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INTRODUCTION 

Optical sensors are now widely used in various applications for the 
monitoring of surface modification by gas or bio-molecular processes [1–3]. 
Optical methods do not require physical or electrical contact with studied 
materials. This fact makes them non-destructive and non-invasive what is 
important at the nanoscale range of a thin film, or in situ monitoring of gas-, 
bio- or chemical studies. One of the common optical configurations used in 
gas-, bio- or chemical sensor design is the exploitation of total internal 
reflection (TIR) phenomenon [4]. This makes possible the monitoring of 
various adsorption processes on surfaces and their interaction with gas-, bio-
substances in opaque media [5]. TIR setups are used in surface plasmon 
resonance (SPR) based optical sensors [6], reflectometry [7], interferometry 
[8] and in infrared techniques [9]. Ellipsometry also is used in TIR 
configuration [10]. Ellipsometry under total internal reflection mode called 
Total Internal Reflection Ellipsometry and applied as a sensor system for 
measurements in gaseous and aqueous media provides high sensitivity. The 
combination of ellipsometry and the SPR phenomenon (also called Total 
Internal Reflection Ellipsometry (TIRE)) uses a prism to obtain total internal 
reflection. This gives extremely high sensitivity to surface changes, when 
compared with traditional ellipsometry configurations and SPR in intensity 
interrogation modes [11]. The exploitation of the SPR phenomenon demands 
a semitransparent metal film (commonly gold). The application of a glass 
prism as an optical element to obtain internal reflection provides the 
possibility of studying surface modification or, for example, biomolecule 
immobilization processes without the light beam passing through the liquid 
medium where these processes occur. The main difference, however, between 
SPR and TIRE is that SPR utilizes only the intensity of reflected p- polarized 
light, meanwhile TIRE exploits ellipsometric principal and analyses both p- 
and s- polarizations. Regarding, the phase information in terms of 
ellipsometric parameter D is obtained as well as Y the ratio between 
amplitudes of p- and s- polarization. The sensitivity of D ellipsometric 
parameter for the interface and surface structures for angles of light incidence 
larger than the critical is the main feature of TIRE. The increased sensitivity 
in D parameter manifests in interfaces without metal layer as well as in 
combination with plasmonic effect.   

However, rather small number of publications have been dedicated for 
studies of dielectric thin films in internal reflection ellipsometry modes [12]. 
An enhancement of the ellipsometric optical response due to multiple 
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reflection inside the additional dielectric tantalum oxide surface layer with a 
high refractive index in internal reflection configurations has been reported 
[13–15].  
This Ph.D. thesis is dedicated to expand TIRE applications exploiting the 
novel type hybrid Tamm-plasmon polaritons modes for sensing applications 
not only for dielectric thin films, but also for structures which change the 
optical conductivity of plasmon active layers. Also, the studies related with 
bio-molecular sensing at the dielectric/dielectric interface, which are still 
underestimated in the field of optical sensors, where examined in TIRE with 
nanolaminates. 

Objectives 

The objectives of this Ph.D. thesis were to reveal the advanced possibilities 
of TIRE method with different plasmonic excitations such as SPP, TPP 
and hybrid TPP-SPP and also with biocompatible dielectric interfaces 
without metal layer in case when they are not preferable. The main 
contribution of the studies was related with hybrid TPP-SPP mode generation 
in TIRE setup and these modes application for plasmonic sensors with 
materials which change the conductivity of plasmon active layer. In particular, 
focusing on the investigation of: 

• the influence of the interaction of Hg with an Au surface on the 
optical response of gold-based sensor and, as a result, on the 
determination of the composition by a percentage of the amalgam 
layer. 

• the amalgam which also was used to study the fundamental properties 
of hybrid plasmonic modes as the material with high conductivity at 
optical frequencies, in order to have the possibility to tune the total 
dielectric function of the sensing layer through the presents of 
amalgam formation, which influence the coupling strength between 
the TPP and SPP resonances in the hybrid TPP-SPP mode.    

• to investigate the kinetic features of mercury vapor adsorption onto 
gold surfaces by utilizing the hybrid TPP-SPP mode in TIRE 
configurations and demonstrate the advanced capabilities of such 
hybrid excitation in the design of plasmonic sensors. 

• to evaluate the influence of the layered structures of Al2O3/ZnO 
nanolaminates on the optical responses of ellipsometric parameters Ψ 
and Δ in total internal reflection configurations and to demonstrate 
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the advanced possibilities of such layered structures in optical 
biosensors designs. 

 

Tasks to achieve the objectives: 

• to develop an adequate optical model using involving the Bruggeman 
EMA and taking into account the surface roughness for 
inhomogeneous surface structures containing mercury and gold atoms 
which formed during the initial phases of amalgam formation. 

• to generate the ellipsometric spectra of hybrid TPP-SPP mode in 
TIRE configuration on the structure PC/gold layer. 

• to compare the sensitivity features of a single SPR, a single TPP and 
hybrid TPP-SPP modes for mercury detection on the plasmon active 
gold layer. 

• to study the coupling strength of the hybrid TPP-SPP mode through 
the repulsion of TPP and SPP components of the dispersion curves 

• to develop the multi-layer optical model which reasonably well 
described the penetration of mercury atoms into the gold layer and 
further amalgam formation 

• to apply the hybrid TPP-SPP mode as a sensor probe for the real time 
formation of amalgam structures on the surface of a plasmon active 
gold layer. 

• to conduct the numerical simulations of the optical response of 
Al2O3/ZnO nanolaminates in TIRE configuration for optimized 
optical sensitivity 

• to determine the thicknesses and dispersions of refractive indices of 
the   Al2O3/ZnO nanolaminates from the spectroscopic ellipsometry 

• to measure experimentally the evolution of ellipsometric parameters 
in time during BSA protein interaction with APTES surface 

• evaluate the Al2O3/ZnO nanolaminates as possible substrates for 
biosensing purposes 
 

Scientific novelty 

The experimental optical studies conducted in the present Ph.D. thesis are in 
the field of emerging area of plasmonics and optical gas-/bio-sensing 
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applications.  
 The main novelty of these optical studies is the employed, for the first 

time, the spectroscopic ellipsometry in total internal reflection configuration 
for the generation and study of the hybrid Tamm plasmon polariton - surface 
plasmon polariton mode. The gold/mercury amalgam formation features and 
the penetration of the mercury atoms into the gold layer were determined by 
means of the experimental TIRE data and a regression analysis of a multi-
layer model containing the index-profile amalgam layer.  

 From a point of view of a plasmonic surface waves physics the studies of 
the amalgam formation was to use mercury as a material with high 
conductivity at optical frequencies, in order to have the possibility to tune the 
total dielectric function of the sensing layer through the presents of amalgam 
formation, which, in turn, influence the coupling strength between the TPP 
and SPP resonances in the hybrid TPP-SPP mode.  

 It has been shown that the application of the Bruggeman EMA model for 
the real time TIRE spectra allowed reliably to evaluate the percentage 
composition of inhomogeneous structures such as gold/mercury amalgam. It 
should be noted that during the interaction of the mercury with the gold, the 
surface roughness of the gold increases in most cases. This fact creates a 
challenge, however, for optical methods due to increased light scattering. The 
present studies have shown, however, that the application of TIRE and an 
effective medium approximation can solve this problem reasonably well.  

 The spectroscopic dynamic TIRE method was utilized for the 
characterization of the real time formation of the BSA layer on the surface of 
the functionalized Al2O3/ZnO nanolaminates. The use of TIRE method for 
biosensing purposes with multilayer dielectric Al2O3/ZnO nanolaminates 
substrates produce possibilities of constructing optical biosensors with 
advanced features when metal surfaces are not possible to apply. The 
increased sensitivity of the ellipsometric parameters can be explained by the 
multiple reflection of the light waves in a condition of total internal reflection, 
especially for ellipsometric parameter Δ. These studies showed that the 
number of bilayers and the thicknesses of the films have a noticeable influence 
on the sensitivity of these kinds of optical biosensors.   

Scientific statements 

• The spectroscopic real time TIRE method and the adequate optical 
model involving Bruggeman EMA enables to characterize the 
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percentage composition changes of the inhomogeneous gold/mercury 
amalgam surface structures in time. 

• The coupled excitations of the hybrid TPP-SPP mode gives 
information about the penetration of the mercury atoms into the gold 
layer and depth profile Au/Hg amalgam. This method based on the 
repulsion of the dispersion curves due to conductivity changes on the 
surface of plasmon active layer. 

• In TIRE setup the sensitivity of optical response of ellipsometric 
parameters Δ(λ) and Y(l) during protein adsorption on the surface is 
enhanced due multiple total internal reflections in periodic multilayer  
Al2O3/ZnO  structure compared with the same thickness of single ZnO 
layer.  

Structure of the dissertation 

Chapter 1 presents the literature survey of spectroscopic ellipsometry basics, 
total internal reflection with several dielectric layers or metals, surface 
plasmon polariton and Tamm plasmon phenomenon descriptions. 
Chapter 2 presents materials and methods used in this work. 
Chapter 3 presents ellipsometric investigation and analysis of real time thin 
gold layer amalgamation, laminated structure feasibility as an alternative for 
total internal reflection sensing when metals cannot be used along with real 
time amalgamation investigation using a hybrid mode of surface plasmon -
Tamm plasmon. 
Chapter 4 presents main results, discussions and conclusions. 
 
Authors contribution 
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1.  LITERATURE REVIEW 

1.1. Ellipsometry 

Ellipsometry is sensitive optical measuring method for study of thin films. 
Ellipsometry measure changes the state of light polarization upon reflection 
from the sample surface.  This method was proposed in the late 19th century 
by Paul Drude [16]. Since this time ellipsometry  was continuously developed 
and with progress in semiconductor electronics, where ellipsometry had an 
important contribution, which had a crucial impact to computer progress and 
as a result give possibilities to use automated spectroscopic ellipsometers 
which made ellipsometry much more powerful and attractive analytical tool 
for spectroscopic data analysis [17–19]. 
 Ellipsometry is based on optical measurements of state of light 
polarization change upon reflection. The quantity measured with an 
ellipsometer is the ratio: 
 𝜌 =

𝜒$
𝜒%

 (1.1) 

where 𝜒%and  𝜒$are complex polarization state representations for reflected 
and incident beams respectively [17].  In the Cartesian coordinate system 
where p corresponds to perpendicular and s to the parallel directions with 
respect to the plane of incidence, the quantity𝜒 can be expressed by: 
 𝜒 = 𝐸' 𝐸(⁄  (1.2) 

where 𝐸(  and 𝐸'  are complex electrical field representations for s- and p- 
components of electric field vector.  Assuming that light is reflected from an 
isotropic sample the complex reflection coefficient for s- and p- polarizations 
become 𝑟( = 𝐸(% 𝐸($⁄  and 𝑟' = 𝐸'% 𝐸'$⁄ . Using definitions of 𝜒% =
𝐸'% 𝐸(%⁄ and for 𝜒$ = 𝐸'$ 𝐸($⁄ reflected and incident beams we can expand 
𝜌 = 𝜒$ 𝜒%⁄ [17]: 

 𝜌 =
𝐸(%𝐸'$
𝐸'%𝐸($

=
𝑟(
𝑟'
= 𝑡𝑎𝑛𝛹𝑒$0 (1.3) 

Where, so called, ellipsometric parameters 𝛹 and 𝛥 represents the change in 
amplitude and phase of light wave upon reflected from the sample surface. 
Furthermore: 
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 𝑡𝑎𝑛𝛹 = 2%32
|%5|

, (1.4a) 

 𝛥 = 𝛿%( − 𝛿%' (1.4a) 

, here 𝛿%( is the phase of p polarization reflection, 𝛿'( phase of s polarization 
reflection. Because ellipsometric parameters are acquired from:  𝛹 =
𝑡𝑎𝑛89|𝜌|  and 𝛥 = 𝑎𝑟𝑔(𝜌) its values are restricted to 0º < 𝛹 < 90º , 
−180º ≤ 𝛥 ≤ 180º   or 0º ≤ 𝛥 ≤ 360º .   Furthermore 𝛹  and 𝛥  are 
polarization ellipse parameters that describe polarization change upon 
interaction thus reflection variation for s and p polarizations is measured as 
the changes of polarization state. The biggest difference between 𝑟( and 𝑟' is 
at Brewster’s angle and is defined as the angle of incidence at which 𝑟( is 
equal to zero. For a given refractive indexes of both mediums 𝑛9  and 𝑛F 
Brewster’s angle is determined as:  

 𝜃H = 𝑎𝑟𝑐𝑡𝑎𝑛 J
𝑛F
𝑛9
K (1.5) 

Incidence angles close to Brewster’s angle are preferred for ellipsometric 
measurements because they produce the biggest difference between p- and s- 
polarizations.  

1.2. Optical models and data analysis 

The electromagnetic wave is fully characterized when we can describe the 
amplitude and phase of the wave at any time in a free space.  As noted above 
ellipsometric parameters 𝛹  and 𝛥   represents amplitude and phase of 
reflected wave which is measured at the same time and it is the main advantage 
of ellipsometry compared with spectrophotometric optical measurements 
where intensity of light is registered, and amplitude and phase of the light 
wave are not separated. However, as all optical methods, ellipsometry is an 
indirect technique, thus regression procedure is needed to transform measured 
ellipsometric parameters 𝛹  and 𝛥  into physical quantities such as optical 
dispersion of complex dielectric function and the thicknesses of the studied 
thin films. There are few edge cases where the analytical approach is sufficient 
for evaluation of complex dielectric function. In the case when ellipsometric 
measurements are performed at the boundary of bulk unknown medium with 
the air. Then the dielectric function 𝜖Mof the medium can be calculated by: 
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 𝜖M = 𝑠𝑖𝑛F𝜃$ P1 + 𝑡𝑎𝑛F𝜃$ J
1 − 𝜌
1 + 𝜌K

F

R (1.6) 

 
here 𝜃$   is the angle of incidence and 𝜌 = 𝑟( 𝑟'⁄ . For more complex structures 
analytical formulae cannot be derived thus regression analysis should be 
employed.  
 Data analysis procedure can be split into several steps depicted in Fig. 1.1 
[20]. Firstly, the optical model should be created that describes the sample 
structure. Layers with their thicknesses and dielectric constants are selected. 
This model should represent the physical properties of the structure. If the 
optical constants of a layer are not known the dispersion of optical constants 
can be modeled by using model dielectric function (MDF). In this way a 
parametrization is performed, and the optical properties are expressed as a set 
of parameters in the chosen function. Selection of the model dielectric 
function depends on the physical properties of the layer. For example, for 
metals Drude’s model is usually used. If layer is a dielectric and has no 
absorption bands in the visible range Cauchy model is preferred. After the 
optical model creation ellipsometric parameters 𝛹M and 𝛥M can be generated 
and compared with experimental data. By choosing the model fit parameters 
discrepancy between experimental and generated data is obtained. The 
regression procedure is performed by using iterative non-linear regression (e.g. 
Levenberg–Marquardt method) and the difference between measured and 
generated spectra is minimized. Incremental changes of selected parameters 
are made which result in generated ellipsometric spectra change. After fitting 
procedure is done, we must weigh fitting results. For this “goodness” of the 
fit between experimental and generated data must be estimated. Most 
commonly mean square error (MSE) is used. Values close to 1 is regarded as 
successfully good even though higher values (in the order of 10) can be 
accepted as sufficiently good. It is common to stumble upon a local minimum 
when fitting. At this point consecutive iterations of fitting will not produce 
better results even though the fit is far from ideal. In this case we need to 
change starting values of fitted parameters and start the fitting procedure again. 
When we are satisfied with the fit physical parameters can be extracted.  
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Figure 1.1. Data analysis procedure in spectroscopic ellipsometry 

1.3 Internal reflection ellipsometry 

In most applications such as thin films analysis, simple bulk samples or 
complex nanostructures ellipsometry is operated in external (conventional) 
configuration. However, in the external configuration signal-to-noise ratio 
increases when light propagates through liquids or opaque medium in which 
adsorption processes occur. Making the external reflection configuration 
complicated for studies of the surface adsorption process. This can be 
overcome by sample investigation in the internal reflection ellipsometry (IRE) 
configuration where light does not propagate directly through the adsorbing 
medium together with cuvette for liquids handling. The application of a glass 
prism as an optical element to obtain attenuated total internal reflection gives 
a possibility to study various processes on the base of the prism surface 
without the light beam passing through the liquid medium where adsorption 
occurs. However, only several publications [12,13] have been dedicated for 
studies of bio-adsorption processes on dielectric surfaces in the internal 
reflection ellipsometry. It was shown that thickness of thin films can be 
measured with descent precision when an additional high refractive index 
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layer is inserted on the base of prism [12]. Soichi et al. used tantalum oxide 
on a silica substrate with an additional thin silica layer on the top of Ta2O. 
Enhancement of ellipsometric optical response due to multiple reflections 
inside the additional dielectric surface layer with the high refractive index has 
been reported [14,15,21].  

1.4. Total internal reflection. 

Total internal reflection (TIR) is an internal reflection configuration when the 
angle of incidence is larger than a particular critical angle 𝜃S . The critical 
angle can be calculated from Snell’s law 𝑛$𝑠𝑖𝑛𝜃$ = 𝑛T𝑠𝑖𝑛𝜃T . When 
electromagnetic radiation is illuminated at a critical angle the refracted angle 
𝜃T  is equal to 90º, then critical angle can be expressed as: 

 𝜃S = 𝜃$ = 𝑎𝑟𝑐𝑠𝑖𝑛 J
𝑛T
𝑛$
K (1.7) 

This angle depends on the refractive indexes of boundary mediums and exist 
only in the case when the light propagates from the medium with a higher 
refractive index (𝑛T) to the medium with a lower index of refraction (𝑛$).  This 
means that the transmission beam travels along the surface of the boundary. 
For angles larger than the critical angle, Snell’s law will not give real solutions 
because 𝑛T  is larger than 1 and become complex valued. Thus, no energy is 
transmitted, and everything is reflected for all light polarizations. However, a 
portion of the light wave penetrates into a medium with a lower index of 
refraction due to evanescent field that is localized at the interface of the 
boundary.  
 Even though everything is reflected in TIR configuration from the 
boundary conditions tangential components of electric field must be equal at 
the interface of two media. Thus, electric field penetrate into the second 
medium even though there is no energy transfer into the second medium. This 
means that incidence beam cannot abruptly change direction of propagation 
and direction should change   gradually (see Fig 1.2). In other words, the beam 
penetrates into the second medium and after changing its direction of 
propagation at the penetration depth and have a lateral shift, due to evanescent 
wave excitation. This lateral shift is called Goos-Hänchen’s shift [22]. This 
interference between incident and reflected electromagnetic fields result in a 
surface electromagnetic wave that is bound to the surface with exponential 
attenuation away from the interface.  Transmitted electrical field’s attenuation 
is exponential in a normal to the surface boundary direction [10]: 
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 𝐸U(𝑥, 𝑧, 𝑡) = 𝑒
8Y
Z[𝑒$\T8$

F]^_
` a'$^bc  (1.8) 

 
here 𝑑Y is a constant describing the decay of an electrical field in z direction 
(penetration depth).  For glass/air interface with nGlass  = 1.5 and nair = 1 at 𝜆 = 
633 nm and 𝜃$ = 60º electrical field penetration depth is 122 nm.  However, 
usually the intensity measurements were performed in real experiments: 
 𝐼U ∝ 𝐸UF (1.9) 

Hence the intensity probing depth into sensing medium is expressed as: 

 𝑑hY =
𝑑iY
2  (1.10) 

That is why, for the previously described mediums, probing depth is 61 nm 
[23]. 

Figure 1.2. Electromagnetic field penetration into second media and reflected 
beam lateral   shift upon reflection. 

 From (1.8) it can be seen that electrical field propagates along the surface 
in x direction. This corresponds to an energy flow in the second medium 
(optically less dense) within the bounds of penetration depth along the 
boundary surface. So, the tangential component of Poynting’s vector is non 
zero even if it does not have a normal component along the surface. This 
energy flow can be used to couple energy to various surface polaritons 
excitations in thin metal films. In addition, TIR configuration also have been 
used for surface electromagnetic waves excitation in photonic crystal [21,24].  

 1.5. Surface plasmon resonance 

Surface plasmon resonance (SPR) is an electromagnetic surface wave 
phenomenon that is caused by collective valence electron oscillation. This 
surface wave is generated at the interface of a good metal (e.g. Au, Ag) and a 
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dielectric.   There are several SPR generation configurations but due to 
practical reasons Kretschmann configuration is the most popular. In this 
configuration resonance conditions depends on illumination wavelength, 
incident angle, dielectric and metal optical constants. By changing dielectric 
layers optical properties optimal resonance conditions changes too. This 
property is widely used in sensory applications.  

 1.5.1 Volume plasmons 

In Drude model that describe free electrons in metals as a plasma of electrons 
in which each electron can freely move from one atom to another [25] 
dielectric function is expressed as:  

 𝜖(𝜔) = 1 −
𝜔(F

𝜔F + 𝑖𝛤𝜔 = 1 −
𝜔(F

𝜔F + 𝛤F + 𝑖
𝜔(F𝛤

𝜔(𝜔F + 𝛤F) 
(1.11) 

, here 𝛤  – damping constant, 𝜔(  - Drude plasma frequency expressed as 

ωp=mnopq
r_Mq

 with e – electron charge, 𝑁n – number of electrons per volume unit, 

𝑚n – electron mass and 𝜖u  – vacuum dielectric function. When damping 
constant is small, 𝜖v𝜔(w approaches 0, collective longitudinal optical (LO) 
modes can propagate. In visible range these longitudinal modes are called 
volume or “bulk” plasmons. First LO modes generation were performed 
employing electron energy loss spectroscopy (EELS) by Ferrell [26] and 
theoretically described by Ritchie [27].  Several years later McAlister and 
Stern [28] showed that LO modes can be exited in very thin films by light 
illumination of p-polarization at oblique angles. This normal to the surface 
excitation manifests as an absorption band in reflection and transmission 
measurements.  

1.5.2 Surface plasmons polaritons 

Previously briefly described volume plasmons are radiative modes that can be 
generated by fast electrons or by photons at an oblique angle. Because LO 
modes are radiative, they can decay by spontaneous photon emission in 
addition to collisional damping. In a situation when the wave vector of the 
plasmon and photon match a coupling can occur and collective excitation can 
exist. This photon and plasmon coupling is called plasmon polariton (PP) [29]. 
If the photon is decoupled, then the plasmon is dissipated. This can occur in 
materials where 𝜖$ is negative and in turn electromagnetic wave propagation 
is forbidden. These conditions are met for metals below plasma frequency. 
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However, surface plasmons that are constrained at the boundary metal and 
dielectric interface can couple to photons. This coupled propagation is termed 
surface plasmon polariton (SPP). Sometimes the word “polariton” is omitted 
in literature when referring to SPP even though polaritonic nature of surface 
plasmon is implied.  
 Specific conditions must be met so that surface plasmons could couple 
with irradiated light. In principle all energy from light can be transferred into 
SPP at resonance. This resonance presents itself as a dip in reflection spectra 
and is called surface plasmon resonance (SPR).  Angular and spectral position 
and shape of the resonance strongly depends on the refractive indexes of the 
boundary mediums at the interface. This phenomenon is widely used in bio-
sensing and in the thin layer science due to the fact that only a thin layer has 
an impact on the SPR. The probed depth is of the same order as the penetration 
depth of the evanescent field.  

1.5.3 Surface plasmons polaritons dispersion 

Theoretical description of surface plasmons is analogous to similar 
quasiparticles analysis, such as phonons, magnons or excitons. Full derivation 
of surface plasmon polariton dispersion can be achieved by using Maxwell 
Equations with appropriate boundary conditions [30]. Due to the fact that 
surface plasmons are generated at the boundary of two media a continuity of 
electromagnetic field at the interface must be met. Same boundary conditions 
hold for Fresnel reflection coefficients. Thus, a solution of wave propagation 
along the semi-infinite surface can be found starting from Fresnel reflection 
coefficients. 
 

Figure 1.3. Electric charge and electromagnetic field distribution for SPP 
excitation   at metal/dielectric interface. 
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  During the coupled excitation of surface plasmon polaritons electric 
dipoles are created by collective oscillation of valence electrons (See Fig. 1.3). 
This continuous electron redistribution generates an electromagnetic field 
normal to the boundary surface. Because s-polarization is always parallel to 
the incidence surface only p-polarization can couple to SPP. At resonance 
when 𝑟( = 0  Fresnel reflection coefficient for p-polarisation can be 
expressed as [31]:  

 
𝑘Y,M
𝜖M

+
𝑘Y,y
𝜖y

= 0 (1.12) 

here 𝑘Y  is a wave vector in the z direction, subscripts `m` and `a` denotes 
metal and ambient media. One of the possible solutions is when electric 
functions have opposite signs. This can occur if 𝜀y > 0 and 𝜀M real part (𝜀M

, ) 
is negative. The later can be achieved for dielectric and the former for metals 
εμ below plasma frequency. Combining (1.12) with 𝑘 = \

S √𝜀𝜇  we get 
surface: 

 𝑘~�� = \
S m

r�r�
r��r�

; (1.13) 

plasmon polariton dispersion for semi-infinite surface along the boundary: 
Relation 1.13 is depicted in Fig. 1.4 from here we can see that for all photon 
energies light wave vector is larger than SPP wave vector. Thus, we cannot 
couple surface plasmon polaritons by direct boundary illumination. 
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Figure 1.4. Surface plasmon polariton dispersion. Dashed lines indicate light 
line in air and in a dielectric medium with refractive index 𝑛y. SPP excitation 
conditions are denoted by circled intersection of light line and SPP dispersion 
curves. Here: 𝜔(- plasma frequency, 𝜔'(- surface plasmon frequency, 𝑘a- 
parallel to the surface component of wave vector. 
 
 Surface plasmon polaritons cannot be exited on a smooth metal surface 
by direct illumination because wave vector at every incidence angle for 
surface plasmon and incident light is mismatched. To circumvent this a glass 
prism can be used in a Kretschmann configuration. In this configuration a thin 
metal film is deposited on the base of the prism. For practical reasons, metal 
film is deposited on a thin glass substrate with the same refractive index as the 
prism. A refractive index matching liquid is used to bind prism and the 
substrate slide together. This way samples can be easily changed by swapping 
glass substrates with deposited thin metal films.  
 Thickness of the metal film must be appropriately selected so that a 
photon passing through the prism could penetrate the thin layer of metal via 
tunneling. Besides the film cannot be too thin and differs for various metals, 
for example optimal thickness for gold is 50 nm and for silver the optimal 
thickness is around 45 nanometers [25].  
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 Tunneling through the thin metal film can only be achieved in the event 
of a total internal reflection. This happens when the incidence angle θa is 
greater than the critical angle. As mentioned before when total internal 
reflection occur an evanescent field is created. This field can couple to the 
surface plasmon on the other side of the metal film. Besides by changing the 
incidence angle we can tune the module of the wave vector: 

 𝑘ay
�$��T = \

S √𝜀𝜇𝑠𝑖𝑛(𝜃y); (1.14) 

So, in this configuration surface plasmon resonance depends on all three 
media’s refractive indexes: prism (glass), thin metal film and dielectric. In 
addition to requirements for optical constants and thickness of metal film the 
incidence angle has an optimal value too. From (1.14) we can see that 
wavelength of the incidence light is also a parameter that has to be tuned. If 
the dielectric media’s refractive index changes optimal incidence angle and 
wavelength for the resonance condition changes too.  By observing incidence 
angle or location of SPR dip in specter we can conclude how much dielectric 
media’s refractive index changed. This is the main phenomenon used for bio-
sensing and thin film analysis.  

1.5.4. Photonic crystals 

First relevant research dates back to 1887 years [32] when Lord Rayleigh 
examined wave propagation in a periodic structure. In his study stop band 
phenomenon was described and forbidden gap’s edges position were 
expressed as a function of modulation period and relative density modulation. 
It was also mentioned that his ideas could be applied to light propagation 
through a periodic silver structure produced in a photographic medium. 
Besides total reflection could be achieved even with slight density modulation 
if the structure is infinite.  
 Later, in year 1913, collaborative research by William Henry Bragg and 
his son Lawrence Bragg described phenomenon that is currently known as 
Bragg diffraction of X-ray radiation by crystalline solids. They found that 
specific x-ray radiation wavelengths and angles produces intense peaks of 
reflected radiation in crystals. In order to explain this phenomenon crystalline 
solids were modeled as parallel planes with a fixed distance d between them. 
When phase shift, between reflections of different planes, is 2𝜋 a constructive 
interference occurs, and reflection peaks can be observed. This condition is 
called Bragg’s law and is a simple yet powerful tool for studying crystalline 
structures.  Independently, in 1914, C. G. Darwin proposed “dynamical theory 
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of X-ray diffraction” that explained reflection and transmission of X-ray in 
3D crystals.  
 The concept of Photonic crystal (PC) was introduced by Yablonovich 
[33,34] in 1987 and the term was coined shortly after in 1989 and it is widely 
used to describe a periodic structure that affects electromagnetic field 
propagation. In general, periodicity can be achieved in multiple direction but 
for brevity discussions will revolve only around 1D photonic crystal also 
called Bragg gratings. When light propagates through a periodic structure, 
multiple reflections can occur. Similarly, to x-ray and crystal interaction, by 
setting appropriate propagation lengths, constructive interference of incident 
and reflected beams can occur. Multiple reflections can result in a forbidden 
band [34]. Periodic structure with different dielectric materials forms a 
photonic band gap where little to no light is transmitted through the structure 
for particular spectral region of wavelengths. Besides light is not absorbed in 
dielectric mediums upon constructive interference. To stress the reflective 
nature of the transmission decrease, this structure can be called Bragg mirror. 
  Because PC crystal is a spatially ordered element, its response for 
irradiated light depends not only on the structure but on the illumination angle 
and wavelength. By changing incidence angle Bragg’s condition changes and 
the spectral position of the photonic stop band shifts. This property allows 
wavelength position tuning via angle change. Not only position, but its form 
can be tuned. Bigger contrast in refractive index and number of alternating 
layers results in a narrower band gap. 
 Photonic crystals can be formed naturally or synthetically. There is a wide 
range of naturally formed PC structures in pearls, opals or bird feathers, fish 
scales, inner shell of molluscs, beetle exoskeletons and butterfly wings of 
specific species [35–40]. Besides some reptiles and amphibians combine 
several chromophores, including natural PC structures iridophores [41]. In 
fact, it was only recently showed that panther chameleon color change is 
related to PC. Through active tuning of a lattice of guanine nanocrystals 
observable color shift occurs [42]. As for synthetic structures, various 
techniques can be employed in forming 1D, 2D or even 3D Photonic crystals 
[43–51]. For example, 1D structures can be fabricated via various sputtering 
technology of thin films or atomic layer deposition. And for 2D PC 
photolithography can be used.  
 Photonic crystals are structures with periodically modulated index of 
refraction on the scale of the wavelength of light. In the PC case, solution for 
Maxwell’s equations have the form of the Bloch function, which is different 
from the uniform media case with the same effective refractive index where 
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plane waves approximation is used. Namely, periodic modulation of refractive 
index results in the photonic band gap formation in the reflection or 
transmission spectra. When PC is bounded with another PC or a layer with a 
negative dielectric function (noble metals for example) propagating surface 
modes (surface waves) and non-propagating surface states (standing waves) 
can be excited at the interface between PC and metal layer.  

1.5.5. Tamm plasmon polaritons 

Much attention has been given during the last decade to structures with 
covered thin metal layers placed on the top of the PC’s. Nearly hundred years 
ago Igor Tamm described surface bound electron states in a periodic structure 
[52].  Analogous surface states can be observed in the optical range of 
electromagnetic radiation called optical Tamm state [53]. Tamm states can be 
realized at a boundary of two different periodic structures [53] or using 
metallic film atop of 1D photonic crystal [54]. In the latter case Tamm states 
are called Tamm plasmons due to resemblance to conventional surface 
plasmons. Although there are similarities with conventional surface plasmons, 
the differences in excitation and dispersion curves for Tamm plasmons, 
compared to surface plasmons, can be advantageous in real-life applications 
like optical sensing.  
 Theoretical Tamm state generation first time proposed by Kavokin et al. 
using a pair of two different multilayered dielectric structures [53]. Shortly 
after Katileevski suggested that optical Tamm plasmons should be obsered 
using a periodic structure and a metal film [55]. Their research predicted 
position and dispersion curve of Tamm plasmon for a quarter wave 
GaAs/AlAs Bragg reflector.  

The Tamm plasmon-polariton (TPP) appears at the boundary between the 
photonic crystal and the metal layer [55,56]. Tamm plasmon-polaritons are 
optical states that can occur in the energy band gap on a photonic crystal 
surface. The stop band of the PC resembles the energy band gap due to Bragg 
reflections in its periodic structure. In contrast to the SPP propagated surface 
electromagnetic waves, the TPP are non-propagating states and can be excited 
in both their TM and TE polarizations (because of the PC) similar to the Bloch 
surface wave (BSW). In fact, the TPP is a standing wave, which is an 
interference phenomenon created by two surface waves propagating in 
opposite directions [56]. The TPPs have an in-plane wave vector, which is 
smaller than the wave vector of light in a vacuum, which allows for their direct 
optical excitation. For the SPPs, this total internal reflection condition can be 
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achieved only when the incident light reaches an in-plane wave vector equal 
to the surface plasmon resonance [54,57]. 

Recently, there has been a large interest in the Tamm plasmons effect 
application for optical sensing by using spectroscopic ellipsometry [58], the 
perfect absorption due to optical Tamm states accompanied by a singular 
behavior of the phase revealed the improved sensitivity of optical sensors [59]. 
Refractive index sensor concept applying optical Tamm states were proposed 
by Zhang et al. [59].The mesoporous distributed Bragg reflectors were applied 
for generation of Tamm plasmons and sensing of analyte which can diffuse in 
to the PC from mesoporous layers [60].  Several publications have been 
mostly dedicated to numerical studies of the hybrid TPP-SPP mode in optical 
sensing applications when changing the refractive index of the ambient [61] 
or the optical magnetic field enhancement due to Tamm plasmons [62]. The 
features of the optical dispersion of the hybrid TPP-SPP mode have also been 
studied for possible designs of refractometric sensors which vary the refractive 
indexes of the dielectric ambient [61]. The hybrid TPP-SPP modes have also 
been experimentally generated in metal/semiconductor microstructures by 
exciting the TPP by the photoluminescence of quantum dots [63].  

 The hybrid plasmonic excitations arise when such photonics structures 
with thin metal layers are attached to the prism. It has been shown [64] that 
both the TPP and the SPP modes can coexist on the same metal layer if suitable 
conditions (metal layer thickness and angle of incidence) for both excitations 
are satisfied and the coupling of these excitations results in the hybrid TPP-
SPP mode. For TM polarized incoming light, both the TPP and the SPP are 
excited at different interfaces of the same metal layer, thus revealing the 
repulsive nature of these two resonances [64]. The hybrid TPP and the SPP 
modes can be excited by using a glass prism with a PC/gold layer structure 
attached to its base. At an appropriate angle of incidence (AOI) to the prism, 
both resonances can be excited, the TPP due to the Bloch waves in the PC and 
when the matching of the SPP in-plane wave vector is achieved through the 
prism coupler. The excitation of both the TM and the TE polarizations can be 
obtained by employing the spectroscopic ellipsometry technique in its total 
internal reflection geometry (TIRE) [65]. For the study of these hybrid 
excitations, TIRE method has several important advantages such analytical 
power of spectroscopic ellipsometry which allows detail analysis of changes 
of the state of light polarizations and simultaneous excitation of hybrid TPP-
SPP modes.  
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1.6 Total Internal Reflection Ellipsometry 

The application of ellipsometric method under conditions of total internal 
reflection firstly was proposed by Abeles [66]. Later the methodology has 
been called surface plasmon resonance enhanced ellipsometry [67], total 
internal reflection ellipsometry [68], surface plasmon resonance ellipsometry 
[69]. Structures under investigations without metal layers (without SPR effect) 
often called internal reflection ellipsometry (IRE) [14]. However, if surface 
electromagnetic waves excitation is of primary interest in nanostructures with 
or without metal films the conditions of total internal reflection should be 
fulfilled. Therefore, TIRE involved broad definition, not only related with 
SPR effect, and generally describe the excitations of surface electromagnetic 
waves on dielectric and/or metallic nanostructures under conditions of total 
internal reflection. The glass prism, as a coupler, plays an important role in 
TIRE method, because it allows to excite non-radiative modes of various type 
of surface electromagnetic waves depending on the nanostructure. 
 TIRE is an advanced optical technique, which, usually, combines 
spectroscopic ellipsometry and SPR. The sensitivity of this method is higher 
than conventional ellipsometry or SPR [11] used separately. In fact, TIRE 
utilizes the analytical power of ellipsometry and increases its sensitivity by 
introducing the SPR effect into the optical scheme of the ellipsometer. This 
increased sensitivity of TIRE enables one to analyze in detail the structure and 
properties of such ultra-thin layers [70]. 
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Figure 1.5. Principal representation of Tamm plasmon generation when 6 pairs 
of high and low refractive index mediums are used with a thin gold layer on 
top. Structure is illuminated from the Bragg grating’s side. Here 𝑛y and 𝑛�- 
high and low refractive index materials, 𝑛��  - gold refractive index, 𝑛yM  - 
refractive index of ambient material. 
 
More in depth description of TIRE can be achieved using Fresnel reflection 
equations [10]. In the most general case Fresnel reflection coefficients for p- 
and s- polarizations 𝑟( and 𝑟' are not equal and depends on the incidence angle 
and on the optical properties of the boundary mediums. In total internal 
reflection when the mediums are purely dielectric real parts of 𝑟( and 𝑟' equal 
to 1 with 𝛹 and 𝛥 parameters expressed as [10]:  

 𝛹 = 45º; (1.15a) 

 𝛥 = 𝛿( − 𝛿' = 2𝑎𝑟𝑐𝑡𝑎𝑛 �'$^obc8'$^ob�
'$^bcTy^bc

; (1.15b) 

Here we can see that 𝛥 is not constant and dependent on the incidence as well 
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as critical angles. As previously stated, critical angle is a function of both 
mediums refractive index which in turn means that 𝛥 is dependent on both 
mediums’ properties. 

1.6.1. TIRE with additional dielectric layers 

 Because penetration depth is in tens to hundreds of nm, we can add 
additional layers between two semi-infinite dielectrics. When adding 
additional thin dielectric layer Airy formulas can be used [10]: 

 𝑟u9F( =
%��3�%�o3nco�

9�%��3%�o3nco�
; (1.16) 

 𝑟u9F' =
%��5�%�o5nco�

9�%��5%�o5nco�
; (1.17) 

where 

 𝛽 = F]Z^�S�'b�
`

; (1.18) 

where 𝑛9  - refractive index, 𝜃9  - incidence angle.  Here we can see that 
Fresnel reflection depends not only on the optical properties (𝑛9) but on the 
thickness of the dielectric film. What this means is that we either need to know 
the thickness or optical constants of the investigated layer. In practice if 
thickness is the desired parameter of the film optical constants are taken from 
literature [71]. On the other hand, if we want to examine optical constants the 
thickness of the film must be measured using another technique.  
 Most commonly there are several thin layers used in experiments with 
each layer having separated needs to be included. For example, in the 
ellipsometric liquid crystal (LC) measurements semi-infinite glass substrates 
were coated with monolayers of silane surfactant molecules to assure LC 
alignment in nematic phase [17]. In another research Bloch surface waves 
were generated in a structure based on a multiplayer of alternating TiO2 and 
Al2O3 [72] . For these complex multilayer systems reflection calculations can 
be performed using 2×2 transfer matrix formalism [10].  

1.6.2. TIRE with additional metal layers 

Metals are highly absorbing materials in the visible range that is why thickness 
must be limited to several tens of nm so that the layer would be 
semitransparent. Most important and common function of the metal film is 
sensitivity enhancement with surface plasmon polaritons. As mentioned 
before evanescent field can be coupled with surface plasmons and joined 
photon/surface plasmon excitation of surface plasmon polariton can exist. The 
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combined technique of TIRE and surface plasmon has higher sensitivity than 
both sensing techniques seperately.  
 In TIRE configuration a thin metal film is used and SPR resonance wave 
vector is expressed as: 
 𝑘~� = 𝑘~�� + 𝛥𝑘~�; (1.19) 

here 𝛥𝑘~� is and added term due to the perturbation caused by the glass prism. 
It depends on the thickness of the metal film. Increasing the thickness of the 
film reduces this term and we approach the semi-infinite case. Both 𝑘~��  and 
𝛥𝑘~� can be separated into real and imaginary parts. 

 𝑘~�� = 𝑘~�%� + 𝑖𝑘~�$�; (1.20) 

 𝛥𝑘~� = 𝛥𝑘~�% + 𝑖𝛥𝑘~�$ ; (1.21) 

here 𝑘~�$� is internal and 𝛥𝑘~�$  additional damping.   
 To better understand the combination of TIRE with SPR phenomenon a 
reflection for glass/metal/air system must be derived. We are only interested 
in p- polarization because s- polarization does not have a x-component. For p- 
polarization previously mentioned formula can be used: 

 𝑟( =
%��3�%�o3nco�

9�%��3%�o3nco�
= 𝑟u9(

9�%��3�� %�o3nco�

9�%��3%�o3nco�
; (1.22) 

 After approximating close to the resonance a derived (full procedure 
provided by Raether [73]) p- polarization Fresnel reflection is expressed as:  

 𝑟u9F( = 𝑟u9(
��8v���

���0���
� w8$����

c�80���
c �

��8v���
���0���

� w8$v���
c��0���

c w
; (1.23) 

This expression for reflectance 𝑅 = 2𝑟(2
F
 is used in SPR methods. 

Resonance condition is when  𝑘ay
�$��T = 𝑘~�%� + 𝛥𝑘~�% . In addition, if 𝑘~�$� =

𝛥𝑘~�$  then we get 𝑅 = 0, 𝑟( = 0. Recalling that 𝛥𝑘~�$  depends on the 
thickness of the thin film and it is equal to zero only for semi-infinite case, 
we get that 𝑘~�$� ≠ 0. This implies the need for non-zero imaginary part of 
the 𝜀M. 
 For ellipsometric measurements 𝛹 and 𝛥 parameters angular and 
spectral dependence near the SPP resonance can be derived using an 
expression 𝜌 = 𝑡𝑎𝑛𝛹𝑒$0 that can be derived dividing (1.23) by 𝑟' and 
extracting: 
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 𝜌 = 𝑡𝑎𝑛𝛹𝑒$0 = %3
%5
= %��3

%5

��8v���
���0���

� w8$����
c�80���

c �

��8v���
���0���

� w8$v���
c��0���

c w
; (1.24) 

 And in turn: 

 𝑡𝑎𝑛𝛹 = 2%��32
|%5|

�1 −
 ���

c�0���
c

¡o�v���
c��0���

c w
o; (1.25a) 

 𝛥 = 𝑎𝑟𝑔 %��3
%5
+ 𝑎𝑟𝑐𝑡𝑎𝑛 F¡0���

c

¡o�v���
c��0���

c wv���
c�80���

c w
; (1.25b) 

 
Here  𝑄 = 𝑘a − (𝑘~�%� + 𝛥𝑘~�% ). For both (1.25a) and (1.25b) expression 
the terms 𝑟u9( and 𝑟' are slowly varying functions of 𝑘a near the resonance. 
Thus 𝑡𝑎𝑛𝛹 is dominated by the expression under the square root and 𝛥 is 
dominated by the second term of (1.25b) equation. If the metal film’s 
thickness is adjusted to result in 0 reflectance SPR (this is the case when  
𝑘~�$� = 𝛥𝑘~�$ ) the (1.25b) can be expressed as: 

 𝛥 = 𝑎𝑟𝑔 %��3
%5
+ 𝑎𝑟𝑐𝑡𝑎𝑛 F0���

c

��8v���
���0���

� w
; (1.26) 

From (1.26) it is evident that 𝛥 is a step function around the point where 
𝑘a = 𝑘~�%� + 𝛥𝑘~�% . Maximal value for the step is equal to 𝜋	but because of 
the impurities and surface roughness real transition is not as sharp as a step 
function. Nevertheless, it is still faster varying than 𝑡𝑎𝑛𝛹 and that is why 𝛥 
interrogation has higher changes that is relevant in sensors application. 

1.6.3. Application of nanolaminates in TIRE method 

Nanolaminates are a new class of promising nanomaterials with well-tailored 
properties. These materials are obtained by alternating layers with an 
individual thickness on the nanometer scale of different materials [74]. They 
manifest outstanding advanced mechanical [75], electrical and optical 
properties which depend from the constituent materials forming these 
nanolaminates. Nanolaminates are a subset of periodic structures with 
additional non optical advantageous properties. These structures exhibit 
increased mechanical resistance that are useful in harsh environments like 
outer space. Coatings of several tens of nm could be used for steel corrosion 
protection [76]. Different combinations of materials provided different 
properties. For best long-term durability Al2O3 and Ta2O5 combination is a 
suitable candidate. For biocompatibility ZnO can be chosen as the top most 



32 
 

layer of the structure. Nanolaminate periodic structures can be used for 
ellipsometric signal enhancement where other electromagnetic field 
confinement methods are less suitable [2*].   
 The exploitation of the SPR phenomenon demands a semitransparent metal 
film (commonly gold) what in some cases are not desirable, thus dielectric 
substrates should be used. However, the application of a glass prism as the 
optical element to obtain internal reflection provides the possibility of 
studying surface modification or biomolecule immobilization processes 
without the light beam passing through the liquid medium where these 
processes occur. However, only several publications have been dedicated to 
studies of dielectric thin films in internal reflection modes [12]. An 
enhancement of the ellipsometric optical response due to multiple reflection 
inside the additional dielectric tantalum oxide surface layer with a high 
refractive index in internal reflection configurations has been reported [13–
15] .   
 Zinc Oxide is a prospective material for applications in optical coatings, 
gas and bio sensing. It is a wide band gap (around 3.3eV), n-type 
semiconductor with high exciton binding energy of 0.6 eV. Strong luminescent 
bands in UV and VIS range are present due to near band and defect level 
emissions, accordingly. ZnO optical properties can be tuned by changing 
fabricated layer’s structure. The fact that ZnO is a chemically stable and bio-
compatible renders it as a promising material for optical coatings and 
biosensing.  ZnO layer can be incorporated in a nanolaminate where the 
surface of this type of structures resilience to ultraviolet radiation and high 
energy particles is attractive in aerospace. Besides a nanolaminate structure 
enables multiple reflections which in turn grants a possibility for enhancement 
of sensitivity in ellipsometric sensing. Several conditions must be met in order 
to observe this effect. Sufficient refractive index contrast is needed between 
bilayer materials. Furthermore, transparency in the visible range is preferred. 
If one of the materials is ZnO then the other Al2O3 is a good candidate for the 
second material. Besides, if thin layers are grown at low temperatures 
aluminum oxide is in an amorphous state [77,78]. 
 Further ZnO thin layer properties review is done in the context of 
nanolaminate structure. Although most of the properties are comparable to 
pure non laminate configuration. For example, as noted before ZnO has strong 
luminescent bands in UV and VIS range even though exact wavelength 
position of excitonic peaks might not match.  
 The shape of the photoluminescence (PL) spectra provides information 
about the number of defects and structure. Ultraviolet PL band intensity 
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increases with increased bilayer thickness. Visible PL intensity does not 
follow this trend although this band is directly linked to the number of defects.  
With an increased number of defects relative VIS emission gets stronger. 
 This is linked to the increase of the number of defects in a volume unit 
when the size of the crystallite is reduced. Size of the crystallites were 
measured via AFM imaging and relative defect emission intensity 
corresponded to the thickness of the bilayer and in turn to size of the crystallite. 
In the same analysis [79] it was showed that crystal growth direction changes 
with increased ZnO thickness. By increasing the film’s thickness excitonic 
peaks positions blue shifted. 
 Furthermore, PL excitonic peaks were visible only when the thickness 
was 10 nm [80]. Besides state of crystalline ZnO structure were reported at 
thicknesses of 10 nm or above [79]. In another research XRD analysis showed 
that even 10 nm thickness films displayed crystalline structure properties. This 
means that excitonic emission is directly linked to crystalline structure of ZnO. 
On the other hand if ZnO bilayers thickness were 2.5 nm, the zinc oxide film 
were fully amorphous [79] and near band gap luminescence were not observed.  

 Recently, there has been a large interest in the results obtained from zinc 
oxide (ZnO) thin films and nanolaminates and their relevant properties for use 
as materials for optical biosensors [81–83]. ZnO thin films and nanolaminates 
can be deposited using various methods [82,83]. ZnO nanolaminates are 
biocompatible, non-toxic and chemically stable [84]. The high isoelectric 
point of ZnO can also be used for the immobilization of proteins with low 
isoelectric points through electrostatic interactions [85]. Additionally, ZnO 
nanomaterials demonstrate controllable wettability, which allows the 
reduction of the volume of the sample, a quick response, increased sensitivity 
and signal-to-noise ratio of the developed biosensors [86]. Moreover, ZnO is 
compatible with complementary metal oxide semiconductor technology and 
therefore is suitable for the production of integrated circuits for devices with 
small integrated biosensors [81].  Thus, ZnO based multi-layered structures 
(nanolaminates) have been selected as substrates for optical biosensor designs 
in total internal reflection ellipsometry configurations.  

1.7. Effective medium approximation 

In some cases, there is a need to model optical properties of thin films using 
an average of multiple optical constants.  This situation is most common for 
rough, structured surfaces or intermixed media. Treatment of complex, 
composite layer as uniform media with an averaged optical constants is called 
the effective medium approximation (EMA) or sometimes effective medium 
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theory (EMT) [87].  
 There are three most often used EMA theories in ellipsometry: the 
Lorentz-Lorenz theory, the Maxwell-Garnett theory and Bruggeman EMA. 
The general form of all three EMA theories can be expressed  [88]: 

 
⟨r⟩8r¦
⟨r⟩�§r¦

= ∑ 𝑓ª
r«8r¦
r«�§r¦ª ; (1.27) 

 where ⟨𝜖⟩ is the dielectric function of the effective medium,  𝜖� and 𝜖ª  are 
the dielectric functions for host and j-th constituent mediums, 𝑓ª  – volume 
fraction of the j-th constituent and 𝛾 is screening and shape of the inclusion 
dependent factor which is equal to two for spheres. Expressions for different 
models are presented by changing the hosts dielectric functions value.  
 When the host material is vacuum or air (𝜖� = 1) we get Lorentz-Lorentz 
EMA. Based on Claussius-Mossotti this is the earliest EMA Theory. Its 
principle assumption that constituents are mixed on the atomic level makes 
this theory of limited usefulness. Larger scale is more desired for real life 
materials.  
 In the Maxwell-Garnett approximation the host material is the first 
medium ( 𝜖� = 𝜖9 ) with the largest composition part of the material 
combination. Maxwell-Garnett approximation is most suitable for situations 
where composition percentage of inclusions are relatively low compared to 
the fraction of the host material. For example, this EMA theory is very useful 
for certain types of nanocrystals ingrained much lower than the percolation 
threshold.  
 The last EMA is called Bruggeman’s approximation and host dielectric 
constant is equal to the effective dielectric function (𝜖� = ⟨𝜖⟩). The fact that 
Bruggeman’s model does not make assumptions about the host material 
makes this EMA approximation self-consistent. Although we do not need to 
know which material has the highest constituent fraction this EMA methods 
is most useful when there are no constituents with high constituent fraction. It 
was shown that this method can be used for surface roughness modeling when 
material was constituted out of ~50% voids and ~50% material [88].  

1.8. TIRE for optical sensing application 

Last two decades TIRE proved itself as an extremely sensitive [89] optical 
method in various applications of optical sensing. Most widely TIRE have 
been used for biosensing in detection of interaction between biomolecules 
such as proteins [90–93]. These general demonstrations of high sensitivity for 
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bio adsorption processes have been followed by more specific studies of 
Alzheimer’s disease [94], immunosensor performance [91,92], drug 
efficiency after chemo-therapy investigations [3], low molecular weight 
proteins detection [11,95], polymer brushes growth on the top of the gold 
surface [96]. The imaging TIRE for biomedical applications has been applied 
for antibody screening [97], various biological markers detection [98] and 
virus recognitions [99]. Also TIRE method was used for gas adsorption studies 
such as nitrogen [100–102]. They noticed that changes in 𝛥 was much slower 
in polar gases compared with non-polar gases whereas it only affects the bulk 
refractive index. TIRE was applied for detection and analysis of mercury 
vapor adsorption on the top of the gold and amalgam formation [1*]. It was 
shown that Bruggeman EMA reasonably well describe the formed amalgam 
surface structures on the gold surface.  The hybrid Tamm plasmon – surface 
plasmon polaritons mode was generated by using TIRE method and 
penetration of mercury atoms into the gold layer with amalgam formation 
were revealed through the decrease of repulsion effect of two coupled 
resonances [3*]. Some works demonstrates the increased sensitivity of 
ellipsometric parameters (especially in  Δ parameter) of TIRE method without 
metal layer (without SPR effect) [7,103] [2*]. Some applications of optical 
biosensing demands sensing surfaces without metal layers where various 
biomolecules attached to the dielectric surfaces such as titanium oxide (TiO2) 
or Zinc oxide (ZnO) or others which are biocompatible materials. All these 
applications proven that TIRE method is rather universal, sensitive enough 
and can be used for studies in various fields of sciences to produce possibilities 
of constructing optical sensing platforms with advanced features. 
 
  



36 
 

2. METHODS AND MATERIALS 

2.1. Equipment 

2.1.1. Ellipsometers 

In order to perform TIRE measurements, the basic experimental setup should 
consist from an ellipsometer and a prism with attached sample. The 
components in TIRE setup can vary widely depending on the application of 
interest. For real sensors approach the system should be simple in design with 
minimum optical elements that are required for a particular application. In the 
case when sensors platform is in research and development stage more 
sophisticated configurations of prism/sample, ellipsometers, adsorption 
chambers, flow systems, etc. can offer advanced measurement possibilities. 
The most specific component for the TIRE method is a prism and sample 
attached to its base. The geometry of the prisms and type of glass determine 
the application possibilities in particular case of approach. BK7 is a widely 
used glass [69,104–106] but other types of glasses also are used. For example, 
when studies are performed in the air or gas ambient the 45° prism is used 
when SPR effect is utilized. In the case of protein adsorption studies where 
ambient medium is aqueous the higher angles of prisms (60-70 deg.) are used 
for generation of SPR effect. When TIRE method is used without metal layers, 
the angle of incidence of light should be higher than the critical angle in order 
to achieve better sensitivity in the ellipsometric parameter D. However, one 
should then take refraction and polarization changes of the incident and 
transmitted light at the two prism/air interfaces, because light is not incident 
normal to the prism surface. In order to perform multiple angle of incidence 
the half-cylindrical or polygonal prism can be used. Such prisms allow to 
avoid unwanted reflections in the triangular prism, however, design of such a 
prism is more difficult, at the same time it works as a cylindrical lens for the 
incident beam and light is focused, so pre-focusing should be performed and 
thickness of the glass slide should be taken into account. 

In this work two ellipsometers from J. A. Woollam Co., Inc. were used. 
RC2 (see Fig. 2.1) is a multichannel dual rotating compensator ellipsometer 
with a spectral range in 210-1690 nm. By employing two rotating 
compensators it can measure all 16 Mueller matrix elements. The first 
compensator is placed with a polarizer in a polarization state generator. The 
second one is placed after an analyzer in a polarization state analyzer part of 
the ellipsometer. Wide spectral range is achieved with a dual light source of 
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deuterium-halogen lamp. After light interaction with the sample spectral 
separation in space is done via prism and subsequently detected by two CCD 
arrays. First array detects 790 equally spaced points of electromagnetic 
radiation in 210-1000 nm spectral range and the other 275 points in the range 
of 1000-1600 nm.   Motorized angular scanning is possible between 19° and 
90° angles.  

M2000X (see Fig. 2.2) is a multichannel spectrometer with simultaneous 
470 wavelength acquisition in the possible range of 245-1000 nm. 
Implemented rotating compensator technology provides accurate 
ellipsometric parameter acquisition with high precision and speed. Automatic 
angle change in the range of 20°-90°. Sample tilt adjustable manually with 
motorized vertical sample alignment capability. 

 
 
Figure 2.1. J. A. Woollam Co., Inc.  RC2 ellipsometer. 
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Figure 2.2. J. A. Woollam Co., Inc.  M2000X ellipsometer. 

As mentioned before, both spectral ellipsometers were multi-wavelength. The 
white light of xenon or deuterium lamp incident on the sample and a multi-
wavelength detector is used (grating or CCD array). Such principle of 
detection of optical response allows to perform whole wavelength range in 
one shot, what is important for fast real time measurements in various sensors 
applications. 

2.1.2. Ellipsometric data analysis software 

Motorized ellipsometer calibration, spectral and temporal data acquisition and 
obtained experimental data analysis were carried out using the J.A. Woollam 
Co., Inc. data acquisition software CompleteEase.  Modeled system’s optical 
response calculations are carried out using transfer matrix methods.  For 
experimental data analysis, nonlinear regression is used. First, researcher has 
to select a model that represents the real structure as close as possible with 
several selected properties that can be adjusted.  Then predicted model’s 
optical spectral response is calculated and compared to the experimental data 
with a “goodness” of fit parameter MSE (mean square error). The process is 
repeated until reasonable MSE is reached or a fixed number of iterations are 
executed. If reasonable MSE cannot be reached initial model must be changed. 
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CompleteEase software is capable of temporal data regression analysis. This 
feature speeds up optical properties kinetics calculation. 

2.1.3. Equipment for structural analysis 

2.1.3.1. Atomic force microscopy 

For topographic measurements Nanoscope IVa dimension 3100 atomic force 
microscope from Veeco was used. This device allows tapping mode and was 
mounted with Bruker’s NCHV probe that can be used for any AFM device.  

2.1.3.2. Scanning electron microscopy 

The structure morphologies of the samples were examined using scanning 
electron microscopy (SEM). This was done using a dual-beam system Helios 
Nanolab 650 (FEI) equipped with an energy dispersive X-ray (EDX) 
spectrometer INCA X-Max (Oxford Instruments). 

2.1.4. Photonic structure preparation method 

An IBS coating plant from Cutting Edge Coatings GmbH was used for 
deposition. The apparatus was equipped with two vacuum pumps: a 
combination of a cryopump with a mechanical pump.  Working pressure of 
the device is 3 × 10−3 Pa. A radio-frequency grid-system-based ion source is 
used to strikes at a set 57° angle. Typical parameters of the main ion source, 
using argon gas, are set to 1200 V = 130 mA. Coating plant is equipped with 
a translation stage for continuous target change and a circular rack that can 
rotate for substrates.   

2.1.5. Hermetic chamber for sensing 

In this experiment, an air tight system with a custom-built Teflon chamber 
was used with separate sections for the sample and for the mercury supply. 
These sections were connected with tubing via connecting valve that can be 
closed or opened to allow the mercury gas to spread to the chamber with the 
sample.  Constant mercury vapor supply was implemented by mixing the gas 
using a periodic pumping mechanics (Fig. 2.3). 
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Figure 2.3. Experimental setup of TIRE measurements for mercury sorption. 
Here P- polarizer, R- rotating compensator, A- analyzer. 

2.1.6. Bovine serum albumin adsorption 

Bovine serum albumin (BSA) adsorption experiments were carried out in total 
internal reflection configuration with a 70° BK7 glass prism attached to the 
sample glass slide via optical contact using BK7 immersion liquid.  BSA and 
buffer solutions were introduced to the functionalized surface using a custom-
built Teflon chamber connected via tubing (Fig. 2.4). 

Figure 2.4. Experimental setup of TIRE measurements for BSA sorption.  
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2.2. Materials 

2.2.1. Saturated mercury vapor adsorption 

A medium sized glass vial with few mercury drops was used as a source of 
mercury gas. To disperse and prevent from forming larger mercury droplets a 
sponge was introduced into the vessel. Large number of small droplets have 
bigger total surface area and in turn enable faster saturated mercury gas 
recovery. The vial was at all times sealed with a rubber cap.  In order to allow 
saturated mercury vapor flow to the system rubber cap was pierced with a 
hollow needle. 

2.2.2. Nanolaminates silanization with APTES  

N-(3-aminopropyl)triethoxysilane (APTES, 99%) and 1-ethyl-3-(3-
diaminopropyl)carbodiimide hydrochloride (EDC) were obtained from 
Sigma-Aldrich (Germany). N-hydroxysuccinimide (NHS) was gotten from 
Merck (Germany). Bovine serum albumin (BSA, fraction V) was obtained 
from Carl Roth GmbH&Co (Karlsruhe, Germany). Phosphate buffered saline 
(PBS) tablets (0.14 M NaCl, 0.0027 M KCl, 0.01 M phosphate buffer pH 7.4) 
were purchased from AB Medicago (Sweden). All chemicals were of 
analytical grade or better. All aqueous solutions were prepared in UHQ water 
(conductivity less than 1 µS/cm), purified by DEMIWA rosa 5 (WATEK, 
Czech Republic).  

The sample substrates under investigation were 1 mm thick glass plates 
coated with Al2O3/ZnO nanolaminate having total thicknesses of about 200 
nm. Each Al2O3/ZnO (50 nm/50 nm) bilayer was approximately 100 nm thick. 
The Al2O3/ZnO nanolaminates on the glass substrates were formed using the 
atomic layer deposition (ALD) method. The procedure was performed in a 
custom-made ALD reactor at a fixed temperature of 100 ºC. Detailed 
deposition regimes were described in our previous publications [79,80,107].   

2.2.2.1 Functionalization of the Al2O3/ZnO nanolaminates’ surfaces 

For nanolaminate application in biosensors, the design surfaces of the ZnO 
(the top layers of nanolaminates) were modified using (3-
Aminopropyl)trimethoxysilane. Vapor phase salinization of the 
nanolaminates with APTES was performed according to the procedure 
described in [108]. To minimize the effect of humidity, the silanization was 
performed in a glovebox in an inert atmosphere. A few drops of APTES were 
deposited in a small vial, which was then placed next to the nanolaminates 
located in a glass Petri dish. The Petri dish was then covered and isolated from 
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contact with air with heat resistant insulation tape. The covered Petri dish was 
then placed in an oven and kept overnight at 90 °C. Afterwards, the modified 
nanolaminate was washed with toluene, ethanol and distilled water and dried 
in an oven at 110 °C. In this way, the surfaces of the Al2O3/ZnO nanolaminates 
were functionalized with amino groups, which are necessary for BSA covalent 
immobilization. The water contact angle on the modified and unmodified 
nanolaminates was measured with a KSV Instruments CAM200 optical 
goniometer. A drop of distilled water was placed on the surface with a micro 
syringe, captured with a camera 10 times and then fitted. This measurement 
was repeated 3 times on the same surface.  

2.2.2.2 Immobilization of BSA on functionalized Al2O3/ZnO nanolaminates 
surface 

In order to covalently immobilize the BSA on the salinized surfaces of the 
Al2O3/ZnO nanolaminates, the carboxyl groups of the BSA were activated 
using a mixture of EDC and NHS aqueous solutions for 15 min. A BSA 
concentration of 0.1 mg/ml was prepared in PBS, and the final concentration 
of EDC and NHS in the solution with the BSA was 400 mM and 100 mM, 
respectively. The activated BSA was exposed to the amino groups on the pre-
modified Al2O3/ZnO nanolaminate surfaces. The covalent immobilization of 
the BSA on the pre-modified surfaces was registered in time using TIRE. The 
influence of the non-activated BSA adsorption on the registered signal was 
evaluated on Al2O3/ZnO nanolaminate surfaces before and after the surface 
salinization. 

2.2.3. Immersion liquid 

Optical contact was achieved via BK7 immersion liquid procured from 
Cargille laboratories. At 25° C temperature refractive index is n = 1.5167 ± 
0.0005 for the 589.3 nm wavelength. Full spectral comparison with BK7 glass 
optical constants is shown in Fig. 2.5 [109]. 
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Figure 2.5. Immersion liquid refractive index dispersion comparison with 
BK7 glass refractive index. 

2.2.4. Surface plasmon polariton sample 

The single SPP samples consisted of the BK7 glass slide that was mounted on 
top of BK7 glass prism via optical immersion liquid and a gold layer (around 
40 nm). Extra Cr layer was used between glass and gold for better Au adhesion. 
Coated Au layer was in a polycrystalline state. 

2.2.5. TPP and hybrid TPP-SPP samples 

Samples with periodic structure was coated with IBS plant. Before the 
deposition process, the vacuum chamber was held at 50 °C heat for 1 h. To 
remove the impurity layer, the ion source was used for presputtering of the 
target before deposition. During the process, oxygen gas was supplied toward 
the substrate to ensure complete oxidation of the growing coating. A radio-
frequency grid-system-based ion source was used to bombard a flat metal 
target, consisting of high refractive index (Ti) and low refractive-index (Si) 
materials at a set angle of incidence of 57°. Typical deposition speeds for low 
and high refractive indexes were 1Å/s and 0.6Å/s, respectively. High and low 
index target were swapped with a linear translation stage. The substrates 
holding circular rack was rotated around its axis at an approximate speed of 
20 rpm. Thickness of deposited material was tracked by an integrated 
broadband transmission optical monitoring system in the spectral range of 
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400–1000 nm. 
Photonic crystal sample with six pairs of SiO2/TiO2 was fabricated 

beforehand for transmission measurements. For pure PC sample a PC band 
gap in the range of ~500 to ~700 nm is clearly visible in Fig. 2.6. After 
deposition of a thin 40 nm Ag layer a transmission peak was visible in an 
approximate place as the middle of the PC band gap center. This indicates a 
surface Tamm plasmon generation conditions predicted from simulations.  
 Consecutive Tamm plasmon polariton samples consisted of a fused silica 
substrate and a superlattice element of 5 bilayers with thicknesses of 130 
nm/63 nm (SiO2/TiO2). For the single TPP, gold film of 40 nm thickness was 
used.  The hybrid TPP-SPP samples consisted of the BK7 glass prism, five 
bilayers of SiO2/TiO2 (130 nm/63 nm) and a 40 nm gold layer.  

 A SEM cross section image was made for the evaluation of the layered 
coating thicknesses produced by ion-beam sputtering. From the Fig. 2.7, it can 
be seen that the PC samples have good uniformity and low roughness levels. 
Furthermore, SEM measured thicknesses matched thicknesses targeted during 
coating. 

Figure 2.6. Transmission spectra for six bilayers photonic crystals with (solid 
red line) and without (dashed line) an additional 40 nm Ag layer on top. 

PC TiO2/SiO2 (6 pairs) 
PC TiO2/SiO2/Ag (40 nm) 
 



45 
 

  
Figure. 2.7.  SEM micrograph of 1D photonic crystal SiO2/TiO2 structure and 
thin (40 nm) gold layer. 

2.2.6. Structural changes after mercury absorption  

The surface morphology and elemental composition of the sample before (Au) 
and after (AuHg) mercury sorption were examined using a dual-beam system 
Helios Nanolab 650 (FEI), equipped with an energy dispersive X-ray (EDX) 
spectrometer INCA X-Max (Oxford Instruments) and a scanning probe 
microscope D3100, Nanoscope IVa (Veeco) (Fig. 2.8). In the first instance, 
the SEM images showed a smooth fine-grained pure Au layer structure with a 
grain size of a few tens of nanometers. After adsorption process observed on 
the Au layer were separated islands of surface dendrites (Fig. 2.9). What was 
unexpected, however, was that their characteristic contrast had disappeared in 
the areas that had been more affected by the electron beam. The EDX spectra 
contained glass substrate elements and Au peaks, but no traces of the Hg 
characteristic peaks.  

The thickness of amalgam layer was determined from the surface 
topography maps of the sample (AuHg). As it can be seen from Fig. 2.8a, there 
were brighter areas on the surface. Moreover, the AFM phase lag in these areas 
showed different properties, such as the composition, adhesion, friction and 
viscoelasticity (not shown here). It was assumed that the brighter areas in Fig. 
1a corresponded to the amalgam layer, while the darker areas were the bare 
gold substrate. The thickness of the layer can be evaluated from the cross 
section (Fig. 2.8b) marked by the dashed line in Fig. 2.8a. The step height in 
Fig. 2.8b was about 3.4 nm, but as the surface roughness was comparable with 
the layer thickness, the accuracy of this measurement was assumed to be low. 
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To improve this accuracy, a surface height distribution histogram was 
calculated from the area marked by the rectangular in Fig. 2.8. The smooth 
area was selected in order to avoid errors related to the surface roughness. Two 
peaks were detected in the height histogram (Fig. 2.8c). The position of each 
peak was calculated by fitting the Gaussian function. The difference between 
the peaks was averaged and consequently, the thickness of the amalgam layer 
was determined to be 3.4 nm.  
 

Figure 2.8. Maps of AFM surface topography a) of the sample AuHg. b) 
cross-section marked by dashed line in a) and height distribution histogram 
c) of the rectangular area marked in image a). section marked by dashed line 
in a) and height distribution histogram c) of the rectangular area marked in 
image a). 
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Figure 2.9. SEM micrograph of dendritic amalgam structure on the gold 
surface.  

2.3. TIRE measurements 

The ellipsometric experiments for mercury sorption onto bare SPR chip were 
conducted using a rotating compensator ellipsometer J.A. Woollam M2000X 
(Lincoln, USA). The TIRE experiments were carried out at a 45° angle of 
incidence with the illumination being at wavelengths in the 300 nm–1000 nm 
spectral range. This was conducted using a BK7 glass right angle prism 
connected via a refractive index matching fluid with the commercial SPR chip, 
which was covered with about a ∼40 nm gold layer (Fig. 2.7). In this 
configuration, the typical surface plasmon resonance curves manifested 
themselves in the optical response of the ellipsometric spectra (Fig. 3.1, 3.2).  
The obtained experimental data was analyzed using the J.A. Woollam Co., 
Inc. data acquisition software CompleteEase in a multi-layer model. The 
system being modeled consisted of the BK7 glass, a gold layer of ~ 40 nm 
thickness and the surface layer of the Au/Hg amalgam. The thin (~ 2 nm) Cr 
layer used to get better gold adhesion between the Au and the BK7 glass was 
also taken into account in modeling the TIRE data. To evaluate the optical 
constants of the gold layer, two Lorentz and one Drude oscillators were 
included in the model of the gold layer. For the amalgam, an effective 
medium approximation surface layer composed of a mixture of gold and 
mercury was substituted for the Au/Hg amalgam film, which had formed 
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when the mercury was absorbed onto the gold. The changes of the surface 
roughness were also included in the fitting process of the EMA layer.  

The subsequent stage of the research three types of samples were 
investigated. These consisted of structures supporting a single Tamm plasmon 
polariton (TPP), a single surface plasmon polariton (SPP) and a hybrid Tamm 
plasmon polariton/surface plasmon polariton (TPP-SPP). For the single TPP 
and the hybrid TPP-SPP, distributed Bragg gratings were formed on the tops 
of the substrates (SiO2 glass), which had 5 bilayers of ~130 nm SiO2 and ~63 
nm TiO2. These were created by ion beam sputtering. The single SPP sample 
consisted of only gold film having a thickness of about 40 nm, which was 
deposited using the magnetron sputtering technique. The single TPP and the 
hybrid TPP-SPP samples were also coated with gold layers of the same 
thickness as the SPP. All the gold layers under investigation were 
polycrystalline.  

The spectroscopic ellipsometry (SE) experiments for TPP, SPP and SPP-
TPP samples were conducted using a dual rotating compensator ellipsometer 
RC2 (J. A. Woollam Co., Inc.). The SE experiments were carried out in the 
320 nm – 1700 nm spectral range. For the single TPP samples, a conventional 
ellipsometric configuration was used at an angle of incidence of 20° (Fig. 3.5). 
The angle of incidence (20°) was optimized in order to fulfill the excitation 
conditions of the TTP and to perform accurate spectroscopic ellipsometry 
measurements. For samples with the single SPP and with the hybrid TPP-SPP 
modes, experiments were conducted in a TIRE configuration using a glass 
BK7 prism (45°) at an AOI of 42.5° (Fig. 3.6, 3.7). The measured 
experimental data was then analyzed using the data acquisition software 
CompleteEase (J.A. Woollam Co., Inc.) in a multi-layer model. The simulated 
data were fitted to the experimental ellipsometric results using Levenberg-
Marquardt algorithm for nonlinear regression and allowed to determine 
variable parameters in the model, such as thickness change during Hg 
adsorption, Hg concentration and depth-profile. The system analyzed 
consisted out of a fused silica substrate, namely, a superlattice element of 5 
bilayers with thicknesses of 130 nm/63 nm (SiO2/TiO2). For the single TPP, 
gold film of 40 nm thickness was used. The single SPP samples consisted of 
the BK7 glass prism, a gold layer (40 nm) and a void. The hybrid TPP-SPP 
samples consisted of the BK7 glass prism, five bilayers of SiO2/TiO2 (130 
nm/63 nm) and a 40 nm gold layer.  

To form an amalgam surface layer, saturated mercury vapor with a 
concentration of 15 μg/m3 at room temperature was introduced into the Teflon 
chamber [1*] containing the sensing gold layer. Ellipsometric parameters Ψ(λ) 
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and Δ(λ) were then measured in a dynamic acquisition mode at an average rate 
of one spectrum per 10 seconds. After the initial ~10 minutes of baseline 
measurements, saturated mercury gas was introduced into the sample chamber 
for approximately 100 minutes. Additionally, the sample with the thick (200 
nm) gold layer attached to the glass substrate was incubated in the saturated 
mercury gas chamber for 48 hours in order to investigate the saturation of the 
mercury atoms into the thick gold layer. The variable angle ellipsometric 
spectra of the thick sample were measured after 24h and 48h. After 
introducing the mercury vapor, all the samples had a surface layer of the 
Au/Hg amalgam. The optical constants of the materials being used, namely 
Hg [110], BK7 [109], SiO2 [111], Au [112] and TiO2 [113] were taken from 
the literature.  

The kinetics spectra of the ellipsometric parameters Ψ(λ) and Δ(λ) were 
registered in their dynamic acquisition mode at an average rate of one 
measured spectrum per second. After the initial ∼15 min. of baseline 
measurements, saturated mercury gas was introduced into the Teflon chamber 
containing the sensing layer until the dynamic processes settled, for mercury 
sorption on top bare SPR chip it was approximately 120 min. and for TPP, 
TPP-SPP samples it was approximately 100 min.  

TIRE experiments for BSA immobilization were conducted using a 
rotating compensator based ellipsometer J. A. Woollam M2000X (Lincoln, 
USA). The TIRE experiments were carried out at a 70° angle of incidence 
with the illumination being at wavelengths in the 210–1000 nm spectral range. 
This was conducted using a BK7 glass 70° angle prism connected via a 
refractive index matching fluid with the glass plate being coated with the 
nanolaminates (Fig. 2.4). In the TIRE experiment, a liquid handling system 
with a custom-built Teflon chamber was used in which the nanolaminate 
surfaces were placed. The connecting valve was then opened, allowing the 
buffer solution to be injected into the chamber. This chamber was filled with 
PBS, pH 7.4, which was needed for the interaction of the proteins with the 
modified surface. The BSA solution (0.1 mg ml/l) in PBS, pH 7.4, was then 
injected into the Teflon chamber in order to form a thin protein layer. 

The spectra of the ellipsometric parameters Ψ(λ) and Δ(λ) were registered 
in their dynamic acquisition mode at the rate of one spectrum per second. After 
the initial ~15 minutes of baseline measurements the solution of BSA with the 
activated carboxyl groups was introduced into the Teflon chamber containing 
silanized Al2O3/ZnO nanolaminates, which contained amino groups. 
Ellipsometric parameters Ψ(λ) and Δ(λ)  in TIRE configurations have different 
sensitivities [114]. Ellipsometric parameter Δ(λ) was used for real time signal 
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registration because of its higher sensitivity towards surface changes during 
BSA immobilization. Simulations were conducted using the CompleteEASE 
software from J. A. Woollam Company. The ellipsometric measurements of 
the created optical models were conducted taking into account the 
methodology for the evaluation of absorbing films presented in another 
research study [115].  
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3. RESULTS 

3.1 Mercury adsorption and amalgam formation studies by TIRE 

3.1.1 Introduction 

During the last decades, environmental pollution has had a growing 
influence on human health [116]. One of the most dangerous chemical 
elements in the atmosphere is mercury because of its long residence 
time and the distances that it migrates [117]. Even low levels of Hg in 
the atmosphere are enough to produce negative effects in human organs 
and immune systems [118]. The most common forms of mercury 
(elemental, inorganic, organic) are found in fish. This fact strongly 
influences the whole ecosystem and the food chains of various animals 
[116]. Modern industrial practices such as the combustion of coal, 
various technologies of plastics have long been identified as the source 
of mercury on a global scale [119]. All these processes are accompanied 
by the byproducts rich in toxic heavy metals such as mercury.  

In order to assess the amount of mercury in the environment, it is 
necessary to develop sensitive and selective methods to determine its 
presence. For this purpose, gold-based surfaces are widely used as the 
mercury sorbent due to the strong interaction between Hg and Au. A 
further analysis of such surfaces is cumbersome, however, because as a 
further step, the gold has to be released by heating or by dissolution in 
various solvents and complex forming agents. Afterwards, the 
concentration of the gold on the surface also has to be determined using 
different physical methods, such as inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES) [120,121], cold vapor atomic 
fluorescence spectroscopy (CVAFS) [122] or cold vapor atomic 
absorption spectroscopy (CVAAS) [123,124]. It was shown that 
CVAAS can be used for year-round monitoring of mercury in the air or 
precipitation[125–127]. To increase sensitivity mercury traps are used. 
Gold wool is the most popular trap material for elemental mercury. For 
gaseous oxidized mercury different trap materials should be used like 
quartz wool [128]. 
 The application of these highly sophisticated methods is also limited 
because losses due to dissolution, the condensation of water vapor and the 
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spectral interference of organics, which lead to a loss in their sensitivity [129].  
To avoid such limitations, other techniques such as electrical detection 
[130,131] and quartz crystal microbalance [132,133] are used to detect and 
monitor the amount of Hg on the surface of the Au layer. A comprehensive 
analysis of the amalgamation mechanism between the mercury and the gold 
was conducted using morphological methods: scanning electron microscopy 
(SEM), energy dispersive X-ray spectroscopy (EDX), atomic force 
microscopy (AFM) and the optical method of measuring  fringes of equal 
chromatic order (FECO) [134]. They indicated that these amalgamation 
reactions are being formed on the surfaces of inhomogeneous films. Because 
of this, optical techniques have been considered unsuitable for conducting the 
quantitative monitoring of Hg and Au interactions.  
 Several publications [135–139] have been dedicated to studies of Hg 
adsorption onto Au film. These have used surface plasmon polariton 
resonance, spectroscopic ellipsometry, localized plasmons on gold 
nanoparticles and Raman spectroscopy.  It is well known [140] that at the 
beginning of the process, the adsorption of mercury onto gold induces defects 
and island formations. After these mercury-rich islands are formed, such 
structures then grow to about 1µm in diameter, after which they join into pairs 
and form dendritic structures. Finally, these dendrites break up into threads 
and island structures. It has also been reported that Hg atoms diffuse more 
easily into polycrystalline gold than into crystalline Au (111) [141].  
 Such gold structures can be evaluated by total internal reflection 
ellipsometry (TIRE) [10]. TIRE is an advanced technique, which 
combines spectroscopic ellipsometry and SPR.  Conventional surface 
plasmon polariton (SPP) optical sensors are among the most popular 
due to the high sensitivity which can be obtained because of the strong 
localization of the electric field at the metal/dielectric interfaces [142, 
1*]. In SPP-type optical sensors, a glass prism as a coupler to achieve 
conditions of total internal reflection (TIR) is commonly used to excite 
the propagated SPP waves, which are transverse magnetic (TM) p-
polarized. The exploitation of this SPP phenomenon requires the use of 
a semitransparent metal film (commonly gold or silver).  
 The sensitivity of TIRE method is higher than that of conventional 
ellipsometry or SPR [11] used separately. In fact, TIRE utilizes the analytical 
power of ellipsometry and increases its sensitivity by introducing the SPR 
effect into the optical scheme of the ellipsometer. This increased sensitivity of 
TIRE enables one to analyze in detail the structure and properties of such 
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ultra-thin layers [70]. As noted above, inhomogeneous surface structures 
containing mercury and gold atoms are formed during the initial phases of 
amalgam formation. This phenomenon, however, has not been utilized in 
analysis that is performed by means of commercially available SPR-based 
optical sensors. Some important features of such non-homogenous surface 
layers are therefore lost, and, as a result, the structural aspects of the 
investigated films cannot be completely characterized. For this purpose, an 
adequate optical model [143] of the structure under investigation is needed as 
the surface roughness and microstructure of Au/Hg films need to be taken into 
account in the modeling of this hybrid system.  
 Another type of surface mode, the so called Tamm plasmon-polariton 
(TPP) appears at the boundary between the photonic crystal and the metal 
layer [55,56]. In fact, the TPP is a standing wave, which is an interference 
phenomenon created by two surface waves being propagated in opposite 
directions [56]. The TPPs have an in-plane wave vector, which is less than the 
wave vector of light in vacuum, which allows for their direct optical excitation. 
It has been shown [64] that both the TPP and the SPP modes can coexist on 
the same metal layer if suitable conditions (metal layer thickness and angle of 
incidence) for both excitations are satisfied and the coupling of these 
excitations results in the hybrid TPP-SPP mode. For TM polarized incoming 
light, both the TPP and the SPP are excited at different interfaces of the same 
metal layer, thus revealing the repulsive nature of these two resonances [64].  

However, the reason to study the amalgam formation was also 
related with general studies of various types of plasmonic surface waves 
optical features, when the use of material with high conductivity at 
optical frequencies, in order to have the possibility to tune the total 
dielectric function of the sensing layer through the presence of amalgam 
formation, which influence the coupling strength between the TPP and 
SPP resonances in the hybrid TPP-SPP mode.  

The experimental studies of mercury adsorption and amalgam 
formation on the gold surface are consisted from two parts: the 
application of adequate optical model in order to characterize the 
inhomogeneous gold/mercury structures in real time (i) and to utilize 
different plasmonic excitations (single SPR, single TPP and hybrid 
TPP-SPP) for detection and analysis of gold/mercury amalgam 
structures (ii). 
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3.1.2 TIRE with surface plasmon resonance   

In the present study, we utilized TIRE to demonstrate the influence of the 
interaction of Hg with an Au surface on the optical response of gold-based 
sensor and, as a result, on the determination of the composition by the 
percentage of the amalgam layer. It was shown that when an adequate optical 
model is used, the analysis of the experimental TIRE data gives close optical 
constants of the Au film before and after the formation of the amalgam layer 
on the gold surface.  

This real time monitoring of the TIRE data produces important information 
about the formation of the amalgam layer on top of the gold film and its 
importance for sensor application. 

3.1.3 Results and discussion  

It is reasonable to assume that the mercury particles migrate not only to the 
surface but also diffuse deeper into the gold layer [141]. Thus, the amalgam 
layer was supposed to be composed of three Hg and two Au atoms with no 
regular structure in the surface plane. Therefore, the optical response of 
amalgam surface layer was analyzed in the frame of the Bruggeman EMA 
model.  Even minuscule changes of the surface medium near the gold layer 
produce noticeable changes in the SPR resonance conditions (the curve shapes 
and the dip positions in the spectra). This is because the optical constants of 
the investigated mediums can be estimated with very high accuracy. In the 
EMA model for the amalgam surface layer on the top of gold film, it was 
assumed that the mercury atoms were attached and had penetrated through the 
surface to a depth of up to 5-6 nm. Indeed, the secondary ion mass 
spectroscopy results showed that the Hg response reached noise levels at 5-6 
nm depths for the gold film left in a concentration of 0.007 mg/m3 mercury for 
30 minutes [144]. Previous studies had shown that the mercury atoms adsorb 
better onto a polycrystalline gold surface [141] because the mercury particles 
are more likely to aggregate at the surface defects. Furthermore, it has been 
argued that such mercury particles can migrate to energetically more favorable 
locations at the surface effects, hence forming islands instead of covering the 
whole surface evenly. The spectra of the ellipsometric parameters 𝛹(𝜆) and 
𝛥(𝜆)  for the pure gold layer showed (Fig. 3.1, Fig 3.2) that the surface 
plasmon waves manifested themselves as the dip in the 𝛹(𝜆) and the abrupt 
change of 𝛥(𝜆). This takes place at the 𝜆 = 598 nm wavelength at the external 
angle of the light incidence equal to 45°. As the amalgam layer was being 
formed on top of the gold surface, the SPR dip was blue shifted by 16 nm with 
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a decrease of the resonance depth from 2º up to 5.5º (Fig. 4a). Similar blueshift 
was observed for the 𝛥(𝜆) parameter in the vicinity of the PR generated wave. 
Meanwhile, the amplitude of the phase was suppressed from 360º up to 100º 
(Fig. 3.2). 

Figure 3.1. TIRE data of ellipsometric 𝛹  parameter points and fitted of 
different Au surface exposure to Hg times: �   - 0 min., ○ – 20 min., △ – 40 
min., ▽ – 60 min., ♦ – 80 min. 

 
Figure 3.2. TIRE data of ellipsometric parameter 𝛥  points and fitted of 
different Au surface exposure to Hg times:  � – 0 min., ○ – 20 min., △ – 40 
min., ▽ – 60 min, ♦ – 80 min. 
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 The TIRE data for the pure gold layer was analyzed using the multi-layer 
model. In this study, the multi-layer model represented the following structure: 
BK7 glass prism/Cr/Au film/air. The optical constants of the thin gold layer 
were characterized using the Drude model and two Lorentz oscillators (Fig. 
3.3). A layer of 1 nm thick Cr between the glass and the thin Au film was also 
included in the multi-layer model. The contribution of the gold layer surface 
roughness was taken into account in the calculations of the ellipsometric 
parameters Ψ(λ) and Δ(λ)  in order to develop an adequate model [143]. For 
the pure Au layer, the simulated data were fitted to the experimental 
ellipsometric results with a mean square error value of MSE = 9.   
 As was noted above, the Bruggeman EMA model was used in the analysis 
of the optical properties of the surface amalgam (Au2Hg3) layer (Fig. 3.1, Fig 
3.2). The multi-layer ellipsometric model BK7 glass prism/Cr/Au 
film/Au2Hg3/air was used in the analysis of the hybrid structure containing the 
gold and mercury. The analysis of the TIRE data of a hybrid structure with an 
amalgam layer on top of the Au film was conducted using the analogues fitting 
procedure. 
 Several assumptions, however, were made. According to the AFM data, the 
island type structure of the amalgam layer situated on top of the gold surface 
was about 3.4 nm thick. SEM studies of this microstructure showed that the 
Au2Hg3 forms dendritic structures with an average surface coverage of ~35% 
percent. This data was acquired using the ImageJ image processing software. 
Bearing in mind the fact that most common amalgam structures consist of two 
gold and three mercury atoms (Au2Hg3) [145], it was reasonable to assume 
that the pure mercury in the surface layer of the amalgam would be about ~20% 
percent. Thus, the composition of the amalgam layer was estimated in the 
Bruggeman model as an effective media approximation using the parameters 
obtained from the SEM and ImageJ software analysis. It followed that the 
amalgam layer composed of 0.8Au + 0.2Hg and was used as a fix parameter 
to calculate the thickness changes of the pure gold and amalgam layers. The 
data of the optical constants for the Hg material were taken from the J. A. 
Woollam database [146], while the gold refractive index used was the same as 
that obtained from the regression procedure for the pure gold layer (Fig. 3.3). 
The regression analysis showed that the best fit was obtained when the 
thicknesses were d = 3.53 nm and d = 35.86 nm for the amalgam EMA and 
the pure gold layers, respectively. Furthermore, the thicknesses of both layers 
were fixed and only the percentage composition of Au and Hg in the amalgam 
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were being adjusted as free fitting parameters in the regression analysis of the 
formed structure. The best fitting of the experimental TIRE data was obtained 
for the following composition of the amalgam layer with a thickness of d = 
3.53 nm: 0.84(Au) + 0.16(Hg). It should be noted that the amalgam layer 
thickness obtained from the regression analysis was in good agreement with 
the AFM data (d = 3.4 nm) (Fig. 2.8). The formed dendritic structure of the 
amalgam on the gold surface (Fig. 2.9) can be explained by the weak adhesion 
of some gold atoms to the film surface [144]. The SEM analysis showed that 
the mercury evaporated, whenever the surface areas were more intensely 
affected by the electron beam. Due to the mercury adsorption onto the gold, 
this increased the damping of the surface plasmon wave because the 
conductivity of mercury is higher than that of gold. This manifested itself as a 
decrease of the amplitude of the ellipsometric parameters Ψ(λ) and Δ(λ) in the 
typical SPR curves and in the shifts to shorter wavelengths (Fig. 3.1, 3.2). 
 

 
Figure 3.3. Complex refractive index n, k obtained from Bruggeman EMA 
multilayer model for mercury/gold EMA and pure gold layers. 
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A detailed understanding of the mercury adsorption mechanism on the gold 
surface can be acquired by analyzing the evolution of the ellipsometric 
parameters 𝛹(𝜆, 𝑡)  and 𝛥(𝜆, 𝑡)  over time. In this experiment, saturated 
mercury vapor with a concentration of 15 mg/m3 at room temperature was 
used to form the amalgam layer on the top of the gold surface. The analysis of 
the dynamic TIRE data of the amalgam formation was performed using the 
reverse dynamic fitting procedure, starting from the values obtained for a 
completely formed amalgam layer. As noted above, the Bruggeman EMA has 
been used in kinetic data analysis for completely formed Au2Hg3 as well as 
for setting the initial point of regression. Reverse dynamic regression was 
performed starting from the thickness (d = 3.53 nm) and the ratio of gold 
(84.00± 0.43%) and mercury (16.00± 0.43%) in the completely formed 
amalgam film. During the mercury adsorption process, the percentage 
composition of the EMA layer needed to change, which was to be expected 
with the increasing number of mercury atoms adhering to the gold surface. 
Thus, the percentage composition (Fig. 3.4) of the amalgam dendritic structure 
were free adjustable parameters in the regression procedure. The regression 
analysis was performed backward in time starting from 120 min. back to 0 
min. The real time measurements showed a fast change of the amalgam 
percentage composition up to 30 min. and then saturation. Similar regularities 
were reported for the SPR [135,136], ellipsometry [147], XPS and SEM [144] 
analysis. In this study the lowest obtained percentage composition of mercury 
was 0.6 ±	0.4% at the initial stage of the amalgam formation. In order to 
achieve reliable results, one point measurement time in our experiment was 
rather long, about 22 seconds, however, the detection limit of percentage 
composition with TIRE method can be even lower if time of data acquisition 
will be shorter with acceptable signal to noise ratio. Also, the noticeable 
influence to the precision comes from the gradient of the mercury gases in the 
chamber because SPR waves feel the changes of dielectric function of the 
medium below the gold surface [148].  
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Figure 3.4. Percentage composition of mercury in Au and Hg EMA layer on 
mercury vapor exposure time. 

3.1.4. Conclusions 

The spectroscopic dynamic TIRE method was utilized for the characterization 
of the real time formation of the amalgam layer on the surface of a thin gold 
film. Summarizing, the structural and optical parameters that were determined 
from the regression analysis of the TIRE data provide important information 
about the amalgam surface layer, such as the percentages of its composition 
and its thickness. In particular, the regression results obtained by applying 
Bruggeman EMA model from steady state allowed us to reveal that the 
completely formed amalgam layer consist of 16.00 ±	0.43% mercury and 
84.00 ±	0.43% gold. It should be noted that during the interaction of the 
mercury with the gold, the surface roughness of the gold increases in most 
cases. This factor creates a challenge, however, for optical methods. Present 
studies have shown, however, that the application of an effective medium 
approximation can solve this problem reasonably well.    
 To the best of our knowledge, the TIRE method in its dynamic acquisition 
mode was used for the first time to evaluate the percentage composition of the 
amalgam layer in real time. These results allow one not only to evaluate in 



60 
 

real time the percentage composition of the amalgam layer, but also to get 
further insight into the formation process during the interaction of the gold 
and mercury atoms on the sensor surface, which leads to the changes of the 
gold layer’s optical constants. Moreover, TIRE, being an optical method, does 
not require any accumulation of the gold, unlike cold vapor atomic 
fluorescence spectroscopy (CVAFS), cold vapor atomic absorption 
spectroscopy (CVAAS) and inductively coupled plasma-atomic emission 
spectroscopy (ICP-AES). This makes it a promising method for obtaining 
rapid real time readouts. 

3.2. TIRE with SPP, TPP and hybrid TPP-SPP mode 

The aim of these studies has been to investigate the kinetic features of mercury 
vapor adsorption onto gold surfaces by utilizing the hybrid TPP-SPP mode in 
TIRE configurations, thus demonstrating the advanced capabilities of such 
hybrid excitation in the design of plasmonic sensors. 

3.2.1. Results and discussions 

The spectroscopic ellipsometry measurements of the single TPP and the single 
SPP samples indicated that the Tamm plasmon polariton and surface 
propagated plasmon waves manifested themselves as dips in the Ψ(λ) spectra 
at 729 nm and 658 nm, respectively (Fig. 3.5 and 3.6). In the case of the single 
TPP sample, the external angle of light incidence was equal to 20º, while for 
the single SPP sample, the AOI was 42.5º in the prism coupler. For the single 
TPP sample, the fused silica substrate was set as the ambient material and 
according to the Snell law, the actual internal angle of light incidence for the 
fused silica glass/PC interface was adjusted via an angle offset of around 7º ± 
0.4º. After the formation of the amalgam sub monolayer onto the gold surface, 
the ellipsometric parameters Ψ(λ) and Δ(λ) blue shifted to 728 nm and 650 nm, 
respectively. A slight decrease of the resonance depths in Ψ(λ) and the 
suppression of the amplitude in Δ(λ) were observed for both excitations. The 
predicted behavior of the optical response for both excitations was determined 
by the total conductivity changes in the mixed gold/mercury layer due to the 
formation of the amalgam. 
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Figure 3.5. Experimental (dots) and calculated (solid curves) spectra of a 
single TPP sample before (red curves) and after (green curves) exposure to 
saturated mercury vapors. Inset represents the sample structure and the 
measurement configuration. 
 
 For the sample with the hybrid TPP-SPP mode, the behavior (Fig. 3.7) of 
the Tamm plasmon polariton component became opposite after the formation 
of the amalgam layer on the top of the gold layer. The TPP excitation moved 
to longer wavelengths, while the SPP moved to shorter wavelengths by the 
same blue shift (8 nm) as in the case of the single SPP sample (Fig. 3.6). It 
should be noted that the excitation of the hybrid TPP-SPP leads to different 
positions of the TPP (584 nm) and the SPP (684 nm) dip components (Fig. 3.7) 
when compared with the single TPP (729 nm) and the single SPP (650 nm), 
respectively. The TPP coupling with the SPP leads to the repulsion of both 
resonances. After the formation of the Au/Hg amalgam on the top of the gold 
layer, the coupling between the TPP and the SPP becomes weaker and both 
resonances move closer to each other.  



62 
 

 
Figure 3.6. Experimental (dots) and calculated (solid curves) spectra of a 
single SPP sample before (red curves) and after (green curves) exposure to 
saturated mercury vapors. The inset represents the sample structure and 
measurement configuration. 
 

It is reasonable to assume that the behavior of both TPP and SPP resonant 
components in the hybrid TPP-SPP mode were caused by two factors: the 
repulsion of the dispersion curves and the changes of conductivity in the 
plasmon active (gold) layer due to the formation of the amalgam. As noted 
above, the TPP and SPP resonances excited at different interfaces and were 
coupled inside the plasmon active layer. The penetration depth of both modes 
separately was about 25-30 nm into the gold layer [149].  
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Figure 3.7. Experimental (dots) and calculated (solid curves) spectra of the 
hybrid TPP-SPP sample before (red curves) and after (green curves) exposure 
to saturated mercury vapors. The inset represents the sample structure and the 
measurement configuration. 
 

The optical properties of the Au/Hg amalgam were determined from the 
thick gold layer, which had been incubated in the saturated mercury vapor 
chamber for 48 hours. The dielectric function of the Au/Hg amalgam was 
approximated as a homogeneous layer and described using the Bruggeman 
effective medium approximation (EMA). The EMA considers the Au/Hg 
amalgam film to be an isotropic physical mixture of two elements, Au and Hg, 
and homogenous on the scale of the wavelength. The dielectric function of the 
mixture was calculated from the volume fractions of its components, assuming 
that they retain their intrinsic optical properties. The evaluated volume 
fraction and thickness of the Au/Hg amalgam showed that the Au/Hg amalgam 
structure forms on the surface of the thick gold film, producing an increase of 
its thickness of 2.1 ±	0.2 nm (RMS = 1.1 nm). The volume fraction of the Hg 
in the EMA layer becomes 42 ±	1%. The thicker gold layer manifests better 
crystallinity and better adhesion, thereby blocking the further penetration of 
the mercury atoms deeper into the layer [144,147,150,151]. The same 
approach was used when analyzing the single TPP and the single SPP samples. 
The Au/Hg amalgam layer thicknesses and volume fractions of Hg obtained 
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from the analysis were 8.8 ±	0.1 nm (RMS = 0.4 nm), 4.9 ±	0.1 nm (RMS = 
2.3 nm) and 19	±	1 %, 14 ± 1% for single TPP and single SPP samples, 
respectively. Regression analysis of the single TPP and SPP samples also 
showed that the mercury atoms penetrated deeper into the gold layer by about 
8 nm in the thin (~ 40 nm) gold films and showed comparable lower volume 
fractions of Hg.  

T. Morris and G. Szulczewski have shown that spectroscopic ellipsometry 
is sensitive to mercury diffusion into the polycrystalline gold film [147]. 
However, due to the low penetration depth of the light, only a simple 
approximation can be used in the analysis of the data. For Au/Hg amalgam 
formation, the EMA approximation masks the details of the depth profile. The 
TPP and SPP resonances excited separately are in principle sensitive to their 
interfaces, inner and outer, respectively. Meanwhile, monitoring of the optical 
responses in the hybrid TPP-SPP modes has shown that changes of the 
coupling strength between the TPP and SPP resonances during the kinetic 
process can give additional information about the amalgam formation and the 
structural changes on the surface. A more adequate optical model with the 
contribution of the index-profile was applied to fit the experimental 
ellipsometric data of the hybrid TPP-SPP resonances in order to account for 
the penetration of the Hg atoms into the layer. For the Au/Hg amalgam, a 
gradient layer was used as an EMA mix of gold and mercury with two profiles, 
the linear and the exponential functions. However, only the exponential profile 
gave a satisfactory estimation of the optical properties of the Au/Hg amalgam 
in the investigated wavelength range. Dynamic regression analysis, however, 
allowed for the reliable determination of the thickness variation and index 
profile, which are presented in Fig. 3.8a. The thickness variation shown in Fig. 
3.8a exhibits stepped Au/Hg amalgam growth process. For the first 40 min., 
the thickness increases exponentially. Later, after 30 min. of amalgam 
formation, the layer thickness begins to grow linearly up to 90 min. when the 
process was interrupted. This exponential growth corresponds to the Au/Hg 
amalgam formation, while linear part corresponds to the increased 
concentration (adsorption) of Hg atoms on the surface. The same similarities 
were observed in the dip position behavior shown in Fig. 3.8b. During 
formation of the Au/Hg amalgam surface layer, both resonances moved to 
shorter wavelengths, but after 30 min. the TPP dip started to move back. 
Finally, the TPP and SPP dips came closer to each other in the spectra by up 
to about 8 nm, indicating a weaker coupling between the resonances in the 
hybrid mode. The coupling strength of both resonances depends on the 
dispersion curves, which in turn are extremely sensitive to the total layer 
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conductivity, which increases drastically with the increase of the Hg atoms on 
the surface of the gold layer. The determined index profile shown in the inset 
of Fig. 3.8a demonstrated high, about 80% Hg, concentration near the surface, 
which decreased exponentially down into the layer. Numerical calculations 
were also performed to study how coupling of TPP and SPP depends on the 
conductivity and thickness of Au/Hg layer. The influence of metal layer 
thickness on dispersion curve repulsion was shown earlier [64]. Our 
evaluations were performed using the same parameters of the model structure 
as in the experiment for corresponding real time measurements. Calculation 
results revealed, that main influence at first minutes (t = 20 min) of Hg 
adsorption on coupling between TPP and SPP resonances (Fig. 3.8b) was due 
to increase of about 1.5 times of real part of conductivity from 300 to 500 Ω-

1cm-1 at 700 nm wavelength (Fig. 3.8a, green dots).  
The determined values of the parameters from all the investigated samples 

confirmed the assumption that the mercury atoms penetrate into the gold layer 
for about 5 nm and form an Au/Hg amalgam structure, thus enhancing the 
optical signal changes related to the increased concentration of mercury atoms 
on the top of the sensor surface. It should be noted that the hybrid TPP 
component is not directly sensitive to the pure Hg, as this excitation formed 
on the other interface of the gold layer, however, weakening of coupling effect 
due to detuning of the SPP component from the optimal resonance conditions 
leads to the redshift of the TPP, which indicates Hg atoms adsorption on the 
surface. Very similar results of amalgam formation studies after 0.5-1 hour 
were reported earlier using structural methods such as XPS, secondary ion 
mass spectroscopy (SIMS), scanning Auger microscopy (SAM) and SEM 
[140,144]. 

The reported studies have shown that the saturation of the monitored signal 
takes place after about 30 min. and the penetration of Hg atoms deeper into 
the gold layer strongly depends on the adhesion and grain boundaries of the 
polycrystalline gold films [140,144]. It should be noted that in the case of the 
hybrid TPP-SPP mode, the behavior of the coupled excitations gives 
additional information about the penetration of the mercury atoms into the 
gold layer in comparison to the single TPP and SPP resonances.  
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Figure 3.8. a) Thickness variation of the amalgam evaluated from regression 
analysis of the hybrid TPP-SPP mode. The inset shows the depth-profile of 
the gold and mercury at t = 90 min. Green dots correspond to real part of 
conductivity of Au/Hg layer at 700 nm wavelength. 5 b) The experimental Ψ(λ) 
dip position dependence on the exposure time of the gold surface in the 
saturated mercury vapor. 
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Numerical calculations were also performed to study how coupling of TPP 

and SPP depends on the conductivity and thickness of Au/Hg layer. The 
influence of metal layer thickness on dispersion curve repulsion was shown 
earlier [64]. The curve repulsion or anti-crossing effect is a consequence of 
two interacting oscillators in strong coupling regime [64,152,153]. The 
stronger the interaction between oscillators the greater the distance between 
curves are. When coupling strength decreases curves moves closer to each 
other and eventually can overlap, this was showed in [64] with increasing the 
thickness of the thin metal film. However, the application of conductivity 
concept instead of thickness is more general from our point of view, because 
changes in metal layer thickness gives different conductivity as well.  

Our evaluations were performed using the same parameters of the model 
structure as in the experiment for corresponding real time measurements. The 
calculation results revealed, that main influence at first minutes (t = 20 min.) 
of Hg adsorption on coupling between TPP and SPP resonances (Fig. 3.8b) 
was due to an increase of about 1.5 times of real part of conductivity from 300 
to 500 𝛺-1cm-1 at 700 nm wavelength (Fig. 3.8a (green dots) or Fig. 3.10).  

From the Fig. 3.9 we can see that gap change between dispersion curves of 
TPP and SPP resonances are much bigger in the first 20 minutes than in the 
last 20 minutes. Similar decrease in change can be seen in conductivity graph 
in Fig 3.10. This could be explained by the change of resonance condition for 
SPR component.  
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Figure 3.9. Image plots of the reflectivity spectra for p-polarization calculated 
at corresponding experimental time (white – 1, black - 0). 
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Figure 3.10. Spectra of the real part of Au/Hg optical conductivity at 
corresponding experiment time. 

3.2.2 Conclusions  

The spectroscopic dynamic TIRE method was used for the generation and 
study of the hybrid TPP-SPP mode as a sensor probe for the real time 
formation of amalgam structures on the surface of a plasmon active gold layer. 
The mercury atoms penetration into gold layer was determined through the 
experimental data acquired through TIRE and the regression analysis of a 
multi-layer model with an index-profile amalgam layer. In particular, from the 
regression analysis of all studied samples and previously reported publications 
[144,147,1*], we can conclude that mercury atoms penetrate about 5 nm into 
polycrystalline gold layers.  

The present study has demonstrated the applicability of hybrid TPP-SPP 
mode to advanced optical gas sensors technologies. These results allow not 
only the evaluation of the coupling strength of the TPP and SPP components 
of the hybrid mode in the plasmon active layer, but also provide some insight 
into the real time formation of the amalgam on the sensor surface. 

3.3. TIRE on nanolaminates 

Recently, there has been a large interest in the results obtained from zinc oxide  
thin films and nanolaminates and their relevant properties for use as materials 
for optical biosensors [81–83]. ZnO thin films and nanolaminates can be 
deposited using various methods [82,83]. They are bio-compatible, non-toxic 
and chemically stable [84]. The high isoelectric point of ZnO can also be used 
for the immobilization of proteins with low isoelectric points through 
electrostatic interactions [85]. Additionally, ZnO nanomaterials demonstrate 
controllable wettability, which allows the reduction of the volume of the 
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sample, a quick response, increased sensitivity and signal-to-noise ratio of the 
developed biosensors [86]. Moreover, ZnO is compatible with complementary 
metal oxide semiconductor technology and therefore is suitable for the 
production of integrated circuits for devices with small integrated biosensors 
[81].  Thus, ZnO based multi-layered structures (nanolaminates) have been 
selected as substrates for optical biosensor designs in total internal reflection 
ellipsometry configurations.  

The aim of these studies has been to evaluate the influence of the layered 
structures of Al2O3/ZnO nanolaminates on the optical responses of 
ellipsometric parameters 𝛹 and 𝛥 in total internal reflection configurations 
and to demonstrate the advanced possibilities of such layered structures in 
optical biosensors designs. 

3.3.1 Results and discussion 

3.3.1.1 Simulations 

In order to use Al2O3/ZnO nanolaminates on glass substrates for bio-sensing 
applications, simulations of the ellipsometric parameters were conducted to 
determine the best parameters (thicknesses and refractive index) of the 
multilayer structures in which the sensitivity properties would be optimized. 
Furthermore, the simulations were done in an external reflection (reflection 
ellipsometry) setup. Conventional reflection ellipsometry simulations showed 
that the features of the optical response of the ellipsometric parameters 
increased at 50 nm Al2O3 and ZnO layers thicknesses, while for thicker and 
thinner layers of Al2O3 and ZnO in nanolaminates, these optical features 
decreased. Thus, for further studies, nanolaminates with layers of 50 nm 
thickness were chosen in order to improve the sensitivity of the system. 
However, as mentioned above, the TIRE configuration is more appropriate for 
bio-sensing applications due to the possibility of conducting optical 
measurements in liquid and/or an opaque medium without light passing 
through them [154]. In this configuration, a better signal to noise ratio is 
obtained and the light scattering effect is minimized. Thus the Al2O3/ZnO 
nanolaminates on the glass substrates were examined in the TIRE 
configuration and the two bilayer (50 nm/50 nm) Al2O3/ZnO nanolaminates, 
the one bilayer (100 nm/100 nm), the single ZnO film  (200 nm) and the single 
Al2O3 (200 nm) film with the same total thicknesses (200 nm) for all samples 
were compared in order to find out the differences in the sensitivity features 
(Fig. 3.11 a, b, Fig 3.12 a, b). Analysis of the maximal shift in the optical 
response of the conducted simulations showed that the multilayered structures 
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of the Al2O3/ZnO (50 nm/50 nm) nanolaminates had a two-fold increase in 
sensitivity to a 10 nm protein layer than the single ZnO film of the same total 
thickness (200 nm). As can be seen from Fig. 3.11 a, b, Fig. 3.12 a, b, the 
changes in the ellipsometric parameter 𝛥 due to the 10 nm simulated bio-layer 
gives 𝛥	= 11.8º, 𝛥	= 5.44º, while for the Al2O3/ZnO nanolaminates with two 
bilayers, one bilayer, the single ZnO (200 nm) layer and the single Al2O3 (200 
nm), these are 𝛥	= 6.02º and 𝛥	= 1.4º, respectively. The protein refractive 
index dispersions were modelled with the Cauchy function and had the 
following values: A = 1.45, B = 0.01 and C = 0. The contribution of a few 
nanometers of the APTES layer was also taken into account. In order to 
determine the contribution of the layered structure, two samples with different 
bilayer numbers, but with the same amount of aluminum and zinc oxide were 
analyzed in more detail. From the optical response of these two samples, it 
can be clearly seen (Fig. 3.11 a, b) that a structure with two bilayers had better 
sensitivity at a 10 nm thickness of the simulated bio-layer (𝛥	= 11.8º) than a 
sample with one bilayer (𝛥	= 5.44º). As the amounts of both materials were 
the same in these simulated samples, it is reasonable to assume that 
enhancement of the optical response comes from the number of layers in the 
nanolaminate structures due to the multiple reflections of light from the 
interfaces between the Al2O3 and ZnO layers. Thus, for the TIRE experiment 
with proteins, the structure of the Al2O3/ZnO nanolaminates with two bilayers 
(50 nm/50 nm) with a total thickness of 200 nm was chosen.  
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Figure 3.11. Simulated TIRE spectra (solid curves) of a) two bilayer (50 nm/ 
50nm) Al2O3/ZnO nanolaminates, b) one bilayer (100nm/100nm) Al2O3/ZnO 
nanolaminates. The dashed curves represented the changes of ellipsometric 
parameters 𝛹(𝜆) and 𝛥(𝜆) due to the 10 nm thickness of the bio-layer on the 
top that was modeled by Cauchy function. 

a) 

b) 
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Figure 3.12. Simulated TIRE spectra (solid curves) of a) 200 nm ZnO films 
and b) 200 nm Al2O3. The dashed curves represented the changes of 
ellipsometric parameters 𝛹(𝜆) and 𝛥(𝜆) due to the 10 nm thickness of the 
bio-layer on the top that was modeled by Cauchy function. 

a) 

b) 
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3.3.1.2. Optical properties of Al2O3/ZnO nanolaminates  

In order to use layered Al2O3/ZnO nanolaminate structures for the biosensor 
design, the optical properties of these samples have to be characterized. For 
this purpose, the ellipsometric spectra of the Al2O3/ZnO nanolaminates were 
recorded in a total internal reflection configuration. The spectra of the 
ellipsometric parameters Ψ(λ) and Δ(λ) for the nanolaminates/APTES are 
shown in Fig. 3.13.  The presence of optical losses due to ZnO absorption 
manifested themselves as the peaks in the Ψ(λ) and Δ(λ). This takes place at 
the 𝜆 ≈ 400 nm wavelength at an external angle of the light incidence to the 
prism equal to 70°. The optical dispersions of the refractive indexes of Al2O3 
(Fig. 3.14) and ZnO (Fig. 3.14) were evaluated by regression analysis from 
the multilayer model and were then used as fixed parameters in the BSA 
covalent immobilization experiment.  

In this study, the multi-layer model representing the five-phase structure of 
the nanolaminates consisted of two bilayers of Al2O3/ZnO (50 nm/50 nm) on 
glass substrates with each bilayer being 100 nm thick. In the regression 
analysis, the starting values of the optical dispersion were taken from the 
CompleteEASE database and the thicknesses of the layers were the 50 nm free 
fitting values. The optical constants of the Al2O3 layers in the nanolaminates 
were characterized using the Cauchy dispersion function. The regression 
results showed that the thicknesses of the Al2O3 layers in the nanolaminates 
were 49.72	±	0.56 nm and 50.20 ±	0.43 nm for first and second bilayer, 
respectively. Meanwhile, the optical constants for the ZnO layers were 
determined by using PSemi-M0 and two Gaussian peaks functions. The 
obtained dispersions of the ZnO and Al2O3 optical constants are presented in 
Fig. 3.14. The evaluated thicknesses of the ZnO layers were 50.19 ±	0.47 nm 
and 49.77 ±	0.61 nm for the first and second bilayers, respectively. The 
refractive index and extinction coefficient of the APTES layer was also 
determined by the Cauchy function. The obtained optical constant 
dependences of the wavelength are presented in Fig 3.15. The evaluated 
thickness of the (3-Aminopropyl)trimethoxysilane layer using these optical 
constants was 6.99 ±	 0.79 nm. For the six phase structure of the 
nanolaminates with the APTES layer on the top of the ZnO surface, the 
modelled data were fitted to the experimental ellipsometric results with a 
mean square error value of MSE = 12.72.   
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Figure 3.13. The TIRE data of the ellipsometric parameters’ Ψ(λ)  and Δ(λ) 
points and the fitted curves (solid lines) of the six phase structure of the two 
bilayer Al2O3/ZnO (50 nm/50 nm) nanolaminates, the APTES layer on the 
ZnO surface (Δ – ○; Ψ – □) with the BSA layer immobilized on the top of the 
APTES surface (Δ – ●; Ψ– ■). 

3.3.1.3 Evaluation of Al2O3/ZnO nanolaminates as possible substrates for 
biosensing 

As was noted above, for bio-sensing purposes, the top layer of the 
nanolaminates (ZnO, the sensing surface) was modified by APTES. 
Afterwards, the surface was functionalized by amino groups, which are 
necessary for bovine serum albumin covalent immobilization onto the ZnO 
surface.  In this experiment, BSA (as a model protein) was used to form the 
bio-molecular layer on the top of the  
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Figure 3.14. ZnO and Al2O3 optical dispersion of the complex refractive index 
in Al2O3/ZnO nanolaminates  

 
Figure 3.15. Refractive index (solid curve) of bovine serum albumin 
covalently immobilized on a ZnO surface modified with APTES. Refractive 
index dispersion of APTES film (dashed curve) formed on a ZnO surface. 
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ZnO surface at room temperature. The concentration of the BSA, which was 
used for recording the kinetic interaction between the BSA activated 
functional groups and salinized ZnO surface, was 0.1 mg/ml. The nonspecific 
BSA adsorption on a salinized surface was also investigated. The covalently 
immobilized BSA refractive index was determined by applying the Cauchy 
dispersion function as was used for the (3-Aminopropyl)trimethoxysilane  
layer (Fig. 3.15). As the BSA layer was being formed on the top of the 
modified ZnO surface, the peak was slightly red-shifted, producing a decrease 
of its amplitude for the Ψ(λ). A similar behavior was observed for the Δ(λ) 
parameter in the vicinity of the absorption band of the ZnO (Fig. 3.13). Due 
to the formation of the BSA layer on top of the ZnO surface, the ellipsometric 
parameter Δ(λ) changed up to 12° at Ψ(λ) and λ = 390 nm, while the maximum 
shift for Ψ(λ) was 1.7° at λ = 370 nm. The regression analysis showed that 
such changes in ellipsometric parameters correspond to the 7.3 ± 0.67 nm 
thickness of the BSA layer. A detailed understanding of the protein 
immobilization process on the solid-liquid interfaces can be obtained by 
analyzing the evolution of the ellipsometric parameter Δ(t) over time (Fig. 
3.16a). The TIRE method in its dynamic data acquisition mode is able to 
evaluate the changes of the refractive index and thickness over time however, 
obtained physical quantities usually are converted into more appropriate 
information about biomolecules. A common approach in various types of 
biosensors is the evaluation of the surface mass attached on the sensor surface. 
For this purpose, the dynamic TIRE data of the refractive index and thickness 
were converted to changes of the surface mass using de Feijter’s formula [155] 
during the formation of the BSA layer (Fig. 3.16b). While both parameters - 
film thickness and refractive index - were determined from regression analysis. 

𝛤 = Zv^8^²³´´q�w
Z^ Zµ⁄ × 100 (3.1) was used to evaluate the surface mass (ng/cm2), 

where dn/dC  = 0.18 SM
·

�
   [156] is the refractive index increment for the layer 

material, depending on the protein concentration in the buffered solution , d is 
the thickness (nm) of the protein layer obtained from regression analysis, n is 
the refractive index of the protein layer obtained from regression analysis and 
nbuffer is the refractive index of the buffered solution. The evolution of the 
surface mass amount was calculated at intervals of about 4 min. and the fast 
change of the BSA proteins surface mass up to 27 min. when saturation was 
clearly seen.   
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Figure 3.16. a) The kinetics covalently BSA immobilization on the surface of 
APTES-modified Al2O3/ZnO nanolaminate, parameter Δ at 390 nm 
wavelength; b) the surface concentration of BSA calculated from TIRE data 
using equation (3.1). 

3.3.2. Conclusions 

The spectroscopic dynamic TIRE method was utilized for the characterization 
of the real time formation of the BSA layer on the surface of the functionalized 
Al2O3/ZnO nanolaminates. The conducted simulations of the optical response 
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of structures with bilayers of Al2O3/ZnO (50 nm/50 nm) nanolaminates 
showed a twice better change of the ellipsometric parameter Δ of the bio-layer 
on the top of the ZnO surface compared to ZnO of 200nm thickness with one 
bilayer of Al2O3/ZnO (100 nm/100 nm) nanolaminates. The increased 
sensitivity of the ellipsometric parameters can be explained by the multiple 
reflection of the light waves in a condition of total internal reflection, 
especially for the ellipsometric parameter Δ. These studies showed that the 
number of bilayers and the thicknesses of the films have a noticeable influence 
on the sensitivity of these kinds of optical biosensors. Therefore, the refractive 
index dispersion of the layers needs to be optimized by taking into account the 
materials from which they are made. Such multiple total internal reflections 
are very commonly used in attenuated total reflection – Fourier transform 
infrared (ATR-FTIR) spectroscopies [9]. However, to the best of our 
knowledge, the exploitation of multiple TIR effect with spectroscopic 
ellipsometry in the UV-VIS spectral range for the optical biosensors design is 
being used for the first time. It should be noted, that the TIRE method with 
dielectric multilayer structures is less sensitive to surface changes than the 
TIRE with thin metal films, which utilizes the SPR effect. This observation 
can be explained by the different localization of the electric field on the 
sensing surfaces. However, the biocompatibility, the photoluminescence 
features of ZnO [157] and the optical properties of ZnO/Au nanostructures 
[158], such as the simultaneous real time monitoring of SPR [159] or localized 
SPR [70] effects in VIS and the photoluminescence peak of ZnO in the UV 
range, produce possibilities of constructing optical biosensors with advanced 
features. 
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Main results and Conclusions 

• The spectroscopic dynamic TIRE method was utilized for the 
characterization of the real time formation of the amalgam layer on the 
surface of a thin gold film. To the best of our knowledge, the TIRE method 
in its dynamic acquisition mode was used for the first time to evaluate the 
percentage composition of the amalgam layer in real time. This makes it 
a promising method for obtaining rapid real time readouts. These results 
allow one not only to evaluate in real time the percentage composition of 
the amalgam layer, but also to get further insight into the formation 
process during the interaction of the gold and mercury atoms on the sensor 
surface, which leads to the changes of the gold layer’s optical constants.  
 

• Summarizing, the structural and optical parameters that were determined 
from the regression analysis of the TIRE data provide important 
information about the amalgam surface layer, such as the percentages of 
its composition and its thickness. In particular, the regression results 
obtained by applying Bruggeman EMA model from steady state allowed 
us to reveal that the completely formed amalgam layer consist of 16.00 
±	0.43% mercury and 84.00 ±	0.43% gold. It should be noted that during 
the interaction of the mercury with the gold, the surface roughness of the 
gold increases in most cases. This factor creates a challenge, however, for 
optical methods. Present studies have shown, however, that the 
application of an effective medium approximation can solve this problem 
reasonably well.  
   

• The spectroscopic dynamic TIRE method was used for the generation and 
study of the hybrid TPP-SPP mode as a sensor probe for the real time 
formation of amalgam structures on the surface of a plasmon active gold 
layer. The mercury atoms penetration into gold layer was determined 
through the experimental data acquired through TIRE and the regression 
analysis of a multi-layer model with an index-profile amalgam layer. In 
particular, from the regression analysis of all studied samples, we can 
conclude that mercury atoms penetrate about 5 nm into polycrystalline 
gold layers.  
 

• The present study has demonstrated the applicability of hybrid TPP-SPP 
mode to advanced optical gas sensors technologies. These results allow 
not only for the evaluation of the coupling strength of the TPP and SPP 
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components of the hybrid mode in the plasmon active layer, but also 
provide some insight into the real time formation of the amalgam on the 
sensor surface. 
 

• The spectroscopic dynamic TIRE method was utilized for the 
characterization of the real time formation of the BSA layer on the surface 
of the functionalized Al2O3/ZnO nanolaminates. The increased sensitivity 
of the ellipsometric parameters can be explained by the multiple reflection 
of the light waves in a condition of total internal reflection, especially for 
ellipsometric parameter Δ. 
 

• These studies showed that the number of bilayers and the thicknesses of 
the films have a noticeable influence on the sensitivity of these kinds of 
optical biosensors. Therefore, the refractive index dispersion of the layers 
needs to be optimized by taking into account the materials from which 
they are made.  
 

• It should be noted, that the TIRE method with dielectric multilayer 
structures is less sensitive to surface changes than the TIRE with thin 
metal films, which utilizes the SPR effect. This observation can be 
explained by the different localization of the electric field on the sensing 
surfaces. However, the biocompatibility, the photoluminescence features 
of ZnO [157] and the optical properties of ZnO/Au nanostructures [158], 
produce possibilities of constructing optical biosensors with advanced 
features. 
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Notations and abbreviations 

Main notations 

A, B, C – Cauchy function 
coefficients  
c – speed of light 
C – concentration 
𝑑iY, 𝑑hY  - penetration depth for 

electromagnetic field and 
intensity 

𝑒 - electron electric charge 
𝐸 - electric field 
𝐻 - magnetic field  
𝐼 - electromagnetic field intensity 
𝑘 - wave vector 
𝑚n - electron mass 
𝑛 - refractive index 
𝑁n  - number of electrons per 

volume unit 
p – parallel to the reflection plane 

polarization 
𝑟(, 𝑟'  - Fresnel reflection 

coefficients  
R - reflectance  
s – perpendicular to the reflection 

plane polarization 
t – time 
x, y, z – cartesian coordinate axis 
 
 
 
 
 
 
 
 
 
 

𝛾 - shape and size dependent factor  
𝛤 - surface mass 
𝛤 – damping in Drude model 
𝛿 - phase change upon reflection 
𝜖 - dielectric constant 
𝜖u - vacuum dielectric function 
𝜃H - Brewster’s angle 
𝜃S - critical angle from which total 

internal reflection occurs 
𝜃$ - incidence angle 
𝜆  - electromagnetic radiation 

wavelength 
𝜇 - magnetic permeability  
𝜌  - complex reflectance ratio 

measured with ellipsometry 
𝜎 - electrical conductivity 
𝜒  - electromagnetic radiation's 

complex polarization state 
𝛹, 𝛥  - ellipsometric parameters  
𝜔  - electromagnetic radiation 

frequency 
𝜔( - plasma frequency 
𝜔'( - surface plasmon frequency 
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Abbreviations 

1D – one dimensional 
2D – two dimensional 
3D – three dimensional 
AFM – atomic force microscopy 
ALD – atomic layer deposition 
AOI – angle of incidence 
APTES – N-(3-aminopropyl) 

triethoxysilane 
ATR – attenuated total reflection 
BSA – bovine serum albumin  
BSW – Bloch surface wave 
CCD – charge-coupled device 
CVAAS – cold vapor atomic 

absorption spectroscopy 
CVAFS – cold vapor atomic 

fluorescence spectroscopy 
EDC – 1-ethyl-3-(3-diaminopropyl) 

carbodiimide hydrochloride 
EDX – energy dispersion X-ray 
EELS – electron energy loss 

spectroscopy 
EMA – effective medium 

approximation 
FECO – fringes of equal chromatic 

order 
FTIR – Fourier transform infrared 
ICP-AES – inductively coupled 

plasma-atomic emission 
spectroscopy 

IRE – internal reflection 
ellipsometry 

LC – liquid crystal 
LO – longitudinal optical 
MDF – model dielectric function 
MSE – mean square error 
NHS – N-hydroxysuccinimide 

PBS – phosphate buffered saline 
PC – photonic crystal 
PL – photoluminescence 
RMS – root mean square 
SAMS – scanning Auger 

microscopy 
SE – spectroscopic ellipsometry 
SEM – scanning electron 

microscopy 
SIMS – secondary ion mass 

spectroscopy 
SP – surface plasmon 
SPP – surface plasmon polariton 
SPR – surface plasmon resonance 
TE – transverse electric 
TIR – total internal reflection 
TIRE – total internal reflection 

ellipsometry 
TM – transverse magnetic 
TP – Tamm plasmon 
TPP - Tamm plasmon polariton 
UV – ultraviolet 
VIS – visible 
XPS – X-ray photoelectron 

spectroscopy 
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