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Abstract

Addressing global healthcare challenges, including emerging diseases, antibiotic resistan-
ce, and environmental threats, requires innovative diagnostic tools. Biosensors based on
label-free detection have gained attention for their rapid, sensitive, and cost-effective ana-
lysis. Among them, Surface Plasmon Resonance (SPR) stands out as a powerful technique
for real-time biomolecular interaction monitoring. However, traditional prism-based SPR
systems face limitations in integration and portability, spurring interest in grating-based

alternatives.

This thesis explores the theoretical, computational, fabrication, and experimental aspects
of grating-based SPR systems for label-free biosensing. It introduces key principles inclu-
ding surface plasmon polaritons (SPPs), and grating-coupling mechanisms. A literature
review covers recent advances in plasmonic materials, microfabrication methods, and

performance optimization.

Finite-Difference Time-Domain (FDTD) simulations are used to design grating structu-
res, evaluate refractive index sensitivity, and validate results experimentally. Gratings
are fabricated using electron beam lithography and deposition on CMOS-compatible
substrates, with microchannel integration enabling real-time biosensing. Experimental

results show high sensitivity and strong agreement with simulation.

The study also investigates 2D and gradient grating period (GGP) structures for multi-
plexed sensing and evaluates durability enhancements like protective coatings. Inverted

gratings on glass offer environmental resilience but exhibit reduced coupling efficiency.

In summary, this work advances grating-based SPR sensor technology through modeling,
fabrication, and experimental validation. The findings support their potential for com-
pact, sensitive, and versatile biosensing, with future integration into semiconductor-based

systems promising further miniaturization.
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Introduction

The world is currently facing numerous global health challenges, particularly in heal-
thcare systems, infectious diseases, and the threat of widespread pandemics. The rapid
global spread of infectious and its evolving variants highlights the critical need for rapid
and accurate detection of bio-threats to prevent widespread disruption [1, 2]. Beyond
immediate outbreaks, antibiotic resistance jeopardizes the effectiveness of bacterial in-
fection treatments [3]. Non-communicable diseases such as heart disease, diabetes, and
cancer are rising due to aging populations and lifestyle change. Additionally, healthcare
disparities persist, with many low-income regions lacking access to essential medical ser-
vices, vaccines, and clean water [4]. Climate change further exacerbates health risks by
worsening air pollution, accelerating the spread of vector-borne diseases, and increasing
food and water insecurity [5]. Addressing these interconnected challenges demands glo-
bal collaboration, investment in healthcare infrastructure, and advancements in medical

research and technology.



Chapter 1. Introduction

Innovations in biosensing technology present powerful solutions across multiple domains,
including disease detection and control, the development of novel therapeutics, and the
need for affordable, portable diagnostic tools to expand healthcare access in remote and
underserved regions [6]. Biosensors significantly enhance diagnostic speed and accuracy
[7], contribute to environmental safety, and improve access to clean and safe food [§].
Their role is pivotal in addressing both present and future global health crises.

100 200
50 ‘ ‘ 300
0 500 = |

AIR QUALITY

A U ~ s * Airquality monitoring

A=A~ Water quality monitoring

Environmental pollution detection

Environmental
Monitoring

Point of care testing

Personalized medicine / g X -
= 8 Cellular analysis
Drug monitoring E Biosensor 3 Bioreactors monitoring
Di detecti = icati a3
Isease detection g appllcatlons e Biomolecular analysis
I

Food safety
Food pathogen detection

_&®

a- ?’0
\ * Pesticide residue detection p=-
- o A=

Food spoilage detection

P |

Figure 1.1.: Illustration of biosensor uses in a variety of fields, including environmental
monitoring, healthcare, food safety, and research. Representative examples
are provided to demonstrate the variety and potential effect of biosensor
technology. (Created in Biorender)

Biosensors are analytical devices that integrate biological recognition elements with phy-
sical or chemical transducers to detect specific biological or chemical substances [9]. As
illustrated in Fig. 1.1, they are applied across diverse fields, revolutionizing industries
such as healthcare [10], environmental monitoring [11], food safety [12]|, and biotech-

nology [13]. In medical diagnostics, biosensors play a crucial role in detecting diseases



[14, 15|, monitoring glucose levels in diabetic patients [16], and identifying biomarkers for
conditions such as cancer and infectious diseases [17, 18]. Their ability to provide rapid
and accurate results has significantly improved point-of-care testing [19], enabling ear-
ly disease detection and personalized medicine. In environmental monitoring, biosensors
are employed for detecting pollutants, toxins, and hazardous substances in air, water,
and soil, contributing to sustainable environmental management and public health pro-
tection [6]. The food industry also benefits from biosensors, where they are used for
detecting pathogens, contaminants, and allergens, ensuring food quality and safety [20].
In biotechnology and pharmaceutical research, biosensors facilitate drug discovery and
development by analyzing biomolecular interactions, screening potential drug candidates,

and optimizing therapeutic formulations [21].

Furthermore, integrating biosensors with microsystem technology plays a crucial role in
developing portable, scalable, and affordable diagnostic devices. The miniaturization of
these sensors not only significantly reduces production costs but also facilitates seamless
integration into existing systems and simplifies maintenance requirements. These features
make biosensors particularly well-suited for resource-limited settings |9, 22|. Important-
ly, deploying biosensors in low-income countries presents substantial opportunities to

effectively address critical healthcare and environmental issues [23].

Biosensors function by translating biological interactions into measurable electrical, opti-
cal, or mechanical signals. The general working principle of biosensors involves a sequence
of highly coordinated stages that enable the detection of target analytes [24]|. As sche-
matically illustrated in Fig. 1.2, The process begins with analyte recognition. A specific
bioreceptor, such as enzymes, antibodies, or nucleic acids, interacts selectively with the
target analyte, ensuring high specificity. This interaction triggers a bio-recognition event,
leading to biochemical changes such as variations in pH, electron transfer, or molecu-
lar mass, which serve as indicators of the presence and concentration of the analyte.
These biochemical changes are then converted into a measurable output through signal
transduction, where a transducer element translates the molecular interactions into an

electrical [25], optical [26], or mechanical signal [27]|. Subsequently, the signal undergoes
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Figure 1.2.: Schematic representation of a biosensor. The analyte of interest interacts with
a bioreceptor, which is specific to the target molecule. This interaction is then
transduced into a measurable signal by a transducer element. The signal
is subsequently amplified and processed by electronic circuitry, ultimately
generating a readable output.

processing, involving amplification, filtering, and conversion into digital format to enhan-
ce its clarity and precision. Finally, the data display stage presents the processed signal in
an interpretable format, such as a numerical value or graphical output, enabling real-time
monitoring and analysis of the detected analyte. This systematic approach ensures high

sensitivity and reliability.

Biosensors can be broadly classified according to their detection methodologies into op-
tical, electrochemical, and mechanical biosensors [28]. Optical biosensors detect changes
in light properties, electrochemical biosensors measure electrical signals such as current
or impedance, and mechanical biosensors sense nanoscale mass variations. Additionally,
biosensors can be categorized based on whether they require external labeling for detec-
tion, distinguishing between label-free and labeled biosensors, as illustrated in Fig. 1.3
[29]. Label-free biosensors directly detect biomolecular interactions by measuring intrinsic
properties such as mass, refractive index, or electrical conductivity, eliminating the need
for fluorescent, radioactive, or enzymatic labels [30]. A prominent example is Surface
Plasmon Resonance (SPR), an optical method that measures refractive index changes

upon analyte binding [31]. SPR is particularly advantageous due to its capability for



real-time monitoring, high sensitivity, and non-invasive nature, thus preserving the na-
tural state of biomolecules and minimizing experimental artifacts. Another example of
a label-free biosensor is the quartz crystal microbalance (QCM), a mechanical method
that detects mass shifts resulting from analyte interactions [32]. These methods enable
real-time, high-sensitivity analysis, preserving the natural state of biomolecules and mi-
nimizing potential artifacts. Conversely, labeled biosensors rely on externally attached

tags, such as fluorescent dyes or nanoparticles, to amplify detection signals.
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Figure 1.3.: Comparison of label-based and label-free detection methods in biosensors:
(a) Label-based fluorescent immunoassay, (b) Surface Plasmon Resonance
(SPR) [33], (c) Field-Effect Transistor (FET) sensor [34], (d) Quartz Crystal
Microbalance (QCM) sensor [35]. Adapted from [36] under the terms of the
Creative Commons CC-BY license.

Although labeled techniques, such as enzyme-linked immunosorbent assays (ELISA) [37]
and fluorescence resonance energy transfer (FRET) [38|, provide high specificity, they
often require extensive sample preparation and additional reagents, increasing complexity
[39]. Among sensing methods, electrochemical biosensors measure electrical signals like
current or impedance, whereas optical biosensors detect light variations, and mechanical
biosensors identify nanoscale mass changes. While labeled biosensors are advantageous

for high-throughput screening, label-free biosensors are gaining prominence due to their
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ability to provide rapid, real-time, and cost-effective analysis without interfering with the

biomolecular interactions being studied [40].

There are several label-free methods for detecting biomolecular interactions. These in-
clude the use of Surface Plasmon Resonance (SPR) among other techniques, as shown
in Fig. 1.4. SPR utilizes the advancement of plasmonics technology, which holds great
potential for increasing the processing speed of future integrated circuits by bridging
the gap between electronics and photonics. SPR, a plasmonic-based approach, plays an
important part in label-free biosensors. While traditional methods may face limitations
in speed, sensitivity, or the need for labeling, SPR offers the potential for real-time,
highly sensitive detection of biomolecular interactions, mirroring the advantages plasmo-
nics offers in chip technology. This ability makes SPR a powerful tool for understanding

biomolecular processes in their native environment.
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Figure 1.4.: Comparison of operating speeds and critical dimensions of different chip-
scale device technologies. Plasmonics offers a unique combination of high
speed and small size, potentially bridging the gap between electronics and
photonics. Adapted from [41] under the terms of the Creative Commons CC-
BY license.

Surface Plasmon Resonance is a technique that detects changes in the refractive index
near a metal-dielectric interface. By measuring the angle or wavelength at which SPR
occurs, binding events between target molecules and ligands immobilized on the sensing

surface can be detected and quantified [42-48].



Table 1.1.: Comparison of prism-based and grating-based SPR. techniques.

Techniques Advantages Limitations

Simple, widely used Prism coupling limits
. Established instrumentation Sensitivity affected by surface roughness

Prism-based . i . . .
High sensitivity Limited multiplexing
Enhanced sensitivity, localized field Complex fabrication

. Increased interaction volume Precise control of plasmons

Grating-based . . e . .
Precise control of grating parameters Sensitivity depends on grating properties
Flexible design Angular dependence due to diffraction

Nowadays, prism-based surface plasmon resonance is a common and widely used techni-
que for biosensing. However, it has limitations in terms of bulkiness, cost, and complexity
[49, 50]. To overcome these drawbacks, researchers are turning to grating-based SPR are
investigated as an alternative approach. Comparison between two techniques is shown
in Table 1.1. Grating-based SPR offers advantages in miniaturization, integration, and
cost-effective fabrication. It eliminates the need for bulky prism configurations, enabling
the development of compact and portable biosensing devices. Grating-based SPR shows

great promise in surpassing the limitations of prism-based SPR [51, 52].

While grating-based SPR offers numerous advantages, it also has certain limitations that
currently prevent its widespread use in biosensors. However, it is important to high-
light that grating-based SPR has immense potential for improvement and integration
into real-world applications [53]. While addressing the challenges of sensitivity, fabricati-
on complexity, angular sensitivity, and biomolecule immobilization, several key solutions
can enhance the performance of grating-based SPR and bring it closer to practical im-

plementation [54].

One of the critical factors for improving sensitivity in grating-based SPR is optimizing
the structure design [55, 56| and metal layer properties [57|. Employing nanotechnology,
this research focuses on the careful engineering of grating parameters at the nanoscale, in-
cluding period, depth, and profile, and the selection of appropriate metals with enhanced
plasmonic properties, resulting in significantly enhanced sensitivity. Also, advanced com-

puter modeling techniques can play a vital role in predicting the performance of different
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grating designs, reducing the number of physical sample fabrications, and accelerating

the development process.
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Figure 1.5.: Exploration of grating-based SPR research from several perspectives for usa-
ge in biosensor platforms, including theoretical analysis, simulation modeling,
structure design and fabrication, chip integration, biological sample detecti-
on, and preservation and long-term storage.

Furthermore, the stability and long-term use of grating-based SPR can be improved by
incorporating novel structure designs. This research, introducing protective coatings can
enhance the durability and resistance to environmental changes, ensuring reliable and
reproducible measurements over extended periods. Additionally, integrating microfluidic
flow cells and automated sample handling systems can improve stability by maintaining a

constant flow of analytes [58|, minimizing fluctuations due to manual sample introduction.

The ultimate goal of this thesis is to remove existing restrictions and improve the overall

efficacy of grating-based SPR, allowing it to be used in a variety of crucial biosensing

10



applications. The research intends to improve the system’s performance, broaden its
operational scope, and enable the full realization of its promise in multiple biosensing
domains by incorporating these developments. Fig. 1.5 depicts in detail the primary topic
of inquiry for this comprehensive thesis, offering a clear demarcation of the scope and

context of the research.

This thesis comprehensively explores surface plasmons and their applications. It begins
by establishing the theoretical foundation in Chapter 2, covering surface plasmon prin-
ciples, metal permittivity, and excitation techniques using prisms and gratings. Chapter 3
then examines the current landscape of surface plasmon resonance (SPR) biosensors, in-
cluding materials, basic setups, and technological advancements. Chapter j details the
computational modeling employed in this research, followed by Chapter 5, which outlines
both conventional and inverted grating fabrication methods. Chapter 6 presents and ana-
lyzes the characteristics and optimization of grating structures under varying parameters,
including simulation and biological testing results. Finally, Chapter 7summarizes the key

findings, acknowledges limitations, and proposes future research directions.
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Theoretical Background and

Conception

This chapter delves into the theoretical foundations essential for understanding grating-
based surface plasmon resonance (SPR) systems used for label-free biomolecule detection.
It begins with a detailed discussion of the Maxwell’s equations, outlining the fundamen-
tal principles governing electromagnetic field interactions. These principles serve as a
basis for deriving the electromagnetic propagation of surface plasmons in various struc-
tures. The chapter explores the frequency-dependent permittivity of metals using Drude
model, introducing critical concepts such as the plasma frequency and the complex diel-
ectric function, which are pivotal for understanding plasmons behavior. Subsequently,
the chapter provides an in-depth analysis of surface plasmons, emphasizing their electro-
magnetic nature at the interface of metals and dielectrics. The derivation of the surface
plasmon dispersion relation is presented, highlighting the conditions necessary for the

generation of these excitations. Furthermore, the compounded nature of surface plas-

13



Chapter 2. Theoretical Background and Conception

mon polaritons (SPPs) is discussed, along with their evanescent field characteristics and
dispersion properties. The chapter concludes with a comprehensive overview of various
excitation methods for surface plasmon polaritons. Special attention is given to prism
and grating-based coupling techniques, where the principles of phase matching and mo-
mentum transfer are applied to achieve efficient SPPs excitation. This foundation sets

the stage for optimizing SPR-based biosensing platforms.

2.1. Electromagnetic Properties of the Materials

The interaction of metals with electromagnetic fields is well-described by the classical
framework provided by Maxwell’s equations. The classical approach remains valid even
for metallic nanostructures with dimensions down to the nanometer scale [59]. Conse-
quently, the optical properties of metals are appropriately treated within the framework
of classical theory. It is well-established experience that metals exhibit high reflectivity
for frequencies up to the visible range, preventing the propagation of electromagnetic
waves. At low frequencies, metals reflect electromagnetic waves, with negligible pene-
tration. Approaching near-infrared and visible frequencies, penetration and dissipation
increase significantly, hindering size scaling of photonic devices [60]. In the ultraviolet
range, metals become dielectric-like, allowing wave propagation with varying attenuation
depending on the band structure [61]. Alkali metals show ultraviolet transparency, while
noble metals (e.g., gold, silver) exhibit strong absorption due to interband transitions

[62].

Metal dispersion is described by a complex dielectric function (w), which underlies all
discussed phenomena. This frequency dependence is shown to arise from the phase shift
between induced currents and the driving field near the electron relaxation time 7 [59].
The macroscopic Maxwell’s equations simplify the electromagnetic response by averaging

over microscopic interactions [63].
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2.1. Electromagnetic Properties of the Materials

Maxwell’s macroscopic electromagnetic equations describe the fundamental relationships
between dielectric displacement D, magnetic field strength H, electric field strength E
and magnetic flux density B. These fields depend explicitly on external electric charge
density p.,+ and external current density J.,;. Mathematically, these relationships are

represented by the following set of equations [64]:

V . D = Pext (21)
V-B=0 (2.2)
0B
E=_—— 2.
V x T (2.3)
oD
H=— 2.4
V X (915 +Jext ( )

A distinction is made between external and internal charge and current densities, where
Prot = Pewt + Pint and Jiop = Jegr + Jine rather than the traditional free/bound division,

to provide a clearer approach, particularly for metallic interfaces [65].

The four macroscopic fields can also be linked through the polarization P and magneti-

zation M:

D=¢gE+P (2.5)
1

H=—B-M, (2.6)
Ho

where gy and ji are the permittivity! and permeability? of vacuum, respectively. For

non-magnetic media, the magnetization M is negligible.

The polarization P represents the electric dipole moment per unit volume induced by the

alignment of microscopic dipoles with the electric field. It is related to the internal charge

leg ~ 8.854 x 10712 F/m
211p = 1.257 x 1075 H/m

15
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density pin: via V - P = —p;,;. Charge conservation, expressed as V - Jiy = —0pine/0t,

implies a connection between the internal charge and current densities:

oP

Jint = —. 2.7
=2 (2.7
The macroscopic electric field, as defined through D, incorporates all polarization effects,
encompassing both external and induced fields. Substituting Eq. (2.5) into Eq. (2.1)

yields:

V.-E= 2 (2.8)

€0

where pgo represents the total charge density (external and internal). For isotropic, non-

magnetic media, the constitutive relations are:

D =¢icE (2.9)

and

B = iopiH, (2.10)

where ¢ is the relative permittivity (or dielectric function) and p is the relative permea-
bility. The linear relationship between D and E can also be expressed using the electric

susceptibility x, which explains the linear connection between P and E through [66]:

P =¢oxE. (2.11)

Combining Eqs. (2.5), (2.9), and (2.11) leads to the relation: € = 1 + x. For a linearly

conductive medium with conductivity o, the current density is:

J =0E. (2.12)

16



2.1. Electromagnetic Properties of the Materials

The macroscopic electromagnetic behavior of isotropic linear materials is described by
four fundamental linear relationships. Since it is obviously that metals exhibit frequency-
dependent optical responses. Therefore, to account for nonlocality in both time and space,

the constitutive relations can be generalized as convolution integrals:

D(r,t) = e / dt'dr’e(r — v/t — ¢ )E(r', t') (2.13)

J(r,t) = /dt’dr’a(r —r' t—t"E{'t). (2.14)

Transforming these equations into the frequency domain via Fourier transforms [67]
yields:

D(k,w) = gpe(k,w)E(k, w) (2.15)

Jk,w) =o(k,w)E(k,w). (2.16)

Egs. (2.15) and (2.16) connect macroscopic fields with frequency-dependent material
properties. However, the intrinsic optical characteristics are revealed by examining the
relationship between frequency and the dielectric function, effectively removing the in-

fluence of macroscopic field stimuli [68]. Combining Eq. (2.7) with (2.16) gives:

—iwP(k,w) = o(k,w)E(k,w). (2.17)

Similarly, using Eqgs. (2.5) and (2.15), yields:

P(k,w) = gole(k,w) — 1]E(k, w) (2.18)

From Eqgs. (2.17) and (2.18), the dielectric function is expressed as:

io(k,w) .

e(k,w)=1+ e

(2.19)

When light interacts with metals, if the light’s wavelength is much larger than the size of

the unit cell or free path of the electrons, the dielectric response simplifies to a spatially

17
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local form: e(k = 0,w) = ¢(w). This approximation remains valid even into the ultraviolet
range. The dielectric constant e(w), and conductivity o(w), are both complex quantities
that depend with frequency (w). These two quantities are related by the dielectric function

in Eq. (2.19).
In the optical frequency range, the dielectric function e(w), can be expressed as
e(w) = e1(w) + igg(w). (2.20)

The complex value can be determined through the complex refractive index n(w), which

is also frequency-dependent and expressed as
n(w) = n(w) +ix(w), (2.21)

where k(w) is the extinction coefficient, which quantifies optical absorption. The rela-
tionship between the complex refractive index and the dielectric function is given by

n(w) = /e(w).

2.2. Permittivity of Metals: Drude Model

The Drude model [69] provides a good approximation of the optical behavior of me-
tals across a broad range of frequencies. It treats the metal as a gas of free electrons
with number density N moving against a background of stationary positive ions. This
simplification is applicable to metals, even into the ultraviolet range [64]. However, for
noble metals, interband transitions initiate in the visible range, limiting the applicabi-
lity of the free electron model at higher energies [70]. The Drude model simplifies the
complex interactions within the metal by neglecting details of the lattice potential and

electron-electron interactions.
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2.2. Permittivity of Metals: Drude Model

When considering dynamic current density J and electric field E, the conductivity o be-
comes frequency-dependent. The Drude model predicts a complex, frequency-dependent

conductivity [71]:
14wt

(2.22)

where oy represents the low-frequency conductivity, and 7 is the scattering time. For fre-
quencies w < 1/7, the conductivity simplifies to o & 0y, becoming real and independent

of frequency [64].

For a medium with a free-space-like dielectric permittivity (e = €y), substituting Eq. (2.22)
into the appropriate relationship between conductivity and permittivity (Eq. (2.19))

yields an effective relative permittivity:

CU2 C(}2
- 14+ —rr 14y P 2.23
£w) Ty iw/T Ty Wy (223)

where 7, = 1/7 is the scattering rate. The plasma frequency w, is defined as:

go
Wy, =4/ — 2.24
b 607'7 ( )

and the corresponding free-space plasma wavelength A, is [71]:

2
Ay = 0 (2.25)

Wp

where ¢y is the speed of light? in free space. Lossless materials exhibit a residual, frequency-
independent relative permittivity 1 + x,, that persists even at frequencies w > w,. For

these materials, the relative permittivity (Eq. (2.23)) becomes:
2

w,
=14+ym+—2. 2.26
fw) =1+ Xm + —5 o (2.26)

The Drude model can be related to the Lorentz oscillator model [72], which describes the

3approximately 299,792,458 m /s
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Chapter 2. Theoretical Background and Conception

motion of a bound electron as a harmonic oscillator. The Drude model, which describes
the behavior of free electrons in a material, can be understood as a special case of the
more general Lorentz oscillator model. In the Drude model, however, the electrons are
considered free, meaning the restoring force that would bind them is zero. This translates
to an elastic constant k = 0, and consequently, a resonance frequency wy = 0. When the
Lorentz model’s equation of motion is simplified with these conditions, it leads to a
polarization density P that is related to the applied electric field E. This relationship is
expressed through a susceptibility x(w), which is given by

P W)
= = 2.27
x(w) eoE —w? +iwyy’ (2.27)

where w), is the plasma frequency, defined as

| Ne2
=4 —. 2.28
Wp P ( )

with V is the electron density, e is the electron charge, m is the electron mass, and gy is
the vacuum permittivity. This expression for susceptibility is obtained by considering an
oscillating electric field with frequency w. By relating this susceptibility to the permitti-
vity, one recovers the Drude model’s conductivity, provided that the conductivity oy is

given by

Ne2r
—

(2.29)

og =

Thus, the Drude model’s susceptibility represents a specific form of the Lorentz model’s
susceptibility with with wy = 0 and 74 = Aw = 21Av, where Av is the spectral width. A
comparison of the frequency dependence of the real and imaginary parts of the relative

permittivity for the Lorentz and Drude models is shown in Fig. 2.1.

High-Frequency Drude Model: In the high-frequency regime, where the angular fre-
quency w significantly exceeds the scattering rate -, (or equivalently, w > 1/7), the
damping term in the Drude model can be neglected. This simplification leads to a pu-

rely imaginary conductivity, o(w) & o¢/iwT, derived from Eq. (2.22). Consequently, the

20



2.2. Permittivity of Metals: Drude Model

(a) (b)
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Figure 2.1.: The frequency dependence of relative permittivity ¢ = ¢’ + ic”, with real
(solid) and imaginary (dashed) parts. (a) Lorenz model for a dielectric re-
sonance with wg, @ = 10, and yoy = 1. (b) Drude model for a metal with
wy, wpT = 10, and € = ¢p. The real permittivity is negative when frequency
is below w,. Reproduced with permission from [73]. Copyright 2019, John
Wiley & Sons, Inc..

effective permittivity (Eq. (2.26) with x,, = 0) for this simplified model becomes real:

elw)~1--2. (2.30)

This equation shows how conductivity reduces the permittivity below the free-space value
g0 and introduces a frequency dependence that varies inversely with the square of the

frequency.

The simplified Drude model effectively captures the optical behavior of metals in the
near-infrared and visible spectral regions. For wavelengths shorter than approximately
1 um (corresponding to w = 27v = 1.9 x 10'® rad/s), the condition w > v, is valid for
the metals listed in Tab. 2.1. In summary, at sufficiently high frequencies (w > 1/7),
the simplified Drude model for metals becomes a specialized case of the Lorentz model
for dielectric materials, lacking both restoring force x = 0 and damping v; = 0. The
permittivity, as given by Eq. (2.30), is real. It exhibits negative values below the plasma

frequency w,, characterizing the metal as a Single Negative (SNG) medium?, and positive

4Single Negative (SNG) medium: a medium with a negative dielectric constant.
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Chapter 2. Theoretical Background and Conception

Table 2.1.: Plasma frequency w,, free-space plasma wavelength )\, scattering time 7, and
damping coefficient rate 4 = 1/7 for various metals [74].

Metal w, (rad/s) A, (nm) 7 (fs) Ya (s7)

Ag 1.30 x 106 144 30.9  0.32 x 10
Au 1.28 x 1016 146 9.27 1.08 x 10
Cu 1.26 x 106 148 6.88  1.45 x 10™
Li 0.93 x 1016 203 50.8 0.197 x 10"
Na 0.85 x 1016 222 17.3  0.578 x 104
Al 1.73 x 106 109 51.2  0.195 x 10
In 1.84 x 106 102 14.2  0.704 x 10*
Zn 1.45 x 106 129 21.3  0.469 x 10™
Cd 1.28 x 1016 147 18.8  0.532 x 10"

values above wy, indicating Double Positive (DPS) medium® behavior.

Wave propagation within a simplified Drude medium is described by a propagation con-

stant 5 = nko = (w/cp)\/e(w) and a dispersion relation:

Blw) = £\/ 1- w—é (2.31)
Co w

as depicted in Fig. 2.2. The figure also shows the corresponding relative permittivity

£(w), refractive index n, and attenuation coefficient a.

Forbidden Band (w < w,): At frequencies below the plasma frequency w,, the effective
permittivity €(w) of the metal becomes negative. This makes the metal behave as a Sin-
gle Negative (SNG) medium. The wavenumber & becomes imaginary k = iw+/|e(w)|uo
leading to attenuation without propagation of the electromagnetic wave. This region is
termed a "forbidden band"because light cannot propagate through it. The attenuation
coefficient oo = 2kg1/ :j—é — 1 decreases as frequency increases, reaching zero at the plasma
frequency w,. At the plasma frequency, free electrons in the metal undergo longitudi-
nal collective oscillations known as plasmons. Plasmons are the quanta of plasma waves,

analogous to photons being the quanta of electromagnetic waves. The negative permitti-

®Double Positive (DPS) medium: a conventional medium with both a positive dielectric constant
and positive magnetic permeability.
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2.2. Permittivity of Metals: Drude Model

vity results in an imaginary impedance, causing total reflection at the boundary between
the metal and a Double Positive (DPS) medium, provided the free space wavelength is
greater than the plasma wavelength (Ao > \,). Doped semiconductors do not exhibit
reflection in the visible region because their plasma frequency lies in the infrared. This

is due to their lower free-electron density N (see Eq. (2.28)) compared to metals.

E e A
/€ SNG , DPS
N L
(a) | (d)
: ot o
0 1@, e D
1
: DPS
1= I
1
1
(b) "4 @,
I
L’ | Forbidden band
0 SNG i
0 e
(©) " : ’
1
1
:
0 , a)=

Figure 2.2.: On the left, the effects of frequency on (a) the relative permittivity e(w)/eo,
(b) the refractive index n, and (c) the attenuation « in the simplified Drude
model. On the right (d), the relationship between frequency and wavevector

with the equation w = /w2 + c2?. Tt is demonstrated that bulk plasmon

polaritons (BPPs) in metals can be found only at frequencies exceeding the
plasma frequency (w > w,). Reproduced with permission from [73]. Copy-
right 2019, John Wiley & Sons, Inc.

Plasmonic Band (w > w,): At frequencies above the plasma frequency, the effective per-
mittivity e(w) is positive and real. The medium behaves like a lossless dielectric, but with
unique dispersion properties. The propagation constant is given by § = \/m /co,
and the refractive index, n = /1 — w2/w?, is less than unity, approaching zero near w,.
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Chapter 2. Theoretical Background and Conception

This frequency range is known as the plasmonic band, and the propagating waves are

called bulk plasmon polaritons (BPPs).

2.3. Surface Plasmon Polaritons

The previous section discussed electromagnetic properties of materials and examined the
dielectric functions of the Drude and Drude-Lorentz models. Under certain conditions,
regular electric-charge oscillations on the metal surface can be produced and driven by
external electromagnetic fields to form surface plasmon polaritons (SPPs). This section
provides the fundamental principles of SPPs at a single, flat interface, beginning with a
discussion of electromagnetic wave propagation and then focusing on the specific charac-

teristics of SPPs.

2.3.1. Electromagnetic Wave Propagation at an Interface

To understand SPPs, the propagation of electromagnetic waves along the interface bet-
ween a dielectric and a conductor is first examined. These surface waves are formed by
the coupling of electromagnetic fields to the oscillations of the electron plasma in the con-
ductor. Building upon the description of the electron plasma, Maxwell’s equations can

be employed to analyze the behavior of electromagnetic waves at this planar interface.

of propagation)

Figure 2.3.: Geometry of a planar waveguide. In a Cartesian coordinate system, wave
propagation is directed along the z-axis.
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2.3. Surface Plasmon Polaritons

The propagation of electromagnetic waves is described by the wave equation. When a
time-harmonic electric field of the form E(r, ) = E(r)e™™" is assumed, the wave equation

is reduced to the Helmholtz equation [75]:

V?E + kjeE = 0, (2.32)
where kg = w/c is defined as the wave number in vacuum.

To study confined propagating waves, a one-dimensional system is considered where the
permittivity € is varied only along the z-direction. Wave propagation is assumed to occur
along the z-axis, with no variation in the y-direction (refer to Fig. 2.3), resulting in
e = £(z). For surface waves, the interface is defined as the z = 0 plane. The electric field
can then be expressed as E(x,y, 2) = E(2)e'®, where 3 = k, represents the propagation
constant of the traveling waves. Upon substituting this expression into Eq. (2.32), the

following equation is obtained:

O?E(z)
022

+ (kie(z) — BHE(z) = 0. (2.33)

An analogous equation applies to the magnetic field H.

For wave propagation along the z-direction ((% = if3) and homogeneity in the y-direction

(a% = 0), Maxwell’s equations can be simplified. This simplified system supports two

distinct types of solutions, categorized by their polarization:

Transverse Magnetic (TM) modes are characterized by non-zero field components E,., E,,
and H,. Transverse Electric (TE) modes are characterized by non-zero field components

H,, H,, and E,,.

For TM modes, the governing equations are given by:

1 0OH
E,=— et 4 2.34
Zweme 0z ( )
5
B ——" g 2.35
ey (2.35)
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Chapter 2. Theoretical Background and Conception

and the wave equation is expressed as:

0*H
82; + (kge — B*)H, = 0. (2.36)

For TE modes, the corresponding equations are given by:

H =1——— 2.37
Zwuo 0z (237)
H, = iEy (2.38)
WHto
and the wave equation is expressed as:
82Ey ]{32 2
9.2 + (kje — B°)E, = 0. (2.39)

These equations form the foundation for analyzing and understanding surface plasmon

polaritons.

p- and s-polarization

The interaction of light with a surface depends strongly on its polarization. This arises
from the fundamental relationship between the electric field of light and the orientation
of the surface. Specifically, the component of the electric field E parallel to the surface
plays a critical role. From the wave equations, the orientation of the electric field is crucial

for wave propagation. To illustrate this, consider the following definitions and Fig. 2.4:

p-polarization® (Fig. 2.4(a)): The electric field vector E lies within the plane of inci-
dence. This plane is defined by the incident wave vector (k;) and the surface normal. In

this configuration, the electric field has a component parallel to the surface.

6'p’ stands for 'parallel’” and is also known Transverse Magnetic (TM) mode
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2.3. Surface Plasmon Polaritons

s-polarization” (Fig. 2.4(b)): The electric field vector E is perpendicular to the plane

of incidence. In this case, the electric field has no component parallel to the surface.

These two polarization states exhibit distinct behaviors upon reflection due to the diffe-

rent orientations of their electric field vectors relative to the plane of incidence.

(a) incident wave (b) incident wave

reflected wave

E; reflected wave

p-polarization s-polarization

Figure 2.4.: (a) p-polarization: The electric field vector E; lies in the plane of inci-
dence, defined by the incident wave vector k; and the surface normal. (b)
s-polarization: The electric field vector E; is perpendicular to the plane of
incidence.

2.3.2. Surface Plasmon Polaritons at a Single Interface

The simplest geometry supporting Surface Plasmon Polaritons (SPPs) is considered to
be a single, planar interface (Fig. 2.5) between a dielectric, non-absorbing half-space
(z > 0) with a positive, real dielectric constant £, and an adjacent conducting half-
space (z < 0) characterized by a dielectric function e;(w). The metallic behavior of
the conductor requires Re[e;] < 0, a condition that is satisfied for metals at frequencies
below the bulk plasma frequency w,. Propagating wave solutions confined to the interface,

exhibiting evanescent decay in the perpendicular (z) direction, are sought.

7’s? stands for ’senkrecht’ meaning perpendicular, also known as Transverse Electric (TE) mode
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(2)

dielectric

aYaYal:

hv

(b) (©)

Figure 2.5.: Illustration of Surface Plasmon Polaritons (SPP) excitation and modes at a
metal-dielectric interface. (a) SPP excitation at a metal-dielectric interface.
(b) TM mode field orientation and (c¢) TE mode.

Transverse Magnetic (TM or p) solutions are first examined. The equations deri-
ved in the previous section are applied to both half-spaces, yielding the following field

components: For z > 0 (dielectric):

H,(2) = AgePrehe7 (2.40)
1 .
E.(z) =iA kg% e k2% (2.41)
WEpE2
B i -
E.(z)=-A i gz 2.42
(2) = — oL eme (242)
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2.3. Surface Plasmon Polaritons

For z < 0 (metal):

H,(2) = AjePmehr? (2.43)
1 )
E.(2) = —iA, kP ehr (2.44)
WEpne1
15} )
E.(2) = —A———¢Preh= 2.45
(2) ee 6 € (2.45)

Here, k; = k.; (i = 1,2) represents the wave vector component perpendicular to the
interface in each medium. A; and A, describe the intensity of the field decaying away
from the interface. The inverse of its magnitude, 2 = 1/|k,|, defines the evanescent decay
length, which quantifies the wave’s confinement. At the interface (z = 0), the tangential
components of the electric and magnetic fields must be continuous. This means that H,,

and E, must be equal on both sides of the interface, leading to A; = Ay and

k2 E9
— = ——. 2.46
o (2.46)

With the chosen sign convention in Eqgs. (2.40)-(2.45), confinement necessitates Re[e;] < 0
when e, > 0. SPPs are found to exist only at interfaces between materials with opposing
signs of the real part of their permittivities (i.e., a conductor and an insulator). The wave

equation (Eq. (2.36)) for H, is applied, yielding:

k2 = % — kie (2.47)

k3 = 3% — kieo. (2.48)

Combining these with Eq. (2.46) gives the SPP dispersion relation:

£1&9 w £1&9
= kol =,/ ) 2.49
6 0 g1+ &9 C €1+ &9 ( )

This relation is noted to be valid for both lossless and lossy conductors.

At low frequencies, specifically in the mid-infrared range or lower, the real part of the

29



Chapter 2. Theoretical Background and Conception

metal’s permittivity becomes large and negative (¢; — —o0), the wavevector associated

with surface plasmon polaritons (SPPs) can be approximated by:

w . €1€2
b =— lim
Cc e1——00 \| €1 + &9

w

This result indicates that the wavevector is nearly identical to the propagation constant of
light, kg, within the dielectric medium. Additionally, when £, approaches 5, the frequency

w converges to a specific value given by:

Wp

\/1—1-62’

wsp -

where wy, represents the plasma frequency, which characterizes the oscillation frequency

of bulk plasmons.

Transverse Electric (TE or s) modes on the interface between the dielectric and metal.

The field components are given as: For z > 0 (dielectric):

E,(z) = AyePrehz (2.50)
Hao(z) = —Z'Az,w%mkzeiﬂwekzz (2.51)
B ise ke
H.(2) = Azw_uoeﬁ e " (2.52)
For z < 0 (metal):
E,(2) = AjePrehr (2.53)
H,(2) = z‘Alikleiﬁl’eklz (2.54)
C;MO |
H,(z) = Alw—mewme’m (2.55)

Continuity of F, and H, at the interface requires equal on both sides of the interface and
Ay (ky + ko) = 0. Since confinement requires Re[k;] > 0 and Re[ks] > 0, this condition is

only satisfied if A; = 0, implying Ay = 0. Therefore, it is concluded that no wave exits
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2.3. Surface Plasmon Polaritons

with TE modes. Surface plasmon polaritons are only present with TM polarization.

(a) (b) (©)
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Figure 2.6.: Surface plasmon polariton (SPP) wave propagating along the interface bet-
ween a metal and a dielectric, these plots were generated from Egs. (2.31) and
(2.49). (a) The variation of the permittivities of the dielectric £; and metallic
£o materials with frequency w. The SPP wave exists required |e;] > &1, is
satisfied for frequencies w < w;. (b) The effective permittivity €, of the SPP
wave as a function of frequency. The wave velocity is given by ¢o/n,, where
ny, = \/€p/€0. (¢) Dispersion curves for bulk plasmon polaritons (BPP) and
SPP waves. The dispersion of light in a vacuum and within the bulk diel-
ectric medium is indicated by dotted red lines. Reproduced with permission
from [73]. Copyright 2019, John Wiley & Sons, Inc.

SPP wave at a metal-dielectric boundary

The dispersion relation of surface plasmon polaritons (SPPs) is illustrated in Fig. 2.6,
based on Eq. (2.49).

For w < ws, the metal behaves as a medium with a negative dielectric constant (i.e. € < 0,
while 1z > 0) under the Drude model, allowing SPPs to propagate along its interface with
a dielectric. This frequency range lies within the metal’s forbidden band (0 < w < w,),
where bulk wave propagation is prohibited. The SPP properties are governed by the
ratio |es|/e1, which decreases monotonically as w/ws increases, approaching unity at ws.
Compared to bulk dielectric waves, SPPs exhibit lower velocity (¢o/n,) and a shorter
plasmon wavelength (Ag/n;), as seen in Fig. 2.6(c), where 5 > w/c¢;. The penetration
depth in the metal (dy = 1/|ks|) is smaller than in the dielectric (d; = 1/|k1]), and both

are shorter than the bulk dielectric wavelength. As w/w; increases, the SPP slows, its
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wavelength decreases, and it becomes more confined to the interface. At w/ws = 1, where

€1 + g9 = 0, the SPP velocity reaches zero.

For wy, < w < w,, the metal still exhibits a negative dielectric constant (with € < 0), but
SPPs cannot form since |e5| < €1, leading to total reflection of dielectric bulk waves at

the interface between a negative-¢ medium and a positive-¢ dielectric.

For w > w,, the metal transitions to a conventional medium with both a positive diel-
ectric constant and positive magnetic permeability (i.e. € > 0 and g > 0), precluding
SPPs at interfaces between similar materials. However, bulk plasmon polaritons (BPPs)
can propagate, and wave interactions at the metal-dielectric boundary follow standard
dielectric refraction and reflection laws, including total internal reflection for incidence

angles beyond the critical threshold.

2.4. Excitation of Surface Plasmons

In the Sec. 2.3.2, it was established that the wavevector of surface plasmon polaritons
(SPPs) on a flat metal-dielectric interface is mismatched with that of free-space light at
the same frequency (w = ck). This mismatch, which is evident from the SPP dispersion
relation, precludes the direct excitation of SPPs by illumination of a smooth metal surface
(B > k). To excite SPPs using free-space light, the wavevector k of the incident light
must be modified [59]. This wavevector modification can be achieved by employing a
three-layer system composed of a thin metal film placed between two insulators with
different dielectric constants. In this section, the most common techniques utilized for

SPP excitation, such as prism coupling and grating coupling, are reviewed.

2.4.1. Prism Coupling

A widely used method for surface plasmon excitation is prism coupling, which utilizes

the attenuated total reflection (ATR) method. Two ATR configurations are common-
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2.4. Excitation of Surface Plasmons

ly employed: the Kretschmann geometry [59, 76| and the Otto geometry [77]. In the
Kretschmann configuration, a high-index prism with refractive index n, is interfaced
with a metal-dielectric waveguide. This waveguide consists of a thin metal film with per-
mittivity €, and a semi-infinite dielectric with refractive index ng, where ng < n,, as

illustrated in Fig. 2.7.

(a) (b)

prism

Kretschmann Otto

Figure 2.7.: Excitation of surface plasmons polaritons (SPP). (a)The Kretschmann and
(b)Otto configuration of the attenuated total reflection (ATR) method.

When light incident from the prism strikes the metal film, it is partially reflected and
partially transmitted into the metal as an inhomogeneous, evanescent wave. If the metal
film is sufficiently thin, the evanescent wave penetrates through the film and couples to
a surface plasmon at the outer metal-dielectric boundary. The propagation constant of
the surface plasmon, Bspp, is influenced by the presence of the dielectric and can be

expressed as:

w €4Em

Bspp = —
c\Veg+en

(2.56)

where Sspp represents the propagation constant of the surface plasmon polaritons pro-
pagating the metal-dielectric interface in the absence of the prism. Efficient coupling
between the evanescent wave (k) and the surface plasmon polaritons (Bspp) requires

phase-matching, which is achieved when:
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2T . 21 | €4Em
T@SIHG = k’x = Re{ﬂspp} = Re {7 ﬁ} . (257)

In the Otto geometry, a high-index prism with refractive index n, is interfaced with a

dielectric-metal waveguide. This waveguide comprises a thin dielectric film with refractive

index ng (ng < n,), and a semi-infinite metal with permittivity €,,, as depicted in Fig. 2.8.

w
. ,kx,l .kx,2
all',: pms’m
Wgp fp==mmmmmm L SPPmetal/air
l’ g
; ,” : SPPmemt’/prism
Wsp2f-mm - AR
:. kx,2 - kSPP
I
]
1

k Spp Wave vector, k

Figure 2.8.: The dispersion relation of SPP and free-space light in the prism and dielectric
material (air).

In this configuration, a light wave incident on the prism-dielectric film interface at an

angle exceeding the critical angle generates an evanescent wave that propagates along

the interface. If the thickness of the dielectric layer is appropriately chosen (typically on

the order of a few microns), the evanescent wave can couple to a surface plasmon at the

dielectric-metal interface.

2.4.2. Grating Coupling

A diffraction grating is an optical device used to split an incident plane wave into multiple
plane waves traveling in different directions. This property is crucial for exciting surface

plasmon polaritons.

A diffraction grating modifies the phase or amplitude of an incoming wave periodically.

This can be achieved using either a transparent plate with a periodic thickness variation
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. o 15
dielectic €4; qukinc,

metal

dielectic

Figure 2.9.: Excitation of surface plasmons by light diffraction on a grating.

or a refractive index that changes periodically. Additionally, periodic structures such
as apertures, obstacles, or absorbing components can be used. A reflection diffraction
grating is typically made by applying a thin, periodically ruled metal film onto a glass

substrate.

A reflection diffraction grating consists of a thin metal plate located in the y = 0 pla-
ne, where the surface profile varies periodically in the z-direction with a period A (see
Fig. 2.9). When a plane wave of wavelength A < A strikes the grating at a small incident
angle 6;,., it gives rise to multiple diffracted plane waves that propagate at various angles

relative to the y-axis.
A more general analysis, valid beyond the paraxial approximation, shows that the angles

0., of the diffracted orders satisfy:

A
sin@,, = sin 6;,,. + me (2.58)

This relationship is obtained by representing the grating’s periodic transmission func-
tion ¢(x,y) as a Fourier series composed of components exp(—jm2mz/A), where m =

0,41,42,....
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The incident plane wave exp(—jkxsinb;,.), when modulated by the harmonic term

exp(—jm2mx/A), generates a plane wave at angle 6,,, represented as
exp(—jka sinb,,) < exp(—jkx sin b;,.) exp(—jm2mz /). (2.59)
This follows the phase-matching condition
27

ksin6,, = ksin 6;,. + m—, (2.60)

which simplifies to Eq. (2.58) by substituting k = 27/\.
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Figure 2.10.: Grating coupling of surface plasmons. The xz-component of the incident light
wavevector (Ki..) is shown as a dashed grey line. Light scattering by the
grating results in lines ki, » +kam and Kine » — kgp,. For simplicity, only the
first-order (£1) diffracted light is displayed. Surface plasmons are excited
at the intersections of these lines with the plasmon dispersion curves kgpp
and —kspp.

Considering all this, a diffraction grating generates multiple wavevectors by introducing
a periodic phase modulation, enforcing momentum conservation along the grating plane.
This allows light to be diffracted into discrete orders, with the diffraction angles determi-
ned by the grating period and incident wavelength, provide the necessary additional mo-
mentum to couple incident light into surface plasmon polaritons. In the surface plasmon

excitation by grating, a light wave incident from a dielectric medium with permittivity
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g4 interacts with a metal grating of permittivity €, and period A (see Fig. 2.9). When
a light wave with wavevector k;,. strikes the grating, it generates multiple diffracted

wavevectors k,,, [78-80], given by:

K = Kine + mG, (2.61)

where m is the diffraction order, and G is the grating vector, which lies in the grating
plane (z-z plane in Fig. 2.9), perpendicular to the grooves. The magnitude of the grating

vector 1s:

G- (2.62)

Due to diffraction, the wavevector component perpendicular to the grating remains un-

changed, while the in-plane component follows:

2
Ko = ko + mKW (2.63)

Surface plasmons are excited when the in-plane wavevector component k,,, matches the
surface plasmon propagation constant Sspp (see Fig. 2.10). This matching condition is

given by:

2 2
Tﬂ £4s8Iinf + m% = kym = Re{Bspp}, (2.64)

w EdEm
— 2.65
Bspr c\ eq+em ( )

is the propagation constant for a smooth metal-dielectric interface. This condition can

where

be rewritten as:

A m
VEasing +m3 = iRe{ ;fg } . (2.66)
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To determine the angle at which a surface plasmon is excited on a grating, can use

Eq. (2.66) in the following formula:

. 1 1 EdEm 2m
_— * 2.
9 S11 ( > e e m ( 67)

By modifying the diffraction order, grating pitch, and incident angle, various resonance

conditions can be achieved for surface plasmon excitation.

2.5. Theoretical Considerations for Grating-Coupled
SPR Biosensors

Theories regarding surface plasmons and grating structures have been provided, demons-
trating their potential for biosensing applications. It has been shown that surface plas-
mon resonance (SPR) enhances the sensitivity of optical biosensors by facilitating strong
light-matter interactions at metal-dielectric interfaces. Among the different coupling me-
chanisms, grating-based SPR has been recognized as particularly advantageous, as it
eliminates the need for bulkier prism-based coupling and allows for precise biomolecular
detection. Theoretical studies have indicated that the performance of grating SPR bio-
sensors can be improved by optimizing structural and material parameters, as outlined

in the following key design considerations.

Momentum Matching Optimization

The excitation of surface plasmon polaritons (SPPs) via grating coupling is examined
based on Eq. (2.66). It is demonstrated that one of the critical parameters directly in-
fluencing SPP excitation is the grating period (A) and the groove depth (h). These
parameters must be carefully considered to ensure efficient coupling, particularly when
the incident light has a wavelength () smaller than the grating period (A < A). This
condition is essential for fulfilling the phase-matching requirement in SPP excitation,

given by the relation in Eq. (2.60). Furthermore, the grating geometry, including the
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groove profile, duty cycle, and modulation depth, represents another crucial factor requi-
ring clarification, as it can significantly alter the electromagnetic field distribution and
the efficiency of SPP excitation. Different grating profiles (e.g., sinusoidal, rectangular,
or triangular) influence the diffraction efficiency and localized field enhancement, thereby

affecting the overall coupling efficiency.

Recent studies [81-83| have demonstrated that optimizing these parameters enhances the
SPP excitation and propagation, leading to improved performance in plasmonic devices

and sensing applications.

Resonance Wavelength Sensitivity

The geometry of the grating should be adjusted to maximize shifts in resonance wave-
length resulting from molecular binding, thereby improving detection limits. A sharper
resonance peak has been found to enhance the sensor’s ability to detect small variations

in the refractive index.

Choice of Metal

Plasma frequency (w,), free-space plasma wavelength (A,), scattering time (7), and scat-
tering rate (74 = 1/7) for various metals such as gold or silver (see Tab. 2.1) have
been shown to exhibit significant differences that strongly influence plasmon propagation
length, field enhancement, and stability. The choice of metal is primarily determined by
the specific application and intended purpose. Metals with lower scattering rates and
longer scattering times tend to support longer plasmon propagation lengths, enhancing
the efficiency of plasmonic devices [84-86]. The dependence of these parameters on the
electronic structure and interband transitions of metals further affects their suitability

for particular applications.

Minimizing Radiative Losses
Radiative losses can be minimized by optimizing the grating structure, which enhances
the quality factor of the plasmonic resonance. This optimization leads to improved signal

contrast and greater detection accuracy.
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By applying these theoretical principles, the performance of grating-based SPR, biosen-

sors can be significantly enhanced. Greater sensitivity, improved selectivity, and higher

detection accuracy can be achieved.
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CHAPTER

Plasmonic Grating Biosensors -

State-of-the-art

This chapter provides a comprehensive review of the latest advancements in SPR tech-
nology, focusing on grating-based SPR for biosensing applications. It discusses recent
developments in plasmonic materials, grating fabrication techniques, and different SPR
configurations, including conventional prism-based SPR, localized surface plasmon reso-
nance (LSPR), backside illumination SPR sensors, and grating coupler SPR measurement
setups. Sensitivity enhancement strategies, such as coupling with electrical readouts, mi-
crofluidic integration, and Al-driven signal processing, are explored. Additionally, the
integration of grating-based SPR with emerging technologies and applications in indus-
trial and clinical biosensing is reviewed. Performance parameters, including Sensitivity,
Figure of Merit (FOM), full-width at half-maximum (FWHM), and Coupling Efficiency
(CE), are introduced as key metrics for evaluating sensor performance. This chapter sets

the stage for a detailed discussion of state-of-the-art techniques and novel configurations,
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offering insights into the critical parameters that influence grating-based SPR biosen-
sing. By addressing these aspects, the chapter provides a comprehensive foundation for

understanding and advancing SPR technologies.

3.1. Plasmonic Materials for Grating-Based SPR

Sensors

Plasmonic materials have gained significant attention in recent years due to their ability
to support surface plasmon resonances (SPRs), which enable enhanced light-matter inter-
actions. These materials, primarily composed of noble metals, transition metal nitrides,
and some semiconductors, exhibit unique optical properties that are useful in applications

such as biosensing, photonics.

As discussed in theoretical chapter, a plasmonic metamaterial is a material whose optical
properties are derived from surface plasmons, collective oscillations of free electrons at
the interface between a metal and a dielectric. The efficiency of this coupling depends on

factors such as material conductivity, quality factor, and fabrication feasibility.

Noble Metals

Noble metals, such as gold (Au), silver (Ag), and aluminum (Al), are frequently employed
in plasmonic applications due to their high electrical conductivity and ability to support
long propagation distances of surface plasmon polaritons (SPPs) [87]. Silver (Ag) offers
the lowest optical losses and longest propagation distances in the visible spectrum, ma-
king it the most efficient plasmonic material [87], though it is susceptible to oxidation.
Gold (Au), while exhibiting higher optical losses in the visible range, is preferred for
biomedical and long-term plasmonic applications due to its excellent chemical stability
[88]. Aluminum (Al) provides a cost-effective alternative with strong plasmonic activity
in the ultraviolet (UV) spectrum, but its performance is affected by oxidation and surface

roughness.
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Alternative Plasmonic Materials

Beyond noble metals, alternative plasmonic materials are being explored, including tran-
sition metal nitrides (TiN, ZrN, CuN) [89-91|, two-dimensional (2D) materials like gra-
phene and transition metal dichalcogenides (TMDs) [92]. Titanium nitride (TiN) offers
high-temperature stability and optical properties comparable to gold. Graphene provides
tunable plasmonics in the mid-infrared (MIR) and terahertz (THz) ranges, making it
advantageous for integrated photonics. Alkali metals (Na, K) exhibit the smallest optical
losses and high-quality factors [93], but fabrication and processing challenges hinder their
practical use. Despite this variety, silver remains the top performer for plasmonic quality
factors in Localized Surface Plasmon Polariton (LSPP) and SPP applications within the
visible and near-infrared (NIR) spectrums [87, 94].

Plasmonic Properties of Silver

Paul R. West and his team [94]| analyzed the optical properties of various plasmonic
materials based on their quality factors, propagation lengths, and optical losses. Their
study highlights that, although no single plasmonic material is optimal for all applicati-
ons, silver remains the best-performing material for most use cases. Fig. 3.1 illustrates
the propagation distances of SPPs for different metals as a function of wavelength. This
simulation demonstrates that silver exhibits the lowest losses in the Drude model and
the longest propagation length in the visible spectrum [87]. Moreover, Fig. 3.2 compares
the quality factors of different metals commonly used in plasmonics. Quality factors [94]
provide a quantitative measure of the performance of plasmonic materials. It shows that
silver (Ag) exhibits the highest quality factors among the metals considered, particularly

in the visible and near-infrared regions, which corresponds to optical frequencies.

Challenges of Using Silver

While silver offers superior plasmonic properties, its rapid oxidation in air significantly
alters its optical behavior, making it less than ideal for long-term plasmonic devices
[94]. This oxidation issue has spurred research into several solutions: protective coatings
like silicon dioxide (SiOy) [95] and graphene layers to prevent oxidation [96]; bimetallic
structures (Ag-Au, Ag-Al) [97] designed to enhance stability while preserving plasmonic
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Figure 3.1.: The propagation distances of SPP in different metals as a function of the
wavelength in pm. Adapted from [87], a license has been granted by Cam-
bridge University Press.
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Figure 3.2.: Comparison of the surface plasmon resonance quality factor (Qgpp) for diffe-
rent metals (Ag, Au, Na, K, Al) as a function of wavelength. Silver (Ag) ex-
hibits the highest Q)spp, particularly in the visible and near-infrared regions,

indicating its superior performance for plasmonic applications. Reproduced
with permission from.[94| Copyright 2007, WILEY - VCH VERLAG GMBH

efficiency; and nanostructuring techniques aimed at improving performance and reducing

susceptibility to oxidation.

Conclusion, although multiple materials can be employed for plasmonic applications,
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silver remains the optimal choice due to its low optical losses and long propagation di-
stances. Even though silver is susceptible to oxidation, recent advancements in protective
coatings, bimetallic alloys, and fabrication techniques have significantly improved its du-
rability. As a result, silver continues to be the leading plasmonic material for applications

in biosensing, photonics, and high-performance optical devices.

3.2. Grating Fabrication Techniques for SPR Sensors

Grating structures are essential components in Surface Plasmon Resonance (SPR) sen-
sors, as they enable the coupling of incident light to surface plasmon waves. The fabrica-
tion of these gratings requires precise control over periodicity, depth, and uniformity to
enhance sensor sensitivity and ensure repeatability. Different fabrication techniques of-
fer varying levels of resolution, scalability, cost-effectiveness, and material compatibility,

influencing the performance of SPR sensors.

This section explores key fabrication methods, detailing their principles, working mecha-
nisms, achievable grating sizes, and limitations. Additionally, it justifies why Electron
Beam Lithography (EBL) is chosen in this research for precise and high-performance

grating fabrication.

Interference Lithography (IL)

Interference lithography (IL) is a maskless photolithographic technique that utilizes two
or more coherent laser beams to create an interference pattern on a photosensitive mate-
rial. This interference generates periodic light and dark fringes, exposing the photoresist
in a pattern corresponding to the desired grating structure [98]. The fabrication pro-
cess as shows in Fig. 3.3, involves four steps: substrate preparation, where a substrate
(silicon, quartz, or glass) is coated with photoresist; exposure, where overlapping laser
beams create the interference pattern; development, where the exposed photoresist forms
the periodic grating pattern; and optionally, etching, where the pattern is transferred to

the substrate using reactive ion etching (RIE). IL allows for grating periodicities typi-
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cally between 200 nm and 5 pm [97, 99|, controlled by laser wavelength and interference
angle, and grating depths from 50 nm to 1 pum, dependent on etching conditions. The
resolution limit is 100-500 nm [100], constrained by diffraction. IL’s advantages include
high uniformity over large areas (cm?-scale) and high-speed processing suitable for mass
production. However, it has limitations, primarily its limited flexibility to create only

sinusoidal gratings and its fixed periodicity, dependent on the interference angle.

Two coherent light beam

spin-coated development
# q
otoresist
strate _—
(a) (c)

Figure 3.3.: Grating fabrication via Interference Lithography. (a) A photoresist is spin-
coated onto a substrate. (b) Two coherent light beams interfere, creating a
periodic intensity pattern on the photoresist. (¢) Development removes the
exposed photoresist, revealing a patterned structure.

(b)

Nanoimprint Lithography (NIL)

Nanoimprint lithography (NIL) is a technique that employs mechanical deformation to
transfer nanoscale patterns onto a substrate [101]. This is achieved by pressing a pre-
patterned mold (master stamp) into a soft polymer layer and subsequently curing or
solidifying the material [102]|. The fabrication process as shows in Fig. 3.4, includes mold
fabrication, where a high-precision master mold (made of silicon, quartz, or metal) is
created using electron beam lithography (EBL) [103] or photolithography [104]; imprin-
ting, where the mold is pressed onto a thermoplastic or UV-curable polymer; curing and
separation, where the polymer is hardened via UV exposure [105] or heat [106], and the
mold is removed, leaving the grating pattern; and finally, metal deposition, where a thin
metal film (e.g., Au, Ag) is deposited over the structured surface. NIL allows for grating

periodicities from 50 nm to 1 pm [107], limited by the master mold resolution, and gra-

46



3.2. Grating Fabrication Techniques for SPR Sensors

ting depths from 10 nm to 200 nm, controlled by imprint pressure and mold depth. With
high-quality molds, NIL can achieve a resolution down to 10-100 nm [100].

Cooling & Demolding

Heat & Pressure

4

y ~

olymer

bstrate —
(a) (b) (c)

Figure 3.4.: Schematic Illustration of Thermal Nanoimprint Lithography (T-NIL) for a
grating fabrication. (a) A mold with patterned features is brought into con-
tact with a polymer resist layer coated on a substrate. (b) Heat and pressure
are applied, forcing the mold features into the softened polymer. (c¢) After
cooling and demolding, the pattern is transferred to the polymer resist.

UV Lithography

UV lithography is a mask-based photolithographic process that uses a photomask to defi-
ne patterns on a light-sensitive material. The photomask, with its opaque and transparent
regions, allows UV light to selectively expose the photoresist, thus creating grating struc-
tures [108|. The fabrication process as shows in Fig. 3.5, involves several steps: substrate
preparation, where a silicon or glass substrate is coated with photoresist; exposure, where
a UV light source shines through the pre-designed photomask, exposing the photoresist
in the defined pattern; development, where the exposed photoresist is developed, reve-
aling the grating structure; and finally, etching and metal deposition, where the grating
pattern is transferred onto the substrate, and a plasmonic metal (e.g., Au, Ag) is deposi-
ted. UV lithography allows for grating periodicities ranging from 1 gm to 100 pgm [109],
limited by UV diffraction effects, and grating depths from 50 nm to 10 pum, dependent
on the etching process. The resolution limit is 300-500 nm [100], constrained by mask
design and light diffraction. While UV lithography is fast and widely used in industrial
settings, and suitable for micron-scale gratings, its resolution is diffraction-limited, and

its mask dependency limits flexibility.
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Figure 3.5.: Schematic of UV lithography Process. (a) A photoresist layer is spin-coated
onto a substrate. (b) The photoresist is selectively exposed to UV light
through a mask, defining the desired pattern. (c) Development removes the
exposed photoresist, revealing the pattern on the substrate.

Electron Beam Lithography (EBL) — The Preferred Technique

Electron Beam Lithography (EBL) is a direct-write nanolithography technique that uti-
lizes a highly focused electron beam to expose a resist layer, enabling the fabrication of
extremely fine grating structures [110]|. The process as shows in Fig. 3.6, begins with sub-
strate coating, where a substrate (silicon, quartz, or polymer) is coated with an electron-
sensitive resist (e.g., PMMA) [111]. Direct writing follows, where a high-energy electron
beam scans the resist in a computer-controlled pattern to define the grating structure.
The exposed resist is then chemically developed, revealing the grating pattern. Finally,
the pattern is transferred to the substrate, and a thin metallic film (e.g., Au, Ag, or Al)
is deposited. EBL offers unparalleled flexibility with grating periodicities ranging from
5nm to 1 pm [82, 112, 113], and grating depths from 5-500 nm [100], precisely control-
led via etching. Its resolution limit of less than 10 nm makes it the highest-resolution

technique available.

To summarize, as shows in Tab. 3.1, the selection of a grating fabrication technique
depends on resolution, scalability, cost, and design flexibility. While Interference Litho-
graphy (IL) and Nanoimprint Lithography (NIL) are effective for mass production, they
lack the nanometer-scale precision required for optimal SPR performance. Electron beam
lithography (EBL) is chosen for its superior resolution, precise control, and ability to fa-
bricate highly customized grating structures, making it the best choice for high-sensitivity

SPR applications.
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development
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Figure 3.6.: Schematic of Electron Beam Lithography Process. (a) A resist layer is spin-
coated onto a substrate. (b) The resist is selectively exposed to an electron
beam (e-beam), defining the desired pattern. (c¢) Development removes the
exposed resist, revealing the pattern on the substrate.

Table 3.1.: Comparison of different grating fabrication techniques based on key parame-

ters.

Feature

Interference Lithogra-
phy (IL)

Nanoimprint Lithogra-
phy (NIL)

UV Lithography

Electron Beam Litho-
graphy (EBL)

Resolution Limit
Grating Periodicity
Grating Depth
Pattern Flexibility
Scalability
Fabrication Speed
Cost

Mass Production

Material Compatibility

SPR Sensors

~500 nm

200 nm — 5 pm

50 nm — 1 pm
Sinusoidal patterns
High

Fast

Low

Excellent

Glass, silicon, quartz

Moderate sensitivity

20 nm

50 nm — 1 pm

10 nm — 200 nm
Limited to mold design
High

Fast

Medium

Excellent
Polymers, glass, metals

Moderate to high sen-
sitivity

~500 nm

1 pm — 100 pm

50 nm — 10 pum

Mask-dependent
High

Very fast

Low

Excellent

Glass, silicon, photore-
sist
Low to moderate sensi-

tivity

<10 nm

5nm — 1 pum

5 nm — 500 nm
Fully customizable
Low

Slow

High

Poor

Glass, silicon, polymers

High sensitivity

3.3. Measurement Configurations of Grating-Based

SPR Sensors

The measurement configuration plays a crucial role in optimizing the efficiency and accu-

racy of grating-coupled SPR sensors. Unlike the conventional prism-based setup, grating-

based SPR relies on the diffraction of incident light to excite surface plasmons. Several

measurement configurations exist, each with distinct advantages and limitations.
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Angular Interrogation (Chosen Method for This Thesis)

Angular interrogation, the method chosen for this thesis, measures the angle at which
Surface Plasmon Resonance (SPR) occurs, identified by the minimum reflected light in-
tensity. The setup as shows in Fig. 3.7, comprises a laser source (e.g., He-Ne laser at 632.8
nm [82, 114] or a diode laser at 637 nm [115]), a collimating lens to focus the beam for
angular variation, a polarizer to ensure p-polarized light, a motorized rotational stage for
precise incident angle adjustment (£0.01° precision), and a detector (photodiode [116] or
CCD camera [114]) to measure reflectivity. The measurement output is the SPR angle

shift (°) per refractive index unit (RIU). This method typically achieves a sensitivity of

rotation . .
Polarizer laser light source

pinhole

convex lens

incident wave

photodetector

Figure 3.7.: Schematic of angular interrogation setup. A laser light source emits a beam
that is polarized and focused by a convex lens through a pinhole. The resul-
ting incident wave is directed onto a sample, which is mounted on a rotation
stage. The reflected wave is then measured by a photodetector, also mounted
on a rotation stage. (Image adapted from Sarapukdee et al. [82] under the
Creative Commons Attribution (CC BY) license.)

40-160°/RIU [100, 114, 117] with high resolution (+0.01°). Its advantages include high
sensitivity to RI variations (making it ideal for biosensing), a wide dynamic range (detec-
ting from 1.33-1.40 RIU) [82], simple data interpretation (due to the linear relationship

between RI change and angle shift), and low-cost optics compared to wavelength inter-
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rogation. However, angular interrogation also has limitations: slower measurement speed

due to mechanical scanning and bulky instrumentation due to the rotating components.

Wavelength Interrogation

Wavelength interrogation, an alternative SPR measurement technique, measures the shift

Polarizer Broadband
light source

Fixed angle pinhole

incident wave I

sample

Spectrometer

Figure 3.8.: Schematic of wavelength interrogation setup. A broadband light source emits
light that is polarized and passes through a pinhole. The resulting incident
wave is directed onto a sample at a fixed angle. The reflected wave is then
analyzed by a spectrometer.

in the SPR resonance wavelength rather than the angle. The setup as shows in Fig. 3.9,
includes a broadband light source (such as a halogen lamp [118] or supercontinuum laser
[119]), a diffraction grating to select specific wavelengths, and a spectrometer to detect
intensity changes across the spectrum. The measurement output is the resonance wa-
velength shift (nm/RIU), and the sensitivity typically ranges from 400-1200 nm/RIU
[100, 120]. Wavelength interrogation offers the advantages of fast measurements due to
the absence of mechanical movement and easier miniaturization for portable devices.
However, it also has limitations, including lower sensitivity compared to angular inter-
rogation, complex data processing requiring precise wavelength calibration, and higher

equipment costs due to the spectrometer.
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Phase Interrogation

Phase interrogation is another SPR technique that measures the phase shift or polari-
zation change in reflected light [121]. The setup as shows in Fig. 3.9, typically includes
a monochromatic laser source, a beam splitter and rotating analyzer to control the po-
larization state, and a CMOS camera to capture the interference pattern [122]. The
measurement output is the phase shift, measured in degrees (°/RIU). This method offers
extremely high sensitivity, up to 300°/RIU [121, 123, making it ideal for single-molecule
detection. While advantageous for its high sensitivity and potential for single-molecule de-
tection, phase/polarization interrogation also has limitations. It requires complex optical
alignment [100] is sensitive to environmental noise (such as temperature and vibrations),

and has a limited dynamic range compared to angular or wavelength methods.

Polarizer
Half~Wave Plate Laser light source
sample

incident wave

Quarter-Wave Plate

Pixelated Polarization Camera

Figure 3.9.: Schematic of a phase interrogation setup. A laser light source emits a beam
that is polarized by a polarizer. A half-wave plate is used to control the
polarization state of the incident wave. The beam is directed onto a sample,
and the reflected wave passes through a quarter-wave plate before being
detected by a pixelated polarization camera.
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3.4. Performance Evaluation Metrics in SPR

Biosensing

Performance evaluation metrics are critical for assessing the efficacy of SPR biosen-
sors. Key metrics such as sensitivity, figure of merit (FoM), full-width at half-maximum
(FWHM), and Coupling Efficiency (CE) are critical. Sensitivity quantifies the ability
to detect small changes in refractive index. The FoM integrates sensitivity and spec-
tral resolution, ensuring optimal sensor performance. FWHM represents the sharpness
of the resonance peak, directly impacting detection accuracy. This section provides these
evaluation metrics, their mathematical formulations, and their significance in improving

SPR biosensing technology.

Sensitivity (S)
Sensitivity measures the ability of the SPR sensor to detect small changes in the refractive
index (RI) of the sensing medium [124]. It is expressed as the shift in resonance angle or

wavelength per unit change in RI:

Ab AN

where:

S = Sensitivity

Af = Change in resonance angle (°)

A) = Change in resonance wavelength (nm)
An = Change in refractive index (RIU)

A higher sensitivity value indicates a better-performing sensor.

Full-Width at Half-Maximum (FWHM)
FWHM represents the width of the SPR resonance peak at half of its maximum intensity
[125]. It is defined as the difference between the two z-values (in this case, angles) at

which the measured value (here, reflectivity) falls to half of its maximum value. For a
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reflectivity curve R() with a maximum value Ry,,y, the FWHM is given by the angular

range between the two points where:

R(0) = R(02) = 5 R (3.2)

so that:
FWHM = 6, — 6,. (3.3)

A narrower FWHM results in a sharper peak, improving sensor resolution.
Figure of Merit (FoM)

The Figure of Merit (FoM) [126] evaluates the overall sensor performance by considering

both sensitivity and resolution:

FoM = m

where:
S = Sensitivity
FWHM = Full-width at half-maximum of the resonance curve

A higher FoM indicates better sensor resolution and detection capabilities.

Coupling Efficiency (CE)

The assessment of coupling efficiency (CE) [82] involved computations that hinged on
signal attributes, specifically involving the interrelation of the full-width at half-maximum
(FWHM) of the excitation angle peak and the relative reflectivity R,.. The CE was

quantified using the formula:
(1 - Rrel)

CF = Wi

(3.5)

where: R, = Relative reflectivity FW HM = Full-width at half-maximum of the exci-
tation angle peak A higher CE value signifies a more effective coupling of incident light

into the SPR mode, optimizing sensor performance.
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3.5. Conventional SPR Biosensing

Conventional Surface Plasmon Resonance (SPR) biosensing is as a powerful and widely
adopted technique for real-time monitoring of biomolecular interactions. Notably, SPR
holds the largest market share within the label-free biosensor sector [127], a testament
to its reliability and versatility. Its significant applications span diverse fields, including
biological research, pharmaceutical development, clinical diagnostics, and environmental
monitoring. Commercially available SPR instruments [128], such as those offered by Bia-
core (Cytiva), Reichert Technologies, and Nicoya Lifesciences, provide users with robust
platforms for conducting these analyses. These systems vary in throughput, sensitivity,

and automation, catering to a wide range of experimental needs and budgets.

Working Principle of Conventional SPR Sensors

Conventional SPR biosensors operate by utilizing a thin metal film, typically gold or
silver, coated onto a glass prism. The prism optically couples with a sample solution
containing the target analyte. Light is directed onto the metal film at an angle slightly
above the resonance angle, exciting surface plasmons. The reflected light is then collected
and analyzed using a photodetector to determine shifts in resonance conditions, which

correlate with biomolecular interactions.

(a) Light wave (b)
Light wave

Dielectric

Metal layer

Metal layer

Figure 3.10.: Various SPR sensor configurations using different light coupling approaches
for SPR biosensing, including (a) prism coupling-based Kretschmann con-
figuration, (b) grating coupling.
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In the most commonly used Kretschmann configuration [76], shown in Fig. 3.10(a), light
is directed through a high-refractive-index prism onto a thin metal film. When the mo-
mentum of the incident photons matches the surface plasmon wave, resonance occurs,
leading to a measurable dip in the reflected light intensity. This resonance condition
shifts in response to molecular binding events at the metal surface, allowing quantitative

analysis of biomolecular interactions.

SPR Signal Analysis and Real-Time Monitoring
The data for angular detection can be analyzed using two primary methods: angular
scanning of incident light as shows in Fig. 3.11(b) or monitoring angular changes over

time as shows in Fig. 3.11(c).

(El) . Photodetector

Light wave Metal layer

Prism
i 1" Biomolecules

2" Biomolecules

(b) ()
z 0" 5on
N
=
8 H"SPR
=
:¥]
~ .
ﬁ PR
rj".ﬁ!‘ft

/ [ ()w 7 ‘”Y) PR Angle (%) Time
oy~ oy - XY

Figure 3.11.: (a) Diagram of an SPR setup in the Kretschmann configuration. Light wave
is transferred to surface plasmons at a certain angle, resulting in a minimum
intensity in the angular scanning, as shown in (b). (¢) SPR angle variation
as a function of time enables real-time monitoring of the antibody-antigen
interaction.

Fig. 3.10b illustrates angular scanning for different scenarios:

e A pure gold sensor with an initial resonance angle 62 pp.
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e A sensor with immobilized antibodies, shifting the resonance angle to 0pp.

e A sensor detecting target antigens, shifting the angle further to 0%y, which even-

tually saturates at 0, when binding reaches equilibrium.

In real-time detection, as shown in Fig. 3.11c, the SPR angle fluctuation over time allows
for continuous monitoring of biomolecular interactions. This method is widely used to
calculate kinetic parameters [129] such as binding curves, association rate constants,

dissociation rate constants, and equilibrium constants (affinity).

Advantages and Challenges of Conventional SPR Biosensing

Conventional SPR biosensors offer several key advantages [130]. They allow for label-free
detection [29], eliminating the need for fluorescent or radioactive labels, which simpli-
fies experimental procedures and avoids potential interference with analyte behavior.
Real-time monitoring is another benefit, enabling continuous observation of kinetic in-
teractions, particularly valuable for studying rapid binding and dissociation processes
[131, 132|. Finally, their high sensitivity allows for the detection of even minute changes
in refractive index caused by molecular interactions, making them highly effective for
biomolecular studies [133]. However, conventional SPR biosensing also has limitations.
It is surface sensitive, primarily detecting interactions within a few nanometers of the
metal surface [134, 135|, which restricts its applicability to some biological systems where
interactions occur further away. Non-specific binding is another concern, as direct contact
between the sample and the metal surface can lead to fouling or non-specific interacti-
ons [136, 137|, requiring careful experimental design and surface regeneration strategies.
Lastly, the high initial investment and maintenance costs of the equipment can limit

accessibility in resource-limited settings.
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3.6. Advances in SPR Biosensing Systems and

Technologies

SPR has evolved significantly, with new configurations and sensing mechanisms improving
its sensitivity and applicability. Beyond conventional prism-based SPR, localized surface
plasmon resonance (LSPR) and backside illumination techniques have enabled more fle-
xible and enhanced biosensing approaches. This section covers the latest advances in SPR
biosensing, with a focus on different SPR configurations and sensing methodologies. It
begins with a discussion of principle, followed by an examination of advanced technologies

and associated challenges.

Localized Surface Plasmon Resonance (LSPR)

LSPR biosensors operate based on the interaction between light and the collective os-
cillation of conduction electrons, known as surface plasmons [138]. When noble metal
nanoparticles [139] are irradiated with light at a specific wavelength, the free electrons
at the nanoparticle surface undergo resonant oscillations, resulting in enhanced light ab-
sorption and scattering, as illustrated in Fig. 3.12(a). This localized surface plasmon
resonance (LSPR) phenomenon is highly sensitive to changes in the refractive index of

the surrounding medium [140], making it a powerful tool for biosensing applications [141].

The resonance wavelength, M., of LSPR is highly dependent on the refractive index,
n, of the surrounding medium. The shift in resonance wavelength due to changes in the

refractive index, An, is given by [142, 143]:

Alpax = mMAnR [1 — exp (_Z—Qd)} . (3.6)
d

Here, m is the bulk refractive-index response of the nanoparticle(s), An is the change
in refractive index induced by the adsorbate, d is the effective adsorbate layer thickness,

and [, is the characteristic electromanetic field decay length. The extinction cross-section,
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Cext, for nanoparticles in the quasi-static approximation based on Mie theory can be

expressed as [142, 143]:

2472 R? e2/? Tm(e)

Coxt = A [Re(e) + 2€,,)% + Im(e)?’

(3.7)

where R is the radius of the nanoparticle, ¢, is the dielectric constant of the surrounding

medium, and € is the complex dielectric function of the metal.

LSPR-based biosensors offer high sensitivity to molecular interactions due to the strong
localization of the plasmonic field. These sensors work by detecting shifts in the resonance

wavelength when biomolecules bind to the nanostructure surface.
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Figure 3.12.: Schematic diagram illustrating the localized surface plasmon on a nano-
particle surface. (a) The localized surface plasmon resonance (LSPR) of
plasmonic nanoparticles and (b) absorbance spectra obtained for binding
events on nanoparticles.

Comparison Between LSPR and Conventional SPR
While both LSPR and Surface Plasmon Resonance (SPR) operate based on plasmonic
principles, their mechanisms and applications differ significantly. Tab. 3.2 summarizes

key differences between the two techniques.

Advantages and Challenges of LSPR Biosensing
Localized Surface Plasmon Resonance (LSPR) biosensors offer key advantages due to
their tunable optical properties, which can be precisely controlled by adjusting the na-

noparticle size, shape, and material composition [144]. This adaptability enhances sensi-
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Table 3.2.: Comparison between SPR and LSPR

Feature LSPR SPR

Resonance Mode Localized at nanoparticle surface Propagating along metal-dielectric interface
Excitation Source Direct light illumination Requires prism, grating, or waveguide coupling
Sensing Depth Few nanometers (highly localized) Hundreds of nanometers (bulk interactions)
Sensitivity High for surface interactions High for bulk refractive index changes
Miniaturization Compatible with portable devices Requires complex optical components

Multiplexing Potential ~Moderate (limited by spectral overlap) High (better spectral separation)

tivity and enables multiplexed detection of multiple biomolecules in a single experiment
[145]. Unlike conventional Surface Plasmon Resonance (SPR) sensors that rely on com-
plex optical setups such as prisms or gratings, LSPR sensors can be directly excited by
light, simplifying the sensor design. Additionally, the localized nature of LSPR near the
nanoparticle surface enhances sensitivity to small environmental changes, making these
sensors ideal for portable and point-of-care diagnostic applications [146-148]. Despite
these benefits, LSPR sensors face certain challenges. Broad spectral linewidths reduce
detection specificity and complicate peak shift measurements [149, 150]. Stability and
reproducibility can be affected by nanoparticle aggregation and surface fouling, leading
to inconsistencies in sensor performance. Furthermore, spectral overlap in multiplexed
LSPR detection limits the ability to distinguish between different analytes [151|. The
high cost of noble metal nanoparticles [152], such as gold and silver, also poses a barrier

to large-scale commercialization.

Backside Illumination SPR Sensors

Backside illumination SPR sensors involve directing incident light from the substrate
side rather than the typical front-side illumination through the sensing medium. This
approach [153, 154] optimizes the coupling mechanism, leading to enhanced sensitivity

and reduced optical noise.

In addition, the backside illumination grating structure SPR coupling offers flexibility

in sensor chip fabrication. It can be implemented on various materials, including sili-
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con, glass [154, 155], or polymers [153], allowing for compatibility with different sample
environments and applications. The fabrication techniques for the grating structure are

well-established and can be readily incorporated into existing microfabrication processes.

The study from [156, 157| suggests a grating arrangement for effective backside illumi-
nation SPR coupling for use in tiny SPR sensors. The alignment is shown in Fig. 3.13.
An embedded grating structure with a flat surface in contact with the sample was crea-
ted. Using bulk micromachining, a 300 nm thick SOI top layer was used as a completely
embeddable grating amid an SU-8 substrate. The simulations show that the suggested
structure has a good SPR coupling efficiency and may be used with an SPR sensor. The
experimentally determined optical response of the built device revealed that efficient SPR

coupling is achievable.
SPR coupled

— ‘l/l/Media (&,)

_Grating
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Incident light
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Figure 3.13.: A backside lighting device with an SPR coupling structure, consisting of an
Au film, a Si grating area, and an Al thin film region on an SU-8 substrate.
The surface of the Au grating acts as the sensor surface. To activate the
SPR, the Au portion works as the anode electrode and the aluminum elec-
trode as the cathode electrode, and the incident light must be transverse
magnetic (TM) polarized in the plane of incidence. Adapted with permissi-
on from [157]. Copyright (©)2021, IEEE.

Advantages and Challenges of Backside Illumination SPR Sensors
Backside illumination grating-coupled SPR sensors offer significant advantages for precise
refractive index measurements. By directing light through the substrate, this configura-

tion minimizes signal interference from the sample medium, enhancing sensitivity and
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stability [158]. Protecting the sensing surface from direct light exposure reduces photo-
damage and thermal effects [159], ensuring robust performance. Furthermore, the com-
patibility with diverse substrates and potential for miniaturization enables integration

into advanced microfluidic [160, 161] and portable biosensing systems.

However, realizing the full potential of this technology requires addressing several challen-
ges. The fabrication process demands precise optical alignment for optimal light coupling,
and the increased angular sensitivity can lead to narrower resonance curves, requiring
careful calibration. Additionally, the limited dynamic range and scalability considerations
necessitate the development of refined manufacturing processes [162], alignment metho-
dologies, and calibration procedures. Overcoming these challenges will pave the way for

broader applications in advanced biosensing.

SPR Coupling with Electrical Readout

An optical prism and a photodetector are used in the most typical SPR observation setup.
Recent advancements have integrated electrical readout mechanisms [163] to enhance si-
gnal processing, miniaturization, and portability. The coupling of SPR with electrical
detection [164, 165] not only simplifies instrumentation but also facilitates seamless inte-
gration with existing electronic circuits and microfluidic systems [164|. Electrical readout
mechanisms in SPR systems leverage various transduction methods, including capaci-
tive sensing [164], CMOS photodetector [165, 166], electrochemical detection [167], and
field-effect transistor (FET)-based readouts [168]. These approaches allow the direct con-
version of optical resonance shifts into electrical signals, improving detection sensitivity

and real-time monitoring capabilities.

The study from [165, 169, 170] proposes an electrical readout SPR sensor utilizing an
Au diffraction grating with a submicrometer pitch, capable of coupling visible light at a
700-nm wavelength with SPR. This wavelength is carefully chosen to minimize water ab-
sorption while maximizing optical coupling efficiency. The grating geometry was designed

using the rigorous coupled-wave analysis (RCWA) method [171] to produce large optical
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absorption nearing unity, with sharp resonant characteristics due to SPR in visible light.
The device was fabricated using nanofabrication technology to incorporate Au diffraction

gratings on an n-type silicon (n-Si) substrate.

SPRs on the grating were generated by light irradiation from the Au grating side, and
the SPR could be read out electrically via the Schottky junction formed at the Au/n-
Si interface [169]. The working principle relies on the generation of hot electrons in
the Au film, which overcome the Schottky barrier and inject into the n-Si substrate,
allowing SPR detection as a photocurrent signal. Measurements were performed using
air, pure water, and aqueous glucose solutions to confirm the feasibility of refractive
index measurements. The SPR modes observed in these experiments were consistent
with theoretical predictions, and the measurable refractive index resolution was derived

from noise evaluation, demonstrating the sensor’s capability for high-precision detection.

TM-pol. light .

Coupled SPR

Figure 3.14.: Semiconductor-based SPR sensors with electrical sensor readouts. The inci-
dent light’s energy is absorbed during SPR. Due to the absorbed energy of
the incident light, hot electrons in the Au film can overcome the Schottky
barrier and are injected into the n-Si substrate, allowing SPR to be read
out as a photocurrent. Adapted with permission from [170], Copyright 2022,
IEEE.

Advantages and Challenges of SPR Coupling with Electrical Readout
Semiconductor-based surface plasmon resonance (SPR) sensors with electrical readouts
present a promising avenue for compact, high-performance sensing [163], but face chal-

lenges including electrical noise, limited dynamic range compared to optical methods,
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fabrication complexities, and material compatibility issues. To mitigate these limitati-
ons, advanced signal processing, optimized interface design, precision nanofabrication,
and surface functionalization are crucial. Further advancements, such as hybrid plat-
forms incorporating graphene and 2D materials, alongside electrostatic modulation and
conductive nanostructures, are being explored to enhance sensitivity and tunability. The
integration of SPR with electronic readouts is driving the development of next-generation

lab-on-chip devices and portable biosensors.

Microfluidics-Based SPR Biosensors

Microfluidics enables precise manipulation of minute fluid volumes through submillimeter
channels, offering an ideal platform for ultrasensitive chemical detection [172, 173] and
cell [174] manipulation in biomedical research. Advanced microfluidic systems simplify
assays and reduce processing time by replacing conventional techniques. Integrated with
on-chip sensors, simple microfluidic devices enhance biological testing, while innovations

in high-throughput and miniaturization support cost-effective biosensors [175].

inlet channels sensor channels

mﬁmhW”»WW“WW“ tlet channels

top part

bottom part
plasmonic microarray

Figure 3.15.: The PDMS top slab contains three microfluidic channels: inlet, sensor chan-
nels interfacing with the plasmonic chip, and outlet. The bottom PDMS slab
secures the chip and connects to the top layer. Adapted from [176] under
the CC BY NC ND license.
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Combining microfluidic chips with plasmonic biosensors integrates lab-on-chip advan-
tages with SPR technology [177], enabling portable, multiplex biomolecule detection.
Onur Tokel et al. [178] developed a low-cost, disposable microfluidic-SPR biosensor for
pathogen detection. A gold-coated substrate, functionalized with antibodies, is centrally
positioned in a microchannel with inlet and outlet ports. The Kretschmann configuration
underpins the SPR system, where a CMOS sensor captures reflected LED light from the
semiconductor surface. Fig. 3.15 illustrates the compact arrangement of the light source,

sensor, and related optics.

Advantages and Challenges of Microfluidic Integration

Microfluidic integration enhances SPR biosensors by enabling low-volume analysis, con-
trolled flow, automation, and multiplexing, facilitating portable diagnostics. However, is-
sues such as sensor surface fouling, complex fabrication [179], and data processing persist.
Future efforts focus on advanced surface functionalization and improved sensor stabili-
ty. The transition to practical point-of-care applications requires affordable [180], user-
friendly devices. While microprocessor integration enhances portability, miniaturizing
optical components into a single platform remains an engineering challenge. Overcoming

these hurdles is critical for widespread adoption in clinical and field applications.

Summary

The versatility of SPR biosensors allows for the characterization of biomolecular interacti-
ons, measurement of binding constants and kinetics, and concentration analysis without
the need for labeling. The first practical application of SPR sensors for biomolecular
detection was reported in 1983 [181], and since then, they have undergone rapid deve-
lopment, becoming a valuable platform for qualitative and quantitative measurements of
biomolecular interactions [182]. The advantages of high sensitivity, selection of diverse
target molecules, and real-time detection have made SPR sensors indispensable in the

fields of biology, food safety, and medical diagnostics.

65



Chapter 3. Plasmonic Grating Biosensors - State-of-the-art

While numerous SPR sensors have been reported in various applications, traditional
SPR devices are often associated with expensive equipment, complex optics, and precise
component alignment, which hampers their portability. However, recent advancements
have led to the development of portable SPR devices [183, 184], although they still require

a portable computer to operate and are approximately the size of a lunch box.

Looking ahead, continued advancements in SPR technology hold great promise for fur-
ther expanding its applications, improving portability, and enhancing its capabilities in
various fields, leading to more accessible and efficient biosensing platforms. Previous lite-
rature lacks a comprehensive analysis of the intricate relationship between various critical
parameters, leaving a significant gap in understanding. This research aims to close the
gap by thoroughly investigating the impact of fundamental parameters such as grating si-
ze, silver layer thickness, long-term preservation techniques, the implementation of a new
configuration, and the reliability of computer model predictions. By these issues being
addressed, a more comprehensive and holistic understanding of the complex dynamics

underlying grating SPR for biomolecules can be gained.
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Model and Simulation of

Grating-Based SPR

This chapter presents the development, implementation, and validation of a computatio-
nal model for simulating grating coupled surface plasmon resonance (SPR) sensors. The
simulation is based on the Finite Difference Time Domain (FDTD) method, incorporating
the Drude model for metal dispersion, Perfectly Matched Layers (PML) for boundary
absorption, Periodic Boundary Conditions (PBC) for simulating periodic structures, and
the Total Field Scattered Field (TF SF) method for wave excitation. The model is vali-
dated through convergence analysis and comparison with experimental reflectance data.
It is then used to analyze the sensor’s response to changes in refractive index and to in-

vestigate the influence of different grating geometries on plasmon excitation®. Simulation

8Portions of this section have been previously published as: P. Sarapukdee, C. Spenner, D. Schulz, and
S. Palzer, “Optimizing stability and performance of silver-based grating structures for surface plasmon
resonance sensors,” Sensors, vol. 23, no. 15, 2023. DOI: 10.3390/s23156743.
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results demonstrate strong agreement with measured data and highlight the potential of

the model as a predictive and optimization tool for SPR sensor design and analysis®.

4.1. Simulation Concept

The primary advantage of using simulations for grating-coupled SPR biosensors is their
ability to predict and optimize grating structures across multiple configurations, signifi-
cantly reducing the time required for experimental iterations. Recent studies [160, 185—
187] on surface plasmon resonance (SPR) have heavily relied on simulations due to the

challenges associated with fabricating large-area nanometer-scale gratings.

Building a computational model is particularly beneficial as it enables precise predicti-
ons of plasmonic interactions, optimization of grating geometry for enhanced sensitivity,
and consideration of fabrication limitations that may impact experimental outcomes. Ho-
wever, while simulations provide strong predictive capabilities, they must be validated
against experimental data to refine parameters and ensure accuracy. By integrating real-
world constraints and continuously optimizing grating designs, simulation models play a

crucial role in advancing the development of highly sensitive and reliable SPR, biosensors.

The computer modeling process used in this study is illustrated in Fig. 4.1. It consists of

three main steps:

1. Model Development — A computer model is built using theoretical data.

2. Validation — The simulation results are compared with experimental data from

laboratory measurements.

9Portions of this section have been previously published as: P. Sarapukdee, D. Schulz, and S. Pal-
zer, “Concept, simulation, and fabrication of inverted grating structures for surface plasmon resonance
sensors,” Journal of Sensors and Sensor Systems, vol. 13, no. 2, pp. 157-166, 2024. DOI: 10.5194 /jsss-
13-157-2024.
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Figure 4.1.: Construction of a computer model to predict the plasmon excitation angle
in grating structures with different geometries and materials. (Image from
Sarapukdee, P., et al. [155], is licensed under CC BY 4.0.)

3. Parameter Optimization — The model parameters are iteratively adjusted to mi-
nimize discrepancies between the simulation and experiment. This process can be

repeated with new experimental results to continuously improve accuracy.

The Finite-Difference Time-Domain (FDTD) method is particularly well-suited for si-
mulating grating-based SPR due to its ability to accurately handle complex geometries
and material dispersion. By discretizing both space and time, the FDTD method al-
lows for time-domain analysis of electromagnetic field interactions, making it essential

for understanding the transient behavior and resonant excitation of surface plasmons.

Additionally, FDTD can readily incorporate the Drude model for metals, enabling preci-
se modeling of the frequency-dependent permittivity of plasmonic materials such as gold
and silver. Moreover, the FDTD method can be combined with Perfectly Matched Layer

(PML) boundary conditions to simulate an unbounded space, effectively preventing spu-
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rious reflections at simulation boundaries. This is critical for accurately predicting the

SPR angle and resonance characteristics.

4.2. Structural Overview and Applied Models

The investigated structure, depicted in Fig. 4.2, consists of multiple layers, each desi-
gned to support the excitation and propagation of surface plasmon resonance (SPR).
The plasmonic layer is formed by a silver (Ag) film embedded within a dielectric SiO,
environment, which facilitates SPR excitation by providing the necessary interface for
plasmonic wave coupling. The silver layer is structured with a periodic grating to enhan-

ce coupling efficiency, enabling strong field confinement at the metal-dielectric interface.

The surrounding SiO, layers serve multiple purposes. They provide optical confinement,
ensuring efficient wave propagation, and help stabilize the refractive index environment,
which is crucial for maintaining sensor sensitivity. Beneath these layers, a silicon (Si)
substrate acts as a support structure, contributing to overall stability and assisting in

light reflection and guiding.

The dielectric medium (air) above the plasmonic layer interacts directly with the pro-
pagating surface plasmons. In practical biosensing applications, this layer represents the
sensing region, where biomolecular interactions cause shifts in the local refractive index,

leading to measurable changes in the SPR signal.

To ensure accurate simulation of SPR in this layered structure, multiple computational
techniques are employed. The Drude model is used to describe the dispersive nature
of silver, accounting for the frequency-dependent permittivity of metals, which is cruci-
al for accurately capturing plasmonic behavior. To prevent unwanted reflections at the
simulation boundaries, Perfectly Matched Layer (PML) boundary conditions are imple-
mented at the top and bottom of the computational domain. These artificial absorbing
layers simulate an infinite space, ensuring that outgoing waves do not interfere with the

simulated SPR response. Additionally, the periodic nature of the grating structure ne-
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Figure 4.2.: The structure used for validating the chosen model, highlighting the regions
with Perfectly Matched Layers (PML), periodic boundary conditions (PBC),
and the Total-Field/Scattered-Field (TF/SF) method implementation. The
Drude model is applied to the plasmon excitation region to account for the
frequency-dependent permittivity of silver, ensuring accurate modeling of the
plasmonic response.

cessitates the use of Periodic Boundary Conditions (PBC) along the lateral boundaries.
This approach reduces computational cost while ensuring that a single period of the
structure is sufficient to model the infinitely repeating grating with correct wave pro-
pagation. Furthermore, the Total-Field/Scattered-Field (TF/SF) method is employed to
efficiently introduce an incident electromagnetic wave into the simulation. By separating
the total electromagnetic field into its incident and scattered components, this method
allows precise control over wave excitation and its interaction with the plasmonic gra-
ting. Together, these computational techniques enhance the accuracy and reliability of
the SPR simulation, ensuring that the model effectively represents real-world plasmonic

Interactions.

Each of these computational models plays a vital role in ensuring accurate simulation re-
sults and realistic representation of SPR behavior. In the following sections, each of these

models will be discussed in detail, including their theoretical foundations, implementation

71



Chapter 4. Model and Simulation of Grating-Based SPR

techniques, and their impact on the accuracy of the simulations.

4.3. Finite-Difference Time-Domain (FDTD) Modeling

The Finite-Difference Time-Domain (FDTD) method is widely employed due to its abili-
ty to handle complex, dispersive materials and geometries. This section introduces the
fundamental equations governing FDTD simulations, focusing on the transverse magne-
tic (TM) mode, and discusses the implementation of essential boundary conditions such
as Perfectly Matched Layers (PML) and Periodic Boundary Conditions (PBC). The
incorporation of the Drude model for metal dispersion is explored, along with the Total-
Field/Scattered-Field (TF/SF) approach for wave excitation. The combination of these
techniques ensures accurate modeling of plasmonic wave interactions in periodic grating

structures

FDTD Determination Equations

For the derivation of the FDTD determination equations, only the TM mode where the
magnetic field is entirely perpendicular to the plane, with the field components E,, E.,
and H, are shown (see Sec. 2.3). The relevant Maxwell equations for the TM-mode

simplify to
OE, 10H,

ot ¢ 0z (4.1)
OE.  10H,
ot ¢ Ox (42)
oH, 1 0E, OE,
o ﬁ( or 0z ) (4:3)

These equations are derived from Maxwell’s equations, specifically using only Faraday’s
Law and Ampére’s Law. The divergence equations (Gauss’s Laws) are not explicitly used

because they are automatically satisfied when the curl equations are properly discretized.
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When discretizing the equations, the derivatives are formed by dividing the difference
between two adjacent points. Consequently, a linear progression of the field value is as-
sumed between these points. However, this assumption is only valid between the points
and not at the actual locations of the points. This holds true for both time and local
derivatives. Discretization is essential because Maxwell’s equations are continuous diffe-
rential equations that cannot be solved numerically without approximating derivatives

using finite differences.

Therefore, the 1960s-developed Yee-Grid is implemented [188], in which magnetic fields
are shifted against each other in time and space by a half-step width. This staggered ar-
rangement ensures numerical stability and accuracy by enabling a leapfrog update sche-
me, where electric and magnetic fields are computed alternately. The half-step offset also
minimizes numerical dispersion and improves the convergence of the FDTD algorithm.

This is demonstrated in Fig. 4.3.
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Figure 4.3.: Representation of the Yee-Grid, the electric and magnetic field values are
shifted against each other by half a time step.
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At 1
E;—H(x? Z) = EZ(%’, Z) + ? (HZ—H/Q(xa z+ 1) - HZ+1/2($7 Z)) A_Z (44)
n+1 n At n+1/2 n+1/2 1
HZ+1/2(ac, z) = HZ_1/2(x, z)
At n n 1 n " 1
(4.6)

The discretization of the simplified Maxwell equations leads to the determination of TM
mode equations. Here, n represents the current time step and n + 1 the subsequent
one. In the simulations conducted for this study,e and z are location-dependent, whereas
At, Az, and p remain constant across the computational domain. Each new field value
in the three-dimensional depends on the value at the same location one step earlier as
well as the four surrounding field values that existed half a time earlier. In the simplest
case, Ax and Az are selected to have the same size, resulting in an orthogonal grid.
This has the disadvantage that the local resolution is the same everywhere, requiring
unnecessarily intensive computations in regions that do not require discretization at the

highest resolution. This global time discrepancy t is thereby calculated via the formula

At=5%. ! (4.7)
o A2+ Ay?+ A2

In a one-time step, the electromagnetic wave in a vacuum cannot propagate further than
the maximum distance between two points in space. Due to the slower propagation speed

in the dielectric, this case is not critical for stability.

Inclusion of the Drude Model

The Drude model is incorporated to simulate the behavior of electromagnetic fields in

thin metal layers. This implementation follows the approach described in [189], utilizing
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the polarization current density Jp. The electrical susceptibility x (refer to Sec. 2.2)

required for this purpose is first expressed as:

2
wp

jw(jw + 7a) )

X:

This susceptibility is then rewritten and transformed into the definition formula for the

polarization current density:

Jp = jwegxE (4.9)
Substituting y into Eq. (4.9) yields:
Jp = ng()LE (4.10)
jw(jw + va)
which can be further simplified to:
Yadp + jwIp = cow. B (4.11)

This expression can be transformed into the time domain, resulting in:

)
Yvadp + aJp = gw’E (4.12)

To discretize this equation using the finite difference approximation, the derivative is
evaluated between two successive time steps n and n+1. Consequently, the terms without

derivatives must be time-averaged. This leads to the discrete-time difference equation:

R it/ N GRS o

B At = €0u}p 5 (413)

Vd

Since only time derivatives are discretized in the Drude model calculations, spatial depen-
dence is not explicitly considered here. This formulation results in the following recursive

equation for the polarization current density:
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2
~ Y

Ep - W
Yo+ =& 2+

Jn+l —

" Jp". (4.14)

The computed current density is incorporated into Maxwell’s equations via the fourth
Maxwell equation. The material-dependent factor of permittivity is represented by e,
which takes the value ¢4 in dielectric regions where the Drude model is not applied, and
corresponds to the Drude parameter in metallic regions. The time-averaged formulation

of the current density leads to:

En+1 — En Jn+1 + J» )
= H""2, 4.1
Y + 5 V x 2 (4.15)
Solving for E"*! gives:
, Jrtt g gn
E" = E" + (V x H" 2 — —+> : (4.16)
€0€00 2
By substituting Eq. (4.14) into (4.16), we obtain:
1 &o-w? 1 2 Y
= - (B +EY) 4+ - (1+ 5 )-J}%. (4.17)
2 v+ & 2 A T

This results in the final governing equation for the electric field incorporating the Drude

model:
At Eowp At A%—%z
| f0fe = G T E At S C s v
E"t! = oo BN o (VxH) - reanrraki
€0€ 5 5 €0€ 5 5 €0€ 5 5
000+2 "/d+% 000+2 ’Yd+% 000"'2 Vd+%

(4.18)

The term V x H is computed as described in Sec. 4.3, depending on whether E, or E,
is being evaluated. Since the current density is nonzero only in regions where the para-
meter w, is greater than zero, computations related to current density and its associated
prefactor are performed only in metallic regions to optimize computational efficiency.

The prefactor applied to E™ is used globally in the governing equations. In non-metallic
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regions, where w, = 0, this prefactor simplifies to one, ensuring consistency in the cal-
culations. When implementing this in the simulation, the old electric field values are
stored before updating them. The new field values are then computed using the gover-
ning equations, incorporating the prefactor. In metallic regions, the current density from
the previous time step is also included in the update process. Finally, Eq. (4.14) is applied

in these metallic regions to determine the current density at the current time step.

Perfectly Matched Layer

To ensure accurate simulations within a finite computational domain, it is essential to
prevent artificial reflections at the simulation boundaries. The concept of the Perfectly
Matched Layer (PML), first introduced in [190], addresses this issue by introducing an
absorbing boundary region that minimizes wave reflections. The PML material’s per-
mittivity matches that of the surrounding medium, effectively absorbing outgoing waves
while minimizing reflections. Additionally, the PML exhibits damping properties that

further attenuate the wave amplitude at the domain edges.

To implement the PML, the magnetic field components are decomposed into H,, and H,.
This introduces an additional field component, which slightly increases computational
complexity. Losses in the form of electric conductivity o and magnetic conductivity ¢* are
incorporated into Maxwell’s equations for the transverse magnetic (TM) mode, leading

to the following formulations:

TR s (4.19)
OE, _ OH,
e OB = (4.20)
oH, , . (JE, OE,
G +0Hy—(ax—az>. (4.21)

If the following condition holds:
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= — (4.22)
then the characteristic field impedance within the PML remains identical to that of the
surrounding medium, ensuring a seamless transition without reflections.

To formulate the governing equations for field components, the magnetic field and intro-

duced conductivities are separated into z- and z-components, yielding:

aaliix o é w (4.23)
aaEtZ B - _% w (4.24)
ol - 1O (1.25)
aI;Ityz L oH,. - %8;;9: (4.26)

These equations are normalized by the material constants, assuming o, = o and 0, = 0}
as per Eq. (4.22). In the discretized formulation, time-averaging is applied similarly to

the Drude model. The resulting update equations for the field components are:

(i, k) = % CER(i k) + # A (W) (4.27)
B+, k) = % B k) — @ A <W) (4.28)
HIH(i, k) = % CH (i, k) — i . % (3;;) (4.29)
HH (i, k) = % -H (i, k) + @ : % (86%) (4.30)

For periodic boundary conditions, only o, is required, simplifying the system. The equa-

tions described in Sec. 4.3 are incorporated by multiplying the described prefactors by
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the PML prefactors.

Periodic Boundary Conditions

Periodic boundary conditions (PBCs) are essential for simulating lattice-periodic struc-
tures. By imposing PBCs, it is sufficient to model only a single unit cell of length equal to
the lattice period, thereby capturing the behavior of an infinitely periodic structure. Ho-
wever, this assumption does not hold at the boundary regions of periodic lattices, where
discontinuities may arise. In the absence of PBCs, simulating a large number of lattice
periods would be necessary to accurately represent the structure’s behavior. Additionally,

PML is not required at periodic edges, as reflections are naturally avoided.

To implement periodic boundary conditions, field values at the simulation domain’s ed-
ges, which would normally fall outside the computational area, are retrieved from the
corresponding values at the opposite edge. This ensures continuity and maintains peri-
odicity. When simulating a plane wave with a variable incidence angle, it is necessary to
account for the phase difference between corresponding points at opposite edges. This is

achieved by introducing a phase correction factor:

exp(—i -k, - x) (4.31)

where k, is the wave vector component of the incident wave along the displacement
direction, and = represents the distance between the periodic edges. This adjustment

ensures that wave propagation is correctly modeled across the periodic boundaries.

When implementing PBCs, the computation inherently handles complex numbers. Ho-
wever, if using a programming language that lacks support for complex arithmetic, an
alternative approach known as the sine-cosine method [191] can be used. In this method,

the real and imaginary components of the field are represented separately in two distinct
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computational domains. Consequently, the number of arithmetic operations per time step

is doubled, increasing computational overhead.

It is important to note that phase compensation can only be accurately applied to a sin-
gle wavelength. As a result, the broadband nature of the Finite-Difference Time-Domain
(FDTD) method is lost when using periodic boundary conditions, limiting its applicabi-

lity in multi-wavelength simulations.

Total Field/Scattered Field Method

The Total Field/Scattered Field (TF/SF) method is employed to introduce incident wa-
ves into the simulation domain. This method divides the computational domain into two
distinct regions: the Total Field region, where both the incident and scattered fields are
present, and the Scattered Field region, which contains only the fields scattered by the
structure under investigation. The boundary between these two regions serves as a direc-
ted source, which can take on various forms. However, in a rectangular simulation domain
with periodic boundary conditions, it is practical to orient this boundary orthogonally

to the periodic edges.

For the TF/SF division to be effective, reflections from the Scattered Field region back
into the Total Field region must be minimized. This can be achieved by incorporating
a Perfectly Matched Layer (PML) at the boundaries of the Scattered Field region. In
Finite-Difference Time-Domain (FDTD) simulations, fields can be excited using either
a hard or a soft source. A hard source directly imposes the excitation field at specified
points, which leads to unwanted reflections. In contrast, a soft source superimposes the

excitation field onto the existing field, preventing reflections at the source location.

The excitation occurs just beneath the TF/SF boundary. When computing the field
values in the Scattered Field region above this boundary, the contribution from the
additional excitation must be subtracted. For the 2D simulations performed in this study,

where the transverse magnetic (TM) mode with field components E,, E,, and H,, is
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considered, the excitation field E;, is softly added to the E, field values along the TF /SF
boundary. Half a time step later, when updating the H,, field above the boundary, the

added contribution is subtracted using the equation:

At At t_;'_ﬁ_’_\/EAZ
H, * (z,2) =H, ? (z,2) - \F E,.. ™ (x,2) (4.32)
//l/ 9

The temporal and spatial discretization of the Yee grid (see Sec. 4.3) ensures proper ali-
gnment of the excitation points. Each grid point below the TF /SF boundary is initialized
with the excitation field. If the wave is introduced using a complex function, such as in
a computer simulation, applying a filter function at the onset helps to gradually increase
the field values. Without this filtering, high-frequency disturbances may arise, leading to

prolonged transient effects and increased settling times.

In the simulations conducted for this study, the incident excitation field E;, is modeled
as a plane wave impinging on the simulation domain at an angle . In 3D simulations,
the azimuthal angle ¢ can also be adjusted to control the wave’s orientation within the

computational space.

4.4. Computer Model Verification

To validate this approach, a convergence analysis is conducted, followed by a comparison
of numerical results with experimental data. Initially, the structure and numerical se-
tup of the simulations are presented. The model verification then proceeds in two steps.
The first step involves performing convergence analyses to examine how changes in spa-
tial discretization in the x-direction affect the simulation results. The second step is a

plausibility check, where simulation results are compared with measurement data.
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Simulation Conditions

The resolution remains uniform in the z-direction. However, in the y-direction, a region
with lower resolution is introduced, extending to the PML. This approach is particularly
crucial for analyzing long-range modes, as their fields extend significantly into the dielec-
tric. By utilizing a thick dielectric layer with reduced resolution, computational efficiency

is significantly improved without compromising accuracy.

To determine the reflectivity, the power density is evaluated just above and below the
TF/SF boundary. Since the electric (E) and magnetic (H) fields are both temporally
and spatially offset, this displacement must be considered in calculations. The power
density is computed at each time step and integrated along the x-axis to obtain the total
power. Once the simulation reaches a steady state, the average power over a designated
time period is calculated. Using the obtained average power values, the reflectivity is

determined as follows:

P, ref

R=——™
Pges_Pref

(4.33)
where P, represents the average power above the TF/SF boundary, and Pyes denotes
the total average power below the TF/SF boundary over the same time period. When
periodic boundary conditions are applied, only the power component perpendicular to
these boundaries is considered, as only this component effectively radiates outward. To
ensure accuracy, power values are measured a few points above and below the TF/SF
boundary, assuming that the wave propagation direction remains consistent in both cases,

preserving the ratio of total powers.

The steady-state condition is also defined in terms of power stability. Specifically, the
average power of the most recent time interval is compared with that of the preceding
interval at predefined time steps. This criterion ensures that the simulation has reached

equilibrium before extracting final reflectivity values.

82



4.4. Computer Model Verification

Convergence Analysis

To evaluate the impact of resolution in the z-direction, reflectance spectra are computed
for different discretization widths Ax, as illustrated in Fig. 4.4. It is observed that as
resolution increases, the dip between nine and ten degrees shifts to the right. This shift
occurs due to reduced discretization errors in the grid period at finer resolutions. The
selected example represents a worst-case scenario with the highest discretization error.
While slight variations in the shape and depth of the dips are observed between resolutions
of 1 nm and 2 nm, the differences are minimal. Considering that computational time
increases cubically with finer resolutions in both spatial directions, owing to the required

reduction in time step size, a resolution of 2 nm is adopted for this study.
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Figure 4.4.: Simulation results demonstrating the impact of varying the resolution in the
x-direction. The y-direction resolution is set at 2 nm, the dielectric layer
thickness is 1100 nm, and the PML width is 50 points. The results indicate
that resolution significantly influences accuracy.

The impact of resolution variation in the y-direction is shown in Fig. 4.5. Increasing the
resolution from 2 nm to 1 nm results in only minor changes in dip depths, while the
overall trends remain nearly identical. However, significant deviations appear at lower

resolutions, where dip depths vary considerably. This discrepancy arises because, at a

83



Chapter 4. Model and Simulation of Grating-Based SPR

5 nm resolution, the silver layer is represented by only six points, while at a 10 nm

resolution, it is represented by only three points.
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Figure 4.5.: Simulation results illustrating the effect of varying the resolution in the y-
direction. The x-direction resolution is maintained at 2 nm, the dielectric
layer thickness is 1100 nm, and the PML width is 50 points.

Fig. 4.6 investigates the influence of dielectric layer thickness on the reflectance spectrum.
While the dip angle remains unchanged, minor variations in dip depth are observed.
Since these variations are smaller than the deviations introduced by the 2 nm resolution
limitation, a dielectric width of 1100 nm is chosen as the optimal parameter for this

study.

Model Verification with Experiment Results

To ensure the accuracy of the computational model beyond convergence analysis, veri-
fication is performed by comparing simulation results with experimental measurement
data. A plausibility check is conducted by analyzing the simulated reflectance spectrum
against measured results. Fig. 4.7b illustrates a fabricated grating periodic structure for

which measurement data is available.
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Figure 4.6.: Simulation results depicting the influence of dielectric layer thickness varia-
tion. The x-direction resolution is set to 2 nm, and the PML width is 50
points.

The material properties were carefully implemented in the model. Specifically, the nickel
layer was assigned a dielectric constant of —11.4 at a wavelength of 632.8 nm. For silver,
an initial permittivity value of —19 was used, which was then adjusted to optimize the
fit between the simulation and experimental results. As shown in Fig. 4.7, the reflectance
spectrum exhibits two distinct dips: the first at 16° and the second at 30.2°. These dips

correspond to the diffraction orders of the grating structure.

Additionally, the simulation accurately captures the relative reflectance signal dip. The
ratio of penetration depths between the two dips in both the simulation and experiment is
also found to be comparable. This agreement indicates that the simulated values reliably

approximate practical experimental results, confirming the model’s validity.

4.5. Simulation of Measurement Scenarios
A computational model for simulating grating structures was developed and subsequent-

ly validated through comparison with experimental data. After optimizing the model

parameters to achieve close agreement with experimental observations, it was utilized to
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Figure 4.7.: Comparison of simulation and experimental result for grating period of 800
nm. (a) Comparison between the simulated reflectance spectrum and experi-
mental results. (b) Schematic of the grating structure used in the simulation,
with material layers from top to bottom: air (e, = 1), silver (Ag, e4, = —19,
h = 50nm), nickel (Ni, ey; = —11.4, 10 nm), silicon oxide (SiOq, £g;0, = 2.1,
100 nm), and silicon (Si, eg; = 12).

predict the grating’s behavior under ideal, noise-free conditions. This validated model
was then applied to determine the refractive index of an unknown sample by analyzing

the simulated and measured diffraction patterns.

4.5.1. Refractive Index Calculation

Based on the coefficient and refractive index (RI) of materials, the simulation model
was modified to fit the experimental data. After modification, the model was used for
the proposed sensor to analyze a sample over a grating structure with different refractive
index values. Using the improved computer model from Sec. 4.4, the RI of an analyte layer
over the grating structure was calculated. First, the grating was adjusted in accordance
with the geometry depicted in Fig. 4.8. The computer model was then simulated by
varying the RI value of the analyte layer from 1.0 to 1.7, which corresponds to the
biomolecules typically employed in biomedical applications, as shown in Tab. 4.1. The
obtained plasmon excitation angle values were plotted against the RI values after running

the model. This graph can be used to calculate the RI or excitation angle for plasmons in
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Table 4.1.: List of approximate values for refractive index of biological samples. (Table
from Sarapukdee, P., et al. [82], licensed under CC BY 4.0.)

Medium Refractive index = Reference
Water, PBS 1.33, 1.332 192]
Extra, Intra -cellular fluid 1.34-1.35, 1.35-1.36 [193]
Proteins, Lipids, DNA 1.40, 1.42, 1.44 194]
Skin, Muscle, Adipose 1.36, 1.39, 1.46 [195]
Blood plasma 1.335 [196]
Hemoglobin 1.354 [197]

future experiments. Fig. 4.9 depicts the resulting simulation signals of the analyte layer

n,= 1.0-1.7
_800nm
) ¢h=50nn?
Ag o100

Figure 4.8.: Using the computer model to calculate the refractive index of 1.0-1.7.

with RI. The RI values ranged from 1.0 to 1.7 with a 0.1 step. The results demonstrate
that the analyte layer with an RI value greater than 1.2 exhibited a weak dip signal
but no narrow-band signal. Consequently, it was quite challenging to analyze the data
from RI values 1.2 to 1.7. While the RI values of 1.0 and 1.1 indicated a distinct and
significant dip signal. After that, the simulation results plotted the relationship between
a plasmon excitation angle and a RI is shown in Fig. 4.10. Moreover, the straight-line
of the simulation results showed the equation of y = 19.048x — 1.4643 with yielded a
coefficient of determination R? = 0.9554. With this equation, the RI can be calculated

from the measured angle according to this equation:

oy +1.4643

4.34
19.048 (4:34)
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Figure 4.9.: The relative reflection results(a-h) of the samples with the refractive index
of 1.0-1.7 are calculated using the computer model.
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Figure 4.10.: The relation of the plasmon excitation and refractive index of 1.0-1.7 was
calculated using the computer model.

where x is a RI and y is a plasmon excitation angle.
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4.5.2. Sensitivity of the Grating-Based SPR Sensors

In Sec. 4.5.1, the computer model was executed to predict the plasmon excitation angle
of the analysts in the refractive index range of 1.0 to 1.7, with a step size of 0.1. In
this experiment, we used the refractive index range of 1.32 to 1.46, which is the range
of refractive indices (RIs) that have been reported for biological samples in theoretical
and experimental studies in Tab. 4.1, in increments of 0.05 to assess the high resoluti-
on of sensor detection. Fig. 4.11(a) demonstrates the outcomes. The spectrum profiles
demonstrate that three dip angles existed. This structure refers a first, second and third-
diffraction order grating. According to Eq. (2.67), 6 varies with refractive index n,, and
thus the grating configuration can be used as a refractive index sensor. The sensor’s
sensitivity S is defined as Eq. (3.1). Fig. 4.11(b) shows that the proposed sensor can be
a potential candidate for sensing the analyte of refractive indexes ranging from 1.32 to
1.46. SPR response of the sensor with various refractive indexes of the analysts is shown
in Fig. 4.11(a). The first range of the refractive index is varying from 1.32 to 1.37. It
found that dip strength is about 30 — 70%, the plasmon excitation angle as a function
of the refractive index is shown as a positive trend for +1 diffraction order but shown a
negative trend for the —2 diffraction order, as shown in Fig. 4.11(b), and the sensitivity
of the proposed sensor is 22.86°/RIU and 35.43°/RIU for +1 and —2 diffraction order,

respectively.

Fig. 4.11(a) shows the second range of the refractive index, which was investigated from
1.37 to 1.46. Unlike the study conducted on the refractive index range of 1.32 to 1.37,
the result only shows the presence of the —2 diffraction order and the +3 diffraction
order. The results show the larger sensitivity of sensor 35.58°/RIU and 128.85°/RIU for
—2 and +3 diffraction order, respectively. Moreover, the outcomes were compared to
those of other surface plasmon sensor experiments. Comparatively to the other studies in
Tab. 4.2, the outcomes were relatively low. Therefore, it can be concluded that in order to
improve the computer model, additional experimental data on samples in solution form

with different Rls is required.
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Figure 4.11.: (a)Relative reflectivity profile of the grating structures with various refrac-
tive index of 1.32-1.46 and the plasmon excitation angles as a function of

refractive indexes for first order, second order, and third order of diffraction.
(Adapted from Sarapukdee, P., et al. [82], is licensed under CC BY 4.0.)
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4.5.3. Simulation of alternative grating structures

The experimental investigation of the influence of different grating shapes on plasmon
excitation angles was conducted. Six distinct grating structures were designed based on

established fabrication techniques and their constraints, each representing a unique shape.
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Table 4.2.: Comparison of sensor performance with other previous works. (Table from
Sarapukdee, P., et al. [82], is licensed under CC BY 4.0.)

Wavelength Sensitivity

Structure configuration Methods Coating

(nm) (°/RIV) References
Prism Sim. Ag-Au 632.8 54.84 198
Prism Sim. Graphene-hybrid 633 56.34-60.62 199
Prism with air gap Sim. Ag-graphene 633 61.54-68.03 200
Grating integrated prism Sim. Ag-graphene 633 220.67 201
Bimetallic grating Sim. Al-Au 900 187.2 202
Bimetallic grating Sim. Ag-Au 920 346 203
2D bimetallic alloy grating Sim. Ag, Au, Cu, Pd, Pt 700 152-161 204
Grating with phase-interrogation Exp. Au 633 300 123
Multilayers grating Sim. Al-Au grating 900 279.6 205
Grating Exp./Sim. Ag 632.8 22.86-128.85  This work

Note: Exp. = Experiment, Sim. = Simulation

The shapes included, rectangular, sinusoidal, triangular, rectangular with rounded edges,

blazed grating on the left side, and blazed grating on the right side.

All grating shapes are depicted in Fig. 4.12. To isolate the effect of grating profile on
plasmon excitation, several parameters were maintained constant across all shapes. The
grating period, grating height, thickness of the grating elements, and material properties
were kept consistent, enabling a direct comparison of the impact of the grating structure

shape on the excitation angle while minimizing confounding variables.

The range of incident angles was varied from 10° to 40°, encompassing a broad spectrum
of potential excitation scenarios. By maintaining a constant wavelength, the scattered
light intensity was measured and analyzed as a function of the incident angle for each
grating shape. This comprehensive approach enabled the determination of the plasmon

excitation angle associated with each structure, with results presented in Fig. 4.13.

The performance of each grating shape is summarized in Tab. 4.3. The assessment of
coupling efficiency (CE) involved computations based on signal attributes, specifically
involving the interrelation of the full-width at half-maximum (FWHM) of the excitation

angle peak and the relative reflectivity R,. The CE was quantified using the Eq. (3.5).

This formulation underscores that diminished spectral broadening and reduced reflecti-

vity yield an augmented portion of incoming light being effectively channeled into the
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Figure 4.12.: Six different shapes of grating structures analyzed: (a) Rectangular, (b)
Sinusoidal, (c) Isosceles triangular, (d) Rectangular with rounded edges,

(e) Blazed grating on the right side, (f) Blazed grating on the left side.

grating structure, culminating in heightened overall efficiency.

Table 4.3.: Results of plasmon excitation angle and relative reflection of six different
grating structures.
Grating Structure Excitation Angle (°) Reflectivity FWHM (°) CE
(a) Rectangular 16.0 0.073 1.80 0.52
(b) Sinusoidal 13.6 0.363 0.84 0.76
(c) Isosceles triangular 13.6 0.414 0.76 0.77
(d) Rectangular with round edge 15.4 0.195 1.22 0.66
(e) Blazed (right) 14.2, 32.4 0.677, 0.575  0.85,1.45  0.38, 0.37
(f) Blazed (left) 15.0, 31.4 0.460, 0.369 0.99, 1.56 0.43, 0.41

Ensuring consistency in crucial parameters such as period size, height, and thickness
across all gratings, the grating profile significantly influences plasmon-related characte-
ristics such as excitation angles, reflectivity, FWHM, coupling efficiency, and sensitivity.
The results show a variety of excitation angles from 13.6° to 16.0°, each with different
reflectance properties. Notably, the blazed grating shapes (e, f) displayed a secondary

dip in the excitation angle, adding complexity to the interplay between grating structure

and plasmonic responses.

92



4.5. Simulation of Measurement Scenarios

1.0

SRR
0.8 WQ

2
> 0.6
O
2
G
[0}
X 0.4
(a) Rectangular
—— (b) Sinusoidal
0.2 (c) Isosceles triangular
—— (d) Rectangular with round edge
(e) Blazed (right)
(f) Blazed (left)
0.0 T ; - ,

T
10 15 20 25 30 35 40
Angle of incidence (6,;, , Degree)

Figure 4.13.: Simulation of various structures with equal periodicity under variation of
the grating shapes. The considerable effect of grating geometry on perfor-
mance is apparent.

The basic rectangular form (a) had the greatest reduction in reflection at 0.073, demons-
trating the interplay between grating shape and plasmonic resonances. Surprisingly, the
isosceles triangle shape had the highest coupling efficiency at 0.77, closely followed by
the sinusoidal shape at 0.76. These findings emphasize the critical relevance of selecting
the right grating structure shape to strategically improve plasmonic coupling efficiency,

particularly for specialized applications.

4.5.4. Simulation of Inverted Grating Structure

In this experiment, the grating was designed with a glass substrate and inverted. The ma-
nufacturing parameters must be verified beforehand. Hence, the developed and improved
model, and the permittivity of material was set in the geometry, as shown in Fig. 4.14
with the following parameter range: the grating period of 500-800 nm, the grating size
of 250-400 nm, the grating height of 20-40 nm, and the silver layer on top of 50 nm.
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In the same manner as Sec. 4.4, the permittivity of materials was set in the model. For
instance, the permittivity of glass was set to 2.1, that of silver to —19, and that of air
to 1. The optimal structure was determined by a plasmon excitation angle ranging from
10° to 40°, in accordance with the suggested angle based on the measuring station and

sensor limitations (see Sec. 6.2).

Eair = 1 Alr

Laser Detector

Figure 4.14.: Sketch of inverted geometry for the computer model, with the grating period
range of 500-800 nm, the grating height range of 20-40 nm, and the silver
layer on top thickness of 50 nm.

The simulation results, which include a relative reflection profile and a plasmon excitation
angle, are displayed in Fig. 4.15 (the whole set of results is available in Appendix A.3).
When grating periods of 600, 700, and 800 nm are contrasted with those of the 500 nm

grating structure, the latter exhibits a higher coupling efficiency.

In order to fully clarify the structural characteristics, Fig. 4.16(a) shows the reflection
profile and plasmon excitation angles for a 500 nm grating period. The plasmon ex-
citation angles, spanning from 10 to 70 degrees, are explicated in detail. Not only do
these modeling results provide good candidates for the upcoming fabrication efforts, but
they also highlight how important careful nanostructuring is in order to achieve sensitive
and repeatable devices. Fig. 4.16(b) subsequently presents the coupling efficiency (CE).
This illustration discloses two configurations that manifest optimal outcomes: one cha-
racterized by a silver base thickness b of 50 nm and a height h of 30 nm, and another

featuring b = 50 nm and h = 20 nm. These configurations evince commendable coupling
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Figure 4.15.: Simulation results of the inverted grating model, (a)the grating period of
500 nm with the grating height of 20 nm and 30 nm presents the optimum
dip signal at 9° and 16°. (b)The grating period of 600 nm with the grating
height of 40 nm presents the dip angle at 26°. (¢, d) The 700 nm and 800
nm gating periods do not show a significantly strong dip signal.

efficiency, thereby delineating pivotal benchmarks for informed decision-making in design

considerations.

Under close inspection, the excellent coupling efficiency present in both configurations is
revealed in the complex interplay between fabrication and performance details. Nevert-
heless, after careful analysis, the arrangement with b = 50 nm and A = 30 nm is the
best option. This specific structural combination achieves an excellent balance, deliver-
ing outstanding performance attributes and at the same time enabling a relatively simple

production procedure. It is hence the best choice for the intended inverted grating design

concept.

Notably, despite variations in the refractive index, the dips remained fairly consistent.

This can be attributed to the fact that SPR is likely being excited at the silver-substrate
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Figure 4.16.: (a) Example simulation results for the inverted grating model with grating
periodicity = 500 nm and changing grating heights of 20 nm, 30 nm, and
40 nm. The relative reflection decreases dramatically as the height exceeds
30 nm. (b) With a base thickness of 50 nm and a grating height of 20 nm,

the greatest coupling efficiency is 27.1. (Image from Sarapukdee, P., et al.
[155], is licensed under CC BY 4.0.)
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Figure 4.17.: The impact of the sample’s refractive index on plasmon excitation highlights
the sensitivity of inverted structures in first (m = +1), second (m = —2),
and third (m = +3) order coupling. (b) The graph shows the relationship
between plasmon excitation angle and refractive index units: the first and
second-order angles show minimal variation with changes in refractive in-
dex, while the third-order (S = 31°/RIU, FOM = 47 RIU™!) demonstrates

noticeable shifts. (Image from Sarapukdee, P., et al. [155], is licensed under
CC BY 4.0.)

interface, with the excitation angle remaining unaffected by changes in the analyte layer.

In contrast, the +3 order SPR dip exhibited a more dynamic response, highly sensitive
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to changes in the refractive index. It demonstrated a sensitivity of 31°/RIU, with a
figure of merit (FOM) of 47 RIU!. The shift in the excitation angle directly correlates
with changes in the surrounding medium, indicating its potential as an effective tool for

tracking alterations in analyte properties.
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CHAPTER

Fabrication of the Grating-Based SPR

This chapter presents the development and fabrication processes of grating structures
optimized for Surface Plasmon Resonance (SPR) sensors. Three primary structures we-
re fabricated: conventional grating!®, two-dimensions grating!!, grating integrated with
polydimethylsiloxane (PDMS) microchannels'?, and an innovative inverted grating on
a glass substrate for backside illumination'®. These structures were tailored for CMOS

compatibility and enhanced optical properties, utilizing planar technology and silicon

10Portions of this section have been previously published as: P. Sarapukdee, C. Spenner, D. Schulz, and
S. Palzer, “Optimizing stability and performance of silver-based grating structures for surface plasmon
resonance sensors,” Sensors, vol. 23, no. 15, 2023. DOI: 10.3390/s23156743.

"Portions of this section have been previously published as: P. Sarapukdee, D. Schulz, and S. Palzer,
“Grating structures for silver-based surface plasmon resonance sensors with adjustable excitation angle,”
Sensors, vol. 24, no. 14, 2024. DOI: 10.3390/524144538.

12Portions of this section have been previously published as: P. Sarapukdee, D. Schulz, and S. Palzer,
“Silver-based plasmonic grating with PDMS microchannel for biological sensors,” Proceedings, vol. 97,
no. 1, 2024. DOI: 10.3390/proceedings2024097192.

13Portions of this section have been previously published as: P. Sarapukdee, D. Schulz, and S. Pal-
zer, “Concept, simulation, and fabrication of inverted grating structures for surface plasmon resonance
sensors,” Journal of Sensors and Sensor Systems, vol. 13, no. 2, pp. 157-166, 2024. DOI: 10.5194/jsss-
13-157-2024.
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Chapter 5. Fabrication of the Grating-Based SPR

or glass substrates. The fabrication process involved advanced techniques such as elec-
tron beam lithography, thermal evaporation, and reactive ion etching. Nickel adhesive
layers were implemented to enhance the adhesion and uniformity of silver deposition.
Dose testing optimized electron beam parameters, ensuring precise patterning with mini-
mal defects. The fabrication methods were validated through SEM imaging, confirming
uniformity, sharp edge structures, and reproducibility. Additionally, the PDMS micro-
channel integration enables applications with liquid analytes, and the inverted grating
structure facilitates backside measurements, demonstrating versatility in sensor configu-
rations. This work highlights the potential of grating-based SPR structures for label-free
biomolecular detection, providing a robust foundation for experimental applications and

future optimizations.

5.1. Construction of the Grating Structures

This section details the construction of grating structures, categorized into three primary
configurations, as illustrated in Fig. 5.1: (i) conventional grating structures, (ii) grating
structures integrated with a polymer (PDMS), and (iii) inverted grating structures. The
fabrication methodology, including the selection of suitable technologies and preliminary
testing to determine the optimal grating design, is discussed. The obtained test results
will inform the development of future structures. Furthermore, optical measurement data

and fabrication conclusions of plasmonic gratings are presented.

To facilitate plasmon excitation via light radiation, a coupler is developed. As on-chip
integration is essential for future applications, grating structures are preferred over other
coupling methods, such as microprism couplers, which require specialized micromechani-
cal processes incompatible with CMOS fabrication. Grating structures offer advantages
over prism couplers by maintaining CMOS compatibility and simplifying the manufac-

turing process.
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1. Conventional grating structure 2. Grating structure with PDMS 3. Upside-down grating structure

Figure 5.1.: The three primary grating structures include: (i) a conventional surface gra-
ting, (ii) a grating structure integrated with PDMS, and (iii) an inverted
grating approach.

The grating structure comprises a straightforward layer configuration, which can be fabri-
cated effectively using planar technology. A silicon wafer serves as the base material, un-
dergoing thermal oxidation to form a silicon oxide layer beneath the plasmon-supporting
metal layer. The metal layer, deposited via vapor deposition, is processed using e-beam

lithography and patterning techniques.

Fig. 5.2 presents the cross-sectional dimensions of the fabricated grating. The grating
period is initially aligned with the helium-neon laser wavelength (632.8 nm) used in
experiments and is subsequently adjusted within the 700-900 nm range (see Sec. 2.4.2).
The metal layer thickness varies from 25 to 100 nm. These parameters are optimized to

enhance surface plasmon excitation and maximize performance.

5.2. Fabrication Process

This section outlines the procedures and tools used to construct the grating structure.
The fabrication begins with the selection of a suitable substrate, which serves as the base
for subsequent planar processing steps. Next, the metallization process is described in
detail. Finally, the electron beam lithography (EBL) process, along with the role of the

electron beam writer, is elaborated.
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Chapter 5. Fabrication of the Grating-Based SPR

Figure 5.2.: Fabrication details of the grating structure: a silicon wafer with a 100 nm
thermally grown oxide layer serves as the substrate. A nickel adhesion layer
(10-15 nm) supports the silver layer, ensuring optimal adhesion. Additional
parameters include the grating period A, silver base layer thickness b, grating
height h, grating width w, and gap size g.

Fig. 5.3 illustrates the fabrication workflow, starting with the design phase in KLayout

4 and continuing with the actual fabrication on a silicon wafer. The central

software
region of the wafer, where the grating structure is patterned, is examined using a scanning

electron microscope (SEM).

5.2.1. Substrate

The complete fabrication process is substrate dependent. Planar techniques were applied
to generate the grating structure, with silicon, a standard material in semiconductor
manufacturing, as the primary component. Surface plasmon excitation demands a three-
layer configuration. Silicon’s natural oxide layer exhibits desirable insulating behavior,

and it allows for thermal oxidation to yield silicon dioxide.

Fig. 5.4 illustrates the preparation of the grating substrate. The silicon dioxide layer was
thermally grown on the silicon wafer, serving as the dielectric beneath the metal grating,
while ambient air completed the required three-layer system. The wafer underwent a dry
oxidation process, resulting in a 100 nm-thick oxide layer. The thickness of the silicon

oxide layer was measured using an ellipsometer (M-2000, J.A. Woollam Co., US).

14G¢rasser, Matthias. KLayout. https://www.klayout.de.
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© @

Figure 5.3.: (a) the grating’s construction on a (2 x 2) cm wafer, (b) an SEM image of
the (1.2 x 1.2) mm grating region, (c) the silver grating, specifying a 400 nm
size and approximately 800 nm period, and (d) a cross-sectional view of the
grating’s structure. (Image from Sarapukdee, P., et al. [82], is licensed under
CC BY 4.0.)

Due to economic constraints, fabricating the grating structures directly on 4-inch wafers
was deemed impractical. Additionally, the electron beam writer was unable to accom-
modate full 4-inch wafers. Consequently, the oxidized wafers were diced into smaller

(2 x 2) cm pieces using the wafer dicing saw (ESEC 8003, ESEC, CH).

To ensure surface cleanliness and optimal adhesion during the metallization process,
the diced wafer fragments underwent a rigorous cleaning procedure. Initially, they were
immersed in a peroxymonosulfuric acid solution composed of sulfuric acid (HySO,4) and
hydrogen peroxide (H2O2) to remove organic contaminants. This was followed by the
standard RCA cleaning protocol [206], designed to eliminate both organic residues and

ionic contaminants. The samples were sequentially cleaned with acetone and isopropyl
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Figure 5.4.: A 100 mm silicon wafer, coated with a 100 nm silicon oxide layer, is diced
into (2 x 2) cm pieces. A (1.2 x 1.2) mm grating structure is fabricated at
the center. (Adapted from Sarapukdee, P., et al. [82], is licensed under CC
BY 4.0.)

alcohol (IPA), rinsed with deionized (DI) water, and finally dried using nitrogen gas. This
thorough cleaning ensured the elimination of impurities, thereby preventing adhesion

issues during subsequent metallization steps.

5.2.2. Nickel Adhesive Layer

A nickel layer serves as an adhesive intermediary beneath a silver layer during the fabri-
cation of plasmonic silver gratings. This facilitates the deposition of a more uniform silver
layer with a smoother surface, enhancing its structural integrity [207]. Fig. 5.5 illustrates
the surface morphology of silver layers deposited with and without a nickel seed layer on

silicon.

The deposition of the nickel layer was conducted using the pulsed DC magnetron sput-
tering technique (Plasmalab System 400, Oxford Instrument, UK). This method inter-
mittently interrupts the fluctuating voltage to mitigate the risk of arc discharge, which
could otherwise compromise the integrity of the deposited film. Additionally, this ap-

proach contributes to a more homogeneous layer formation.
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5.2. Fabrication Process

During the sputtering process, the deposition was performed dynamically, wherein the
substrate plate moved in circular trajectories beneath the target material. This moti-
on ensured that deposition occurred solely when the substrate was directly positioned

beneath the target, promoting greater uniformity in the resultant layer.

The thickness of the nickel layer was minimized to reduce its impact on the dispersi-
on relation. For this reason, static deposition is preferred over dynamic deposition. In
dynamic deposition, the typical nickel layer thickness ranges from 10 to 15 nm, with a
sputtering rate of several nanometers per second. However, achieving precise control over
film thickness becomes challenging at such low sputtering durations, as the final thickness

is highly sensitive to the initial substrate alignment.

The sputtering parameters were set to a power of 1,000 W, under conditions of an ar-
gon (Ar) flow rate of 25 sccm and a chamber pressure of 1 x 107* Torr. Prior to the
actual deposition, the target was pre-cleaned to eliminate any potential contamination
from preceding processes. The airlock’s mechanical components and the entire deposition
process were regulated automatically by a control computer to ensure consistency and

precision.

(a) Without Ni layer (b) With Ni layer
A I3 Tt L

Figure 5.5.: Comparison of grating structures with (a) and without (b) a nickel seeding
layer. The schematic on the right illustrates the layer arrangement. The SEM
image of the silver grating surface without a nickel layer exhibits numerous

voids, indicating the inability of silver to effectively adhere to the underlying
silicon oxide (SiOg).
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5.2.3. Silver Deposition

The silver layer was deposited using a thermal evaporation system. This system enables
the thermal evaporation of metals by heating them in a tungsten crucible through which
a high current flows. High-purity silver wire (Ag, 99.99%, 1.0 mm diameter, Kurt J.
Lesker Company Ltd., UK) was prepared as the raw material. It was trimmed to the
appropriate size and positioned firmly within the crucible. The crucible, bolted securely

between two electrodes at the process chamber’s base, was then filled with the silver.

The samples were attached to the sample holder using a vacuum- and heat-resistant
adhesive (Kapton adhesive tape, CMC Klebetechnik GmbH, GE), ensuring the surface
to be coated faced downward toward the crucible (bottom-down method). To prevent
contamination, a high vacuum was created within the process chamber using a combina-
tion of a scroll pump and a turbomolecular pump, achieving a pressure in the range of

1—3 x 1075 mbar.

A high current was gradually applied to the crucible, melting the silver. As the tempera-
ture increased, the liquid silver evaporated and condensed onto the samples. To monitor
the deposition process in real-time, an oscillating quartz sensor (Intellemetrics IL820,
Intellemetrics Ltd., UK) measured the film thickness. Careful control of the current was
essential; a rapid increase could cause the silver to boil and spill from the crucible, conta-
minating the chamber. For a uniform and dense layer, the deposition rate was maintained

below 0.2 nm/s.

5.2.4. Electron-Beam Lithography

Electron-beam lithography (EBL) is a crucial technique in semiconductor fabrication,
enabling the patterning of highly precise nanostructures. In this thesis, EBL was utilized

to optimize the grating structure by varying its geometric parameters.

The mask layout was designed using computer-aided design (CAD) software, Klayout

(GNU public license), ensuring precise geometric information for the desired structure.
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5.2. Fabrication Process

The data from the layout were processed into control commands by the electron beam

writer’s post-processor, facilitating direct writing onto the substrate.

A substrate coated with an electron-sensitive photoresist, typically polymethylmetha-
crylate (PMMA), was exposed to a highly focused electron beam in a serial writing
process. Given its time-consuming nature, this method is primarily used for research
prototypes or small-scale production, while it plays a significant role in mask fabricati-
on for parallel lithographic processes. The PMMA resist ( PMMA; 4% 950 K, 679.04,
Allresist GmbH, Strausberg, Germany) was selected, with a coating thickness of appro-
ximately 250 nm, ensuring reliable lift-off of metal layers for structures with heights

between 25-100 nm.

To achieve the desired resist thickness, PMMA was diluted with chlorinated resins, allo-
wing improved viscosity and flow when applied using a resist spinner (Polos, SPS-Europe,
GE). According to the manufacturer’s specifications [208], a 250 nm thick PMMA layer
was obtained by spinning at 4,000 RPM for 60 seconds, followed by a baking step at
180 °C for 90 seconds to remove residual solvents. The resist development was perfor-
med using a solution of isopropanol and deionized water (3:1) for 45 seconds, with a

subsequent 15-second rinse in pure isopropanol to halt development.

The patterning was conducted using an electron beam writer (Pioneer, Raith GmbH,
GE). The writing process required configuration of aperture size, acceleration voltage,
and working distance to optimize beam focus and resolution. The beam deflection within
the writing field was controlled by digital-to-analog converters, with the minimum step

size determined by the writing field edge length and the converter resolution.
The area dose required for exposure was calculated as:

Area dose — Beam current X Area dwell time (5.1)

Step size X Line spacing

Optimal resolving power was achieved with a working distance of 6 mm, a writing field

size of (100 x 100)um, an aperture of 30 um, and an accelerating voltage of 10 kV. Given
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the grating structure dimensions of (1.2 x 1.2) mm, the mask layout was divided into

multiple contiguous writing fields, managed by the Raith operating system software.

This methodology ensured high-precision structuring of the plasmonic grating, critical

for applications requiring submicron feature definition.

Dose Testing

The development of a process follows the principle of bottom-up development. Tests must
be conducted to establish process parameters. The parameters determined the quality and
reproducibility of the structures to be produced. Dose tests were used to determine the
process parameters for electron beam lithography. The exposed and chemically developed
profile in this process depends on the resist and electron beam parameters. Consequently,
starting parameters are necessary as a method for initiating tests. This work uses a 250
nm thick PMMA resist to prepare the sample. For this experiment, a grating period of
800 nm was chosen. The grating height of the silver-based material was 50 nm. According
to the areas that the beam spot must cover (see Appendix A.1), the structural area of

the grating was (1.2 x 1.2) mm. The parameters are shown in Tab. 5.1. The evaluation

(b) | ()

10 kV, Dose 40 uClem’ 10 kV, Dose 55 uClem? 20 kV, Dose 120 uC/em’

Figure 5.6.: SEM images compare the results of e-beam lithography in different doses,

and the results show the under dose (a), optimum dose(b), and overdose(c).

of the grating size with a scanning electron microscope as shows in Fig. 5.6, revealed that
the radiation dose performed (Tab. 5.1) was in good condition of 50-55 uC/cm? for 10
kV energy and 95-100 puC/cm? for 20 kV. On the other hand, low and high doses can

108



5.2. Fabrication Process

Table 5.1.: Parameters of dose test and results of expected a grating period of 800 nm,
grating size 400 nm, according to the computer design.

Ebeam enegy Aperture Writing field Step size  Dose (uC/cm?)  Grating size (nm) SD

10 kV 20 pm 100 pm 0.016 pm 40 351 9
45 361 7
50 390 5
55 406 4
60 411 5
20 kV 20 pm 100 pm 0.016 pum 95 393 4
100 389 4
110 418 4
115 420 5
120 433 10

manifest as under- and overdose, respectively. At a radiation dose of 55 uC/cm? and 10
kV, the optimal structure has achieved a grating structure close to 400 nm. This dose test
was also ideal for patterning by the lift-off method, as the photoresist can be eliminated
without leaving a residue. Consequently, subsequent experiments were conducted under

this condition.

5.2.5. Lift-Off

A silver grating was fabricated using the lift-off technique. First, a layer of photoresist was
applied to the samples, followed by exposure using an electron beam writer. The exposed
samples were then developed, transferring the designed structure onto the photoresist.
Subsequently, a thermal evaporation system was used to deposit a silver layer onto the

patterned surface.

To remove the excess metal, the samples underwent a lift-off process. They were initially
submerged in acetone for 10 to 15 minutes. This was followed by ultrasonic treatment
in an acetone bath to facilitate the dissolution of the top resist layer. After cleaning,
the optical structure was examined. If any resist residues remained, the procedure was

repeated for an additional 10 minutes. Finally, the samples were immersed in isopropanol
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to remove any remaining impurities, ensuring the complete removal of resist and unwanted

silver particles.

Upon completion of the lift-off process, the photoresist-defined regions representing the
grating’s indentation were entirely eliminated, leaving behind the structured silver gra-

ting.

5.3. Fabrication of Grating Structures

Following the foundational overview of fabrication techniques in the previous section,
this section provides a detailed description of the specific fabrication processes for va-
rious grating structures. It includes subsections on the fabrication of conventional grating
structures, grating structure integrated with PDMS microchannels, and inverted grating

structures.

5.3.1. Conventional Grating Structure

The verification of grating structures was conducted using two different fabrication tech-
niques, differing primarily in their process sequence (Fig. 5.7). However, both methods
were executed under identical conditions. The primary distinction lies in the thermal

vapor deposition of a silver layer.

In Method A, silver was deposited as a base layer on top of a nickel layer, whereas in
Method B, a photoresist was applied directly onto the nickel layer. Despite this difference,
the subsequent fabrication steps were identical for both methods. The process began with
electron beam lithography, followed by chemical development to remove broken polymers.
After development, thermal vapor deposition of silver was performed, followed by a lift-off

process to remove the photoresist.
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(a) Silicon substrate (b) Thermal oxidation of silicon (c) Sputtering of nickel layer
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Figure 5.7.: Schematic of grating structure fabrication on Silicon substrate (Method A).
(a) A silicon substrate is prepared. (b) A silicon oxide layer is grown on the
substrate via thermal oxidation. (c¢) A nickel layer is deposited by sputtering.
(d) A silver layer is deposited by thermal evaporation. (¢) PMMA resist is
spin-coated on top. (f) E-beam lithography defines the grating pattern in the
PMMA. (g) Development removes the exposed PMMA. (h) A second silver
layer is thermally evaporated. (i) Lift-off removes the remaining PMMA and
excess silver, leaving the patterned silver grating structure. (Adapted from
Sarapukdee, P., et al. [82], is licensed under CC BY 4.0.)
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Method B
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Figure 5.8.: Schematic of grating coupler fabrication on Silicon substrate (Method B).
(a) A silicon substrate is prepared. (b) A silicon oxide layer is grown on
the substrate via thermal oxidation. (¢) A nickel seed layer is deposited by
sputtering. (d) PMMA resist is spin-coated on top. (e) E-beam lithography
defines the grating pattern in the PMMA. (f) Development removes the ex-
posed PMMA. (g) Silver is thermally evaporated onto the patterned surface.
(h) Lift-off removes the remaining PMMA and excess silver, leaving the pat-
terned silver grating. (i) A second layer of silver is thermally evaporated to
form the final grating coupler structure.

Scanning electron microscope images demonstrated that both techniques created grating
structures. However, Method B, lacking a base layer, required an additional thermal
evaporation step to address this deficiency. The scanning electron microscope comparison,
illustrated in Fig. 5.9, indicated that Method A yielded structures with more defined

edges, resulting in superior optical measurement outcomes.
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Figure 5.9.: Scanning electron microscope (SEM) images comparing grating structures
fabricated using two different methods: (a) Method A, resulting in a grating
period of 390 nm, and (b) Method B, yielding a grating period of 363 nm.

5.3.2. Grating Structure Integrated with PDMS Microchannels

Fig. 5.10 illustrates the fabrication process for integrating a grating structure with PDMS
microchannels, which is essential for applications involving fluidic transport over a struc-

tured optical surface.

The process began by fabricating the grating structure on a silicon wafer using electron
beam lithography (EBL), followed by chemical development and thermal vapor deposition
of silver to form the metal layer. The lift-off process was employed to remove excess

photoresist and achieve precise grating features.

Subsequently, the PDMS microchannels were fabricated and integrated onto the grating
structure. The desired channel height of approximately 150 pm was achieved by using
adhesive tapes as molds. These tapes were cut into the required dimensions (1.5 x 0.7

cm?) and placed at the bottom of a heat-resistant container.

Next, PDMS (polydimethylsiloxane) was prepared and poured over the grating structure.
The volume of PDMS was carefully controlled to ensure a final thickness of approximately
2 mm. To remove trapped air bubbles, the PDMS was degassed in a vacuum chamber

before curing in an oven at 60°C for 30 minutes.
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Figure 5.10.: Schematic of a microfluidic channel fabrication process using PDMS. (a) A
container is prepared. (b) A mold is prepared with the desired microchannel
design. (c¢) PDMS is poured into the mold and degassed to remove air
bubbles. (d) The PDMS is cured at 60°C for 30 minutes. (e) The cured
PDMS is peeled off from the mold. (f) The PDMS structure is cut out. (g)
Holes are punched for inlets and outlets. (h) Silicone tubes are inserted into
the holes. (i) A grating is bound to the PDMS channel.

5.3.3. Inverted Grating Structures

The inverted grating structure was fabricated on a transparent glass substrate, enabling
measurements where backlight passes through the substrate to the grating structure wi-
thout interference from the analyte layer. The process began with the spin-coating of 250
nm PMMA resist onto the glass substrate, followed by 40 nm Electra 9 (AR-PC 5090.02,
Allresist GmbH, Germany), a conductivity-enhancing layer, to improve SEM image re-
solution. Electron beam lithography was then performed, followed by deep reactive ion
etching (RIE, Oxford PlasmaLab 80 Plus, Oxford Instruments, UK) to transfer the pat-
tern onto the glass substrate. Next, two silver layers were sequentially deposited. The first
silver layer was deposited at a thickness corresponding to the etching depth, followed by

a lift-off process to remove excess material. The second silver layer was then deposited
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to complete the top layer. Finally, an optional protective coating was applied to enhance
durability. By utilizing electron lithography and reactive ion etching, this approach enab-
led precise control over grating dimensions, ensuring high fidelity in structural replication

and improved performance in optical applications.

Inverst Grating Structure

l)

(a) Glass substrate (b) Spin coating of PMMA/Electra (c) E-beam lithogaphy
[ | . [
(d) Developing process (e) Dry etching (f) Thermal evaparation of silver
(g) Lift-off process (h) Thermal evaparation of silver (i) Protection layer coating
[] Silver M Electra 92 M Glass substrate

- PMMA [ Exposed PMMA M SiO,

Figure 5.11.: Schematic of the inverted grating fabrication process. (a) A glass substrate
is coated with PMMA. (b) A layer of Electra 92 is spin-coated on top of the
PMMA. (c) E-beam lithography defines the grating pattern in the Electra
92 layer. (d) Development removes the exposed Electra 92 and PMMA. (e)
Dry etching transfers the pattern to the underlying PMMA layer. (f) Silver
is thermally evaporated onto the patterned surface. (g) Lift-off removes the
remaining PMMA and excess silver, leaving the patterned silver grating.
(h) A second layer of silver is thermally evaporated. (i) A protective layer is
coated on top. (Adapted from Sarapukdee, P., et al. [155], is licensed under
CC BY 4.0.)
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CHAPTER 6 .

Characteristics of Grating-Based SPR

This chapter examines key features of grating-based Surface Plasmon Resonance (SPR)
systems, focusing on their structural, optical, and functional aspects for label-free biomo-
lecule detection. It provides insights into the optimization of multilayer gratings, including
metal layer measurements and software analyses to fine-tune parameters. The impact of
grating period variations and silver layer thickness on SPR excitation angles is systemati-
cally explored!®, emphasizing their role in optimizing sensor performance. Experimental
results reveal that precise tuning of grating dimensions and silver thickness produces high-
performance sensors with narrow reflection profiles and low full width at half maximum
(FWHM) values. Advanced designs, such as two-dimensional gratings, enhance flexibi-
lity in plasmon excitation angles, offering improved sensitivity for diverse sensing app-

lications. Gradient grating period (GGP) structures are also introduced, demonstrating

15Portions of this section have been previously published as: P. Sarapukdee, C. Spenner, D. Schulz, and
S. Palzer, “Optimizing stability and performance of silver-based grating structures for surface plasmon
resonance sensors,” Sensors, vol. 23, no. 15, 2023. DOI: 10.3390/s23156743.

117



Chapter 6. Characteristics of Grating-Based SPR

multi-angle plasmon excitation for dynamic and multiplex biosensing!'®. Grating-based
SPR sensors are validated through experiments detecting Protein A and immunoglobulin
G (IgG) solutions, showing their effectiveness in measuring analyte layers via plasmon an-
gle shifts. Incorporating polydimethylsiloxane (PDMS) microchannels enables real-time,
solution-based detection!”. Challenges related to the durability of silver-based gratings
are addressed through surface reconditioning techniques and protective silicon oxide and
silicon nitride coatings, ensuring prolonged sensor stability'®. These insights pave the way
for robust and versatile SPR sensors in biosensing and beyond. The chapter also explo-
res inverted grating-based SPR sensors as an alternative to conventional configurations,
emphasizing their advantages in reduced light absorption and enhanced environmental
resistance!®. Simulations identify optimal geometric parameters such as grating period,
height, and silver thickness for maximizing plasmon coupling efficiency. Experimental
comparisons highlight the suitability of 1 mm thick glass substrates for minimal signal

interference and high reflectivity.

6.1. Metal Layer Measurement

The scanning electron microscope (SEM; Raith GmbH, GE) was used to analyze the
grating structure. To examine the cross-section, the sample was broken 1 mm adjacent
to the grating structure. Fig. 6.1 presents the multilayer structure of the grating, with

SEM software used to measure both shape and thickness. The intended design parameters

16Portions of this section have been previously published as: P. Sarapukdee, D. Schulz, and S. Palzer,
“Grating structures for silver-based surface plasmon resonance sensors with adjustable excitation angle,”
Sensors, vol. 24, no. 14, 2024. DOIL: 10.3390/s24144538.

1"Portions of this section have been previously published as: P. Sarapukdee, D. Schulz, and S. Palzer,
“Silver-based plasmonic grating with PDMS microchannel for biological sensors,” Proceedings, vol. 97,
no. 1, 2024. DOI: 10.3390/proceedings2024097192.

18Portions of this section have been previously published as: P. Sarapukdee, M. Pech, D. Schulz, “Sur-
face Reconditioning of Silver-Based Gratings for Surface Plasmon Biosensors,” Biophotonics Congress
2021., 12-16 April 2021, Washington, DC, United States. DOI: 10.1364/BODA.2021.DTulA.2.

19Portions of this section have been previously published as: P. Sarapukdee, D. Schulz, and S. Pal-
zer, “Concept, simulation, and fabrication of inverted grating structures for surface plasmon resonance
sensors,” Journal of Sensors and Sensor Systems, vol. 13, no. 2, pp. 157-166, 2024. DOI: 10.5194/jsss-
13-157-2024.

118



6.1. Metal Layer Measurement

include a grating height of 50 nm, a silver-based layer of 100 nm, and a nickel adhesive

layer of 10-15 nm.

Tab. 6.1 summarizes the measured layer thicknesses. The results indicate a deviation
from the expected values, yet they provide critical insights for parameter optimization
in future samples. Additionally, evaluations confirm the successful growth of the Si/SiO,

layers and silver deposition. SEM images serve as an effective tool for determining both

the shape and thickness of the sample.

(a) (b)

Ni

03.04nm Si0,

100 nm
|

(c) (d)

300 nm
I

Figure 6.1.: SEM images of the sample cross-section: (a) The multi-layer structure on
the silicon substrate without a grating structure. (b) Measurement results
showing 93.04 nm of Si/SiOy and 89.32 nm of the silver layer. (¢) The grating
structure with multilayer measurements: 96.02 nm of Si/SiO, 15.63 nm of
the nickel layer, 85.97 nm of the silver base, and a grating height of 35.23
nm. (Adapted from Sarapukdee, P., et al. [82], is licensed under CC BY 4.0.)

Fig. 6.2(a) presents an SEM cross-section of the grating structure, detailing key dimensi-

ons such as height (h), base (b), width (w), and gap (g). The measured grating dimensions
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Chapter 6. Characteristics of Grating-Based SPR

Table 6.1.: Summary of measured thickness values for sample layers.

Sample No. Si02 (nm) Nickel (nm)  Silver Base (b) (nm)  Silver Height (h) (nm)

1 93 16 93 51

2 93 17 99 42

3 103 15 89 49

4 95 18 107 51

5 96 16 86 35

Mean 96 16 95 46
Standard Deviation (SD) 4 1 8 6

e | w | &

B LU L
Wl ¥ ! \/ \‘
05 10 15
Distance (um)

Rq=19.6 nm, Ra= 159 nm

Figure 6.2.: (a) SEM cross-section of the grating structure highlighting dimensions h, b,
w, and g. (b) Surface profile of the grating structure with a width w of 400 nm
and a gap g of 400 nm. (c¢) SEM image of the silver surface created via thermal
evaporation after the lift-off process. (d) Surface roughness calculated from
the SEM image using ImageJ, with roughness parameters R, = 19.6 nm and
R, = 15.9 nm. (Image from Sarapukdee, P., et al. [209], is licensed under CC
BY 4.0.)

exhibit deviations from the intended values, though these variations provide insights into

their influence on grating performance.

Fig. 6.2(b) and (c) illustrate the surface profile of the grating structure, showcasing the
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6.2. Variation of the Grating Period

silver surface obtained via thermal evaporation and lift-off processing. The texture and

uniformity of the surface are particularly emphasized.

The surface roughness, derived from SEM images via Image] software [210], reveals
roughness parameters of 7, = 19.6 nm and R, = 15.9 nm. Given that all samples under-
went identical processing conditions, structural morphology remains consistent. Surface
brightness and roughness, analyzed using SEM cross-sectional images, provide reliable
data for assessing surface characteristics. This study confirms the reproducibility and

reliability of the fabricated structures.

6.2. Variation of the Grating Period

This section investigates the relationship between the grating period (A) and plasmon
excitation angles. Eq. (2.66) demonstrates that the grating period directly influences sur-
face plasmon excitation. Determining the plasmon excitation angles is crucial for sensor
applications, as the relationship between the grating period and excitation angles aids in

selecting the optimal angle for specific applications.

In this experiment, seven grating structures with periods ranging from 700 to 900 nm
were fabricated on the same substrate using Method A (see Sec. 5.3.1). This approach

minimizes surface variations that may arise when producing multiple samples.

The grating structures were fabricated on a silicon substrate with a 98 nm SiO, layer,
a 10 nm nickel adhesive layer, a 100 nm silver base layer, and a 50 nm grating height.
These parameters were selected to determine the optimal grating thickness, which will
be further discussed in Sec. 6.4. The structures were then analyzed using an optical

measuring station to evaluate the coupling of incident light.

Measurements were conducted over an angular range of § = 10° to 40°, with a constant
increment of Af = 0.2°. These angles were used to plot the reflection intensity of the

reflected light. Fig. 6.4(a) illustrates the minima in reflected light intensity for different
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Figure 6.3.: Design of a grating structure with variable periods on a silver-based substrate

with a base layer thickness of 100.4 nm and a grating height of 50.23 nm.

grating periods. At these angles, the reflected laser beam loses energy, indicating surface

plasmon excitation at the silver and silicon oxide interface. The exact excitation angles

and grating period measurements obtained via SEM are summarized in Tab. 6.2. The re-

lationship between the grating period and the plasmon excitation angle, where maximum

light absorption occurs, is depicted in Fig. 6.4(b).
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Figure 6.4.: (a) Relative reflection for grating periods between 708 nm and 908 nm, sho-
wing plasmon excitation angles within the scanning range of 8° to 40°. (b)
Linear correlation between the plasmon excitation angle and grating period,
with a coefficient of determination R? = 0.986. (Image from Sarapukdee, P.,

et al. [82], is licensed under CC BY 4.0.)

Fig. 6.4(b) shows a linear relationship between the grating period and the excitation

angle at the minimum reflected light intensity, given by:
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6.3. Comparison of Simulation and Experimental Results

Table 6.2.: Grating period variations and corresponding plasmon excitation angles. (Ad-
apted from Sarapukdee, P., et al. [82], licensed under CC BY 4.0.)

Grating Period (nm) SD (nm) Excitation Angle (°) Relative Reflectivity (%) FWHM (°)

708 4 9.8 11.58 5.2
749 4 12.6 15.32 3.8
789 9 15.2 21.31 3.4
806 3 16.4 20.16 3.6
837 7 18.2 29.44 3.2
864 9 19.6 47.40 3.8
908 9 20.4 76.74 3.2
y =sin~! (1.0287 + 6338> (6.1)

Using this relationship, the optimal coupling angles of the grating as a function of the
grating period were calculated. A curve fit using Eq. (2.67) was used to calculate the
fitting parameter o = nid % yielded a coefficient of determination R? = 0.986. The
theoretical values for ng = 1, m = —15.243, and ¢4 = 1 resulted in a theoretical ciheory =
1.0287, closely matching the experimental value of 1.0345. This strong agreement between

experimental findings and theoretical predictions validates the accuracy of the model.

6.3. Comparison of Simulation and Experimental

Results

The refined model was utilized to simulate the experimental conditions detailed in Sec. 6.2,
wherein variations in the grating period directly influence the plasmon excitation angle.
The simulation incorporated the grating period and silver layer thickness values as spe-
cified in Tab. 6.2. Furthermore, Equation (2.67) provides a means to calculate the theo-
retical plasmon excitation angle using the parameters ¢,, = —18.6, ¢4 = 1, A = 632.8

nm, and n = 1.
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Chapter 6. Characteristics of Grating-Based SPR

Fig. 6.5 presents a comparative analysis, illustrating (a) the signal graph profiles and (b)

the relationship between the grating period and the plasmon excitation angle.
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Figure 6.5.: A comparison of experimental and simulated results. (a) Dashed lines in-
dicate simulation results, while solid lines represent experimental data. (b)
The three datasets align closely, with the simulation effectively mirroring
experimental trends, while the theoretical model yields slightly lower values.
(Image from Sarapukdee, P., et al. [82], is licensed under CC BY 4.0.)

Table 6.3.: Comparison of plasmon excitation angles between experimental and simula-
tion results for different grating periods. (Table from Sarapukdee, P., et al.
[82], is licensed under CC BY 4.0.)

Plasmon Excitation Angle (°)
Theoretical Experimental Simulation

Grating Period (nm)

708 +4 7.7 9.8 9.8
749 +4 10.6 12.6 12.8
789 £9 13.1 15.2 15.6
806 +3 14.1 16.4 16.0
837 £7 15.8 18.2 18.0
864 £9 17.2 19.6 20.6
908 £9 19.3 204 20.2

Tab. 6.3 consolidates the comparative results. The simulation effectively replicates both
theoretical and experimental trends, particularly in reproducing sensitivity variations
crucial for sensor performance evaluation. The strong agreement between experimental
and simulated data underscores the reliability of the developed model. However, slight

discrepancies between theoretical and experimental values may stem from simplificati-
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6.4. Variation of the Silver Thickness

ons inherent in theoretical modeling or experimental uncertainties. Notably, theoretical
calculations, based on idealized conditions, may not always capture the complexities of

real-world measurements accurately.

6.4. Variation of the Silver Thickness

In this study, variations in the silver-based layer and grating height were examined.
Previous research [211] identified the optimal grating parameters as follows: a grating
size of 375 nm (with a period of 750 nm), a 100 nm thick silver-based layer, and a grating
height of 100 nm. However, varying the grating sizes led to observable shifts in the highest

dip angle as the grating size increased.

Due to constraints in the optical measurement setup (see Appendix A.1), only angles
between 10° and 40° could be measured accurately. Consequently, data below 10° could
not be comprehensively plotted. To mitigate this limitation, an angular range of 15°-20°
was selected to capture the full reflection signal profile while ensuring that the dip angle

remains within the sensitive region for plasmonic sensing.

To investigate further, 16 structures were compared, each with a grating size w = 400 nm
(A = 800 nm), while varying the silver-based layer thickness (b) between 25 and 100 nm
and the grating height (h) between 25 and 100 nm. The schematic design of the samples
is shown in Fig. 6.6.

Performance Evaluation

The reflection signal as a function of the excitation angle was used to evaluate the grating
structure’s biosensing performance. A narrow reflection dip is desirable for high sensor
specificity. The full width at half maximum (FWHM) [212] was employed to quantify
the signal profile’s sharpness. Additionally, the relative reflection (RR) at maximum

absorption was analyzed, as a lower RR indicates stronger plasmonic excitation.
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Figure 6.6.: Schematic of the grating structure with varying silver-based thickness (25 —
100 nm) and grating height (25 — 100 nm).

The results for the 16 structures with varying silver layer thicknesses (b = 25 — 100 nm)
and grating heights (h = 25 — 100 nm) are summarized in Tab. 6.4 and Fig. 6.7. The
findings indicate that lower relative reflection values were observed for silver layers of 75

and 100 nm, particularly when combined with grating heights of 50 nm.
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Figure 6.7.: Relative reflection of grating structures with varying silver thickness and
grating height. The best performance is observed at silver thicknesses of 75
and 100 nm with a grating height of 50 nm. (Image from Sarapukdee, P., et
al. [82], is licensed under CC BY 4.0.)
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6.5. 2D Grating Structure

Table 6.4.: Results of 16 grating structures with w = 400 nm (A = 800 nm), varying
base thickness (b) and grating height (h). Values in red indicate the highest

performance.
b (nm) h (nm) Excitation Angle (°) RR (%) FWHM (°)
25 25 39.2 80.49 23.2
50 19.8 74.80 24.8
75 19.6 55.83 25.0
100 20.2 37.63 25.0
50 25 15.4 76.97 3.0
50 16.0 38.21 4.2
I0) 18.4 5.76 6.4
100 19.6 10.00 15.2
75 25 15.0 64.08 1.4
50 15.6 21.98 24
75 17.2 21.21 7.4
100 19.8 12.57 11.0
100 25 14.8 74.53 1.6
50 16.2 17.80 2.6
75 17.0 20.60 6.2
100 18.8 6.44 10.2

Note: RR = Relative reflection.

The coupling efficiency (CE) was determined by Eq. (3.5). The highest coupling efficiency
of 34.21 was achieved with a base thickness of 84 nm and a grating height of 44 nm (see
Fig. 6.8).

These findings indicate that a silver thickness of 75-100 nm and a grating height of 50

nm are optimal for biosensing applications.

6.5. 2D Grating Structure

A two-dimensional grating has been used in many applications, such as x-ray phase
contracts [213] , super-resolution imaging [214], and switchable diffraction [215]. The use
of 2D grating structures to excite surface plasmon resonances (SPR) has been a subject

of significant interest and development [216]. These structures enable enhanced control
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Figure 6.8.: Coupling efficiency for different grating structures. Maximum efficiency of
34.21 was achieved at a base thickness of 84 nm and a grating height of 44
nm. (Image from Sarapukdee, P., et al. [82], is licensed under CC BY 4.0.)

over plasmonic resonances by providing more degrees of freedom in tuning the spatial
distribution of electromagnetic fields [217]. By manipulating both the periodicity and
orientation of the grating in two dimensions, 2D gratings allow for more precise tuning
of the plasmon excitation angle, which is crucial for improving sensor performance. This
tunability offers greater flexibility without the need to alter other sensor components,

making them ideal for a variety of sensing applications [218, 219].

In practical terms, hybrid designs incorporating metal films, dielectric layers, and 2D gra-
tings have shown promise for refractive index sensing, supported by coupled-mode theory
and finite-difference time-domain (FDTD) simulations [220]. Such structures not only im-
prove the sensing performance but also enhance reliability. Several experimental applica-
tions have demonstrated the potential of 2D gratings, including polarization-independent
filters and multi-dimensional displacement measurements [221, 222|. Furthermore, metal-
assisted guided-mode resonance (MAGMR) sensors that integrate 2D gratings have out-

performed conventional grating designs in terms of sensitivity, particularly across various
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6.5. 2D Grating Structure

polarization modes [223]. These advancements have been shown to offer high-resolution
measurement capabilities and have applications in fields like precision positioning and

machining [224].

In summary, 2D grating-based SPR systems introduce new dimensions of flexibility in
plasmon excitation control, enabling better optimization of sensing performance for di-
verse applications. They present a versatile platform for advanced sensing, especially in

fields requiring precise analyte detection and high spatial resolution.

6.5.1. Asymmetry 2D Grating Structure

This work aims to explore the excitation behavior of surface plasmon by a two-dimensional
grating structure in more detail that might be applicable to apply in biosensor fields. In
this work, the two-dimensional grating was designed to have the same spacing at the top
and bottom with g = 400 nm, the same width with w = 400 nm, and the length of the
grating body was changed as follows 400, 800, 1600, 2000 nm, resulting in a square and
rectangular shape (see Fig. 6.9). The fabrication process used method A, which have a
silver-based thickness of b = 100 nm and grating height of A = 50 nm. Additionally, the
measurement takes place in an angular range of 8 = 10° to 40° with a constant angle
change of Af = 0.2° by using the optical measuring station. Then, the reflection and the
intensity of the reflected light can be plotted with angles. To analyze the structural para-
meters of the final devices, optical microscopy and scanning electron microscopy (SEM)
are utilized. The coupling efficiency (CE) is then derived from the characteristics of the
signal by using the full width at half maximum (FWHM) of the relative reflectivity signal

and the relative reflectivity.

Fig. 6.9 illustrates the experimental results of the two-dimensional grating with varying
lengths of 800-2000 nm and the same width of 400 nm. Tab. 6.5 contains a full breakdown

of the sizes of the produced samples, showing the particular dimensions of each grating.
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Figure 6.9.: SEM images of the manufactured two-dimensional grating structure, with
the length of 400 nm(a), 800 nm(b), 1600 nm(c), 2000 nm(d) and their
relative reflection results(e) that show the plasmon excitation approximately
16.2° and 31.2° for the first and second order, respectively. (Adapted from
Sarapukdee, P., et al. [209], is licensed under CC BY 4.0.)

The performance of the 2D grating with varying width, w,, is examined by plotting
light reflection across different angles. The experimental results, showing the relationship
between grating width, plasmon excitation angles, and coupling efficiency as a function

of w,.
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6.5. 2D Grating Structure

Table 6.5.: Structural parameters of the grating structure and the relative reflection re-
sults show the plasmon excitation of 2D grating of sample P1-P4. Table by
Sarapukdee, P., et al. [209], licensed under CC BY 4.0.

Plasmon excitation angle (°), CE

Sample A, (nm) A, (nm) w, (nm) w, (nm)

41 Order —2 Order
P1 807 +6 82648 409+7 427+6 16,0°, 19.6 30.8°, 0.9
P2 808 +6 1,373 +4 412+ 8 849 + 7 16.2°, 36.4 31.0°, 3.6
P3 811+ 6 2,066 5 426+ 6 1,544 +6 16.0°,44.6 31.4°, 0.8
P4 811+ 7 2451 +£5 409+8 1933 +£7 16.2°, 36.3 31.4° 1.7

The experimental data offer insights into the plasmonic behavior of the 2D grating, which
operates similarly to a 1D grating. Specifically, the maximum plasmon excitation angle
is found to be in the range of 16.0° to 16.2° (CE = 19.6 - 44.6) for the +1 diffraction
order and 30.8° to 31.4° (CE = 0.8 - 3.6) for the -2 diffraction order. These results
are consistent with prior studies on silver-based 1D gratings, particularly regarding the
resonance angle. However, the coupling efficiency is strongly influenced by the grating
width w,. For w, > 800 nm, the coupling efficiency aligns with that of 1D gratings, but

it significantly decreases when w, is approximately equal to w,,.

The findings suggest that the presence of a gap in the grating structure does not notably
affect the plasmon excitation angle for the +1 order when w, > 2w,. In contrast, for
the -2 order, the best coupling efficiency is observed when the width ratio w,/w, = 2, a

behavior not seen in 1D gratings.

6.5.2. Symmetry 2D Grating Structure

In this study, the grating structure was designed to be a square two-dimensional (2D)
gating with the same period intended for 800 nm but varying grating widths. In e-
beam lithography, dose factor techniques were used to achieve a range of grating widths,
with higher energy resulting in wider gratings. The fabrication process used method A,

measure the reflection and intensity of the reflected light can be plotted using angles.
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Figure 6.10.: SEM images of grating structures with the same period (A = 800 nm)
but different grating sizes (w) of 403 nm (a), 484 nm (b), 563 nm (c),
and 674 nm (d) for sample S1, S2, S3, and S4, respectively. Sample 1 (a)
displays the detailed measurements of parameters (A and w captured by
SEM. The relative reflection results (e) for samples S1-S4 exhibit plasmon
excitation at approximately 16.1° and 31.2° for the +1 and —2 diffraction
order, respectively. (Adapted from Sarapukdee, P., et al. [209], is licensed
under CC BY 4.0.)

Tab. 6.6 provides a summary of the grating parameters for structures S1 through S4,

with the corresponding relative reflection signal profiles shown in Fig. 6.10. The findings
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6.5. 2D Grating Structure

Table 6.6.: Structural parameters of the 2D symmetry grating structure. The standard
deviation of the periods is stated. (Table by Sarapukdee, P.; et al. [209],
licensed under CC BY 4.0.)

Sample A, (nm) A, (nm) w, (nm) w, (nm) Plasmon excitation angle (°), CE

+1 Order -2 Order
S1 807 +£6 826 +8 409+7 427+6 16.0°, 19.6 30.8°, 0.9
S2 811 + 6 828 + 5 487 +4 458 £ 5 16.0°, 6.1 31.2°, 5.2
S3 816 + 4 819 +£5 578 +5 551 +4 16.4° 25.9 31.6°, 16.7
S4 821 £ 10 837 +2 TI8ET 689+ 7 16.0°, 6.9 31.2°,12.9

demonstrate that 2D grating structures significantly influence SPR characteristics, par-
ticularly in terms of excitation angles and coupling efficiencies. The systematic increase
in grating periods and groove widths from S1 to S4 reflects a deliberate strategy for ad-
justing the plasmonic properties. While the plasmon excitation angles remain relatively

consistent for the +1 order, they vary for the —2 order.

Coupling efficiencies exhibit a more complex pattern, as they do not show a straight-
forward relationship with grating period and groove width alone. The data reveal that
increasing the grating size tends to enhance the CE for the —2 order. However, to achieve
high efficiencies for both the +1 and —2orders, it is critical to optimize the grating size.
Structure S3 is identified as having the most favorable dimensions, achieving high CEs of
25.9 and 16.7 for the +1 and —2 orders, respectively. This underscores the importance of
fine-tuning grating dimensions to optimize SPR characteristics for various applications.
Unlike 1D gratings, where the coupling efficiency for the —2 order is constrained by fac-
tors such as grating height and silver base thickness, the observed CE for both orders in
2D gratings is at a similar level. This flexibility allows for efficient use of both diffraction

orders with the same grating, a capability not seen in 1D gratings.
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6.6. Grating Structures for SPR with Adjustable

Excitation Angle

The read-out technique in grating-based SPR systems [120, 123, 225] is typically centered
on the angular modulation method, where the plasmon excitation angles before and
after a sample reaction are compared. By adjusting factors such as periodicity, grating
thickness, and the choice of plasmonic materials, the plasmon excitation angle can be
finely tuned. However, in this approach, the plasmon excitation angle is predetermined by

the grating’s fabrication process, allowing only one specific angle to be excited [226, 227|.

To enhance the flexibility and dynamic range of grating-based SPR sensors, advanced
designs such as two-dimensional (2D) gratings [218]| and gradient grating period (GGP)
structures [228, 229| present alternative modes of operation. Both of these approaches
allow for greater control over SPR excitation, enabling the tunability of the plasmon

excitation angle without altering the sensor system’s physical components.

This topic will demonstrate two techniques: rotating 2D gratings and utilizing the positi-
on on GGP to achieve an adjustable SPR angle. The use of GGP and 2D gratings in SPR
systems offers new opportunities for advanced sensing applications across multiple fields.
In biosensing, for instance, these designs enhance detection limits [230, 231|, enable mul-
tiplexing [232], and increase the selectivity [233] for molecular interactions. Furthermore,
the tunability of the plasmon excitation angle [234, 235] provides additional flexibility in

optimizing sensor performance for a wide range of applications.

6.6.1. Rotating Symmetry 2D Gratings

The theory of plasmon excitation in Sec. 2.4.2 provides insight into the complex inter-
actions within a grating structure, highlighting that for effective excitation, the incident
electric field vector must precisely align with the orientation of the grating. As a result,

when studying the behavior of a 1D grating structure, the sample must remain stationary
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to maintain the alignment between the incident light and the grating structure. Howe-
ver, this constraint is lifted when working with 2D gratings, which allow for rotation,
enabling different effective grating periodicities to be achieved as the sample rotates in
any direction. Fig. 6.11 illustrates this sample rotation and its influence on the effective
A, facilitating the alignment of grating lines with incident light of any polarization and

offering greater flexibility in exploring plasmon excitation phenomena.

Figure 6.11.: The grating at the position of 0° (a) has period size(A) can represent the
new grating arrangement with a new period size(A’) after the sample is
rotated to 45° (b). (Image from Sarapukdee, P., et al. [209], is licensed
under CC BY 4.0.)

To explore these unique properties, 2D grating samples (S1-S4) from Sec. 6.5.2 are used
in experiments. The characterization process involves rotating the 2D grating along the
z-axis at various angles (0°, 15°, 30°, 45°), providing quantitative data on how rotation
impacts plasmon excitation. Fig. 6.12 presents the surface plasmon excitation profile,
visually demonstrating the interaction between the 2D grating structure and the incident

light wave across different rotational angles.

The experiment reveals a significant discovery: surface plasmon excitation remains effi-
cient when the 2D grating sample is rotated in various orientations. In stark contrast,
surface plasmon excitation is constrained by the fixed orientation of the grating lines in
1D gratings. The data show a gradual increase in the excitation angle, from 16° at 0°

rotation to 20.8° at 45° for the +1 order. The coupling efficiency (CE) is closely tied
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to the grating period, as the coupling strength between light and surface plasmons at a

specific wavelength scales with the grating vector [120].
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Figure 6.12.: (a-b)(S1-S4) The images illustrate the rotation of the sample during 2D gra-
ting measurements and the reflection properties of the 2D grating coupler
at rotation angles between 0° and 45°. The results demonstrate that sur-
face plasmons persist even as the sample undergoes rotation, a feature that
cannot be achieved with 1D gratings. Following rotation, the plasmon ex-
citation angle for the diffraction orders m = 41, m = —2, and m = —3
shifted to higher incident angles. This shift highlights the resilience of the
plasmonic response and underscores the benefit of using 2D gratings to su-
stain plasmon excitation across varying rotational conditions. (Image from
Sarapukdee, P., et al. [209], is licensed under CC BY 4.0.)

The largest shift in the excitation angle occurs at 45° rotation, exceeding the changes

observed at other angles. This phenomenon is explained by the theoretical framework

presented in [236], which outlines the rules governing grating excitation. The analysis of

136



6.6. Grating Structures for SPR with Adjustable Excitation Angle

Table 6.7.: Results of the plasmon excitation angle and coupling effectiveness of samples
S1 to S4 with rotation angles ranging from 10° to 45°. The plasmon excitation
angles are shown for +1 and —2 diffraction orders. The m = —3 order is seen at
a rotation angle of 30°, and the analysis is presented in the summary.(Adapted
from Sarapukdee, P., et al. [209], is licensed under CC BY 4.0.)

Plasmon excitation angle (o), Coupling efficiency (CE)

Rotation g1 59 33 4
+1 Order —2 Order 41 Order —2 Order +1 Order —2 Order +1 Order -2 Order
0° 16.0°, 19.6  31.2°, 0.9 16.4°, 5.9 31.8°, 3.4 16.0°, 25.9  31.2°, 15.8 16.0°, 7.2  31.2°, 12,9
15° 16.2°, 18.5 32.0°, 8.9 16.8°, 5.0 33.4°, 2.6 16.2°,25.1  32.6°,13.0 16.4°, 7.0 32.0°, 12.9
30° 17.4°, 5.7 38.6°, 0.4 17.4°, 2.3 40°, 1.9 17.4°, 3.9 39.2°, 9.1 17.6°, 6.1 40.0°, 9.1
*23.2°, 3.3 *25.4°, 4.0 *25.2°) 6.8 *25.8°, 5.2
45° 20.8°, 5.2 NA, NA 22.4°, 3.7 NA, NA 21.8°,9.4 NA, NA 20.8°, 6.2 NA, NA

x —3 diffraction order

these results, shown in Tab. 6.7, highlights the two diffraction orders with the highest
CE. Additionally, with m = —3, a third diffraction order can be excited, as illustrated
in Fig. 6.12. According to theory [236] and previous research, one of the main factors
influencing the plasmon excitation angle is the effective periodicity and size of the gra-
ting. As expected, sample rotation introduces new grating periods, leading to significant

modifications in the plasmon excitation angle.

For each rotation angle, the effective grating period can be calculated for the +1, —2, and
—3 diffraction orders. Notably, for symmetric 2D gratings, the grating period generally
increases with rotation. For example, at 0°, the grating periods range from 804 nm to

822 nm, while at 45°, they extend from 903 nm to 941 nm for the +1 order.

The results also demonstrate that a single 2D grating can continuously adjust the plasmon
excitation angle between 16° and 40° through rotation, maintaining reasonably good coup-
ling efficiency for the two diffraction orders over the entire range, as shown in Fig. 6.12.
Interestingly, as the 2D grating is rotated, a dynamic shift in the surface plasmon exci-
tation angle is observed. The experimental setup can detect incident angles up to 40°,
which explains the absence of data for the —2 order at 45° rotation. Nevertheless, the
+1 diffraction order shows a clear correlation between the plasmon excitation angle and

the rotation angle, making it more useful for sensors due to its higher coupling efficiency

137



Chapter 6. Characteristics of Grating-Based SPR

compared to the —2 order. For the 30° rotation, two seemingly inconsistent data sets are

observed, likely due to the additional resonance from the —3 order.
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Figure 6.13.: The angle of rotation of a 2D grating correlates with the angle of plasmon
excitation for +1 (a) and —2(b) diffraction orders in four separate samples
(S1-S4). As the angle of rotation of the 2D grating rises, the angle of plas-
mon excitation also increases for both +1 and —2 orders. This shows that
the plasmon excitation angle for both orders is strongly impacted by gra-
ting rotation, indicating a comparable dependence on grating orientation.
(Image from Sarapukdee, P., et al. [209], is licensed under CC BY 4.0.)

Fig. 6.13 illustrates the relationship between the plasmon excitation angle and the rota-
tion angle of the grating structure for all diffraction orders, showing a general increase in
excitation angle as the rotation angle grows. At 30° rotation, the m = —3 order is also
observed and depicted in Fig. 6.13 (b). The symmetry of the grating structure suggests

that beyond 45° rotation, the configuration repeats itself, returning to its original form.

The 2D grating structure’s adjustable plasmon excitation angle might improve detection
accuracy in biomedical diagnostics through double-check processes [237, 238] in biomo-
lecular interactions. Adjusting the excitation angle improves the signal-to-noise ratio for
detecting low quantities of biomolecules in complex biological samples [239], leading to
improved detection limits and accuracy. This may be accomplished by doing successive
measurements, with one at the first excitation angle and a second after rotating the sam-
ple. This technology allows a single device to acquire two datasets, which can then be

used to confirm results. Alternatively, simultaneous measurements using two light beams
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and detectors positioned at different angles enable real-time comparison and validation.
Both techniques increase specificity, reduce false positives and negatives, and improve

the reliability of biomolecular detection.

6.6.2. Utilizing the Position on Gradient Grating Structures

In the previous experiment, all samples were designed and built with a constant value for
grating period length over an entire area, including 2D grating. As a consequence, the
results of a surface plasmon were relatively stable. The experiments, however, demons-
trated that the results of the dynamics could be found in the 2D grating by rotating
a sample. Hence, this study will add more dynamic value to the investigation of the
behavior of silver-based gratings by building a grating in which the length of the gap
g between grating rods changes continuously along the x-axis. This grating structure is
known as a gradient grating periods (GGPs). GGPs have been investigated in the context
of guided-mode resonance (GMR) [228, 240|. The grating structures in this work were
made with the following values: a fixed 400 nm grating size w, but the distance between
the grids varies from 200 to 600 nm, a step of 1 nm every four grids, and an area size
of 1.3 mm?. With this configuration, the resulting grating period was 1000 nm at the
beginning and 600 nm at the end of the grating area. The other parameters were taken

from Sec. 6.2 for establishing the metal layer thickness.

To evaluate the reflectivity characteristics, an optical measurement system is employed.
Notably, the laser spot used for the optical measurements is carefully placed at three
distinct locations within the grating area. The laser beam is centered at 0.35 mm, 0.75
mm, and 0.95 mm from the edge that corresponds to the side of the grating with the

shorter period, as shown in Fig. 6.14.

The results of the measurements reveal that when the beam spot is positioned on the
left side, where the gap is smallest, the plasmon excitation angle is 14.0° with a coup-
ling efficiency (CE) of 6.5. Referring to the relationship between the plasmon excitation

angle and a constant grating period, as outlined in previous research [33], the predicted
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Figure 6.14.: SEM images of a manufactured gradient grating show a shorter period (a)
on the right and a longer period (b) on the left. (¢) The design of the
sample, with different spot areas, demonstrates that the gap changes along
the x-direction. (Image from Sarapukdee, P., et al. [209], is licensed under
CC BY 4.0.)

plasmon excitation angle for an average grating period of 721 nm is 10.6°, compared to
the measured angle of 14.0°. In the center position, the plasmon excitation angle is 19.4°
with a CE of 8.9, and the calculated angle is 16.5°. On the right side, which has the
largest gap, the plasmon excitation angle is 22.8° with a CE of 13.2, while the calculated
angle is 20.8°. These findings are summarized in Tab. 6.8, showing a higher experimental

plasmon excitation angle than predicted based on the average grating period size.

These observations suggest that as the laser beam spot moves from left to right, the plas-
mon excitation angle and coupling efficiency increase, in line with the growing gap size.
The discrepancy between the experimental and calculated values suggests that regions
with larger gaps in the gradient grating structure exert more influence on the plasmo-
nic behavior. The experimental results consistently exhibit larger excitation angles than

those expected for constant grating period sizes, likely due to the greater contribution
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Figure 6.15.: (a-c) Images depict three distinct grating areas of the sample with the beam
spot located at various points: (a) the left side with a smaller gap (grating
range: A = 600-843 nm), (b) the middle area (grating range: A = 707-922
nm), and (c) the right side with a larger gap (grating range: A = 806-1000
nm). The bright spot indicates the beam position in each scenario. (d) The
graph illustrates the plasmon excitation angles achieved from different beam
spot locations on the grating, demonstrating that a single grating device
can generate multiple plasmon excitation angles by shifting the beam spot
position. (Adapted from Sarapukdee, P., et al. [209], is licensed under CC
BY 4.0.)
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Table 6.8.: Measurement results of position on gradient grating structure, (a-b) for plas-

mon excitation angle and coupling efficiency (CE). (Table from Sarapukdee,
P., et al. [209], licensed under CC BY 4.0.)

Measurement A (nm) SPR angle (°), CE Averaged A (nm) SPR angle (°) (theory)

(a) 600-843 14.0°, 6.5 721 10.6°
(b) 707-922 19.4°, 8.9 815 16.5°
(c) 806-1000 22.8°,13.2 903 20.8°

of larger gaps to the effective coupling of incident light to plasmon modes. This enhan-
ced interaction underscores the role of gradient grating designs, where varying gap sizes

create a more complex plasmonic response compared to uniform gratings.

However, the gradient grating’s efficiency, reflected in a relative reflection of approxima-
tely 55%, is lower compared to conventional structures. The design and fabrication of a
grating with multiple lengths also present challenges. Despite these limitations, the gra-
dient grating approach introduces a novel aspect to grating design, offering a potential

pathway for applications where adaptability is prioritized over uniformity.

Gradient grating structures represent a significant innovation in biosensor technology,
providing unparalleled flexibility and efficiency for biomolecule detection. Traditional
biosensors often require custom designs and fabrication for each target molecule, slowing
down development and increasing costs. In contrast, gradient gratings, with their ability
to manipulate light through varying refractive indices and adjustable excitation angles,
create a versatile ’all-in-one’ platform [241]|. By directing light at different grating pe-
riods, users can optimize the signal-to-noise ratio across a wide range of biomolecules
without constant redesigns. This adaptability is particularly advantageous for detecting
biomolecules that induce large refractive index changes upon binding [242, 243|, allowing
for a broader detection range through simple angle adjustments. Consequently, gradi-
ent grating biosensors can accelerate research and improve productivity in biomedical
diagnostics. Their ability to deliver accurate and reliable measurements across diver-
se applications highlights their potential to revolutionize biomolecule detection, offering

more efficient and cost-effective sensing solutions.
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The experimental setups discussed in this study highlight the feasibility of designing gra-
ting structures that can generate multiple plasmon excitation angles from a single grating
sample. This versatility provides a significant advantage over fixed-spacing gratings, ma-

king it suitable for a broader range of applications.

This study has shown that surface plasmon polaritons can be efficiently excited using
silver-based 2D grating structures. With more adjustable parameters than 1D gratings,
these structures offer greater flexibility, allowing for dynamic application depending on
the needs. Notably, two diffraction orders can be excited with high coupling efficiency,
enabling continuous access to a range of plasmon excitation angles between 16° and 40°.
Additionally, 2D gratings exhibit anisotropic behavior, which facilitates the independent
measurement of strains or deformations along different axes. This is especially useful in
applications like strain sensing, where distinguishing between axial and transverse strains

is crucial.

Both gradient grating period (GGP) and 2D grating structures provide multi-parameter
sensing capabilities, surpassing the limitations of conventional 1D gratings and traditional
SPR sensing methods. These advanced grating designs pave the way for the development
of high-performance, versatile, and compact optical sensors, with promising applications

in areas such as biosensing, environmental monitoring, and structural health monitoring.

6.7. Measurement of Biological Samples

In this section, following an initial study on the structural properties of various grating
configurations and metal layer thicknesses, the present experiment aims to demonstrate
the feasibility of employing grating-coupled surface plasmon resonance (SPR) for biomo-
lecular detection. The designed grating structure consists of a period (A) of 800 nm, a
silver layer thickness b of 100 nm, and a grating height h of 50 nm. For biomolecular
testing, protein A, a molecule purified from Staphylococcus aureus and human immuno-

globulin G were selected. These biomolecules serve as commonly used reference models
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in biosensor studies [244, 245|. Fig. 6.16(a) illustrates the fundamental working principle
of grating-based biological detection. In this system, the excitation of surface plasmons is
influenced by variations in the permittivity of the sample medium, enabling the detection

of biomolecules. Two primary detection strategies are employed:

e Antibody-based detection (Fig. 6.16(b), left): The antibody is immobilized on the

grating surface to selectively bind a specific antigen present in the sample solution.

e Antigen-based detection (Fig. 6.16(b), right): The antigen is immobilized to capture

a corresponding antibody.

In both cases, biomolecular interactions induce changes in the refractive index, which are
detected through variations in plasmon excitation. The experimental procedure consists

of three main steps:

1. Sample Preparation: Protein A (42 kD, P6031, Sigma-Aldrich, USA) and IgG (IgG;
150 kD, 14506, Sigma-Aldrich, USA) were dissolved in phosphate-buffered saline
(PBS, pH 7.4, Life Technologies, UK), deposited onto the grating surface, and

dried before measurement.

2. Solution Containment: A circular rod-shaped barrier was placed around the grating
area to localize the solution and prevent it from spreading beyond the sensing

region.

3. Microfluidic Integration: A polydimethylsiloxane (PDMS) microchannel was atta-

ched to the grating structure to facilitate controlled fluid flow during measurement.

Subsequent sections provide a detailed analysis of each experimental step and discuss the

obtained results.

6.7.1. Biological Sample Measurement 1

In this part, Protein A and immunoglobulin G (IgG) bind in a stoichiometric ratio of

1:2, as dictated by their respective solution concentrations [246]. Hence, Protein A was
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Figure 6.16.: (a) Schematic of the grating arrangement with the biological sample positio-
ned above the metal layer. (b) Illustration of the antigen-antibody detection
principles: antibody-based (left) and antigen-based (right) detection mecha-
nisms.

Sample

prepared at a concentration of 5 pM in phosphate-buffered saline (PBS), while the IgG
solution was prepared at 10 uM in PBS. Fig. 6.18 depicts the physical immobilization
process on the grating structure.The detailed procedure for biomolecule detection using

the grating structure, illustrated in Fig. 6.17, is outlined below:

1. Measure the baseline plasmon excitation signal from the grating structure prior to

biomolecule immobilization, also referred to as the blank signal.

2. Clean the grating structure using phosphate-buffered saline (PBS), and then mea-

sure again to establish a second baseline reflecting the buffer solution environment.

3. Deposit the first biomolecule layer onto the grating. For the antibody-based ap-
proach, 5 pL of IgG solution is applied, while 5 L of Protein A solution is used
for the antigen-based approach. The samples are allowed to dry before measuring

the plasmonic response, recorded as the first-layer signal.

4. Apply the second biomolecular layer onto the first layer. In the antibody-based
approach, Protein A solution is deposited, whereas in the antigen-based approach,
IgG solution is applied. After drying, the plasmonic response is measured, producing

the second-layer signal.
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5. Rinse the grating surface with DI water for two minutes and allow it to dry. The

final measurement post-cleaning is recorded to assess the DI water cleaning signal.

(a) Antibody-based Protein A \. .
DI water
“yY Y'Y
aming e . - — ‘
1. Blank 2.PBS Cleaning 3. Added Antibody 4. Added Antigen 5. DI Cleaning
IeG —
(b) Antigen-based Protein A ) ) Bl water
N\ /
ing e~ - >
1. Blank 2. PBS Cleaning 3. Added Antigen 4. Added Antibody 5. DI Cleaning

Figure 6.17.: Physical immobilization procedure for grating-coupled sensors: (a)
Antibody-based approach, beginning with the IgG antibody layer followed
by Protein A as the target antigen. (b) Antigen-based approach, initially
immobilizing Protein A followed by IgG as the target molecule. The process
concludes with DI water cleaning.

R

Figure 6.18.: (a) Sensor chip featuring nine grating regions designed for SPR sensing,
with designated areas for wet and dry biomolecule applications. (b) Post-
drying observations show uniform sample coverage except in the lower-left
grating area, indicating incomplete coverage.

The data on biomolecules examined using antigen-based antibodies are presented in

Tab. 6.9. Throughout the experiment, all changes occurring at each step were syste-
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Figure 6.19.: Comparison of antibody-based antigen detection on the grating-coupled
sensor against air baseline. The addition of IgG increased the plasmon ex-
citation angle from 16.4° to 18.8°, with a further increase to 21.6° upon
addition of Protein A. (Adapted from Sarapukdee, P., et al. [82], is licensed
under CC BY 4.0.)
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Figure 6.20.: Antigen-based measurements on the grating-coupled sensor with compari-
son to the air baseline. Protein A increases the plasmon excitation angle
from 16.2° to 18.0°, with a subsequent increase to 20.6° after IgG applica-
tion.

matically monitored. The detection of biomolecules was carried out by investigating the

plasmon excitation angle of the samples, enabling the tracking of modifications in the
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Table 6.9.: Results of biological testing with antibody- and antigen-based techniques.

Method Plasmon excitation angle (°)and relative reflection(%)

Blank PBS cleaning  1°¢ layer 2nd layer DI cleaning

Antibody-based 16.0°; 3.59%  16.4°, 13.32% 18.8°, 40.74% 21.6°, 40.65% 16.8°, 8.89%
Antigen-based 16.0°, 3.53% 16.2°, 9.51% 18.0°, 22.37% 20.6°, 37.51% 16.4°, 5.81%

grating structure. Fig. 6.19 and Fig. 6.20 illustrate the relative reflection chart correspon-
ding to the plasmon excitation angle for both the antibody- and antigen-based methods,

with excitation angle values detailed in Tab. 6.9.

The initial measurement was conducted using an air-based analytical layer to confirm
the integrity and functionality of the grating structure. The results established a baseline
signal at an excitation angle of 16° for both methods. Following this, the grating surface
was cleaned with a buffer solution, which also served as a solvent for the biomolecules.
This step aimed to ensure that the grating surface closely resembled the biomolecular
solution environment. After PBS cleaning, the maximum plasmon excitation angle ex-
hibited a slight increase, ranging from 16.2° to 16.4°. This shift suggests the possible
formation of a thin PBS film on the grating surface, potentially influencing the analyte

layer.

In the next step, the first analyte layer was deposited over the grating structure using
an IgG antibody solution for the antibody-based approach and a Protein A solution for
the antigen-based approach. The results indicated that the maximum plasmon excitati-
on angles increased to 18.8° and 18.0° for IgG and Protein A, respectively. The larger
shift observed for IgG can be attributed to its higher concentration, leading to a more

pronounced plasmon excitation angle shift.

Subsequently, the biomolecule solution was applied as a second layer, allowed to dry, and
re-measured. The results demonstrated a further shift in the plasmon excitation angle
away from the baseline. Specifically, in the second layer of the Protein A experiment, the
excitation angle increased to 21.6°, while in the IgG antibody experiment, it reached 20.6°.

These findings confirm that the grating structure effectively differentiates analyte layers
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based on the plasmon excitation angle shift, which can serve as a detection indicator.

Additionally, the results suggest that the coupling between the grating and the previously
deposited biomolecules was less effective. The relative reflection values for antibody-
and antigen-based approaches were 40.65% and 37.51%, respectively. Despite identical
total solution concentrations at the end of both experiments, the antibody-based method
resulted in an excitation angle approximately 1° higher. This observation indicates that
the first-layer molecules exert a greater influence on surface plasmon excitation than the

second-layer molecules.

In the final step, the sample was rinsed with deionized (DI) water and re-evaluated. The
results showed that the grating structure recovered its excitation angle, returning close to
the PBS-washed baseline. Furthermore, Fig. 6.18 provides an image of the dried solution
on the grating surface. Ideally, the solution should uniformly cover the entire grating
area. However, Fig. 6.18(b) reveals potential inconsistencies in solution control within

the designated area. This issue will be addressed in future experiments.

6.7.2. Biological Sample Measurement II

There was an issue with controlling the position of the liquid droplet after the experiment
to measure the biomolecules on the grating structure in Sec. 6.7.1. Thus, additional bars
were built around the grating structure in this experiment to keep the solvent in a specific
area. The amount of solution was controlled by adding a bar around the grating area,
resulting in a more consistent thickness of the substance after drying. The bar around
the grating area was built by silver thermal deposition at the height of 300 nm, with
a bar size of 100 nm and an average cross-section of 2.5 mm. The six grating areas
were built on the same wafer, as shown in Fig. 6.21. The experimental procedure was
identical to the preceding experiment in Sec. 6.7.1. Before and after the experiment,
the gratings were analyzed. Before testing, biomolecules were instead prepared in this
experiment as follows. In a microtube, 5 puM of IgG and 10 uM of Protein A were

combined for at least one hour at 37 degrees Celsius. In order to allow the molecules to
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Figure 6.21.: (a) Around the six grating areas, a circle bar was designed. (b) The droplet
of sample solution atop the grating structures. (¢) The SEM image of the
silver circle bar’s cross-section measured about 300 nm in height. (d) The
SEM of the grating area with the circle bar.

combine into a solution, it is necessary to permit their interaction. Then, according to the
procedure, the solution was evaluated, and the angle of plasmon excitation was compared.
The following are the results of this experiment: first, in Fig. 6.22, the SEM image of
the grating with a bar before and after the biomolecular solution was dropped over.
Fig. 6.22(a) shows the success of defining the solution’s area to cover only the specified
portion. The biomolecule solution dropped into the solution boundary and was found
to be clearly defined in the ring. Fig. 6.22(d) depicts a layer of biomolecules adhering
to the grating. Second, Fig. 6.23 illustrates the results of the relative reflection of the
six grating surfaces, with angle details provided in Tab. 6.10. The measured excitation
angles of all grating structures averaged 16°, with a baseline signal reflectance of 5.54%.
Overall, this demonstrates that the grating structure could be successfully built according
to the specified configuration. The grating structures were then tested using the prepared

antigen-antibody biomolecule solutions. As a result, the plasmon excitation angle of the
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Figure 6.22.:

(a) The SEM image of the grating area with added circle bar around the
grating structure after the solution dried, the solution was enclosed only
inside the circle region. (b) The morphology of the antigen-antibody mole-
cules demonstrates that the molecules were successful in covering the grating

structure.
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Figure 6.23.: (a) The procedure of grating structure examination of the antibody IgG
combined with Protein A, and (b) the results of relative reflection of six
grating structures with an added circle bar.

grating was shifted to an average of 19.3°, and the relative reflection was increased to

41.51%. Consequently, the plasmon excitation angle was shifted by an average of 3.3°
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Table 6.10.: Grating structures examined the biological sample, antibody IgG combined
with Protein A.

Plasmon excitation angle(°), Relative reflection (%)

Structure
Blank Antiboy IgG + Protein A

1 16.0°, 4.23% 18.8°, 41.94%

2 16.2°, 5.06% 20.2°, 42.90%

3 15.6°, 4.60% 18.4°, 47.58%

4 16.0°, 4.48% 18.6°, 40.25%

5 16.6°, 7.89% 20.0°, 39.87%

6 15.6°, 6.97% 19.6°, 36.51%
Average 16.0°, 5.54% 19.3°, 41.51%

SD 0.35°, 1.39% 0.70°, 3.37%

relative to the baseline signal. In contrast, when compared to experiment Sec. 6.7.1,
which was dropped by two biomolecule layers, the average plasmon excitation angle was
21.1°, a 4.8° shift over the baseline signal. In conclusion, two layers of the biomolecules
solution from experiment Sec. 6.7.1 resulted in a more extensive solution than one layer
from this experiment. This also explains why the final concentration of biomolecules over

the grating after two drops of solution dried was greater than a single drop.

6.8. Grating-Based SPR Sensor with PDMS

Microchannel

The grating structure was able to detect changes in the biomolecules layer on top of
the grating structure in the grating measuring biomolecules experiments described in
Sec. 6.7.1 and Sec. 6.7.2. As a result, the samples that were dried before being measured
in both experiments may only be suitable for certain applications. Most biomolecules,
however, are typically measured in solution form [247|. Therefore, the use of a microchan-
nel attached to the grating structure and the sample solution feed passed through the
tube to perform the biomolecule measurement was considered in this experiment. Poly-

dimethylsiloxane (PDMS) is commonly used as the molding material for microchannels
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[248] due to its flexibility, transparency, biocompatibility, gas permeability, low dielectric
constant, low surface tension, and conformal contact with surfaces. These are some of
the PDMS characteristics selected for rapid prototyping. PDMS is also utilized in nume-
rous surface plasmon applications, such as biosensor microsystems [249|, microchannel
with embedded prism [250], biomedical applications [251], and optical fiber sensing [252].
PDMS was chosen as the microchannel material for this experiment. Sec. 5.3.2 describes
the process of fabricating the microchannel with a height of 150 pum. As for the grating
structures, the same configuration values as the previous experiments in Sec. 6.7.1 were
used, specifically 800 nm of the grating period, 100 nm of silver-based thickness, and
50 nm of the grating height, and the experiment utilized the same optical system as
the previous experiment. As shown in Fig. 6.24, the complete sensor unit, grating with
microchannel, was mounted in the sample holder, and the laser spot was aligned with
the grating structure. Further, the molecules in the experiment were Protein A solution
at a concentration of 5 uM in pH 7.5 PBS buffer. To be specific, the practical steps
were as follows. Further, the molecules in the experiment were Protein A solution at a
concentration of 5 uM in pH 7.5 PBS buffer. To be specific, the practical steps were as

follows.

1. The grating structure without attaching a PDMS channel was measured to be used

as a baseline signal.

2. PDMS was attached to the grating substrate. Then, the grating with PDMS was

measured.

3. PBS buffer solutions were injected into the microchannel, and then the grating

structure was measured.

4. The protein solutions were added to force the PBS buffer out of the microchannel,

replaced, and then the grating structure was measured.

Fig. 6.25 shows the result, while Tab. 6.11 provides specific details. The results indicate
that the effect of the plasmon excitation angles obtained with the PDMS microchannel

and without a microchannel, the grating performed identically at 16.6°, and there was a
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Figure 6.24.: (a) Sketch of grating structure with PDMS microchannel, and (b) the silver
grating was mounted in the sample holder with laser beam alignment on the

grating area. (Adapted from Sarapukdee, P., et al. [253], is licensed under
CC BY 4.0.)

Table 6.11.: The result of the plasmon excitation angle of grating with PDMS microchan-
nel measured the Protein A solution.

Plasmon excitation angle(°), Relative reflection (%)

Configuration
Blank PBS Protein A
Grating 16.6°, 23.67% - -
Grating with PDMS  16.6°, 23.42% 41.6°, 31.54% 43.6°, 30.37%
Sensitivity (°/RIU) 74.67 79.78

small difference in the signal after the larger scan angle after 20°. This result demonstra-
ted that the PDMS microchannel had little effect on the detection. Consequently, this
demonstrates that the decision to use PDMS as a solution-containment channel was ap-
propriate. Following this, the buffer solution was introduced into the system. As a result,
the excitation angle of plasmons shifted to 41.6° with relative reflection at 34.54%. In
addition, the Protein A solution caused a further shift to 43.6° with relative reflection
at 30.37%. As reported in these studies [254-257|, the refractive index of PBS buffer
and Protein solution were 1.3348 and 1.3384, respectively. The sensitivity of the sensor
could be determined using Eq. 3.1, (41.6-16.6)/(1.3348-1.0)= 74.67; by PBS solution test
and (43.6-16.6)/(1.3384-1.0)= 79.78; by Protein solution test. It can be concluded that

the grating sensor with PDMS microchannel has an average sensitivity of approximately
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Figure 6.25.:
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The results display three different configurations of grating SPR sensor
measurement air: a grating structure, a grating with a cover glass channel,
and a grating with a PDMS microchannel. The grating with cover glass
channel (black line) had an interference signal from glass reflection, while
the grating with and without PDMS microchannel behaved identically at
16.6°. The plasmon excitation angle shifted from 16.6° to 41.6° when the
PBS buffer solution was introduced into the system. Ultimately, the system
detected an additional shift in the plasmon excitation angle to 43.6° upon
injecting the Protein A solution.(Adapted from Sarapukdee, P., et al. [253],
is licensed under CC BY 4.0.)

This experiment ultimately demonstrated the viability of selecting PDMS

as a microchannel and employed the grating structure to identify biomolecular solutions.

6.9. Long-Term Preservation

This section discusses the issues of using silver as a plasmonic material in a silver-based

plasmonic grating for a biosensor. The effect of the improperly retained grating will

be described first. Following that, the various methods for surface reconditioning were

investigated.

Finally, a surface coating method will be proposed.
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6.9.1. Stability of Silver Surface

Silver is one of the best plasma materials in the visible and near-IR range [258, 259].
However, a thin silver layer degrades in the air, typically sensitive to sulfidation and can
form silver sulfide [260, 261]. These effects lead directly to the surface optical properties,
affecting the use of biosensor structures. In this experiment, grating structures with the
following configuration were fabricated: 800 nm of the grating period, 100 nm of silver-
based material, and 50 nm of grating height. These gratings were kept in a common
room environment in order to be exposed to air. Next, the surface plasmon properties

of the grating samples were investigated using measurements after storing the sample

for 1, 5, and 8 weeks. Fig. 6.27 shows the results that when the air exposure time was

Figure 6.26.: SEM images of the silver grating, (a) the samples were kept in common
room conditions for one week, and (b) the oxide particles were formed on
the surface after eight weeks.

increased, the plasmon excitation angle increased; the angle of the first order was shifted
forward from 16° to 16.8° and 17.4 ° for one, five, and eight weeks, respectively. Similarly,
for one, five, and eight weeks, the relative reflection increased from 4.05% to 5.58% and
12.83%, respectively. In contrast, for the plasmon excitation angle of the second order was
shifted backward from 31.4° to 30.6° and 30.0° for one, five, and eight weeks, respectively.
Simultaneously, the relative reflection increased from 83.08% to 85.08% and 86.56% after

one, five, and eight weeks. In Tab. 6.12, the comparison of measurements shows the
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results of the plasmon excitation angle change in detail. Again, the results show that the
diffraction grating structure has both first and second order. To summarize, the results
of this experiment show that the silver surface reacts with air, resulting in the formation
of nanoparticles on the surface, as shown in Fig. 6.26. Particles adhere to the surface of
the silver grating in the SEM image. According to the literature [107], the nanoparticles
could be silver oxides (Ag20) or silver sulfides (Ags.S). Therefore, the protection layer on

silver surfaces must be considered otherwise stored in vacuum conditions or innate air to

prevent tarnishing.
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Figure 6.27.: The image shows the plasmon excitation angle of a sample stored in a com-
mon room condition for one, five, and eight weeks. The plasmon excitation
angle shifts to a lower value over time, indicating a degradation of the plas-
monic properties of the sample. The plasmon excitation angle for the first
order shifted by approximately +0.8° at five weeks and +1.4° at eight weeks.

Table 6.12.: The sample’s plasmon excitation angle after one, five, and eight weeks of
storage in a common room is displayed in the result.

Plasmon excitation angle(°), Relative reflection (%)

Duration
1%t Order 27 Order
1 week 16.0°, 4.05% 31.4°, 83.08%
5 weeks 16.8°, 5.58% (+0.8°) 30.6°, 85.08% (-0.8°)
8 weeks 17.4°,12.83% (+1.4°) 30.0°, 86.56% (-1.4°)
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6.9.2. Surface Reconditioning

The tarnishing of silver-based grating couplers is most likely the result of sulfidation
[260, 262, 263|, but oxidation-induced corrosion must also be considered. Therefore, four
distinct treatments were selected. Thermal and chemical treatments are used to remove
silver oxide, and an electrochemical method for removing silver sulfide has been resear-
ched. Finally, the possibility of achieving a smoother surface by applying an additional
layer of silver was investigated. Using scanning electron microscopy, the grating mor-
phology [264-266] and surface plasmon characteristics were compared for the various

treatments after treatment.

Thermal Treatment

The silver oxide is the particle’s expectation on the silver grating surface. Therefore, the

reaction of silver oxide is decomposed as follows the equation [267]:

24920 — 4Ag + Oy (6.2)

The reaction occurs at high temperatures and low pressure to remove the silver oxide
particle from smooth silver surfaces [268|. Previous work [269] reported that the optimum
condition was reported by the preliminary experiment. Because the melting point of
silver is 960.8°C [270], the temperature used to decompose the silver oxide must not be
close to the melting point in order to prevent the structure from deforming. To begin
the thermal treatment, the silver grating was cleaned and dried. The sample was then
heated to 250°C for 60 minutes at a pressure of 1 mTorr with maintained nitrogen
gas. For this process, the PECVD system (PlasmaLab 80plus, Oxford Instruments) was
used as a heater and pressure controller. The sample was removed and cooled to room
temperature after being heated. The sample was then measured for optical properties,
and the surface was examined with a scanning electron microscope. SEM images of the

silver grating surface before and after thermal treatment are shown in Fig. 6.28(a, b). The
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Figure 6.28.: SEM images of the grating surface before (a) and after (b) thermal treat-
ment were compared. The samples were heated at 250°C for 60 minutes.
The amount of tarnish was reduced after treatment, but the grating sho-
wed signs of deformation. (¢)The relative reflection before and after thermal
treatment restored the optical properties by approximately 20%. (Reprin-
ted with permission from [271] (©)Optical Society of America.)

grating structures can be seen to be slightly damaged. However, measuring the plasmon
excitation angle as shows in Fig. 6.28(c), restored approximately 20% of the relative

reflection.

Chemical Treatment

This chemical treatment required the removal of silver oxide from the silver surface.

According to the literature [272], oxidation on a silver surface can be used as a chemical
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reaction to remove a tarnish using ammonia, as follows the equation:

The ammonia solution (25% N Hj, Sigma-Aldrich, US) was heated to 70°C to accelerate
the reaction. The sample was then thoroughly cleaned with IPA and dried before being
immersed in the ammonia solution for 10 minutes. The sample was then rinsed with DI
water to stop the reaction before being cleaned again with IPA. Finally, the sample was
allowed to dry before measuring the optical properties and inspecting the surface with
a scanning electron microscope. The chemical treatment result is shown in Fig. 6.29. As
can be seen, the chemical reaction results in a slight decrease in particle quantity. SEM
The cleaned surface is shown in Fig. 6.29(b). Again, the relative reflection decreases by

about 30% when compared to the untreated.

Electrochemical Treatment

Due to its association with atmospheric impurities, silver sulfide is the most commonly
tarnished silver surface [261, 273]. The blackish film that formed made these artifacts
unsuitable for optical properties. The most common method for cleaning the silver surface
is electrochemical galvanic coupling with a piece of aluminum (anode), but an external
power source can also be used. During the reaction, a current flows between the metals

and the silver sulfide can be described by the following equation [274, 275]:

Aluminum and a sodium bicarbonate electrolyte (0.06M NaHCOs, Sigma-Aldrich) were
used to clean the silver surface for this treatment. During the reaction, a small current
flows between the metals and the silver sulfide was reduced. Because there is insufficient
information on the application of this method to thin films, different concentrations and

reaction times were tested in previous work [269]. First, the sample was cleaned with IPA
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Figure 6.29.: SEM images of the grating surface were compared before (a) and after (b)
chemical treatment. For 10 minutes, the sample was immersed in a 25%
ammonia solution at 70°C. Following treatment, the amount of tarnish was
reduced. (¢)A comparison of the relative reflection results before and after
the chemical treatment revealed that the relative reflection was restored
by approximately 30%. (Reprinted with permission from [271] (©)Optical
Society of America.)

and dried. The sample was then heated on a hot plate set to 70°C. The optimal condition
of 0.1M NaHCOj solution at 70°C was then dropped over the sample, which contacts
the aluminum foil to complete the electrochemical cell flow. Finally, the reaction was
stopped in 60 seconds with deionized (DI) water. Fig. 6.30 shows the successful removal
of tarnish. In addition, the treatment can restore the surface plasmon excitation curve
by decreasing relative reflection by approximately 40% compared to the case without

treatment.
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Figure 6.30.: SEM images of the grating surface were compared before (a) and after (b)
electrochemical treatment. The treatment with 0.05M NaHCOs5 solution
reduced the number of particles significantly. Before and after the electro-
chemical treatment, the relative reflection was restored by approximately
40%. (Reprinted with permission from [271] (C)Optical Society of America.)

Silver Deposition Treatment

The final approach is based on a silver deposition treatment, which resulted in the for-
mation of an additional thin silver film on top of the grating structure. The method used
was thermal evaporation at a rate of 0.15 nm/s in a vacuum of 1.5 x 10~%m Bar. However,
for 10-20 nm thicker layers, no effect on surface plasmon wave excitation was observed.
A small effect from optical reflection can be seen at a thickness of 30 nm, as shown in
Fig. 6.31. When compared to the untreated case, the result shows a 13% decrease in

relative reflection.
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Figure 6.31.: SEM images of the grating surface were compared before (a) and after silver
deposition treatment (b). A thin silver film of 30 nm was formed on top of
the grating structure during the process. (c) Relative reflection before and
after silver deposition was restored by approximately 13% when compared
to the untreated case. (Reprinted with permission from [271] (C)Optical
Society of America.)

6.9.3. The Protection Against Surface Degradation

Previous experiments demonstrated that silver surface tarnish had a direct impact on
grating measurements, even though the restoration techniques outlined in Sec. 6.9.2 were
able to restore the optical properties. However, the restoration results were insufficient
compared to before the tarnish. In this experiment, the protection thin film was used
to solve the problem of corrosion by forming a protective layer on the surface. The

substances being considered for use were silicon oxide (5i02) and silicon nitride (SigNy),
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both of which have been studied recently [276-278] and can be deposited on a nanometer
scale using the PECVD technique [279, 280|. In addition, these materials are transparent
and do not block the light wave that reaches the surface. After creating a thin film, the
optical properties of the samples were measured, and the SEM was used to examine the

thin film layers.

Silicon Oxide Protective Layer

The first protective layer applied consists of a thin silicon oxide layer. The parameters
of the process can be seen in Tab. A.2. The deposition temperature of 200°C was used
to avoid the silver grating deforming. The process reaction took place on the sample’s
surface for 20 seconds to form a 20 nm thin silicon oxide; the process parameters can

be seen in Appendix A.2. The result shows a silicon oxide layer in Fig. 6.32(a), with
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Figure 6.32.: SEM image (a) of the cross-section of a protective sample reveals the pre-
sence of silicon oxide on top of the silver layer. Graph (b) depicts the relative
reflection of a grating with a silver oxide protective layer before and after
silicon oxide coating in one day and after five weeks of storage in room
temperature conditions. After five weeks, the silicon oxide protective layer
sample demonstrates a plasmon excitation angle that has shifted by more
than 40 compared to the uncoated case and has changed slightly. (Adapted
from Sarapukdee, P., et al. [82], is licensed under CC BY 4.0.)

a layer visible above the silver layer. The curves of the silicon oxide-coated sample are

shown in Fig. 6.32(b), and the angle of the plasmon excitation had shifted beyond the
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detection limit of 40, but the resulting curve trend was still visible. By representing it as
an analytical layer over the grating structure, it was demonstrated that coating silicon
oxide on the silver surface was successful, which can be detected by shifting the plasmon
excitation angle. This experiment must be considered in terms of applying the protective
layer, which can impact sensor efficiency. After that, the samples were stored in a common
room for five months before being tested again. Fig. 6.32(b) shows that the results after
five weeks (dash line) showed a slight change in the curves compared to the first day of
coating (dot line). Furthermore, the coated sample was broken and examined under a
scanning electron microscope to determine the thickness of the protective layer and the
coating formed. Fig. 6.32(a) shows a silicon oxide layer with a layer visible above the

silver layer.

Silicon Nitride Protective Layer

The preservation of silicon nitride is then investigated. A silicon nitride is frequently used
in a preservation application. The parameters used to deposit a 20 nm silicon nitride
layer have been adapted from a previous process and can be found in Appendix A.2. The
process temperature is 200° C, and the sample is exposed for 10 minutes. This experiment
looked into the protective layer of silicon nitride (Si3/NVy). Silicon nitride is commonly
used as a protective layer in many applications [281], and it has also been studied in
terms of biocompatibility, which will be useful in biosensor platforms [282-285|. The
parameters for the deposition of a 20 nm thick silicon nitride layer were taken from a
previous process, as shown in Tab. A.2. The process temperature was 200°C, to which
the sample was exposed to silicon nitride 20 nm thickness. The sample was measured
in the same manner as in the preceding experiment (Sec. 6.9.3). The process results in
successfully depositing a silicon nitride layer, as shown in Fig. 6.33(a). The protective
layer’s thickness can be estimated to be between 10 and 30 nm. Fig. 6.33(b) shows a
comparison of the optical properties of coated and uncoated gratings (b). As a result, the

silicon nitride-coated plasmon excitation angle was approximately 5° different from that
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of uncoated. The plasmon excitation angle appears slightly lower(32° to 27°), possibly
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Figure 6.33.: (a) SEM image of the sample’s cross-section with silicon nitride coating.
The protective layer is visible on the silver surface, as can be seen. Graph
(b) depicts the relative reflectance of the uncoated and coated protective
layer on the first day and five weeks later. After five weeks of storage, the
protective layer of silicon nitride shows minor changes in the relative reflec-
tion. Therefore, the study can conclude that silver nitride has effectively
stopped the corrosion of the silver grating. (Adapted from Sarapukdee, P.,
et al. [82], is licensed under CC BY 4.0.)

due to the increased temperature during silicon nitride coating, which affected the grating
structure. Similar to the previous comparisons, the relative reflection was measured after
a b-week storage period. Fig. 6.33(b) exhibits the results, which appear very promising
because there is no visible increase in the plasmon excitation angle and relative reflection
after five weeks. It can be concluded that a protective layer of a thin silicon nitride
layer can prevent measurable corrosion within five weeks. Overall, this section focused
on potential corrosion solutions in biosensor applications involving silver-based grating
couplers. Various treatments for a tarnished surface were investigated to restore the
plasmonic properties of a grating-assisted plasmonic sensor. Electrochemical treatment
was the most effective method for restoring the excitation of surface plasmon waves,
which is critical to the biosensor’s operation. The protective layer was also examined.
Given the preceding, a thin silicon oxide layer has been shown to impact the coupling
properties significantly. Finally, in five weeks, a thin layer of silicon nitride was shown to

protect against silver corrosion by maintaining the same plasmon excitation angle.
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6.10. Inverted Grating-Based SPR Sensors

This section aims to provide argumentation and empirical evidence for using an inverted
grating structure for sensing rather than the conventional configuration. This section
begins with a discussion of the advantages of employing a new grating geometry, followed
by sections on the simulation of an inverted grating structure, a comparison of glass
substrates for inverted grating, and measurement of the inverted grating. The results
could assist in determining the optimal grating geometry in terms of size, height, and

silver thickness for building a new grating structure.

6.10.1. Inverted Grating Model

Experiments performed in previous section demonstrated the limitations of conventional
grating structures. The conventional grating configuration exposes the grating surface
directly to air and sample, which has the benefit of obtaining direct information from
the sample but can also have a direct effect on the grating surface and structure. The
results of the biological testing part in Sec. 6.7.1 may clarify this point with additional
information. Which is after testing biomolecules on the grating structure, the intensity
of the light wave was reduced. This is because the light must travel through the analyte
layer before reaching the grating structure. Typically, biological samples rapidly absorb
UV-VIS light [286, 287|, which can reduce light intensity and sensitivity. In Sec. 6.8, an
analyte solution was employed. A microchannel was utilized to hold the solution and
transport it to the measurement site. It revealed that the experiment’s results were more
sensitive and applicable to a wider range of applications than those measured with the
dry sample. Therefore, it can be concluded that the PDMS-channeled grating has a high
potential for use as a biosensor chip in the real world [283, 288, 289]. When the solution
carrier, a microchannel, must be adhered directly in front of the grating on the light
excitation side; however, certain limitations may arise. For example, it may eliminate the

measured light, particularly when a small device is required. Therefore, when designing
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Figure 6.34.: Schematic design of using the inverted grating with PDMS microchannels.
The microtube blocks the illumination light on the front side (a), while the
back side (b) is advantageous for assembly. (Image by Sarapukdee, P., et
al. [155] is licensed under CC BY 4.0.)

the chip, it must be ensured that the device does not obstruct the measured light when the
sample rotates, which could also reduce the measured angle range. The measuring light
can be blocked if the sample feeding tube is too long or rotates, as shown in Fig. 6.34(a).
Moreover, Sec. 6.9.2 demonstrated the silver surface that tarnishes rapidly when exposed
to air. The tarnishing on the grating surface immediately impacts the optical measu-
rement. As a result, a protective coating is necessary. Otherwise, the sample must be
stored in proper condition. As shown in Fig. 6.34(b), a periodic grating structure can
be created by depositing a metal layer on a previously patterned and etched dielectric,
which forms and inverts the grating structures beneath the substrate, while the analyte
is placed on the backside of the grating structure. As a result, the analyte layer does
not absorb the incident light. Furthermore, because the grating side is embedded in the
substrate, it reduces surface exposure to air and, thus, the occurrence of tarnish. There-
fore, it is possible to conclude that the inverted grating structure is more advantageous
for biosensor applications. Previous research [290] suggested that the structure between
heavily doped silicon and silicon substrate could be used as a diffraction grating sensor.

Similarly, this work [291] demonstrated the complexities of measuring an analyte sample
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Table 6.13.: Glass type and thickness details.

Glass type Material Thickness

Cover glass (Electron Microscopy Sciences, USA) borosilicate glass 0.20+ 0.02 mm
Borofloat (SIEGERT WAFER GmbH, GE) borosilicate glass  0.50+ 0.02 mm

Quartz 0.5 mm (GVB GmbH, GE) Quartz glass 0.5+ 0.05 mm
Quartz 1 mm (GVB GmbH, GE) Quartz glass 1+ 0.1 mm
Glass slide (SWIFT, GE) optical glass 14+ 0.1 mm

from the backside using an epoxy layer grating embedded in a glass substrate with a
flat metallic surface on top. Furthermore, this study [292] employed the sol-gel technique
on polymers as a silicon oxide substrate. Finally, some work has been created using a
stamping process [293|, which can be used on both polymers and a SiO, substrate [294] .
Given the foregoing, it is reasonable to conclude that manufacturing work is limited and

difficult.

6.10.2. Glass Substrate for Inverted Grating Structure

This experiment examined a glass to determine the best one to use as a base for the
inverted grating structure. Glasses of various sizes and types were chosen for this expe-
riment based on their commercial availability, economy, heat resistance, and corrosion
resistance. Because there are many steps to the fabrication process, the substrate cho-
sen must be suitable for the construction process. Tab. 6.13 depicts glass substrates of
various materials and thicknesses. Since most commercial glass in the market is cut in
the size of (2 x 2) cm, other glasses with larger sizes were thus cut to a similar size,
except for the quartz glass available in (1 x 1) cm size. The samples were first cleaned
with TPA and allowed to dry. The nickel was then sputtered onto the surface to form a
seeding layer, followed by a smooth silver layer in the following step. Then, at a rate of
0.15 nm/s, thermal evaporation deposited a 100 nm thick silver layer over the nickel seed
layer. The samples were then tested to see how light transmitted through the substrate
without grating behaved. Fig. 6.35 depicts the glass testing configuration. In this test,
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Figure 6.35.: Sketch of the structure with glass substrate.
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where there is no grating structure to couple light for plasmon excitation, the reflectivity

signal should be close to one hundred percent. Therefore, the reflected signal should be

consistent, with no recognizable dip angles, and have a high light intensity, indicating

that the glass does not absorb light. The results in Fig. 6.36 show that glass substrates
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Figure 6.36.: Measurement of different types and thicknesses of glass substrates with a
100 nm silver layer on the backside, (a)the relative reflection results show a
smooth signal only from glass slide (red line) and quartz 1 mm (green line).
However, (b)the reflected light intensity reveals only a smooth signal with
high power from the glass slide (red line). (Image from Sarapukdee, P., et
al. [155], is licensed under CC BY 4.0.)

with a thickness of 0.2-0.5 mm; cover glass, Boroflat, and quartz have a wave signal that

can interface with the sample signal when the sensor tests a biomolecule. As a result,

the reflected signals were high power because, except for quartz, the glass samples had
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slightly absorbed the light due to the thin glass. However, the signal’s vibration while
scanning makes it challenging to distinguish the signal from the plasma phenomenon of
the practical test. Thus, it is possible to conclude from the preliminary data that glass
with a thickness of 0.2-0.5 mm was unsuitable for use as a substrate for the inverted
grating structure. In contrast, the thickness of the quartz and microscope glass substra-
tes was 1 mm. The signal from the sample with the 1 mm thick glass substrate was
smooth. Furthermore, quartz 1 mm thick presented a smooth signal that began to decre-
ase between 15° and 40°, whereas the glass slide presented a smooth signal throughout.
Therefore, the 1 mm thickness of both materials demonstrated some potential for use as
a substrate for the inverted grating structure. However, the 1 mm thick quartz absorbed
more light than the 1 mm thick glass slide, which resulted in a lower intensity of reflected
light. Since the intensity of reflected light is crucial for biosensing, it can be concluded
that the 1 mm quartz glass thickness was unsuitable for the fabrication of the inverted
grating structure. In contrast, only the glass slide with a 1 mm thick sample exhibited a
minimal wave signal and a high power of reflected light, which, when used as a substrate
for the inverted grating, has less of an effect on the investigation signal than all other
types of tested glasses. Hence, it can be concluded that the 1 mm thick glass slide, among
the glass substrates previously utilized, was an appropriate choice for the fabrication of

an inverted grating.

6.10.3. Measuring of Inverted Grating Structure

In this experiment, an inverted grating structure with a 1 mm thick glass substrate
was fabricated and measured. Fig. 6.37 reveals a sketch of the grating structure based
on the fabrication parameters derived from Sec. 6.37’s simulation results, with a 500
nm grating period, 30 nm of grating height, and a 50 nm thick silver layer on top.
Sec. 5.3.3 described the fabrication of the inverted grating structure with a glass substrate.
The inverted grating structure was then measured using an optical measurement station

with a scanning angle of 10 ° to 70°. Fig. 6.38 displays the outcomes, while Tab. 6.14
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Air

Laser Detector

Figure 6.37.: Sketch of the inverted grating structure on a glass substrate.

provides additional information. The inverted grating production succession yield was
comparatively low and inconsistent. As a result, the first-order plasmon excitation angle
for each of the five structures was approximately 21.53°, and the second-order plasmon
excitation angle was approximately 63°, which is too high for practical applications.
Regarding the first order at 20°, the measurement from the backside would not pose as
much of a problem as the measurement from the front side, even though it was nearly
off from the expected angle for biosensors in the range of 10° to 20 °. Despite this, the
reflectivity at the plasmon excitation angle was approximately 64% for sample E1 and
considerably lower for samples E2-E6, indicating lower efficiency and consistency than
conventional models. It indicates that the structure of the fabrication process should be

improved. After measuring the optical properties of the grating, the grating was shattered

Table 6.14.: The inverted grating structure with a period of 500 nm, gating height of 30
nm, and a silver top layer of 50 nm present a different outcome caused by
the unstable manufacturing process.

Plasmon excitation angle(°), Relative reflection (%)

Sample Detail
15t Order 274 Order

El

b =40 nm, h = 20 nm

21.8°, 94.15%

63.4°, 86.23%

E2 22.6°, 68.77% 63.0°, 93.39%
E3 22.2°, 58.37% 61.2°, 59.37%
F4 22.0°, 64.47% 60.6°, 73.43%
E5 b =50nm, & = 30 nm 21.4°, 92.54% 63.4°, 84.78%
1 21.2°, 91.27% 64.0°, 77.49%
E7 21.2°, 92.20% 64.0°, 78.48%

172



6.10. Inverted Grating-Based SPR Sensors

Relative reflection (%)

0
()
1

60 4

40 -

[\
(e
1

0

—El: 5=40 nm, 2 =20 nm (Ex.)
—— E2: =50 nm, 2 =30 nm (Ex.)

---- E1: 5=40 nm, # = 20 nm (Sim)

---- E2: b= 50 nm, 2 =30 nm (Sim)

10

25 30 35 40

Incident angle (°)

Figure 6.38.: The initial measurement of an inverted grating structure on a 1 mm thick
glass substrate with a 500 nm period revealed a 30 nm grating groove height
and a 50 nm silver base thickness. Additional trials resulted in a grating
with a 20 nm grating groove height and a 40 nm silver base thickness. Ho-
wever, the results showed inconsistency, particularly in plasmon excitation
angles across different grating designs. These differences indicate difficulties
in properly regulating and repeating the etching processes for 20 and 30 nm
grating groove height constructions. (Adapted from Sarapukdee, P.; et al.
[155], is licensed under CC BY 4.0.)

and measured using SEM. Fig. 6.39 features the sample sectional representation. The

inverted grating structure with a lengthy etching path and a silver layer on top was

manufactured successfully. The top layer of silver was peeled away, and its thickness

corresponded to the grating height. However, the results demonstrated that the grating

was porous due to the absence of the nickel seed layer, which may have caused interference

with the analyte during the experiment. However, nickel will be investigated to produce

a smoother silver layer in the following experiment.
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(a) (b)
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Figure 6.39.: The SEM cross-section of the inverted grating structure shows a peeling
sheet of silver metal, showing porosity caused by the lack of an adhesive
layer. The substrate also has an etching depth matching the grating groove
height h of (20 £ 2) nm, a grating groove size of (250 + 5 nm), and a
base thickness of (40 + 3 nm). (Image from Sarapukdee, P., et al. [155], is
licensed under CC BY 4.0.)

6.10.4. Inverted Grating with Nickel Adhesive Layer

In Sec. 6.10.3, the grating was manufactured and measured. Nonetheless, the structure
lacked a metal adhesive layer to enhance the adhesion of the silver layer, resulting in
the silver layer’s porosity. It was also discovered that the adhesion of silver was weaker
than that of surfaces with a nickel adhesive layer. Sec. 5.2.2 provides information on the
use of nickel to enhance the adhesion and smoothness of silver surfaces. The addition of
nickel to a conventional grating structure did not significantly impact the measurements
because the metal was beneath the metal side and therefore did not directly interact
with the measurement light. In the inverted grating model, nickel was instead sputtered
onto the glass substrate. It will cause the measuring light to reach the nickel layer before
the silver grating when traveling through the substrate. The measuring light that travels
through the nickel layer can reduce the light’s intensity and alter the optical properties
of the silver grating. Nevertheless, this inference will be confirmed by this experiment.
Following the steps outlined in Sec. 5.3.3, the inverted grating was manufactured for

this experiment. The first sample was constructed according to the standard procedure,
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(a) (b)
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Figure 6.40.: Sketch of the inverted grating structure on a glass substrate with(a) and
without(b) the nickel adhesive layer.

while the second sample was sputtered with a 10 nm nickel adhesive layer following the
etching of the glass. The construction then adhered to the standard procedure. Fig. 6.40
depicts a sketch of the final product of the inverted grating with the nickel adhesive layer.
Finally, the sample was measured to compare it with and without a nickel adhesive layer.

Fig. 6.41 illustrates the experiment’s findings. The sample without nickel had a plasmon

Upside-down grating with period 500 nm

100 L, /__
g 90 - ~ po—— LV
S80}
3
T 70 }
E 60 —E1-50nm-30nm
= I
3 —E2-50nm-30nm-with nickel

50 f

40 L L L L L

10 15 20 25 30 35 40

Angle (°)

Figure 6.41.: Comparison of relative reflection of the inverted grating structure with and
without a nickel adhesive layer.

excitation angle of 22.2° and a relative reflection of 77.3%, similar to the experiment in
Sec. 6.10.3. On the other hand, the plasmon excitation angle was lost from the scan range

of 10° to 40° in the sample with a nickel adhesive layer. As a result, the nickel layer in the
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inverted grating structure interfered with the plasmon excitation signal. With this issue, a
new method of increasing the adhesion strength of silver deposition must be considered.
Otherwise, research into a new adhesive material capable of mitigating the effects of
inverted grating measurements is required. For example, these publications [295-297]
have been studied from experimental characterization of evaporated and sputtered films

that can be adapted for use in future work.

6.10.5. Inverted Grating with Silicon Oxide Protective Layer

The inverted grating structure was configured with a measurement light wave that re-
aches the grating from the bottom side, minimizing tarnishing from direct exposure to
air. However, the top silver layer is still directly exposed to air, which can cause cor-
rosion issues. Thus, the inverted grating structure was created in this experiment, and
a protective layer of silicon oxide was deposited over the top of the silver surface. The
optical properties of the coating and uncoated protective layers were then measured and

compared. First, the inverted grating was built using the fabrication process described in

(a) (b)

Air $i0

Laser Detector Laser Detector

Figure 6.42.: Sketch of the inverted grating structure on a glass substrate with(a) and
without(b) the silicon oxide protective layer.

Sec. 5.3.3, with a grating period of 500 nm, a grating height of 30 nm, and a silver top
layer of 50 nm. Fig. 6.42 shows a sketch of the structure. Second, the optical properties
were measured using the previously specified scan angle of 10° to 70°; this will be the
first data. Finally, using the PECVD method, 20 nm of silicon oxide was deposited on

the silver surface and measured again for the second data. Fig. 6.43 exhibits the results
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Figure 6.43.: The measurement of the inverted grating structure on a 1 mm thick glass

Table 6.15.:

substrate, with and without the silicon oxide protective layer. Notably, the
plasmon excitation angle changed significantly following the deposition of
the silicon oxide layer. This discovery implies that the high-temperature
procedures involved in the deposition may have influenced the characteri-
stics of the glass substrate and the underlying silver layer, which lacks a

seed layer for regulated development. (Image from Sarapukdee, P., et al.
[155], is licensed under CC BY 4.0.)

Measurement results of the inverted grating structure with and without a
silicon oxide protective layer.

Plasmon excitation angle(°), Relative reflection (%)
Sample
1%t Order 274 Order
C1 23.0°, 71.98% 61.0°, 55.56%
C2 23.2°, 51.12% 59.4°, 67.98%
C1 with SiO, 22.4°, 85.14% 60.0°, 69.30%
C2 with S7i0, 23.2°, 87.97% 60.2°, 77.44%

of the experiment, while Tab. 6.15 provides additional details. The first and second-order

angles of plasmon excitation were approximately 23.1° and 60.2° with relative reflection

of 61.55% and 61.77%, respectively, for the inverted grating structure lacking a silicon

oxide protective layer. Comparatively, the scanning range of 10° to 70° was challenging

to define for both angles on the structure with a protective layer on the surface. However,
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this experiment’s results were consistent with the silicon oxide protective layer described
in Sec. 6.9.3, in which it was determined that the plasmon excitation angle disappeared
when silicon oxide was applied to the surface. The silicon oxide protective layer was,
therefore, unsuitable for both conventional and inverted grating structures. In addition,
the silicon nitride protective layer, which yielded positive results in prior research, should

be investigated in future studies.

The unique grating structure, inverted from the conventional design, may not possess the
same level of coupling efficiency, but it brings forth significant operational advantages. Its
exceptional ability to mitigate surface oxidation stands out, ensuring a prolonged lifespan
for the grating and rendering it suitable for diverse practical applications. In contrast to
traditional plasmonic devices susceptible to corrosion, the inverted grating incorporates
a protective substrate layer, reducing maintenance requirements and potentially lowering

costs.

To further enhance this configuration, the incorporation of an anti-reflection layer on
the glass substrate shows great potential. This innovative addition has the capacity to
significantly diminish interference from the glass, thereby improving overall performance
and potentially allowing for the use of thinner glass substrates. However, it is imperative
to note that additional investigation and refinement are crucial. The robust adhesion of
the silver layer to the glass is important, especially in demanding applications, prompting

exploration into advanced fabrication techniques and materials.

Efficiency in signal detection emerges as another area ripe for improvement. While back-
side illumination has been explored, its dependence on complex optical systems remains
a limitation. A promising avenue lies in electrical detection through integrated circuits
[156] and sensors [298|, streamlining the entire device. Furthermore, the integration of se-
miconductor nanostructures into the inverted grating introduces captivating possibilities.
These nanostructures can function as highly sensitive optical sensors, offering precision

and sensitivity across a spectrum of applications.

In summary, while the coupling efficiency of inverted grating structures may not yet rival
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conventional setups, they offer significant operational benefits and new design possibi-
lities. Future research should focus on preventing oxidation, improving adhesion, and

exploring innovative detection methods to enhance their performance.
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Summary and Outlook

Label-free detection techniques offer significant advantages for biomolecule measure-
ments, as they eliminate the need for labeling molecules [299], such as fluorescent an-
tibodies, proteins, amino acids, and peptides. This simplification streamlines sensor de-
velopment and allows for real-time measurement of interactions, making it suitable for
applications like studying association kinetics [300], rapid cancer diagnosis [301], and di-
sease marker detection [302], as well as drug discovery [303|. Surface plasmon resonance
(SPR) remains the most widely used label-free technique for monitoring biomolecular

interactions in real-time [304].

Traditional SPR detectors use prism-based excitation methods [88|, which, though cost-
effective and simple, are not suitable for integration onto a single chip. In contrast,
grating excitation offers the potential to miniaturize devices and incorporate multiple
functionalities on a single chip. This study used grating-based SPR for excitation due to

its advantages in reducing device size and enabling integration with other technologies,
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such as quartz crystal microbalance [305], electrical detectors [156], and surface-enhanced

Raman scattering [306].

The FDTD method was employed to model various grating structures, exploring different
sizes and thicknesses. The permittivity values used were Air =1, Ag = —19, Ni = —11.4,
S109 = 2.1, and S7 = —12. The relationship between changes in the grating period
and plasmon excitation angle was calculated, with experimental results showing strong
correlation, producing an R? value of 0.9554 when measuring the refractive index (RI)
between 1.0 and 1.7. The sensitivity was approximately 20° /RIU. Additionally, the study
revealed different trends for grating SPR performance across an RI range of 1.32 to 1.46.
Sensitivity in the range of 1.32 to 1.37 was 22.85, 35.43° /RIU, while it increased to 35.58,
128.85° /RIU between 1.37 and 1.46.

This research successfully developed grating structures suitable for label-free biomolecule
measurements. Various structures were tested, and optimal dimensions were identified: a
grating period of 800 nm, a base thickness of 100 nm, and a height of 50 nm. These confi-
gurations were found to offer the best performance for biosensing applications, especially
when combined with a silver layer of 100 nm thickness. Experiments with both dry and
solution biomolecules, such as IgG and Protein A, demonstrated an approximate 4.8°

shift in plasmon excitation angle, confirming the effectiveness of the grating.

Additionally, gradient grating periods (GGP) and 2D grating structures were explored,
showing the feasibility of generating multiple plasmon excitation angles from a single
grating sample. The flexibility of these structures, including the ability to excite two
diffraction orders with high coupling efficiency across angles ranging from 16° to 40°,
opens up possibilities for multi-parameter sensing. Their anisotropic properties allow
for independent strain measurement, enhancing applications such as strain sensing and

environmental monitoring.

Protein A in PBS was measured using a PDMS microchannel, yielding a sensitivity of
77.23° /RIU, indicating strong performance without assay interference. The study also ad-

dressed challenges associated with using silver as a plasmonic material, including surface
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tarnishing. Electrochemical methods were found to be the most effective in reconditioning
the optical properties of tarnished surfaces. Among protective coatings, Si3/Ny; demons-
trated better performance compared to SiOy, with less impact on plasmon excitation

angles.

The inverted grating structure was developed on a glass substrate to mitigate issues such
as silver tarnishing and angle measurement constraints. A computer model guided the
design, which featured a grating period of 500 nm, a grating height of 30 nm, and a
50 nm silver layer. Borosilicate glass was selected as the substrate for its low thermal
expansion properties [307], with a thickness of 1 mm determined to be optimal. The
inverted structure achieved plasmon excitation angles of 20° for the first-order angle and

60° for the second-order angle.

In conclusion, the study demonstrated that computer models can effectively predict the
behavior of grating structures in air-based analytical environments. Experiments using
multi-value RI solutions refined these models further. Long-term storage tests showed
that Si3N, is a superior protective layer for both conventional and inverted grating
structures, reducing signal interference. While the coupling efficiency of inverted gratings
is lower than that of conventional designs, they offer operational benefits, such as oxidati-
on prevention and extended use. Further research into improving silver adhesion to glass
and developing more efficient coupling techniques is recommended. Electrical detection
and semiconductor-based optical sensors present exciting avenues for future investigation
[158, 159, 161], as they could eliminate the need for complex optical systems in plasmon

detection.
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APPENDIX A .

Appendix

A.1. Structure of the Measuring Station

At the University of Hagen’s well-appointed optical laboratory [211], reflection experi-
ments were conducted. The equipment has been adapted from prototypes in order to
be suitable for this task. Based on the area of the grating structure, the structure has
dimensions of approximately (1.2 x 1.2) mm. For the laser light to irradiate the grating

structure, it must possess the following properties:

1. A grating structure converts only TM-polarized light into surface plasmons because

its polarization is perpendicular to the y-plane of the grating.

2. The beam diameter < (1 x 1)mm should not exceed the grating area, so the sur-
rounding unstructured silver surface will reflect the beam unaffected and directly

into the detector. As a result, the reflection may not form adequately.

3. The optimal state would be a beam cross-section with a constant intensity distri-

bution.

The 632.8 nm helium-neon gas laser (05-LHP-151, Melles Griot, JP) with an integrated
polarizer was utilized to polarize the light output. Therefore, the laser was only needed to
set the correct polarization direction for axial rotation. Using a neutral filter (ND filter),
the power of the laser beam was decreased from 10 mW to 1 mW in order to avoid dama-
ging a biological sample due to its excessive intensity. The beam’s intensity distribution
was approximately Gaussian in cross-section, with a spot diameter of about 3 mm. For
filtering and beam adjustment, the beam was manipulated using the configuration depic-

ted in Figure A.1. First, a convex lens (f = 30cm) was utilized to focus the laser’s beam.
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A pinhole diaphragm was positioned in the spotlight of the lens to intercept unwanted
beam portions. The lens situated behind serves as a collimator. Using the distance bet-
ween the lens and probe in the experimental setup, we can establish a 1 + 0.2 mm beam

cross-section behind the lens. A light source, a probe, and a detector must be positio-

neutral density
convex lens

rotation 11 0-40° £=30 cm filter

\ \ laser source

A=632.8 nm

pinhole

incident wave

power meter

moter control

photodetector

........

Figure A.1.: The optical measurement setup excites the grating couple with incident
light of 632.8 nm wavelength supplied by a HeNe laser passing through a
pinhole and a convex lens with a 30 cm focal length. The optical power
sensor detected the light reflection. (Image from Sarapukdee, P., et al. [253],
is licensed under CC BY 4.0.)

ned in relation to one another for optical measurement. The beam from the fixed light
source directly strikes the sample. Thus, the sample reflected the beam onto the detector
(ANDO, Ando Electric Co., Ltd., JP). As shown in Figure A.1, if the reflection angle of
the sample is to be adjusted, the sample itself becomes double (Qgetector = 20sampie). The
laser’s position remains unchanged. As the sample rotated, the exit angle of the reflected
beam was also altered. Therefore, the detector must be rotated in a double-angle circular
path around the center of the sample. An automated solution was implemented as it was
difficult to manually adjust the position and angle of the sample and the detector with
a high angular resolution. This straightforward dependence on the angle of rotation is

a mechanical coupling. For the rotary motion to occur, an actuator was required. Step-
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ping motors (Type ST4209M1704, Nanotec Electronic GmbH, GE) with the maximum
number of poles were optimal for precise positioning. Torque was required because the
motor’s sole function was positioning. There was a control unit box (SMCI33-2, Nanotec
Electronic GmbH, GE) for controlling stepper motors that were connected to a personal
computer (PC) via a universal serial bus (USB) port. On the PC, a LabView program
(National Instruments, US) was used to control sample positioning. The angular reso-
lution of the selected conventional stepper motor is 0.9°. Therefore, each revolution has
400 steps. Consequently, when measuring or rotating the sample and detector, the angles
should be approached with a maximum precision of 0.1°. However, this was not direct-
ly possible due to the stepper motor’s resolution. The mechanical ratio of 1:9 between
the stepper motor and a sample was required to adjust the resolution. Also driven by
the stepper motor is the detector. The intermediate shaft also enabled the detector’s
required ratio of 2:9 to be achieved. The specimen holder aligned the specimen with the
incidence plane of light. This was micrometer-adjustable in all spatial directions (x-, y-,
and z-direction). The micrometer adjustment has the benefit that the location of the

structure does not need to be precisely in the middle of the sample. Figure A.2 examines

Figure A.2.: Step gear with a step belt is located at points 1-6. For numbers 1, 2, 3, 5,
and 6, the corresponding numbers of teeth are 10, 30, 20, 60, 40, and 60.
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the translation of the belt transmission’s angular resolution in considerable detail. The
resolution of the stepper motor is 0.9°. Due to the 1: 3 ratio, the intermediate axle can
move with 0.3° of precision (number 1 and 2). With a different gear ratio, the desired
angular resolution of 0.1° between the intermediate axis and the samples was achieved
(number 3 and 4). Since the detector must spin twice as fast as the sample, the pinion on
the intermediate axis has exactly twice as many teeth as the pinion driving the sample
(number 5 and 6). With this configuration, the incident wave will be blocked by the
optical detector housing, which limits the resolution to 0.1° and the angle scanning to
begin at 10°. This constraint suggests that reliable measurements within a limited range
of angles are possible, but that in order to prevent interference from the optical detector
housing, initial measurements must start at 10 degrees. This will guarantee correct data

collection and processing.
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A.2. Process Recipes

Grating Structure; Method A

Process flow of method A, thickness 100 nm, 50 nm
Substrat: Si-Wafer 4"
Pretreat sample
e Cleaning RCA
e Grow up oxide 100 nm
e Wafer cutting into (2 x 2) cm
e Label sample
e Cleaning RCA, dry
Nickel layer sputtering (dNi): thickness 5-10 nm
e Ar-Flow: 25 sccm, P = 500 W, p = 10 mTorr, Step time 10 sec.
Silver Thermal Vapor Deposition
e Thickness 100 nm, rate 0.15 nm/s
Ebeam Resist : Thickness 400 nm
e Heating: hot plate 180°C, 90 sec
e Chemical Type: PMMA 950K 4% , Allresist 679.04
e Spins : 4000 rpm, 60 sec, upm = 2000 rpm/sec
e Softback: hot plate 180°C, 90 sec
Electron Beam Lithography
e Writing field (WF): 100 pm, Structure size: (1200x1200) pm
e Beam energy : 10 keV, Aperture: 30 pum, Dose: 55 um/cm?
Chemical Development
e Development: 45 sec, 3:1 2-Propanol (90 ml): (30 ml) Deionized water
e Stop reaction : 60 seconds, 2-Propanol
Silver Thermal Vapor Deposition
e Thickness 50 nm, rate 0.15 nm/s
Lift-Off
e Acetone with 80% of ultrasonic power, 15 min
Cleaning

e 2-Propanol with 80% of power, 2 min
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Grating Structure; Method B

Process flow of method B, thickness 100 nm, 50 nm
Substrat: Si-Wafer 4"
Pretreat sample
e Cleaning RCA
e Grow up oxide 100 nm
e Wafer cutting into size (2 x 2) cm
e Label sample
e Cleaning RCA, dry
Nickel layer sputtering (dNi): thickness 5-10 nm
e Ar-Flow: 25 sccm, P = 500 W, p = 10 mTorr, Step time 10 sec.
Ebeam Resist : Thickness 400 nm
e Heating: hot plate 180°C, 90 sec
e Chemical Type: PMMA 950K 4% , Allresist 679.04
e Spins : 4000 rpm, 60 sec, upm = 2000 rpm/sec
e Softback: hot plate 180°C, 90 sec
Electron Beam Lithography
e Writing field (WF): 100 pm, Structure size: (1200x1200) pm
e Beam energy : 10 keV, Aperture: 30 um, Dose: 55 um/cm?
Chemical Development
e Development: 45 sec, 3:1 2-Propanol (90 ml): (30 ml) Deionized water
e Stop reaction : 60 seconds, 2-Propanol
Silver Thermal Vapor Deposition
e Thickness 50 nm, rate 0.15 nm/s
Lift-Off
e Acetone with 80% of sonicator power, 15 min
Cleaning
e 2-Propanol with 80% of sonicator power, 2 min
Silver Thermal Vapor Deposition
e Thickness 100 nm, rate 0.15 nm/s
Cleaning

e 2-Propanol with 80% of sonicator power, 2 min
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Grating Structure with Circle Bar

Process flow of grating with a circle bar, thickness 100 nm, 50 nm, bar 300 nm
Substrat: Si-Wafer 4"
Pretreat sample
e Cleaning RCA
e Grow up oxide 100 nm
e Wafer cutting into size (2 x 2) cm
e Label sample
e Cleaning RCA, dry
Nickel layer sputtering (dNi): thickness 5-10 nm
e Ar-Flow: 25 sccm, P = 500 W, p = 10 mTorr, Step time 10 sec.
Silver Thermal Vapor Deposition
e Thickness 100 nm, rate 0.15 nm/s
Photoresist (dResist) : 400 nm
e Heating: hot plate 180°C, 90 sec
e Chemical Type: PMMA 950K 4% , Allresist 679.04
e Spins : 4000 rpm, 60 sec, upm = 2000 rpm/sec
e Softback: hot plate 180°C, 90 sec
Electron Beam Lithography
e Writing field (WF): 100 pm, Structure size: (1200x1200) pm
e Beam energy : 10 keV, Aperture: 30 um, Dose: 55 pum/cm?
Chemical Development
e Development: 45 sec, 3:1 2-Propanol (90 ml): (30 ml) Deionized water
e Stop reaction : 60 seconds, 2-Propanol
Silver Thermal Vapor Deposition
e Thickness 50 nm, rate 0.15 nm/s
Lift-Off
e Acetone with 80% of ultrasonic power, 15 min
Cleaning
e 2-Propanol with 80% of power, 2 min
Ebeam Resist : Thickness 400 nm
e Heating: hot plate 180°C, 90 sec
e Chemical Type: PMMA 950K 4% , Allresist 679.04
e Spins : 4000 rpm, 60 sec, upm = 2000 rpm/sec
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e Softback: hot plate 180°C, 90 sec
Electron Beam Lithography
e Writing field (WF): 100 wm, Structure size: (1200x1200) pm
e Beam energy : 10 keV, Aperture: 30 um, Dose: 55 um/em?
Chemical Development
e Development: 45 sec, 3:1 2-Propanol (90 ml): (30 ml) Deionized water
e Stop reaction : 60 seconds, 2-Propanol
Silver Thermal Vapor Deposition
e Thickness 400 nm, rate 0.2 nm/s
Lift-Off
e Acetone with 80% of ultrasonic power, 20 min
Cleaning

e 2-Propanol with 80% of power, 2 min

Inverted Grating Structure

Process of upside-down grating, silver base thickness 50 nm, grating height 30 nm
Substrate: Glass substrate
e Cleaning RCA
e Substrate cutting into size (2 x 2) cm
e Label sample
e Cleaning RCA, dry
Ebeam Resist (dResist) : 400 nm
e Heating: hot plate 180°C, 90 sec
e Chemical Type: PMMA 950K 4% , Allresist 679.04
e Spins : 4000 rpm, 60 sec, upm = 2000 rpm/sec
e Softback: hot plate 180°C, 90 sec
Conductive Resist (dResist) : 60 nm
e Heating: hot plate 150°C, 120 sec
e Chemical Type: Electra 92, Allresist 5090
e Spins : 2000 rpm, 60 sec, upm = 1000 rpm/sec
e Softback: hot plate 90°C, 120 sec
Electron Beam Lithography
e Writing field (WF): 100 pm, Structure size: (1200x1200) pm
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e Beam energy : 10 keV, Aperture: 30 um, Dose: 55 um/cm?
Chemical Development
e Development: 45 sec, 3:1 2-Propanol (90 ml): (30 ml) Deionized water
e Stop reaction : 60 seconds, 2-Propanol
Dry etching: depth 30 nm
e Gas: Oy, Ar, CH3 1, 10, 10 sccm
e RF power: 150 w, 2 min; 30 nm
Silver Thermal Vapor Deposition 1
e Thickness 30 nm, rate 0.15 nm/s
Lift-Off
e Acetone with 80% of ultrasonic power, 15 min
Cleaning
e 2-Propanol with 80% of power, 2 min
Silver Thermal Vapor Deposition 2
e Thickness 50 nm, rate 0.15 nm/s

Silver Deposition on Glass Substrate

The process of silver deposition on glass substrate with parameters
Resize sample and cleaning Substrate thickness of G1: 0.08 - 0.12 mm
Substrate thickness of G2: 0.13 - 0.17 mm
Substrate thickness of G3: 0.16 - 0.19 mm
Substrate thickness of G4: 0.19 - 0.23 mm
Substrate thickness of G5: 0.45 - 0.50 mm
Substrate thickness of G6: 1.00 - 1.20 mm
Sputtering of nickel Layer thickness: 15 nm
Process gas flow: 25 sccm
Sputtering power: 500 W
Process pressure: 10 mTorr
Step time: 10 sec
Thermal evaporation of silver Evaporation rate: 0.18 nm/s
Layer thickness: 20 | 50 | 100 | 150 nm
Step time for 20 nm: 0 h 2 m 35 s
Step time for 50 nm: 0 h 6 m 30 s
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Step time for 100 nm: 0 h 9 m 30 s
Step time for 150 nm: 0 h 15 m 00 s
Deposition of SiOo Layer thickness: 100 nm
Process gas flow of SiH4/Ars: 400 sccm

Process gas ow of N2O: 710 sccm

HF power: 150 W
Process pressure: 10 mTorr
Process temperature: 350 °C

Step time: Oh 1m 12s

Silicon Oxide Protection Layer

Parameters used in the 5i0O-; deposition

Time 20 seconds
Temperature 200°C
SiHy/Aro% 40 sccm
N>O 710 sccm
Pressure 1000 mTorr
HF Power 150 W

Silicon Nitride Protection Layer

Parameters used in the Si3N; deposition

Step 1: N2 Plasma

Time 60 seconds
Temperature 200°C

N, flow rate 500 sccm
Pressure 500 mTorr

HF Power HF Power 300 W

Step 2: Si3N, deposition

Time 90 seconds
Temperature 200°C
SiH,/Aro% flow rate 400 scem
N Hj flow rate 20 sccm
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N, flow rate
Pressure

HF Power

LF Power

Step 3: N> Plasma
Time

temperature

N, flow rate
Pressure

HF power

600 sccm

1000 mTorr

40 W, Pulse Time 10
50 W LF, Pulse Time 2

60 seconds

200°C Table temperature
250 sccm

500 mTorr

150 W

231



Appendix A. Appendix

A.3. Simulation Results of the

Figure A.3.: Simulation results
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Abbreviations

Physical Constants

Symbol Name Value / Units
€0 Vacuum permittivity 8.854 x 10712 F/m
Lo Vacuum permeability 1.257 x 107 H/m
Co Speed of light in vacuum  2.998 x 10® m/s

e Elementary charge 1.602 x 1071 C
m Electron mass 9.109 x 1073! kg
T Pi (circle constant) ~ 3.1416

Symbols and Variables

Symbol Description Units / Type

E Electric field vector V/m

D Electric displacement field C/m?

H Magnetic field strength A/m

B Magnetic flux density T

J Current density A/m?

p Charge density C/m?

o Electrical conductivity (can be w-dependent) S/m

X Electric susceptibility Dimensionless

€ Relative permittivity (dielectric function) Dimensionless / Complex

W Relative permeability Dimensionless
Angular frequency rad/s

T Scattering time / Relaxation time s
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Dimensionless / Complex

Vd Damping rate (= 1/7) 1/s

Wp Plasma frequency rad/s

Ap Plasma wavelength m

A Wavelength of light m

n(w) Complex refractive index Dimensionless
Extinction coefficient Dimensionless

6] Propagation constant 1/m

ko Wave number in vacuum 1/m

k, k,, Wave vectors 1/m
Grating period m

0 Incidence angle rad or deg

Om Diffraction angle (order m) rad or deg

v Frequency Hz

Av Spectral width Hz

Wep Surface plasmon resonance frequency rad/s

€1, €2 Dielectric constants (metal, dielectric)

Bspp Propagation constant for SPP 1/m

o Attenuation coefficient 1/m

dy, dsy Penetration depth in dielectric and metal m

Xm Residual susceptibility (high-frequency) Dimensionless

K Elastic constant in Lorentz model N/m

Abbreviations
CMOS Complementary Metal Oxide Semiconductor
CAD Computer-Aided Design

Chem FET Chemical Field-effect transistor

DNA
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Deoxyribonucleic acid
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DAC
FDTD
FET
GGPs
ISFET
LSPP
LSPR
LPCV D
NIR
PECVD
PDMS
PMMA
QCM
RIE
RIU
RPM
FMHM
SEM
SPP
SPR
SERS
TEOS
TE mode
TM mode

Digital-Analog-Converter
Finite-difference time-domain
Field-effect transistor

Gradient grating periods

Ion Sensitive Field-effect transistor
Localized Surface Plasmon Polaritons
Localized Surface Plasmon Resonance
Low pressure chemical vapor deposition
Near-infrared

Plasmaenhanced chemical vapor deposition
Polydimethylsiloxane
Polymethylmethacrylat

Quartz Crystal Microbalance
Reactive-ion etching

Reflective index unit

Revolutions per minute

Full width at half maximum
Scanning electron microscope
Surface Plasmon Polaritons

Surface plasmon Resonance
Surface-Enhanced Raman Scattering
Tetraethyl orthosilicate

Transverse electric mode

Transverse magnetic mode
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From Electromagnetic Theory
to Experimental Validation

The advancement of label-free biosensing is vital for real-time
diagnostics and healthcare applications. This thesis focuses on
grating-based Surface Plasmon Resonance (SPR) as a compact and
integrable alternative to prism-based systems. Theoretical modeling,
numerical simulations, and experimental validation are carried out to
optimize grating geometries and material configurations. Various
designs, including one-dimensional, two-dimensional, gradient, and
inverted gratings, are fabricated and integrated with microfluidic
channels for real-time sensing. Biosensing experiments demonstrate
reliable detection of biomolecular interactions, confirming the
potential of grating SPR for developing miniaturized, CMOS-
compatible, and high-sensitivity biosensors suitable for future
diagnostic platforms.
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