV at the metal-liquid interface. Thin polycrystalline or
amorphous Magnesium films can be readily made by magnetron sputtering from a
massive target in inert Ar-atmosphere, by electron beam or by evaporation from an
electrically heated Tungsten foil or carbon boat in high vacuum. The Mg-boiling
temperature is only 1,110 ◦C. Although the metal is less reactive than Lithium, films
immediately transform exothermic into a hydroxidic layer upon contact with water.
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Fig. 6.19 Reflectance curves underAIM-conditions for different substratematerials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Mg-film thickness
is 20 nm, in contact with cyclo-hexane

Oxide layers on the metal surface are porous. Hence, a non-oxidizing cyclo-hexane
solution also has been chosen as the liquid analyte.

For the PC-substrate for an incident angle of 68◦, photon and SP-dispersion curves
exhibit a sharp cross-over and resonance near 1.6 eV. Related spectral features of
the reflectance R(λ) in the WIM are shown in Fig. 6.18 for the substrate materials
under consideration. Again, few substrates are suited for SP-sensing applications.
For TOPAS and PC, the resonance locates at rather long wavelength and high angle,
and is virtually absent for other substrate materials. The reflectance under AIM
conditions is shown in Fig. 6.19, indicating that solely PC and TOPAS are suited
substrate materials.

A compilation of achievable SPR sensor performance is displayed in Table6.3.

Table 6.3 SP-sensor performance and figures of merit for thin Mg-films metal-cyclohexane inter-
face

Operation
mode

Suited/best
substrate

Optical
responsivity

Linear
dynamic
range

SPR
width

Optimum
film
thickness

Remarks

AIM TOPAS/PC 90◦/RIU >5×10−2

RIU
8◦ 20 nm Single

resonance

WIM TOPAS/PC −3,000±1,000
nm/RIU

None 200 nm 20 nm Single
resonance
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Chapter 7
Classical Noble Metals

7.1 Thin Copper (Cu) Films and Colloidal Particles

The complex optical constant εmr(λ) = ε′
mr(λ) + jε′′

mr(λ) of the diamagnetic metal
has been taken from Ref. [1], and is illustrated in the right inset of Fig. 7.1. The
atomic electron configuration is [Ar]3d104s1. In the solidified material the outer
4s state accounts for the partially occupied conduction band. The band-structure
of Copper is reported in Ref. [2]. The high electrical dc-conductivity of 59.6 ×
106 (�m)−1 and CDK can be described with a modified Drude model, but does
not resemble the CDK. ε′

mr(λ) decreases steadily to negative values at λ > 550nm,
whilst ε′′

mr(λ) is positive and remains relatively small within the spectral range of
interest. Both, ε′

mr(λ) and ε′′
mr(λ) reveal a distinct swing near 600nm that originates

from an inter-band transition. The SP-dispersion appears heavily distorted above the
cross-over point around 1.9eV. At high k, the energy ESP of the surface Plasmon
approaches 3.5eV at the metal-water interface. Copper films are easily deposited
by magnetron sputtering from a massive metal-target in inert atmosphere, or by
evaporation from electrically heated Tungsten foils or carbon boats in high vaccum.
The boiling temperature of Cu is 2,562 ◦C. Since Cu belongs to the group of noble
metals, formation of thin native oxide films on the metal surface upon contact with
air or plain water is rather slow Ref. [3]. Experimental studies suggests the presence
of a duplex type structure of the Cu-oxide (passive) layer with an outer CuO part of
ca. 1.3nm thickness and an inner Cu2O layer of about 2.0nm. The SP-resonance is
only weakly affected through its presence.

For theBK7-substrate at an incident angle of 71◦, photon andSP-dispersion curves
exhibit a sharp cross-over near 1.9eV.Related spectral features of the reflectanceR(λ)

in the WIM are shown in Fig. 7.2 for the substrate materials under consideration.
Except Sapphire and MgF2, all other substrates exhibit a distinct SP-resonance and
are suited for SP-sensing applications. For LiF, the resonance is located at rather long
wavelength and high angle.

The reflectance under AIM conditions is shown in Fig. 7.3, indicating that partic-
ularly the MgF2 substrate is unsuited for SP sensing applications. For the remaining

© The Author(s) 2015
L.C. Oliveira et al., Surface Plasmon Resonance Sensors,
SpringerBriefs in Physics, DOI 10.1007/978-3-319-14926-4_7
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Fig. 7.1 Photon and SPP-dispersion curves for the symmetric mode at the Cumetal-water interface
(solid-line), calculated for a BK7 substrate (dashed-line). The intersection point is near 1.9eV.Right
inset reveals the real and imaginary fractions of the CDK

Fig. 7.2 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 400nm<

λ <1,400nm. The Cu-film thickness is 50nm, in contact with water as the liquid dielectric

SP-active substrates, the SP-line broadening parameters Δλres and Δθres decreases
substantially towards lower angle and longer wavelength respectively. BK7 and
TOPAS exhibit the lowest SP-broadening parameter Δθres at convenient angle, but
wavelength >1,200nm.

For the BK7 substrate, the SP-energy (eV) of thin Cu-films varies non-linearly
with the resonance angle within the range 60◦ < θ < 75◦, approximately as:
ESP(θ) = 0.0082θ2 + 1.22θ − 43.191.

Figure7.4 illustrates the spectral characteristic of the resonance under WIM con-
ditions for a set of RIU values of the aqueous dielectric analyte. The depths/contrast
of the resonance increases slightly towards higher nan-values, whilst the resonance
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Fig. 7.3 Reflectance curves under AIM-conditions for different substrate materials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Cu-film thickness
is 50nm, in contact with water

Fig. 7.4 WIM-sensing properties and spectral reflectance R(λ) of Copper, calculated for a set of
different RIU-values of the aqueous analyte 1.33 < nan < 1.39. Substrate is BK7, incident angle
is 68◦. Insets show line broadening (lower left) Δλres(nan), resonance displacements λres(nan) and
responsivity RWIM(nan) at lower right

minimumshifts towards longerwavelengths. For theBK7 substrate, the displacement
of the resonance wavelength λres(nan) as function of the refractive index (RIU) of the
liquid dielectric within the range 1.33 < nan < 1.39 forWIM conditions is shown in
the right upper inset. The broadening parameter of the resonance Δλres(nan), taken
at FWHM, is illustrated in the left inset at 85 ± 15nm and slightly increases with
nan. The WIM-responsivity RWIM is fairly high, as displayed in the right lower inset
and comprises a magnitude of 4,500 ± 2,000nm/RIU. Its values increase with nan,
as does the resonance position λres(nan).

The SPR-sensing characteristic in the AIM is shown in Fig. 7.5, comprising ini-
tial resonance angle 68◦ and wavelength of 708nm. The AIM-responsivity RAIM
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Fig. 7.5 AIM-sensing properties and angular reflectance R(λ) in left and right figures for dif-
ferent RIU-values of the aqueous analyte 1.33 < nan < 1.39. Substrate is BK7, incident wave-
lengths are 708nm, insets show line broadeningΔθres(nan). Resonance displacements θres(nan) and
SP-responsivity RAIM (nan) for four wavelength, depicted in three left figures

Fig. 7.6 WIM-reflectance at the SP-resonance for different Cu-film thickness values of 10, 30, 40,
70 and 90nm

Fig. 7.7 AIM-reflectance at the SP-resonance for different Cu-film thickness values of 10, 30, 40,
70 and 90nm

is high up to 150◦/RIU, and increases with decreasing wavelength, whilst the line
broadening parameter Δθres(nan) behaves opposite.

Eventually, the influenceoffilm thickness forWIMandAIMconditions is outlined
in Figs. 7.6 and 7.7. This data set clearly indicates that the Cu-film thickness for
optimum SPR sensor operation is placed at around 40nm.
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Fig. 7.8 WIM-sensor properties in presence of the LRSPP mode: spectral reflectance R(λ) (left
figure) for different RIU-values of the aqueous analyte 1.33 < nan < 1.39, indicating two
co-existing SP-dips. Substrate is BK7, with a 280nm Teflon� film on top, incident angle is 64◦.
Three figures at right show line broadening Δλres(nan) and resonance displacements λres(nan) at
top and responsivities RWIM (nan) below for short (lines with squares) and long range SPP’s (lines
with circles)

7.1.1 Long Range Surface Plasmon Polariton (LRSPP-mode)

SP-sensor properties in the LRSPP mode in the WIM are depicted in Fig. 7.8.
The spectral characteristics (left figure) reveals two co-existing SP-dips with the
symmetric (short range) mode at around 650nm (lines with squares in right figures)
and the anti-symmetric, long range (LRSPP) mode at 1,040nm (line with circles).
Comparison with Fig. 7.4 illustrates an increase by more than a factor 2 for the
responsivity RWIM(nan) in the LRSPP-mode in the lower right figure, up to values
of 11,000nm/RIU that remains fairly constant.

SP-sensor properties in presence of the LRSPP mode in the AIM are depicted
in Fig. 7.9. In the AIM mode, the sensor responsivity RAIM(λ) for the LRSPP is not
much different from the short range SPP, depicted in Fig. 7.5, except for a wavelength
shift to 670nm.

7.1.2 Localized Plasmons in Colloidal Cu-Particles
(LSPR-mode)

The optical absorption characteristic of colloidal Cu-particles with 45nm diameter,
immersed into an aqueous solution with varying refractive index nan as function
of wavelength, is depicted in Fig. 7.10. Upper right insets reveal spectral resonance
position λres(nan) at top and responsivity SQext (nan) at bottom. This quantity is con-
siderably smaller than calculated before for both, short and long range SPP’s.

A compilation of achievable SPR sensor performance is displayed in Table7.1.
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Fig. 7.9 AIM-sensor properties in presence of the anti-symmetric LRSPP-mode: angular
reflectance R(λ) at left figure for different RIU-values of the aqueous analyte 1.33 < nan < 1.39,
indicating two SP-dips. Substrate is BK7 with a 280nm Teflon film on top and the metal film placed
thereon. Incident wavelength is 670nm. Three figures at right show line broadening Δλres(nan) and
angular resonance displacements λres(nan) at top, and associated responsivities RAIM (nan) below
for short (line with squares) and long range modes (line with circles)

Fig. 7.10 Optical absorption for Cu-particles of 45nm diameter, calculated as function of wave-
length for different refractive index (RIU) values of the surrounding aqueous solution. Right two
insets show resonance position λR(nan) and optical responsivity SQext (nan), taken at the spectral
maximum near 600nm

7.2 Thin Gold (Au) Films and Colloidal Particles

The complex optical constant εmr(λ) = ε′
mr(λ)+jε′′

mr(λ) of theweakly paramagnetic
metal has been taken from Ref. [1], and is illustrated in the right inset of Fig. 7.11.
The electron configuration of the isolated atom is [Xe]4f 145d106s1. In the solid-
ified material, the outer 6s state accounts for a partly filled conduction band that
is hybridized with the lower 5d-states. The relativistic electronic band-structure is
reported in Ref. [4]. The high electrical dc-conductivity of 45.16× 106 (�m)−1 and
CDK are sufficiently described with a modified Drude model. ε′

mr(λ) is initially
very small and constant, but decreases at λ > 500nm steadily to large negative
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Fig. 7.11 Photon and SPP-dispersion curves of Gold for the symmetric mode at the metal-water
interface (solid-line), calculated for a BK7 substrate (dashed-line) and incident angle of 75◦. The
related intersection point and resonance appears near 1.9eV. Right inset reveals the real and imag-
inary fractions of the CDK

values. ε′′
mr(λ) is positive and remains relatively small within the spectral range of

interest. Both, ε′
mr(λ) and ε′′

mr(λ) reveal a distinct swing near 500nm that originates
from an inter-band transition. The SP-dispersion appears undistorted and exhibits a
sharp cross-over around 1.9eV. At high k-values, towards the asymptotic limit, the
SP-energy saturates around 2.6eV at the metal-water interface. Gold films are easily
deposited by magnetron sputtering from a massive metal-target in inert atmosphere,
by electron beam evaporation, or by thermal evaporation from electrically heated
Tungsten foils or carbon boats in high vacuum. The evaporation/boiling temperature
of Au with 2,970 ◦C is high. Native oxides do not form immediately on the metal
surface upon contact with air or water at neutral pH. Dense, thin oxide layers can be
grown in aqueous electrolytes at anodic potentials. Clean Au-metal surfaces, as well
as the other noble metals, exhibit covalent chemical attraction to sulfur and many
organic compounds that contain this element.

For theBK7-substrate, photon and SP-dispersion curves exhibit a sharp cross-over
near 1.9eV. Related spectral features of the reflectance R(λ) in the WIM are shown
in Fig. 7.12 for the substrate materials under consideration. Except Sapphire, and the
crystalline fluorides, especiallyMgF2 andLiF, all substrates are suited for SP-sensing
applications. For LiF, the resonance is located at rather long wavelength and high
angle. The reflectance under AIM conditions is shown in Fig. 7.13, indicating that
particularly the MgF2 substrate is unsuited for SP sensing applications. The SP-line
broadening parameterΔθres decreases towards smaller angle and longer wavelength.

For the BK7 substrate, the SP-energy (eV) of thin Au-films varies non-linearly
with the resonance angle within the range 60◦ < θ < 75◦, approximately as:
ESP(θ) = 0.0074θ2 + 1.1105θ − 39.077.

Figure7.14 illustrates the spectral characteristic of the resonance underWIM con-
ditions for a set of RIU values of the aqueous dielectric analyte. The depths/contrast
of the resonance remains approximately constant towards higher nan-values, whilst
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Fig. 7.12 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 63◦, 68◦, 71◦ and 75◦ for the wavelength range
400nm< λ <1,400nm.TheAu-film thickness is 50nm, in contactwithwater as the liquid dielectric

Fig. 7.13 Reflectance curves underAIM-conditions for different substratematerials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Au-film thickness
is 50nm, in contact with water

the resonance minimum shifts towards longer wavelengths. For the BK7 substrate,
the slightly non-linear displacement of the resonance wavelength λres(nan) as func-
tion of the refractive index of the liquid dielectric within the range 1.33 < nan < 1.39
is shown in the right upper insets. The broadening parameter of the resonance
Δλres(nan), taken at FWHM, is calculated to 40±5nm, and increases at large nan. The
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Fig. 7.14 WIM-sensing properties and spectral reflectance R(λ) of Gold, calculated for a set of
different RIU-values of the aqueous analyte 1.33 < nan < 1.39. Substrate is BK7, incident angle
is 68◦. Right upper insets show line broadening Δλres(nan), resonance displacements λres(nan) and
SP-responsivity RWIM (nan) at lower inset

Fig. 7.15 AIM-sensing properties and angular reflectanceR(θ), calculated for different RIU-values
of the aqueous analyte 1.33 < nan < 1.39. Substrate is BK7, incident wavelengths are 716nm with
line broadening Δθres(nan). Central insets depict resonance displacements θres(nan) and responsiv-
ities RAIM (nan) for four different wavelength

WIM-responsivity RWIM is fairly high, displayed in the lower right inset, comprising
a magnitude of 4,000 ± 1,000nm/RIU and steady increase with nan.

The SPR-sensing characteristic in the AIM is shown in Fig. 7.15 for wavelengths
of 716nm, comprising initial resonance angle 68◦. The AIM-responsivity RAIM is
high, and increaseswith decreasingwavelength, whilst the line broadening parameter
Δθres(nan) behaves oppositely.

The influence of film thickness for WIM and AIM conditions is outlined in
Figs. 7.16 and 7.17. This data set clearly indicates that the Au-film thickness for
optimum SPR sensor operation is placed at around 50nm.
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Fig. 7.16 WIM-reflectance at the SP-resonance for different Au-film thickness values of 10, 30,
50, 70 and 90nm

Fig. 7.17 AIM-reflectance at the SP-resonance for different Au-film thickness values of 10, 30,
50, 70 and 90nm

7.2.1 Long Range Surface Plasmon Polariton (LRSPP-mode)

SP-sensor properties of the LRSPP mode in the WIM are depicted in Fig. 7.18.
The spectral characteristics (left figure) reveals two co-existing SP-dips: the sym-
metric (short range mode) at 600nm (blue line in right figures) and the addition
anti-symmetric, long range (LRSPP) mode at 900nm (green line). Comparison with
Fig. 7.14 illustrates that the responsivityRWIM(nan) in the LRSPP-mode ismarginally
higher (Factor 1.5), and increases slightly with nan.

SP-sensor properties in presence of the LRSPP mode in the AIM are depicted
in Fig. 7.19. In the AIM mode, the magnitude of the sensor responsivity RAIM(λ)

for the LRSPP does not differ significantly from the short range SPP, depicted from
Fig. 7.15, except for a slightly shifted wavelength to 670nm.

7.2.2 Localized Plasmons in Colloidal Au-Particles
(LSPR-mode)

The optical absorption characteristic of colloidal Au-particles with 45nm diameter,
immersed into an aqueous solution with varying refractive index nan as function
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Fig. 7.18 WIM-sensor properties in presence of the LRSPP mode: spectral reflectance R(λ) (left
figure) for different RIU-values of the aqueous analyte 1.33 < nan < 1.39, indicating two co-
existing SP-dips. Substrate is BK7, with a 380nm Teflon film on top, incident angle is 65.5◦. Three
figures at right show line broadening Δλres(nan) and resonance displacements λres(nan) at top and
responsivities RWIM (nan) bottom for short (lines with squares) and long range SPP’s (lines with
circles)

Fig. 7.19 AIM-sensor properties in presence of the anti-symmetric LRSPP-mode: angular
reflectance R(λ) at left figure for different RIU-values of the aqueous analyte 1.33 < nan < 1.39,
indicating two SP-dips. Substrate is BK7 with a 380nm Teflon film on top and the metal film placed
thereon. Incident wavelength is 670nm. Three figures at right show line broadening Δθres(nan) and
angular resonance displacements θres(nan) at top, and associated responsivities RAIM (nan) at bottom
for short (lines with squares) and long range modes (lines with circles)

of wavelength, is depicted in Fig. 7.20. Upper right insets reveal spectral resonance
position λres(nan) and responsivity SQext (nan). This quantity is considerably smaller
than calculated before for both, short and long range SPP’s.

The influence of particle size onto optical absorbance is illustrated in Fig. 7.21, for
different diameter, which vary from 10 to 150nm. The number of maxima increases
with larger diameter, indicating a higher number of SP-eigenmodes.

A compilation of achievable SPR sensor performance is displayed in Table7.2.
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Fig. 7.20 Optical absorbance for Au-particles of 45nm diameter, calculated as function of wave-
length for different refractive index (RIU) values of the surrounding aqueous solution. Right two
insets show resonance position λR(nan) and optical responsivity SQext (nan), taken at the spectral
maximum near 500nm

Fig. 7.21 Spectral variation of the optical absorbance of colloidal Au-particles for different particle
diameters

7.3 Thin Silver (Ag) Films and Colloidal Particles

The complexoptical constant εmr(λ) = ε′
mr(λ)+jε′′

mr(λ)of the diamagneticmetal has
been taken from Ref. [1] and is illustrated in the right inset of Fig. 7.22. The electron
configuration of the isolated atom is [Kr]4d105s1. In the solidified material, the outer
5s state largely accounts for the partially occupied conduction band, as revealed in
the band-structure calculations of Ref. [5]. The high electrical dc-conductivity of
63 × 106 (�m)−1 and CDK of the diamagnetic metal are sufficiently described by
a modified Drude model. Within the wavelength range of interest, ε′

mr(λ) decreases
at λ > 300nm steadily to large negative values. ε′

mr(λ) is positive and remains
rather small. Both, ε′

mr(λ) and ε′′
mr(λ) reveal a distinct feature near 300nm (not
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Fig. 7.22 Photon and SPP-dispersion curves of Silver for the symmetric mode at the metal-water
interface (solid-line), calculated for a BK7 substrate (dashed-line) and incident angle of 71◦. The
related intersection point and resonance appears near 2.1eV. Right inset depicts the real and imag-
inary fractions of the CDK

shown) that originates from an inter-band transition. For the BK7 substrate at 71◦, the
SP-dispersion is weakly distorted and exhibits a resonant cross-over at around 2.1eV.
In the asymptotic limit, at high k, the SP-energy remains at around 3.51eV at the
metal-water interface. Silver films are easily deposited bymagnetron sputtering from
a massive metal-target in inert atmosphere, by electron beam evaporation, or by
thermal evaporation from electrically heated Tungsten foils or boatsin high vacuum.
The evaporation/boiling temperature of Ag is 2,162 ◦C. Native oxides form slowly
on the metal surface, upon exposure to air or water at neutral pH. Comparable to
clean Au-and Cu-metal surfaces, Silver also favors covalent binding to sulfur and
many compounds that contain this element. Plain Silver and nano-particles thereof
exhibit some biological and anti-inflammatory activity.

For the BK7-substrate, photon and SP-dispersion curves exhibit a sharp cross-
over and resonance near 2.1eV. Related spectral features of the reflectance R(λ)

in the WIM are shown in Fig. 7.23 for the substrate materials under consideration.
Except MgF2, all other substrates exhibit a clear SP-resonance, and potentially are
suited for sensing applications. However, for CaF2 and LiF, resonances are located
at rather long wavelength and/or high angle. The reflectance under AIM condi-
tions is shown in Fig. 7.23, again indicating that particularly the MgF2 and LiF
substrates are unsuited for SP sensing applications. The SP-line broadening para-
meter Δλres decreases considerably for the remaining SP-active substrates towards
lower angle and longer wavelength. The Quartz substrate exhibits the mostly narrow
SP-resonance at 1,143nm and 68◦, as show in Fig. 7.24.

For the BK7 substrate, the SP-energy (eV) of thin Ag-films varies non-linearly
with the resonance angle within the range 60◦ < θ < 75◦ approximately as:
ESP(θ) = 0.0079θ2 + 1.198θ − 43.084.

Figure7.25 illustrates the spectral characteristic of the resonance underWIM con-
ditions for a set of RIU values of the aqueous dielectric analyte. The depths/contrast
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Fig. 7.23 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 63◦, 68◦, 71◦ and 75◦ for the wavelength range
400nm< λ <1,400nm.TheAg-film thickness is 50nm, in contactwithwater as the liquid dielectric

Fig. 7.24 Reflectance curves underAIM-conditions for different substratematerials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Ag-film thickness
is 50nm, in contact with water

of the resonance remains approximately constant towards higher nan-values, whilst
the resonance minimum shifts towards longer wavelengths. For the BK7 substrate,
the slightly non-linear displacement of the resonance wavelength λres(nan) as func-
tion of the refractive index of the liquid dielectric within the range 1.33 < nan < 1.39
is shown in the right upper sub figures. The broadening parameter of the resonance
λres(nan), as taken at FWHM, is calculated to 38 ± 4nm, and reveals an oscillating
variation with nan. The WIM-responsivity RWIM is fairly high, depicted in the lower
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Fig. 7.25 WIM-sensing properties and spectral reflectance R(λ) of Silver at 590nm, calculated
for a set of different RIU-values of the aqueous analyte: 1.33 < nan < 1.39. Substrate is BK7,
incident angle is 71◦. Right upper insets show line broadeningΔλres(nan), resonance displacements
λres(nan) and SP-responsivity RWIM (nan) at lower inset

right inset, comprises a magnitude of 4,000 ± 1,000nm/RIU and a steady increase
with nan.

The SPR-sensing characteristic in the AIM is shown in Fig. 7.26 for a wavelength
of 658nm, comprising initial resonance angle of 68◦. The maximum achievable
AIM-responsivity with RAIM = 300◦/RIU is high, and decreases with increasing
wavelength. The line broadening parameter Δθres increases towards higher values
of nan.

Fig. 7.26 AIM-sensing properties and angular reflectance R(θ), calculated for a set of different
RIU-values of an aqueous analyte at range 1.33 < nan < 1.39. Substrate is BK7 and incident
wavelength is 658nm. Right sub-figures depict resonance displacements θres(nan), line broadening
Δθres(nan) and SP-responsivity RAIM (nan) for four different wavelength
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Fig. 7.27 WIM-reflectance at the SP-resonance for different Ag-film thickness values of 10, 30,
40, 50 and 70nm

Fig. 7.28 AIM-reflectance at the SP-resonance for different Ag-film thickness values of 10, 30,
40, 50 and 70nm

Eventually, the influenceoffilm thickness forWIMandAIMconditions is outlined
in Figs. 7.27 and 7.28. This data set clearly indicates that the Ag-film thickness for
optimum SPR sensor operation is placed at around 50nm, in accord with other noble
metals.

7.3.1 Long Range Surface Plasmon Polaritons (LRSPP-mode)

SP-sensor properties of the LRSPP mode in the WIM are depicted in Fig. 7.29.
The spectral characteristics (left figure) reveals two co-existing SP-dips: the sym-
metric (short range mode) near 500nm (lines with squares in right figures) and the
addition anti-symmetric, long range (LRSPP) mode at 850nm (lines with circles).
Comparison with Fig. 7.25 illustrates that the resonsivlity RWIM(nan) of the LRSPP
is a factor 2 higher and also increases with nan.
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Fig. 7.29 WIM-sensor properties in presence of the LRSPP mode: spectral reflectance R(λ)

(left figure) for different RIU-values of the aqueous analyte 1.33 < nan < 1.39, indicating two
co-existing SP-dips. Substrate is BK7, with a 300nm Teflon film on top, incident angle is 68◦.
Three figures at right show line broadening Δλres(nan) and resonance displacements λres(nan) at
top and responsivities RWIM (nan) at bottom for short (lines with squares) and long range SPP’s
(lines with circles)

Fig. 7.30 AIM-sensor properties in presence of the anti-symmetric LRSPP-mode: angular
reflectance R(λ) at left figure for different RIU-values of the aqueous analyte 1.33 < nan < 1.39,
indicating two SP-dips. Substrate is BK7 with a 450nm thin Teflon film on top and the metal
film placed thereon. Incident wavelength is 670nm. Three figures at right show line broadening
Δθres(nan) and angular resonance displacements θres(nan) at top, and associated responsivities
RAIM (nan) at bottom for short (lines with squares) and long range modes (lines with circles)

SP-sensor properties in presence of the LRSPP mode in the AIM are depicted in
Fig. 7.30. In the AIMmode, the magnitude of the sensor resonsivlity RAIM(λ) for the
LRSPP does not differ significantly from the short range SPP from Fig. 7.26, except
for a slightly shifted wavelength to 670nm.

7.3.2 Localized Plasmons in Colloidal Ag-Particles
(LSPR-mode)

The optical absorption characteristic of colloidal Ag-particles with 45nm diameter,
immersed into an aqueous solution with varying refractive index nan as function
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Fig. 7.31 Optical absorbance for Ag-particles with 45nm diameter, calculated as function of wave-
length for different refractive index (RIU) values of the surrounding aqueous solution. Right two
insets show resonance position λR(nan) and optical responsivity SQext (nan), taken at the spectral
maximum near 400nm

Fig. 7.32 Spectral variation of the optical absorbance of colloidal Ag-particles in aqueous solution,
plotted for different particle diameter

of wavelength, is depicted in Fig. 7.31. Upper right insets reveal spectral resonance
position λres(nan) at top and responsivity SQext (nan) at bottom. This quantity is con-
siderably smaller than calculated before for both, short and long range SPP’s.

The influence of size onto optical absorbance is illustrated in Fig. 7.32, as calcu-
lated for different diameter of the spherical particles that varies from 10 to 150nm.
The number of maxima of the oscillating function increases with larger diameter,
indicating a higher number of SP-eigenmodes. A compilation of achievable SPR
sensor performance is displayed in Table7.3.
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Chapter 8
Noble Transition Metals of the Platinum
Group

8.1 Thin Iridium (Ir) Films and Colloidal Particles

The complex optical constant εmr(λ) = ε′
mr(λ) + jε′′

mr(λ) of the paramagnetic metal
has been taken from Ref. [1] and is illustrated in the right inset of Fig. 8.1. The
electron configuration of the single atom is [Xe]4f 145d76s2. In the solid material,
the two outer 6s electrons and the incomplete 5d shell hybridize and account for
the partly occupied conduction band, as shown in the band-structure calculation
of Ref. [2]. The moderately high electrical dc-conductivity of 21.2 × 106(� m)−1

and CDK are insufficiently described by the DA, or free electron model. Within
the wavelength range of interest, ε′

mr(λ) decreases at λ > 300 nm steadily to large
negative values. ε′′

mr(λ) is positive and increases steadily to high value, most likely
related to intra-band or phonon assisted transitions. For the BK7 substrate at 68◦,
the SP-dispersion is strongly distorted and exhibits a resonant cross-over at around
0.8 eV. In the asymptotic limit at high k, the SP-energy approaches approximately
6 eV at the metal-water interface. Iridium films are readily produced by magnetron
sputtering from a massive metal-target in inert atmosphere, possibly also by electron
beam evaporation. Due to the high boiling/evaporation temperature of 4,130 ◦C, films
cannot be made by thermal evaporation from electrically heated Tungsten foils or
carbon boats, due to their lower melting temperatures. Iridium belongs to the group
of transition noble metals. Native oxides do not form on the metal surface upon
exposure to air or aqueous solution at any pH. However, stable thin oxide layers
can be made electrochemically at moderate anodic potentials in acidic solution, and
reveal a strong electro-chromic effect. The metal is highly corrosion resistant.

For the BK7-substrate at 68◦, photon and SP-dispersion curves exhibit a clear
cross-over and resonance near 0.8 eV. Related spectral features of the reflectance
R(λ) in theWIMare shown in Fig. 8.2 for the substratematerials under consideration.
In comparison with the metals, depicted before, Iridium exhibits severely distorted
SP-resonances that are shifted far into the Infrared region of the electromagnetic
spectrum. Except MgF2, all other substrates exhibit a resonance. Ir-films are thus of
limited value for SP-sensing applications.

© The Author(s) 2015
L.C. Oliveira et al., Surface Plasmon Resonance Sensors,
SpringerBriefs in Physics, DOI 10.1007/978-3-319-14926-4_8
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Fig. 8.1 Photon and SPP-dispersion curves of Iridium at the metal-water interface (solid-line) for
the symmetric mode, calculated for a BK7 substrate (dashed-line) and incident angle of 68◦. The
related intersection point and resonance appears near 0.8 eV at very low k-values.Right inset reveals
the real and imaginary fractions of the CDK; as function of wavelength

Fig. 8.2 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range
400 nm< λ < 2,500 nm. The Ir-film thickness is 20 nm, in contact with water as the liquid dielectric

The reflectance under AIM conditions is shown in Fig. 8.3, again indicating that
particularly the MgF2 substrate does not exhibit a clear SP-resonance. The SP-line
broadening parameter θres decreases considerably for the remaining SP-active sub-
strates towards lower angle and longer wavelength. The LiF-substrate exhibits the
mostly narrow SP-resonance.

For the Quartz substrate, the SP-energy (eV) of thin Ir-films at the metal water
interface varies non-linearly with the resonance angle within the range 65◦ < θ <

75◦ approximately as: ESP(θ) = 0.0162θ2 − 2.1973θ − 75.294.
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Fig. 8.3 Reflectance curves under AIM-conditions for different substrate materials, as indicated in
the plots, and different incident wavelengths for the angle range 50◦ < θ < 90◦. Ir-film thickness
is 20 nm, in contact with water

Fig. 8.4 WIM-sensing properties and spectral reflectanceR(λ) of Iridium, initial wavelength is near
1,500 nm, calculated for a set of different RIU-values of the aqueous analyte: 1.33 < nan < 1.39.
Substrate is BK7, incident angle is 68◦. Upper right upper insets show line broadening Δλres(nan),
resonance displacements λres(nan) and SP-responsivity RWIM(nan) at lower left inset

Figure8.4 illustrates the spectral characteristic of the resonance under WIM
conditions, calculated for a set of RIU values of the aqueous dielectric analyte.
The depths/contrast of the resonance increases considerably towards higher nan-
values, whilst the resonance minimum shifts towards longer wavelengths. For the
BK7 substrate, a fairly linear displacement of the resonance wavelength λres(nan)

as function of the refractive index (RIU) of the liquid dielectric within the range
1.33 < nan < 1.39 is shown in the right inset. The broadening parameter of the
resonance Δλres(nan), taken at FWHM, is very high and calculated to 900± 300 nm
within the given range of nan. The WIM-responsivity RWIM(nan) is considerable and
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Fig. 8.5 Optical absorbance for Ir-particles with 45nm diameter, calculated as function of wave-
length for different refractive index (RIU) values of the surrounding aqueous solution. Right and left
lower insets shows resonance position λR(nan) and related optical responsivity SQext (nan), respec-
tively, with reference to the first spectral maximum near 300 nm

depicted in the lower left inset, comprising a magnitude of 5,800±100 nm/RIU that
does not vary with nan.

8.1.1 Localized Plasmon in Colloidal Ir-Particles
(LSPR-Mode)

The optical absorption characteristic of colloidal Ir-particles with 45nm diameter,
immersed into an aqueous solution with varying refractive index nan as function of
wavelength, is depicted in Fig. 8.5. Upper right insets reveal spectral resonance posi-
tion λres(nan) and responsivity SQext (nan) at lower left. This quantity is considerably
smaller than calculated before for short SPP’s of Fig. 8.4.

A compilation of achievable SPR sensor performance is displayed in Table8.1.

8.2 Thin Osmium (Os) Films and Colloidal Particles

The complexoptical constant εmr(λ) = ε′
mr(λ)+jε′′

mr(λ)of the diamagneticmetal has
been taken from Ref. [3], and is illustrated in the right inset of Fig. 8.6. The electron
configuration of the isolated Os-atom is [Xe]4f 145d66s2. In the solid material, the
two outer 6s electrons and the only partly filled 5d shell hybridize, and account for a
partially occupied conduction band, as reported in the band-structure calculations of
Ref. [4]. The rather lowelectrical dc-conductivity of 12.3×106 (�m)−1 andCDKare
insufficiently described by the DA. Within the wavelength range of interest, ε′

mr(λ)

decreases atλ >850nmrapidly to large negative values. ε′′
mr(λ) is positive and shows,

unlike ε′′
mr(λ), a pronounced feature around 400 nm. For the BK7 substrate at 75◦,
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Fig. 8.6 Photon and SPP-dispersion curves of Osmium at the metal-water interface (solid-line),
calculated for a BK7 substrate (dashed-line) and incident angle of 75◦. The related intersection
point and resonance appears near 0.7 eV at low k-values. Right inset reveals the real and imaginary
fractions of the CDK as function of wavelength

the SP-dispersion appears virtually undistorted and exhibits a resonant cross-over
at around 0.7 eV. In the asymptotic limit at high k, the SP-energy approaches only
1.32 eV at the metal-water interface. Osmium films are best produced by magnetron
sputtering from a massive metal-target in inert atmosphere, possibly by electro-
deposition in aqueous solution. Due to the very high boiling/evaporation temperature
of 5,012 ◦C, Os-films cannot be prepared by thermal evaporation from electrically
heated Tungsten foils or carbon boats, or by electron beam evaporation in high
vacuum. There is not much known about native oxide formation on the metal surface
upon exposure to air or aqueous solution. Most likely the metal behaves similar to
Iridium and Platinum. Certain bulk oxides, especially OsO4 are highly toxic. Stable
thin oxide layers also can be made electrochemically at anodic potentials. The metal
appears more reactive than Iridium.

For the BK7-substrate at 75◦, photon and SP-dispersion curves exhibit a cross-
over and resonance near 0.7 eV.Related spectral features of the reflectanceR(λ) in the
WIM are shown in Fig. 8.7 for the substrate materials under consideration. Similar
to Iridium, the metal exhibits severely distorted SP-resonances that are shifted far
into the Infrared region of the electromagnetic spectrum. All substrates exhibit a
resonance, but poor SP properties are resolved for MgF2.

Os-films are suited for SP-sensing applications. The reflectance under AIM con-
ditions is shown in Fig. 8.8, again indicating that particularly the MgF2, LiF, PMMA
and Sapphire substrates are not a good choice. The SP-line broadening parameter
λres does not change significantly with either angle or wavelength.

For a BK substrate, the SP-energy (eV) of thin Os-films varies approximately
non-linear with the resonance angle within the range 62◦ < θ < 75◦ as: ESP(θ) =
0.0487θ2 − 2.476θ .

Figure8.9 illustrates the spectral characteristic of the resonance under WIM con-
ditions for a set of RIU values of the aqueous dielectric analyte. The depths/contrast
of the resonance remains approximately constant towards higher nan-values, whilst
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Fig. 8.7 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range
500 nm < λ < 2,500 nm. The Os-film thickness is 35 nm, in contact with water as the liquid
dielectric

Fig. 8.8 Reflectance curves under AIM-conditions, calculated for different substrate materials, as
indicated in the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦.
Os-films thickness is 35 nm, in contact with water

the resonance minimum shifts towards longer wavelengths. For the BK7 substrate, a
nearly linear displacement of the resonance wavelength θres(nan) as function of the
refractive index of the liquid dielectricwithin the range 1.33 < nan < 1.39 is revealed
in the upper left inset. The broadening parameter of the resonance Δθres(nan), as
taken at FWHM, is calculated to 900±100 nm, and increases with nan. The WIM-
responsivity RWIM(nan) appears fairly high, depicted in the upper right inset, com-
prises a magnitude of 4,000±1,000 nm/RIU and a slight increase with nan.
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Fig. 8.9 WIM-sensing properties and spectral reflectance R(λ) of thin Osmium films: the initial
minimum is near 1,040 nm, calculated for a set of different RIU-values of the aqueous analyte:
1.33 < nan < 1.39. Substrate is BK7, incident angle is 75◦. Upper right and left insets shows the
SP-responsivity RWIM (nan) and resonance displacements λres(nan), respectively. Lower right inset
depicts line broadening Δθres(nan)

Fig. 8.10 AIM-reflectance at the SP-resonance for different Os-film thickness values of 15, 25, 35,
45 and 55 nm

Eventually, the influence of film thickness for AIM conditions is outlined in
Fig. 8.10. This data set clearly indicates that the Os-film thickness for optimum SPR
sensor operation is placed at around 35 nm.

8.2.1 Long Range Surface Plasmon Polaritons (LRSPP-Mode)

SP-sensor properties of the LRSPP in the WIM are depicted in Fig. 8.11. The spec-
tral characteristics (left figure) reveals two co-existing relatively broad SP-dips: the
symmetric (short range mode) near 700 nm (line with squares) and the addition anti-
symmetric, long range (LRSPP) mode at 2,200 nm (line with circles). Comparison
with Fig. 8.9 illustrates that the responsibility RWIM(nan) of the LRSPP is of similar
magnitude, but decreases slightly with nan.
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Fig. 8.11 WIM-sensor properties in presence of the LRSPP mode: spectral reflectance R(λ) (left
figure) for different RIU-values of the aqueous analyte 1.33 < nan < 1.39, indicating two co-
existing SP-dips. Substrate is BK7, with a 300 nm Teflon film on top, incident angle is 63◦. Three
figures at right show line broadening Δλ(nan) and resonance displacements λres(nan) at top and
responsivities RWIM (nan) at bottom for short (line with squares) and long range SPP’s (line with
circles)

Fig. 8.12 AIM-sensor properties in presence of the anti-symmetric LRSPP-mode: angular
reflectance R(λ) at left figure for different RIU-values of the aqueous analyte 1.33 < nan < 1.39,
indicating two SP-dips. Substrate is BK7 with a 300nm thin Teflon� film on top and the metal
film placed thereon. Incident wavelength is 720 nm. Three figures at right show line broaden-
ing Δλres(nan) and angular resonance displacements θres(nan) at top, and associated responsivities
RAIM (nan) at bottom for short (line with squares) and long range modes (line with circles)

SP-sensor properties in presence of the LRSPP mode in the AIM are depicted
in Fig. 8.12. In the AIM mode, the magnitude of the sensor responsibility RAIM(λ)

for the LRSPP does not differ significantly from the short range SPP from Fig. 8.10,
except for a wavelength shift to 720 nm.

8.2.2 Properties of Localized Plasmons in Os-Colloidal
Particles

The optical absorption characteristic of colloidal Os-particles with 45nm diameter,
immersed into an aqueous solution with varying refractive index nan as function
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Fig. 8.13 Optical absorbance for Os-particles with 45nm diameter, calculated as function of wave-
length for different refractive index (RIU) values of the surrounding aqueous solution. Right upper
insets shows resonance position λR(nan) and optical responsivity SQext (nan), respectively, taken
at the first spectral maximum near 260 nm. The initial spectral shift is negative towards shorter
wavelength

of wavelength, is depicted in Fig. 8.13. Upper right insets reveal spectral resonance
position λres(nan) and responsivity SQext (nan). This quantity is considerably smaller
than calculated before for long range SPP’s.

A compilation of achievable SPR sensor performance is displayed in Table8.2.

8.3 Thin Palladium (Pd) Films

The complex optical constant εmr(λ) = ε′
mr(λ) + jε′′

mr(λ) of the paramagnetic metal
has been taken from Ref. [1] and is illustrated in the right inset of Fig. 8.14. The
electron configuration of the isolated Pd-atom is [Kr] 4d10. Unlike the other noble
metals, the outer s-electron state is absent, which could supply a freely moving par-
ticle. Nevertheless, the solid material still behaves metallic at ambient T, caused
by extending d-states, according to Ref. [5]. The low electrical conductivity of
9.52× 106 (� m)−1 at 20 ◦C and CDK are insufficiently described by the free elec-
tron model. Within the wavelength range of interest, ε′

mr(λ) decreases at λ >250 nm
steadily to large negative numbers. ε′′

mr(λ) exhibits high positive and increasing val-
ues and a swing at 2,000 nm. For the CaF2 substrate at 75◦, the SP- dispersion appears
virtually undistorted, with a resonant cross-over at around 1.4 eV. In the asymptotic
limit at high k, the SP-energy approaches a high value of nearly 6 eV at the metal-
water interface. Palladium films are most easily produced by magnetron sputtering
from a massive metal-target in inert Ar-atmosphere at low pressure, electro-less
plating and also atomic layer deposition, by electron beam or thermal evaporation
from electrically heated Tungsten foils or carbon boats in high vacuum. The boil-
ing/evaporation temperature is 2,963 ◦C. There is no native oxide formation known
on the metal surface upon exposure to air or aqueous solution. Most likely, the metal
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Fig. 8.14 Photon and SPP-dispersion curves of Palladium at the metal-water interface (solid-line),
calculated for a CaF2 substrate (dashed-line) and incident angle of 75◦. The related intersection
point and resonance appears near 1.5 eV at low k-values. Right inset reveals the real and imaginary
fractions of the CDK as function of wavelength

Fig. 8.15 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range
500 nm < λ < 2,500 nm. The Pd-film thickness is 25 nm, in contact with water as the liquid
dielectric

behaves electrochemically similar to Iridium and Platinum. Pd-films exhibit unusu-
ally high diffusion-and bulk absorption coefficients for hydrogen. There are reports
on anti-microbial activity of Pd-complexes.

Related spectral features of the reflectanceR(λ) in theWIM are shown in Fig. 8.15
for the substrate materials under consideration. Similar to Iridium and Osmium,
the metal exhibits severely distorted SP-resonances that are mostly shifted into the
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Fig. 8.16 Reflectance curves underAIM-conditions for different substratematerials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Pd-film thickness
is 25 nm, in contact with water

infrared region of the electromagnetic spectrum. In general, Pd-films are poorly
suited for SP-sensing applications in the WIM.

The reflectance under AIM conditions is shown in Fig. 8.16, indicating that solely
the CaF2-substrate exhibits some useful SP-sensing properties. The SP-line broad-
ening parameter Δθres is consistently very high.

A compilation of achievable SPR sensor performance is displayed in Table8.3.

8.4 Thin Platinum (Pt) Films

The complex optical constant εmr(λ) = ε′
mr(λ) + jε′′

mr(λ) of the paramagnetic metal
has been taken fromRef. [3] and is illustrated in the right inset of Fig. 8.17. Its atomic
electron configuration is [Xe] 4f 145d96s11. In the solidmaterial, the outer 6s electron
and the incompletely filled 5d-state hybridize, and account for the partially occupied
conduction band, as shown in the band structure calculations of Ref. [6]. The rela-
tively low electrical conductivity of 9.5×106 (�m)−1 andCDKare inconsistentwith
the free electron model. Within the wavelength range of interest, ε′

mr(λ) decreases
at λ > 250 nm steadily to moderate negative values, but exhibits a strong feature
around 1,800 nm, which is also resolved in ε′′

mr . ε
′′
mr(λ) is positive and increases with

a maximum at 1,800nm to rather high values. For the PMMA substrate at 71◦, the
SP-dispersion is undistorted and exhibits a resonant cross-over at near 1.5 eV. In
the asymptotic limit at high k, the SP-energy approaches 4.55 eV at the metal-water
interface. Platinum films are best produced by magnetron sputtering from a massive
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Fig. 8.17 Photon and SPP-dispersion curves of Platinum at the metal-water interface (solid-line),
calculated for a PMMA substrate (dashed-line) and incident angle of 71◦. The related intersection
point and resonance appears near 1.5 eV at low k-values. Right inset reveals the real and imaginary
fractions of the CDK as function of wavelength. The quasi-bound SPP-state is visible a k< 0.3A−1

metal-target in inert atmosphere, possibly also by electron beam evaporation and
electrolytic deposition. Due to the high boiling/evaporation temperature of 3,825 ◦C,
films cannot be made by thermal evaporation from electrically heated Tungsten foils
or carbon boats, due to their lower melting temperatures. Native oxides do not form
on the metal surface upon exposure to air or aqueous solution. However, stable thin
Pt-oxide layers can be made electrochemically at moderate anodic potentials and by
reactive magnetron sputtering in oxygen atmosphere. The metal is highly corrosion
resistant.

Related spectral features of the reflectanceR(λ) in theWIM are shown in Fig. 8.18
for the substrate materials under consideration. Similar to the other noble metals,
Platinum exhibits severely distorted SP-resonances that are mostly shifted into the
infrared region of the electromagnetic spectrum and high angle. A weak SP-splitting
effect is resolved for the TOPAS substrate. In general, Pt-films are poorly suited for
SP-sensing applications in the WIM.

The reflectance under AIM conditions is shown in Fig. 8.19, indicating that partic-
ularly the crystalline substrates asQuartz, CaF2,MgF2 andLiF-substrate exhibit high
resonance angles, which are difficult to realize technically. The SP-line broadening
parameters Δλres and Δθres is consistently very high for all substrate materials.

For the TOPAS substrate, the SP-energy (eV) of thin Pt-films varies non-linearly
with the resonance angle within the range 55◦ < θ < 75◦ approximately as:
ESP(θ) = 0.0053θ2 + 0.6508θ − 20.36.

Figure8.20 illustrates the spectral characteristic of the resonance under WIM
conditions, calculated for a set of RIU values of the aqueous dielectric analyte. The
depths/contrast of the resonance is low, but remains constant towards higher nan-
values, whilst the resonance minimum shifts towards longer wavelengths. For the
PMMA substrate, an unsteady displacement of the resonance wavelength λres(nan)

with the refractive index of the liquid dielectric within the range 1.33 < nan < 1.39
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Fig. 8.18 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range
500 nm < λ < 2,500 nm. The Pt-film thickness is 20 nm, in contact with water as the liquid
dielectric

Fig. 8.19 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 50◦ < λ < 90◦. Pt-film thickness
is 20 nm, in contact with water
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Fig. 8.20 WIM-sensing properties and spectral reflectance R(λ) of Pt, initial wavelength λres near
900 nm, calculated for a set of different RIU-values: 1.33 < nan < 1.39. Substrate is PMMA,
incident angle is 71◦. Upper left and right insets show the SP-responsivity RWIM(nan) and line
broadening Δλres(nan). Lower right inset depicts resonance displacements λres(nan)

Fig. 8.21 AIM-reflectance at the SP-resonance for different Pt-film thickness values of 10, 30, 20,
40 and 50 nm

is revealed in the lower right inset. The WIM-responsivity RWIM(nan) appears
fairly high, as depicted in the upper left inset, comprising a peak with magnitude
>9,000 nm/RIU, but exhibits a distinct discontinuity at low values of nan. The broad-
ening parameter Δλres(nan), as taken at FWHM, is also very high, with 1,400nm at
nan = 1.35 and decreases with nan.

The influence of film thickness for AIM conditions is outlined in Figs. 8.21. This
data set clearly indicates that the Pt-film thickness for optimumSPR sensor operation
is placed at around 20 nm.

8.4.1 Properties of Localized Plasmons in Pt-Colloidal
Particles

The optical absorption characteristic of colloidal Pt-particles with 45nm diameter,
immersed into an aqueous solution with varying refractive index nan as function of
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Fig. 8.22 Optical absorbance for Pt-particles with 45nm diameter, calculated as function of wave-
length for different refractive index (RIU) values of the surrounding aqueous solution. Right upper
inset shows resonance position λR(nan) and optical responsivity SQext (nan) at lower left, taken at
the first spectral maximum near 300 nm

wavelength, is depicted in Fig. 8.22. Upper right and left insets, respectively, reveal
spectral resonance position λres(nan) and responsivity SQext (nan). This quantity is
considerably smaller than calculated before for both, short and long range SPP’s.

A compilation of achievable SPR sensor performance is displayed in Table8.4.

8.5 Thin Rhodium (Rh) Films

The complex optical constant εmr(λ) = ε′
mr(λ) + jε′′

mr(λ) of paramagnetic metal
has been taken from Ref. [3] and is illustrated in the right inset of Fig. 8.23. The
electron configuration of the isolated atom is [Kr]4d85s1. In the solid state, the
outer 5s electron state hybridizes with the 4d-shell and forms the partially occupied
conduction band (Ref. [7]). The metal exhibits moderate high electrical conductivity
23.1 × 106 (� m)−1, the CDK is not appropriately described by the free electron
model. Within the wavelength range of interest, ε′

mr(λ) decreases at λ > 200 nm
steadily to large negative values. ε′′

mr(λ) is positive and increases steadily to high
numbers. For the CaF2 substrate at 71◦, the SP-dispersion is weakly distorted and
exhibits a resonant cross-over at around 0.8 eV. In the asymptotic limit at high
k, the SP-energy approaches 6.3 eV at the metal-water interface. Rhodium films
are best produced by magnetron sputtering from a massive metal-target in inert
atmosphere, electro-plating or by electron beam evaporation in high vacuum. Due to
the high boiling/evaporation temperature of 3,685 ◦C,Rhodium-films cannot bemade
by thermal evaporation fromelectrically heatedTungsten foils or carbonboats.Native
oxides do not form on the metal surface upon exposure to air or aqueous solution
at neutral pH. However, stable thin oxide layers can be made electrochemically at
moderate anodic potentials in acidic solution. Themetal is highly corrosion resistant.
There is no biological activity or impact reported for the pure metal.
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Fig. 8.23 Photon and SPP-dispersion curves of Rhodium at the metal-water interface (solid-line),
calculated for a CaF2 substrate (dashed-line) and incident angle of 71◦. The related intersection
point and resonance appears near 0.8 eV at low k-values. Right inset reveals the real and imaginary
fractions of the CDK as function of wavelength

Fig. 8.24 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range
500 nm < λ < 2,500 nm. The Rh-film thickness is 15 nm, in contact with water as the liquid
dielectric

Related spectral features of the reflectanceR(λ) in theWIM are shown in Fig. 8.24
for the substrate materials under consideration. Similar to the other noble metals,
the metal exhibits severely distorted SP-resonances that are mostly shifted into the
infrared region of the electromagnetic spectrum.An SP-splitting effect is resolved for
BK7 and TOPAS substrates. Due to the broad S-resonance, Rh-films appear poorly
suited for SP-sensing applications in the WIM.
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Fig. 8.25 Reflectance curves underAIM-conditions for different substratematerials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Rh-film thickness
is 15 nm, in contact with water

The reflectance under AIM conditions is shown in Fig. 8.25, indicating that all
substrates, except MgF2 exhibit suited resonance angles. The SP-line broadening
parameters Δλres and Δθres is high for all substrate materials.

For the CaF2-substrate, the SP-energy (eV) of thin Rh-films varies non-linearly
with the resonance anglewithin the range 65◦ < θ < 75◦ approximately as:ESP(θ)=
0.0204θ2 − 2.772θ − 94.909.

The SPR-sensing characteristic in the AIM is shown in Fig. 8.26 at a wavelength
of 1667 nm, comprising initial resonance angle of 70◦. The resonance angle θres

increases linearly with nan. The maximum achievable responsivity RAIM is approx-
imately 100◦/RIU and decreases for longer wavelength. The line broadening para-
meter Δθres(nan) decreases towards higher values of nan.

Eventually, the influenceoffilm thickness forWIMandAIMconditions is outlined
in Figs. 8.27 and 8.28. This data set clearly indicates that the Rh-film thickness for
optimum SPR sensor operation is placed at around 15 nm.

A compilation of achievable SPR sensor performance is displayed in Table8.5.

8.6 Thin Ruthenium (Ru) Films

The complex optical constant εmr(λ) = ε′
mr(λ) + jε′′

mr(λ) of the metal has been
taken from Ref. [8] and is illustrated in the right inset of Fig. 8.29. The atomic elec-
tron configuration is [Kr]4d75s1. In the solid state, the outer 5s electron hybridizes
with the only partly filled 4d-shell, and forms the energetically broadened, partially



90 8 Noble Transition Metals of the Platinum Group

Fig. 8.26 AIM-sensing properties and angular reflectance R(θ), calculated for a set of different
RIU-values, at range 1.33 < nan < 1.39. Substrate is CaF2 and the incident wavelength 1667 nm.
Left and right upper sub-figures depict resonance displacements θres(nan) and line broadening
Δθres(nan). SP-responsivity RAIM (nan) shown below for three different wavelength

Fig. 8.27 WIM-reflectance at the SP-resonance for different Rh-film thickness values of 10, 15,
25, 35 and 55 nm

Fig. 8.28 AIM-reflectance at the SP-resonance for different Rh-film thickness values of 10, 15,
25, 35 and 55 nm
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Fig. 8.29 Photon and SPP-dispersion curves of Ruthenium at themetal-water interface (solid-line),
calculated for a BK7 substrate (dashed-line) and incident angle of 71◦. The related intersection
point and resonance appears near 1.4 eV at low k-values. Right inset reveals the real and imaginary
fractions of the CDK as function of wavelength

occupied conduction band, as calculated in Ref. [9]. The weakly paramagnetic metal
exhibits low electrical conductivity of 14× 106 (� m)−1. The spectral characteristic
of the CDK is unusual and not in agreement with the DA. Within the wavelength
range of interest, and unlike the other metals depicted before, ε′

mr(λ) increases at
λ > 400 nm steadily to smaller negative values. ε′′

mr(λ) is positive and decreases
steadily to smaller values. For the BK7 substrate at 71◦, the SP-dispersion is heavily
distorted and exhibits a resonant cross-over at around 1.4 eV. In the asymptotic limit
at high k, the SP-energy approaches 1.7 eV at the metal-water interface. Ruthenium
films are best produced by magnetron sputtering from a massive metal-target in inert
atmosphere, and by electro-plating. Due to the high boiling/evaporation temperature
of 4150.6 ◦C, films cannot be made by thermal evaporation from electrically heated
Tungsten foils or carbon boats, due to their lower melting temperatures or by electron
beam evaporation. Native oxides do not form on the metal surface upon exposure
to air or aqueous solution. Stable, electrically conducting thin oxide layers can be
made electrochemically at moderate anodic potentials.

Related spectral features of the reflectanceR(λ) in theWIM are shown in Fig. 8.30
for the substrate materials under consideration. In contrast to other noble metals
of the Platinum group, Ru-films exhibit fairly undistorted SP-resonances that are
placed at or slightly below 1,000nm in the near infrared region of the electromagnetic
spectrum,where CMOS image sensors can be used. An SP-splitting effect is resolved
for Sapphire and PC substrates at moderate angle. Ru-films apparently are suited for
SP-sensing applications in the WIM.

The reflectance under AIM conditions is shown in Fig. 8.31, indicating that all
substrates, except MgF2 and LiF exhibit suited resonance angles. The SP-line broad-
ening parameter Δλres is moderate for all SP-active substrate materials. For a BK
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Fig. 8.30 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range
400 nm < λ < 1,400 nm. The Ru-film thickness is 20 nm, in contact with water as the liquid
dielectric

Fig. 8.31 Reflectance curves underAIM-conditions for different substratematerials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Ru-film thickness
is 20 nm, in contact with water

7-substrate, the SP-energy (eV) of thin Ru-films varies weakly non-linear with the
resonance angle within the range 62◦ < θ < 70◦ approximately as: ESP(θ) =
0.0016θ2 − 0.187θ + 6.5088.

A compilation of achievable SPR sensor performance is displayed in Table8.6.
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Chapter 9
Common Transition Metals

9.1 Thin Chromium (Cr) Films

The complex optical constant εmr (λ) = ε′
mr (λ) + jε′′

mr (λ) of the metal has been
taken from Ref. [1] and is illustrated in the right inset of Fig. 9.1. The atomic electron
configuration is [Ar ]3d54s1. In the solid state, the outer 4s electron state hybridizes
with the partly filled 3d-shell, and forms the partially occupied conduction band.
Related band structure calculations for the paramagnetic state are reported in Ref.
[2]. The metal is anti-ferromagnetic at T<312 K, exhibits a rather low electrical
dc-conductivity of 8 × 106(�m)−1 at ambient T and is not appropriately described
by the DA. Within the wavelength range of interest, and unlike most of other metals
depicted before, ε′

mr (λ) becomes negative >200 nm, remains at quite small negative
values over a broad range of wavelength, exhibits a swing near 600nm and turns back
positive atλ >1,100nm. ε′′

mr (λ) is positive,with amaximumat 600nm, and increases
further towards longer wavelength. For the BK7 substrate at 67◦, the SP-dispersion
appears undistorted and exhibits a resonant cross-over around 3.3 eV. Otherwise,
photon-and SPP dispersions appear to coincide over a rather broad range of k-values.
In the asymptotic limit at high k, the SP-energy approaches a high value of 7.7 eV
at the metal-water interface. Due to the low boiling point of 2,670 ◦C, Chromium
films can be readily produced bymagnetron sputtering from amassivemetal target in
inert atmosphere, by electron beam and thermal evaporation, by electro-plating and
chemical vapor deposition methods. A stable, few nm thin native oxide layer forms
on the metal surface, immediately upon exposure to air or aqueous solution. Dense,
oxide layers also can be made electrochemically at moderate anodic potentials.

Related spectral features of the reflectance R(λ) in theWIM are shown in Fig. 9.2
for the substrate materials under consideration. Cr-films exhibit poorly resolved,
broadened SP-resonances at around 800nm that are placed at high angle and thus
are not well suited for SP-sensing applications in the WIM. SP-resonances do not
appear for MgF2 and LiF-substrates.

© The Author(s) 2015
L.C. Oliveira et al., Surface Plasmon Resonance Sensors,
SpringerBriefs in Physics, DOI 10.1007/978-3-319-14926-4_9
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Fig. 9.1 Photon and SPP-dispersion curves of Chromium at the metal-water interface (solid-line),
calculated for a BK7 substrate (dashed-line) and incident angle of 67◦. The related intersection
point and resonance appears in the UV-region near 6.7 eV at moderate k-values. Right inset reveals
the real and imaginary fractions of the CDK as function of wavelength

Fig. 9.2 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range
400 nm < λ < 1,400 nm. The Cr-film thickness is 25 nm, in contact with water as the liquid
dielectric
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Fig. 9.3 Reflectance curves under AIM-conditions for different substrate materials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Cr-film thickness
is 25 nm, in contact with water

Reflectance under AIM conditions is shown in Fig. 9.3, and confirms the consis-
tently high resonance angles.

A compilation of achievable SPR sensor performance is displayed in Table9.1.

9.2 Thin Cobalt (Co) Films

The complex optical constant εmr (λ) = ε′
mr (λ) + jε′′

mr (λ) of the metal metal has
been taken from Ref. [3] and is illustrated in the right inset of Fig. 9.4. The atomic
electron configuration is [Ar ]3d74s2. In the solid state, the two 4s electrons hybridize
with the incompletely filled 3d-shell, and form a partially occupied, energetically
broadened conduction band, as reported in Ref. [4]. The metal is ferromagnetic,
exhibits moderate electrical dc-conductivity of 16×106(�m)−1 at ambient T, and is
not appropriately described by the free electron model. Within the wavelength range
of interest similar to Chromium, ε′

mr (λ) increases initially to negative values, exhibits
a shallow minimum, but little further variation. ε′′

mr (λ) is positive and increases
steadily to high values towards longer wavelength. For the Quartz substrate at 67◦,
the SP-dispersion appears undistorted and exhibits also a resonant cross-over in the
UV region at around 6.5 eV. There are no clear intersections resolved, since photon-
and SPP dispersions coincide over a very broad range of k-values. In the asymptotic
limit at high k, the SP-energy approaches 7.8 eV at the metal-water interface. Due to
the boiling temperature of 2,927 ◦C, thin Cobalt-films can be produced bymagnetron
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Fig. 9.4 Photon and SPP-dispersion curves of Cobalt at the metal-water interface (solid-line), cal-
culated for a Quartz substrate (dashed-line) and incident angle of 67◦. Photon-and SPP dispersions
match of broad range of wave-vectors. Right inset reveals the real and imaginary fractions of the
CDK as function of wavelength

sputtering from a massive metal target in inert Ar-atmosphere, by electron beam and
thermal evaporation at high vacuum, as well as electro-plating. A thin dense oxide
layer forms on the metal surface, immediately upon exposure to air. Most likely the
hydroxidic form persists in aqueous solution. Passivating surface layers also can be
produced electrochemically at moderate anodic potentials.

Related spectral features of the reflectance R(λ) in theWIM are shown in Fig. 9.5
for the substrate materials under consideration. Co-films exhibit poorly resolved,

Fig. 9.5 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range
200 nm < λ < 1,000 nm. The Co-film thickness is 15 nm, in contact with water as the liquid
dielectric
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Fig. 9.6 Reflectance curves under AIM-conditions for different substrate materials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Co-film thickness
is 15 nm, in contact with water

broadened SP-resonances at around 600 nm, mostly placed at high angle. Co-films
thus are not well suited for SP-sensing applications in the WIM. SP-resonances do
not appear for CaF2, MgF2 and LiF-substrates at useful angles. Resonance splitting
is resolved for Sapphire.

Reflectance under AIM conditions is shown in Fig. 9.6, and confirms the high
resonance angles, except for Sapphire substrates.

A compilation of achievable SPR sensor performance is displayed in Table9.2.

9.3 Thin Iron (Fe) Films

The complex optical constant εmr (λ) = ε′
mr (λ)+ jε′′

mr (λ) of themetal has been taken
from Ref. [10] and is illustrated in the right inset of Fig. 9.7. The atomic electron
configuration of Fe is [Ar ]3d64s2. In the solid state, two 4s electrons hybridize with
the incompletely filled 3d-shell, and form the partially occupied, energetically broad-
ened conduction band. A band-structure calculation of ferromagnetic Iron is revealed
in Ref. [6]. Iron is also ferromagnetic and exhibits a low electrical dc-conductivity
of 10.4 × 106(� m)−1 at ambient T. The high value of the magnetic permeability
μ suggests a pronounced magneto-optical effect in presence of a magnetic field.
Within the wavelength range of interest at λ > 350 nm, ε′

mr (λ) decreases steadily to
moderate negative values. ε′′

mr (λ) is positive and remains constant at λ < 700 nm,
comprising relatively small values. This suggests that the metal follows a modified
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Fig. 9.7 Photon and SPP-dispersion curves of Iron at the metal-water interface (solid-line), calcu-
lated for a Sapphire substrate (dashed-line) and incident angle of 75◦. Photon-and SPP dispersions
and group velocities match for a broad range of wave-vectors. Right inset reveals the real and
imaginary fractions of the CDK as function of wavelength

DA. For the Sapphire substrate at 75◦, the SP-dispersion appears undistorted, and
reveals a non-diffuse cross-over at around 2.8 eV. In the asymptotic limit at high k,
the SP-energy approaches 3.21 eV at the metal-water interface. Iron films can be
produced by magnetron sputtering from a massive metal target in inert atmosphere,
by electron beam and thermal evaporation in high vacuum. Upon contact with aque-
ous solution, a porous hydroxide layer forms on the metal surface. Iron exhibits poor
corrosion resistance, due to absence of a passivating surface oxide layer.

Related spectral features of the reflectance R(λ) in theWIM are shown in Fig. 9.8
for the substrate materials under consideration. Likemost other transitionmetals, Fe-
films exhibit poorly resolved, broadened SP-resonances, centered at around 600nm
at moderate angle. TOPAS and BK7 appear suited for SP-sensing applications in the
WIM. SP-resonances are not resolved for CaF2, MgF2 and LiF-substrates.

Reflectance under AIM conditions is depicted in Fig. 9.9, and confirms the mod-
erate resonance angles, except for Quartz substrates.

Figure9.10 illustrates the spectral characteristic of the resonance under WIM
conditions, calculated for a set of RIU values of the aqueous dielectric analyte. The
depths/contrast of the resonance is low, and decreases further towards higher nan-
values, whilst the resonance minimum shifts towards longer wavelengths. For the
TOPAS substrate, a steady displacement of the resonance wavelength λres(nan) with
the refractive index of the liquid dielectric within the range 1.33 < nan < 1.39 is
revealed in the upper central inset. The maximum achievable WIM-responsivity
RWIM(nan) as depicted in the left upper inset comprises a magnitude of up to
4,000 nm/RIU at nan = 1.36. The broadening parameter Δλres(nan) changes non-
steady. It is around 300±50 nm at nan = 1.36 and remains largely constant.
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Fig. 9.8 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 60◦, 68◦, 71◦ and 75◦ for the wavelength range
300nm< λ <700nm. The Fe-film thickness is 25 nm, in contact with water as the liquid dielectric

Fig. 9.9 Reflectance curves under for different substrate materials, as indicated in the plots, and
different incident wavelengths for the angle range 40◦ < θ < 90◦. Fe-film thickness is 25 nm, in
contact with water
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Fig. 9.10 WIM-sensing properties and spectral reflectance R(λ) of Fe, initial wavelength λres
near 550 nm, calculated for a set of different RIU-values: 1.33 < nan < .39. Substrate is TOPAS,
incident angle is 71◦. Upper three insets show SP-responsivity RWIM(nan), resonance displacement
λres(nan) and line broadening Δλres(nan) at FWHM

Fig. 9.11 AIM-sensing properties and angular reflectance R(θ) of Fe, calculated for a set of
different RIU-values, at range 1.33 < nan < 1.39. Substrate is TOPAS, incident wavelength
is 573 nm. Left and right upper sub-figures depict resonance displacements θres(nan) and line
broadeningΔθres(nan). SP-responsivity RAIM(nan) shownbelow forwavelengths of 408 and573nm

The SPR-sensing characteristic in the AIM is shown in Fig. 9.11 for TOPAS
at a wavelength of 573 nm, and comprises an initial resonance angle of 71◦ that
increases linearly with nan . The maximum achievable responsivity RAIM is approxi-
mately 110◦/RIU, and remains constant. The line broadening parameter Δθres(nan)

decreases towards higher values of nan .
The influence of film thickness for AIM conditions is outlined in Fig. 9.12. The

data indicate that the Fe-film thickness for optimumsensor operation is around 25 nm.
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Fig. 9.12 AIM-reflectance at the SP-resonance for different Fe-film thickness values of 15, 25, 35,
45 and 55 nm

Fig. 9.13 Optical absorbance for Fe-particles with 45nm diameter, calculated as function of wave-
length for different refractive index (RIU) values of the surrounding aqueous solution. Left lower
inset shows resonance position λR(nan) and optical responsivity SQext (nan) at upper left, taken at
the first spectral maximum near 380 nm

9.3.1 Properties of Localized Plasmons in Colloidal
Fe-Particles

The optical absorption characteristic of colloidal Fe-particles with 45nm diameter,
immersed into an aqueous solution with varying refractive index nan as function
of wavelength, is depicted in Fig. 9.13. Left lower and upper insets reveal spectral
resonance position λres(nan) and responsivity SQext (nan), respectively. This quantity
is more than one order of magnitude smaller than calculated before in Fig. 9.10 for
the propagating SPP.

A compilation of achievable SPR sensor performance is displayed in Table9.3.
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Fig. 9.14 Finite element computations. The parameters SPR sensor are the ones used in Fig. 9.9
for λ=750 nm. Without magnetic field induces μ=1.0 the results obtained by the finite element
method are similar to the ones obtained from the Fresnel model. In a presence of small magnetic
field which induces μ=1.5 and at moderate magnetic field which induces μ=2.0

9.3.2 Magneto-Optical Effects

An example of SPR-sensing characteristic for thin Iron films in the presence of a
magnetic field is shown in figures below. In the Fig. 9.14 when no magnetic field are
applied, then the value of μ is equal 1 and the results are similar to those, shown in
Fig. 9.9 for BK7 substrate. As the magnetic field increases the value of μ becomes
higher and the resonance coupling conditions change as indicated by the shift in
the θres position. To determine the performance of the SPR sensor in a presence of a
quasi-staticmagnetic field thatmodifies the resonance condition onemust employ the
Maxwell equations since the Fresnel model does not include any magneto-optical
effect. Figure9.14 shows the results obtained by using the finite element method
to solve the Maxwell equations when the metallic layer is affected by a external
magnetic field.

9.4 Thin Molybdenum (Mo) Films

The complex optical constant εmr (λ) = ε′
mr (λ) + jε′′

mr (λ) of the metal from Ref.
[7] is illustrated in the right inset of Fig. 9.15. The electron configuration of the
atomic ground state is [Ar ]4d55s1. For the pure, solidified material, the outer 5s
electronhybridizeswith the incompletelyfilled4d-shell and forms thebroad, partially
occupied conduction band, as shown in Ref. [8]. The weakly paramagnetic metal
exhibits moderate electrical dc-conductivity of 18.7×106(�m)−1 at ambient T and
suggests description by a modified form of the DA. At λ > 750 nm, ε′

mr (λ) turns
swiftly to negative values that decrease steadily. ε′′

mr (λ) is positive, with some distinct
features around 700 nm, and remains fairly constant at moderate values within the
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Fig. 9.15 Photon and SPP-dispersion curves of Molybdenum at the metal-water interface (solid-
line), calculated for a TOPAS substrate (dashed-line) and incident angle of 68◦. Right inset reveals
the real and imaginary fractions of the CDK as function of wavelength

wavelength range of interest. For the TOPAS substrate at 68◦, the SP-dispersion
appears undistorted and exhibits a distinct resonant cross-over in the NIR region at
around 0.8 eV. Intersections probably also exist at lower energy and low k-values. In
the asymptotic limit at high k, the SP-energy approaches 1.4 eV at the metal-water
interface. Due to a high boiling point of 4,639 ◦C, Molybdenum films cannot be
evaporated thermally from Tungsten foils or carbon boats, but are produced readily
by magnetron sputtering from a massive metal target in inert atmosphere, or by laser
ablation. A dense and very thin native self-limiting oxide layer with composition
MoO3 forms on the metal surface, immediately upon exposure to air or aqueous
solution. Passivating surface oxide layers also can be made electrochemically at
moderate anodic potentials. The metal is corrosion resistant up to high temperature.

Related spectral features of the reflectance R(λ) in theWIMare shown in Fig. 9.16
for the substrate materials under consideration. Unlike most other transition met-
als, Mo-films exhibit clear SP-resonances centered, however, at long wavelength
>1,000 nm, whilst comprising moderate incident angles. TOPAS and BK7 appear
best suited for SP-sensing applications in the WIM. SP-resonances do not appear for
the MgF2-substrate.

Reflectance under AIM conditions is depicted in Fig. 9.17, and confirms the mod-
erate resonance angles, except for MgF2 substrates. The plots indicate a distinct
decrease of the line broadening parameter Δθres with increasing wavelength, estab-
lished towards smaller resonance angles.

For the BK7 substrate, the SP-energy (eV) varies with the incident angle within
the range 65◦ < θ < 75◦ non-linearly as: ES P (θ) = −0.0015θ2 + 0.254θ − 9.366.

The sensing characteristic in the WIM is shown in Fig. 9.18 for BK7, comprising
an initial wavelength of 1,250 nm. The displacement of the resonance position as
function of the refractive index of the liquid analyte, is shown in the upper inset.
The depth/contrast of both resonances increases with increasing RIU-values of the
analyte. The associated sensor responsivity RWIM is illustrated in the lower left inset
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Fig. 9.16 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 500 nm <

λ < 2,500 nm. The film thickness is 30 nm, being in contact with water as the liquid dielectric

Fig. 9.17 Reflectance curves underAIM-conditions for different substratematerials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Mo-film thickness
is 30 nm, in contact with water

and increases linearlywith the RIU variation of the analyte. The SPR-line broadening
effect (at FWHM) is depicted in the lower right inset and decreases with nan .

Eventually, the influence of film thickness for the WIM is outlined in Fig. 9.19.
This data set clearly indicates that the Mo-film thickness for optimum SPR sensor
operation would be placed at 30 nm.

A compilation of achievable SPR sensor performance is displayed in Table9.4.
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Fig. 9.18 WIM-sensor properties and spectral reflectance R(λ) for different RIU-values of the
aqueous analyte 1.33 < nan < 1.39. Substrate is BK7, incident angle is 68◦. Upper inset shows
resonance displacements θres(nan), below depicted (left) responsivity RWIM(nan) and line broad-
ening Δθres(nan)

Fig. 9.19 WIM-reflectance at the SP-resonance for different Mo-film thickness values of 10, 20,
30, 40 and 50 nm

9.5 Thin Nickel (Ni) Films

The complex optical constant εmr (λ) = ε′
mr (λ) + jε′′

mr (λ) of the metal has been
taken from Ref. [7] and is illustrated in the right inset of Fig. 9.20. The atomic
electron configuration of the ground state is most likely [Ar ]3d94s1. In the solid-
ified material, the outer 4s electron hybridizes with the only partly filled 3d-shell,
and forms the partially occupied conduction band. The ferromagnetic metal exhibits
moderate electrical dc-conductivity of 14.4 × 106(� m)−1 at ambient T. It is inap-
propriately described by the DA, as outlined in the band-structure calculation of
Ref. [9]. At wavelengths >250 nm, ε′

mr (λ) drops steadily to negative values, while
ε′′

mr (λ) is positive and increases linearly towards longer wavelengths. For the Quartz
substrate at 71◦, the SP-dispersion appears undistorted, but does not exhibit a clear
resonant cross-over, since photon and SPP-group velocities coincide over a large
range of k-values. In the asymptotic limit at high k, the SP-energy approaches 3.5 eV
at the metal-water interface, similar to Silver. Due to a relatively low boiling point
of 2,730 ◦C, Nickel films can be produced by magnetron sputtering from a massive
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Fig. 9.20 Photon and SPP-dispersion curves of Nickel at the metal-water interface (solid-line),
calculated for a Quartz substrate (dashed-line) and incident angle of 71◦. There is no clear intersec-
tion point and resonance resolved. Right inset reveals the real and imaginary fractions of the CDK
as function of wavelength

metal target in inert low pressure Ar-atmosphere, by electron beam and thermal evap-
oration from a Tungsten foil or Carbon boat in high vacuum, and by electro-plating.
A stable, dense and thin native oxide layer forms on the metal surface, immediately
upon exposure to air or aqueous solution. Dense, passivating oxide layers also can
be made electrochemically at moderate anodic potentials.

Related spectral features of the reflectance R(λ) in theWIMare shown in Fig. 9.21
for the substratematerials under consideration. Evidently,Ni-films onmost substrates

Fig. 9.21 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 500 nm <

λ < 2,500 nm. The Ni-film thickness is 25 nm, in contact with water as the liquid dielectric
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Fig. 9.22 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Ni-film thickness
is 25 nm, in contact with water

do not exhibit clear SP-resonances and thus are poorly suited for SP-sensing appli-
cations in the WIM, especially Sapphire, MgF2 and LiF.

Reflectance under AIM conditions is shown in Fig. 9.22, and confirms a manifold
of resonance wavelength at nearly same angles for TOPAS, BK7, PC and PMMA.

A compilation of achievable SPR sensor performance is displayed in Table9.5.

9.6 Thin Niobium (Nb) Films

The complex optical constant εmr (λ) = ε′
mr (λ)+ jε′′

mr (λ) of themetal has been taken
fromRef. [10] and is illustrated in the right inset of Fig. 9.23. The atomic ground state
electron configuration is [Kr ]4d45s1. In the solidified material, the outer 5s electron
hybridizes with the incompletely filled 4d-shell, and forms the partially occupied
conduction band, according to the bandstructure calculations ofRef. [11]. Theweakly
paramagnetic metal exhibits low electrical dc-conductivity of 6.57 × 106(� m)−1,
and in part agrees with the DA, according to the band-structure calculation provided
in Ref. [11]. At wavelengths λ > 600 nm, ε′

mr (λ) drops steadily to high negative
values. ε′′

mr (λ) is positive and increases slowly at λ > 400 nm. For the BK7 substrate
at 71◦, the SP-dispersion appears heavily distorted, but exhibits a clear resonant
cross-over at approximately 1 eV. There is no clear SP-energy resolved at high k for
the metal-water interface, but an apparent smooth transition at low k-values from the
bound SPP to the quasi-bound (Qb) state, as defined before in Chap.2. This unusual
feature is not in agreement with the DA. Niobium films can be readily produced by
magnetron sputtering from a massive metal target in low pressure Ar-atmosphere.

http://dx.doi.org/10.1007/978-3-319-14926-4_2
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Fig. 9.23 Photon and SPP-dispersion curves of Niobium at the metal-water interface (solid-line),
calculated for BK7 substrate (dashed-line) and incident angle of 71◦. A resonant intersection point
is resolved near 1 eV. Right inset reveals the real and imaginary fractions of the CDK as function
of wavelength

However, the very high boiling temperature of 4,744 ◦Cprevents thermal evaporation
from electrically heated Tungsten foils or Carbon boats possibly, or electron beam
evaporation. The metal is corrosion resistant and does not oxidize below 400 ◦C.
Properties or existence of thin native oxide layers on the pure metal surface upon
exposure to air or aqueous solution are not known.

Related spectral features of the reflectance R(λ) in theWIMare shown in Fig. 9.24
for the substrate materials under consideration. In contrast to numerous other tran-
sition metals, Nb-films on most substrates exhibit clear, although relatively broad

Fig. 9.24 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 500 nm <

λ < 2,500 nm. The Nb-film thickness is 25 nm, being in contact with water as the liquid dielectric
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Fig. 9.25 Reflectance curves underAIM-conditions for different substratematerials, as indicated in
the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Nb-film thickness
is 25 nm, in contact with water

SP-resonances, and thus are well suited for SP-sensing applications in the WIM,
except MgF2. An SP-splitting effect is resolved for PMMA.

Reflectance under AIM conditions is shown in Fig. 9.25, indicating a decrease
of the resonance width with increasing wavelength for Quartz, BK7 and TOPAS
substrates, whilst moving to smaller angle. For the BK7 substrate, the SP-energy
(eV) varies with the incident angle within the range 65◦ < θ < 75◦ weakly non-
linear as: ESP(θ) = 0.0021θ2 − 0.2076θ + 5.642.

The SPR-sensing characteristic in the AIM is shown in Fig. 9.26, comprising
an initial resonance angle of 71◦ and wavelength of 903 nm. The depth of the

Fig. 9.26 AIM-sensor properties: angular reflectance R(θ) for different RIU-values of the aque-
ous analyte 1.33 < nan < 1.39. Substrate is BK7, incident wavelength 903 nm. Upper right
two sub-figures show resonance displacements θres(nan), SP-line broadening Δθres at FWHM and
responsivity RAIM below
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Fig. 9.27 AIM-reflectance at the SP-resonance for different Nb-film thickness values of 15, 25,
35, 45 and 55 nm

SP-resonance does not vary significantly with the RIU of the analyte. A linear
increase of resonance angle θres(nan), but decrease of the line broadening para-
meter Δθres(nan) with the RIU of the analyte are resolved in the right two upper two
sub-figures. SPR sensor responsivity RAIM is shown for four different wavelengths
below; their values are moderate and remain largely constant.

Eventually, the influence of film thickness for the AIM is outlined in Fig. 9.27.
This data set clearly indicates that the Nb-film thickness for optimum SPR sensor
operation would be placed at 25 nm.

A compilation of achievable SPR sensor performance is displayed in Table9.6.

9.7 Thin Tantalum (Ta) Films

The material exists in two phases with different crystallographic structure: the α-
phase is bcc (body centered cubic), the β-phase is tetragonal and meta-stable.
A phase transition occurs at elevated T. The complex optical constant εmr (λ) =
ε′

mr (λ) + jε′′
mr (λ) of the former phase has been taken from Ref. [1] and is illus-

trated in the right inset of Fig. 9.28. The atomic ground state electron configuration
is [Xe]4 f 145d36s2. In the solidified material, the outer 6s electrons hybridize with
the partly filled 5d- and f shells, and form the partially occupied nearly parabolic
conduction band. The weakly paramagnetic metal exhibits a slightly higher elec-
trical dc-conductivity of 7.63 × 106(� m)−1 in the α-phase. The CDK fairly well
resembles the DA at low energy, in accord with the band-structure calculation pro-
vided in Ref. [12]. At wavelengths λ > 500 nm, ε′

mr (λ) drops steadily to negative
values. ε′′

mr (λ) is positive and increases slowly at λ > 1, 400 nm. For the BK7
substrate at 68◦, the SP-dispersion is undistorted, and exhibits a distinct resonant
cross-over at approximately 1.2 eV. The SP-energy at high k for the metal-water
interface is 1.87 eV. Tantalum-films can be readily produced by magnetron sputter-
ing from a massive metal target in low pressure Ar-atmosphere, possibly by laser
ablation. The very high boiling temperature of 5,458 ◦Cprevents thermal evaporation
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Fig. 9.28 Photon and SPP-dispersion curves of α-Ta at the metal-water interface (solid-line),
calculated for BK7 substrate (dashed-line) and incident angle of 68◦. A resonant intersection point
is resolved near 1.2 eV. Right inset reveals the real and imaginary fractions of the CDK as function
of wavelength

from electrically heated Tungsten foils or carbon boats at high vacuum, or electron
beam evaporation. The metal is highly corrosion resistant. A few monolayer thin
native oxide film forms on the pure metal surface immediately upon exposure to air
or aqueous solution. Structural properties of thin Ta-films are reported in Ref. [13].

Related spectral features of the reflectance R(λ) in theWIMare shown in Fig. 9.29
for the substrate materials under consideration. Quite similar to the optical properties
of Nb-films depicted before, most substrates exhibit clear, moderately broadened
SP-resonances. Tantalum is thus well suited for SP-sensing applications in theWIM,
exceptMgF2, aswell as LiF. A distinct SP-splitting effect is also resolved for PMMA.

Fig. 9.29 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 500 nm <

λ < 2,500 nm. The Ta-film thickness is 35 nm, being in contact with water as the liquid dielectric
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Fig. 9.30 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Ta-film thickness
is 35 nm, in contact with water

Reflectance under AIM conditions is shown in Fig. 9.30, indicating a distinct
decrease of the resonance width with increasing wavelength and towards smaller
angle for Quartz, BK7, PMMA and TOPAS. For the BK7 substrate, the SP-energy
(eV) varieswith the incident anglewithin the range 65◦ < θ < 75◦ weakly non-linear
as: ES P (θ) = −0.0028θ2 + 0.468θ − 17.487.

The sensing characteristic in the WIM is shown in Fig. 9.31 for BK7, comprising
an initial wavelength 950 nm. The displacement of the resonance angle as function
of the refractive index of the liquid analyte, is show in the lower left inset. The
depth/contrast increase with increasing RIU-values of the analyte. The associated
sensor WIM-responsivity RWIM is illustrated in the lower right inset: its magnitude

Fig. 9.31 WIM-sensor properties and spectral reflectance R(λ) for different RIU-values of the
aqueous analyte 1.33 < nan < 1.39. Substrate is BK7, incident angle is 68◦. Left inset shows
resonance displacement θres(nan); responsivity RWIM(nan) at lower and line broadeningΔθres(nan)

at upper right
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Fig. 9.32 WIM-reflectance at the SP-resonance for different Ta-film thickness values of 15, 25,
35, 45 and 55 nm

is rather high and increases towards higher nan . The moderate SPR-line broadening
parameter (at FWHM) is depicted in the upper right inset and decreases with nan .

Eventually, the influence of film thickness for the WIM is outlined in Fig. 9.32.
This data set clearly indicates that the Ta-film thickness for optimum SPR sensor
operation would be placed at 35 nm.

A compilation of achievable SPR sensor performance is displayed in Table9.7.

9.8 Thin Titanium (Ti) Films

The complex optical constant εmr (λ) = ε′
mr (λ) + jε′′

mr (λ) of the hcp phase has
been taken from Ref. [1] and is illustrated in the right inset of Fig. 9.33. The atomic
electron configuration is [Ar ]3d24s2. In the solidifiedmaterial, the outer 4s electrons
hybridize with the partly filled 3d-shell, and form the partially occupied conduction
band. The paramagnetic metal exhibits a relatively low electrical dc-conductivity
of 2.38 × 106(� m)−1. The CDK is inappropriately described by the DA. A band-
structure calculation for the material is reported in Ref. [14]. ε′

mr (λ) exhibits solely
within the wavelengths range 300 nm < λ < 900 nm rather small negative values.
ε′′

mr (λ) is positive, with small modulations and increases steadily at λ > 300 nm.
For the BK7 substrate at 68◦, the SP-dispersion appears heavily distorted, whilst a
clear resonant cross-over is resolved only in the VUV-region at the photon energy of
7.5 eV. Intersections probably also exist at lower energy and low k-values. The SP-
energy at high k for the metal-water interface is 7.7 eV. Titanium films can be readily
produced by magnetron sputtering from a massive metal target in a low pressure Ar-
atmosphere. The boiling temperature of 3,287 ◦C prevents thermal evaporation from
electrically heated Tungsten foils or carbon boats. The metal is corrosion resistant.
A stable thin native oxide layer forms on the pure metal surface, immediately upon
exposure to air or aqueous solution. The oxide growth kinetics on a polycrystalline
Ti-surface is reported in Ref. [15].

Related spectral features of the reflectance R(λ) in theWIMare shown in Fig. 9.34
for the substrate materials under consideration. Unlike the optical properties of Ta
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Fig. 9.33 Photon and SPP-dispersion curves of Titanium at the metal-water interface (solid-line),
calculated for BK7 substrate (dashed-line) and incident angle of 68◦. There is no clear resonant
intersection point resolved at low energy. Right inset reveals the real and imaginary fractions of the
CDK as function of wavelength

Fig. 9.34 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 400 nm <

λ < 1,300 nm. The Ti-film thickness is 20 nm, in contact with water as the liquid dielectric

and Nb-films depicted before, virtually all dielectric substrates lack presence of a
clear SP-resonance at moderate angle and photon energy, except Sapphire. Titanium
films are thus poorly suited for SP-sensing applications in the WIM.

Reflectance under AIM conditions is shown in Fig. 9.35, indicating again rather
broad resonances and suited angles <75◦ only for PC and Sapphire substrates.

A compilation of achievable SPR sensor performance is displayed in Table9.8.
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Fig. 9.35 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Ti-film thickness
is 20 nm, in contact with water

9.9 Thin Tungsten (W) Films

The crystal structure ofW is bcc (body centered cubic). The complex optical constant
εmr (λ) = ε′

mr (λ) + jε′′
mr (λ) has been taken from Ref. [7] and is illustrated in the

right inset of Fig. 9.36. The atomic electron configuration is [Xe]4 f 145d46s2. In the
solidified material, the two outer 6s electrons hybridize with the partly filled 5d-and
4f shells, and form the partially occupied conduction band. Theweakly paramagnetic
metal exhibits a moderate electrical dc-conductivity of 18.9 × 106(� m)−1. Apart
frommodulations, the CDK seems to agree with the DA. Band-structure calculations
are provided in Ref. [16]. At wavelengths λ > 1, 000 nm, ε′

mr (λ) drops steadily from
small positive to negative values. ε′′

mr (λ) is positive and reveals distinct oscillations
within the spectral range of interest. For the BK7 substrate at 68◦, the SP-dispersion
is considerably distorted, but exhibits a distinct resonant cross-over at approximately
0.7 eV. The SP-energy at high k for the metal-water interface approaches 1.23 eV.
Tungsten films can be readily produced by magnetron sputtering from a massive
metal target in low pressure Ar-atmosphere. The very high boiling temperature of
5,930 ◦C prevents thermal evaporation or electron beam evaporation in low pressure
vacuum. The metal is highly corrosion resistant. A thin native oxide layer forms
immediately on the pure metal surface upon exposure to air or aqueous solution. The
anodic oxidation of Tungsten electrodes is reported in Ref. [17].

Related spectral features of the reflectance R(λ) in theWIMare shown in Fig. 9.37
for the substrate materials under consideration. Similar to the optical properties of
Ta and Nb-films, depicted before, virtually all dielectric substrates, except LiF and
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Fig. 9.36 Photon and SPP-dispersion curves of Tungsten at the metal-water interface (solid-line),
calculated for BK7 substrate (dashed-line) and incident angle of 68◦. There is a clear resonant
intersection point resolved for photon energy of 0.7 eV. Right inset reveals the real and imaginary
fractions of the CDK as function of wavelength

Fig. 9.37 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 500 nm <

λ < 2,500 nm. The W-film thickness is 45 nm, in contact with water as the liquid dielectric

MgF2, exhibit clear, but fairly broad SP-resonances. W-films are thus suited for
SP-sensing applications in the WIM.

Reflectance under AIM conditions is shown in Fig. 9.38, again indicating angu-
larly broadened resonances and suited angles <75◦, except the MgF2 substrate. For
the BK7 substrate, the SP-energy (eV) varies with the incident angle within the range
60◦ < θ < 75◦ strictly linear as: ES P (θ) = 0.0255θ − 1.009.

A compilation of achievable SPR sensor performance is displayed in Table9.9.
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Fig. 9.38 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦.W-film thickness
is 45 nm, in contact with water

9.10 Thin Vanadium (V) Films

Thematerial crystallizes in the bcc structure. The complex optical constant εmr (λ) =
ε′

mr (λ)+ jε′′
mr (λ) in the former phase has been taken from Ref. [1] and is illustrated

in the right inset of Fig. 9.39. The atomic electron configuration is [Ar ]3d34s2. In the
solidifiedmaterial, the outer two 4s electrons hybridize with the partly filled 3d-shell,
and form the partially occupied conduction band. The weakly paramagnetic metal
exhibits a moderate electrical dc-conductivity of 5.07 × 106(� m)−1. The CDK
roughly agrees with the DA, except modulations, in accord with the band-structure
calculation provided in Ref. [18]. At wavelengths λ > 1,000 nm, ε′

mr (λ) drops
steadily to negative values. ε′′

mr (λ) is positive and sharply increases at λ > 250 nm
to high values. For the BK7 substrate at 71◦, the SP-dispersion appears undistorted,
and exhibits a distinct resonant cross-over at approximately 0.98 eV. The SP-energy
at high k for the metal-water interface is 1.21 eV. Vanadium films can be readily
produced by magnetron sputtering from a massive metal target in low pressure Ar-
atmosphere, possibly by laser ablation. The high boiling temperature of 3,407 ◦C
prevents thermal evaporation from electrically heated Tungsten foils or carbon boats.
The metal is corrosion resistant. A thin, native oxide layer immediately forms on the
pure metal surface upon exposure to air or an aqueous solution. Structural properties
of native oxide films on Vanadium and V-CrTa alloys are reported in Ref. [19].

Related spectral features of the reflectance R(λ) in theWIMare shown in Fig. 9.40
for the substrate materials under consideration. Similar to the optical properties of
Ta and Nb-films, depicted before, virtually all dielectric substrates, except MgF2,
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Fig. 9.39 Photon and SPP-dispersion curves of V at the metal-water interface (solid-line), calcu-
lated for BK7 substrate (dashed-line) and incident angle of 71◦. There is a clear resonant intersection
point resolved for photon energy of 0.98 eV. Right inset reveals the real and imaginary fractions of
the CDK as function of wavelength

Fig. 9.40 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 500 nm <

λ < 2,500 nm. The V-film thickness is 35 nm, in contact with water as the liquid dielectric

exhibit clear, but fairly broad SP-resonances. V-films are thus suited for SP-sensing
applications in the WIM.

Reflectance under AIM conditions is shown in Fig. 9.41, again indicating angu-
larly broadened resonances and suited angles <75◦, except the MgF2 substrate. For
the BK7 substrate, the SP-energy (eV) varies with the incident angle within the range
60◦ < θ < 75◦ strictly linear as: ESP(θ) = 0.0255θ − 1.009.

The SPR-sensing characteristic in the AIM is shown in Fig. 9.42, comprising
an initial resonance angle of 71◦ at wavelength of 1,404 nm. The depth of the
SP-resonance does not change with the RIU of the analyte. A linear increase



132 9 Common Transition Metals

Fig. 9.41 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦.W-film thickness
is 35 nm, in contact with water

Fig. 9.42 AIM -sensor properties: angular reflectance R(θ) for different RIU-values of the aqueous
analyte 1.33 < nan < 1.39. Substrate is BK7, incident wavelength 1,404 nm. Upper right two sub-
figures show resonance displacements θres(nan), SP-line broadening Δθres(nan) at FWHM, and
responsivity RAIM(nan) for four different wavelength below

of resonance angle θres(nan) and decrease of the line broadening parameter Δθres

(nan) with the RIU of the analyte are resolved in the right upper two sub-figures.
SPR sensor responsivity RAIM is shown for four different wavelengths below; their
values are moderate and do not vary with the RIU of the analyte.

Eventually, the influence of film thickness for the WIM and AIM is outlined in
Figs. 9.43 and 9.44. These data indicate that the V-film thickness for optimum SPR
sensor operation would be placed at 35 nm.

A compilation of achievable SPR sensor performance is displayed in Table9.10.
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Fig. 9.43 WIM-reflectance at the SP-resonance for different V-film thickness values of 15, 25, 35,
45 and 55 nm

Fig. 9.44 AIM-reflectance at the SP-resonance for different V-film thickness values of 15, 25, 35,
45 and 55 nm

9.11 Thin Zirconium (Zr) Films

The metal crystallizes in the hcp structure. The complex optical constant εmr (λ) =
ε′

mr (λ) + jε′′
mr (λ) has been taken for Ref. [20] and is illustrated in the right inset of

Fig. 9.45. The atomic electron configuration is [Kr ]4d25s2. In the solidified mate-
rial, the outer two 5s electrons hybridize with the partly filled 4d-shell, and form
the partially occupied conduction band. The weakly paramagnetic metal exhibits
a low electrical dc-conductivity of 2.37 × 106(� m)−1. The CDK is inappropri-
ately described by the DA. Band-structure calculations of Zirconium are provided
in Ref. [21]. At wavelengths λ > 300 nm, ε′

mr (λ) drops steadily to negative values.
ε′′

mr (λ) is positive and steadily increases to moderate values within the spectral range
of interest. For the BK7 substrate at 75◦, the SP-dispersion appears undistorted, and
exhibits a diffuse resonant cross-over at approximately 2 eV. The SP-energy at high
k for the metal-water interface is 3.08 eV. Zirconium films can be readily produced
by magnetron sputtering from a massive metal target in low pressure Ar-atmosphere.
The high boiling temperature of 4,377 ◦C prevents thermal evaporation from electri-
cally heated Tungsten foils or carbon boats. The metal is corrosion resistant. A thin
native oxide layer immediately forms on the pure metal surface upon exposure to air
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Fig. 9.45 Photon and SPP-dispersion curves of Zr at the metal-water interface (solid-line), cal-
culated for BK7 substrate (dashed-line) and incident angle of 75◦. A diffuse resonant intersection
point is resolved for the photon energy of 2 eV. Right inset reveals the real and imaginary fractions
of the CDK as function of wavelength

or an aqueous solution. Mechanisms and growth kinetics of Zirconium Oxide films
is reported in Ref. [22].

Related spectral features of the reflectance R(λ) in theWIMare shown in Fig. 9.46
for the substrate materials under consideration. Unlike the optical properties of V and
Ta-films depicted before, virtually all dielectric substrates lack presence of a cleary
defined SP-resonance at moderate angle and photon energy, except TOPAS and BK7
at high angle. Zirconium films are thus poorly suited for SP-sensing applications in
the WIM.

Fig. 9.46 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 400 nm <

λ < 1,000 nm. The Zr-film thickness is 25 nm, in contact with water as the liquid dielectric
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Fig. 9.47 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 50◦ < θ < 90◦. Zr-film thickness
is 45 nm, in contact with water

Reflectance under AIM conditions is shown in Fig. 9.47, again indicating rather
broad SP-resonances and suited angles <75◦ only for PC and Sapphire substrates.

The SPR-sensing characteristic in the AIM is shown in Fig. 9.48, comprising an
initial resonance angle of 75◦ atwavelength of 602 nm.The depth of the SP-resonance
does not change with the RIU of the analyte. A linear increase of resonance angle
θres(nan) and decrease of the line broadening parameter Δθres(nan) with nan are
resolved in the right upper two sub-figures. SPR sensor responsivity RAIM is shown
for a single wavelength below; the value is moderate and does not vary with nan .

A compilation of achievable SPR sensor performance is displayed in Table9.11.

Fig. 9.48 AIM-sensor properties: angular reflectance R(λ) for different RIU-values of the aqueous
analyte 1.33 < nan < 1.39. Substrate is BK7, incident wavelength 602 nm. Upper right two sub-
figures show resonance displacements θres(nan), SP-line broadening Δθres(nan) at FWHM, and
responsivity RAIM(nan) for single wavelength of 602nm below
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Chapter 10
Other Common Metals

10.1 Thin Indium (In) Films

The solid metal crystallizes in the tetragonal structure. The complex optical constant
εmr(λ) = ε′

mr(λ)+jε′′
mr(λ) has been taken fromRef. [1] and is illustrated in right inset

of Fig. 10.1. The atomic electron configuration is [Kr]4d105s25p1. The outer 5s and
p electrons form the partially occupied conduction band. The weakly diamagnetic
metal exhibits a moderate electrical dc-conductivity of 11.94 × 106(�m)−1. The
CDK is in agreement with the free electron model, supported to band-structure cal-
culation provided in Ref. [2]. At wavelengths λ > 500nm, ε′

mr(λ) declines steadily
to large negative values. In the spectral range of interest, ε′′

mr(λ) is high positive,
and steadily rises at λ > 500nm. For the CaF2 substrate at 75◦, the SP-dispersion
appears smooth and exhibits two diffuse resonant cross-over points near 1.4 and
5eV. For the metal-water interface, the SP-energy at large k increases to unusually
high values >19eV, unlike any other metal reported here. Thin Indium films can be
readily produced by magnetron sputtering from a massive metal target in low pres-
sure Ar-atmosphere, also by electron beam and thermal evaporation from electrically
heated Tungsten and Tantalum foils or carbon boats. Despite of a very low melting
point of 156.6 ◦C, the material exhibits a rather high evaporation/boiling temperature
of 2,072 ◦C. The metal is corrosion resistant at low T in air or water. Properties of
self-limiting native oxide films on the pure metal surface upon exposure to air or
aqueous solution are reported in Ref. [3].

Related spectral features of the reflectanceR(λ) in theWIM are shown in Fig. 10.2
for the substrate materials under consideration. Clear resonances of In-films at
accessible angles are resolved for TOPAS, BK7, PMMA, Quartz, CaF2 and LiF,
along with a distinct SP-splitting effect for PMMA. There is a large spectral reso-
nance spreading resolved, ranging from 612 to 2,363nm for CaF2 substrates.

The reflectance under AIM conditions is shown in Fig. 10.3. Best suited are CaF2
and Quartz substrates.

The sensing characteristic in the AIM is shown in Fig. 10.4, comprising an initial
resonance angle of 75◦ and wavelength of 612nm. The depth of the SP-resonance
decreases towards higher RIU of the analyte. A linear increase of resonance angle

© The Author(s) 2015
L.C. Oliveira et al., Surface Plasmon Resonance Sensors,
SpringerBriefs in Physics, DOI 10.1007/978-3-319-14926-4_10
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Fig. 10.1 Photon and SPP-dispersion curves of in at the metal-water interface (solid-line), cal-
culated for CaF2 substrate (dashed-line) and incident angle of 75◦. Diffuse resonant intersection
points are resolved near 1.4eV and near 5eV. Right inset reveals the real and imaginary fractions
of the CDK as function of wavelength

Fig. 10.2 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 600nm<

λ <2,500nm. The In-film thickness is 25nm, in contact with water as the liquid dielectric

θres(nan) and weak decrease of the line broadening parameter Δθres(nan) with nan

are resolved in the right two upper two sub-figures. SPR sensor responsivity RAIM

is shown for a single wavelengths below; their values are high and increase with the
RIU of the analyte.

Eventually, the influence of film thickness for the AIM is outlined in Fig. 10.5.
This data set clearly indicates that the In-film thickness for optimum SPR sensor
operation would be placed at 20 ± 5nm.

A compilation of achievable SPR sensor performance is displayed in Table10.1.
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Fig. 10.3 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 30◦ < θ < 90◦. In-film thickness
is 25nm, in contact with water

Fig. 10.4 AIM-sensor properties angular reflectance R(λ) for different RIU-values of the aqueous
analyte 1.33 < nan < 1.39. Substrate is CaF2, incident wavelength is 612nm. Upper right two
sub-figures show resonance displacements θres(nan) and angular SP-line broadening Δθres(nan) at
FWHM and responsivity RAIM (nan) below for a single wavelength

Fig. 10.5 AIM-reflectance at the SP-resonance for different In-film thickness values of 15, 25, 35,
45 and 55nm
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10.2 Thin Tin (Sn) Films

The material exists in two different phases: as zero gap, semi-conducting α-Sn
with covalent inter-atomic binding or as metallic β-Sn, depending on tempera-
ture, pressure and/or amount and type of impurities. The complex optical constant
εmr(λ) = ε′

mr(λ)+jε′′
mr(λ) of themetal has been taken fromRef. [4] and is illustrated

in the right inset of Fig. 10.6. The atomic electron configuration is [Kr]4d105s25p2.
In the β-phase, apparently the outer 5s and p electrons form the partially occu-
pied conduction band. The weakly paramagnetic metal exhibits low electrical dc-
conductivity of 8.69×106 (�m)−1. The CDK partially agrees with the DA, accord-
ing to band-structure calculation provided in Ref. [5]. At wavelengths λ > 100nm,
ε′

mr(λ) declines steadily to large negative values. In the spectral range of interest,
ε′′

mr(λ) is positive and relatively small and slowly rises at λ > 500nm. For the BK7
substrate at 71◦, the SP-dispersion appears smooth and exhibits a diffuse resonant
cross-over at approximately 2.5eV. For the metal-water interface, the SP-energy at
high k approaches 6.8eV. β-Tin-films can be produced bymagnetron sputtering from
a massive metal target in low pressure Ar-atmosphere, also by electron beam and
thermal evaporation from electrically heated Tungsten and Tantalum foils or carbon
boats. Despite of a very lowmelting point of 232 ◦C, the material exhibits a very high
evaporation/boiling temperature of 2,602 ◦C. The metal is highly corrosion resistant
at low T in air or water. Properties and existence of thin native oxide layers on the
pure metal surface upon exposure to air or aqueous solution are reported in Ref. [6].

Related spectral features of the reflectanceR(λ) in theWIM are shown in Fig. 10.7
for the substrate materials under consideration. Clear resonances of Sn-films at ac-
cessible angles are resolved for TOPAS and BK7, including a weak SP-splitting
effect at high angle. Reflectance under AIM conditions is shown in Fig. 10.8.

Fig. 10.6 Photon and SPP-dispersion curves of β-Sn at the metal-water interface (solid-line),
calculated for BK7 substrate (dashed-line) and incident angle of 71◦. A diffuse resonant intersection
point is resolvednear 3eV.Right inset reveals the real and imaginary fractions of theCDKas function
of wavelength
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Fig. 10.7 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 300nm<

λ <1,000nm. The Sn-film thickness is 25nm, in contact with water as the liquid dielectric

Fig. 10.8 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. β-Sn-film
thickness is 25nm, in contact with water
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Fig. 10.9 WIM-reflectance at the SP-resonance for different β-Sn-film thickness values of 15, 25,
35, 45 and 55nm

Table 10.2 SP-sensor performance and figures of merit for thin Ru-films at metal-water interface

Operation
mode

Suited/best
substrate

Optical
responsivity

Linear
dynamic range
(RIU)

SPR width Optimum
film thickness

Remarks

AIM TOPAS/BK7 120 ± 10◦/RIU >5 × 10−2 9.5 ± 1◦ 25nm

WIM TOPAS/BK7 2,000nm/RIU 4 × 10−2 200 ± 40nm 25nm Poorly
suited
method

The influence of film thickness for the WIM is outlined in Fig. 10.9. This data
set clearly indicates that the β-Sn-film thickness for optimum SPR sensor operation
would be placed at 25nm.

A compilation of achievable SPR sensor performance is displayed in Table10.2.

10.3 Thin Zinc (Zn) Films

Zn-metal crystallizes in the hcp structure. The complex optical constant εmr(λ) =
ε′

mr(λ) + jε′′
mr(λ) has been taken from Ref. [7] and is illustrated in the right inset of

Fig. 10.10. The atomic electron configuration is [Ar]3d104s2. In the solidified ma-
terial, the outer two 4s electrons hybridize with the partly filled 4d-shell, and form
the partially occupied conduction band. The metal is diamagnetic and exhibits mod-
erate electrical dc-conductivity of 16.9× 106 (�m)−1. The CDK is inappropriately
described by the DA. Band-structure calculations are provided in Ref. [8]. At wave-
lengths λ > 1, 060nm, ε′

mr(λ) drops steadily to negative values. ε′′
mr(λ)-values are

high positive and exhibit distinct modulations within the spectral range of interest.
For the BK7 substrate at 68◦, the SP-dispersion appears undistorted, with presence of
a diffuse resonant cross-over point at around 0.8eV. The SP-energy at high k for the
metal-water interface is 1.06eV. Zinc films can be produced bymagnetron sputtering
from a massive metal target in low pressure Ar-atmosphere, or by electrochemical
deposition. The high vapor pressure and very low boiling temperature of 907 ◦C pre-
vents thermal evaporation from electrically heated Tungsten foils or carbon boats in
high vacuum systems. This would result in a severe contamination of the vacuum
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Fig. 10.10 Photon and SPP-dispersion curves of Zn at the metal-water interface (solid-line), cal-
culated for BK7 substrate (dashed-line) and incident angle of. Right inset reveals the real and
imaginary fractions of the CDK as function of wavelength

chamber by internal metal deposits. The metal is corrosion resistant. A thin native
self-limiting oxide layer immediately forms on the pure metal surface immediately
upon exposure to air or an aqueous solution. Related structural and kinetic properties
are reported in Ref. [9].

Related spectral features of the reflectance R(λ) in the WIM are shown in
Fig. 10.11 for the substrate materials under consideration. Similar to the optical prop-
erties of Ta and W-films, depicted before, virtually all dielectric substrates, except
LiF andMgF2, exhibitmoderately broadenedSP-resonances. Zn-films are thus suited
for SP-sensing applications in the WIM.

Reflectance under AIM conditions is shown in Fig. 10.12, again indicating an-
gularly broadened resonances and suited angles <75◦, except the MgF2 substrate.

Fig. 10.11 Reflectance curves underWIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 400nm<

λ <2,000nm. The Zn-film thickness is 45nm, in contact with water as the liquid dielectric
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Fig. 10.12 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incidentwavelengths for the angle range 40◦ < θ < 90◦. Zn-film thickness
is 45nm, in contact with water

For the BK7 substrate, the SP-energy (eV) varies with the incident angle within the
range 65◦ < θ < 75◦ non-linearly as: ESP(θ) = −0.001θ2 + 0.027θ − 9.323.

A compilation of achievable SPR sensor performance is displayed in Table10.3.

10.4 Thin Lead (Pb) Films

The Pb-metal crystal structure is fcc (face centered cubic). The complex optical con-
stant εmr(λ) = ε′

mr(λ)+jε′′
mr(λ) has been taken fromRef. [10] and is illustrated in the

right inset of Fig. 10.13. The atomic electron configuration is [Xe]4f 145d106s26p2. In
the solidifiedmaterial, the outer 6s, p electrons hybridize with the partly filled 5d-and
f shells, and form the partially occupied conduction band. The metal is diamagnetic
and exhibits a poor electrical dc-conductivity of 4.21 × 106 (�m)−1. The CDK is
in accord with the free electron model and the band-structure calculations are pro-
vided in Ref. [11]. At wavelengths λ > 1, 000nm, ε′

mr(λ) drops steadily to negative
values. ε′′

mr(λ)-values are positive and increases further towards λ > 1, 500nm. For
the BK7 substrate at 63◦, the SP-dispersion appears heavily distorted, but exhibits
a resonant cross-over point around 1.37eV. The SP-energy is not clearly resolved
at moderate k for the metal-water interface, but an apparent smooth transition at
low k-values from the bound SPP to the quasi-bound (Qb) state, as defined before
in Chap.2. This unusual feature is not in agreement with the DA. Lead films can
be produced by magnetron sputtering from a massive metal target in low pressure
Ar-atmosphere, in inert atmosphere, by electron beam and thermal evaporation in
high vacuum. Lead has a relative low melting temperature at 327 ◦C and boiling
points 1,749 ◦C. The figures for electrode potential show that Lead is slightly easier

http://dx.doi.org/10.1007/978-3-319-14926-4_2
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Fig. 10.13 Photon and SPP-dispersion curves of Leadmetal-water interface (solid-line), calculated
for a BK7 substrate (dashed-line). The intersection point is near 1.37eV. Right inset reveals the real
and imaginary fractions of the CDK

to oxidize; with a high corrosion resistance and ability to react with organic chemi-
cals. Related structural and kinetic properties are reported in Ref. [12].

Related spectral features of the reflectance R(λ) in the WIM are shown in
Fig. 10.14 for the substrate materials under consideration. Similar to the optical
properties of Mo, virtually all dielectric substrates, except MgF2, exhibit moderately
exhibit clear SP-resonances centered, however, at long wavelength or at moderate
incident angles. Pb-films are thus suited for SP-sensing applications in the WIM.

Reflectance under AIM conditions is depicted in Fig. 10.15, and confirms the
moderate resonance angles, except for MgF2 substrates. The plots indicate a distinct

Fig. 10.14 Reflectance curves underWIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 500nm<

λ <2,500nm. The film thickness is 30nm, being in contact with water as the liquid dielectric
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Fig. 10.15 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incidentwavelengths for the angle range 40◦ < θ < 90◦. Pb-film thickness
is 30nm, in contact with water

decrease of the line broadening parameter Δθres with increasing wavelength, estab-
lished towards smaller resonance angles.

For the BK7 substrate, the SP-energy (eV) varies with the incident angle within
the range 65◦ < θ < 75◦ non-linearly as: ESP(θ) = −0.0055θ − 2.407.

The SPR-sensing characteristic in the AIM is shown in Fig. 10.16, comprising
an initial resonance angle of 68◦ and wavelength of 954nm. The depth of the SPR
resonance appears independent of the RIU of the analyte. A nearly linear increase
of resonance angle θres(nan), but decrease of line broadening parameter with the
RIU of the analyte are resolved in the upper two sub-figures at right. SPR sensor
responsivities RAIM are shown for four different wavelengths below, and decrease
towards larger values.

Fig. 10.16 AIM-sensor properties: angular reflectanceR(λ) for different RIU-values of the aqueous
analyte 1.33 < nan < 1.39. Substrate is BK7, incident wavelength 954nm. Right three sub-figures
show resonance displacements θres(nan), SP-line broadeningΔθres at FWHMand responsivityRAIM
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Fig. 10.17 WIM-reflectance at the SP-resonance for different Pb-film thickness values of 10, 20,
30, 40 and 50nm

Eventually, the influence of film thickness for the WIM is outlined in Fig. 10.17.
This data set clearly indicates that the Pb-film thickness for optimum SPR sensor
operation would be placed at 30nm.

10.4.1 Long Range Surface Plasmon Polariton (LRSPP-mode)

SP-sensor properties in the LRSPP mode in the WIM are depicted in Fig. 10.18.
The spectral characteristics (left figure) reveals two co-existing SP-dips with the
symmetric (short range) mode at around 600nm (blue line in right figures) and the
anti-symmetric, long range (LRSPP) mode at 1,550nm (green line). Comparison
with Fig. 10.17 illustrates an increase by more than a factor 1.5 for the responsivity
RW IM(nan) in the LRSPP-mode in the lower right figure, but decreases with nan.

SP-sensor properties in presence of the LRSPP mode in the AIM are depicted in
Fig. 10.19. In the AIM mode, the magnitude of the sensor resonsivlity RAIM(λ) for
the LRSPP does not differ significantly from the short range SPP from Fig. 10.16,
for the shifted wavelength to 950nm.

Fig. 10.18 WIM-sensor properties in presence of the LRSPP mode: spectral reflectance R(λ) (left
figure ) for different RIU-values of the aqueous analyte 1.33 < nan < 1.39, indicating two co-
existing SP-dips. Substrate is BK7, with a 150nm Teflon film on top, incident angle is 63◦. Three
figures at right show line broadening Δλres(nan) and resonance displacements λres(nan) at top and
responsivities RW IM (nan) below for short (lines with squares) and long range SPP’s (lines with
circles)
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Fig. 10.19 AIM-sensor properties in presence of the anti-symmetric LRSPP-mode: angular re-
flectance R(λ) at left figure for different RIU-values of the aqueous analyte 1.33 < nan < 1.39,
indicating two SP-dips. Substrate is BK7 with a 450nm thin Teflon film on top and the metal
film placed thereon. Incident wavelength is 670nm. Three figures at right show line broadening
Δθres(nan) and angular resonance displacements θres(nan) at top, and associated responsivities
RAIM (nan) at bottom for short (lines with squares) and long range modes (lines with circles)

10.4.2 Localized Plasmons in Colloidal Pb-Particles
(LSPR-mode)

The optical absorption characteristic of colloidal Pb-particles with 45nm diameter,
immersed into an aqueous solution with varying refractive index nan as function of
wavelength, is depicted in Fig. 10.20. Upper right insets reveal spectral resonance
position λres(nan) at top and responsivity SQext (nan) at bottom. This quantity is con-
siderably smaller than calculated before for both, short and long range SPP’s.

A compilation of achievable SPR sensor performance is displayed in Table10.4.

Fig. 10.20 Optical absorption for Pb-particles of 45nm diameter, calculated as function of wave-
length for different refractive index (RIU) values of the surrounding aqueous solution. Right two
insets show resonance position λR(nan) and optical responsivity SQext (nan), taken at the spectral
maximum near 450nm
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10.5 Thin Bismuth (Bi) Films

The Bismuth complex optical constant εmr(λ) = ε′
mr(λ) + jε′′

mr(λ) has been taken
from Ref. [13] and is illustrated in the right inset of Fig. 10.21. The electron config-
uration of the single atom is [Xe]4f 145d106s26p3. In the solid state, the two outer 6s,
p electrons hybridize with the incomplete 5d-shell, and form the partially occupied
conduction band, as the band-structure calculation show in Refs. [14, 15]. The metal
is most naturally diamagnetic metal and exhibits low electrical dc-conductivity of
8.67×106 (�m)−1. The CDK is insufficiently described by the DA, or free electron
model. Within the wavelength range of interest, 300nm< λ <1,200nm, ε′

mr(λ) ex-
hibits rather small negatives values. ε′′

mr(λ) is positive and increases steadily to high
numbers. For the Sapphire substrate at 85◦, the SP-dispersion is weakly distorted
and exhibits a resonant cross-over at around 0.55eV. In the asymptotic limit at high
k, the SP-energy approaches 1.05eV at the metal-water interface. Bismuth films are
best produced by thermal evaporation technique, magnetron sputtering from a mas-
sive metal-target in inert atmosphere or electro-plating. The metal has a relative low
boiling/evaporation temperature of 1, 564 ◦C and melting point of 271 ◦C. Native
iridescent oxides appears on the metal surface and variations in the thickness of the
oxide layer causes different wavelengths of light that interfere upon reflection. The
electrical resistivity of Bismuth increases in presence of a magnetic field and shows
the highest Hall coefficient among metals.

Related spectral features of the reflectance R(λ) in the WIM are shown in
Fig. 10.22 for the substratematerials under consideration. Themetal exhibits severely
distorted SP-resonances that are mostly shifted into the infrared region of the electro-
magnetic spectrum similar to Platinum. Due to the broad resonance, Bi-films appear
poorly suited for SP-sensing applications in the WIM.

Fig. 10.21 Photon and SPP-dispersion curves of Bismuth at the metal-water interface (solid-line),
calculated for a Sapphire substrate (dashed-line) and incident angle of 85◦. The related intersection
point and resonance appears near 0.58eV at very low k-values. Right inset reveals the real and
imaginary fractions of the CDK; as function of wavelength
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Fig. 10.22 Reflectance curves under WIM-conditions, calculated for different substrate materials,
as indicated in the plots. Incident angles are: 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range
300nm< λ <2,500nm. TheBi-film thickness is 25nm, in contact withwater as the liquid dielectric

The reflectance under AIM conditions is shown in Fig. 10.23, indicating that all
substrates, exhibit high resonance angles, which are difficult to realize technically.
The SP-line broadening parameters Δλres and Δθres is consistently very high for all
substrate materials.

A compilation of achievable SPR sensor performance is displayed in Table10.5.

Fig. 10.23 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. Bi-film thickness
is 25nm, in contact with water
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Chapter 11
SPR Active Metal-Type Compounds

11.1 Thin Indium-Tin-Oxide (ITO) Films

ITO is an n-type degenerately doped, wide band gap (3–4eV) semiconductor. It is
composed as a solid solutionof In2O3 (≈90%)withSnO2 (≈10%), alternatively con-
sidered as In2O3, doped with Sn or off-stoichiometric In2−xSnxO3, comprising cubic
NaCl structure. The complex optical constant εmr(λ) = ε′

mr(λ) + jε′′
mr(λ) has been

taken from Ref. [1] and is illustrated in the right inset of Fig. 11.1. Due to a very high
concentration of free carriers >1020 cm−3, the nonmagnetic, quasi-metallic material
exhibits moderate electrical dc-conductivity >105(�m)−1, sensitively depending on
deposition conditions. The CDK largely agrees with the DA. Band-structure calcu-
lations for un-doped In2O3 are provided in Ref. [2]. At wavelengths λ > 1,450nm,
ε′

mr(λ) drops steadily to negative values. ε′′
mr(λ)-values are low positive within the

spectral range of interest. For the Sapphire substrate at 71◦, the SP- dispersion appears
undistorted, and exhibits a distinct resonant cross-over point at around 0.57eV. The
SP-energy at high k for the metaloxide-water interface is 0.7eV. ITO-films are read-
ily produced by reactive magnetron sputtering from In2O3/SnO2 pellet targets in
low pressure Ar/O2-atmosphere (Ref. [2]), by laser ablation, electron beam and
by thermal evaporation. Thin ITO-films typically are polycrystalline, or amorphous,
depending on thermal annealing and deposition conditions and the substratematerial.
Thematerial is highly corrosion resistant. Experimental and theoretical SP-properties
of ITO at the metaloxide-air interface are also reported in Ref. [3].

Related spectral features of the reflectance RWIM(λ) in the WIM are shown in
Fig. 11.2 for the substrate materials under consideration. Similar to the optical prop-
erties of Ta and W-films, depicted before, virtually all dielectric substrates, except
LiF and MgF2, exhibit moderately broadened SP-resonances. ITO-films are thus
suited for SP-sensing applications in the WIM.

Reflectance under AIM conditions is shown in Fig. 11.3, again indicating angu-
larly broadened resonances and suited angles<75◦, exceptMgF2 and LiF substrates.
For the BK7 substrate, the SP-energy (eV) varies with the incident angle within the
range 65◦ < θ < 75◦ weakly non-linear as: ESP(θ) = −0.0001θ2 + 0.097θ −2.24.

© The Author(s) 2015
L.C. Oliveira et al., Surface Plasmon Resonance Sensors,
SpringerBriefs in Physics, DOI 10.1007/978-3-319-14926-4_11

159
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Fig. 11.1 Photon and SPP-dispersion curves of ITO at the solid-water interface (solid-line), calcu-
lated for Sapphire substrate (dashed-line) and incident angle of. The upper dispersion curve belongs
to the quasi-bound SPP. Right inset reveals the real and imaginary fractions of the CDK as function
of wavelength

Fig. 11.2 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 1,000nm <

λ < 2,000nm. The ITO-film thickness is 30nm, in contact with water as the liquid dielectric

The sensing characteristic in the WIM is shown in Fig. 11.4 for BK7, comprising
an initial wavelength of 1,500 nm. The displacement of the resonance position as
function of the refractive index (RIU) of the liquid analyte nan is shown in the upper
right inset and decreases with nan. The depth/contrast does not vary with an increase
of the RIU-value of the analyte, the SPR dip appears undistorted. The associated
sensor responsivity RWIM is illustrated in the lower left inset; its magnitude is low
and increases approximately linear with nan. The moderate SPR-line broadening
parameter (at FWHM) is depicted in the upper left inset and increases with nan.

The SPR-sensing characteristic in the AIM is shown in Fig. 11.5, comprising
an initial resonance angle of 68◦ and wavelength of 1,520nm. The depth of the
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Fig. 11.3 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 50◦ < θ < 90◦. ITO-film
thickness is 30 nm, in contact with water

Fig. 11.4 WIM-sensor properties and spectral reflectance R(λ) for different RIU-values of the
aqueous analyte 1.33 < nan < 1.39. Substrate is BK7, incident angle is 68◦. Upper inset show the
line broadeningΔθres(nan). Lower left and right insets show responsivity RWIM(nan) and resonance
displacement θres(nan) respectively

SP-resonancedoes not vary significantlywith theRIUof the analyte.A linear increase
of both, resonance angle θres(nan) and line broadening parameter Δθres(nan) with
the RIU of the analyte are resolved in the two upper two sub-figures. SPR sensor
responsivity RAIM is shown for four different wavelengths below; their values are
low and do not vary with nan.

Eventually, the influence of film thickness for the AIM is outlined in Fig. 11.6.
This data set indicates that the ITO-film thickness for optimum SPR sensor operation
would be placed at 30nm.

A compilation of achievable SPR sensor performance is displayed in Table11.1.
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Fig. 11.5 AIM-sensor properties: angular reflectance R(θ) for different RIU-values of an aque-
ous analyte 1.33 < nan < 1.39. Substrate is BK7, incident wavelength 1,520nm. Upper right
two sub-figures show resonance displacements θres(nan), SP-line broadening Δθres at FWHM and
responsivity RAIM below for four wavelengths

Fig. 11.6 AIM-reflectance at the SP-resonance for different ITO-film thickness values of 10, 30,
50, 80 and 160nm

11.2 Thin Titanium-Nitride (TiN) Films

TiN is considered as a ceramic material, comprising mainly a cubic NaCl type
crystallographic structure. The complex optical constant εmr(λ) = ε′

mr(λ)+ jε′′
mr(λ)

been taken from Ref. [4] and is illustrated in the right inset of Fig. 11.7. The nonmag-
netic material exhibits a rather low electrical dc-conductivity at ambient T around
104 (� m)−1 that sensitively depends on deposition conditions. The CDK approx-
imately agrees with the DA. The band-structure is reported in Ref. [5], indicating
that TiN is a correlated metal in the vicinity of a Mott transition. At wavelengths
λ > 300nm, ε′

mr(λ) drops steadily to negative values. ε′′
mr(λ)-values are low positive

within the spectral range of interest. For the BK7 substrate at 75◦, the SP-dispersion
appears undistorted, and exhibits a diffuse resonant cross-over at around 1.3eV.
The SP-energy at high k for the solid-water interface is 2.15eV. Stoichiometric or
non-stoichiometric TiN1−x-films can be deposited by reactive magnetron sputtering



11.2 Thin Titanium-Nitride (TiN) Films 163

Ta
bl

e
11

.1
SP

-s
en
so
r
pe
rf
or
m
an
ce

an
d
fig

ur
es

of
m
er
it
fo
r
th
in

IT
O
-fi
lm

s
at
so
lid

-w
at
er

in
te
rf
ac
e

O
pe
ra
tio

n
m
od
e

Su
ite

d/
be
st
su
bs
tr
at
e

O
pt
ic
al
re
sp
on

si
vi
ty

L
in
ea
r
dy
na
m
ic
ra
ng
e

SP
R
w
id
th

O
pt
im

um
fil
m

th
ic
kn
es
s

R
em

ar
ks

A
IM

A
ll
ex
ce
pt

M
gF

2
an
d
L
iF

40
±

20
◦ /
R
IU

>
6

×
10

−2
R
IU

21
±

1◦
30

nm

W
IM

A
ll
ex
ce
pt

M
gF

2
an
d
L
iF

20
0–
50
0
nm

/R
IU

N
on
e

35
0

±
50

nm
30

nm



164 11 SPR Active Metal-Type Compounds

Fig. 11.7 Photon and SPP-dispersion curves of TiN at the solid-water interface (solid-line), calcu-
lated for BK7 substrate (dashed-line) and incident angle of 75◦. The upper dispersion curve belongs
to the quasi-bound SPP. Right inset reveals the real and imaginary fractions of the CDK as function
of wavelength

Fig. 11.8 Reflectance curves under WIM-conditions for different substrate materials, as indicated
in the plots, and incident angles of 58◦, 65◦, 68◦, 71◦ and 75◦ for the wavelength range 400 nm <

λ < 1,200 nm. TiN-film thickness is 45 nm, in contact with water

from a massive Ti target in low pressure Ar/N2-atmosphere (Ref. [6]). Sputtered thin
TiN-films typically are polycrystalline, or amorphous, depending on thermal anneal-
ing, thermal deposition conditions and the substrate material. The material is highly
corrosion resistant. Native oxide formation is not reported.

Related spectral features of the reflectanceR(λ) in theWIM are shown in Fig. 11.8
for the substrate materials under consideration. Only few dielectrics as the poly-
mers and Sapphire exhibit clear, albeit broadened SP-resonances at suited angles.
TiN-films are thus poorly suited for SP-sensing applications in the WIM.
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Fig. 11.9 Reflectance curves under AIM-conditions for different substrate materials, as indicated
in the plots, and different incident wavelengths for the angle range 40◦ < θ < 90◦. TiN-film
thickness is 45nm, in contact with water

ReflectanceunderAIMconditions is shown inFig. 11.9, again indicating angularly
broadened resonances and suited angles <75◦ for TOPAS, PC, PMMA, BK7 and
Sapphire substrates.

The sensing characteristic in theWIM is shown in Fig. 11.10 for BK7, comprising
an initial wavelength of 850 nm. The displacement of the resonance position as
function of the refractive index of the liquid analyte nan is shown in the lower left
inset. The SP depth/contrast is small and decreases further with an increase of nan, the
SPR-dip is poorly resolved. The associated sensor responsivity RWIM is illustrated

Fig. 11.10 WIM-sensor properties and spectral reflectance RWIM (λ) for different RIU-values of
the aqueous analyte 1.33 < nan < 1.39. Substrate is BK7, incident angle is 75◦. Upper right and
left insets show and responsivityRWIM (nan) and line broadeningΔθres(nan), respectively, resonance
displacement θres(nan); at lower left
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Fig. 11.11 AIM-sensor properties: angular reflectance R(θ) for different RIU-values of the aque-
ous analyte 1.33 < nan < 1.39. Substrate is BK7, incident wavelength 850nm. Upper right
two sub-figures show resonance displacements θres(nan), SP-line broadening Δθres at FWHM and
responsivity RAIM below for single wavelength of 850 nm

in the upper right inset; its magnitude is moderate and increases linearly with nan.
The moderate SPR-line broadening parameter (at FWHM) is depicted in the upper
left inset and decreases with nan.

The SPR-sensing characteristic in the AIM is shown in Fig. 11.11, comprising
an initial resonance angle of 74◦ and wavelength of 850nm. The depth of the
SP-resonance decreases with the RIU of the analyte. A linear increase of resonance
angle θres(nan) and decrease of the line broadening parameter Δθres(nan) with the
RIU of the analyte are resolved in the right upper two sub-figures. SPR sensor respon-
sivity RAIM is shown for wavelengths of 850nm below; the value is high and does
not vary with the RIU of the analyte.

Eventually, the influence of film thickness for the AIM is outlined in Fig. 11.12.
This data set indicates that the TiN-film thickness for optimum SPR sensor operation
would be placed at 45nm.

A compilation of achievable SPR sensor performance is displayed in Table11.2.

Fig. 11.12 AIM-reflectance at the SP-resonance for different TiN-film thickness values of 15, 25,
35, 45 and 55 nm
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Chapter 12
Artificial Metal-Insulator Multi-layer
Structures

12.1 Silver-Al2O3-Silver Multilayer Structures

Metal-Insulator multi-layer structures that exhibit a manifold of internal interfaces
are artificial materials, and also known as meta-materials. Their optical SPR prop-
erties are experimentally yet not explored. Here, the confinement of thin Ag films,
embedded between identical and 300nm thick dielectric Al2O3 films (in Sapphire
structure) has been explored by FA. The number of metal films varies and increases
from a single up to 4 metal layers. The exact geometrical layer arrangement is out-
lined in the individual plots. These configurations approach the ideal case that would
be required for optimum excitation of the LRSPP. Comparable data, shown before
in Chap.7 for 50nm thin Cu, Ag and Au-layers, were obtained for the BK7-Teflon-
metal-water configuration. However, this earlier layer system does not fully meet
the precise LRSPP- resonance conditions, since the CDK’s of the dielectric mate-
rials are not exactly identical. Two co-existing, i.e. split-off SP-modes, appeared in
Figs. 7.29 and 7.30, and were assigned to co-existing symmetric and anti-symmetric
SPP-states, along with superior SP-sensing properties. This situation does not apply
to the layer configurations under consideration. Due to the relatively thick Al2O3
layer in contact with the adjacent aqueous analyte, changes of its refractive index
remain virtually undetected. Nevertheless, a manifold of SP resonances is resolved
in the Fresnel data set for this type of a meta-material.

The reflectance under AIM conditions for a single embedded Ag-layer is depicted
in Fig. 12.1, and exhibits now four co-existing, sharp SP-modes, placed at 366.1,
446.4, 584.1 and 858.3nm.

A split-off resonance also is resolved for the short wavelength of 366.1 nm,
through presence of a further broadened SP feature at 80◦. SP-splitting is absent
for the three longer wavelengths. The related WIM situation is shown in Fig. 12.2.
A manifold of four SP-resonances with exceptionally narrow spectral broadening

© The Author(s) 2015
L.C. Oliveira et al., Surface Plasmon Resonance Sensors,
SpringerBriefs in Physics, DOI 10.1007/978-3-319-14926-4_12
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Fig. 12.1 AIM-reflectance, calculated for exact LRSPP-conditions at four selected wavelength for
a 50nm Ag-film, confined between 300nm thin Al2O3 layers. The sandwich structure is placed
onto a 3mm thick BK7 substrate, and in contact with a 300nm thin water film at the opposite site.
The film geometry is indicated in the left inset

Fig. 12.2 WIM-reflectance for the same film configuration as Fig. 12.1 for 5 different incident
angles

at these specific wavelengths is resolved. Most likely, these multiple resonances are
related to interference effects, involving four different interfaces in the structure and
require incident angles >58◦. The dip at the shortest wavelength around 320nm
belongs to the bulk Plasmon.

As the number of Ag-layers increases, the SP-dips become broader and the res-
onance at low angle of 58◦ becomes more pronounced, see Fig. 12.3. With three
Ag-layers (Fig. 12.3), those resonances within the wavelength region 500 nm< λ <

900 nm begin to diminish. For the 4 layer configuration of Fig. 12.4, a clear spectral
gap opens, without presence of SP-resonances. Comparison with Fig. 7.29 ultimately
suggests presence of a plasmonic bandgap,which separates the symmetric (S) at short
wavelength around 500nm and anti-symmetric (AS) SPP mode that is centered at
longer wavelength around 900 nm.

http://dx.doi.org/10.1007/978-3-319-14926-4_7
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Fig. 12.3 WIM reflectance of a multi-layer arrangement, comprising: three 25nm thin Ag-layers,
confined between 300nm thick identical Al2O3 films, calculated for 5 incident angles, as indicated
in the left inset

Fig. 12.4 IM reflectance of a multi-layer arrangement, comprising: four 25nm thin Ag-layers,
confined between 300nm thick identical Al2O3 films, calculated for 5 incident angles, as indicated
in the left inset

Both, the S-andASmodes split into further sub-modes, as the number ofAg-layers
increases. For three Ag-layers, displayed in Fig. 12.3, two sub-modes are resolved.
For four Ag-layers, revealed in Fig. 12.4, three equidistant sub-modes appear for the
S and AS states, at each angle.



Chapter 13
Conclusions

The manifold of SPR-sensor features, as outlined in Chaps. 6–12 for the WIM and
AIM operation modes, and a broad variety of metal films with their respective sub-
strate materials are qualitatively summarized in the matrix display from Table13.1.
The vertical axis exhibits the 30different SP-activemetal andmetal like films, the hor-
izontal axis is assigned to the related 10 dielectric substrates thereof. Green marked
symbols account for decent/good SP sensing properties, blue symbols correspond to
moderate and red colored symbols indicate rather poor SP-sensing performance.

The table assignsMgF2 substrates largely as not suited, whilst LiF exhibits appro-
priate SPR sensor properties for only few metals. Evidently, BK7 glass, and most of
the polymers, especially TOPAS are favorable substrate materials. Furthermore, the
classical noble metals and two of the free electron metals exhibit decent SPR prop-
erties, whilst most of the transition metals, except Osmium and Rhodium, display
rather poor SP-sensing characteristics.

Figure13.1 illustrates the sensor performance for the various metals, employing
the relation Esp ≈ σ 0.5

0 . Presence of the exponent 0.5 is considered here as a criterion
that confirms the validity of the Drude approximation. Esp is the SP energy for the
metal-aqueous solution interface at large k-values and saturation, respectively, and σ0
is the electrical dc-conductivity of the metal. Both physical quantities are connected
by the DA, as was briefly outlined earlier in Chap. 1.

Three separated regions can be identified, and the exponent for the best fit is
attached to each curve: in principle, those metals marked with green colored symbols
and placed within the low energy range Esp < 3.4 eV, will exhibit good SP-sensor
performance and pronouncedSP-dips, respectively.Within this interval, the exponent
is 0.5 and these metals largely obey the DA. Those metal films, comprising SP-
energies within the range 2.5 < Esp < 4.5 eV exhibit somewhat degraded SP-
sensor properties, indicated by blue colored symbols. The associated exponent of
0.361 suggests reduced agreement with the DA. Eventually, metals with red colored
symbols at SP-energies >5 eV mostly exhibit poor SP-sensor performance, the a.m.
exponential Esp − σ0 relation for the DA is not applicable.

© The Author(s) 2015
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Table 13.1 SP-sensing properties for all metals and dielectric substrate materials

Metal

Dielectric
TOPAS PC PMMA BK7 Sapphire Quartz CaF2 MgF2 LiF

BK7-

Teflon

LRSPP

Np’s

Ag

Al

Au

Bi - -

Cr - -

Co - -

Cu

Fe -

In - -

Ir -

Li - -

Mg - -

Mo - -

Ni - -

Nb - -

(continued)
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Table 13.1 (continued)

Os

Pb

Pd - -

Pt - -

Rh - -

Ru - -

Sn - -

Ta - -

Ti - -

V - -

W - -

Zn - -

Zr - -

ITO - -

TiN - -

Metal

Dielectric
TOPAS PC PMMA BK7 Sapphire Quartz CaF2 MgF2 LiF

BK7-

Teflon

LRSPP

Np’s

Green decent/good, blue moderate/or difficult instrumentation and red poor SP-performance for
spectral (W), angular (A) and localized (LSPR) modes
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Fig. 13.1 Classification of various metals for their SP-sensing characteristics and the agreement
with the DA. green circle decent/good, blue diamond moderate/or difficult instrumentation and red
square poor SP-performance (Color figure online)

However, this simplified approach certainly does not represent a general rule:
Aluminum and Rhodium films reveal high SP-energies, but both metals exhibit use-
ful SP sensor properties. Indium exhibits the highest ESP-value >19 eV of all metals
under consideration, but is not included in this analysis. In-films exhibit moderate SP
sensor properties at the metal-water interface for some substrate materials, as out-
lined in Table13.1 and Chap. 10, despite of the high SP-energy. The trend, however,
still holds and implies that the best sensing characteristic is found at low SP-energies.
Good examples are the classical noble metals Au, Ag and Cu. There are consider-
able differences between the different operation modes: a major drawback for the
WIM in comparison with the AIM for almost all metal films, is its pronounced non-
linear variation of the sensor responsivity RWIM(nan) with the refractive index of the
aqueous analyte nan. This results in a limited linear sensing range and thus makes a
quantitative data analysis and accurate determination of nan a difficult task.

The operation modes under consideration differ by several orders of magnitude.
A further comparison of this figure of merit is also illustrated in Fig. 13.2, where the
range of valuesRWIM(λres) for the localizedSPR, the commonSPRand the long range
SPPmodes, is plotted as function of theSP-propagation lengths. This figure illustrates
that LSPR operation exhibits the lowest responsivity, with 50 < RWIM < 200, whilst
the propagation length corresponds to the particle size. The conventional SPR mode
exhibits good performance, with 3,000 < RWIM < 5,000, especially for the classical
noble metals Ag, Au and Cu. Excellent sensor properties can be expected for thin
Cu-films in the LRSPP mode, with RWIM approaching 12,000 nm/RIU. Use of thin
Al-films certainly is an alternative to the noble metals, since the Al-water interface
exhibits appealing SP-sensing properties. Although the native oxide film that forms

http://dx.doi.org/10.1007/978-3-319-14926-4_10


13 Conclusions 177

Fig. 13.2 Classification of
three SP-operation modes as
function of propagation
range

on Al-surfaces in plain aqueous solution remains sufficiently stable, it is not fully
clear whether this also holds in presence of reactive anions in case of electrolytic
solutions. Use of thin Ta and Sn-films certainly is a further option, since their SP-
resonances are located below 1,000 nm wavelength and favorable angle <75◦.



Glossary

AIM Angular Interrogation Mode.
CCD Charge-coupled Device.
CDK Complex Dielectric Constant.
CMOS Complementary Metal-Oxide-Semiconductor.
DA Drude approximation is the application of kinetic theory to explain the

transport properties of electrons in materials.
FA Fresnel Analysis.
FEM Finite Element Method.
FPGA Field Programmable Gate Array.
FWHM Full Width at Half Medium.
IM Intensity Mode.
LOD Limit of detection.
LRSPP Long Range Surface Plasmon Polaritons.
LSPR Localized Surface Plasmon Resonance.
LW Long Wavelength.
NP Nano-Particle.
QB Quasi-bound mode.
Qtz Quartz.
RIU Refractive Index Unit.
RPP Radiative Surface Plasmon Polariton.
SERS Surface-enhanced Raman spectroscopy or surface-enhanced Raman scat-

tering is a surface-sensitive technique that enhances Raman scattering by
molecules adsorbed on rough metal surfaces or by nanostructures such
as plasmonic-magnetic silica nanotubes.

SP Surface Plasmon.
SPP Surface plasmon polaritons, are infrared or visible-frequency electromag-

netic waves, which travel along a metal-dielectric or metal-air interface.
SPR Surface plasmon resonance is the collective oscillation of electrons in a

solid or liquid stimulated by incident light.
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180 Glossary

SW Short Wavelength.
TFb Teflon bilayer.
TIR Total Internal Reflection.
TM Transverse Magnetic.
WIM Wavelength Interrogation Mode.



Index

A
Aluminum films, 33

AIM-conditions, see Angular Interroga-
tion Mode

Al-water interface, 34
LRSPP, 36
responsivity, 36
WIM-conditions, see Wavelength Inter-
rogation Mode

Angular Interrogation Mode, 12
AIM, 20

B
Bandgap, 170
Bismuth-films, 154

AIM-conditions, 155
Bi-water interface, 154
WIM-conditions, 155

BK7-Teflon-metal-water configuration, 169

C
Chromium films, 97

AIM-conditions, 99
Cr-water interface, 98
WIM-conditions, 98

Cobalt films, 99
AIM-conditions, 102
Co-water interface, 101
WIM-conditions, 101

Colloidal particles, 38, 51, 57, 65, 72, 77, 85,
107, 152

-Ag-particles, 65
-Al-particles, 38
-Au-particles, 57
-Cu-particles, 51

-Fe-particles, 107
-Ir-particles, 72
-Os-particles, 77
-Pb-particles, 152
-Pt-particles, 85

Complex dielectric constant, 2
Copper films, 47

AIM-conditions, 49
AIM-responsivity, 49
Cu-water interface, 48
LRSPP, 51
WIM-conditions, 48
WIM-responsivity, 49

Cs-films, 39

D
Drude approximation, 1, 14

F
FEM, 31, 109
Finite Element Method, 31

G
Gold films, 54

AIM-conditions, 55
AIM-responsivity, 56
Au-water interface, 54
LRSPP, 57
WIM-conditions, 55
WIM-responsivity, 55

I
Indium films, 139
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182 Index

AIM conditions, 141
AIM-responsivity, 140
In-water interface, 140
WIM-condictions, 140

Intensity Mode, 15
IM, 20

Iridium films, 69
AIM-conditions, 71
Ir-water interface, 70
WIM-conditions, 70
WIM-responsivity, 71

Iron films, 104
AIM-conditions, 105
AIM-responsivity, 106
Fe-water interface, 104
WIM-conditions, 105
WIM-responsivity, 104

ITO films, 159
AIM-conditions, 161
AIM-responsivity, 161
ITO-solid-water interface, 160
WIM-conditions, 160
WIM-responsivity, 160

K
K-films, 39, 42
Kretschmann configuration, 4

L
Lead films, 147

AIM-conditions, 150
AIM-responsivity, 150
LRSPP, 151
Pb-water interface, 149
WIM-conditions, 149

Limit of detection, 1, 16
Lithium films, 39

AIM-conditions, 42
Li-cyclo-hexane interface, 41
WIM-conditions, 41
WIM-responsivity, 41

Localized surface plasmons, 4
Long range surface plasmon polariton, 4, 29

BK7-Teflon-metal-water configuration,
169

LSPR, 51, 57, 65, 72, 77, 85, 107, 152, see
also Mie theory

M
Magnesium films, 44

AIM-conditions, 45

Magnesium-cyclohexane interface, 44
WIM-conditions, 44

Mie theory, 5, 30
Molybdenum films, 110

AIM-conditions, 111
Mo-water interface, 110
WIM-conditions, 111
WIM-responsivity, 110

N
Na-films, 39, 42
Nickel films, 112

AIM-conditions, 115
Ni-water interface, 114
WIM-conditions, 114

Niobium films, 115
AIM-conditions, 118
AIM-responsivity, 119
Nb-water interface, 117
WIM-conditions, 117

O
Optical spectroscopy with localized plas-

mons, 5
Osmium films, 74

AIM-conditions, 75
LRSPP, 76
Os-water interface, 74
WIM-conditions, 75
WIM-responsivity, 75

Otto-configuration, 4

P
Palladium films, 78

AIM-conditions, 81
Pd-water interface, 80
WIM-conditions, 80

Photon wave-vector, 12
Plasmon resonance, 12
Platinum films, 81

AIM-conditions, 84
Pt-water interface, 83
WIM-conditions, 84
WIM-responsivity, 85

R
Rhodium-films, 86

AIM-conditions, 89
AIM-responsivity, 89
Rh-water interface, 88
WIM-conditions, 88
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Ruthenium films, 92
AIM-conditions, 93
Ru-water interface, 92
WIM-conditions, 93

S
Sellmeier equation, 7
Silver films, 61

Ag-water interface, 61
AIM-conditions, 62
AIM-responsivity, 63
LRSPP, 64
WIM-conditions, 62
WIM-responsivity, 62

Silver-Al2O3-Silver Multilayer, 169
SPP wave-vector, 12
Superlattice structure, 5

Silver-Al2O3-Silver Multilayer, 169
Surface enhanced Raman scattering, 11
Surface plasmon polariton, 1
Surface plasmon resonance, 1

T
Tantalum-films, 119

Ta-water interface, 121
WIM-conditions, 121
WIM-responsivity, 122

TiN films, 164
AIM-conditions, 165
AIM-responsivity, 166
TiN-solid-water interface, 164
WIM-conditions, 164
WIM-responsivity, 165

Tin films, 143

AIM-conditions, 144
Sn-water interface, 143
WIM-conditions, 144

Titanium films, 123
AIM-conditions, 126
Ti-water interface, 125
WIM-conditions, 125

Tungsten-films, 126
AIM-conditions, 129
W-water interface, 128
WIM-conditions, 128

V
Vanadium films, 129

AIM-conditions, 132
AIM-responsivity, 132
V-water interface, 131
WIM-conditions, 131

W
Wavelength Interrogation Mode, 12

WIM, 20

Z
Zinc films, 145

AIM-conditions, 147
WIM-conditions, 146
Zn-water interface, 146

Zirconium films, 133
AIM-conditions, 136
AIM-responsivity, 136
WIM-conditions, 135
Zr-water interface, 135
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