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Abstrakt: Práce se zabývá studiem senzorů s povrchovými plazmony (SPR senzory), 
které umožňují využít techniku multiplexování v oboru vlnových délek (WDM), tj. 
současně excitovat několik různých povrchových plasmonů (SP). Tyto senzory 
používají mřížkový vazební člen, který excituje buď běžné nebo Braggovsky 
rozštěpené SP. Problematika SP na difrakčních mřížkách je studována analyticky a 
srovnána s numerickými metodami (diferenciální a integrální). Poté je studována 
metoda WDM dvou a tří SP. WDM senzory se dvěma SP jsou analyzovány 
s ohledem na rozlišení, šum a přeslechy odezev senzoru. Výsledky analýz slouží 
k optimalizaci senzorů se dvěma SP s ohledem na schopnost separace odezvy 
senzoru na povrchovou a objemovou změnu indexu lomu. V rámci dizertační práce 
byly připraveny difrakční mřížky (metodou interferenční holografie) a jejich repliky 
(metodou měkké litografie), které byly následně charakterizovány a využity pro 
konstrukci nových typů SPR senzorů. Schopnosti WDM SPR senzorů byly 
demonstrovány v modelovém experimentu, v kterém byl sledován růst vrstev 
proteinů. V případě WDM senzorů se dvěma SP potvrdil tento experiment schopnost 
rozlišení odezvy senzoru na povrchovou a objemovou. Experimenty prokázaly, že 
WDM SPR senzory se třemi SP umožňují určit současně změny indexu lomu a 
tloušťky tenké vrstvy na povrchu senzoru i změnu indexu lomu okolního prostředí. 

Klíčová slova: povrchový plazmon, difrakční mřížky, senzory s povrchovými 
plasmony, multiplexování v oboru vlnových délek 
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Abstract: This work is focused on the study of surface plasmon resonance (SPR) 
sensor platforms based on wavelength division multiplexing (WDM) of multiple 
surface plasmons (SPs). These sensors are based on advanced diffraction gratings 
supporting either conventional or Bragg-scattered SPs, which are simultaneously 
excited at different wavelengths. These SPs are studied both analytically and 
numerically using rigorous coupled-wave analysis and an integral approach. WDM 
of two and three SPs is presented and followed by the method for the analysis of the 
resolution, noise and cross-sensitivity. This method is employed to analyze the 
ability of different SPR sensor platforms (supporting WDM of two SPs) to 
discriminate refractive index (RI) changes in a thin layer at the sensor surface from 
background RI changes. The WDM SPR sensors based on advanced diffraction 
gratings prepared by interferometric holography are developed and tested in a model 
biosensing experiment consisting of the layer-by-layer growth of protein multilayers. 
The linear WDM of two SPs is then used to discriminate between bulk RI and 
surface changes. The non-linear WDM of three SPs was demonstrated to allow for 
the in situ simultaneous measurement of the average thickness of a multi-layer 
protein grown on the sensor surface as well as the average RI of the buffer. 
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1 Introduction 
In last few decades, there have been high demands for research instruments capable 
of monitoring chemical and biological species and characterization of chemical 
properties at the molecular level. These instruments are referred to as biosensors - a 
combination of a sensor (that converts a quantity of interest into a signal) with a 
unique sensitive and selective biorecognition element such as antibodies, enzymes or 
DNA. Biosensors are divided to three main groups with respect to principle of 
operation – electromechanical [1, 2], electrochemical [3, 4] and optical [5-7]. The 
optical biosensors are robust and highly sensitive. These features are combined with 
ability to work in chemically aggressive environments, without a need of voltage in 
the sensing area and insensitivity to electromagnetic interferences. These advantages 
have been demonstrated in areas of genomics, medical diagnostics, food safety, 
agriculture, environmental monitoring and security [8-10]. 
 
With respect to use of dyes or markers, the optical methods are label based or label-
free. Label based optical methods use fluorescence and radioactive tags such as 
fluorescence spectroscopy [9] and fluorescence resonance energy transfer [11]. They 
allow sensitive and selective sensing of biological species. However the process of 
labeling adds an additional time consuming step to the detection process. Moreover, 
the labels often impede direct observation of molecular interaction in real-time [9]. 
Therefore label-free optical methods are more suitable for real-time and in situ 
monitoring. 
 
The label-free optical biosensors are represented by ultraviolet (UV) and infrared 
absorption spectroscopy [12, 13], Raman scattering spectroscopy [14], ellipsometry 
[15], colorimetry [16] and thin film refractometry. Sensors based on thin-film 
refractometry allow sensing biomolecular interactions in ‚real time‘. These sensors 
also do not require materials with special properties of characteristic absorption or 
scattering bands. The family of the thin-film refractometry-based sensors includes 
resonant mirror sensors [17], grating coupler sensors [18], integrated optical 
interferometers [19, 20], total internal reflection ellipsometry [21] and surface 
plasmon resonance sensors. 
 
The potential of surface plasmons (SPs) for study of processes at the metal surface 
was demonstrated in early 1980s [22]. The surface plasmon resonance (SPR) 
biosensor was demonstrated two years later [23]. Since then, advances of SPR 
sensors in terms of technology and applications have resulted in publication of 
thousands of research papers. Several reviews [24-29] and books [8, 9, 30-32] have 
been dedicated to the SPR techniques. The SPR sensors have been applied for 
measuring various physical and chemical quantities including humidity [33], 
pressure [34], gas concentration [23], and electric field [35]. Wide range of 
applications of SPR biosensors have been reported such as biomolecular interactions 
analysis [36], detection of analytes related to environmental monitoring [37-39], food 
quality and safety [40, 41], medical diagnostics [42-44], and security [45]. 
 
Most of SPR biosensors use coupling of light to SP. Although the majority of SPR 
biosensors is based on prism couplers, diffraction grating-based SPR sensors attract 
increasing attention during the last decade, because they offer reduction in size and 
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costs of the SPR sensor and offer flexibility in the sensor design. The grating-based 
SPR sensors are easier to maintain as they eliminate the need for refractive index 
matching fluids which is necessary to make an optical contact between a prism and a 
chip of the prism-based SPR sensors. Moreover, the complex diffraction structures 
offer features and benefits beyond a prism replacement such as an integration of SPR 
coupler with microfluidics within a single manufacturing step using injection 
molding of plastics [46], a combination of SPR coupler and dispenser in one 
structure [47], and a simultaneous excitation of SPs with different field profiles..  
 
The subject of this thesis is a study of SPR grating couplers supporting wavelength 
division multiplexing (WDM) of SPs. These couplers allow excitation of several SPs 
at different wavelengths through the diffraction on advanced periodic structures. The 
excited SPs are of different profile of electromagnetic fields. These SPs exhibit 
different sensitivity to changes of refractive index profile. Therefore, the WDM SPR 
sensor allows study of general changes of refractive index (RI) profile and 
discrimination of spatial distribution of studied in situ biomolecular interactions. The 
discrimination is important information for analysis of the biomolecular interactions, 
and it cannot be obtained by the conventional SPR sensor platforms. This work 
presents a theory of discrimination of the spatial distribution of biomolecular 
interactions. This theory is used for a platform-independent comparison of WDM 
SPR sensors with respect to potential for investigation of biomolecular interactions. 
Experimental WDM SPR sensors are presented and they are applied to study of 
biomolecular interactions and detection of biomolecular analytes. 

1.1 The phenomenon of surface plasmon resonance 
The surface plasmon (SP) is an electromagnetic wave localized at the metal-
dielectric interface (the SP is often referred to as surface plasmon polariton or surface 
plasma wave). An interaction of a SP with an incident light is the surface plasmon 
resonance (SPR), which was first observed by R. W. Wood in 1902 as reflection and 
transmission anomalies of shallow metallic diffraction gratings. These Wood’s 
anomalies were not accounted by classical theory till 1941, when a relation of the 
anomalies to the excitation of metal-dielectric guided waves was identified. These 
metal-dielectric guided waves were later referred to as SPs. Since then, the SPR is 
not related only to a diffraction grating phenomenon. The SPR was applied to many 
scientific fields such as sub-diffraction imaging [48], non-linear optics [49], 
metrology and optical biosensors [50]. 
 
This section contains introduction to properties of surface plasmons (section 1.1.1) 
and describes excitation of SPs using the prism coupler (section 1.1.2) and grating 
coupler (section 1.1.3). 

1.1.1 Surface plasmon on a planar interface 
The most elementary geometry supporting SP consists of a planar boundary between 
a metal and a dielectric medium. Both media are supposed to be semi-infinite, 
isotropic, and homogeneous. The metal medium is non-magnetic and it is 
characterized by a complex permittivity εM. The dielectric medium is lossless and it 
is characterized by a permittivity εD. A solution of Maxwell’s equations with the 
appropriate boundary conditions at the interface can be divided into three modes: the 
bulk optical mode for dielectric, the bulk optical mode for metal, and the one and 
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only one optical mode guided at the interface. The guided mode is the surface 
plasmon and it exists only for the TM-polarized field component (the vector of 
intensity of magnetic field of SP is perpendicular to the direction of propagation and 
lies in the plane of metal-dielectric interface). The dispersion relation of SP is given 
in (1), [50]. 
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where βSP is the propagation constant of SP, k0 = ω/c is the vacuum wavenumber (ω 
is the angular frequency and c is the velocity of light in vacuum) and NSP is the 
effective refractive index of SP. 
 
The SP mode exists only when conditions (2) are fulfilled [50].  
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Approximating the metal permittivity εM by the Drude model [51], the conditions (2) 
are fulfilled only for frequencies below the plasma frequency ωP of a particular metal 
[50]. A comparison of dispersion relations of the SP and bulk optical modes of 
metal-air interface is shown in Fig. 1. 
 

 
Fig. 1 Dispersion relations of SP and modes propagating in infinite bulk metal and dielectric 
medium, respectively. The dielectric is supposed to be vacuum, εεεεD=1. 

 
The permittivity εM is a complex function of frequency, therefore the propagation 
constant of SP βSP is also a complex function. Assuming real permittivity εD, 
Im{ εM}<|Re{εM}| and conditions (2), the real and imaginary part of the propagation 
constant βSP are: 
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The magnetic intensity vector H  of SP has only one non-zero component - the 

vector H  is parallel to the plane of the interface and perpendicular to the direction of 
propagation of the SP [50]:  
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where the orientation of the axes is identical to Fig. 2, KM and KD is the transverse 
propagation constant in metal and dielectric, respectively. 
 
The transverse propagation constants KM and KD characterize an exponential decay 
of field profile of SP into metal and dielectric, respectively. The penetration depths 
LP

D and LP
M, at which the field amplitude falls to e-1, are defined as reciprocal value 

of the imaginary unit multiplicated by the transverse propagation constants KD and 
KM for dielectric and metal, respectively (6), Fig. 2.  
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Fig. 2 An example of field profile of SP and penetration depths of SP. 

 
Considering interface of water and gold and also considering the 
visible-near-infrared (VIS-NIR) light, the SP penetration depth into the dielectric 
increases with a wavelength from hundred to several hundreds of nm while the SP 
penetration depth into the gold medium is about tens of nm, Fig. 3.  



 5 

 
Fig. 3 Penetration depths of SP to dielectric (black solid) and metal (red dashed). Structure: 
gold grating – dielectric of RI 1.330 RIU. 

 
As it is shown in Fig. 1 and follows from (2) and (3), the propagation constant of the 
bulk dielectric mode is always higher than the real part of the propagation constant of 
SP Re{βSP}. Therefore it is not possible to excite the SP directly from the dielectric 
medium as these waves could not be phase-matched. In order to optical excitation of 
SP, a momentum of the incident light is enlarged by a prism or a diffraction SPR 
coupler. 
 
The imaginary part of the propagation constant of SP Im{βSP} determines the 
dissipation of energy in the metal medium and attenuation of the SP in the direction 
of its propagation. These losses are described using the longitudinal propagation 
length L, which is defined as the distance at which the SP field intensity decreases to 
e-1 (7), [50]. The longitudinal propagation length of a geometry presented in Fig. 3 
ranges from units to dozens of microns  

 { }SP

L
βIm2

1=  (7) 

1.1.2 Prism coupler 
The prism coupler enhances the momentum of the optical wave through the 
attenuated total reflection (ATR) in a optical prism with permittivity εP higher than 
that of the dielectric εD. The ATR could be implemented in the two possible 
geometries referred to as the Kretschmann configuration and the Otto configuration 
[50]. In the Kretschmann configuration, which is mostly used as the prism coupler, 
the optical wave propagates through the coupling prism and it is launched with angle 
of incidence θ  at a base of the prism, Fig. 4. At the prism base, the optical wave is 
totally reflected. If the metal film deposited on the prism base is sufficiently thin, the 
evanescent field of optical wave penetrates through the metal layer and can couple 
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with the SP propagating at the metal-dielectric interface if the matching condition (8) 
is fulfilled.  

 { } ( )θεβ sinRe 0 PSP k=  (8) 

 
Fig. 4 Kretschmann configuration of the ATR method. Energy field of the reflected excitation 
wave penetrates through the metal layer and couples with SP. 

 
The successful optical coupling is manifested as an intensity drop in the angular or 
wavelength spectrum of reflectivity. This intensity drop is referred to as “SPR dip”. 
The depth and the width of the SPR dip is determined by parameters of metal layers 
(thickness and permittivity). As follows from (8), the SPR angle or wavelength 

depends on the refractive index nD ( DD ε=n ) of the dielectric.  

1.1.3 Grating coupler 
The grating coupler allows enhancing the momentum of an optical wave and thus 
coupling of the light wave into a SP via diffraction of the light on a periodically 
modulated profile of a metallic diffraction grating [50, 51]. The optical wave 
propagates through the dielectric of permittivity εD and it is incident at the metal 
grating with the period Λ, Fig. 5. At the metal grating, the optical wave reflects and 
splits into diffraction orders following the grating equation. The diffracted wave will 
be coupled to the SP if its longitudinal component (parallel to the grating surface) of 
the propagation vectors and the propagation constant βSP of the SP are equal. The 
phase matching occurs at a certain frequency. For shallow semi-infinite metal grating 
where the dispersion relation of SP is not significantly affected by the grating surface 
modulation, the phase matching condition follows Eq. (9).  

 { } ( ) ,
2

sinRe 0 Λ
+=± πθεβ mk DSP  (9) 
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In this equation, the longitudinal component of the incident optical wave is 

represented by the term ( )θε sinD0k , a contribution of the diffraction is represented 

by the term Λ/2πm , where m is the diffraction order number (integer, m≠0), and the 
term ± represents SP of the same and opposite direction as the longitudinal 
component of the incident optical wave, respectively. 
 

 
Fig. 5 The geometry of the grating coupler – scheme of the energy transfer between an optical 
wave and SP via diffraction on a metallic grating with a grating period Λ . 

 
With respect to the mutual phase between SP and the reflected or diffracted wave, 
the successful coupling of energy of optical wave to SP manifests itself as an 
intensity dip in the spectrum. The coupling strength between the SP and the incident 
optical wave is determined by parameters of the metallic grating profile – a shape 
and a modulation of the grating profile (a study of the coupling strength is presented 
later). As follows from (9), the SPR angle or wavelength depends on the refractive 

index nD ( DD ε=n ) of the dielectric. 

1.2 Surface plasmon resonance biosensors 
This section presents an overview of fundamentals of SPR biosensors. Performance 
characteristics and fluidic sample delivery system of SPR biosensors are also 
presented. 

1.2.1 Fundamentals of surface plasmon resonance biosensors 
The SPR sensor is in principle a thin film refractometer. Assuming no changes of the 
properties of the metal layer, the propagation constant of SP βSP given by (1) is 
sensitive to refractive index (RI) changes in a thin film near the metal-dielectric 
interface that is probed by the SP electromagnetic field. The change of the 
propagation constant could be immediately observed by monitoring the properties of 
the reflected light wave such as spectral or angular position of SPR dip, or changes in 
phase, intensity or polarization. Fig. 6 illustrates the SPR wavelength, angular and 
intensity change as a response to the RI change ∆nD in the RI of the dielectric 
medium nD. 
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Fig. 6 SPR reflectivity spectrum of refractive index of the dielectric medium nD (black solid line) 
and nD + ∆∆∆∆nD (red dashed line). Parameters ∆∆∆∆R, ∆∆∆∆θθθθR, ∆∆∆∆λλλλR represent change in the light intensity 
and shift in the SPR angle and wavelength, respectively. 

 
A change of the effective refractive index of SP NSP (1) is a function of a change of 
the distribution of the refractive index. Let’s study two geometries where a change of 
RI distribution is realized by a change of the RI ∆nD of layer of thickness h at the 
metal surface. The layer thickness h is much higher or much smaller than the 
penetration depth of SP field, Fig. 7 A) and Fig. 7 B), respectively. 

 
Fig. 7 Geometry of surface plasmon that probes a thin layer of thickness h and RI nD + ∆∆∆∆nD. The 
thin layer is much higher (A) or much smaller (B) than the penetration depth LP

D. 

 
Assuming the layer thickness is much higher than the penetration depth of SP field to 
the dielectric medium LP

D (bulk RI change), Fig. 7 A), the change of the effective SP 
refractive index ∆NSP can be described by (10), [52].  
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Assuming the thickness of the dielectric layer of changed refractive index nD+∆nD is 
much smaller than the SP penetration depth to the dielectric medium LP

D (surface 
change), Fig. 7 B), and using the perturbation theory [51], the function of the change 
of the effective refractive index of the surface plasmon ∆NSP can be described as 
(11). 
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SPR biosensors are SPR sensors with incorporated sensitive layer. That sensitive 
layer is designed to specifically recognize and capture the target biological analyte. 
Such a layer is referred to as a biorecognition element that typically consists of 
antibodies [54], artificial materials such as molecular imprinted polymers [55, 56], 
and short DNA or RNA molecules [28, 53, 57].  
 
Sensitive layers have been improved with respect to improve defined attachment of 
the biorecognition elements, decrease of non-specific adsorption from complex 
samples and improve surface capacity for receptors. With respect to locations of the 
possible binding sites, the architecture of the sensitive layer can be two dimensional 
(2D) or three dimensional (3D). The 2D architecture represents layers, where the 
possible binding sites are located only on the top of the layer. These 2D bioactive 
layers are represented by self assembled monolayers of thiols [53] and polymer 
structures such as poly(ethylene glycol)-grafted, oligo(ethylene glycol)-grafted 
brushes and zwitterionic layers [58]. The typical thickness of the 2D layers ranges 
from nanometers for self assembled monolayers to a few tens of nanometers for 
brushes and zwitterionic layers. The 3D architecture of bioactive layers represents 
layers, where the possible binding sites are located within the layer. These 3D layers 
are represented by hydrogel films such as commercially available dextran matrix 
[59]. The typical thickness of these layers ranges from a few tens to tens of 
nanometers. 
 
The studied geometry (10) and (11) of RI distribution realized by a RI change of a 
layer at the metal surface follows real geometry of SPR biosensors. A typical 
experiment of biomolecular interaction consists of a calibration of the sensor 
response to bulk RI change, geometry (10), and a characterization of biomolecular 
interaction in the thin layer of biorecognition elements, geometry (11). A scheme of 
such an experiment is shown in Fig. 8. The calibration of sensor response to bulk RI 
change is realized by a change of calibration solutions, Fig. 8, A) and B). When 
analyte molecules (dissolved in an analyzed buffer) are brought into contact with the 
sensor surface, the analyte molecules are captured by the biorecognition element to 
the sensor surface, Fig. 8 C). The capture of analyte molecules simultaneously 
changes the distribution of the dielectric RI, and it is immediately followed by a shift 
of the SPR dip, Fig. 8 C). After binding of the analyte molecules, the buffer with 
analytes is replaced by a pure buffer and dissociation of analyte molecules is 
observed, Fig. 8 D). Real-time tracking of the sensor response (changes of positions 
of SPR) creates a characteristics sensorgram, Fig. 8 E). 
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Fig. 8 Biomolecular interactions of analyte molecules binding to biorecognition elements and an 
example of SPR sensorgram of such a process. A) SPR biosensor surface with immobilized 
biorecognition elements. B) SPR biosensor surface with immobilized biorecognition elements 
and change of a buffer. C) SPR biosensor surface with biorecognition elements is in contact with 
sample with analyte molecules. D) SPR biosensor surface after analyte molecules binding. E) 
Sensorgram of analyte molecules binding A)-D). Inserted spectra of A), B), C) and D) show SPR 
biosensor spectrum prior change of buffer and before, during, and after analyte molecules 
binding, respectively. 

1.2.2 Optical platforms for SPR biosensors 
In this section, performance characteristics of SPR biosensors are used: a resolution, 
a sensitivity and a (sensor) dynamic range. These characteristics are described in 
details elsewhere [32, 50, 60], therefore I present only a brief definitions: The 
resolution is the smallest change in measurand which produces a detectable change 
in the sensor output. The sensitivity is the ratio of the change in sensor output to the 
change in the measurand. The dynamic range describes a range of values of the RI of 
the sample, where the sample can be measured with a specified accuracy.  
 
During the last years, the SPR optical platforms have advanced in terms of 
performance and new capabilities, some of the platforms have offered simultaneous 
parallelized detection of hundreds of different analytes, others become very compact 
for field measurement or they offer very high sensitivity. In this section, a brief 
overview of SPR optical platforms based on prism coupler, integrated optical 
waveguide, optical fiber and the grating coupler is presented.  
 
The SPR prism-based biosensors in Kretschmann ATR configuration are the most 
common SPR biosensors. The prism-based sensors offer high resolution. However, 
they are usually bulky and require the use of matching fluids between the prism and 
the sensor chip. Numerous prism-based optical platforms have been developed, 
including prism-based SPR biosensors with wavelength [61-63], angular [64-68], 
phase [69], polarization contrast [70], and intensity [67] modulation, respectively. 
The schemes of prism-based SPR sensors with wavelength, angular, and polarization 
contrast interrogation are presented on Fig. 9, Fig. 10, and Fig. 11, respectively. A 
prism-based SPR sensor of top resolution about 5×10-9 RIU [71] was reported, 
however this top resolution was limited only to a narrow dynamic range of 
6×10-5 RIU. Commercial SPR prism-based sensors offer resolution that corresponds 



 11 

to a range from 5×10-6 RIU (SPRi-PlexII system, Genoptic, Horiba Jobin Yvon) [72] 
up to 3×10-8 RIU (Biacore T200) [73]. Although a combination of prism-based 
sensing element and diffraction optical coupling elements was reported [68], Fig. 12, 
the miniaturization of the prism-based SPR sensors is limited. The high-throughput 
sensors with hundreds of sensing channels were also presented [70], including 
commercial products [74]. The wavelength division multiplexing was utilized in 
prism-based sensors, using different techniques such as overlayers of the sensing 
area [75], excitation of long-range and short-range surface plasmons [76], excitation 
of SP by two different angles of incidence [62] and combination of SPR and 
waveguide modes [77].  
 

 
Fig. 9 A prism-based SPR sensor in 
Kretschmann ATR configuration with 
wavelength interrogation. The spectrograph 
detects a dip in wavelength spectrum of the 
reflected light. 

 
Fig. 10 A prism-based SPR sensor in 
Kretschmann ATR configuration with 
angular interrogation. The photodiode 
array detects a dip in angular spectrum of 
the reflected light. 

Fig. 11 A prism-based SPR sensor based on 
polarization contrast. Reproduced from [70].  

Fig. 12 Scheme of a prism-based SPR sensor 
with input and output diffraction coupling 
elements. Reproduced from [68]. 

 
The integrated optical SPR sensors offer miniaturization of the sensing element 
together with other optical components and multiple sensing channels at the cost of 
lower resolution (about 2×10-6 RIU) than the prism-based SPR sensors. The 
integrated optical SPR sensor typically consists of a waveguide formed in a glass 
substrate and a thin metal layer deposited on the waveguide. In the VIS-NIR spectral 
region, optical parameters of materials of the integrated optical sensors determine the 
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effective refractive index of SP at least 1.4 RIU. That RI is higher than the RI of 
typical aqueous solutions (1.33-1.35 RIU), therefore it is not possible to use the 
integrated optical sensors to direct sensing. Therefore, the operating range of the 
sensor needs to be adjusted. The adjustment is realized by a presence of an overlayer 
made from a high refractive index dielectric. The overlayer is deposited on the top of 
the metal film, Fig. 13, [78]. However the presence of the overlayer decreases 
detection parameters of integrated optical SPR sensor. A novel sensor platform with 
tunable operating range and without the high RI overlayer was presented in [79]. It is 
based on an electro-optical modulation of material below the SPR active metal layer. 

 
Fig. 13 An integrated optical SPR sensor with channel waveguide and high refractive index 
dielectric overlayer. Reproduced from [78]. 

 
The fiber optic SPR biosensors offer simultaneous benefits of sensing in poorly 
accessible areas and compatibility to be used in sensor networks. Typical resolution 
of fiber optic SPR biosensors is in the order of 10-6 RIU due to the modal and 
polarization noise resulting in perturbations of the fiber (deformations, thermal 
effect, etc.). The fiber optic SPR sensors are divided into three different types with 
respect to the geometry employed to couple the mode guided in the fiber to the SP, 
which exists out of the fiber core. Geometry of sensors based on a locally removed 
fiber cladding with thin metal layer coating exposed area is depicted in Fig. 14 [80, 
81]. Another approach of fiber sensor is based on tapered fibers which are either 
coated by a metal film around the tip of the fiber [82], or on hybrid SP modes 
supporting uniform-tapered fibers which are asymmetrically metal coated [83]. The 
most recent geometry of fiber SPR sensors use Bragg gratings inscribed in the fiber. 
The Bragg gratings are used to excite SPs coupled to cladding modes of the fiber 
[84]. A variation of the geometry, where the fiber Bragg grating is tilted in the fiber 
core was presented in [85], Fig. 15. 

 
Fig. 14 Geometry of the sensing element of SPR 
sensor based on a side-polished fiber. Energy of 
guided mode is transferred to the SP due to 
decreased distance between fiber core and 
metal-active layer. Reproduced from [80]. 

 
Fig. 15 Geometry of the sensing element of 
SPR sensor based on a fiber with inscribed 
tilted fiber Bragg grating. Reproduced from 
[85]. 
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The first grating-based SPR sensor has been presented in 1987 [86], however they 
have not been exploited as frequently as prism-based SPR sensors due to more 
complex theoretical modeling and a demanding fabrication of grating couplers. Since 
1996, the grating-based SPR sensors become increasingly attractive due to advances 
in modeling methods. The design versatility of grating couplers and progress in 
technologies allows effective fabrication of diffraction structures [46]. Moreover, 
mass production techniques, such as hot embossing and injection molding, allow 
fabrication of complex and disposable diffraction sensing elements [87]. 
 
In a typical geometry of SPR grating sensor, a light wave is made incident on the 
several areas of a grating coupler, and an intensity map or a spectrum (angular or 
wavelength) of reflected light is measured from these distinct areas collaterally. A 
mobile SPR sensor based on angular spectroscopy of SPs in ten independent sensing 
channels was reported with bulk resolution up to 6×10-7 RIU [88]. In this sensor, a 
light from a narrow band laser diode is shaped by special lens optics to a wedge 
beam and made incident on a disposable SPR cartridge incorporating a grating 
coupler. 
 
A grating-based SPR biosensor with intensity modulation was presented in [89], 
where a collimated beam of monochromatic light was made incident onto a gold-
coated grating fabricated in a plastic chip, and a reflected light with spatially 
distributed SPR information was projected onto a CCD detector, Fig. 16. A 
resolution in the order of 10-6 RIU was presented with simultaneous measurement of 
400 sensing spots.  

 
Fig. 16 Concept of an SPR grating-based sensor with intensity modulation. 

 
Another high-throughput SPR platform was based on a sequential scanning of 
multiple differently shaped (bar-coded) microgratings, which allow convenient 
introduction of different functionalizations and biorecognition elements into the 
measurement area [90]. These microgratings were settled at the bottom of the fluidic 
flow cell and their type and orientation were identified by using optical imaging. 
Simultaneously, surface plasmons were excited on the gratings and angular 
distribution of monochromatic light coupled to the surface plasmons was measured. 
The sensor displayed a resolution 3×10-5 RIU for a readout time 6 s.  
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A high-throughput SPR sensor capable of sensing in more than hundred channels 
was reported [91, 92]. In this sensor, a TM-polarized monochromatic light was 
focused on a sensor chip cartridge and the back-reflected light was imaged on a CCD 
detector, Fig. 17. The cartridge consisted of two-dimensional (2D) array of SPR 
diffraction gratings and six independent flow-chambers of microfluidic system. The 
imaging optics was motorized, hence it allowed scanning of the grating array. The 
resolution 5×10-7 RIU was reported [92].  
 

 
Fig. 17 The high throughput grating-based SPR sensor with angular modulation. Reproduced 
from [92]. 

 
The benefits of the design versatility of grating-based SPR sensors was presented in a 
compact high-resolution sensor combining a special grating coupler referred to as a 
surface plasmon resonance coupler and disperser (SPRCD), Fig. 18, [93]. In this 
sensor, polychromatic light was made incident on the disposable SPRCD element 
fabricated by hot embossing method and while one of the diffraction orders of the 
grating was used to excite surface plasmon, the light diffracted away from the grating 
through other diffraction order was dispersed across a CMOS detector. The SPRCD 
element was integrated into a miniature cartridge with 6 independent microfluidic 
channels. A resolution as low as 3×10-7 RIU was demonstrated with this type of 
sensor. 

 
Fig. 18 Principle of operation of the surface plasmon resonance coupler and disperser (SPR 
CD). Reproduced from [93]. 
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1.2.3 Fluidic sample delivery systems for SPR biosensors 
The fluidic sample delivery system (also known as a microfluidic system) is an 
integral part of the biosensor. It deliveres the sample and reagents to the sensing 
areas during the measurement. Moreover, the microfluidic system is usually used for 
attachment of different biorecognition elements to different areas of the sensor chip 
during the chip activation. The biorecognition elements, samples and reagents are 
delivered to the sensing area in a form of aqueous solutions. In the SPR biosensors, 
the aqueous solutions are pressure-driven to the sensing area using peristaltic or 
syringe pumps. The solutions are typically distributed through the microfluidic 
system using valves, microchannels and tubings. A crucial parameter of fluidic 
sample delivery system is its volume, which should be minimized because biological 
samples are very precious and they are available in a small amounts such as blood 
plasma and cerebrospinal fluid.  
 
The first fluidic system integrated with SPR sensor was fabricated as a cartridge with 
integrated valves and loop extensions. The plastic-molded cartridge supporting two 
channels measurement was presented by Biacore Inc. in 1991 [94, 95]. Later, this 
fluidic approach was extended up to ten channels [96]. The approach of molding 
fluidics system in a plastic is fully compatible with mass production techniques of 
hot embossing, injection molding, laser machining and welding and it allows 
fabrication of highly integrated structures of lab-on-chip systems [97]. 
 
However, most of the mass production techniques are not suitable for the fabrication 
of experimental fluidic systems due to the low prototyping capabilities such as time 
demands, and difficult changes of the structure design. Several techniques of 
fabrication of (micro)fluidic infrastructure were reported, including etching [98], 
photolithography [99-101] and soft lithography using polydimethylsiloxane (PDMS) 
[102, 103]. These techniques allow fabrication of (micro)channels of width from a 
few microns to thousands microns. Other technology usable for fabrication 
(micro)channels of width larger than 200 µm was reported, using sealing gaskets 
carved from polymer sheets [91].  

1.3 Modeling of surface plasmon resonance on diffraction 
gratings 

Various approaches to modeling of SPR on periodic metallic structures were reported 
including analytical approach [104-106] and numerical methods. The numerical 
methods were, for instance, modal method [107], finite difference time domain 
[108], rigorous coupled wave analysis [109, 110] and integral approach [111-114]. 
 
Analytical approaches are typically valid only for particular approximations and 
limited conditions. Complex diffraction structures, which contain multilayers, exceed 
these approximations. Advanced SPR diffraction couplers are of these structures, 
therefore the analytical approaches are not suitable for simulation of SPR and 
numerical approaches need to be applied. For simulation of SPR, numerical 
approaches in this work included rigorous coupled wave analysis (RCWA) and 
integral approach. These numerical approaches are applied to grating profiles, which 
are described by a function of one dimension parameter, f(x), Fig. 19. 
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Fig. 19 The profile of a diffraction grating described by a function f(x) of one coordinate. 

 
Both the integral and RCWA method use the following geometry as a model. A 
monochromatic plane wave is made incident with an angle of incidenceϑ  from a 
semi-infinite dielectric onto the periodic profile f(x) of a metal grating. The profile of 
the grating is y-axis independent. The grating modulation depth is h=2a, where a is 
the grating modulation amplitude. The grating (spatial) period of the diffraction 
structure is Λ. The wave vector is located in the x-y plane, Fig. 20. 
 

 
Fig. 20 The model geometry used for modeling the SPR on a diffraction grating. 

 
The geometry shown in Fig. 20 can be divided into three regions: The region I 
consists of a homogeneous bulk dielectric with a permittivity εD. The region III 
consists of homogeneous metal of permittivity εM. The region II encloses the 
periodically modulated dielectric-metal interface. The surface is described by the 
function f(x), (12) and (13). The permittivity of the region II follows (14).  
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where q is an arbitrary integer and z′ is the z-axis coordinate (Fig. 20). 



 17 

 
If the incident plane wave is TE-polarized, the electric intensity exhibits only one 
non-zero component Ey(x, y, z). For the TM-polarized wave, the magnetic intensity 
exhibits only one non-zero component Hy(x, y, z) (5), [50]. 
 
According to the Floquet theorem, the electromagnetic field in the region I can be 
expressed as (15). The electromagnetic field in the region I is a superposition of the 
incident plane wave (the first term) and a sum of reflected waves of amplitude Rp 
over all diffraction orders (the second term), where p is the order integer number. 
The electromagnetic field transmitted through the grating to the region III can be 
expanded into transmission orders of amplitudes Tp, (16). The amplitude Rp of the 
reflection diffraction in order number p and the amplitude of the transmission Tp 
diffraction order number p are coupled with the incident monochromatic plane wave 
through the region II as follows:  

 ( ){ } ( ){ } ,expexp 00 ∑ +−++−=
p

D
zpxppzx

I
y zkxkiRzkxkiH  (15) 

 ( ){ } ,exp∑ +−=
p

M
zpxpp

III
y zkxkiTH  (16) 

where Hy
I and Hy

III  is the magnetic intensity vector (in the y-axis direction) in the 

region I and region III respectively, 1−=i , p is the integer number and terms kx0, 
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The amplitude coefficients Rp and Tp can be determined using various numerical 
methods, including the differential method based on RCWA and the integral 
approach. 

1.3.1 Rigorous coupled wave analysis 
The rigorous coupled wave analysis describes the permittivity and magnetic intensity 

)0),,,(,0( zyxHH y=  inside the region II (Fig. 20) by using series (18) and (19), 

respectively. 
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The wave equation has to be fulfilled for the electromagnetic field inside the region 
II (20).  
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Eq. (20) and the boundary conditions (21)-(24) applied at the borders of regions I-II 
and II-III form a complete set of equations which describe SPR on a diffraction 
structure. 
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Merging equations (15), (16) and expressions (17) with the equations (21)-(24) 
results in an infinite set of 2nd order linear differential equations describing 
coefficient of amplitude of the reflection Rp, coefficient of the transmission Tp, and 
the amplitude coefficient Up(z). For numerical solution of the equations set, a modal 
method [115] or a state-variables method [116] can be applied. Both methods uses 
multilayer approximation of the grating profile, in which the grating profile is 
substituted with a stack of lamellar gratings. 

1.3.2 Integral approach 
Let us illustrate the principle of the integral approach for the TE polarization – the 
TM polarization can be calculated analogously. In the integral approach, a surface 

current J (25) (flowing on the grating surface) is assumed to generate the diffracted 
field Ediff. The surface current is induced by the incident optical wave (26) and it is 
determined by the Helmholtz Eq. (27).  

 ( )( ) ,0,)(,0),( xfzjzxJ e −= δ  (25) 
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where je is the current density at the grating surface and δ is the Dirac-delta function.  
 
The diffracted field can be calculated as the Helmholtz-Kirchhoff integral on the 
closed infinite grating surface from above. Taking into account the radiation 
conditions and the upper half-space Green‘s function G+ as an elementary solution of 
the Helmholtz equation, the diffracted field can be expressed as (28).  

where the integration is done over one period Λ of the grating modulation described 
by the function f(x), the G+ is the upper half-space Green’s function and Ψ( 'x , f( 'x )) 
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is an unknown function that represents the surface current J transformed to the 
current density je (25). 
 
The integration over the entire surface is equivalent to the integral over one grating 
period. This relies on the fact that the upper Green’s function represents radiation 
function of an infinite set of sources with spacing period Λ, and the fact that radiation 
phase of the infinite set of sources is taken into account in the exponential factor of 
the upper Green’s function defined by Eq. (29). Then the unknown function Ψ( 'x , 
f( 'x )) is than defined as (30). 
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A numerical computation for a certain number of harmonics n of the functionΨ( 'x , 
f( 'x )) determines the diffracted field (28).  
 
Complex structures, such as multilayer diffraction gratings, were computed by the 
integral approach [113, 114]. 

1.4 Fabrication of diffraction gratings for SPR grating 
couplers 

In order to couple the optical wave to SP propagating along the interface between the 
gold and aqueous dielectric a relatively dense gratings with period of several 
hundreds nanometers, are typically used. Such dense diffraction gratings can be 
fabricated by means of direct writing methods (electron beam lithography [117], 
focused ion beam micromachining [118]), or non-direct writing methods such as 
optical photolithography [119], and optical holography [120]. 
 
Although the direct writing methods offer excellent feature size, they are not suitable 
for the fabrication of SPR grating couplers, because the imprinted pattern is binary 
and the pattern size is limited due to the time demands of the fabrication process. 
 
The optical photolithography is a high throughput technology capable of fabricating 
a large area of nanostructured pattern (up to hundreds of cm2) with lateral resolution 
of tens of nm. However, a fabrication of smooth (sine-function-like) profiles is very 
difficult, because the optical photolithography is in principle a binary method. 
 
The optical holography creates large-area structures (up to hundreds of cm2) with a 
periodic pattern. With respect to a particular photoresist, the fabricated structures can 
be either smooth or binary. However, the wavelength of the light source limits the 
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lateral resolution of the fabricated structures to a few hundreds of nm, because the 
top-fidelity holographic photoresists are sensitive in the range of 320-470 nm [121]. 
 
The diffraction gratings are used in SPR biosensors. In biosensing, analytes and 
sensing layers are bounded to the grating surface, which is almost impossible to be 
cleaned. Therefore, the grating couplers need to be copied. Typically, the mass 
production methods of injection molding and hot embossing [46] are used. The low-
scale laboratory production method of diffraction gratings is typically the soft 
lithography [102] using various combination of stamp-resins and photocurable resins 
[122]. 
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2 Research goals 
The aim of this work is to explore diffractive structures supporting surface plasmons 
(SPs) for the development of new surface plasmon resonance (SPR) biosensors. In 
particular, this thesis focuses on advanced diffraction gratings enabling wavelength 
division multiplexing (WDM) of SPs. These advanced diffraction gratings are multi-
diffraction gratings formed as a superposition of multiple harmonic relief gratings, 
and can support conventional SPs as well as more complex plasmonic modes (e.g. 
Bragg-scattered SPs). The plasmonic phenomena of these structures are investigated 
both theoretically and experimentally. WDM SPR biosensors are expected to provide 
deeper insight into molecular interactions causing refractive index (RI) changes at 
the sensor surface.  
 
The theoretical part of this dissertation includes an evaluation of numerical methods 
that are used for the simulation of both conventional (section 3.1) and multi-
diffraction grating couplers (section 3.2). The investigation of the influence of key 
parameters in the grating geometry as well as the optical parameters of materials on 
SPs (section 3.3) is followed by the analysis of sensitivity of SPR to RI changes 
(section 3.4). Methods of WDM of two and three SPs are also discussed (section 3.5 
and section 3.6, respectively). Section 3.5 also contains a comparison of sensor 
platforms with respect to their potential for the study of biomolecular interactions. 
 
The experimental part of this work includes the fabrication and characterization of 
SPR grating couplers (section 4.2), a sensor based on the fabricated SPR grating 
couplers (section 4.3), and the characterization of the optical properties used herein 
(section 4.1). This is followed by sensor calibration (section 4.4) and a model 
experiment (section 4.5), where applications of the grating based WDM SPR sensor 
platforms for biosensing purposes are presented. Finally, the WDM SPR sensor 
platforms are compared with respect to one another in order to distinguish their 
ability to characterize biomolecular interactions occuring at the sensor surface 
(section 4.5). 
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3 Theory 
In this chapter, two approaches for calculation of diffraction problems are evaluated 
with respect to the excitation of SPs. Diffraction gratings supporting excitation of SP 
of one wavelength are studied in section 3.1. Advanced diffraction gratings 
supporting excitation of several SPs of different wavelengths are studied in section 
3.2. The investigation of the influence of key design-parameters and the sensitivity of 
SPR to RI changes is presented in section 3.3 and 3.4, respectively. Section 3.5 
presents the theory of linear WDM of two SPs including the noise and cross 
sensitivity analysis. A comparison of different two SPs-supporting WDM SPR 
platforms with respect to ability to detect RI changes within a thin layer is also 
presented in section 3.5. Section 3.6 presents non-linear theory of WDM of three 
SPs. 
 
Due to the chemical stability and numerous methods for attachment of biomolecular 
recognition elements, the most common choice of metal layer for SPR biosensors is 
gold. Optical parameters of gold and materials used in simulations were determined 
experimentally and they are collected in section 4.1.  

3.1 Numerical modeling of SP on diffraction grating 
Two approaches for modeling of SPR on diffraction gratings are presented in this 
section. These approaches are based on rigorous coupled wave analysis (RCWA), 
section 3.1.1, and integral approach, section 3.1.2. These approaches are used to 
model far-field distribution of electromagnetic field of light coupled with SP on a 
metallic grating of sine-function profile. Section 3.1.3 contains comparison of results 
calculated by these methods with the results of the analytical theory.  
 
The RCWA method, which was introduced in the section 1.3.1, is represented by 
software modeling package GSolver version 4.20 (GSolver) [123]. The integral 
approach, which was introduced in the section 1.3.2, is represented by software 
modeling package PCGrate-S version 6.1 (PCGrate) [124], 

3.1.1 RCWA method 
The RCWA method represented by software GSolver version 4.20 (GSolver) used 
the following input parameters for computing SPR on a diffractive element: the 
wavelength, the angle of incidence and the polarization of the incident light wave, 
further, the permittivity of the dielectric and the metal, the number of layers, which 
form the grating profile, and the number of the Fourier components (Nord) included in 
the numerical simulations. The number of layers and the number of Fourier 
components determines stability and convergence of the calculation. In order to test 
the stability and convergence of this RCWA implementation, a convergence test was 
realized using a calculation of SPR on a gold diffraction grating as a function of 
increasing number of layers and diffraction orders. The convergence test was 
realized for several combinations of grating periods and grating modulation 
amplitudes. Fig. 21 shows a typical result of the convergence test of a structure of 
input parameters collected in Table 1. The number of layers equal to ten was found 
found to be sufficient and higher number of layers almost did not change the results 
of simulations. The number of the Fourier components Nord was found instable and 
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even the optimized Nord number (here Nord = 21) contains instabilities of simulation 
results located near the minimum of SPR, Fig. 21.  
 

Grating period 455 nm 
Modulation profile sinusoidal 
Number of layers 10 
Grating modulation amplitude 17 nm 
Light polarization TM 
Light direction normal incidence geometry (θ = 0°) 
Wavelength  600-690 nm 
Metal gold 
Dielectric water (n ≅ 1.330 RIU) 

Table 1 Input parameters of model of SP excitation by diffraction grating structure. 

  
Fig. 21 The diffraction efficiency as a function of wavelength calculated for the structure 
consisting of parameters collected in Table 1 for four Fourier components Nord calculated by 
RCWA method. 

 
The poor stability of the GSolver results is obvious, when the diffraction efficiency 
(the ratio of the amplitudes in the TE and the TM spectrum) of geometry of three 
slightly different wavelengths close to the SPR minimum was modeled as a function 
of the number of Fourier components, Fig. 22. The computation time of a single 
diffraction efficiency value is below a few tens of seconds (using a PC with 2 GB 
RAM and a single-core 2.4 GHz CPU). 
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Fig. 22 The diffraction efficiency of SPR grating coupler as a function of number of Fourier 
components for three wavelengths close to SPR minimum calculated by RCWA method. 
Parameters of the structure are collected in Table 1. 

3.1.2 Integral approach 
The integral approach is represented by software PCGrate-S 6.1 (PCGrate). The 
input set of the parameters for the model was identical to the parameters of the 
RCWA method, Table 1. Parameters, which control accuracy of the model, were the 
calculation mode (normal and resonance), the type of boundary conditions for 
solving the integral equation on the substrate (low border conductivity, perfect and 
finite), a group of parameters of Green functions and their normal derivatives, and a 
group of parameters of each interface between different media.  
 
The calculation mode was set to the resonance mode as this mode is more suitable 
for calculation of metal-coated gratings [125]. The type of low border conductivity 
was set to the finite low border conductivity because of the finite conductivity of the 
gold. The group of parameters of the Green functions and their normal derivatives 
includes are profile curvature accounting, logarithmic singularity accounting, phase 
jump accounting, accelerating convergence term and the Number of terms NT. These 
parameters except for the NT parameter were selected according to PCGrate user 
guide [125]. The NT parameter, which value is in percents, represents a number of 
positive and negative terms in the Green functions and their normal derivative 
expansions (section 1.3.2) [113]. The group of parameters of each interface between 
different media includes Type of integration step and Number of collocation points 
Nk parameters. The parameter Type of integration step was set to Equal X-interval as 
the wavelength-to-period and depth-to-period ratios are small in case of SPR grating 
couplers [50, 125]. The Number of collocation points Nk parameter, where k is the 
index of particular interface, determines the dimension of matrix of the system of 
linear equations [113]. The NT and Nk parameters are major accuracy parameters. 
 
For each simulation, the PCGrate provides a curve of the Energy balance parameter. 
The Energy balance is the sum of the absolute diffraction efficiencies of all orders 
and of the absorption [112, 125]. If the energy balance parameter differs from one, 
the calculation starts to be incorrect. However, if the energy balance is close to one, 
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it does not imply unconditionally that the simulation is correct [125]. Therefore 
convergence tests of the convergence parameters NT and Nk have to be realized. 
 
In convergence tests of NT and Nk parameters, the model configuration was identical 
to the configuration of RCWA convergence test presented in Table 1, except for the 
number of layers which does not exist for the integral approach. The convergence 
test contains diffraction efficiency and energy balance for several values of the NT 
parameter. A typical result of the convergence test is presented in Fig. 23. It shows 
an excellent convergence of the SPR wavelength spectrum - the SPR is almost of 
constant shape for NT within the interval from 20 to 100. The convergence of the 
energy balance is also rapid, Fig. 23. 

 
Fig. 23 The energy balance (top) and the diffraction efficiency (bottom) of the SPR grating 
coupler as a function of wavelength for four number of terms NT. Grating period of 455 nm, 
grating amplitude 17 nm, gold-dielectrics interface with RI of dielectric 1.330 RIU, the incident 
light is perpendicular to the grating surface.  

 
The NT convergence of the PCGrate is homogeneous, that is in contrast to the 
convergence of RCWA method. The NT convergence test of the energy balance and 
the diffraction efficiency as a function of number of terms NT is presented in Fig. 24. 
The grating structure was identical as in Fig. 23. The wavelength was set to 650 nm, 
which is close to the minimum of SPR dip. 
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Fig. 24 The energy balance (top) and the diffraction efficiency (bottom) of SPR grating coupler 
as a function of number of terms NT=(1, 100) %. The parameters of the structure are identical 
to those used in Fig. 23, except for the wavelength that was fixed to 650 nm. 

 
The optimization of the Number of collocation points Nk was realized in a similar 
way as the optimization of the NT parameter – SPRs were computed for different Nk 
parameters and compared. Results show that the convergence depending on the Nk 
parameter is also excellent, Fig. 25 and Fig. 26. 

 
Fig. 25 The energy balance (top) and the diffraction efficiency (bottom) of SPR grating coupler 
as a function of wavelength for three number of collocation points Nk. Parameters of the 
structure are identical to those used in Fig. 23. 
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Fig. 26 The energy balance (top) and the diffraction efficiency (bottom) of SPR grating coupler 
as a function number collocation points Nk = (10, 100). Parameters of the structure are identical 
to Fig. 23 except for the wavelength that was fixed to 650 nm. 

 
The computation time of a single diffraction efficiency was a fraction of a second for 
Nk =100 and NT=100% (using a PC with 2 GB RAM and a single-core 2.4 GHz 
CPU). 
 
The convergence tests show, that values of the major convergence parameters Nk 

=100 and NT=100% are sufficient for accurate and stabile simulations of SPR. These 
values are used for PCGrate simulations of SPR on diffraction gratings. 

3.1.3 Comparison of modeling methods 
When compared with the GSolver, the PCGrate was performing better in terms of 
convergence, stability and computation time. The SPRs of modeled structure were 
similar (compare Fig. 21 and Fig. 25). However, the poor stability of RCWA-based 
software give advantage to the integral approach.  
 
The integral approach-based modeling software also reveals an excellent agreement, 
when the spectral positions of SPR were compared between the analytical theory 
(Eq. (9)) and the fit of SPR dip in wavelength spectra modeled by integral approach, 
Fig. 27. The relative deviation smaller than 0.3% was found by comparing these two 
methods.  
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Fig. 27 SPR wavelength as a function of the grating period. Data obtained from analytical 
theory (line) and integral approach (dots). The relative deviation is smaller than 0.3%. The 
excitation wave is perpendicular to the gold-dielectric interface, the RI of dielectric is 1.330 RIU. 

It is worth of notice, that the analytical theory is based on the approximation that the 
grating profile corrugation is small, and the SP is not influenced by the corrugation. 
As follows from Fig. 27, such an approximation is valid for studied gratings. Based 
on these findings, all further simulations presented in this work are based on the 
integral approach implemented in the software package PCGrate-S 6.1. 

3.2 Numerical modeling of SPs on multi-diffraction 
grating 

A multi-diffraction grating is formed as a superposition of a multiple harmonic relief 
gratings and the function of the grating profile is y-axis independent, Fig. 19. For a 
successful import of the general multi-diffraction grating profile into the PCGrate, 
the profile function had to be expanded to a series of even and odd harmonic 
components [125], (31). 
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where a is the grating modulation amplitude, Λ is the harmonic grating period, ϕ is 
the phase shift, i identifies the i-th harmonic relief grating and R is the number of the 
harmonic components. 
 
A multi-diffraction grating formed as a superposition of a higher order of the main 
harmonic relief grating can be computed up to hundreds of harmonics using 
PCGrate. Computing of a general multi-diffraction grating, where grating periods 
were not higher harmonics of the main grating, is more complicated. The multi-
diffraction grating profile is described by the same function (31), therefore the 
overall period of the multi-diffraction grating increases as it needed to be a product 
of all periods of harmonics. However, there is a limit of general profiles in PCGrate-
S – the wavelength-to-period ratio needs to be higher or equal to 0.01. Using this 
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condition, the PCGrate is able to model the majority of bi-diffractive gratings. 
Simulation of M-diffraction gratings, where M>3 (M is an integer), is limited. 
 
Simulating SPR on a multi-diffraction grating was also more sensitive to the settings 
of optimization parameters Nk and NT than the solution for conventional grating 
structures. The NT parameter had to be set to 100% and the Nk was typically of 
interval from 100 to 200 for each interface between different media, Fig. 28 and Fig. 
29. 

 
Fig. 28 The diffraction efficiency of bi-diffractive grating as a function of wavelength for several 
combination of the optimization parameters Nk and NT. The grating profile is a superposition of 
harmonic relief gratings of periods of 500 and 600 nm. The grating interface is gold-dielectrics 
with RI of dielectric 1.330 RIU. The grating amplitudes are 19 nm. The incident light is 
perpendicular to the grating interface. 

 
Fig. 29 The diffraction efficiency (black squares) and the energy balance (red crosses) of a bi-
diffractive gratings as a function of Nk parameter for fixed wavelength of 703.4 nm. The grating 
profile is a superposition of harmonic relief gratings of periods of 500 and 600 nm. The grating 
interface is gold-dielectrics with RI of dielectric 1.330 RIU. The grating amplitudes are 19 nm. 
The incident light is perpendicular to the grating interface. 
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3.3 Design of SPR grating coupler 
Several key parameters are related to the coupling of the excited SP and the optical 
wave, Fig. 20. The key parameters are the angle of incidence of the excitation wave, 
the diffraction order, the grating period, the optical constants of materials probed by 
SP and a profile of the grating modulation. In this section, the influence of these 
parameters to the excitation of SPs is studied. 
 
The optical parameters of water and gold used in this section are presented in 4.1 and 
they are compared with reference values in the section 3.3.2. 

3.3.1 Effect of the grating period, angle of incidence and coupling 
order 

When a light beam is made incident on a grating of period Λ, a momentum of the 
optical wave parallel to the grating surface is enhanced by a term Λ/2πm , where m 
is the diffraction order (a non-zero integer). If the surface of the grating is metal 
coated and the condition (9) is fulfilled, coupling occurs between the light wave and 
the SP. The condition (9) is a function of the angle of incidence of light θi (the angle 
is taken in the air), the grating period Λ, the diffraction order m and the wavelength 
λSPR for which the light wave-SP coupling occurs, Fig. 30.  

 { } ( ) ,
2

sinRe 0 Λ
+=± πθεβ mk DSP  (9) 

 
Fig. 30 The SPR wavelength as a function of the grating period, for various diffraction coupling 
orders and angles of incidence. The black, red, green and blue color curves follow +1st, +2nd, +3rd 
and -1st diffraction coupling order, respectively. The solid, dash, dot and dash-dot lines follow 
the angle of incidence of 0, 5, 10 and 20°, respectively. Structure: gold grating – water in a 
normal incidence geometry, the SPR excited by the +1st (solid black line) and -1st (blue circles) 
overlap.  
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3.3.2 Effect of the optical parameters of metal 
The condition (9) is also dependent on optical parameters of materials probed by the 
electromagnetic field of an SP. The sensitivity of the SP to the change of RI of 
dielectrics is described in section 1.2.1. The SP also depends on the permittivity of 
the metal, however the permittivity is a function of parameters such as purity of the 
metal and general parameters of a particular deposition process (more information is 
presented in sections 4.2.4 and 4.1). Fig. 31 shows diffraction efficiency of a 
particular SPR grating coupler as a function of the permittivity of gold: reference 
data taken from Palik [126] and Aspnes [127] and experimentally measured complex 
permittivity of the gold film deposited by evaporation in vacuum at the Institute of 
Photonics and Electronics, Prague (section 4.1.1). The refractive index of water was 
taken from [128].  

 
Fig. 31 The diffraction efficiency as a function of wavelength for the complex permittivity of 
gold referenced by Aspnes (green doted line) and Palik (red dashed line) and gold evaporated 
and characterized at Institute of Photonics and Electronics (black solid line), Prague. Strucutre: 
gold grating (period of 500 nm, amplitude 15 nm) – water, with the incident excitation beam 
perpendicular to the grating interface.  

3.3.3 Effect of the grating amplitude of sinusoidal modulation 
profile 

For a SPR grating coupler with a profile ,)/2sin()( Λ⋅⋅= πxaxf  the strength of the 
energy transfer from an optical wave to the SP is primary determined by the grating 
modulation amplitude a. Considering a fixed angle of incidence of the optical wave, 
an optimum grating modulation amplitude aT for which the optical wave is totally 
coupled to the SP can be found. For the optimum grating modulation amplitude aT, 
the minimum of the SPR dip is zero, Fig. 32 – a blue dash-dotted curve. For the 
grating modulation amplitudes lower than aT, the SPR dip is shallower and narrower 
compared to optimum coupling case. For grating modulation amplitudes higher than 
aT, the SPR dip is shallower and wider compared to optimum coupling case. The 
diffraction efficiency at the minimum of the SPR dip is shown in Fig. 33 as a 
function of grating modulation amplitude for grating periods of 400, 455, 500, 550, 
600 and 650 nm.  
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Fig. 32 The diffraction efficiency as a function of wavelength for the grating modulation 
amplitude a = 3, 6, 9, 13, 21 and 27 nm (the curves follow the order in the place of the arrow). 
Structure: gold grating (period of 455 nm) – water. The optimum grating modulation amplitude 
aT is 13 nm (blue dash-dotted curve). The black crosses mark the minimum of the diffraction 
efficiency for a particular grating modulation amplitude.  

 
Fig. 33 The diffraction efficiency of the minimum of SPR as a function of the grating modulation 
amplitude for the grating periods 400, 455, 500, 550, 600 and 650 nm (the curves follow the 
order in the place of the arrow). The incident light is perpendicular to the grating surface, the 
grating interface is of water-gold. The SP is excited by the 1st diffraction order.  

In case of normal incidence, the interface of water and gold, and the sine-function 
profile of the grating (periods from 400 nm to 650 nm), the optimum grating 
modulation amplitude is between 11.5 and 17.0 nm, Fig. 34. 
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Fig. 34 The optimum grating modulation amplitude as a function of the grating period and the 
SPR wavelength, respectively. The incident light is perpendicular to the grating surface.  

Fig. 34 illustrated that the SPR grating coupler is a shallow grating (i.e. a ratio of the 
grating amplitude to the grating period is lower than 0.1). Fig. 34 shows that the 
assumption of the analytical theory (that the SP is not influenced by the corrugation 
of grating profile, section 1.1.3) is valid. Also a theory presented in section 3.4.1 is 
based on such an approximation. 

3.3.4 Effect of the grating profile 
A grating modulation profile formed as a superposition of multiple harmonic relief 
gratings of the same direction can be described by the function (31). SPs excited by a 
general multi-diffraction grating can be divided into conventional SPs and Bragg-
scattered SPs. Modeling of these two types of SPs is studied in this section.  

3.3.4.1 Modeling of multi-diffraction gratings with convent ional SPs  
Let’s study an example of a SPR multi-diffraction grating coupler supporting 
simultaneous excitation of conventional SPs. Let’s assume a grating consisting of 
two gratings with periods Λ1 = 500 nm and Λ2 = 600 nm. Fig. 35 shows diffraction 
efficiency of such a grating for modulation amplitudes a1 = a2 = 19 nm and phase 
difference of grating profile components ∆ϕ = ϕ2 - ϕ1 = 0, ±π/2, and π, respectively. 
As follows from Fig. 35, the diffraction efficiencies coresponding to these phase 
differences between harmonics agree well. Such a diffraction grating supports 
excitation of two conventional SPs of different wavelengths.  
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Fig. 35 The diffraction efficiency of the bi-diffractive grating as a function of wavelength for a 
phase difference ∆∆∆∆ϕϕϕϕ = 0, ±±±±ππππ/2 and ππππ. The grating period of the harmonic components is ΛΛΛΛ1 = 500 
nm and ΛΛΛΛ2 = 600 nm. The grating modulation amplitude is a1 = a2 = 19 nm. The incident light is 
perpendicular to the grating surface.  

When comparing the diffraction efficiency of the diffraction grating with the 
diffraction efficiency of each harmonic profile, the optimum grating modulations 
amplitudes differ, and the SPRs are shifted to longer wavelengths. However, the SPR 
shifts of a single and a multi-diffraction grating, as responses to a change of the 
dielectric RI, are nearly identical (within 0.3%), Fig. 36. In conclusion, a multi-
diffraction grating shows the same positions of SPRs as two conventional gratings. 
Therefore for a calculation of sensitivities of SPRs excited by a multi-diffraction 
grating, sensitivities of conventional SPs (excited by harmonics of the multi-
diffracion grating) can be used.  

  
Fig. 36 The diffraction efficiency of a bi-diffractive grating and two conventional gratings as a 
function of wavelength. The gold gratings are in contact with water (solid lines) and a liquid of 
RI of water plus 0.1 RIU (dotted lines). Multi-diffraction grating (black) consists of two gratings 
with the periods 500 and 600 nm. Signle-diffraction gratings are of periods 500 nm (red) and 
600 nm (green), respectively. The modulation amplitudes are set to the optimal modulation 
amplitudes: a1 = a2 = 19 nm for the multi-diffraction grating and 12.5 nm for the conventional 
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gratings. The incident light is perpendicular to the metal-dielectric interface. The presented 
numbers show difference of SPR wavelength between water and the liquid of RI of water plus 
0.1 RIU.  

3.3.4.2 Modeling of multi-diffraction grating with Bragg-sc attered SPs  
Let us assume bi-diffractive grating, where the grating period of the second harmonic 
is the half of the first one (Λ1 = 2Λ2 = 500 nm) and the amplitudes of both harmonics 
are 15 nm. Next, let us assume the phase difference between harmonics as in Fig. 35: 
∆ϕ = ϕ2 - ϕ1 = 0, ±π/2, and π, respectively. The grating profiles calculated for of 
these phase differences are shown in Fig. 37. 

 
Fig. 37 A profile of a bi-diffractive grating as a function of the phase difference ∆∆∆∆ϕϕϕϕ = (0, ±±±±ππππ/2, ππππ). 
The bi-diffractive grating consists of two harmonics of the grating periods ΛΛΛΛ1 = 500 nm and ΛΛΛΛ2 = 
250 nm. The grating modulation amplitudes are a1 = 15 nm and a2 = 15 nm. 

 
The diffraction efficiency obtained for these diffraction gratings are compared with 
the diffraction efficiency of the conventional gratings with periods 500 and 250 nm 
and modulation amplitudes 19 and 15 nm, respectively, Fig. 38. Althought the 
second harmonic modulation is not able to excite SP when used as a conventional 
grating, Fig. 38 shows that its presence changes the diffraction efficiency. The SPR 
dip of the bi-diffractive grating is splitted for ∆ϕ =0 (black line) and ∆ϕ = π 
(triangle-marks). These diffraction efficiencies are almost the same. For the phase 
difference -π/2 (red line) and +π/2 (green line), the SPR shifts toward longer and 
shorter wavelengths, respectively. If diffraction efficiency of bi-diffractive grating is 
compared with the diffraction efficiency of a conventional grating, the SPR 
wavelength change is proportional to the increase of the grating amplitude of the 
second harmonic, Fig. 39. 
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Fig. 38 The diffraction efficiency of the bi-diffractive grating and the conventional gratings as a 
function of wavelength for phase difference of bi-diffractive grating ∆∆∆∆ϕϕϕϕ = 0, ±±±±ππππ/2 and ππππ and 
grating period of conventional grating 250 and 500 nm. The bi-diffractive grating consists of 
harmonic components of periods ΛΛΛΛ1 = 500 nm and ΛΛΛΛ2 = 250 nm with the grating amplitudes of 
harmonic components a1 = 15 nm and a2 = 15 nm. The grating amplitude of conventional 
gratings is 19 nm for the grating of period of 500 nm and 15 nm for the grating of period of 250 
nm, respectively. The incident light is perpendicular to the gold grating interface that is in 
contact with water.  

   

 
Fig. 39 The diffraction efficiency of a bi-diffractive grating as a function of wavelength for 
various combination of the phase difference ∆∆∆∆ϕϕϕϕ and the amplitude of the second harmonic 
grating a2. The phase difference ∆∆∆∆ϕϕϕϕ equals to -ππππ/2, +ππππ/2 and 0 in A), B) and C). The amplitude 

A) B) 

C) 
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of the second harmonic grating is a2 = 0, 5, 10 and 15 nm and the curves follow the order in the 
place of the arrow: black solid, red dashed, green dotted and blue dash-dotted line, respectively. 
Light beam is perpendicular to the grating interface, ΛΛΛΛ1 = 500 nm, ΛΛΛΛ2 = 250 nm, a1 = 15 nm.  

 
The changes of the SPR, which were presented in Fig. 38 and Fig. 39, are examples 
of the excitation of the Bragg-scattered SPs [129, 130]. In the Bragg-scattering of the 
SPs, if the wave vector of the SP is equal to half of the spatial frequency of the 
grating, the SP is (Bragg) scattered, forming both forward and backward traveling 
waves. These forward and backward traveling waves interfere constructively to set 
up a standing wave of two modes. One mode has the optical field concentrated in the 
metal, the other mode has the optical field concentrated in the dielectric. The 
permittivities of these two materials are different, therefore the modes have different 
energies (and frequencies). The high energy (H.E.) mode is concentrated in the 
dielectrics and the low energy (L.E.) mode is concentrated in the metal. Because 
these modes of different frequencies are of the same periodicity, the plasmonic 
bandgap opens up, Fig. 38 - Fig. 40. 

Fig. 40 The diffraction efficiency as a function of wavelength and angle of incidence of the 
excitation ligth. The diffraction efficiency shows plasmonic bandgap in the dispersion relation of 
the SP. The Bragg-scattering grating consists of two harmonic components of the grating period 
ΛΛΛΛ1 = 500 nm and ΛΛΛΛ2 = 250 nm. The grating modulation amplitudes are a1 = 15 nm and a2 = 5 nm. 
The phase difference ∆∆∆∆ϕϕϕϕ is zero. The gold grating is in contact with water. 

The width of the plasmonic bandgap, which is defined as the spectral distance 
between the H.E. and the L.E. mode, is a function of the amplitude of the second 
harmonics a2, Fig. 39. The bandgap width wBS follows Eq. (32), which has been 
derived in [130]. However, Eq. (32) neglects both dispersion of metal and dielectric: 
εM = εM(λ0) and εD = εD(λ0). 
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where λ0 is the wavelength of the SPR excited by the grating without the additional 
modulation (the second harmonic component) and the grating is assumed to be 
shallow (Ka2 << 1). 

3.4 Sensitivity of SPs to changes in the refractive index of 
dielectric 

Sensitivity of the SPR sensor can be computed or measured using a calibration. The 
calibration consists of tracking of a SPR wavelength change when a measurand is 
changed by a given value. The slope of the calibration curve (the ratio of the change 
in sensor output to the change in the measurand) defines the sensitivity of the SPR 
sensor.  
 
The measurand change is a change in the refractive index ∆nD or in the thickness h of 
a dielectric layer at the metal surface. If the thickness h is much bigger than the SP 
penetration depth into the dielectric, Fig. 41 a), the measurand change ∆nD is a 
change in the whole dielectric (bulk RI change) and the given sensitivity is the bulk 
RI sensitivity. If the thickness h is much smaller than the SP penetration depth into 
the dielectric, Fig. 41 b), the measurand change h∆nD is a change in the thin layer 
and the given sensitivity is the surface sensitivity.  

 
Fig. 41 Geometry of surface plasmon that probes a dielectric layer. 

In this section, the bulk RI sensitivity and surface sensitivity are analytically derived 
and compared with sensitivities, which are numerically computed. 
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3.4.1 Analytical theory of SPR sensitivity to refractive index 
changes 

The analytical expression of the bulk RI sensitivity and the surface sensitivity of the 
SP are derived with the assumption that the grating is shallow. 
 
The bulk RI sensitivity SB of the SPs of a wavelength λ is the ratio of the change in 
the SPR wavelength and the change in the RI of a dielectric layer of thickness much 
bigger than the SP penetration depth into the dielectric, Fig. 41 a). The bulk RI 
sensitivity may be obtained from Eq. (9) as follows: 
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where ∆λ is the change in the SPR wavelength, εM is the permittivity of the metal, εD 

= nD
2 is the permittivity of the dielectric, and ∆nD is the RI change of the dielectric. 

 
The surface sensitivity SS is the ratio of the sensor response to a change in the 
refractive index or the thickness of a thin dielectric layer of thickness much smaller 
than the SP penetration depth into the dielectric, Fig. 41 b). Using the perturbation 
theory [51] and assuming that the RI change of the layer is small in comparison with 
the bulk RI, the surface sensitivity can be calculated as follows: 
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where h is the thickness of the dielectric layer.  

3.4.2 Numerical calculation of SPR sensitivity 
The analytical theory of SPR sensitivity can not be used in complex structures such 
as gratings supproting Bragg-scattered SPs. The bulk RI sensitivity and the surface 
sensitivity have to be calculated numerically. 
 
The calculation is performed in a following way: The diffraction efficiency of the 
SPR grating coupler with the uniform RI of dielectric nD is computed and the 
wavelength of the SPR at the wavelength λ0 is determined. Then, the distribution of 
the dielectric layer is altered (either a bulk RI change ∆nD or a thin film change 
h∆nD). A diffraction efficiency for the altered structure is computed and a new 
wavelength of the SPR λ1 defines the SPR wavelength change ∆λ = λ1 - λ0. Because 
the change of the distribution of the dielectric RI is known, the bulk RI sensitivity 
and the surface sensitivity is derived using the third term of the Eqs. (33) and (34), 
respectively. 

3.4.3 SPR sensitivity – comparison of analytical theory and 
numerical approach  

The bulk and the surface (RI) sensitivity obtained by Eqs. (33) and (34) are shown in 
Fig. 42. It is shown that the bulk RI sensitivity increases with the SPR wavelength. In 
contrast, the surface sensitivity decreases with the SPR wavelength, because the SP 
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field extends deeper to the dielectric, therefore the smaller portion of the SP field is 
localized within the thin layer.  
 
The bulk RI sensitivity obtained by the numerical approach shows a good agreement 
with the analytical formula – the relative difference between the numerical and the 
analytical sensitivity is below 2%, Fig. 42. The surface sensitivity shows relative 
differences below 7%, Fig. 42. The observed discrepancy between the analytical and 
the numerical solutions is caused by the approximation used in the perturbation 
theory calculations and by different SPR wavelength changes to the identical changes 
(h⋅∆nD = const) in the distribution of RI, Fig. 43. These different responses are 
caused by rearrangement of electromagnetic field of SP due to the changes in 
distribution of RI which is not accounted in the analytical theory.  

 
Fig. 42 The bulk and the surface sensitivity as a function of the SPR wavelength for analytical 
theory (lines) and numerical simulation (marks). The incident light is perpendicular to the gold 
grating that is in contact with water. The grating period follows the phase matching condition 
(9). The grating modulation is optimized with respect to Fig. 34 for each numerical model. 

 
Fig. 43 The SPR wavelength change as a function of various combination of the thin layer 
changes h⋅⋅⋅⋅∆∆∆∆nD. The change of the RI of the thin layer ∆∆∆∆nD is 0.10 RIU (black solid line and 
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squares), 0.08 RIU (red dashed line and circles) and 0.05 RIU (green dotted line and triangles). 
The curves are loose spline fits of the plotted values. The thickness of the thin layer is from 10 to 
400 nm. 

3.5 Wavelength division multiplexing of two SPs 
The multi-diffraction gratings allow simultaneous excitation of surface plasmons of 
different wavelengths. The distribution of the electromagnetic field profile of these 
SPs is different, therefore these SPs are unequally sensitive to the RI changes 
occuring in the dielectric medium, Fig. 42. These unequal sensitivities can be used to 
distinguish parameters of interest, typically contributions to the sensor response due 
to the surface changes (i.e. due to the interaction of molecules at the surface) and due 
to the bulk RI changes (i.e. temperature instabilities and buffer changes).  
 
In this section, the theory of wavelength division multiplexing (WDM) of two SPs is 
presented. Assuming measurand changes, which are the same for both wavelengths 
at which the SPs are excited, the theory includes analysis of signal discrimination, 
the sensor resolution and the cross-sensitivity. Based on the analysis, different WDM 
SPR sensor platforms exciting two SPs are compared with respect to the ability to 
distinguish the surface and the bulk RI changes. 
 
The presented theory is based on [131, 132]. In [133], I enhanced the theory by an 
estimation of the error caused by dispersion of the dielectric and by a renormalization 
of results with respect to the thin layer RI changes. These enhancements allow 
comparison of different WDM SPR sensor platforms and different calibration 
processes. 

3.5.1 Discrimination of responses from two SPs 
Let us assume SPs at different wavelengths λi and λj (λi≠λj). At these two 
wavelengths, the SPR wavelength shifts ∆λi and ∆λj are produced (and measured) as 
a response to the bulk RI change ∆nB and the surface change h·∆nF. Then, the two 
SPs WDM SPR sensor response can be expressed as: 
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where M is the characteristic matrix of the sensor, SS,i and SB,i is the surface and the 
bulk RI sensitivity for SPR at the wavelength λi, and SS,j and SB,j is the surface and 
the bulk RI sensitivity for SPR at the wavelength λj.  
 
Because the SPs are of different field profiles, they are also of different sensitivities, 
therefore the determinant of the matrix M is non-zero and an inverse matrix to the 
matrix M may be calculated in order to solve the equation system. Then, the changes 
in the surface and the bulk can be expressed as follows: 
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where RB and RS are the ratios of the bulk and the surface sensitivities defined in Eq. 
(37), and ∆λS

i and ∆λB
i is the sensor response due to the surface and the bulk RI 

changes, respectively.  
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where the superscript B=0 and S=0 denotes the surface change and the bulk RI 
change, respectively. 
 
The Eqs. (35)-(37) are valid for the ideal case, where the sensor response is assumed 
to be error-free.  

3.5.2 Sensor resolution, noise and cross-sensitivity analysis 
In real measurements, the difference term (RB - RS) in Eq. (37) is determined by a 
calibration process. The bulk RI calibration consists of tracking of the SPR 
wavelength change as a response to changes of calibration solutions. These 
calibration solutions are of known RI and they change RI of the whole dielectric. The 
surface calibration consist of a tracking of the SPR wavelength change as a response 
to the surface change (e.g. a growth of a proteine layer). 
 
However, the calibration is influenced by errors. In this section, effects of these 
errors are studied.  
 
In a linear regime of the sensor response, the accuracy of the SPR wavelength is 
mostly determined by a noise of the sensor output. The noise creates absolute errors 
ε(∆λi) and ε(∆λj) (given in nm) of the tracked SPR wavelengths λi and λj [131]. The 
noise is determined by the detector (spectral resolution), the SPR tracking method 
(including averaging), the contrast of the SPR and the FWHM of the SPR [132]. The 
detector parameters are included in the absolute error ( )0λε  of the SPR wavelength 

λ0. Assuming that the identical detector is used for collecting all spectra and that the 
sensor is in the linear-response regime, the sensor output noise at the certain 
wavelength λk (k=i, j) can be expressed as follows [132]: 

 ( ) ( )
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where FWHMk is the full width at half maximum of the SPR at the wavelength λk 
(k=i, j) and ε(λ0) is the uncertainty of the SPR of FWHM0 at the wavelength λ0. 
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Substituting k=i,j (typically i=1 and j=2) to Eq. (38) determines output noise of the 
sensor platform with WDM of two SPs ε(λi) and ε(λj) and terms FWHMi and 
FWHMj. 
 
Supposing the cumulative error and the worst case level of the noise (the variables 
with the superscript N), which is caused by uncertainty of the SPR wavelengths, the 
noise in the surface |ε(S)N| and the bulk |ε(B)N| sensor response can be expressed as 
follows [132]: 
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The parameter |ε(B)N| (given in RIU) determines the minimum measurable change in 
the bulk RI, which is caused by the noise [132]. The parameter |ε(S)N| (given in 
pm⋅RIU) determines the minimal measurable change occurred in the thin layer, 
which is caused by the noise [132]. 
 
The cross-sensitivity (superscript cross) is determined by errors in the characteristic 
matrix of the sensor M. These errors are given by the inaccuracy of the sensor 
calibration. Supposing that only an extremely small surface change (superscript S 

neglected) occurs and that errors of the M-matrix elements are much smaller than the 
values of the elements, the cross-sensitivity error can be expressed as follows [133]:  

 ( ) ( ) ,2 0

,

=
∆⋅= S

BNneglectedScross

B

n
SS εε  (40) 

where BS=0 is the the bulk RI change. 
 
Eq. (40) determines the minimal measurable change occurring in the thin layer, 
which is caused by the cross-sensitivity error during the sensor calibration. To obtain 

the calibration-independent cross-sensitivity, the term ( ) neglectedScross,Sε  can be 

normalized to the bulk RI change of the calibration solution [133]: 
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The equations (39) and (40) show that the errors in the surface and the bulk RI sensor 

responses are proportional to the term ( ) 00 / FWHMλε ∆ and that the errors are 

inversely proportional to the term |RB - RS|. The term ( ) 00 / FWHMλε ∆  is constant 

for a particular sensor configuration. The term |RB - RS| is determined by the sensor 
calibration process, i.e. by the sensor responses to the bulk RI change and the surface 
change.  
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3.5.3 Comparison of WDM SPR sensors with two SPs 
Several SPR platforms supporting WDM of two SPs have been reported over the last 
ten years [62, 76, 134 and 135]. The ability of these platforms to distinguish the bulk 
from the surface change can be compared using analysis presented in the section 
3.5.2. In this section, the comparison of four different SPR platforms supporting two 
SPs is presented with respect to the ability to distinguish the bulk RI changes and the 
surface changes. 
 
The four different WDM sensor platforms included grating supporting Bragg-
scattered SPs, bi-diffractive grating supporting conventional SPs, grating supporting 
simultaneous excitation of shor-range and long-range SPs [76] and prism supporting 
simulataneous excitation of shor-range and long-range SPs [132]. Parameters of 
these sensor platforms are summarized in Table 2, where SPRs are collected when in 
contact with water. 
 
Platform description Parameters  
Bi-diffractive grating supporting 
excitation of two Bragg-scattered 
SPs  

Grating period of harmonics: Λ1 = 2Λ2 = 700 
nm 
Grating amplitudes: a1 =15 nm, a2 = 10 nm 
Gold thickness over 100 nm (it is assumed to 
be semi-infinite) 
 
SPR at wavelengths of 807 nm and 850 nm 

Bi-diffractive grating supporting 
excitation of two conventional SPs  

Grating period of harmonics: Λ1 = 540.9 nm, 
Λ2 = 700.6 nm 
Grating amplitudes: a1 = 14.5 nm, a2 = 11.0 
nm 
Gold thickness over 100 nm (it is assumed to 
be semi-infinite) 
 
SPR at wavelengths of 751 nm and 950 nm 

Grating supporting simultaneous 
excitation of short-range and long-
range SPs [76]  

Grating period: Λ = 570 nm 
Grating amplitude: a = 35 nm 
AlF3 overlayer of thickness 1200 nm 
Gold thickness 25 nm 
 
SPR at wavelengths of 770 nm and 850 nm 

Prism-based SPR sensor supporting 
simultaneous excitation of short-
range and long-range SPs [132] 

ATR Kretschmann configuration 
Structure description: the prism – the PTFE 
AF1600 overlayer of thickness 360 nm – the 
titanium adhesion layer of thickness 1 nm – 
the gold layer of thickness 45 nm 
 
SPR at wavelengths of 600 nm and 860 nm 

Table 2 Parameters of compared WDM sensor platforms.  

 
Most of the input parameters of the analysis can be determined from simulations. 
These parameters are SS,k, SB,k, R

S, RB, FWHMk (k = i, j) and FWHM0. The input 
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parameter ε(λ0) can be determined by experiment only because it is platform-
dependent. Once the SPR dip shape (represented by the term FWHM0) and the 
wavelength λ0 (when contact with the initial calibration solution) of the particular 
sensor platform is known, the sensor output noise is determined by Eq. (38). 
 
The sensor platforms are compared with respect to the calibration-independent cross-
sensitivity (41) and the noise in the surface |ε(S)N| and the bulk |ε(B)N| sensor 
response (39). The identical parameter ε(λ0), which was taken from [132], is used for 
all platforms, because all these platforms used a detector of similar number of pixels 
and spectral range. The grating-based platforms were modeled in order to determine 
the sensing properties. The parameters of the prism-based platform were taken from 
[132], however the surface change, the cross-sensitivity and the surface noise were 
normalized.  
 
The surface change presented in [132] was not accounting the dispersion of the RI of 
the water-based calibration solutions, which is accounted by the models of grating 
platforms. The dispersion of water-based solutions caused an additional systematic 
10% error to the discrimination of the sensor response [133].  
 
The cross-sensitivity and the surface noise presented in [132] were not normalized by 
the change of the surface layer. Therefore, a renormalization of these data was 
necessary using median of differences between the water RI and the thin layer RI 
[133]. 
 
The normalized performance parameters of the WDM SPR platforms are shown in 
Table 3. 
 

Platform description 

( )
B

neglectedScross

n

S

∆

,ε

(nm) 

( )NSε  

(pm⋅ 
RIU) 

( )NBε  

(10-6 
RIU) 

12 λλ −  

(nm) 
1λ  

(nm) 

The bi-diffractive 
grating supporting 
excitation of two Bragg-
scattered SPs (a) 

0.08 0.7 3.2 42 807 

The bi-diffractive 
grating supporting 
excitation of two 
conventional SPs (a) 

0.11 1.0 4.3 199 751 

The grating supporting 
simultaneous excitation 
of short-range and long-
range SPs [76] (a) 

0.47 1.2 6.0 86 770 

The prism-based SPR 
sensor supporting 
simultaneous excitation 
of short-range and long-
range SPs [132] (b) 

0.54 1.4 6.9 260 600 
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(a) performance parameters of structure were modeled  
(b) performance parameters of structure were taken from [132] and normalized 
by the thin layer RI change ∆nF = 0.150 RIU 

Table 3 Normalized performance parameters of WDM SPR sensor platforms presented in Table 
2.  

The sensor platform based on the Bragg-scattered SPs exhibits the lowest value of 
the calibration-independent cross-sensitivity. In addition, the surface and of the bulk 
noise was also the lowest from compared sensor platforms. Table 3 also shows, that 
the prism-based SPR sensor is comparable with the grating supporting simultaneous 
excitation of short-range and long-range SPs. 
 
The sensor platforms of the bi-diffraction gratings were studied in more details with 
respect to parameters of the grating period and the grating modulation amplitude 
(those data are not presented here). The study demonstrated that sensor performance 
parameters are inversely proportional to the difference of the resonance position |λ1 -
λ2|. The more different are the SPs, the higher is the term |λ1 -λ2|, and the better is the 
sensor ability to deconvolute the signals.  
 
The presented comparison allows evaluation and optimization of the sensor 
platforms with respect to characterization of the bulk and the surface response. The 
performed analysis demonstrates that the sensor resolution increases with the 
difference of the energy profiles of the SPs. It is also demonstrated that the Bragg-
scattered SPs of |λ1 -λ2| = 42 nm are comparable with the two conventional SPs of 
|λ1 -λ2| = 199 nm. The analysis shows that the SPR sensor based on the Bragg-
scattering of the SPs provides better surface, bulk and cross-sensitivity resolution 
than other WDM SPR platforms.  

3.6 Wavelength division multiplexing of three SPs 
In this section, the theory of wavelength division multiplexing of three signals is 
presented. This theory cannot be described by the linear equations and a 
characteristic matrix as it was presented in section 3.5. To describe the three signal 
WDM, the theory of minimalization of N independent parameters using the least 
squares is applied.  
 
Let the refractive index distribution of the dielectric be parametrized using N 
independent parameters pk, where k = (1, N). The distribution of the RI can be 
determined by matching the observed SPR wavelength changes δλk to model values 
δλm(λ, p1, ..., pN) using the least squares criterion as follows: 

 ( )( ) 0...,,,
1

2

1 =−∑
=

N

k
Ni

m
kk ppλδλδλ  (42) 

 
The model SPR wavelength changes is calculated by differentiating the resonance 
condition Eq. (9) in which a change in the propagation constant of SP is induced by a 
variation in the refractive index distributions δn(z): 
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Using the perturbation theory [51] and supposing small RI changes, which are 
realized within the dielectric penetrated by the SP energy field, the change in the 
propagation constant βSP can be calculated as (44), [134]. The RI changes are 
supposed to be the same for all wavelengths at which the SPs are excited. As follows 
from sections 4.1.3 and 4.1.4, such an assumption is correct. 

 

( ) ( )

,

2/3

2

2/3

2

2/3
22

∫

∫∫
∞+

∞−

∞+

∞−

∞+

∞−













+

=
dz

H

dz
zn

dz

dH
dz

zn
H

y
SP

y
ySP

SP

ε
β

ε
δ

ε
δβ

δβ  

ε = εM for z < 0  , 
ε = εD for z > 0  , 

(44) 

where the z-axis is perpendicular to the grating surface, the x-axis is simultaneously 
parallel to the grating surface and to the direction of propagation of SPs. 
 
The refractive index distribution of a homogeneous thin film and a background 
dielectric of a different refractive index can be parameterized with three parameters: 
the parameter of the RI change in the whole dielectric p1 = δnB, the parameter of the 
RI change of the homogeneous thin film p2 = δnF and the parameter of the thickness 
of the homogeneous thin film p3 = h. Using these parameters, the RI distribution 
changes can be expressed as follows [134]: 

 ( ) ( ) ( ) ( ) ,FB nzhznzzn δϑϑδϑδ −+=  (45) 

where ϑ  is the Heaviside-step function.  
 
Using the second-order perturbation theory, in which the SP field described by Eq. 
(5) is recalculated using a corrected propagation constant SPSPcorr δβββ +=  and 

introduced back into (44), the SPR wavelength change can be expressed as (46), 
[134].  

 
( ){ }( )[ ]

,,

,exp1

2
0

22|2
0

22

|

knKknK

hKKnnS

bb corrbSPb

bbfbB
m

−=−=

+−+=

ββ

δδδλ
 (46) 

where SB is the bulk RI sensitivity and the index k was omitted, (33). 
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4 Experimental 
This chapter includes the characterization of materials and their optical parameters, 
the fabrication and the characterization of the SPR grating couplers, an experimental 
setup based on the fabricated SPR grating couplers, a sensor calibration and a model 
experiment and applications of the grating based WDM SPR sensor platforms to 
biosensing. In this chapter, the WDM SPR sensor platforms are also compared with 
respect to distinguish biomolecular interactions occuring at the sensor surface 

4.1 Materials 
This section presents materials and characterization of optical parameters of these 
materials, which were used for the fabrication of the diffraction gratings. 
 
Gold at 99.99 % purity was purchased from Safina, a.s. (Czech Republic), 99.999% 
titanium was bought from Pfeiffer Vacuum GmbH (Germany). Deionized water was 
produced in-house by the water purification system Direct-Q (Merck KGaA, 
Germany), the purity of water was 0.05 µS/cm at 25°C. Ethanol at 96% 
concentration was purchased from MERCI, s.r.o. (Czech Republic). Ethylene glycol, 
sodium chloride, sodium hydroxide, citric acid, bovine serum albumin (BSA) and 
dextrane sulphate (DS) were bought from Sigma-Aldrich (USA). 
Polydimethylsiloxane (PDMS) prepolymer and its curing agent were purchased from 
Dow Corning (USA) as the product SYLGARD® 184. Polished BK7 and SF2 glass 
substrates of various dimensions were purchased from Schott AG (Germany). 
Photoresists S1813 and S1818G2 (MicropositTM S1800TM G2 series photoresist) 
were purchased from Micro Resist Technology GmbH (Germany). The photoresist 
developer AZ 303 was purchased from MicroChemicals GmbH (Germany). Citrate 
buffer (CB) of pH = 4 was mixed as a solution of 4.62 g of sodium hydroxide, 11.55 
g of citric acid and 1 l of purified water. Mixtures of water and ethylene-glycol and 
water and sodium chloride of various concentration were used as the calibration 
solutions.  

4.1.1 Permittivity of gold layers  
The optical parameters of gold, which have been used in the theory, were measured 
by the spectral ellipsometer Sentech SE-850 (Sentech GmbH, Germany). The optical 
parameters of the gold layer are functions of the roughness and the crystallinity of 
the sample, which depend on the parameters of the evaporation process (the vacuum 
quality and temperature of the substrate). Therefore, the experimentally determined 
values of the permittivity of the optically thick gold differs from the permittivity of 
bulk gold presented in [126, 127], Fig. 44. 
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Fig. 44 The permittivity of gold (black solid line) evaporated at the Institute of Photonics and 
Electronics, Prague, and permittivity presented in [126] (red dashed line) and [127] (green 
dotted line) as a function of wavelength. The permittivity of gold evaporated at the Institute of 
Photonics and Electronics, Prague, was measured by spectral ellipsometer Sentech Se-850. 

4.1.2 Refractive index of water 
The refractive index of water at 21°C and standard atmospheric pressure 101 kPa 
was taken from [128]. With respect to the [128], the variation of the RI of water due 
to the temperature variation (21 ± 1.5)°C was expected to be lower than 1⋅10-4 RIU. 
The refractive index of water was measured by the digital refractometer DSR-λ 
(Schmidt + Haensch GmbH & Co., Germany), which measure the RI at seven 
different wavelengths. The RI was taken at the temperature 21.5°C, Fig. 45. 
Averaging 10 measurements, the absolute error of the RI characterization was below 
5⋅10-5 RIU.  

 
Fig. 45 The refractive index of water as a function of wavelength for water measured by the 
digital refractometer DSR-λλλλ (black crosses) and water referenced in [128] (red dashed line).  
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4.1.3 Refractive index of mixtures of water and ethylene glycol  
The refractive index of the mixtures of water and ethylene glycol was measured by 
the digital refractometer DSR-λ, Fig. 46 A). The RI was taken at the temperature 
21.5°C. As follows from Fig. 46 B), the RIs of the mixtures are approximately equal 
to the RI of water plus a wavelength independent constant. 

Fig. 46 A) The refractive index solutions as a function of wavelength. These solutions are water 
(black squares), the mixtures of water and ethylene glycol of increasing volume concentration of 
ethylene glycol 1.2% (red dots), 2.4% (green triangles), 3.6% (blue upside-down triangles) and 
ethylene glycol (cyan stars). B) The difference between the RI of the mixtures and that of water 
as a function of wavelength.  
 

4.1.4 Refractive index of water-sodium chloride solutions 
The refractive index of water-sodium chloride can be described as (47), [141]. 

 ( ) ( ) ,NaClNaCliwaterimixture cKnn ⋅+= λλ  (47) 

where cNaCl is the mass concentration of sodium chloride in water and KNaCl is the 
coefficient of the RI change. 
 
The refractive index of the water-sodium chloride solutions was measured by the 
digital refractometer DSR-λ, Fig. 47 A). The coefficient of the RI change KNaCl was 
determined to be (158 ± 3)⋅10-5 RIU⋅ml/mg. As follows from Fig. 47 B), the RIs of 
the solutions are approximately equal to the RI of water plus a wavelength 
independent constant. 

Fig. 47 A) The refractive index of the water-sodium chloride solutions as a function of 

A) B) 

B) A) 
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wavelength. The solutions were measured by the refractometer DSR-λλλλ at the temperature 25°C. 
B) The difference between the RI of the solutions and that of water as a function of wavelength. 
The mass concentration of sodium chloride is 0, 4, 8, 12, 16, and 20 mg/ml. 
 

4.2 Fabrication of the SPR grating coupler 
This section describes the fabrication of the SPR grating coupler. The fabrication 
consists of the fabrication of the master grating prepared by interferometric 
holography, replication of the master holographic grating, and the deposition of SPR 
- active metal coating on the diffraction gratings. Prior to the fabrication, an 
introduction of the characterization methods of the diffraction gratings is presented.  

4.2.1 Characterization of diffraction gratings 
The profile of the fabricated diffraction gratings was measured in order to determine 
the grating period Λ and the grating modulation depth (i.e. two-times the value of the 
grating modulation amplitude). The characterization methods were based on two 
methods: the Littrow configuration (in which the incident and the diffracted beams 
are auto-collimated) and the method of atomic force microscopy (AFM).  

4.2.1.1 Measurement of grating period 
The measurement of the grating period was based on the Littrow configuration, 
which consists of an intensity-stabilized laser (HeCd or HeNe), apertures, a non-
polarising beam-splitter, a goniometer and a detector, Fig. 48. The grating was 
mounted into a holder attached to the precise goniometer, which was set to reflect the 
zeroth order towards the detector. Then the grating was rotated by an angle θ , until 
the minus first diffraction order was projected on the detector.  
 

 
Fig. 48 Optical setup used for the measurement of grating period based on the Littrow 
configuration.  

 
The knowledge of the laser wavelength λlaser and the angle of rotation θ  yielded the 
grating period as follows from (48).  

 ( ) .
sin θ
λlaser=Λ  (48) 

Gratings of the grating period larger than 320 nm were measured using the HeNe 
laser LGK 7634 (Carl Zeiss, Germany) emitting on the wavelength of 632.8 nm. 
Gratings of the grating period lower than 320 nm were measured using the HeCd 
laser IK3031R-C (Kimmon, Japan) emitting at the wavelength of 325 nm. 
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The estimated error of the angle of rotation θ  was lower than 0.05°, the angle θ  was 
between 16° and 47° for the wavelength of 632.8 nm and between 16° and 80° for 
the wavelength of 325 nm, respectively. Therefore, the absolute error of the 
measured grating period was below 1.7 nm for the grating periods from 200 nm to 
850 nm, Fig. 49. 

 
Fig. 49 The error of the grating period as a function of the grating period for two laser light 
sources of 325 nm (HeCd laser, black solid curve) and 632.8 nm (HeNe laser, red dashed curve). 

4.2.1.2 Optical measurement of grating modulation depth 
The optical measurement of grating modulation depth is based on a measurement of 
the diffraction efficiency, which is a function of the grating modulation depth. The used 
optical configuration is similar to the optical configuration shown in Fig. 48. The 
intensity stabilized HeNe laser LGK (Carl Zeiss, Germany) emitting at the 
wavelength of 632.8 nm was used as the light source. The grating modulation depth 
was determined from the ratio of the normalized reflectivity of the TM and the TE-
polarized light of the minus first Littrow diffraction order. The reflectivity was 
normalized by the intensity of the TM and the TE-polarized light of the zero Littrow 
diffraction order. An example of the TM and the TE normalized reflectivity of the 
photoresist grating is shown in Fig. 50. However, the TM/TE normalized reflectivity 
is a function of the thickness of the remaining photoresist layer. This thickness 
changes during to the development process. Fig. 51 shows the TM/TE ratio of the 
modeled normalized reflectivity of a structure, which consists of the semi-infinite 
SF2 glass substrate, the uniform homogeneous layer of photoresist S1818G2 of 
various thicknesses, the photoresist grating, and the air superstrate.  
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Fig. 50 The normalized reflectivity in the -1st 
Littrow diffraction order for the TE (black 
solid) and TM (red dashed) polarization as a 
function of grating modulation depth. 
Structure: air - S1818 G2 photoresist grating of 
period of 500 nm. The incident light is of 
wavelength of 632.8 nm. 

 

Fig. 51 The reflectivity of TE-polarized light 
divided by the reflectivity of TM-polarized 
light as a function of the grating modulation 
depth. Structure: air - the photoresist 
grating of period of 500 nm - the uniform 
homogeneous photoresist layer of thickness 0 
nm (black solid), 1500 nm (red dashed), 1800 
nm (green dotted) and 2000 nm (blue dash-
dotted) - the SF2 substrate.  

 
As follows from Fig. 51, the ratio of reflectivity of TE and TM-polarized ligth 
depends on the thickness of the photoresist. Therefore the optical characterization 
was used only for a rough estimation of the grating modulation depth during the 
grating development (section 4.2.2.3). 

4.2.1.3 Measurement of grating profiles 
The atomic force microscope (AFM) is an ideal tool for the characterization of the 
grating profiles. The AFM characterization does not require special conditions and 
the sample also does not require any special treatment. The structures can be 
characterized with or without the metal layer. The AFM measurements yield heights 
of the profile (i.e. the grating modulation amplitude) with relative error bellow 2 % 
[136]. The relative error of the lateral dimensions (i.e. the grating period) is bellow 
1 % [136].  
 
The AFM Multimode IV (formerly Veeco, now Bruker, USA) with the attached 
scanner type „E“ was used as the characterization tool [137]. The „E“ scanner allows 
imaging of an area up to 16 × 16 µm2. The maximum measurable peak-to-peak 
height difference is about 3.8 µm.  
 
The Multimode IV is not suited for the characterization of samples of the diameter 
larger than 14 mm. Therefore the samples were cut to the desired size prior the 
characterization process.  
 
The diffraction gratings were characterized using the contact and the semi-contact 
(tapping) mode. Various types of the AFM probes of various radii of the curvature of 
the probe-tip were used. The probes included the silicon nitride (NP-20) and the 
sharpened silicon nitride (NP-S) probes in the contact-mode characterization. The 
etched silicon (TESP, RTESP), the etched silicon aluminium coated (TESP-A, 
RTESP-A), the super sharp silicon (TESP-SS) and the high-aspect-ratio silicon 
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(TESP-HAR) probes were used in the semi-contact mode [138]. All these probes 
were supplied by Bruker (USA). The probe used for the characterization of 
diffractive structures needs to be carefully selected, because it influences the profile 
— Fig. 52 presents a comparison of the AFM images of a diffraction structure (with 
a period of 218 nm), which were captured using different probes. 
 

   
Fig. 52 AFM images of a certain diffraction grating as a function of different AFM probes of the 
tapping mode: A) a TESP-A probe, B) a TESP-SS probe and C) a TESP-HAR probe. The 
grating period was 218 nm. 

The profile was characterized as follows. The grooves of the diffraction structure 
were set approximately parallel to the slow AFM axis (the y-axis), Fig. 53. The 
scanned area was set to contain at least four periods of the grating modulation. The 
measured data were leveled by subtracting a plane produced as a best fit. Then, over 
200 data sections were applied to the AFM image (the direction of the sections was 
perpendicular to the grating grooves) to increase the measurement reproducibility 
Fig. 53. These data sections define the average grating profile, which contains at 
least 500 data points, Fig. 54. 
 

 
Fig. 53 An AFM image of a grating with 
a period of 436 nm. A section analysis 
was applied in the highlighted area – 
sections were perpendicular to the 
grooves of the grating. 

 
Fig. 54 An example of averaged grating profile of 
AFM image presented in Fig. 54. 

The average grating profile was analyzed by the sine-function fit (SFF) or the 
discrete Fourier transformation (DFT) in order to identify parameters of the grating 
profile, which are the grating modulation amplitude and the grating period of the 
harmonic components. The SFF method doesn’t need large data sets for the profile 
fit and it is easier to implement when compared with the DFT analysis. The DFT 

B) C) A) 
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analysis offers characterization of the higher-order harmonic component of the 
fundamental grating amplitude. The drawback of DFT analysis is the harmonic 
leakage (an existence of significant components of the DFT-transformed signal at 
frequencies near the expected peak), a requirement of the data phase synchronization, 
and worse frequency resolution when compared with the SFF analysis, Fig. 55. 
When the phase synchronization and the frequency resolution of the DFT analysis 
was adjusted, the results of the methods were comparable for the sine-function-like 
profiles, Fig. 55. 

 
Fig. 55 Top: The averaged grating profile (black squares) and the SFF (red curve) of the profile. 
Bottom: The results of the DFT analysis of the averaged grating profile. The DFT analysis was 
applied on the phase-synchronized data with adjusted frequency resolution.  

The optical characterization of the grating period was preferred as it is about an order 
of magnitude more precise in comparison with the lateral resolution of the AFM. 

4.2.2 Fabrication of holographic diffraction gratings 
The fabrication of the holographic diffraction gratings consists of the cleaning of the 
substrate, the coating of the substrate with the photoresist layer, the recording of the 
grating structure to the photoresist using the holographic interferometry, and the 
development of the diffraction structure. These fabrication steps are described in 
details in this section. 

4.2.2.1 Cleaning of substrates 
The polished BK7 and SF2 glass slides (Schott Glass Technologies, USA) of 
dimensions 32 × 18 × 1.5 mm3 and 32 × 32 × 2 mm3 were used as substrates. The 
substrates were carefully cleaned using acetone and cotton swabs in order to remove 
dust particles and rough organic impurities. The fine cleaning and the removal of the 
contaminated acetone remains was proceeded by an exposure of the substrates to UV 
irradiation and a chemical cleaning by ozone molecules. These cleaning steps were 
applied for 10 minutes in the UVO cleaner (Jelight Company, Inc, USA). Then, the 
substrates were flushed with ethanol and dried with a stream of pure nitrogen to 
remove the remaining impurities from the surface. The whole fine cleaning 
procedure was then repeated. 
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The SF2 glass was a preferred material for the glass substrates. The RI of the SF2 
glass is closer to the RI of the photoresist than the RI of the BK7 glass, Table 4. 
Therefore, the intensity of the back reflected light during the holographic exposure is 
smaller for the SF2 substrate which results in a higher contrast of the interferometric 
pattern (section 4.2.2.3). 
 

Material RI at 325 nm (RIU) RI at 442 nm (RIU) 
Photoresist S1800G2 series 1.77 1.69 
SF2 glass 1.68 1.65 
BK7 glass 1.53 1.52 

Table 4 The refractive indices of the photoresist S1800G2 series, the SF2 and the BK7 glass SF2 
at the wavelengths of 325 nm and 442 nm. 

4.2.2.2 Preparation of photoresist layers 
The photoresist layer was deposited on the surface of the glass substrate by the spin-
coating method. Two types of photoresist were used: the S1813 and the S1818G2, 
both from Microposit (formerly Shipley, USA). The S1818G2 photoresist was used 
in the majority of experiments due to its better adhesion and resolution [139]. 
 
By the application of the spin-coating protocols presented in Fig. 56, the photoresist 
layers of homogeneous thickness (1370 ± 80) nm for S1813 and (2070 ± 20) nm for 
S1818G2 were prepared. As validated by Fig. 57, the spin-coated layers were 
homogeneous and of a constant thickness.  
 

Fig. 56 A) The protocol of spin-coating of the S1818G2 photoresist. B) The protocol of spin-
coating of the S1813 photoresist.  

B) A) 
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Fig. 57 A) The image of a profile (left) and two sections (right) of the S1818G2 photoresist layer 
spin-coated on the SF2 substrate. B) The image of a profile (left) and two sections (right) of the 
sample shown in A), however the photoresist layer was partially removed. Images were taken by 
the optical profilometer Zygo NewView 7300. 

The concentration of the photoresist solvent needs to be reduced in order to minimize 
the dark erosion during the development. To reduce the solvent concentration, the 
photoresist was soft-baked. A hot-plate was used rather than a hot-air oven, because 
it provided an excellent reproducibility of the baking procedure, and it was not 
sensitive to the number and the position of the samples. The oven was 0313V 
(CLASIC CZ spol. s r. o., Czech Republic) with a temperature accuracy better than 
0.5°C. It is shown in Fig. 58, that the temperature of the substrate depends on 
number of substrates inserted to oven. Moreover, the temperature of the substrate 
depends on a position to which the substrate was placed. The hot-plate was an in-
house build device with a temperature accuracy of 0.2°C. The optimum soft-bake 
process required 4 minutes and the preset temperature was 100°C. Then, the samples 
were removed from the hot-plate and left to cool-down to a room temperature. 
During the optimized soft-bake, the top face of the substrate reached a temperature of 
more than 95 °C after two minutes, Fig. 58. 

B) 

A) 
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Fig. 58 The temperature of the SF2 substrates during the soft-bake process for various 
combinations of amount and the place of the soft-baking of the samples. The temperature was 
recorded from top side of the SF2 substrate by the thermistor EC95 (GE-Measurement & 
Control Solutions, USA), which was glued to the SF2 surface.  

 
Prior to the recording of the diffraction structure, the photoresist-coated substrates 
were left at a room temperature to reabsorb water. At the relative air humidity of 35-
40% and the temperature 22°C, ten minutes was found to be sufficient to rehydrate 
the photoresist layer of about 2 µm thick.  
 
The photoresist-coated substrates are sensitive to the UV light. Therefore, the 
substrates were handled with care either in the light-proof metal boxes or under an 
illumination of light sources equipped with the yellow lithography filter 
(MicroChemicals GmbH, Germany), which was blocking all wavelengths below 450 
nm. 

4.2.2.3 Recording of gratings 
The optical arrangement for the holographic grating recording is depicted in Fig. 59. 
The grating recording is performed in the Mach-Zehnder interferometer, where the 
pattern of the interfering field of the intersected beams is recorded into the 
photoresist layer. The interference pattern is formed by the intersection of two 
coherent expanded and collimated laser beams under the angle θ. Two different 
interferometer setups were used over the time as two different He-Cd lasers, with 
442 nm (setup A) and the 325 nm (setup B) emission, were used as coherent light 
sources. In both setups, the light beam emitted by the HeCd laser was allowed to pass 
through the shutter and was focused on the pinhole by means of the NUV focusing 
objective. By this means, a divergent spherical beam with improved spatial 
coherence was formed. That spherical beam was collimated using the collimating 
lens, and divided by the custom beam splitter (splitting ratio was near to 50:50) into 
both interferometer arms. The splitted beams were reflected using mirrors and they 
were directed to the photoresist-coated samples under the angle of incidence θ.  
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Fig. 59 Optical arrangement for the holographic grating recording.  

The parameters of the optical components of the interferometer setups A and B are 
collected in Table 5. 
 

 Setup A Setup B  
Manufacturer LiCONiX (USA) Kimmon Koha (Japan) 

Model 4240PS IK3031R-C 
Wavelength 441.6 nm 325 nm 

Output 
power 

60 mW 4 mW 

Laser 

Coherence 
length 

250 mm 100 mm 

Manufacturer Spectra Physics Jodon Inc. Pinhole 
Diameter 10 µm 15 µm 

Manufacturer OFR Thorlabs Objective 
Model LMU-20x-NUV LMU-40x-NUV 

Manufacturer VOD Turnov (Czech 
Republic) 

Newport (USA) 

Dimensions 100 x 70 mm R= 102 mm 
Coating type aluminium coated aluminium coated (AL.2) 

Mirrors 

Planarity λ/4 λ/10 

Table 5 The parameters of the optical components of the recording interferometer setup A and 
setup B. 

The intensity of the interfering light beams was measured by the power meter 2935T-
C (Newport, USA) with the detector head 918D-UV-OD3 (Newport, USA). The 
detected intensity was about 30 µW/cm2 and 26 µW/cm2 for the setup A and B, 
respectively. The intensity was measured between the mirror and the sample holder.  
 
To record the interferometric pattern, the photoresist-coated substrate was mounted 
in a holder which was attached to the goniometer. The goniometer allows precise 
adjustment of the sample in order to set the normal vector of the sample to the angle 
θ/2 between the light beams. Then, the system was left to settle down for about two 
minutes. With respect to the intensity of the light beams, the holographic recording 
was applied with the exposure time of several tens of seconds until the normalized 
(to a unit area) exposure dose WE, defined by Eq. (49), was reached. The exposure 
dose was optimized to yield a shallow grating of sinusoidal profile. The normalized 
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exposure dose was between 1.05 mJ/cm2 and 2.85 mJ/cm2 for the setup A and 
between 1.26 mJ/cm2 and 2.75 mJ/cm2 for setup B, respectively. 

 ( ) ( ) ,2cos2 θλ ⋅⋅= PTW ElaserE  (49) 

where the P is the intensity of the light beams recording the grating structure.  
 
The period of the recorded grating Λ was controlled by adjusting the angle θ between 
the interferometric beams as follows: 

 ( ) .
sin2 θ
λlaser=Λ  (50) 

4.2.2.4 Development of holographic gratings 
The photoresist-coated substrate with recorded interferometric patter was translated 
to the grating by the wet-etching process. The etching solvent was the developer 
AZ303 (Shipley, USA), which was dissolved in distilled water at the ratio of 1:9. The 
developer was gently stirred during the development. After the grating development, 
the developer was rinsed out with distilled water and the sample was dried by a 
stream of nitrogen. 
 
The grating period was measured during the grating development as described in 
sections 4.2.1.1 and 4.2.1.2. Even an estimation of the grating modulation amplitude 
can be measured during the grating development. Such a characterization typically 
consisted of a sequence of cycles of the development, the rinsing and the drying of 
the sample, and the optical characterization. However, these optical characterizations 
are limited to the grating periods over 320 nm. For the smaller grating periods, the 
optical characterization method cannot be used as the light emitted by HeNe laser is 
no longer diffracted by these gratings and the ligth of shorter wavelengths 
additionally bleach the photoresist.  
 
The areas of the photoresist which were not irradiated are also etched by the 
developer. This process (dark erosion) limits the resolution of the holographic 
recording. The rate of the dark erosion is dependent on the photoresist soft-bake 
process. The soft-bake process (described in section 4.2.2.2) was optimized to the 
minimum dark erosion 1.5 nm/s (these data are not shown here). For comparison, the 
development rate of the exposed photoresist was 2.0, 3.5 and 5.2 nm/s for the 
exposure dose of 1, 3 and 6 mJ/cm2 (at the wavelength of 325 nm), Fig. 60. The dark 
erosion of a over-baked photoresist is about 7 time faster when compared with the 
dark erosion of photoresist, which was soft-baked by the process described in section 
4.2.2.2, Fig. 60. Therefore it is important to follow the process carefuly to obtain the 
minimum dark erosion of 1.5 nm/s, Fig. 60. 
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Fig. 60 The photoresist thickness as a function of the development time for exposure doses of 0 
mJ/cm2 (i.e. dark erosion, black solid curve with circles), 1 mJ/cm2 (red dashed), 3 mJ/cm2 
(green dotted) and 6 mJ/cm2 (blue dash-dotted) at the wavelength of 325 nm. The photoresist 
was soft-baked by the soft-bake recipe presented in section 4.2.2.2. For a comparison, the dark 
erosion of the over-baked (122°C for 30 minutes) photoresist (black solid with squares) is 
presented. 

Because the gratings for SPR sensor are shallow, the typical development time was a 
few tens of seconds, Fig. 61. 

 
Fig. 61 The grating modulation amplitude as a function of the development time for 
the exposure dose 1.3 mJ/cm2 (black squares) and 2.1 mJ/cm2 (red circles) at the 
wavelength of 325 nm. The grating period was 436 nm. The resolution of S1818G2 
photoresist was sufficient enough to fabricate the diffraction gratings of the period 
from 200 nm up to 1500 nm and the depth-to-period ratio up to 0.4 (these data are 
not shown here). 
 
The typical homogeneity of the grating modulation amplitude across the grating of 
area 20 × 20 mm2 was below 9% relative standard deviation (RSD) (N ≥ 5). The 
variance was caused by inhomogeneous speed of the wet-etching process – the 
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central area of the photoresist exhibits better homogeneity than the area near the 
edges of the substrate, where the etching is more aggressive (these data are not 
shown here). The amplitude homogeneity was improved to below 5% RSD (N ≥ 5) 
for the 2 × 2 mm2 area. The homogeneity decreases for the gratings of the amplitude 
below 5 nm, where the inhomogeneity of the wet-etching is more pronounced. 
 
The homogeneity of the grating period across the grating was equivalent to the error 
of the optical characterization method 0.3% RSD (N ≥ 5, these data are not shown 
here). The homogeneity characterization was proceeded (data not shown here) using 
five measurement spots uniformly distributed over gratings of the length 26 mm (the 
grating grooves were perpendicular to the line of the measurement spots).  

4.2.3 Replication of diffraction gratings 
In order to produce large number of gratings, we used replication process. In our lab, 
the soft lithography technique [102] was adopted to generate replicas of diffraction 
gratings from the master photoresist grating. The soft lithography technique allows 
replication of nanostructured surfaces with feature dimensions smaller than 30 nm 
with high repeatability [122]. 
 
The replication process based on the soft lithography technique consists of an 
elastomer stamp fabrication and a replication of the profile of the elastomer stamp to 
a UV curable imprint resist. These processes are describen in sections 4.2.3.1 and 
4.2.3.2. 
 

4.2.3.1 Fabrication of elastomer stamps 
In the elastomer stamp fabrication process, the master grating was assembled to the 
part A of a form, Fig. 62 A), and fixed by a self-adhesive frame cut from a Mylar 
sheet of a thickness of 50 µm (Fralock, USA) using plotter BN-60 (GCC, Taiwan). 
The Mylar sheet frame simultaneously fixed the position of the master grating and 
defined the area of the replication. By sealing the part B of the form, a reservoir was 
created. The reservoir was defined by the walls of the form (part B), its bottom by 
the master grating and the Mylar frame, Fig. 62 A). The reservoir was filled with a 
mixture of the PDMS silicone elastomer Sylgard 184, which consists of the base and 
the curing agent mixed in a ratio of 10:1, Fig. 62 B). The PDMS volume was about 5 
ml, and it created the PDMS layer of a thickness of about 4 mm. Effort was made to 
avoid trapping the air bubbles in the PDMS and the PDMS was degassed at the 
pressure 800 mbar for 30 minutes immediately after pouring the PDMS into the 
form. Then, the form with PDMS was cured at the temperature of 60°C for six hours 
in the oven 0313V (CLASIC CZ spol. s r. o., Czech Republic). The cured PDMS 
stamp was gently peeled off the master grating, Fig. 62 C), and stored in a dust-free 
enfironment. The form with the assembled master grating can be reused for a new 
fabrication of the PDMS stamp. 
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Fig. 62 The elastomer stamp fabrication process. A) Scheme of the mould parts. B) The pouring 
of the PDMS mixture to the assembled mould. C) The removal of the cross-linked PDMS stamp 
from the master grating.  

4.2.3.2 Process of replication 
In the process of replication, a glass substrate, which was cleaned identically to the 
grating substrates (section 4.2.2.1), was spin-coated by the UV curable imprint resist 
Amonil MMS4 (AMO GmbH, Germany), Fig. 63 A). The thickness of the spin-
coated MMS4 layer is a function of the maximum spin-coating speed, Fig. 64. Using 
the spin-coating protocol shown in Fig. 65, the Amonil layer of thickness (115 ± 4) 
nm was prepared. Immediately after the spin-coating, the PDMS stamp was brought 
to contact with the Amonil layer. Effort was made to avoid trapping the air bubbles 
between the PDMS stamp and the substrate with the Amonil layer. The Amonil with 
the attached PDMS stamp was cured by the UV light exposure in the UV chamber 
Polylux 500 ( Dreve Dentamid, Germany), Fig. 63 B). The curing time of 10 minutes 
was found sufficient to complete the hardening of the Amonil layer. Then, the PDMS 
stamp was removed from the replicated diffraction structure, Fig. 63 C), and can be 
reused for the next replication. 
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Fig. 63 The replication of the gratings: A) The UV curable resin is spin-coated on the substrate. 
B) The PDMS stamp is brought to contact with the UV curable resin and cured by UV light. C) 
The PDMS stamp is peeled off from the replica of the grating.  

 

Fig. 64 The Amonil MMS4 thickness as a 
function of the spin-coating speed. The Amonil 
film thickness was measured by the stylus 
profilometer Tencor αααα-step 500 (KLA Tencor, 
USA). 

Fig. 65 The protocol of spin-coating of the 
Amonil layer.  

The replicas of the grating consistently exhibit the grating period approximately 
1.1% lower than the grating period of the master gratings, Fig. 66. This difference 
was caused by different thermal expansion coefficients of the PDMS and the master 
photoresist grating. The difference of the master-replica grating period was observed 
because the PDMS was hardened in contact with the master grating at the 
temperature of 60°C, but the PDMS to Amonil pattern replication was realized at a 
room temperature. 

 
 Fig. 66 The ratio of the master period (ΛΛΛΛmaster) and the replica period (ΛΛΛΛreplica) as a function of 
the period of the master grating. The PDMS stamps were heat-cured at the temperature of 60 C 
for 6 hours. 

The typical homogeneity of the grating modulation amplitude across the replica of 
dimmensions 24 x 18 mm2 was about 8% RSD, Fig. 67. This value agrees well with 
the homogeneity of the master grating modulation amplitude. 
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Fig. 67 The grating amplitude determined at different areas A-I of a replica of a grating of 
dimmensions 24 x 18 mm2. The error bars are defined as the standard deviation (N ≥≥≥≥ 4). Inset: 
The localization of the characterization spots (yellow areas) of the grating replica.  

To compare modulation amplitude of the master and the replica of the master, the 
normalized grating amplitude difference Adiff, norm is defined by Eq. (51). The term 
Adiff, norm is zero for the ideal case, where the replica is an exact copy of the master. 

 ,,

master

replicamaster

normdiff
A

AA
A

−
=  (51) 

where masterA and replicaA is the average of the amplitude modulation of the master and 

the replica of the grating. 
 
The comparison of the modulation amplitude between the master and the replica is 
shown in Fig. 68. The comparison reveals that the normalized grating amplitude 
difference is lower than the homogeneity of the grating amplitude, Adiff, norm ≤ 6%. 
The comparison was realized by the AFM characterization of the area 2 × 2 mm2, 
from which the PDMS stamp was fabricated and replicated to the Amonil layer.  
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Fig. 68 The grating modulation amplitude of three masters (black squares) and replicas of the 
masters (red circles) gratings. The normalized grating amplitude difference is also shown 
(crosses). The grating period is 436.6 nm.  

As reported in [122], the PDMS stamp deteriorates with the number of the 
replication cycles. Therefore, the reproducibility of the replication process was 
studied. Specifically, a set of replicas of the grating was fabricated using a PDMS 
stamp and the grating modulation of the replicas was measured. The replicas were 
identified by the number of the replication cycles of the PDMS stamp. Three AFM 
images were taken randomly within the area of 2 × 2 mm2 (the area is identical over 
the set of the replicas). It is shown in Fig. 69, that the grating modulation amplitudes 
are close – the RSD is below 3.5%, Fig. 69. This suggests that the PDMS stamps can 
be used for at least 20 replication cycles.  

 
Fig. 69 Grating modulation amplitude (black circles) as a function of the number of replication 
cycles. The error bars equal to the standard deviation of grating amplitude (number of 
measurements N=3). The red dashed curves define the RSD 3.5%. Structure: grating period of 
436.6 nm, grating amplitude of 24.5 nm. 

The repeatability of the replication process was studied. Specifically, a set of the 
PDMS stamps was fabricated from a master grating, these PDMS stamps were 
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replicated, and the parameters of the replicas were measured. The grating period was 
measured optically using the Littrow configuration. Reproducibility of the period of 
the grating replica was found to be better than 0.3% RSD (N=7), Fig. 70. 

 
Fig. 70 The grating period for different PDMS stamps, which were sequentionally fabricated 
from the identical master grating. Grating period was measured optically using the Littrow 
geometry.  

The replicas of the master grating fabricated from the Amonil MMS-4 are resistant to 
the mostly used chemical solvents: acetone, ethanol, various solutions of water-
sodium chloride and water-sodium phosphate. The chemical and the thermal stability 
of the Amonil replicas at temperatures up to 126°C was proved by the AFM 
characterization of the replicas (the data not shown here). 

4.2.4 Deposition of metal layers on diffraction gratings 
The diffraction grating has to be coated by a metal layer in order to function as a SPR 
grating coupler. Prior to the deposition, the gratings were cleaned by a plasma charge 
in the plasma cleaner Femto (Diener electronic GmbH + Co. KG, Germany). The 
plasma charge was applied for 4 minutes at the power of 50 W and the pressure of 
0.2 - 1.0 mbar. The metal deposition was conducted in the thin film deposition 
facility PLS 570 (Pfeiffer Vacuum GmbH, Germany) equipped with the oil-free 
pump i35 (Edwards, UK) and the turbo-molecular vacuum pump TPH 2200 (Pfeiffer 
Vacuum GmbH, Germany). The vacuum was below 5⋅10-7 mbar. The layer of the 
titanium (thickness 1-3 nm) was deposed on the sample in order to increase the 
adhesion. Then, the gold layer of thickness over 100 nm was deposited. In section 
4.1.1, the optical parameters of the gold layer were measured by the spectral 
ellipsometer Sentech 850 SE (Sentech GmbH, Germany).  

4.2.5 Preparation of SPR grating couplers - summary 
The characterization, the fabrication and the replication of the diffraction gratings 
was optimized in sections 4.2.1 - 4.2.4. The S1818G2 photoresist and the S1813 
photoresist were used for the fabrication of the diffraction gratings using the 
holographic interferometry. These diffraction gratings are of a sinusoidal profile or 
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of a sum of sinusoidal components. The grating period of the sinusoidal components 
was from 200 nm to 1500 nm. The depth-to-period ratio of the sinusoidal 
components was up to 0.4. The dimension of the fabricated diffraction gratings was 
up to 32 x 32 mm2. The master (photoresist) gratings were replicated using the soft 
lithography technique, the PDMS stamps and the UV curable resin Amonil MMS4. 
The replicas of the gratings were durable and resistant to the temperature up to 
126°C and to chemical solvents used during the functionalization of the sensing 
surface for biosensing or the biosensing experiment. 
 
The characterization procedures of the diffraction gratings were developed. These 
procedures were used to the study of the homogeneity and the repeatability of the 
fabrication and the replication processes. The homogeneity of the grating period and 
the grating modulation amplitude of the fabricated diffraction gratings were below 
0.3% and 9%, respectively. The homogeneity of the replicas was found to be 
comparable with the homogeneity of the master photoresist gratings. 

4.3 WDM SPR sensor  
The WDM SPR grating-based biosensors are based on the SPs excited on the 
diffraction gratings, which supported simultaneous excitation of the SPs at different 
wavelengths. The diffraction efficiencies are observed and the wavelengths of the 
SPRs are tracked. In this section, the geometry of the experimental WDM SPR setup 
is described. 
 
The WDM SPR sensor consisted of three modules: the optical module (section 
4.3.1), the chip cartridge (section 4.3.2) and the spectral analyzing and processing 
module (section Error! Reference source not found.), Fig. 71.  

 
Fig. 71 The experimental setup and the chip-cartridge of the grating-based WDM SPR sensor.  
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4.3.1 Optical module 
In the optical module, Fig. 71, a polychromatic unpolarized light was produced from 
the halogen lamp HL-2000-HP (Mikropack GmbH, Germany). The light was 
coupled into the multimode fiber FT-200-EMT (Thorlabs, USA) and collimated by 
means of a collimator (Zeiss, Germany). The collimated beam of 0.3° divergence 
was polarized by the thin broad-band polarizer Polarcor 800-HC (distributed by 
Corning, USA) and passed through the non-polarizing cube beam splitter (Edmund 
Optics, UK). Then, the beam was made incident under the normal incidence on the 
chip cartridge containing the SPR grating coupler. The light beam reflected from the 
grating coupler was separated from the excitation beam by means of the cube beam 
splitter. Then, the light was coupled into the multimode optical fiber FT-200-EMT 
(Thorlabs, USA) and it was brought to the spectral analyzing and processing module, 
where the spectra were analyzed using the spectrograph MCS 501 UV-NIR (Zeiss, 
Germany) or the spectrometer S2000 (Ocean Optics, USA) and the positions of SPR 
minima were tracked. 

4.3.2 Chip cartridge  
The chip cartridge consisted of the SPR grating coupler and the interfaced 
microfluidic system, Fig. 71. The microfluidic system was made on a BK7 cover-
glass (Schott, USA) from a three layer sandwich of the 50 µm thick Mylar sheets 
(Fralock, USA). The channel structures defined in the Mylar sheets were cut by the 
plotter BN-60 (GCC, Taiwan) or by the CO2 laser (by the Medicom company, Czech 
Republic). The microfluidic channels were 3.8 mm wide and 14 mm long, Fig. 72. 
The input ports of the chip cartridge were connected to the peristaltic pump Reglo 
(Ismatec, Switzerland) through the polytetrafluoroethylene (PTFE) or the PEEK 
tubings (Upchurch Scientific, USA). The output ports of the chip cartridge were 
connected similarly to a waste container. The sealing of the flow-cell was realized by 
a clamping frame, which was pressed against the grating coupler using a force of 
about 120 N. 
 

 
Fig. 72 The geometry of the three-layer microfluidic system presented in Fig. 71 - the top, the 
middle and the bottom MYLAR layer. 

4.3.3 Spectral analyzing and processing module 
In the spectral analyzing and processing module, the detected light was characterized 
by a spectrograph. The spectrograph CLH 500 (Zeiss, Germany) or the S2000 
(Ocean Optics, USA) was used over the time. At the beginning of an experiment, the 
dark spectrum (which was measured whenlight from the light source was blocked) 
and the TE-polarized diffraction efficiency was collected. Then, the TM-polarized 
diffraction efficiency was normalized according to (52).  
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DTE

DTM
TM N −

−=  (52) 

where D is the dark spectrum, TE is the TE-polarized diffraction efficiency and TM 
is the TM-polarized diffraction efficiency.  
 
The SPR wavelength changes were tracked using the normalized TM diffraction 
efficiency TMN (52) and the tracking centroid method [140]. 

4.4 Sensor calibration 
Prior the biosensing experiment itself, the calibration of the sensor to the bulk RI 
changes was realized by an injection of liquids of various RIs. These liquids were 
mixtures of water and ethylene glycol or solutions of NaCl in water, which were 
presented in the sections 4.1.3 and 4.1.4. When the deionized water filled the flow-
cell, the sensor response determined a baseline to which further SPR shifts were 
measured.  
 
The bulk sensitivities SB(λi) = SB,i of the SPR at the wavelength λi were calculated as 
a ratio of the sensor response changes divided by the RI changes. The precision of 
the RI of the calibration solutions (2⋅10-5 RIU), the absolute value of the RI changes 
between the calibration solutions (typically at least 0.01 RIU), the sensor responses 
(typically a few nm) and the error of the sensor response (the standard deviation of a 
line-fit of the baseline) determine the precision of the bulk RI sensitivity. The typical 
relative error of the bulk RI sensitivity was below 2%. The estimated bulk 
sensitivities were used as input parameters for the deconvolution process of the 
WDM of two SPs (the term RB

j,i (i ≠ j), section 3.5) and the WDM of three SPs 
(section 3.6). 

4.5 WDM SPR biosensing 
In this section, the grating-based WDM SPR sensor with different grating couplers 
are used to study biomolecular interactions. These sensors inclute two types of the 
grating couplers – the grating coupler supporting multiple conventional SPs and the 
grating coupler supporting Bragg-scattered SPs. 
 
In this section, the model biosensing experiment (section 4.5.1) is described. Then 
the diffraction efficiency of SPR grating coupler (in contact with water) is compared 
with the theory and the model experiments are performed in order to show the 
potentials of WDM for the analysis of the biomolecular interactions. The WDM of 
two SPs was applied to two conventional SPs excited by the five-diffraction grating 
(section 4.5.2) and to the Bragg-scattered SPs (section 4.5.3). The WDM of three SPs 
was applied to three SPs excited by the five-diffraction grating (section 4.5.4).  

4.5.1 Model sensing experiment 
The model biosensing was experimentally realized by a layer-by-layer growth of 
protein monolayers. At the beginning of the experiment, a citrate buffer (CB) was 
injected into the flow cell resulting in a baseline of the sensor response to which 
changes of the biomolecular interaction were referred. Then, the bovine serum 
albumin (BSA) of the concentration 100 µg/ml was nonspecifically adsorbed to the 
sensor surface and formed a monolayer. The sensor surface was then washed with 
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CB and a solution with dextrane sulfate (DS) (Sigma-Aldrich, USA) of concentration 
1 mg/ml was flowed over the BSA monolayer. The molecules of DS were electro-
statically bound to the BSA molecules because of their opposite charges. Then, the 
CB was again injected into the flow-cell. The CB washed off the unbound molecules 
from the sensor surface and defined a new baseline, which determined the sensor 
response to the surface change. A stack of the BSA monolayers interlinked with DS 
molecules was produced by repeating this procedure. 
 
In this part of the experiment, the term RS (section 3.5) was obtained as a ratio of the 
sensor responses at the wavelengths λi and λj to the surface change, RS = RS

j,i = 
SS,j/SS,i (i ≠ j). The term RS was used as the input parameter for the deconvolution 
process of the WDM of two SPs (section 3.5). 
 

4.5.2 WDM SPR sensor with two conventional SPs 
In this study, a SPR grating coupler supporting five conventional SPs was used. The 
multi-diffraction grating was produced by a sequential recording of the harmonic 
components to the S1813 photoresist layer (section 4.2.2). The periods of the 
harmonic components were measured optically (section 4.2.1.1) and they are 
collected in Table 6. The development time of the photoresist was chosen to be 
identical to that, which produced the optimum grating modulation depth (22 nm) of 
the conventional grating with the grating period of 520 nm. Because the scan-size of 
the grating measured by AFM was limited (below 16 µm), the profile cannot be 
fitted by the complex profile-function of the five-diffraction grating. Therefore, the 
amplitudes of the multi-diffraction harmonic components were not measured by the 
AFM method.  
 

Λ1 (454.7 ± 0.4) nm 
Λ2 (518.7 ± 0.6) nm 
Λ3 (578.5 ± 0.7) nm 
Λ4 (637.3 ± 0.9) nm 
Λ5 (701.5 ± 1.2) nm 

Table 6 The periods of the harmonic components of the multi-diffraction grating. 

When the grating coupler was in contact with water, the TM normalized spectrum 
(52) was recorded, Fig. 73. The spectrum consists of the five distinct SPR dips. 
When the grating was interfaced with water, the SPR were formed at wavelengths of 
λ1 = 665 nm, λ2 = 736 nm, λ3 = 809 nm, λ4 = 881 nm and λ5 = 962 nm.  
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Fig. 73 The normalized TM diffraction efficiency of the five-diffraction SPR grating coupler. 
The grating was in contact with water. The reflectivity spectrum exhibits five SPRs at 
wavelengths λλλλ1 to λλλλ5, which corresponded to the harmonic components ΛΛΛΛ1 to ΛΛΛΛ5. 

The experimentally observed SPRs at the wavelengths λ1 to λ4, which corresponded 
to the grating periods Λ1 to Λ4, were approximately three times broader than the 
SPRs modeled by the single diffraction gratings of the grating periods Λ1 to Λ4. The 
observed SPR at the wavelength λ5 was very shallow and the SPR wavelength was 
noisy. Therefore that particular SPR was not used for the sensing. These 
discrepancies are believed to be caused by the differences in the permittivity of the 
material used in the model and the real ones, by the roughness of the grating surface, 
which was not assumed in the model, by a limited spectrograph resolution, and by 
the modulation amplitudes of the harmonic components, which were not optimized. 

 
The sensor calibration and the model experiment (for details, see sections 4.4 and 
4.5.1), were performed and the corresponding sensorgram is shown in Fig. 74 (the 
RIs were taken at the wavelength of 736 nm). The calibration part (the bulk RI 
changes) of the experiment took place between -60 and 17 minutes, the biomolecular 
interaction, i. e. the growth of the protein monolayers, was between 17 and 240 
minutes. 
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Fig. 74 The sensorgram of the model experiment with four conventional SPs. The periods of the 
grating harmonic components are collected in Table 6. The SPRs corresponded to the 
harmonics ΛΛΛΛ1 (black solid), ΛΛΛΛ2 (red dashed), ΛΛΛΛ3 (green dotted), and ΛΛΛΛ4 (blue dash-dotted curve). 

The calibration solutions were the mixtures of water and ethylene glycol of the RI 
from 1.3377 RIU to 1.3308 RIU (the RIs were taken at the wavelength of 736 nm). 
The bulk sensitivities SB,i, i = {2, 3, 4}, were calculated from the sensor responses to 
the calibration solutions injected into the flow-cell (section 3.5). The experimentally 
determined bulk RI sensitivities were SB,1 = 489 nm/RIU, SB,2 = 579 nm/RIU, 
SB,3 = 666 nm/RIU and SB,4 = 749 nm/RIU, Table 7. The terms RB

j,1 (j = 2, 3, 4) 
were calculated and they were also given in Table 7. 
 

 Λ1 Λ2 Λ3 Λ4 
Resonant wavelength (nm) 665 736 809 881 

FWHM (nm) 41.7 37.0 36.7 33.8 
Experimentally determined 

bulk RI sensitivity (nm/RIU) 
488 577 664 747 

Term RB
j,1 - RB

2,1=1.1835 RB
3,1=1.3617 RB

4,1=1.5318 
SD of sensor response (the 

1st CB buffer baseline, 
N=244) (pm) 

3.9 5.9 5.1 10.2 

Bulk RI resolution (RIU) 8.0⋅10-6 10.2⋅10-6 7.7⋅10-6 13.6⋅10-6 
     

SPR sensor response to the 
surface change (nm) 

0.9356 0.8054 0.7380 0.7131 

Term RS
 j,1 - RS

2,1=0.8551 RS
3,1=0.7723 RS

4,1=0.7659 

Table 7 The experimentally determined sensing parameters of the multi-diffraction grating SPR 
coupler.  
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The noise of the sensor response in the first buffer injection stage was 3.9 pm for 
λ1 = 665 nm, 5.9 pm for λ2 = 736 nm, 5.1 pm for λ3 = 809 nm, and 10.2 pm for 
λ4 = 881 nm. The noise of the sensor response determined the sensor resolution from 
7.7⋅10-6 RIU to 13.6⋅10-6 RIU, Table 7. 
 
The sensor responses to the surface changes were determined as 0.9356 nm, 0.8054 
nm, 0.7380 nm and 0.7131 nm for the SPR of the wavelengths λ1, λ2, λ3 and λ4, 
Table 7. These sensor responses determined the terms RS

j,1, j = {2, 3, 4}, Table 7. 
 
The calculated bulk sensitivities of the conventional grating were SB,1

 model = 462 
nm/RIU, SB,2

 model = 532 nm/RIU, SB,3
 model = 596 nm/RIU and SB,4

 model = 655 
nm/RIU. The comparison of the experimentally determined and the calculated bulk 
sensitivities revealed a difference, which was increasing for SPs of the higher 
wavelengths, Table 7. These discrepancies are believed to be caused by the 
differences in the permittivity of the material used in the model and the ones of the 
layers used, by the roughness of the grating surface, which was not assumed in the 
model, and by the modulation amplitudes of the harmonic components Λ1 to Λ4, 
which were not optimized. 
 
The terms RB

j,1 and RS
j,1, j = {2, 3, 4}, were used to decompose the sensor responses 

into the responses due to the bulk RI and the surface changes, Fig. 75 - Fig. 77. In the 
region of the bulk RI changes, i.e. from -60 to 17 minutes, the deconvoluted bulk RI 
responses show rapid changes which corresponded to the changes of the calibration 
solutions. In the identical time interval, the surface responses exhibited only minor 
fluctuations with small spikes in transition regions, which correspond to 
replacements of the solutions. In the region of the surface changes, i.e. from 17 to 
240 minutes, the deconvoluted surface responses dominated over the bulk responses, 
which showed only minor changes.  

 
Fig. 75 Top: The sensorgram of the model experiment with conventional SPs. The SPRs occured 
at the wavelengths of 665 nm (black solid) and 736 nm (red dashed). Bottom: The deconvoluted 
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sensor response to the surface (black solid) and to the bulk RI (red dashed) changes. Parameters 
of the diffraction grating are collected in Tables 6 and 7. 

 
Fig. 76 Top: The sensorgram of the model experiment with conventional SPs. The SPRs occured 
at the wavelengths of 665 nm (black solid) and 809 nm (red dashed). Bottom: The deconvoluted 
sensor response to the surface (black solid) and to the bulk RI (red dashed) changes. Parameters 
of the diffraction grating are collected in Tables 6 and 7. 

 
Fig. 77 Top: The sensorgram of the model experiment with conventional SPs. The SPRs occured 
at the wavelengths of 665 nm (black solid) and 881 nm (red dashed). Bottom: The deconvoluted 
sensor response to the surface (black solid) and to the bulk RI (red dashed) changes. Parameters 
of the diffraction grating are collected in Tables 6 and 7. 
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4.5.3 WDM SPR sensor with Bragg-scattered SPs 
In this study, a SPR grating coupler supporting two Bragg-scattered SPs was used. 
The grating was produced by a sequential recording of the harmonic components to 
the S1818G2 photoresist layer (section 4.2.2). The periods of the harmonic 
components were measured optically (section 4.2.1.1) as Λ1 = (599.9 ± 0.8) nm and 
Λ2 = (299.9 ± 0.4) nm. The amplitudes of the harmonic components were were 
measured by AFM as a1 = 13.0 nm and a2 = 6.3 nm, Fig. 78. 
 
When the grating coupler was in contact with water, the reflected TM normalized 
spectrum was recorded, Fig. 79. The spectrum contained two distinct SPR dips at the 
wavelengths of λ1 = 813.3 nm and λ2 = 837.2 nm. The observed dips were broader 
tahn predicted by the theoretical model. The FWHM of the observed SPRs of 
wavelengths of λ1 = 813.3 nm and λ2 = 837.2 nm was 6.6 nm and 9.4 nm, 
respectively. These FWHMs were larger by a factor of two than the predicted 
FWHM values 3.4 nm and 5.4 nm.  
 
These discrepancies are believed to be caused by the differences in the permittivity 
of the material used in the model and the real ones, by the roughness of the grating 
surface, which was not assumed in the model, by a limited spectrograph resolution, 
and by variable phase difference of the harmonic components. The optimum phase 
difference of Bragg-scattered grating equals to 0 or π (for details, see section 
3.3.4.2), however the phase difference was not controlled during the grating 
fabrication. Therefore, the observed SPRs are supposed to be averaged over all phase 
differences (from -π to π). 

Fig. 78 The DFT analysis of the profile of the 
Bragg-scattering grating coupler. The profile 
was measured by AFM. 

 

Fig. 79 The measuered (black solid) and 
modeled (red dashed) diffraction efficiency of 
the Bragg-scattering grating coupler as a 
function of wavelength. The grating coupler 
was in contact with water. The modeled 
spectrum was calculated for the phase 
difference ∆∆∆∆ϕϕϕϕ = 0° of the harmonic 
components of periods ΛΛΛΛ1 = 2ΛΛΛΛ2 = 600 nm. The 
modulation amplitudes of the harmonic 
components of the grating and the model are 
a1=13.0 nm and a2=6.3 nm. 
 

The bulk RI sensitivity was measured using the water-salt solutions of the mass 
concentration of the sodium chloride {0, 2, 4, 6, 8 and 10} g/l. The RIs of the 
solutions varied from 1.3274 RIU to 1.3428 RIU (at the wavelength of 880 nm). The 
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solutions were flowed to the flow-cell between 0 and 47 minutes, Fig. 80, top. The 
bulk sensitivities were determined to be SB

1 = 595 nm/RIU and SB
2 = 610 nm/RIU, 

and the term RB was calculated to be RB = 0.97566. The term RS was determined 
using the growth of the BSA monolayers taking place from 47 to 117 minutes (Fig. 
80, top) and was determined to be RS = 0.67683.  
 

 
Fig. 80 Top: The sensorgram of the model experiment with Bragg-scattered SPs. When in 
contact with water, the high energy mode λλλλH.E. (black solid curve) occured at the wavelength 
of 813.3 nm and the low energy mode λλλλL.E. (red dashed curve) occured at the wavelength of 
837.2 nm. Bottom: The deconvoluted sensor response to the surface (black solid curve) and to 
the bulk RI (red dashed curve) changes.  

The measured and the deconvoluted sensor responses to the model experiment are 
presented in Fig. 80, bottom. The deconvoluted sensor response to the bulk RI 
changes showed rapid step-like changes and it showed almost no response to the 
growth of the protein monolayers. The rapid step-like changes correlated with the 
injection of the buffers to the flow-cell. In contrast, the deconvoluted sensor response 
to surface change showed almost no response until the start of the growth of the 
protein monolayers.  

4.5.4 WDM SPR sensor with three conventional SPs 
The WDM of three conventional SPs was applied to the identical WDM SPR 
platform, which was presented in the section 4.5.2, i.e. to the five-diffraction grating 
coupler supporting simultaneous excitation of conventional SPs. The parameters of 
the five-diffraction grating are collected in Table 6. The reflected TM normalized 
spectrum of the grating coupler, when that was in contact with water, is shown in 
Fig. 73.  
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Using the perturbation theory and the parameterization presented in the section 3.6, 
the fitted parameters were: the refractive index change in the whole dielectric 
p1 = δnB, the refractive index change of a homogeneous thin film  p2 = δnF, and the 
thickness of the thin film p3 = h. These three parameters were used fit the modeled 
SPR wavelength changes δλi

m(λi, p1, p2, p3) to the measured SPR wavelength 
changes δλi. The fit procedure was based on minimalization of square root of the 
difference between these SPR wavelength changes. SPs of wavelengths of 665 nm, 
736 nm and 881 nm were used for the fit. Acording to Fig. 73, these measured SPR 
wavelength changes were δλi (i = 1, 2, 4). 
 
The RI of the calibration solutions ranged from 1.3308 to 1.3400 RIU, Fig. 81 (the 
RIs of calibration solutions in all figures of this section were taken at the wavelength 
of 736 nm). The solutions were mixtures of water and ethylene glycol, section 4.1.3. 
From the sensor calibration, the input parameters of the perturbation theory model 
(46) were determined as follows: The real part of the individual propagation 
constants of SPs Re{βSP(λi)} was determined as 2π/Λi, i = {1, 2, 4}, using (9), where 
the grating periods Λi were measured optically, Table 6. The effective SP refractive 
indices NSP(λi) were computed using Eq. (1). The bulk sensitivities SB(λi) were 
calculated from the wavelength changes induced by the bulk RI changes, which were 
realized by the injection of the calibration solutions to the flow-cell.  

 
Fig. 81 Sensorgram of the calibration process with three conventional SPs. The calibration 
solutions of RI 1.3308-1.3400 RIU were used (RI were taken at the wavelength of 736 nm). 
When in contact with water, the SPR formed at of wavelengths of 665 nm (black solid), 736 nm 
(red dashed) and 881 nm (green dotted). 

The input parameters of the perturbation theory model are collected in Table 8, in 
which the effective SP refractive indices NSP(λi) were computed with respect to RI of 
water at the resonant wavelength λi. 

 Λ1 Λ2 Λ4 
Resonant wavelength (nm) 665 736 881 
Bulk RI sensitivity (nm/RIU) 489 579 749 
Effective SP refractive index NSP 1.4678 1.4246 1.3811 
RI of water (RIU) 1.33225 1.33077 1.32832 

Table 8 The input parameters of the perturbation theory-based model for WDM of three 
conventional SPs.  
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The standard deviation of noise of the sensor response in the initial stage of the 
experiment (nB = 1.3308) was 2.5 pm at the wavelength λ1 = 665 nm, 4.9 pm at the 
wavelength λ2 = 736 nm, and 9.9 pm at the wavelength λ4 = 881 nm (calculated from 
170 sensor response values).  
 
In the second part of the model experiment, a growth of a stack of the BSA 
monolayers was realized. The observed SPR wavelength changes are shown in 
Fig. 82.  

 
Fig. 82 Sensor response to the bulk RI changes followed by the growth of the BSA monolayers. 
When in contact with water, the SPRs occured at wavelengths of 665 nm (black solid line), 736 
nm (red dashed line) and 881 nm (green dotted line).  

In order to decrease the number of datapoints in sensorgrams presented in Fig. 82 
and thus speed up the fitting routine, the time of measurement per one datapoint was 
increased (from 4 s to 100 s within the time interval between -55 and 15 minutes and 
to 40 s within the time interval between 15 and 240 minutes. The SPR wavelength 
changes were fitted using the perturbation theory presented in the section 3.6, which 
was applied in a MATLAB routine. The starting parameters of the fitting were in the 
following ranges: δnB from 0 to 5⋅10-5 RIU, δnF from 0 to 0.11 RIU, and h from 1 to 
50 nm. The difference between the fitted and the measured SPR wavelengths were 
lower than 0.1 nm, Fig. 83.  
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Fig. 83 Top: The time evolution of the difference between the fitted δδδδλλλλi

m and the measured δδδδλλλλi 
SPR wavelength changes, which were induced by the bulk RI changes followed by the growth of 
the BSA monolayers. When in contact with water, the SPRs occured at wavelengths of 665 nm 
(black squares), 736 nm (red circles) and 881 nm (green triangles). Bottom: The time evolution 
of the measured (curves) and fitted (marks) SPR wavelength changes in response the bulk RI 
changes followed by the growth of the BSA monolayers. When in contact with water, the SPRs 
occured at wavelengths of 665 nm (black solid curve, black “++++” crosses), 736 nm (red dashed 
curve, red “××××” crosses) and 881 nm (green dotted curve, green stars).  

The time evolution of the fitted parameters δnB, δnF and h is shown in Fig. 84. 
Within the time region (-50, 15), the changes of the background RI δnB corresponded 
with the changes of the calibration solutions. From the time t = 20 min, when the 
stack of the BSA monolayers started to grow and the calibration solutions were 
replaced by a buffer, the changes of the background RI δnB fluctuated around 1.9⋅10-

3 RIU. Within the changes of the calibration solutions, the parameters of the thin 
layer δnF and the thickness h varied by up to 2⋅10-4 RIU and 5 nm, respectively. The 
variations show, that no thin layer was presented on the sensor surface within the 
time region (-50, 15) min. When the stack of the BSA monolayers started to grow, a 
rapid change of the thin layer RI δnF about 0.1 RIU occurred simultaneously with the 
step-like increase of the thin film thickness h, Fig. 84. 
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Fig. 84 The time evolution of the parameters of the thin layer RI change δδδδnF, the thin layer 
thickness h, and the bulk RI change δδδδnB in response to the bulk RI changes followed by the 
growth of the BSA monolayers.  

4.5.5 Applications of WDM SPR sensors – discusion 
It was demonstrated that the sensor based on the WDM of three conventional SPs is 
capable of simultaneously determining the average thickness and the average RI of 
the BSA multi-layer grown on the sensor surface. Sensor based on WDM of three 
SPs was also proven to be ble to distinguish these changes from the background bulk 
RI variations, Fig. 84. In the model experiment, the average RI of the BSA 
monolayer was determined to be 1.43 RIU. That is comparable with the value 
obtained in [142]. The detected average thickness of the BSA monolayer was 5.1 nm, 
which is also in a good agreement with the thickness of 3-8 nm reported in [143]. 
The measurements also suggest that the thickness of the first hydrophobically 
adsorbed BSA monolayer was significantly thinner (1.5 nm) than the following BSA 
layers. This was probably caused by a different mechanism of the BSA adsorption to 
the gold and to the DS-BSA monolayer.  
 
The WDM of three conventional SPs showed that the sensor response to the first 
adsorbed BSA layer h⋅∆nF = 0.1751 nm⋅RIU. The h⋅∆nF = 0.1751 nm⋅RIU, the 
experimentally measured sensor responses λ1 and λ2 and noise of the sensor responses 
were used as input parameters for the sensor resolution, the noise and the cross-
sensitivity analysis (section 3.5.2). The result of the analysis is collected in Table 9.  
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λ1 

(nm) 
λ2 

(nm) 
|λ1 -λ2| 
(nm) 

|ε(S)cross, S 

neglected|/|∆nB| 
(nm) 

|ε(S)N| 
(nm) 

|ε(B)N| 
(10-6 RIU) 

Conventional SPs 
Λ1 = 455 nm, Λ2 = 519 nm 

665 736 72 1.31 6.0 49 

Conventional SPs 
Λ1 = 455 nm, Λ2 = 579 nm 

665 809 143 0.80 3.7 21 

Conventional SPs 
Λ1 = 455 nm, Λ2 = 637 nm 

665 881 215 0.96 4.4 23 

Bragg-scatterred SPs 
a1 = 12.5 nm, a2 = 6.3 nm 

813* 837* 24* 0.20 1.6 76 

* λ1 = λH.E., λ2 = λL.E. 

Table 9 The calculated values of the SPRs’ difference |λλλλ1 -λλλλ2|, the normalized cross-sensitivity of 
the complex of the thin layer thickness and the change of its RI |εεεε(S)cross, S neglected|/|∆∆∆∆nB|, the noise 
in the complex of the thin layer thickness and the change of the thin layer RI |εεεε(S)N|, and noise in 
the bulk refractive index change |εεεε(B)N| for the bi-diffractive grating and the Bragg-scatterred 
gratings, which consisted of the harmonic components ΛΛΛΛ1 and ΛΛΛΛ2. The thin layer change was 
determined by the three-signal WDM, h⋅⋅⋅⋅∆∆∆∆nF = 0.1751 nm⋅⋅⋅⋅RIU.  

Table 9 and Eq. (39) show, that the accuracy of the linear deconvolution is 
proportional to the term (RB

j,i – RS
j,i). This term is proportional to a difference of the 

SP electromagnetic field profiles and it is increasing with the SPR wavelength 
difference |λi -λj|. The deconvoluted responses of the conventional SPs followed 
expected trend - the discrimination obtained using SPRs at the wavelengths of 665 
nm and 881 nm was more accurate than discrimination of SPRs at the wavelengths of 
665 nm and 736 nm. This agrees well with Fig. 75 and Fig. 77. The discrimination of 
SPRs at the wavelengths of 665 and 881 nm was comparable to SPRs at the 
wavelengths of 665 nm and 809 nm, because of the higher noise of the tracked SPR 
at the wavelength of 881 nm, Table 9, Fig. 76 and Fig. 77.  
 
When the same value of the SPR wavelength difference |λ1 - λ2| is assumed, the 
electromagnetic field profiles of the Bragg-scattered SPs are more different than the 
electromagnetic field profiles of the conventional SPs (section 3.3.4). That trend was 
confirmed experimentally - the Bragg-scattered SPs of the term |λi - λj| = 24 nm 
offered almost seven times better cross-sensitivity of the complex of the thin layer 
thickness and the change of the thin layer RI. Simultaneously, the Bragg-scattered 
SPs offered almost 4 times lower noise in the h⋅∆nF than the conventional SPs of |λi -
 λj| = 72 nm. The Bragg-scattered SPs exhibited about two times higher noise for the 
measurement of bulk RI changes than the conventional SPs of |λi - λj| = 72 nm.  
 
When the results of the analysis (which is experimentally based) presented in Table 9 
are compared with the results of the analysis (which is simulation-based) presented 
in Table 3, the cross-sensitivity term in Table 9 is about three times worse than the 
simulations. The noise in the thin layer and the noise in the bulk RI changes is about 
two times and 24 times worse than the simulations, respectively. These discrepancies 
are believed to be caused by the imperfections of the diffraction gratings, where the 
phase difference of harmonic components was not optimized and the roughness of 
the grating profile was not accounted in the model. Moreover, the absence of the 
temperature stabilization of the grating coupler caused additional instability of the 
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sensor output. These effects added additional noise and drifts to the sensor responses, 
which were not accounted by the theoretical model.  
 
When the results of the analysis presented in Table 9 are compared with the analysis 
based on the experimental responses of the prism-based WDM SPR sensor (Table 3), 
the Bragg-scattered WDM SPR sensor is about two times better in the terms of the 
normalized noise and the cross-sensitivity of the thin layer changes. The Bragg-
scattered WDM SPR sensor is about ten times worse in the term of the normalized 
noise of the bulk RI changes. Therefore, the Bragg-scattered WDM SPR sensors 
allow the most accurate determination of the thin layer changes. 
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5 Conclusions  
This work was focused on the study of surface plasmon resonance (SPR) sensor 
platforms based on wavelength division multiplexing (WDM) of multiple surface 
plasmons (SPs). These sensors are based on advanced diffraction gratings supporting 
either conventional or Bragg-scattered SPs, which are simultaneously excited at 
different wavelengths.  
 
The theoretical part of this work focused on the phenomenon of SPs excited by 
grating couplers and was studied both analytically and numerically using rigorous 
coupled-wave analysis as well as an integral approach. The linear WDM of two SPs 
and the non-linear WDM of three SPs were presented. A method for the analysis of 
the resolution, noise, and cross-sensitivity of the WDM of two SPs was extended to 
estimate the error caused by dielectric dispersion. This method was employed to 
analyze the ability of different SPR sensor platforms (supporting WDM of two SPs) 
to discriminate refractive index (RI) changes in a thin layer at the sensor surface 
from background RI changes. The Bragg-scattered SPs were found to allow for the 
most accurate determination of RI changes in the thin layer at the sensor surface. 
 
The experimental part of the work focused on the use of interferometric holography 
to prepare diffraction structures supporting both the excitation of up to five 
conventional SPs as well as two Bragg-scattered SPs. These structures were 
replicated using the soft lithography technique. The characterization of these 
structures was carried out focusing on the fidelity and reproducibility of the 
fabrication and replication process. Afterward, gold coated grating couplers were 
used to form new WDM SPR sensors. These WDM SPR sensors were tested in a 
model biosensing experiment consisting of the layer-by-layer growth of protein 
multilayers. The linear WDM of two SPs and the non-linear WDM of three SPs were 
then used to discriminate between bulk RI and surface changes. The non-linear 
WDM of three SPs was demonstrated to allow for the in situ simultaneous 
measurement of the average thickness of a multi-layer protein grown on the sensor 
surface as well as the average RI of the buffer.  
 
We envision that the sensors developed in this dissertation will be applicable in a 
wide variety of important biological applications, including the study of 
conformation changes of proteins, measurements of the orientation of biomolecules 
at surfaces, and binding of biomolecules to different binding sites of 
macromolecules. 
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