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Abstract

Absorption of incident light is the most critical property of surface plasmon reso-
nance (SPR) biosensors. Besides, damping of electron oscillations in metal is another
significant issue. Hence, the reflected light intensity-profile is widened. Instead,
SPR-based Kretschmann biosensors show poor magnetic response and their mag-
netic properties have never been applied for biosensing. We have proposed the use
of magnetic resonance of a Kretschmann based SPR biosensor which is promising
in biosensing. Moreover, a SPR-based glucose sensor is proposed where monolayer
graphene optical property is controlled by applying a suitable gate voltage (V). We
find that the sensor performance parameters such as figure-of-merit and sensitivity
are improved by 49.57% and 21.48%, respectively when Vv, = 20 V applied to the
graphene monolayer. We use a linear regression model to calculate the detection
accuracy of the blood sugar level. We observe the detection error in 4.75% on an
average and within 7.40% of the worst-case situation when temperature changes by

+10° C from a reference 25° C.

Precise detection of ultra-low-level severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is censoriously important, recently. We have proposed a SPR sen-
sor with multi-layer graphene to detect the SARS-CoV-2. The proposed sensor has
detected as small as ~1 fM SARS-CoV-2, S-protein concentration. However, us-
ing multi-layer graphene in SPR biosensors show low detection accuracy. Then, a
graphene photonic crystals-based Tamm plasmon and surface plasmon hybrid mode
for hemoglobin detection is proposed. We use double-dips method which shows
polarization-dependent behavior where the maximum sensitivity is 314.5 degree/RIU
when hemoglobin level is 189 g/L. From terahertz to mid infrared wavelength range,
graphene shows a metallic response that supports high light confinement. We have
shown that transverse magnetic mode is created in graphene at the visible spec-
trum by applying a suitable V, and appropriate ZnO thickness. We have proposed
graphene nanostrips-based dual-channel refractive index sensor, an optimistic alter-
native to the traditional Kretschmann arrangement where no need of noble metal
in the structure. The propose sensor gives a maximum 2530 degree/RIU sensitivity
when both the sensing channels have the same refractive index.
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CHAPTER 1

INTRODUCTION

Biosensors are exceptional devices used for bio-analysis, altering a biological effect
into a measurable signal. Biosensors must be extremely precise, free of physical
parameters such as pH and temperature, and should be reusable [1]. Different
technological advancements have made biosensors reliable in the last few decades.
Functionally, biosensors require two essential parts: a bio recognition element (BRE)
and a transducer [2]. A biosensor is expected to produce fast, precise, and reliable
information from the sensing element. Biosensors must be able to respond continu-
ously and not alter the sensing elements’ properties. Nowadays, biosensors play an
important role in disease detection, security, food safety, telemedicine, agriculture, bio-

processing, environmental and industrial pollution detection, etc. [3].

The classification of biosensors depends on either transducer or BRE, as shown in
Fig. 1.1. A BRE is a bio-molecule immobilized on the sensor surface to detect sensing
elements. BRE can be classified into five primary types: nucleic acid (DNA/RNA),
enzyme, cell, antibody/antigen, or bio-mimetic (micro-organism), which is usually

attached to the transducer by a covalent bond. On the other hand, transducer-based
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Biosensors

— BREs | Transducers

— SPR — Amperometric
-~ Enyme Piezoelectric
- — SERS | — Potentiometric
Magneto-elastic
- — PCFs — Impedimetric
- L RWG L Conductometric

Figure 1.1: Classification of biosensors.

biosensors can be classified into three main areas such as electrochemical (ampero-
metric, potentiometric, conductometric, impedimetric), optical (fluorescence, lumi-
nescence, interferometric), and mass change (magnetic-elastic, piezoelectric/acous-
tic). Though electrochemical biosensors have shown several advantages, it suffers
limited temperature range, low sensitivity, poor response time, and requirements of
a reference electrode. In contrast, mass-based biosensors use magneto-elastic materi-
als and expose to the magnetic field, such as quartz crystal microbalance. However,
mass-based biosensors have a complex structure, need bulky equipment, and are

expensive.

On the other hand, optical biosensors are compact analytic devices that create a
signal proportional to the absorption of a target bio-molecule [4]. Optical biosensors
are biomolecules dominant detection systems which have enormous purposes in bio-
medical research, disease detection, health care, pharmaceuticals, water pollution
detection, and the food industry. Optical biosensors show various advantages such
as electromagnetic immunity, electrical isolation, distributed configuration, compact
and lightweight, multi-analyte response, high sensitivity and figure-of-merit (FOM),
no reference electrode, and fast response time. Moreover, optical biosensors can
be either label-free or fluorescent labeled, depending on the detection protocol. In
fluorescence-based biosensors, the target bio-molecules attach with tags like dyes.

However, fluorescence-based detection is time-consuming due to sample preparation.
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In label-free optical biosensing, the target bio-molecule is not distorted and recog-
nized in its regular shape and size. This kind of detection is comparatively simple

to achieve a kinetic and quantitative analysis of bio-molecular interaction.

There are enormous variations of optical biosensors based on their construction,
such as optical waveguide interferometry, evanescent wave fluorescence, and surface
plasmon resonance (SPR). These biosensors use an evanescent field on the surface
to detect the interaction of BREs with the target bio-molecules [4]. In evanescent
wave fluorescence biosensors, the fluorescent bio-molecules very close to the surface
are excited. Although evanescent wave fluorescence biosensors are sensitive, rapid,

and highly selective, these biosensors do not support a low limit of detection [5].

Optical waveguide interferometry biosensors combine measurement of phase differ-
ence, and evanescent wave for bio-molecule detection [6]. This excellent method is
widely known as resonant waveguide gratings (RWG), suitable for detecting avian
influenza virus [7]. However, these types of biosensors suffer low sensitivity and small
penetration depth. Surface-enhanced Raman scattered (SERS) is another type of
optical biosensor generally famous for selective cancer protein detection. However,
their application is limited due to low sensitivity, and detection limit [8]. Various
photonic-crystal-fibers (PCFs) based plasmonic biosensors are available nowadays,
showing high wavelength and amplitude sensitivity [9]. Nevertheless, fabrication of

PCFs based biosensors is difficult due to its complex geometry.

Surface plasmon polaritons (SPs) are mainly light waves engrossed on the surface
due to the collective free electrons oscillation in the metal [10]. SPs are one of
the best leading techniques in the recent biosensing industry, primarily proposed
by Liedberg in 1982 [11]. Kretschmann and Rather demonstrated attenuated to-
tal reflectance (ATR) technique where the excitation of SPs depends on the drop

of reflected light intensity (R) of the reflectivity spectrum [12]. Various research
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Sensing layer

Incident light Reflected light

Figure 1.2: Basic Kretschmann configuration for creation of SPR.

groups have been devoted to proposing the excitement of SPs using diverse mod-
els. SPR-based sensors have shown significant attention in biological and chemi-
cal sensing with precise measurement accuracy, high sensitivity, and low detection
limit. Moreover, SPR biosensing supports many applications like food safety, soil
and environment monitoring, toxin detection, medical diagnostics, critical pathogen

detection, solar cell, and drug screening.

Prism coupling-based Kretschmann configuration is widely used in SPR biosensors,
as shown in Fig. 1.2. [12]. Typically, a thin metal layer is placed on top of a prism
layer, and the other side of the metal layer is attached to the sensing layer. A
transverse magnetic (TM) or p-polarized light is projected to the metal layer from
the prism side. Therefore, SPs excite between metal and sensing layer interface.
The resonance arises when the wave vector of SPs is the same as the wave vector
of incident light. As a result, maximum power is transferred to the SPs. In an-
gular interrogation method, the R is detected with respect of incident angle ().
When the R value is minimum at a specific incident angle, it is recognized as the
resonance angle (9,). The absorption of incident light in SPs is the main critical
property, enabling sub-wavelength control of light [13]. On the other hand, the
damping of electron oscillations in metal is another fundamental problem of SPs,
which significantly widens the R-spectrum [14]. As a result, the losses of metal in-

crease. This problem is more severe in the visible wavelength range. Therefore, SPR



Chapter 1 5

biosensors must have low losses to increase the detection accuracy [15]. It is noted
that the nature of the R-spectrum reveals the performance of an SPR biosensor. A

high-performance biosensor must show large 9, shifts and narrow R-spectrum.

Fundamentally, different dielectric materials show poor magnetic response, partic-
ularly in the visible wavelength region [16]. Also, insulator-metal-insulator based
planar multi-layer configurations present comparatively nonmagnetic performance
or a low magnetic response (uesr ) [17, 18]. Though, metal-insulator-metal based con-
figurations show magnetic responses through Fano resonances [19]. However, this
structure is not promising for biosensing due to the creation of destructive interfer-
ence by anti-phase dipole oscillations. Moreover, a split ring resonator (U-shaped)
was proposed for improved magnetization, which shows the possibility of biosensing
[20]. Nevertheless, the proposed structure is complex and could be limited due to

the fabrication difficulty.

To achieve the maximum sensitivity with the purpose of detection, SPR-based sen-
sors have been suggested where bio-molecules’ weight and concentration are less than
8 kDa and 1 pM, respectively [21, 22]. Sensitivity can be increased using different
configurations, such as metal grating and nano-structuring of different dielectric
materials, which make the structures more complex. Thus, the R-the spectrum
is widened due to the increase of the full width half maximum (FWHM). Conse-
quently, FOM decreases, a critical performance parameter of an SPR biosensor [23].
SPR-based Kretschmann structures are a promising option for biosensing; though
these biosensors generally show poor magnetic response, their magnetic properties

have never been applied.

Varying metallic and dielectric layers properties are broadly branded as meta-material,
which have been explored meticulously in the past because of their dielectric response
[17]. To determine the dielectric properties of meta-material especially petr, there are

number of methods available [24-27]. However, these methods were not appropriate
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for complex shaped and practical validation. Chen et al. showed different constitu-
tive parameters of bi-anisotropic meta-material through scattering (S)-parameters
for diverse wave polarization [28]. Likewise, Li et al. suggested a non-iterative tech-
nique by backward and forward transmission and reflection of S-parameters [29].
Besides, Kildishev proposed recovery of electromagnetic parameters of bi-anisotropic
meta-material [30]. Using S-parameters to extract the effective constitutive param-
eters express all sides of the advantages of numeric and experimental measurement
[31].

Usually, silver (Ag) is shown a narrow R-profile of SPR than gold (Au) which con-
firms enhanced sensor performances [32]. However, Ag is identified as unprotected
from oxidation. Therefore, the sensor performances are decreased because the oxide
layer creates the R-spectrum broader [33]. Different mechanisms have been used to
reduce Ag oxidation, for example, a bimetallic Ag-Au layer or Ag is covered by a
thin oxide layer as zinc-oxide (ZnO) or indium-tin-oxide (ITO) [34]. Unfortunately,
these mechanisms are not perfect for reducing Ag oxidation. To circumvent the oxi-
dation of Ag in SPR biosensors, the credible material would be graphene which has
many unique properties. The particular band diagram of graphene offers a boundless

research interest at present in biosensing [35].

Graphene monolayer thickness is 0.34 nm, where sp? carbon atoms are organized
in a honeycomb lattice. Graphene offers high-level adsorption of bio-molecules as it
has rich m — m conjugation construction and large surface area. As a result, graphene
is a suitable dielectric layer for SPR biosensing. Among the different properties of
graphene, its two-dimensional (2-D) complex optical conductivity (o) investigations
in different parts of the electromagnetic spectrum are vital. In addition, o depends
on wavelength, temperature, relaxation time, and chemical potential. Also, chemical
potential depends on carrier density and can change through gate voltage (V,),

chemical doping, and electric or magnetic field [36].

Last several years, diverse methods have been proposed to determine the o of
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graphene. Gusynin et al. proposed frequency-based o by Kubo formula [37]. Wun-
sch et al. established polarization-based approaches to analyze the o of graphene
by the Dirac cone approximation [38]. However, this technique uses fixed chemi-
cal potential and random radian frequency separately. Stauber et al. proposed a
method that depends on the Kubo formula to compute the o of graphene through full
density-of-states [39]. Nevertheless, the Dirac cone approximation is relatively tiny
in the optical wavelength range. Moreover, Bruna et al. proposed an easy method
to calculate the refractive index of graphene [40]. This model only uses wavelength
for refractive index calculation. Consequently, the effects of temperature, relaxation
time, or chemical potential are not used in the analysis. By contrast, monolayer
graphene Fermi energy (£ ) can be changed through a Vv, [41], which can be used
to enhance the incident light absorption and then enhance the sensor performance

such as the sensitivity and FoM of an SPR biosensor.

Nowadays, Diabetic is a common disease and vital health-related problem all over
the world, especially in middle and low-income countries. Precise detection of blood
sugar level (BSL) is critical because incorrect detection of BSL affects the therapy
of diabetes patients. Naturally, the BSL detection devices have been registered as
glucometers. Glucometers are mainly two types: reflection photometry or electro-
chemical [42]. Glucometers can have a maximum variation of measurement error of
about ~15% from the real BSL at 95% times, conferring to supervisory authorities
[43]. However, ~15% nonconformity of the test results of glucometers must be unex-
pected, particularly when a person’s condition is serious in BSL who desires fast and
proper medicine. Besides, the electrochemical glucometers use chemical enzymes in

the strips sensitive to environmental conditions such as humidity and temperature.

The SPR-based biosensor has been proposed to detect BSL, which shows high mea-
surement accuracy and resolution [44]. However, an Au-coated SPR glucose sen-
sor detects chemical noise in the detection process and suffers poor absorption of
the incident light. Most recently, an Au-coronium SPR sensor revealed a decent

sensitivity in BSL detection [45], though it shows measurement inaccuracy for the
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detection of the BSL. To enhance the sensitivity of the SPR sensors, some research
groups have suggested graphene layers as a 2-D material [21, 46, 47]. Moreover, the

graphene monolayer has a limited band-gap in the visible wavelength and engrosses

only ~2.3% of the incident light [48].

Monolayer graphene’s weak absorption can seriously limit its application [49]. To
enhance the performance of an SPR biosensor, some research groups have suggested
using multi-layer graphene on an SPR biosensor [50, 51]. Nevertheless, graphene
multi-layers create extra damping in SPs because the imaginary value of the re-
fractive index of graphene is large. Also, using multi-layer graphene broadens the R-
spectrum, and hence detection accuracy is decreased [52]. Various models have
been proposed to increase the light-graphene interaction, like graphene photonic
crystals (GPCs). To make a GPCs structure, various stacked layers of graphene
monolayer are separated by dielectrics, and these types of structures have been ex-
plored in both theory, and experiment [53, 54]. Graphene monolayer in GPCs can
enhance the photon absorption by Bragg fluctuation as well as enhances the light-
graphene interaction [49]. GPCs are very suitable for a vast sense area due to fast
response time and ultrahigh sensitivity [55]. Also, the electromagnetic waves prop-
agation in GPCs can be controlled by photonic band gap (PGB) [56]. SPs can be
excited in GPCs though the SPs mode is scattered, which can be controlled by dop-
ing [57]. It is motivating to note that GPCs show properties of meta-materials like

Tamm plasmon polaritons (TPs), critical coupling, and negative refraction [58—60].

TPs are principally surface mode that excites the metal and distribute the Bragg
reflector (DBR) interface [61]. TPs are stimulated by TM or transverse electric (TE)
polarized light, and there is no need for dispersion regulation like SPs [62]. Also,
the R-spectrum of TPs is narrower than SPs [63]. When a noble metal layer is
deposited on a prism and PCs are used, a hybrid TPs-SPs mode is excited [64].
However, these hybrid modes are excited on interfaces like TPs on the metal and
GPCs and SPs on the metal and sensing layer interfaces. As a result, an anti-crossing

effect is observed on their dispersion relation [64]. The anti-crossing effect alters
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the dispersion properties of the hybrid TPs-SPs plasmonic mode and decreases the
absorption losses of SPR. Therefore, the R-spectrum becomes narrower compared
to traditional SPR.

Recently, TPs-based refractive index and temperature sensors proposed by different
research groups [63, 65, 66]. Moreover, graphene-porous silicon PCs demonstrated
that FOM and sensitivity are controlled by varying parameters like incident angles,
porosity, and silicon layers [67]. Also, asymmetric graphene-DBR was used to create
TPs mode, and the effect of TM-polarization or TE-polarization on sensor perfor-
mances was investigated [68]. Additionally, a refractive index sensor contains GPCs
proposed with defect layer [63]. However, the proposed refractive index sensor is
polarization and phase insensitive. Alternatively, a terahertz (THz) refractive index
sensor of graphene-DBR was proposed where sensor performances are phase and
polarization-dependent [69]. In references, [63, 67—69] both of these types of sensors
operated in the THz region. However, using THz frequency has some limitations,
such as difficulty detecting the complex molecules due to non-ionizing behavior and

low photonic energy radiation [70, 71].

Hemoglobin (Hb) is an essential part of blood in red blood cells (RBC). The oxygen
supplies in the tissues depend on Hb levels, and variations of Hb levels cause various
diseases [72, 73]. The blood refractive index changes every 0.001 refractive index
unit (RIU) for 6.1025 g/L Hb level. Determine Hb level from RBC, heparin-based
method widely applied where pre-processing is essential [74]. However, heparin-
based determination suffers measurement error. A whispering gallery-based method
was proposed to detect the Hb level. Nevertheless, the sensitivity of this sensor is low
[75]. Recently, a graphene-based SPR sensor has been proposed for Hb detection
[74]. Nonetheless, there is no information on detection accuracy, and sensitivity

fluctuates when the Hb level increases.

Recently, severe-acute-respiratory-syndrome coronavirus 2 (SARS-CoV-2) is a dan-

gerous biological pathogen responsible for coronavirus disease 2019 (COVID-19).
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COVID-19 has triggered an unprecedented health problem worldwide due to the
high death rate. Several research groups have proposed to detect SARA-CoV-2
in real-time with high efficiency [76-82]. The reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) technique is branded as the gold standard
for sensing several critical viruses, such as SARS-CoV-2, human immunodeficiency

virus, and cytomegalovirus [76].

RT-gPCR is highly sensitive and selective for SARS-CoV-2 identification [77]. How-
ever, its application is limited due to significant false-negative cases (~15%), long
sample processing time, costly instruments, the necessity of skilled human resources,
and uninterrupted power supply over a long period [78, 79]. On the contrary,
colorimetric-based loop-mediated isothermal amplification (LAMP) techniques are
suggested for identifying SARS-CoV-2 to resolve the limitations of an RT-gPCR
technique [79]. LAMP techniques show a high nucleic-acid amplification efficiency
but are time-consuming and tedious as they use electrophoresis for detection. Also,
a chest computer tomography (CT) scan can be used to detect SARS-CoV-2 [81].
However, such a technique cannot be used for asymptomatic patients, early-stage

detection, and measuring the mass density of virus [83].

Plasmonics-based optical biosensors have been proposed to detect many life-threatening
pathogens, such as dengue virus envelope protein, thyroglobulin, and SARS-CoV-2
[77, 84-88]. A toroidal plasmonic meta-sensor was suggested to detect the SARS-
CoV-2 spike (S)-protein using THz wavelength, confirming the detection limit of only
~4.2 fM [87]. Nevertheless, the plasmonic meta-sensor suffers from insensitivity to
S-protein concentration between 20 fM and 50 fM and low quality factor. Moreover,
plasmonic photo-thermal effect and localized SPR (LSPR) have been suggested to
detect SARS-CoV-2 by nucleic acid hybridization techniques [78]. However, thermo-
plasmonic heat cannot be the difference between two similar gene sequences, and also
this sensor shows low detection accuracy. Furthermore, a plasmonic sensor has been

proposed for SARS-CoV-2, S-protein detection by a phase interrogation technique
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[77]. Nevertheless, its performance is imperfect due to the complex measurement

techniques required for phase variation.

TM surface waves propagate at the interface between the dielectric and metal in
SPR-based biosensors. Such SPR biosensors show a wider R-spectrum due to the
scatter and absorption losses in the noble metal [89]. As a result, the metal-based
optical biosensor is limited to further development. As an alternative, graphene can
be used instead of noble metal. However, the absorption of monolayer graphene is
2.3%, which is good enough for a 0.34 nm thickness layer. Nevertheless, achieving a
competent light-matter interaction this absorption is not sufficient for optical sensing
[90]. As a substitute, an increasing number of graphene layers on the metal surface
enhanced the sensitivity of an SPR sensor. However, increasing the number of
graphene layers widen the FWHM of the R-profile [91]. On the other hand, graphene
plasmons (GPs) have shown adjustable electromagnetic properties, comparatively
low loss, and intense light absorption [92]. As a result, GPs have shown more
research interest in different areas of photonics and plasmonics devices from mid-
infrared (MIR) to THz wavelength region [93, 94].

When hiw < 1.667 X Ef, graphene shows metallic response with positive imaginary
part of o that supports TM mode in graphene or GPs ensuring high light confine-
ment [95]. However, TM mode in graphene can reach up to MIR range whereas
TE up to visible range [96]. TM modes in graphene have been observed experimen-
tally in graphene micro-ribbon arrays, infrared nano-imaging, nanoscopy, and sub-
wavelength gratings from THz to infrared wavelength range [97-99]. Kretschmann-
based angular interrogation method is usually used to excite the SPs. The ¢,
shifting property must be high to enhance the sensor performance. Therefore, a
Kretschmann-based sensor arrangement’s sensitivity is low, around 200 degree/RIU
[100]. It is possible to increase the sensitivity by reducing the refractive index of the

prism material. However, this method reduces the detection accuracy [100].
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To mitigate this problem, some research groups have proposed various Kretschmann-
modified structures. Such as metal nano-grooves plasmonic sensor developed where
slit widths vary to decrease the reflected light intensity [101]. However, this sensor
depends on geometric limitations like space of nano-line, periodicity of nano-line,
and the height of the nano-lines in the nano-grating. Moreover, Kretschmann-based
nano-cavities in the metal have been proposed for robust field enhancement [102].
Nonetheless, this method requires precise control of resonance. Furthermore, nano-
prism-based Kretschmann configuration has projected at normal incidence for sens-
ing [103]. Though this technique presents good sensitivity, its detection accuracy
is poor due to increased interface volume as SPs spread deeper inside the sensing

medium.

The primary intention of this research work offered in this thesis is to determine a
novel method to enhance sensor performances using the properties of graphene in
SPR sensors. We will show the findings by theoretical and computational analysis,
establishing the observation’s feasibility. First, we propose an SPR-based sensor
that will create magnetism in visible wavelength and will be used to detect sens-
ing elements when replacing the conventional R-profiles. We will propose a mono-
layer graphene optical property that can be controlled by applying suitable V, that
essentially increases the sensor performances. In this thesis, we will discuss the
GPCs-based TPs and SPs hybrid mode for Hb detection, where an anti-crossing
effect is observed between TPs and SPs. Moreover, we aim to detect critical bi-
ological pathogens, such as SARS-CoV-2, S-protein concentration where graphene
layers are functionalized with angiotensin converting enzyme 2 (ACE2) antibodies
will help efficient adsorption of the SARS-CoV-2, S-protein. Lastly, we will describe
the graphene TM mode that can be created in the visible spectrum by applying a
suitable V,; and appropriate thickness of ZnO. As a result, there is no necessity to

use noble metals in SPR biosensing.

The rest of the thesis is prepared as follows:
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Chapter 2 presents a Kretschmann configuration-based SPR sensor that can make
a robust magnetic response in the visible wavelength region in the presence of a
sensing element. Therefore, this structure’s magnetic response can enhance the
sensor performance. We use the analytical model to determine the uesr and R by S-
parameters retrieval method. We also discuss the sensor structure and simulation
approaches. In addition, a possible experimental setup of the proposed detection
technique is discussed. We present the FOM of the proposed technique using the
magnetic resonance increases expressively compared to the conventional techniques

used in an SPR-based sensor.

Chapter 3 proposes an SPR glucose sensor where a V, controls the optical property
of graphene. We change the monolayer graphene E; by using a suitable V, to increase
the absorption of the incident light and, thus, increase the sensitivity and FoM of
the proposed sensor. We define the theoretical models to determine the optical
properties of monolayer graphene and the sensor performance when V; is present. We
discuss the simulation methods that we followed to solve the Maxwell equations by
finite difference time domain (FDTD) method. We calculate and describe the sensor
performances and precision of BSL detection for different V,. We also describe the
detection accuracy by using the linear regression model. Furthermore, we investigate

the effect of temperature on the proposed sensor and BSL.

Chapter 4 describes the accurate detection of ultra low-level SARS-CoV-2, S-
protein concentration. We propose a sensor exposing graphene SP to detect the
SARS-CoV-2, S-protein. The graphene layer is functionalized with ACE2 antibod-
ies, which can help effective adsorption of the SARS-CoV-2, S-protein. We illustrate
and discuss the proposed sensor arrangement and optimize the layer thicknesses.
Then, we present the optical properties of different materials, theoretical analysis of
sensor performance parameters, and simulation methods. We also present and dis-
cuss the SARS-CoV-2, S-protein detection approach by the change of &,, analysis of

the binding between ACE2 and S-protein, and the calculated sensor performances.
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We use the Langmuir model to determine the binding kinetics between ACE2 and

S-protein and compute the equilibrium dissociation constant.

Chapter 5 describes the GPCs-based TP and SP hybrid mode for Hb level de-
tection. We use the in-plane anisotropic property of GPCs; the proposed sensor
represents polarization-dependent performances. We optimize the Ag thickness and
number of a unit cell of GPCs based on R minimum and FWHM. Also, the en-
ergy exchanges between TP and SP modes are determined by Fourier mode spectral
analysis (FMSA). We also present the anti-crossing effect between TP and SP for
different polarization angles applying transfer matrix method (TMM). Further-
more, Barer theoretical model is used to determine Hb’s optical properties in the
blood. The sensor performances, especially the change of 8, and FWHM for both
the TP mode and SP mode, are calculated using the TMM-based angular interro-
gation method. Additionally, double dips method (DDM) is used to compute the

sensitivity and FoM.

Chapter 6 presents graphene TM mode created in the visible spectrum by ap-
plying a suitable V, and appropriate thickness of ZnO. We propose a dual-channel
graphene TM mode-based refractive index sensor, a promising alternative to the
traditional Kretschmann arrangement. We apply the Kubo formula to determine
graphene conductivity and, more particularly, permittivity. We modify the conven-
tional Kretschmann arrangement and set dual channels for refractive index sensing.
We also use graphene nanostrips in the first graphene layer, which scatter the in-
coming light to the next graphene layer. For sensor performance calculation, we use

the TMM-based technique.

Chapter 7 summarizes the findings and concludes.



CHAPTER 2

OPTICAL MAGNETISM IN
SPR-BASED SENSOR FOR
ENHANCED PERFORMANCES

Surface plasmon resonance (SPR) based structures are finding important applica-
tions in sensing biological as well as inorganic samples. In SPR techniques, an angle-
resolved reflection (R) profile of the incident light from a metal-dielectric interface
is measured and the resonance characteristics are extracted for the identification
of the target sample. However, the performance, and hence, the applicability of
these structures suffers when the weight and concentration of the target samples
are small. Here, we show that SPR based sensors can create strong magnetism at
optical frequency, which can be used for the detection of target samples instead
of using the conventional R profiles, as the magnetic resonance varies depending
on the refractive index of the target sample. Using scattering parameters retrieval
method, we computationally find out the effective permeability (uetr) of a SPR sen-
sor with a structure based on Kretschmann configuration, and use it to calculate

the performance of the sensor. A comparison with the conventional technique that

15
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uses R profile to detect a target sample shows a significant increase in the sensor

performance when et is used instead.

2.1 Introduction

In the last few years, nano-structures have been studied and developed for mag-
netic responses. In particular, enhancing magnetic responses of dielectric layered
structures at visible wavelength range has drawn significant interest due to their
promising applications in sensors and exploitation of the non-linear properties that
they offer [104—106]. Naturally, the magnetic response of most dielectric materials is
weak, especially in the optical frequency range [16]. Additionally, planar multi-layer
dielectric structures also show a relatively non-magnetic behavior with a very small
magnetic permeability (uetf) [17, 18, 107]. However, multi-layer dielectric structures
are promising in enhancing uefr due to their immense capability of being engineered
in geometry and layer thicknesses. Recently, significant magnetic responses have
been shown in metal-insulator-metal structures by exciting Fano resonances and in
planar dielectric-metal multi-layer structures, where dielectric layers are isolated by
air and silver layers [19]. Although the significant magnetism obtained from these
structures makes these structures promising for sensing applications, they are not
favorable for sensing due to creating multiple Fano resonances through anti-phase
dipole oscillations, and hence, forming destructive interference, and also due to the
complexity in the structures. A U-shaped split ring resonator designed by metal-
dielectric multi-layer structure has also been proposed for enhanced magnetization,
which has potential for sensing applications as well [20]. However, applications of
these structures could be limited due to the complexity in the fabrication of the

practical devices.

The property of evanescent electromagnetic fields of surface plasmon polaritons

(SPPs) in a planar metal-dielectric structure is used in many sensing techniques.
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However, the applications of surface plasmon resonance (SPR) based sensors become
limited while detecting small molecular weight (<8 kDa) and low concentration (<1
pM) analytes, which is often the case for several critical biological samples [108].
Recently, several SPR sensors have been proposed that show hyper sensitivity (S)
so that molecules with less than 8 kDa weight and 1 pM concentration can be de-
tected [21, 22, 109]. Although S is increased in the hyper sensitive structures by
making the structures complex, e.g., by adding additional layers, the angle-resolved
reflectivity (R) profile is significantly broadened. The increase of full-width at half-
maximum (FWHM) of the R profile causes the figure-of-merit (FoM) of the structure
to decrease, which is the most critical performance parameter for such SPR sensors
[23]. Additionally, several hybrid SPR sensors [48, 110] and SPR sensors with addi-
tional complexity by including black phosphorus, metamaterials, silicon, and MoS,
nano-structures have shown to enhance S and FoM [111-114]. Recently, the addi-
tion of graphene and BaTiOs layers in SPR sensor has shown that the resonance
angle can be shifted significantly with a small change of refractive index of the tar-
get sample [46]. Caballero et al. proposed magneto-optical SPR sensor, where the
detection is based on the calculations of the transverse magneto optical Kerr effect
[115]. However, these hybrid SPR sensors often include complex arrangements of

nano-structures, and need complicated and expensive manufacturing techniques.

SPR sensors based on Kretschmann configuration are the best choice for many sens-
ing applications because of their simple structural arrangements. In SPR sensors,
the presence of a biomolecule or any other target molecule in the sensing layer
changes the SPR electromagnetic fields. The plasmonic characteristics and applica-
tions of SPR sensors have been explored well. However, SPR sensors usually show
weak magnetic property and their magnetic properties have never been used for
sensing. Optical magnetism in the optical frequency range using insulator metal
insulator (IMI) Kretschmann plasmonic structure has not been explored till now.
Similar to SPR resonances, strong magnetic resonances, also known as magnetic

plasmons, can be excited in a multi-layer structure [116]. The concept is based on
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designing IMI planar multi-layer structures that support localized surface plasmons
(LSPs), which act as magnetic dipoles and thus create strong optical magnetism.
Thus, the enhanced localization of light by LSPs increases the magnetic response of

the IMI planar multi-layer structure [117].

In this chapter, we show that a SPR sensor based on Kretschmann configuration can
create strong magnetic response in optical frequency range in the presence of a target
sample, and thus, magnetic property of these structures can be used to increase
the performance in sensing the target sample. Using finite difference time domain
(FDTD) simulations and scattering parameters (S-parameters) retrieval method, we
calculate angle-resolved petr and R profiles of a SPR sensor that has a structure based
on Kretschmann configuration. We show that the FoM of the sensor based on the
magnetic resonance increases significantly compared to that of a conventional purely
SPR based sensor. Exploitation of the magnetic property of the simple Kretschmann
configuration has the potential of obviating the need of a much more complex sensor

structure while achieving high sensor performance.

The rest of the chapter is organized as follows: In Sec. 2.2, we describe the theoretical
models that we used to calculate uefr and R using S-parameters retrieval method.
In Sec. 2.3, we discuss the Kretschmann configuration based SPR sensor structure
investigated in this chapter and the FDTD simulation approach. In Sec. 2.4, we
discuss the possibility of the experimental setup of the Kretschmann configuration
based SPR sensor. In Sec. 2.5, we present and discuss the calculated magnetic
response of the sensor, and also the S and the FoM of the sensor calculated from

uetr and R profiles. In Sec. 2.6, we draw conclusions on the findings.

2.2 Theoretical Modeling

The electromagnetic response of a structure with a complex et can be determined

through systematic Drude-Lorentz representation [118] or S-parameters retrieval
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techniques [119-122]. Often, the Drude-Lorentz analytical model is not precise,
especially, if the structure is a planar multi-layer. Alternatively, the S-parameters
retrieval technique depends on the reflection (S11) and transmission (S2:) coefficients
assuming a real index of the medium, and gives more precise results for pefr [119].
The coefficients Si; and S»; are computed from amplitude and phase of the peak
fields as recorded on the detection planes. The S-parameters retrieval technique
assumes that the detection planes are far away from the metal-sample layer interface
so that the fields can be assumed to be propagating like a plane wave. Practically,
the distance of the detection plane for the reflected waves from the metal-sample
layer interface and the distance of the detection plane for the transmitted waves
from the metal-sample layer interface must be much greater than the wavelength
of the incident light. It is also essential to recompense for the phase that gathers
as the fields spread through the background medium from the source to the multi-
layer structure, and from the multi-layer structure to the detection planes. Thus,

using the S-parameters retrieval technique, petf can be calculated by the following
equations [119]
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where nest IS the effective refractive index, eeff IS the effective permittivity, z is the
normalized impedance, d is the total thickness of the multi-layer structure, i.e.,

the sum of the thicknesses of the different layers, and ko = 2m/A, where A is the
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wavelength of the incident light. To determine the effective constitutive parameters
precisely, we follow the condition kod < 1 as d < A [119]. The reflectivity R can be

determined using S-parameters retrieval method as

R=Ir % (2.2)

where r, is the reflection coefficient for p-polarized incident light.

We will show that pefr of the multi-layer structure at resonance can be used to detect
a target sample instead of using R at resonance. Practically, uetr can be precisely
measured by several off-the-shelf devices, such as by a Ferromaster, which is a handy
instrument capable of measuring pesr precisely [123]. The magnetic resonance angle
is identified as the angle at which pest reaches maximum while varying the incidence
angle of light. The S of the multi-layer structure can be calculated as a change in the
incidence angle for per unit change in the refractive index (ns) of the sample, where
the change in the angle can be due to the resonance for pest as proposed in this work
or conventional SPR excitation. The FOM depends inversely on the broadening or
the FWHM of the response profiles. Thus, we can write the S and FoM considering

Ueff Or R at resonance as

A
_ 2Y R
Sur= An ” (2.3)
FoM it
6] =
WR = UMY (2.4)

where A9 and An; are the changes in the incidence angles and the refractive index
of the target sample, respectively. The subscripts u and R represent whether the

change in the angle is due to magnetic resonance or SPR, respectively.
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Figure 2.1: Schematic illustration of a feasible experimental setup for the pro-
posed technique of the Kretschmann configuration based SPR sensor.

2.3 Sensor Structure and Simulation Setup

The SPR Kretschmann configuration sensor structure consists of three different lay-
ers, as schematically shown in Fig. 2.1. The first layer is a semi-infinite prism of glass
material BK7. The exciting light is incident on the metal layer through the semi-
infinite prism and also the reflected light is collected from the semi-infinite prism.
The second layer is metal (Ag), which has a thickness of 45 nm. The third layer is
the sample layer, which has a thickness of 50 nm. We assume that the incident light
has a wavelength of 633 nm, which is often used in SPR based systems for excitation
[124, 125]. The refractive indices of different sensor layers are frequency dependent.
The refractive index of BK7 has been calculated using the approach described in
Ref. 126 and found to be 1.515 at 633 nm. The refractive index of Ag has been

calculated using the Drude-Lorentz model [127].

We take the refractive index of the sample layer as a parameter and vary from 1.3 to
1.9. There are several organic samples with a refractive index in this range. While
different proteins and biomarkers have refractive indices in the range of 1.3-1.45

such as thyroglobulin-RI 1.45 and human fibrinogen (Fb) protein molecules-RI1 1.39
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[85, 128]. However, a lot of films having hopeful properties of sensing/bio-sensing
having RI range 1.5 to 1.9 like Benzene (CgHe)-RI 1.5, Potassium hydrogen ph-
thalate (CgHsKO,)-RI1 1.7, air-dried herring DNA-RI 1.685, tetrahydrofuran (THF)
clathrate-RIl 1.8 and Carbon di-sulfide (CS,)-RI 1.74 whereas CS, are inorganic
material [47, 129].

To find out the dynamics of the incident light with the sensor in the presence of
the target sample, we carry out two-dimensional full-field FDTD simulations. The
simulation domain is 7 um in the direction of the layer interfaces, i.e., in the y-
direction, and 8.5 um in the direction perpendicular to the interfaces, i.e., in the x-
direction. We use a non-uniform meshing scheme for the computational domain to
optimize the computational efficiency and accuracy of FDTD solutions. We use the
perfectly matched layer boundary condition at the edges of the simulation domain in
the direction perpendicular to the layer interfaces. We use Bloch boundary condition
in the direction of the interfaces. The incident light has a transverse magnetic
polarization and the incidence angle varies from 54° to 64°. The detection planes
for the reflected and transmitted light are at ~ 74 from the metal-sample interface,

as shown in Fig. 2.1.

2.4 Feasible Experimental Setup

We discuss the possibility of practical execution of the proposed method. The com-
plete experimental setup for the proposed method is not much dissimilar from that
for SPR based Kretschmann configuration. The experimental Kretschmann config-
uration setup is used in this study to sense the optical magnetism in visible wave-
length. The feasible setup of the structure is shown in Fig. 2.1. A He—Ne laser of
<4 mW at 633 nm is used as the light source. A filter basically neutral-density (ND)
is used for modifying the intensity of incident light. Glan-Taylor prism which is the

most common types of present polarizing prism used to isolate the p-polarized light
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Figure 2.2: Effective constitutive parameters (a) uesr and eefr, and (b) nesr and
z for the Kretschmann based SPR sensor when n, varying from 1.3 to 1.9.

from the s-polarized light. A convex lens is used so that light rays pass through it
becomes closer together and eventually focus on a point other side of the lens. The
sensor is associated by index matching gel to the BK7 prism and then place on a ro-
tation stage to change the incidence angle in the ATR condition. The reflected light
is recorded by the photometer (measures the intensity of light) and optical mag-
netism is recorded by Ferromaster. Finally, the reflected light intensity or optical

magnetism is analyzed through digital oscilloscope.

2.5 Results and Discussions

Figure 2.2 illustrates petr, €eff, Netr, and z of the sensor based on Kretschmann config-
uration that we study in this work as described in the previous section. We vary the
refractive index ns of the sample layer from 1.3 to 1.9. In Fig. 2.2(a), we find that
Uett < 1 and eeff < 0 when n; < 1.69. Therefore, the sensor structure is non-magnetic
when n, < 1.69. We note that the response of the structure is non-magnetic, i.e.,
Hetf < 1, when z - ne < 1, as shown in Fig. 2.2(b) [31]. However, the sensor struc-
ture becomes magnetic, i.e., uetr > 1, when ny > 1.69. The sensor structure shows a
magnetic resonance and pefr reaches maximum at n, = 1.75. At magnetic resonance,
Neff IS MiNiMum and z - nefr > 1, as shown in Fig. 2.2(b), and therefore, the magnetic

field becomes strong to create optical magnetism. Also, we note that the magnetic
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Figure 2.3: Magnetic field profiles polarized in the z-direction for 633 nm incident
wavelength when (a) n, = 1.30, (b) n, =1.546, (¢) n,=1.75 and (d) n, = 1.82.

response of the structure is Lorentzian, which verifies the optical magnetism as has

also been observed before for planar multi-layer structures [130, 131].

Dual mode SPPs are excited at the metal-dielectric interface when the structure
IS non-magnetic, as shown in Figs. 2.3(a) and 2.3(b). Figs. 2.3(a) and 2.3(b) show
magnetic field profiles when ny = 1.3 and n, = 1.546, respectively. When ns = nprism,
strong SPPs are excited. However, we find that the response of the conventional
multi-layer planar structure based on Kretschmann configuration is non-magnetic
when ny < 1.69, due to the excitation of dual mode SPPs. By contrast, single mode
SPPs are excited when n, > 1.69, and as a result, the structure becomes magnetic.
In Fig. 2.3(c), we note the excitation of single mode SPPs when n; = 1.75. The
excited single mode SPPs at ny = 1.75 are similar to LSPs, and hence, confine
the electromagnetic fields more strongly at the metal-sample layer interface. When
ns = 1.75, neg 1S minimum due to the maximum power confinement in the metal film.
When n; varies from 1.75 to 1.82, strong LSPs are excited as shown in Fig. 2.3(d).
For sensing purpose, both SPPs and LSPs are similar from the detection point-of-
view. However, the excitation of LSPs support stronger light confinement, and as a

result, can enhance the sensor performance, especially, the FOM [132].
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We investigate the effective constitutive parameters of conventional Kretschmann
based SPR bio-sensor for computing S;; and S,; coefficients. Variation of sample
layer RI has great impact on effective constitutive parameters. Moreover, the dif-
ferent value of effective constitutive parameters depends on SPPs excitation which
is shown in Figure 2.3 (a) to 2.3(d). pefr value is less than 1 in the specific lower
sample layer RI, where dual modes SPPs are excited. These dual modes are viewed
on each metal dielectric interface as shown in Figure 2.3(a) and 2.3(b). We show
that lower sample layer RI range where the dual modes SPPs are excited, the con-
ventional multi-layer planar Kretschmann structure is non-magnetic. As long as,
z.neit = 1 holds, the response of uess is totally electric [31]. It was already shown
that momentous magnetic response in planar dielectric-metal if the sample layer was
contained high RI films which support physically powerful displacement currents at
optical wavelengths [19] . LSPs are strongly excited in 1.75 sample layer RI range.
In this situation, LSPs power are highest which confirms the incident photon energy
is fully transfer to plasmon. Furthermore, the electromagnetic fields of LSPs are

more concentrated at the metal surface as shown in Figure 2.3(c) and 2.3(d).

The excited LSPs at the metal-prism and metal-sample layer interfaces of the sensor
structure interact with each other through the fields that penetrate into the metal.
Magnetic dipoles are created due to anti-phase electric dipole oscillations at the
top and bottom of the metal layer. Although the anti-symmetric resonance is also
observed when n; > 1.80, the magnetic resonance weakens and uetr decreases due to
interactions among magnetic dipoles, and therefore, due to the phase retardation of

the scattered field with respect to the the incident field.

In Fig. 2.4(a), we show pesf as a function of the incidence angle (&,) when n; = 1.70
and 1.71. We note that pefr has a resonance at 9, = 56.56" and reaches a maximum
value of ~6.63 when n; = 1.70, whereas, peft has a resonance at 9, = 56.86" and
reaches a maximum value of ~7.29 when n, = 1.71. Fig. 2.4(b) shows R profiles
against incidence angles (9z) of the excitation light when ns = 1.70 and 1.71. The R

profiles are commonly used in conventional sensors for the calculation of S and FoM.
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Figure 2.4: (a) pess and (b) R as functions of resonant incident angles for n, =
1.70 and 1.71 at 633 nm incident wavelength.

We note that the resonance angles are slightly different for uefr and R in Figs. 2.4(a)
and 2.4(b). This is because when the resonance occurs, the phase between the
incident and reflected light alters. S-parameters retrieval method computes pesr
at resonance that depends not only on the multi-layer thicknesses but also on the
distance between the source and the metal-sample layer interface, and also on the
distance between the metal-sample layer interface and the reflection and transmission
profile detection planes. By contrast, the calculation of R profile depends only on

the multi-layer thickness.

In this chapter, our proposal is to make use of uefr properties instead of determining
R at resonance. To be specific, we propose to use the uerr Which value and position
is changed by varying the sample layer RI. The maximum pefr at resonance, the
S as well as the FoM of magnetic resonance curve is methodically examined by S-
parameters retrieval technique at 633 nm incident wavelength. We show that not
only the pefr but also the 9¢ is changed due to varying the sample layer RI. Moreover,
Ueft CUrve represents narrow line width (FWHM) that is very much sensitive to
the variation of Rl of sample layer. Hence, we can using this concept for sensing

performance parameters calculation and enhancement.
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Figure 2.5: Variation of FWHM for puesr and R profiles, respectively as a function
of specific n;.

The detection accuracy of a SPR sensor is influenced by the FWHM of uetr or R
profiles. A narrow FWHM of the angle-resolved netf and R profiles indicates a high
signal-to-noise ratio and precision in the measurement of resonance angles [133]. The
FWHM of pesr profiles shown in Fig. 2.4(a) are 1.17°and 1.18" when n, = 1.70 and
1.71, respectively. On the contrary, the FWHM of R profiles shown in Fig. 2.4(b)
are 2.42°and 2.52°when n;, = 1.70 and 1.71, respectively. The increase of FWHM
for R from that for uesr is attributed to the faster damping of SPPs than LSPs. The
FWHM values of petr and R profiles are plotted in Fig. 2.5 when n, varies from 1.70
to 1.82. We note that the FWHM for R is more than a factor of two greater than
that for pesr. This is because the confinement of light at SPR is comparatively lower
than that at the magnetic resonance. A better confinement supports lower FWHM

value. As n, increases, FWHM for pesr decreases while that for R increases.

In Fig. 2.6(a), we show the calculated S from both pefs and R profiles. The calculated
S from pesr profile is smaller than that from R profile. This is due to low angle shifting
property of magnetic resonance. The maximum S calculated using ues is 30 °/RIU
when n; = 1.75. When ns > 1.75, S gradually decreases due to the excitation of
anti-symmetric LSP modes. As a result, angle shifting property is reduced. On the
other hand, the calculated S from R profile is 47 */RIU when ns = 1.75 and 54
°/RIU at the peak when ng = 1.78.
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Figure 2.6: Variation of (a) S and (b) FoM against n,. The subscripts u and R
are used when the parameters are calculated using uess and R profiles, respectively.

Table 2.1: Comparison of FoM with previously reported sensors.

Wavelength (nm)  Enhancement strategy =~ FoM (RIU™) Reference

633 MoS, nano-sheet 3.44 [137]
633 Graphene/Ag/Cr 9.691 [138]
633 MoS,/graphene/MoS, 11.15 [21]
633 Au/graphene/MoS, 13.13 [139]
630 Au/graphene 14.16 [140]
632 ZiO/Au/MoS,/graphene 15.11 [48]
653 Au/KCL 16.5 [141]
633 This work (using R) 16

633 This work (using pefr) 24.50

The change in FoM due to the variation of n, is shown in Fig. 2.6(b). Since the
accuracy of detection of a sensor depends on FWHM of the response profile, the most
applicable parameter to judge the performance of this kind of devices is FOM. FOM is
the mostly used measure for the performance of SPR based sensors [134-136]. When
ns varies from 1.70 to 1.75, FoM does not vary much and remains ~24.5 RIU™ when
calculated using uest profile. Both S and FoM are maximum when ny = 1.75. When
ns>1.75, FWHM of u.s increases, and therefore, FOM decreases. Conversely, FoM

~ 16 RIU™ at n; = 1.75, when calculated using R profile. However, the maximum
FoM of 17.5 RIU™ is observed at n, > 1.75, when calculated using R profile.

In Table 2.1, we present a comparison of FoM of our work with several recently

reported sensors based on SPR. Ref. 137 shows unnecessary MX, layers increment,
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thus increased energy loss and reduced S. Ref. 139 shows poor detection accuracy.
In Ref. 140, FoM analyze is based on wavelength and highest FOM is found at NIR
wavelength. Ref. 48 shows increase in reflectivity for increasing number of graphene
and MoS, layers. Moreover, most of the recently reported SPR sensors are based on
complex hetero-structures with different two dimensional materials. As a result, the
fabrication complexity and the cost of these sensors are significantly increased. On
the other hand, the Kretschmann based structure is very simple and using optical
magnetism the FoM of our proposed method is significantly greater than that of the

techniques in Table 2.1.

It is important to note that the prospect of achieving optical magnetism at visible
wavelength by IMI planar Kretschmann sensor has newly been a subject of enor-
mous concern. In this work, we have determined magnetic resonance at a specific
ns of the target sample. We hope this magnetic resonance can be created in low n;
using different 2-D dielectric layer such as graphene, MoS, on metal surface. Opti-
mization and nano-structuring of metal/dielectric thickness and refractive index, we
can creates magnetic resonance at different n,. Moreover, we can shift this magnetic

resonance at low n; applying small incident wavelength like 545 nm.

2.6 Conclusion

We show that strong magnetic resonance is created in SPR sensors based on Kretschmann
configuration. The magnetic response pefs of the structure can be approximately an
order of magnitude greater at resonance than that when out of resonance, which
shows promises of the magnetic property of these structures in sensing applications.
Thus using pest profiles for sensing could lead to a novel approach for detection

of different critical organic and inorganic samples. Our calculations based on S-

parameters retrieval method show that the sensor FOM can be greatly increased
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using the optical magnetism compared to that obtained using the conventional tech-
nique in state-of-the-art sensors, which often employ much more complex structures.
We believe that the increased sensor performance using optical magnetism resonance
in the presence of a target sample from a very simple planar layered structure can
lead this approach to applications of sensing of variety of organic and inorganic

materials.



CHAPTER 3

GATE-CONTROLLED GRAPHENE
SPR GLUCOSE SENSOR

We propose a surface plasmon resonance (SPR) glucose sensor where a graphene mono-
layer is used with controllable optical property by applying a gate voltage. We
show that the gate voltage to the graphene mono-layer can increase the light absorption,
and hence, the sensitivity of the proposed glucose sensor significantly. We find that
the sensitivity and figure-of-merit of the proposed sensor increase by 21.48% and
49.57% when a 20-V gate voltage is applied to the graphene mono-layer compared to
that when there is no gate voltage applied to the graphene mono- layer. We present
a linear regression analysis for detecting the blood sugar level (BSL) using the
proposed sensor that shows a highly reliable performance of the proposed sensor. We
also present the effects of temperature on the proposed sensor performances. We find
that the error in the detection of BSL remains within 4.75% on average and within
7.40% in the worst-case scenario when temperature varies by

+10 °C from a reference 25 "C. Comparisons of the proposed sensor with several
state-of-the-art sensors show a significantly enhanced behavior, as well as the error
induced due to the change in temperature is much smaller than that of 15%, which

is used as an allowable error limit for off-the-shelf glucose meters.

31
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3.1 Introduction

Diabetes is a common disease that affected approximately 463 million people in 2019
and may affect 700 million by 2045 [142]. Unrestrained diabetes creates many health
problems, including damage to blood vessels and nerves, loss of kidney function and
vision, stroke, heart attack, lower limb seizures, brain dysfunction, and early mor-
tality [143]. Diabetes is a threat all over the world and a leading health problem
for low- and middle-income countries [144]. The treatment of diabetes patients cru-
cially depends on the fast and accurate measurement of the blood sugar level (BSL),
especially when patients suffer from deficient BSL, i.e., in hypo and hyperglycemia

conditions.

Usually, the BSL detection devices—commonly known as glucometers—use reflec-
tion photometry or electrochemical techniques [42]. Although the photometry tech-
nique offers high precision, its use in glucometers is limited due to the time-consuming
sample preparation, requirement of regular calibration, and optical interference that
affects results. By contrast, an electrochemical technique, although not as precise
as photometry technique [145], is usually preferred for offering high sensitivity (S),
low-cost, easy maintenance, and good reproducibility. Current off-the-shelf glucome-
ters commonly use test strips containing glucose oxidase (GO) enzyme that reacts
to blood sugar. When an electrical potential is applied across the strip, an electri-
cal current is generated with a magnitude that depends on the BSL. In practice,
glucometers must have a readout deviation of < 15% from the actual BSL at 95%
times, according to regulatory authorities [43]. Crucially, ~15% deviation of the
test results with electrochemical glucometers could be detrimental, especially when
a person is on the borderline in the blood sugar map or critically ill who needs im-
mediate and appropriate medication. Additionally, the chemical enzyme used in the
test strips of electrochemical glucometers is sensitive to environmental factors such

as the temperature and humidity. The test strips that are exposed to dry and hot
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weather during packaging and shipping may have altered chemistry and reactivity

of enzymes so much to affect the test results significantly [146].

Optical biosensors have shown promises in applications related to food security, bio-
logical substances monitoring, biomedical research, and disease detection [147-150].
However, the work on optical biosensors for glucose detection is still scarce. The
detection of glucose or BSL using a spectral analysis of the reflected light profile
and glucose-1-dehydrogenase, hexokinase, and GO enzymes based immobilization
has been demonstrated [151, 152]. However, these optical biosensors require long
detection time. Recently, diverse optical sensing techniques using photonic crystal
fibers (PCFs), interferometers, resonant cavities, and mid-infrared photo-acoustics
have been proposed to detect the BSL [153]. In particular, PCF-based glucose sen-
sors offer high design flexibility and sensitivity, and large refractive index variation
[153, 154]. Nevertheless, PCF-based sensors are not suitable for everyday glucome-

ters for their intricate fabrication complexity [155].

During the last few decades, optical biosensors based on surface plasmon resonance
(SPR) have attracted a significant interest for diagnosis of diseases. SPR biosen-
sors do not require labels to detect the sample. Additionally, SPR biosensors offer
advantages over other label-free biosensing techniques in real-time monitoring of bio-
molecule interactions, affinity, specificity, and kinetics during the bindings of bio-
molecules [21, 156, 157]. SPR sensors such as gold (Au)-coated dielectric materials
have been proposed for the detection of glucose in blood, offering high accuracy and
resolution [44]. However, such Au-coated SPR sensors suffer from chemical noise
in the measurement and poor absorption of the incident light. Recently, an Au-
chromium (Cr) nano-laminated SPR sensor has shown good performance in glucose

detection [45], although it suffers from a limited detection range of the BSL.

To increase the sensitivity of SPR-based sensors, several research groups have pro-

posed the use of graphene layers [21, 46, 47, 140, 158-160]. In practice, the excitation
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of surface plasmon polaritons (SPPs) in graphene is difficult due to the momen-
tum mismatch between the incident light and graphene plasmons. To date, several
schemes have been exploited to excite SPPs in graphene, including employing prism
coupling [53], sub-wavelength silicon grating [99], and resonant optical antennas
[161]. A graphene mono-layer has zero band gap in the visible wavelength range and
absorbs only ~2.3% of the incident light [48]. Therefore, multiple graphene layers
and transition-metal-dichalcogenides (TMDC) or nano-structures on graphene lay-
ers are often used to increase the sensitivity and figure-of-merit (FoM) of biosensors
[21, 126, 162, 163]. However, the increase of graphene layers broadens the full-
width at half-maximum (FWHM) of the absorption profile, and the use of TMDC

or nano-structures makes biosensor structures complex and costly [162].

In this chapter, we propose a gate-controlled graphene SPR glucose sensor. We show
that an applied V, increases the light absorption in the proposed glucose sensor, and
hence, improves the sensor performance. To determine the sensor performance pa-
rameters, we use a transfer matrix method (TMM) based angular interrogation tech-
nique. We calculate mono-layer graphene conductivity using the Kubo formula for
different applied V, at 633 nm incident wavelength. To determine the measurement
accuracy of BSL, we use a linear regression model. Our proposed gate-controlled
graphene SPR glucose sensor offers significant improvement in the detection of sen-
sitivity and FOM compared to that of state-of-the-art SPR biosensors. Furthermore,
our proposed glucose sensor shows a detection error < 15% that is used as a tolerable

performance for state-of-the-art glucose meters.

The rest of the chapter is organized as follows: In Sec. 3.2, we present the proposed
sensor configuration. In Sec. 3.3, we describe the theoretical models that we used
to calculate the graphene optical properties and the sensor performance when Vj is
applied. We discuss the simulation approaches that we followed to solve the Maxwell
equations using finite difference time domain (FDTD) technique in Sec. 3.4. We
present and discuss the calculated sensor performances and measurement accuracy

of BSL for different V, in Sec. 3.5. Additionally, in Sec. 3.5, we analyze the effect
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Figure 3.1: Schematic illustration of the proposed gate-controlled graphene SPR
glucose sensor.

of temperature on the detection of BSL. In Sec. 3.6, we draw conclusions on the

findings.

3.2 Sensor Configuration

The proposed gate-controlled graphene SPR glucose sensor consists of eight layers, as
shown in Fig. 3.1. The first layer is a semi-infinite prism made of boro-silicate (BK7)
glass material. The light is incident on the multi-layer sensor structure through the
prism, and the reflected light intensity is recorded from the prism as well. A silver
(Aqg) layer follows the prism with an air gap between them. The air gap helps to
increase the resonance dip of the reflection (R) profile [164]. The thicknesses of the
air gap and Ag are chosen following the analysis presented in Fig. 3.2. Figure 3.2(a)

shows the R profile of the proposed sensor as a function of the incidence angle () of
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light for different thicknesses (d.;;) of the air gap. The minimum value of R decreases
as d,;r decreases. In this work, d.i; = 40 nm is chosen as an even smaller air gap
will complicate the fabrication of the plano-convex singlet lens to create the air gap
[165]. Figure 3.2(b) shows R against ¢ for different thicknesses (dag) 0f Ag. We note
that the minimum R occurs at dag = 45 nm. Therefore, dag Was chosen as 45 nm

in this work.

An ultra-thin hexagonal boron nitride (h-BN) layer separates graphene from Ag.
The h-BN layer has a thickness of 1 nm, which maximizes light absorption by the
sensor [166]. The presence of h-BN between graphene and Ag increases the lifetime of
the excited SPPs in the graphene layer [167, 168]. The used graphene is mono-layer,
i.e., the thickness is 0.34 nm. An increase in the number of graphene layer widens
the R profile. In the visible and near-infrared frequencies, the permittivity (&) of
graphene mono-layer is controllable by an applied V,. Thin layers of silicon dioxide
(Si0O,) and silicon (Si) are added on the top of graphene for stronger absorption of
the incident light [169]. Figure 3.2(c) shows that R decreases as the SiO, thickness
(dsio,) decreases. In this work, dsio, = 8 nm is chosen since the SiO, layer works
as an insulating layer between the graphene and Si layer. The gate voltage V, is
applied between the graphene and Si layer to control the electron density (n) and
Ef of graphene [169, 170]. The thickness of Si layer is chosen as 50 nm to achieve
high electric field [171]. The sensing medium, i.e., blood sample, is placed on the Si

layer. In this work, a fixed 100-nm-thick sensing layer is assumed.

Practically, a thermal vapor deposition technique can be used to deposit Ag on
the top of BKY7 substrate [159]. The graphene layer can be deposited on h-BN
by dissolving atomic carbon in vacuum using high temperature [159]. Different
dielectric materials can be grown on top of each other using evaporation techniques
[172].
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Figure 3.2: R vs. ¢ of the proposed sensor for different thicknesses of (a) air gap,
(b) Ag, and (c) SiO,. In these studies, n; = 1.3323.

3.3 Theoretical Modeling

3.3.1 Optical Properties

The response of the proposed sensor to an incident light will depend on the complex
refractive indices of the materials in different layers. The response of the sensor will
also depend on the wavelength of the incident light when a material has dispersive
optical property. In this work, we investigate the sensor performance for an incident
wavelength of 633 nm, which is often used in experiments for SPR-based techniques
[173]. We follow an approach described in Ref. [46] to calculate the wavelength-
dependent refractive index of BK7 prism. The refractive index of Ag is calculated
using the Drude-Lorentz model [174], while the refractive indices of h-BN, SiO,, and
Si are obtained from the published literature [175-177]. The refractive indices and

thicknesses for different layers of the proposed structure are given in Table 3.1.

The complex refractive index of graphene will depend on several operating param-
eters, especially on the applied control voltage across it. Therefore, the calculation

of graphene refractive index requires a special treatment. The complex permittivity
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Table 3.1: Refractive indices and thicknesses of different layers of the proposed
glucose sensor. The refractive indices are for a 633-nm incident light.

Material Refractive index Thickness (nm)
BK7 1.515 semi-infinite
Air 1.00 40
Ag Real: 0.055 45
Imag: 4.285
h-BN 1.670 1
Graphene V,-dependent 0.34
SiO, 1.460 8
Si 3.881 50
Blood sample Concentration-dependent 100

of a two-dimensional (2-D) mono-layer graphene sheet can be given by [178]

(o)

gw)=1+i
wWeot

, (3.1)

where g, is the permittivity of free space, w is the angular frequency of the incident
wave, o is the conductivity, and t is the thickness of a graphene mono-layer. If w
and t are fixed, the permittivity of graphene basically depends on o, which can be

calculated using the so-called Kubo formula [179]

e’ksT Ef Ef

P A -
mh?(w +itl) ex (3.2)
keT 5210 P, | keflw T2 *

i4r[_h In" 2| £ | +A(w + it}

where kz is the Boltzmann constant, 7 is the reduced Planck constant, e is the
charge of an electron, and t is the relaxation time of carriers in graphene that are

excited due to the absorption of incident light. The first term on the right hand side
of Eqg. (3.2) is the conductivity that originates from intra-band carrier transitions
due to light absorption, whereas the second term is the conductivity that originates

from the inter-band carrier transitions.
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The carrier relaxation time t depends on Ef and Fermi velocity (V) by the following

relation [41] E
HEf
(3.3)

where Vy = 10° m/s and Ef is related to n as Ef = Vg (nn)~? [180]. Now, when
there is a gate voltage applied between the graphene and Si layer of the proposed
structure as shown in Fig. 3.1, n can be calculated using a parallel-plate capacitor
model as [180]

V,
n= eosd_g/ (3.4)
ed

where g, and d are the dielectric constant and the thickness of insulating SiO, layer,
respectively. We note that £ , and in turn, t can be changed by V,. Thus, Vv, can
be used to change the optical behavior of graphene. The carrier relaxation time also

depends on mobility i, which is related to n and temperature (T) given by [181]

uln, Ty =—Ho——x 1 , (3.5)

1+ (n/nref)® 1+ (T/Tret — 1)8

where po = 230000 cm?V71s™ nrer = 1.1 103 cm™, Trer = 300 K, o = 2.2, and
6 = 3, respectively [181, 182]. In this work, we assume that the sensor is at room

temperature, i.e., T = 300 K.

The optical property of blood, i.e., the refractive index of sample (ns) will depend

on the concentration of glucose mixed in it, and can be calculated as [153]

n, = 0.000119 X C + 1.33231, (3.6)

where C is the density of glucose solution. A 10% (w/v) glucose solution is 10 g
(w) glucose dissolved in 100 ml (v) water. The sugar level in blood sample (D) can
be calculated by D = C/M mg/dl, where M is the molar mass of glucose, which is
180.156 g/mol. We have calculated ns using Eq. (3.6) for different BSLs, as shown
in Fig. 3.3 [183]. The normal sugar level in blood is between 50 mg/dl to 139 mg/dl
[184], which correspond to ns from 1.3513 to 1.3864. A person is pre-diabetic if the
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Figure 3.3: Refractive index of the blood sample (n;) as a function of blood
sugar level.

BSL is between 140 mg/dl and 199 mg/dl, and diabetic if BSL > 200 [184]. A BSL
of < 50 mg/dL is considered extremely low and alarming for human body [185]. In
this work, we have chosen BSL from 30 mg/dl to 270 mg/dl to cover the entire BSL

map that could be important to understand the performance of the proposed sensor.

3.3.2 Response to the Incident Light

To calculate the SPR dynamics of the proposed gate-controlled glucose sensor, we
have solved 2-D full-field vectorial Maxwell’s equations using the FDTD technique.
The incidence angle of light has been varied to determine the reflection profile. To
calculate the reflection profile, we have used TMM and considered the proposed
structure an N -layer system, as shown in Fig. 3.1. For the incident transverse

magnetic (TM) light, we can write [186]

R =I rp IZ, (37)

where r, is the reflection coefficient for the TM-polarized incident light. We have

calculated S of the proposed glucose sensor by [187]

S=—7, (3.8)
Ang
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where A9, is the change in resonance angle (J,) due to a change in the sample index
Ans. FOM can be calculated by [188]

S
FoM = (3.9)

FWHM’

3.4 Simulation Approach

In this work, 2-D FDTD simulations have been carried out to determine the dy-
namics of the incident light with the sensor. The simulation domain is 2000 nm in
the y-direction, i.e., in the direction of the layer interfaces, and 6000 nm in the x-
direction, i.e., in the direction perpendicular to the layer interfaces. A non-uniform
meshing scheme has been employed in the simulation region to optimize the com-
putational efficiency and precision of FDTD solutions by limiting the overall error
caused by meshing to only < 0.05%. Additionally, a finer meshing is used in a
smaller 600 nm X 300 nm region on the x-y plane centering the graphene and h-
BN interface. In this fine meshing region, mesh-grids Ax = 0.1 nmand Ay = 0.2
nm have been chosen. The perfectly-matched layer (PML) boundary condition was
used at the edges of the simulation region in the x-direction and Bloch boundary
condition was used in the y-direction. The incident light has a 633-nm wavelength
with TM polarization. The incidence angle has been varied from 45°to 70" to calcu-
late the R profile. The incident light source is located at 3500 nm from the Air-Ag
interface, whereas the detection plane of the reflected light is located at 3800 nm

from the same interface.



Chapter 3 42

2.29 3 . 1200
(k) < N
Lt V —1000
22857 | —o(real) — —
& = — o (ima) =2~ -800 =~
L _ N
S % v —-600 .
228 o ° d s
ok _Z €7
= 7T = +|— 7400
7 v
2.275 ' 200
0 10 20 0 10 20
Vi, (V) V,(V)

Figure 3.4: (a) nand u and (b) o and E; of a graphene mono-layer as functions of
V,. We assume &, = 8.8% 10712 Fm™, ¢, = 3.9, d = 8 nm, and e = 1.6021x10 "
C.

3.5 Results and Discussion

3.5.1 Sensor Performance

To determine the performance of the proposed gate-controlled graphene SPR glucose
sensor, we have assumed a pure graphene mono-layer in the sensor. The graphene
mono-layer has n = 1.08x10*3 cm™, £; = 38.34 meV, and u = 23 X 10" cm?V™'s™?
when there is no applied V, to it. We have varied V, so that graphene parameters
change, and so do the sensor performances. The results are presented for V, < 20
V, as thermally generated intrinsic carriers from graphene with vV, > 20 V may
cause inaccurate results and a permanent fault in the structure [170, 189]. Figure
3.4 shows the properties of a graphene mono-layer as Vv, varies from zero to 20 V.
In Fig. 3.4(a), we find that n increases and u decreases with the increase of V,. In
Fig. 3.4(b), we find that Ef increases as V, increases since Ex is directly related to
n. We have also calculated t as V, varies and found that t increases as V, increases.
In particular, we find t = 8.74, 11.42, 14.50, 17.05, and 19.97 ps when V,; = 0, 5,
10, 15, and 20 V, respectively.
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Figure 3.5: (a) R as a function of ¢ and (b) FWHM of the R profile as a
function of the BSL of the proposed gate-controlled graphene SPR glucose sensor
for different Vv,. To calculate R profile, we assume n, = 1.3625, which corresponds

to a BSL of 78.60 mg/dl.

Generally, the conductivity of graphene depends on both intra- and inter-band ab-
sorption of the incident light. When the incident light wavelength is 633 nm, the
incident photon energy E, > 2E; , and therefore, strong inter-band absorption oc-
curs. However, Ef can be increased by applying V, and the inter-band transitions
with E, < 2E; can be blocked due to Pauli blocking [190]. When E, < 2E, intra-
band absorption dominates, and graphene optical properties mainly dependon t.
Therefore, graphene optical properties can be changed by controlling v, when E, <
2E; [178]. In this work, the proposed sensor has been designed for E, < 2E;to

control the graphene optical properties by controlling V.

Figure 3.4(b) shows both real and imaginary parts of o of a graphene mono-layer
as functions of V,. We note that the real part of o does not vary as V, increases.
By contrast, the imaginary part of o gradually decreases as V, increases from zero
to 20 V. Mono-layer graphene supports TM plasmons from terahertz (THz) to mid-
infrared (MIR) wavelength range, although transverse electric (TE) plasmons can be
excited up to visible wavelength. When V,, increases, E; increases as well. Therefore,

TM plasmons of mono-layer graphene can be obtained at 633 nm wavelength. A
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Figure 3.6: (a) S and (b) FoM as functions of BSL of the proposed glucose sensor
for different V.

similar trend is observed for intra-band absorption from THz to MIR range [95, 191].
As a result, the incident light is strongly absorbed in the graphene mono-layer of our
designed sensor. The complex refractive index of a graphene mono-layer has been

calculated from g, as given in Eg. (3.1), to be used in FDTD simulations.

Figure 3.5(a) shows R as a function of ¢ for five different values of V,. Here, the
sample has a BSL = 78.60 mg/dl, which corresponds to n, = 1.3625. Since the light
absorption by graphene increases with V,, R decreases with V,. The absorption of
incident light increases by 16.88% when V, increases from zero to 20 V. We note
that 9, increases with V,. The changes of 9, and R with V, have a significant impact

on the sensor performance parameters.

Figure 3.5(b) shows the FWHM of R profile of the proposed glucose sensor for
different V, when the BSL varies from 30 mg/dl to 270 mg/dl. We note that FWHM
of R increases as the BSL increases. The excited SPPs decay at a faster rate when
BSL increases as ns increases with BSL. As a result, the FWHM of the R profile
increases. By contrast, FWHM of the R profile decreases as V, increases. A smaller

FWHM will decrease the spectral noise and increase the signal-to-noise ratio (SNR)
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Figure 3.7: (a) R profile as a function of ¢ and (b) A8, as functions of BSL and
v, for the proposed glucose sensor.

of the detected signal. When Vv, increases, the graphene mono-layer strongly confines

the incident light, and we find that the FWHM of the R profile decreases.

Figure 3.6(a) shows S of the proposed gate-controlled graphene SPR glucose sensor
as a function of the BSL. We note that S increases as BSL increases and reaches 108
degree/RIU for V; = 20 V and BSL is 270 mg/dl. We also note that S increases as
V, increases. Notably, S increases by 21.48% when V, increases from zero to 20 V
for a BSL of 270 mg/dl. As S depends on the change of §, and a greater V,; shows a
greater change in &, we find that S increases as V, increases. In Fig. 3.6(b), we show
FoM as a function of the BSL for different gate voltages. We note that FOM increases
with the increase of both BSL and V,;. When V,; = 20 V, the maximum FoM is 178
RIU™ at 270 mg/dl BSL. We note that FoM increases by 49.57% when V, increases
from zero to 20 V in the range of BSL considered in this work. As the negative value
of imaginary o increases with the increase of V,;, a mono-layer graphene absorbs more

light as V, increases. Therefore, FOM increases as V, increases.

The change in &, i.e., AS,, in the R profile with the change in BSL represents the
selectivity of an SPR sensor [84]. Figure 3.7(a) shows R as a function of ¢ for two

different n; when Vv, = 0. The first resonance is observed at 54.80° when ny = 1.3323,
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Table 3.2: Performance comparison of our proposed sensor with several recently
proposed graphene-based sensors.

Sensor Configuration ns S (degree/RIU) FoM (RIU™)
SF10/ZnO/Au/M0S,  1.330—1.450 101.58 15.11
/graphene/sample [48]
SF10/Au/WS, 1.400 95.71 25.19
/graphene/sample [162]
BK7/Ag/graphene 1.330—1.370 91.76 52.31
/sample [192]
SF10/Cr/Ag/graphene 1.432 61.54 8.90
[affinity/sample [138]
This work 1.343-1.433 108.00 178.00

which corresponds to zero BSL. The second resonance is observed at 55.24° when
ns = 1.3430, which corresponds to 30 mg/dl BSL. In Fig. 3.7(a), A9, = 0.44" when
Vy, = 0. By contrast, Fig. 3.7(b) shows A9, with the change of BSL at different
V,. We find that the sensor becomes more selective when BSL and V, increase.
The increase of Ag, with BSL implies that the proposed sensor has affinity toward

glucose.

We find that the calculated S and FoM of the proposed sensor are much greater
than that of the state-of-the-art optical sensors in the detection of BSL. In Table
3.2, we compare S and FoM of our proposed glucose sensor with several recently
proposed sensors that use graphene in the structure. The wavelength of the incident
light is 633 nm in all cases presented in Table 3.2. Also, only a graphene mono-layer
is used in all cases, except in Ref. [48], where 13 layers of graphene are used. In this
work, the S and FoM have been calculated for the sensing layer refractive indices
1.343-1.433, which correspond to 30-270 mg/dl BSL. The maximum S and FoM of
the proposed sensor are obtained when the sensing layer index is 1.433. In Table
3.2, the S and FoM of the proposed sensor are compared with that of the sensors,

which report results with a sensing layer index close to 1.433.
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Figure 3.8: Simulation results of &, and R vs. BSL (dashed lines), and regression
lines of 9, and R vs. BSL (solid lines). The solid green line determines 180 mg/dl
BSL, when measured ¢, = 58.8° or R = 0.01425. We assume V, =20 V.

3.5.2 Detection Accuracy

Accuracy is a key performance parameter for a sensor in the detection of the BSL.
The parameters R and 8, can be used individually or simultaneously in the proposed
sensor to detect and measure the BSL precisely. The determination of the BSL
using 8, and R simultaneously will be more precise, however, with an increase in the
complexity of the measurement technique. Figure 3.8 shows the dependence of R
and ¢, on BSL when V,; = 20 V. Figure 3.8 also shows linear regression lines drawn
for the relations 9, vs. BSL and R vs. BSL. The regression lines y = a +bx have been
determined for both 8, vs. BSL and R vs. BSL relations, where a is the intercept on
the y-axis, b is the slope, x is the BSL, and y is either 8, or R, respectively [193]. We
find that the BSL estimated by O, provides a better accuracy than that estimated
by R as the regression line for 9, fits better with the simulated values. Notably, the
coefficient of determination (R%) is 96.50% for the linear regression line for &,, while
94.11% for the linear regression line for R. The linear regression lines can be used as
a reference to detect the BSL for the proposed sensor. For example, when measured
¥, = 58.80°, we can decide that the BSL is 180 mg/dl using the reference regression

line for 9,.
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3.5.3 Effects of Temperature

The accuracy of a glucose sensor depends on many factors, including the strip man-
ufacturing process, chemical stability of enzyme, sample collection method, sample
amount, and most importantly the temperature at which the measurement takes
place. We have analyzed the effects of temperature on the detection of BSL by
the proposed sensor. In the analysis, we have assumed T = 25 °C as a reference

temperature and varied it by a maximum AT = =10 'C.

Optical properties of layers of the proposed sensor, except for the Ag layer, do not
significantly depend on temperature, especially at the incident 633 nm wavelength
and in the temperature range around 25 °C. In particular, the change of the refractive
indices of BK7, h-BN, SiO,, and Si due to the change in temperature is negligible in
the visible wavelength range [194-197]. Therefore, in the range T = 15-35 °C, the

change in optical properties of most layers of the proposed sensor is negligible.

The temperature dependence of the optical property of graphene is a little more
complicated due to its unique properties. The effect of temperature on the optical
property of graphene will depend on u and t , and hence, o. Since the temperature
dependence of the optical property of graphene is not well-studied and not avail-
able in the literature, we have calculated it in this work. In Fig. 3.9, we show u
vs. temperature, and t vs. temperature for a graphene mono-layer calculated using
Eq. (3.5). We find that both u and t do not vary with temperature when V,; remains
fixed. We note that the work function and Ef of a graphene mono-layer do not de-
pend on temperature as well [198]. As a result, o, and hence, the optical property of
a graphene mono-layer does not change with temperature for the cases considered

in this work.

Therefore, the temperature-sensitive performance of the proposed sensor will depend
only on the temperature-dependent optical property of Ag. We use the Drude-

Lorentz model to calculate the temperature-dependent optical property of Ag, i.e.,
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Figure 3.9: Effects of T on graphene (a) u, and (b) t for five different v,.

the effect of temperature on the dielectric constant of Ag. The expression of € of Ag

is given by [174]
2
e=1— % (3.10)
w(w +iw,)

where w, and w, are the plasma and collision frequencies, respectively. The collision

or scattering frequency w. depends on temperature and can be written as [199]

We = Wee + Wep, (311)

where wce and wep are the electron—electron and electron—phonon scattering frequen-
cies in Ag. The temperature dependence of wce can be described by the Lawrence
model [200]

3 A #
I8 (keT)? + ho * . (3.12)

w =
“© 12hE

where A is the fractional scattering and I is the Fermi-surface average of the scat-
tering probability. We assume A = 0.75 and I = 0.55 [200]. The temperature

dependence of wcp can be described using the Holstein’s model [201]

2 47—5 .[ Op/T Z4 dZ#
i , (3.13)
5 05 o e‘—1

Wep = Wo



Chapter 3 50

where O is the Debye temperature, Z is the quasi-particle weight, and w, is a
constant [202]. We have used ©p = 227.3 K, Z = 0.8, and wo = 0.05 [202]. Lastly,

wp has been calculated using [203]

r 4rtNe?
wp = —— (3.14)

where m is the effective mass of an electron and N is the density of conduction

electrons.

The optical property of the blood sample also depends on temperature. The temperature-

dependent n; can be obtained using [204]

ns = 1.3356 + (1.5333 X 107°) X C — (9.0 X 107°) X C*—
(3.15)

(1.2647 X 107™*) X (T — 273.15) — (4.0 X 10°®) X (T — 273.15)~.

To determine the temperature-dependent measurement error for the proposed sen-
sor, we have considered two cases: (i) First, we have assumed that only the sensor
temperature varies while the sample temperature remains fixed and (ii) Second, we
have assumed that the sensor and sample temperatures are equal and vary simulta-
neously. While the first case signifies the temperature-sensitive performance of the
proposed sensor, the second case helps us know the performance in an actual con-
dition. Figure 3.10 shows 8, vs. BSL for three different temperatures of the sensor.
The sample temperature is kept fixed at 15 °C, 25 °C, and 35 °C in Figs. 3.10(a),
3.10(b), and 3.10(c), respectively. We find that while 8, increases when the sensor

temperature decreases, 9, decreases when the sensor temperature increases.

The percentage error in the detection of BSL is calculated using the following equa-

tion
BSL250C - BSLTdiffOc

%Error = 100, (3.16)

X
BSLzs-c

where Ty C is the temperature at which the BSL is calculated. The maximum and

average calculated %Error for the cases presented in Fig. 3.10 are given in Table 3.3.
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Figure 3.10: 9, vs. BSL of the proposed sensor for different sensor temperature.
We assume that the sample temperature remains fixed at (a) 15°C, (b) 25°C, and
(c)35°C.

We note that the maximum error is 7.12% when the sensor temperature varies by

10 °C and the sample temperature is 15 “C. We also note that the average error of

our proposed sensor remains < 4% for a AT = =10 'C.

Next, we present results when both the sensor and sample layer have the same tem-
perature. Figure 3.11 shows the effects of temperature on 9, of the proposed glucose
sensor as the temperature of the sensor and sample layer change simultaneously.

We note that the effects of temperature become more pronounced as the glucose
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Figure 3.11: &, vs. blood sugar level for different temperatures (T) of the sensor
and sample layer. The sensor and sample layer temperatures are equal and they
vary simultaneously.
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Table 3.3: Maximum measurement error and average error of detected BSL when
sensor T is varying from 25°C for different n, temperature.

Sample temperature Sensor temperature Maximum Average
o) variation (AT,’C) %Error  %Error

10 7.12 3.70

15 5 3.56 2.05
=5 —3.52 —-1.72

—10 —7.06 —3.51

10 4.70 2.97

25 5 3.72 1.70
=5 —3.24 —1.70

—10 —3.86 —2.55

10 3.40 2.90

35 5 3.32 1.74
=5 —3.46 —-1.81

—10 —4.02 —2.61

level increases. We find a maximum error of 7.40% when the temperature varies by
—10 °C,i.e., whenT = 15 °C. In Table 3.4, we show the error in the detection of
the BSL due to temperature changes of the sensor and the sample. Notably, the

absolute value of the average error remains <5%.

Table 3.4: Maximum and average %Error of the calculated BSL when both the
sensor and sample temperatures vary.

AT ("C) Maximum %Error Average %Error
10 6.44 3.66
5 3.68 2.34
=5 —4.08 —2.26
—10 —7.40 —4.75

3.6 Conclusion

We have proposed a label-free graphene SPR sensor that shows a tunable optical
property with the applied gate voltage. The proposed glucose sensor offers enhanced
performances compared to state-of-the-art graphene-based optical sensors. The pro-

posed sensor performances increase as the applied gate voltage increases. The sensor
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can detect and measure the BSL with high precision either using the resonance angle
or the reflection profile. Since our proposed sensor detects BSL without using labels
and does not require chemical enzymes, the environmental factors do not have any
lasting effect on the performance, except for the temperature-induced index varia-

tion of metal at the moment of detection. However, the change in temperature by

+10 "C around room temperature affects the detection accuracy by only < 5%.
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GRAPHENE SP SENSOR FOR
ULTRA-LOW-LEVEL SARS-COV-2
DETECTION

The precise detection of the ultra low-level severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) is critically important at this moment. The detection
mechanism should be sensitive, low-cost, portable, fast, and easy to operate to
tackle the pandemic. This work proposes a sensor exploiting graphene surface plas-
mon resonance to detect the SARS-CoV-2. The graphene layer functionalized with
angiotensin-converting enzyme 2 (ACEZ2) antibodies will help efficient adsorption of
the SARS-CoV-2. In addition to the graphene layer, ultra-thin layers of novel two-
dimensional materials tungsten disulfide (WS,), potassium niobate (KNbO), and
black phosphorus (BP) or blue phosphorus (BlueP) used in the proposed sensor will
increase the light absorption so that an ultra-low SARS-CoV-2 concentration can be
detected. The analysis presented in this work shows that the proposed sensor will
detect as small as ~1 fM SARS-CoV-2. The proposed sensor also shows a minimum
sensitivity of 201 degree/RIU, a figure-of-merit of 140 RIU™, and strong binding
kinetics of the SARS-CoV-2 to the sensor surface.

54
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4.1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an important bi-
ological pathogen responsible for coronavirus disease 2019 (COVID 19). Recently,
COVID 19 has caused an unprecedented health problem worldwide due to the high
progression rate of fatality. SARS-CoV-2 is a positive-sense single-stranded ribonu-
cleic acid (RNA) virus [205]. Several research groups have proposed and demon-
strated efficient, cost-effective, and real-time detection techniques for the SARS- CoV-
2 virus [76-82]. Culture-based techniques that detect nucleic acid or proteins and
serological-based techniques that detect the created antibodies are commonly used
for virus diagnosis [206]. Recent advances in molecular technology have led to the
development of nucleic acid-dependent amplification techniques for virus de- tection,
e.g., the reverse transcriptase quantitative polymerase chain reaction (RT- gqPCR)
technique. RT-qPCR is known as the gold standard for detecting several critical
viruses, such as SARS-CoV-2, human immunodeficiency virus (HIV), and

cytomegalovirus (CMV) [76].

RT-gPCR is highly sensitive and selective for SARS-CoV-2 detection [77]. Nev-
ertheless, its application is limited due to significant false-negative cases (~15%),
long processing time, costly instruments, and the requirement of skilled human re-
sources and uninterrupted power supply over a long period [78, 79]. Conversely,
colorimetric-based loop-mediated isothermal amplification (LAMP) techniques have
been proposed for SARS-CoV-2 detection to overcome the limitations of an RT-
gPCR technique [79]. LAMP techniques show a high nucleic-acid amplification effi-
ciency but are time-consuming and tedious as they use electrophoresis for detection.
Additionally, the decision regarding the color change of reaction vessels by human
eyes is potentially a subjective issue and may significantly impact the test results
[80].

A chest computer tomography (CT) scan can also be used to detect the SARS-CoV-2
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[81]. However, such a technique cannot be used for asymptomatic patients, early-
stage detection, and the measurement of the mass density of virus [83]. Serological
tests, e.g., enzyme-linked immunosorbent assay (ELISA), can also be used for SARS-
CoV-2 diagnosis [82]. Serological methods have shown high efficiency and are low-
cost, but they suffer from low sensitivity (S) and producing false-negative reports

[77].

In the last few years, optical sensors based on plasmonics have attracted momen-
tous attention in virus detection due to their simplicity, flexibility, label-free opera-
tion principle, and short response time [76]. Plasmonics-based optical sensors have
been proposed to detect many critical pathogens, such as dengue virus envelope (E)-
protein, thyroglobulin, HIV-1, and SARS-CoV-2 [77, 84-88]. In particular, a toroidal
plasmonic metasensor has recently been proposed for the detection of SARS-CoV-2
spike (S)-protein using terahertz (THz) wavelength signal, demonstrating a limit
of detection (LoD) of only ~4.2 fM [87]. However, the plasmonic metasensor suf-
fers from the insensitivity to S-protein concentration between 20 and 50 fM and
low quality-factor (Q-factor). More recently, a surface plasmon resonance (SPR)
based method has been proposed to examine the affinity of SARS-CoV-2 S-protein
to angiotensin-converting enzyme 2 (ACE2) [207]. Additionally, plasmonic photo-
thermal effect and localize surface plasmon resonance (LSPR) have been proposed to
detect selected sequences of SARS-CoV-2 by nucleic acid hybridization techniques
[78]. However, thermo-plasmonic heat cannot discriminate between two similar gene
sequences, and a sensor employing this effect shows low detection accuracy. Further-
more, a near-infrared (NIR) plasmonic sensor has been suggested for SARS-CoV-2
S-protein detection using a phase interrogation technique [77]. Although an NIR
plasmonic sensor shows high sensitivity, its performance is limited due to the com-

plex technique required for phase variation measurement.

Recently, graphene surface plasmon (SP) has drawn significant interest for applica-

tion in sensing due to two-dimensional (2-D) graphene’s promising properties such
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as high m-conjugation structure, shallow thickness and mass, and high mechani-
cal strength [208]. In SPR sensors, the sample bio-molecules should be efficiently
adsorbed by the sensor surface to increase the sensitivity [209]. Therefore, bio-
molecular recognition elements (BRESs) are often placed on top of SPR-based sensors
to functionalize the metal film for enhanced bio-molecule adsorption. Since graphene
surfaces can be modified by introducing different BRE functional groups, such as
epoxy, hydroxyl, ketone, and carboxyl in their basal plane, graphene-based sensors
show high bio-molecule adsorption capability [210]. Recently, apart from graphene,
a few other 2-D materials, such as molybdenum disulfide (MoS,) and blue phos-
phorus (BlueP), have been shown to significantly improve sensor sensitivity when
used in simple metal-based SPR sensors [211]. Moreover, SPR biosensor based on
bimetallic film such as gold (Au)-silver (Ag) using BlueP has shown good sensitiv-
ity [212] but limited performance in detecting ultra-low concentrations of biological
molecules. However, using different 2-D materials like tungsten disulfide (WS,),
potassium niobate (KNbOs), and black phosphorus (BP) in addition to graphene
in a silver (Ag) based SPR biosensor is still unexplored, although they have optical

properties promising for an SPR sensor.

This work proposes a graphene SPR sensor for ultra low-level SARS-CoV-2 detec-
tion. The proposed sensor will work on the Kretschmann configuration, thus being
simple. The graphene layer is functionalized by ACE2 for efficient adsorption of
the SARS-CoV-2 S-protein sample [88]. The proposed sensor uses thin layers of
novel 2-D materials, particularly WS,, KNbOs, and BP or BlueP, between graphene
and Ag layers to increase the light absorption, and hence, the sensor’s sensitivity.
The optical and electronic properties of 2-D hetero-structures highly depend on the
number of 2-D material layers and the stacking patterns. Due to their excellent sen-
sitivity enhancement effects, such as BlueP/BP, KNbOs3, and WS,, we believe our
proposed 2-D material-based plasmonic biosensor will find applications in practical

biosensing [213].
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This chapter discusses a theoretical work based on detailed analytical and numeri-
cal calculations. We apply the finite difference time domain (FDTD) technique to
characterize the sensor response to an incident light. We also use a transfer ma-
trix method (TMM) based angular interrogation technique to determine the sensor
performance parameters. SARS-CoV-2 S-proteins are detected by calculating the
change in resonance angle. We use the Langmuir model to calculate the equilibrium
dissociation constant (Kp) to determine the binding kinetics between ACE2 and S-
protein [84]. The proposed sensor shows potential to detect ultra-low SARS-CoV-2
concentration of only ~1 fM, which is critical for the early detection of this deadly
virus. The proposed graphene SPR sensor also shows a high detection sensitivity,
figure-of-merit (FOM), selectivity, and resolution while detecting the SARS-CoV-2
compared to that of the state-of-the-art SPR sensors. Furthermore, the proposed
sensor offers a significantly small Kp, showing enhanced binding of SARS-CoV-2 on

the sensor surface.

The rest of this chapter is prepared as follows: Sec. 4.2 illustrates and discusses the
proposed sensor configuration and optimization of layer thicknesses. Then, Sec. 4.3
presents the optical properties of different materials, theoretical analysis of sensor
performance parameters, and simulation methods. Next, we present and discuss the
SARS-CoV-2 detection approach, analysis on binding between ACE2 and S-protein,
and the calculated sensor performances in Sec. 4.4. Finally, in Sec. 4.5, we conclude

the proposed sensor results.

4.2 Proposed Sensor

4.2.1 Configuration

The proposed graphene SPR sensor is designed based on the Kretschmann config-

uration, as shown in Fig. 4.1. The incident light on the metal-dielectric interface
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Figure 4.1: Schematic illustration of the proposed graphene SPR sensor for the
SARS-CoV-2 S-protein detection.

at the resonance angle (J,) excites SPR, significantly absorbing the incident light.
The 8, for SPR changes based on the refractive index of the dielectric material, i.e.,
the sample layer. The sample layer refractive index varies due to the presence of
SARS-CoV-2. Therefore, SARS-CoV-2 can be detected by measuring the change
in 9,. The SARS-CoV-2 will be placed on the top surface of the proposed sensor
structure, which is a graphene layer. In practice, we will need binding molecules to
immobilize antibodies on the graphene surface to capture the SARS-CoV-2. We use
1-pyrenebutyric acid N-hydroxy-succinimide ester (PBASE) that permits the bind-
ing of functional groups to graphene without disrupting the carbon atomic structure
[214] and acts as an interfacing molecule and a probe linker [88]. PBASE contains an
aromatic pyrenyl group, which physically interacts with graphene through rm—m in-
teraction. PBASE also contains a succinimidyl ester group, which covalently reacts

with the amino group on the antibody by an amide bond [215].

SARS-CoV-2 consists of four fundamental physical proteins, such as S, E, matrix,
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and nuclei-capsid proteins [216]. S-protein is immunogenic and shows amino acid se-
guence variation, permitting the specific detection of SARS-CoV-2 [216]. Hence, this
work uses S-protein as the sensing element to identify the SARS-CoV-2 [88]. The S-
protein contains protrusions that only bind to certain receptors on the host cell, such
as ACEZ2, dipeptidyl peptides-4, amino-peptides N, and carcinoembryonic antigen-
related cell adhesion molecule 1 [217]. Recent research results have confirmed that
ACE?2 is an effective receptor for SARS-CoV-2 S-protein, with SARS-CoV-2 grasp-
ing ACE2 cells primarily by endocytosis [218]. Therefore, thiol tethered DNA is
used in this work as an ACE2 layer for receiving and detecting SARS-CoV-2 [219].

In this work, ACE2 antibodies are placed throughout the top surface of the sensor
with 50 nm separations between the neighboring ACE2 antibodies. ACE2 height
and width are assumed to be 3 nm and 2.1 nm, respectively [85]. To block the
free space between ACE2 antibodies, we use ethanolamine as a blocker [220]. Each
ethanolamine blocker is 3.5-nm long and separated from neighboring blockers by 50
nm. The ethanolamine blockers support keeping the ACE2 antibodies static in their
places and prevent the adsorption of non-specific elements on the graphene surface
[221]. The SARS-CoV-2 sample can be collected from human nasopharyngeal swabs
and preserved in phosphate buffer saline (PBS) solution [222]. The PBS solution
containing the SARS-CoV-2 S-proteins makes the sensing layer, which can flow over
the sensor surface through a flow channel as an analyte [221]. In this work, the
PBS sensing layer volume is set to 100 uL and 200 uL to investigate the sensor
performances. We note that the PBS is neutral to SARS-CoV-2 S-protein and often

used for analyzing proteins [223].

The proposed graphene SPR sensor is built on a semi-infinite boro-silicate crown-
glass 7 (BK7) prism material, as shown as the bottom layer in Fig. 4.1. The light
is incident on the multi-layer structure from the prism side, and the reflected light
is recorded on the same side. The incident light excites surface plasmon polaritons
(SPPs) at the metal-dielectric, i.e., metal-multi-layer interface. The excitation of

plasmonic modes is sensitive to the thickness of the metal layer. In this work, we use
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a 46-nm-thick Ag layer as this thickness produces a peak in the SPP excitation [91].
For SPR, Ag is preferred to other metals, such as Au or copper (Cu), as it shows
dense plasmonic interaction with light at low loss [224]. The scattering cross-section
of Ag is greater than other metal choices [225]. Besides, Ag offers a narrower SPR

spectrum than other metals, which is essential for plasmonic biosensors.

The multi-layer 2-D structure interfaces with the metal layer with WS,. To date,
MoS, has been commonly used for such planar plasmonic structures. MoS, and
WS, belong to the same family of chemical characteristics. However, WS, is more
stable than MoS,, especially at high temperatures [226]. Additionally, WS, effec-
tively absorbs more light than MoS, or other transition metal dichalcogenide (TMD)
materials [124, 227]. Therefore, when interfaced with Ag, WS, helps decrease the

incident light’s reflection.

In the proposed structure, a KNbO3 layer follows the WS, layer. KNbOs has a high
optical permittivity that enhances the density of electric flux within the sensor [228].
Additionally, the imaginary part of the refractive index of KNbOs is zero. Hence,
KNDbO; increases light confinement without incurring losses. The layer that follows
KNbOs is a phosphorene family material BP or BlueP. The BP or BlueP layer is
sandwiched between KNbOs and graphene. The sensitivity of the proposed sensor
increases significantly as BP and BlueP have a high real part of the refractive index,
and hence enhance light confinement [111].

Using several 2-D materials in the proposed structure will increase the fabrication
complexity slightly. However, the fabrication of various 2-D materials is usually
cheap nowadays. In addition, the significant performance enhancement from the
proposed sensor justifies for using different 2-D materials at a reasonable cost in-

crease.
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Figure 4.2: Reflectance (R) of plasmonic structure in Kretschmann configura-
tion against layer thicknesses of (a) WS,, (b) KNbOs, (¢) BP (solid) and BlueP
(dashed), and (d) Graphene.

4.2.2 Optimization of Layer Thicknesses

The proposed graphene SPR sensor has several layers, with each having an essen-
tial effect on the overall performance. However, to get the best response from the
proposed sensor, appropriate optimization of layer thicknesses is critical. Here, we
have optimized the layer thicknesses of the proposed sensor using the approach dis-
cussed in Refs. [229] and [137]. In particular, we examine the effect of each layer
thickness on the reflected light intensity (R) profile as a function of the incidence
angle (8. The optimization of layer thicknesses depends on the minimum reflected
light intensity (Rmin) and full-width at half-maximum (FWHM) of the R-profile.
While the light absorption is maximum on the sensor surface at Rmin, the FWHM
represents the loss in the metal layer. Therefore, both Rmin and FWHM are crucial
for the sensitivity enhancement of a sensor, and an optimized layer thickness should

produce both Rmin and FWHM as small as possible.

The layer thicknesses are optimized sequentially. First, the layer thickness of WS,
is optimized, and then that of KNBOs, BP, and graphene. To optimize the layer

thicknesses, we change each layer thickness while the thicknesses of all other layers
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are fixed. We optimize the WS, layer thickness from calculations, as shown in
Figure 4.2(a). We find that when WS, = 0.8 nm, then both Rmin and FWHM show
minimum values. Furthermore, the increase of the WS, thickness (dws,) broadens
the FWHM of R-profiles as Rmin Value increases. Therefore, we set dws, = 0.8 nm
for the proposed sensor structure. Subsequently, we calculate the effects of KNbO;
keeping dws, at the optimized value. We determine Rmin and FWHM values when
the thickness of KNbO; (dkabo, ) is varied from 10 nm to 14 nm, as shown in Figure

4.2(b). In this case, both Rmin and FWHM are minimum when dxxbo, = 12.2 nm.

Following a similar procedure, we optimize dsp and dguer When dag, dws,, and
dknbo, are at their optimized values. We show the change in R and FWHM with
dsp and daiuer in Fig. 4.2(c). We note that, initially, R decreases very minutely with
dgp and is minimum at dgp = 1.59 nm. However, R increases when dgp > 1.59 nm.
By contrast, FWHM always increases with dgp and is minimum when dgp = 0.53 nm,
which is BP mono-layer thickness. We find that when dgp increases from 0.53 nm to
1.59 nm, Rmin decreases by 0.52% whereas FWHM increases by 16.66%. A narrow
FWHM of the R-profile is required for high signal-to-noise ratio (SNR) and accuracy
of 9, detection [230]. Therefore, dgp = 0.53 nm is set for the proposed structure.
We note that R decreases initially with dsep and is minimum at dgep = 0.615
nm. However, R increases when dgiuep > 0.615 nm. The thickness of a BlueP single
layer is 0.123 nm [231]. Therefore, 0.615 nm represents five layers of BlueP. On the
other hand, FWHM decreases slightly and becomes minimum at dgiuer = 0.615 nm.

Therefore, we set dsep = 0.615 nm for the proposed structure.

The change of graphene layer thickness changes the wave-vector of SPs, which even-
tually changes §,. In Fig. 4.2(d), we show that as dgraphene increases, both R and
FWHM decrease since the confinement of the incident light at the metal—dielectric
interface enhances [46]. When dgraphene increases from mono-layer, i.e., 0.34 nm to
five layers, i.e., 1.70 nm, R decreases by 12.93% as the absorption of incident light
increased. However, Rmin and FWHM both increase when dgraphene > 1.70 nm [46].

Therefore, we use dgraphene = 1.70 nm in the proposed sensor.
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Table 4.1: Refractive indices and thicknesses of the proposed sensor layers.

Material Refractive index Thickness (nm) Reference
BK7 1.515 semi-infinite [46]
Ag Real: 0.055 46 [174]
Imag: 4.285

WS, Real: 4.90 0.8 [232]
Imag: 0.3124

KNbO3 2.165 12.20 [233]

BP Real: 3.50 0.53 [234]
Imag: 0.01

BlueP Real: 2.1666 0.615 [235]
Imag: 0.1005

Graphene Real: 3.0 1.70 [40]
Imag: 1.1419

PBASE 1.74 1.13 [221]

Blocker 1.4539 3.23 [220]

ACE?2 1.13 2.10 [219]

Sensing layer 1.3348 100 [223]

4.3 Modeling and Simulation

4.3.1 Optical Properties

Optical properties of the layer materials of the proposed graphene SPR sensor are
dispersive. Therefore, the response of the sensor depends on the incident light’s
wavelength. Here, the proposed sensor has been designed for an incident wavelength
of 633 nm, which is frequently used in experiments [173]. The wavelength-dependent
refractive index of the BK7 prism layer is determined using the expression presented
in Ref. [46]. Furthermore, we have calculated the refractive index of Ag using the
Drude-Lorentz model [174].

The wavelength-dependent refractive index of WS, has been calculated using [232]

> <
S

nws,=~>—- N+

N | =
QR o>
I+
N |

N + a — 4n§n25ub, (4-1)
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where N = n? + n® , no and nsup are the refractive indices of air and substrate,
0 sub

respectively. The parameter § is the fractional change of the complex reflection ratio,

and o is defined as

non®  cos 9; sin’> &
a = 4iky dws sub , (4.2)
2 (N5 — n3ub) [N3ub — N6 + N cos(29;)]

where ko = 2rt/A and A is the operating wavelength. The refractive index of KNbOs

depends on A according to the following expression [233]

r 0.09972
= 44222+ 00197612 (4.3)

NKNbO,
A2 — 0.05496

We have used the refractive index of BP, as reported in Ref. [234]. Furthermore, the

refractive index of graphene has been calculated by [40]

C
NGraphene = 3 + =, (4.4)

3
where Cg is a constant with a value of 5.44 um™ [236]. The calculated refractive
indices for BK7, Ag, WS,, KNbOs, BP, and graphene are given in Table 4.1. On the
other hand, the indices of PBASE, ACE2, blocker, and PBS solution of the proposed

sensor are obtained from literature and also given in Table 4.1.

The index of the sensing layer (n;) varies when SARS-CoV-2 S-protein binds to
ACE2 antibodies in the PBS layer according to [237]

ns = n+ 8D, (4.5)

where n is the index of the PBS solution, 8 is the index progress coefficient with a

value of ~0.186 cm3/gm for PBS [238, 239], and D is the mass density of S-protein

in gram per deciliter. We calculate D using the following expression [91]

D=CXM, (4.6)
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Figure 4.3: Sensing layer refractive index (n;) vs. SARS-CoV-2 S-protein con-
centration for 100-uL and 200-uL PBS solutions.

where Cis the S-protein molar concentration in the PBS solution, and M is the

S-protein molecular weight, which is 180 kDa or 180x2.5875x 10 gm [218, 240].
We can write 1 fM = 1 X107 gm X 411.04 gm/L, or = 4.1104 X 10"** gm/dL. Also,
1 fM dissolved in 100 uL PBS solution is equivalent to 4.1104x10™ X 100 X 10°
gm/dL. Therefore, D = 4.1104X10 **x100x10°/10™** gm/ dL =~ 0.041104 gm/dL

for 100 uL PBS solution. Then ns = 0.041104 X 0.00186 +1.3348 ~ 1.33485 for 1
fM S-protein concentration in 100 uL PBS saline. A similar procedure is applied for

200 uL PBS solution to determine the n; for S-protein concentration.

In this work, we consider 100-uL and 200-uL PBS in the sensing layer separately,
where the molar mass of PBS is 411.04 gm/L. We vary the SARS-CoV-2 S-protein
concentration from zero to 800 fM in the PBS solution. The sensing layer refractive
index ns, due to the inclusion of the SARS-CoV-2 S-protein, is calculated using
Eqgs. (4.5) and (4.6) and presented in Fig. 4.3. When the S-protein concentration is
zero, the refractive index of the sensing layer is 1.3348, which increases linearly as
the S-protein concentration increases. We note that 200-uL. PBS shows a higher n;
than that of 100-uL PBS as the mass density of S-protein increases with the PBS

solution volume.
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4.3.2 Calculation of the Reflection Profile

To find the R-profile of the proposed sensor due to SPR, we solve 2-D full-field
Maxwell’s equations using the FDTD method. In the numerical analysis, we vary
8. We consider the proposed structure, as shown in Fig. 4.1, an N -layer system and
apply the TMM with the actual layer thicknesses of the sensor structure [46]. The
R of the N -layer system for a transverse magnetic (TM)-polarized incident wave is
given by [186]

(M + Mipgn)as — (M1 + Myogy) 2
:(Mll + M12gn)g1 + (M2 + MZZQN)'. ’

4.7)

where M is the characteristic matrix of the N-layer structure and M;; is given by

M,‘j = Mk . (48)

k=2 ij

In Eq. (8), i,j are positive integers, and

cos By —i sin 8/qx

M, = " (4.9a)
—iqx sin By cos By
2 02 gy\1/2
ar = (ex — misin” 9)7" (4.9b)
Ek
2n
Bx = dk A (exk — ni sin® @ )1/2, (4.9c)

where n; is the prism index, di is the thickness of the k-th layer, g is the dielectric

constant of the k-the layer, and k is an integer varying from 2 to N — 1.
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4.3.3 Sensor Performance Parameters

The sensitivity (S) and FoM are the main performance parameters of SPR based
sensors. These parameters are determined using the R-profile. The sensitivity is
defined as the ratio of Ag, and An, [187]

S=—17, (4.10)
Ang
where A3, is the change in resonance angle §, for An; change in ns. On the other
hand, FOM is defined as [188]

S

FoM=_____ 4.11
DG, 172) (.11

where AG; (1, is the full-width of ¥; at the half-maximum points on the R-profile.

4.3.4 Simulation Method

In this work, we use 2-D FDTD simulations to calculate the interaction of the
incident light with the sensor structure. The simulation area is 1600 nm in the x-
direction and 1000 nm in the y-direction. We apply a non-uniform meshing technique
with ultra-fine mesh grids in the FDTD simulations to limit the overall error to
< 0.05%. Furthermore, the simulation boundaries in the x-direction are terminated
by perfectly matched layers (PML), while Bloch boundaries terminate those in the

y-direction.

The incident light has a 633-nm wavelength and TM polarization. The incidence
angle ¥; must be greater than the critical angle (8;) for total internal reflection. The
total light absorption of the sensor is A = 1 — T — R, where T is the transmission
coefficient. Here, as the incident light will experience an attenuated total reflection,
T = 0. Therefore, we can write, A = 1 — R. When SPs are excited at the resonance

incident angle, R drops sharply. In this work, we vary §; from 55° to 85°, with a
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Figure 4.4: (a) R-profile of the proposed graphene SPR sensor for different

SARS-CoV-2 S-protein concentrations as a function of ;. In this case, SARS-

CoV-2 S-proteins are added to 100-uL PBS solution. (b) A9, against SARS-CoV-
2 S-protein concentration for 100-uL and 200-uL PBS solution.

step size of 0.099° to calculate the R-profile for mass level S-protein concentrations.
Additionally, for ultra low-level SARS-CoV-2 detection, we vary §; from 65.30° to
65.60°, with a step size of 0.00149°. The incident light source is located at 750 nm
from the BK7—Ag interface, whereas the reflected light intensity is recorded at 775

nm from the same interface.

4.4 Results and Discussion

4.4.1 Detection Approach and Limit of Detection

As the concentration of the SARS-CoV-2 S-protein in PBS changes, the sensing layer
experiences a difference in the refractive index. Consequently, the index variation
alters the SP wave-vector, which eventually changes &,. Figure 4.4(a) shows R-
profiles of the proposed sensor as a function of §; for different SARS-CoV-2 S-protein
concentrations. We note that when the sensing layer contains only the PBS, without

any SARS-CoV-2 S-protein, ¢, is 65.44°. The change of R-profile depends on the
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refractive indices of the buffer layer, such as the PBS, and the target molecule, such
as the S-protein concentration. We note that when the S-protein concentration is 1
fM, §, shifts to 65.445" and 65.450° for 100-uL or 200-uL PBS, respectively. Thus,
the change in &,, i.e., AG,, is 0.005" and 0.01° when 1 fM SARS-CoV-2 S-protein is
present in 100-uL and 200-uL PBS, respectively, as shown in Figure 4.4(b). While
U, changes significantly with the S-protein concentration, Rmin decreases slightly due

to the enhanced absorption of the incident light.

Figure 4.4(b) shows A8, = 8,(PBS+ACE2+S-protein) — Ur(PBS+ACE2) Calculated from the
R-profiles as the S-protein concentration varies for 100- and 200-uL PBS solutions.
We note that A9, increases significantly with the S-protein concentration. However,
A9, does not vary noticeably when S-protein concentration is = 600 fM in 100-uL
PBS solution, as shown in Fig. 4.4(b). Similarly, AS, shows a saturating behavior
when the S-protein concentration is = 500 fM in 200-uL PBS solution. Therefore,
the maximum ¢, shifts are A9,max) = 12.56" and 12.72" for 100-uL or 200-uL PBS

solutions, respectively.

To detect the SARS-CoV-2 S-protein, A9, values are used. As S-proteins incre-
mentally adsorb to the sensor surface, 9, keeps on shifting to greater values until
it reaches the maximum value [241]. S-proteins are detected when A9, > 0. Now,
LoD is determined from the minimum S-protein concentration for which a non-zero
A9, is registered. The proposed sensor shows A9, > 0 even when the SARS-CoV-2
S-protein concentration is only 1 fM, enabling the proposed sensor detect as low as 1
fM SARS-Cov-2 S-protein. The LoD of a sensor is an essential parameter, especially
when detecting a critical pathogen like SARS-CoV-2. In Table 4.2, we compare the
LoD of the proposed sensor with some recently proposed sensors that use plasmonic
techniques to detect the SARS-CoV-2 S-protein. The proposed sensor shows a much
smaller LoD than that reported by these state-of-the-art sensors. We note that the

plasmonic metasensor of Ref. [87] shows an LoD of ~4.2 fM, relatively close to that

obtained from the proposed sensor. However, the metasensor operates in the THz
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Table 4.2: Comparisons of LoD of the proposed sensor with different recently
proposed sensors for SARS-CoV-2 S-protein detection.

Sensor device Assay components LoD

MRT-PCR [242] SARS-CoV-2 5 uM
dd-PCR [243] SARS-CoV-2 0.00187 ng
RT-LAMP [244] SARS-CoV-2 0.025 pg/ul

FET biosensor [88] SARS-CoV-2 1 fg/ml

Meta-sensor [87] Au-NPs, SARS-CoV-2 ~4.2 fM
PPT biosensor [78]  Au-NPs, SARS-CoV-2 0.22 pM

NIR biosensor [77] SARS-CoV-2 ~301.67 nM
LSPR biosensor [245] Au-nano-spikes ~0.5 pM
This work SARS-CoV-2 1fM

range, and therefore, is bulky. The metasensor also does not work for the entire

range of the S-protein concentration.

4.4.2 Sensor Resolution and Binding Affinity

In Fig. 4.5(a), we show the proposed sensor’s resolution (SR) as a function of the

S-protein concentration. The resolution of a sensor can be determined by [246]

A, min)
SR=An, pg (4.12)

r(max)

where AUy (min) is the minimum spectrum resolution, and AS,max is the maximum 8,

shift, respectively. We note that the maximum SR is 0.25x10~> RIU when S-protein
concentration is 800 fM for 100-uL PBS solution. When S-protein concentration is
1 fM, the SR is 0.015 X 10> RIU and 0.016 X 10~ RIU for 100-uL and 200-uL
and PBS solutions, respectively. The SR of the proposed sensor signifies its ability
to detect SARS-CoV-2 S-protein in minute index variations such as on the order
of 107 RIU, which is significant compared to the recently reported SR values in

literature [246-248].
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Figure 4.5: (a) SR and (b) K, as a function of S-protein concentration of the
proposed graphene SPR sensor for 100-uL and 200-uL PBS solutions.

In an SPR sensor, typically a flow channel is used to inject aqueous solution to the
sensor surface [249]. In our proposed sensor, the PBS solution containing SARS-
CoV-2 can be injected into the channel to detect the S-protein where ACE2 is
immobilized on the graphene surface. S-proteins must bind to ACE2 antibodies so
that the gathering of proteins on the sensor surface changes the refractive index
of the sensing layer. The binding between the immobilized ACE2 and S-protein is
denoted by the association constant (K,) or the dissociation constant (Kp), where

Kp = 1/K,. We can derive an expression for Kp using the Langmuir model [84]

Aar(max) _

K,=C
b AS,

(4.13)
Langmuir model is a ligand binding model to justify the affinity of analyte-antibody
bindings [250]. Generally, the K, value for proteins on an SPR sensor is < 10
nM [251]. The Kp value should be as small as possible because a smaller Kp
value represents a greater binding affinity of the sensor to its target element. Figure
4.5(b) shows Kp of the proposed sensor as a function of the S-protein concentration.
We note that the binding affinity between ACE2 and S-protein increases with the

S-protein concentration. The Kp value is smaller with the 200-uL PBS solution
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Figure 4.6: (a) S and (b) FoM using BP and (c) S and (d) FoM using BlueP
as a function of S-protein concentration of the proposed graphene SPR sensor for
100-uL and 200-uL PBS solutions.

than that with the 100-uL PBS solution due to the increasing number of S-proteins
in greater PBS volume enhancing the chances of binding between ACE2 and S-
proteins. We note that the proposed sensor shows a smaller K, value compared to

recent reports on kp values in literature [251].

4.4.3 Sensing Performance

The selectivity of the proposed graphene SPR SARS-CoV-2 sensor can be deter-
mined from the change in §, as the S-protein concentration changes [84]. In Fig. 4.4(b),
we have shown the AS, for different S-protein concentrations for two different PBS
solutions. When the S-protein concentration is =1 fM, AJ, increases with the S-
protein concentration. Furthermore, A8, is more significant for the 200-uL PBS
solution. Therefore, the proposed SARS-CoV-2 sensor has an affinity toward S-
proteins [91]. As AU, sensitively changes with the S-protein concentration, the
proposed sensor is highly selective of SARS-CoV-2. The proposed SARS-CoV-2
sensor shows comparatively greater selectivity compared to recent reports in litera-
ture [84, 160, 252].
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Figure 4.6(a) shows the sensitivity of the proposed graphene SPR sensor as a function
of the SARS-CoV-2 S-protein concentration. As the sensitivity depends on the
change of ¢, and increasing S-protein concentration shows a greater variation of J,,
we find that the sensitivity increases as S-protein concentration increases. Also,
the 200-uL PBS solution shows a greater sensitivity than that of the 100-uL PBS
solution because the S-protein number increases with PBS solution volume, which
increases Ag,. When the S-protein concentration is 1 fM, S = 201 degree/RIU and
210 degree/RIU for 100-uL and 200-uL PBS solutions, respectively. Furthermore,
the proposed sensor shows the maximum sensitivity of 371 degree/RIU when the S-

protein concentration is 800 fM for 200-uL PBS solution.

The FoM of the proposed sensor has been presented in Fig. 4.6(b) as a function
of the S-protein concentration. We note that FOM increases with the increase of S-
protein concentration. When the S-protein concentration is 800 fM, the FoM is
maximum with values of 233 RIU™ and 275 RIU™ for 100-uL and 200-uL PBS
solutions, respectively. Moreover, 1 fM S-protein concentration shows 140 RIU™
and 148 RIU™ FoM for 100-uL and 200-uL PBS solutions, respectively. As the
increasing S-protein concentration raises the n, value, 9, increases. Moreover, as the
FoM is directly related to the sensitivity according to Eq. (4.11), it increases when

the sensitivity increases.

Figure 4.6(c) shows the sensitivity of the proposed graphene SPR sensor as a function
of the SARS-CoV-2 S-protein concentration using BlueP instead of BP. The sensi-
tivity increases as S-protein concentration increases. The sensitivity with BlueP is
comparable to that with BP at the ultra-low-level concentration of the S-protein.
However, when the S-protein concentration increases, the sensor with BlueP shows
greater sensitivity than the sensor with BP. When the S-protein concentration is 800
fM, the sensitivity is 365 degree/RIU and 435 degree/RIU for 100-uL and 200-uL
PBS solution, respectively, for the sensor with BlueP, ~10% greater than the sensor
with BP.
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Figure 4.7: (a) Dispersion relations of the proposed sensor when S-protein con-
centration is 1 fM using BP. The most left straight line is the light line, (b)
Propagation length, and (c) Propagation loss of the proposed sensor as a function
of SARS-CoV-2 S-protein concentration for 100 uL and 200 uL PBS solutions.

Figure 4.6(d) shows the FoM as a function of the SARS-CoV-2 S-protein concentra-
tion using BlueP instead of BP. BlueP shows greater FoM than BP for ultra-low-level
and mass-level S-protein concentrations. For example, when the S-protein concen-
tration is 1 fM, FoMs are 152 RIU™? and 153 RIU™* FoM for 100-uL and 200-uL
PBS solutions for the sensor with BP, = 4% greater than the sensor with BP. Fur-
thermore, when the S-protein concentration is 800 fM, FoMs are 282 RIU™ and
318 RIU™ for 100-uL and 200-uL PBS solutions for the sensor with BlueP, >15%
greater than the sensor with BP. The enhancement in FOM with the BlueP can be

attributed to the narrower R spectrum than BP.

As the proposed sensor has several layers of different refractive indices, calculating
the dispersion relation is numerically challenging. In this work, we analyze the
dispersion relations using the radiative mode [253]. The in-plane wave-vector can

be given by [253]
6 =2 “rismsing (4.14)
c r

where eprism 1S the dielectric constant of the prism, w is the angular wavelength, and

c is the speed of light in vacuum. Figure 4.7(a) shows the dispersion relations of the
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proposed sensor. We compute the reflectivity of the proposed sensor as a function of
frequency and 9. Frequency is varied from 4.2827 x 10" Hz t0 5.2138 x 10" Hz and
0; is varied from 55° to 85°. We find that the dispersion curve moves away from the
air light line. We note that after 630 nm wavelength (w = 2.9 X 10" Hz), dispersion
relations for both 100 uL and 200 uL move farther from the light line.

On the other hand, SPPs suffer damping in metal, decreasing the propagation length
significantly [14]. Mainly, damping depends on the dielectric constant of metal at
the oscillation frequency of SPPs. Losses may also occur due to the coupling of SPPs
to radiation modes. Propagation loss also depends on the sensing layer’s dielectric

constant [254]. The propagation length can be defined by [255]

1
L= xo—n*coso- (4.15)

i(1/2) Pc r

where n, is the refractive index of the prism. Also, the propagation loss can be
calculated by [255]

a = [—10log(1/e)l/L = 4.343/L. (4.16)

Figure 4.7(b) shows that the propagation length increases with SARS-CoV-2 S pro-
tein concentrations. Also, the 200 um PBS solution shows a greater propagation
length than the 100 um PBS solution since the sensing layer’s refractive index in-
creases with concentration, enhancing the light confinement. Our proposed sensor
shows a small propagation length <10 um, which is short-range SPPs. As a result,
the propagation loss decreases, as shown in Fig. 4.7(c). Moreover, when propagation
length increases from 2.62 um to 5.84 um, the propagation loss decreases from 1.44
dB/um to 0.72 dB/um for 200 um PBS solution. Compared to existing literature,

our proposed sensor performs better in propagation length and loss [255].

We note that the proposed sensor’s sensitivity and FOM performances are signifi-
cantly better compared to that of the state-of-the-art optical sensors. We compare

the sensitivity and FoOM of the proposed graphene SPR sensor in Table 4.3 with
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Table 4.3: Performance comparison of our proposed sensor with different recently
proposed sensors.

Sensor configuration S (degree/RIU) FoM (RIU™)
Graphene/2-D materials [256] 98 88.89
Graphene/ZnO/BaTiO; [257] 157 71

Graphene/PtSe, [258] 154 -
Graphene/PtSe, [259] 162 15
Graphene/WSe, [260] 164 -
This work (BP/BlueP) 210/210 148/153

some recently reported sensors. We have compared the minimum sensitivity and
FoM achievable from the proposed sensor at the LoD with those reported in litera-
ture, as given in Table 4.3. We note that we have considered sensors that use similar
2-D materials. The compared sensors also operate at 633 nm incident wavelength
and report results for a sample of index ~1.3349, which is the ns at 1 fM S-protein

concentration for 200-uL PBS solution in this work.

4.5 Conclusion

Tackling the COVID 19 pandemic requires rapid, low-cost and sensitive detection of
ultra low-level SARS-CoV-2. The sensor proposed in this work will detect SARS-
CoV-2 in real-time without requiring any label or complicated sample preparation.
The proposed sensor works using the principle of SPR angle shift. The angle shifts
obtained from the proposed sensor are significant when the SARS-CoV-2 concen-
tration changes even at the femtomolar level, demonstrating suitability for sensitive
detection of ultra-low concentration. Furthermore, the proposed sensor can detect as
small as 1 fM SARS-Cov-2 sample, making it suitable for early detection of COVID
19. The obtained LoD is much smaller than the presently available techniques. The
analysis of the proposed sensor presented here is computational. An experimental
justification of these results is important, which is out of the scope of this work.

However, such auspicious findings of this work confirm that the proposed sensor
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is appropriate for SARS-CoV-2 S-protein detection and may find applications in

detecting other biochemical and biological analytes.



CHAPTER 5

ANISOTROPIC GPCS-BASED TP
AND SP HYBRID MODES FOR
HEMOGLOBIN DETECTION

We propose graphene-photonic-crystals (GPCs) based Tamm plasmons (TPs) and
surface plasmons (SPs) hybrid mode for the detection of hemoglobin (Hb) level.
The in-plane anisotropic property of GPCs, the proposed sensor shows polarization-
dependent performances. The reflection profile shows two visible reflectivity mini-
mum which is determined by transfer matrix based angular interrogation method.
These reflection minimums are basically excitation of TPs and SPs hybrid mode. The
TPs resonance mode offer high figure-of-merit (FOM) to detect the Hb as compared
to the SPs resonance mode. We also observe the energy transfer from TPs mode
to SPs mode by using Fourier mode spectral analysis, which essentially enhances
the sensitivity. Increasing the sensitivity without grating-based sensor structure, we
propose double-dips method where the maximum sensitivity is 314.5 degree/RIU
and FoM is 1746 RIU™ (TPs-based) and 486 RIU™* (SPs-based), respectively when
Hb level is 189 g/L. The proposed GPCs based sensor offers possible applications

for the detection of bio-molecules with high sensitivity and FoM.

79
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5.1 Introduction

In surface plasmon resonance (SPR), transverse magnetic (TM) surface wave is prop-
agated between dielectric and metal interface. Such SPR resonances show wider
reflected light intensity (R)-profile due to scatter and absorption losses in the noble
metal [89]. Therefore, these types of optical sensor limit for further development.
Instead, the light absorption of mono-layer graphene is 2.3% which is good enough
for a 0.34 nm layer thickness. However, to reach a competent light matter inter-
action this is not sufficient for optical sensing and optical modulation [90]. As an
alternative, increasing graphene layers on the metal film enhanced the sensitivity of
the SPR sensors. Nevertheless, the full-width-at-half-maximum (FWHM) of the R-
profile widen when increasing the number of graphene layers [162]. As a result, wider
R-profile of graphene limits it applications as a two-dimensional (2-D) material in

the plasmonic sensors [49].

Different research groups have been proposed graphene-photonic-crystals (GPCs)
based sensor structure to increase the light-graphene interaction [63, 89, 261-265].
GPCs generally known as an artificial periodic array structure which is formed by
graphene and dielectrics as well photonic-crystals (PCs) is a form of photonics device
created through intermittently preparation of various dielectric layers with dissimilar
refractive index [266]. Also, several layers of dielectrics on graphene mono-layer is
stacked and these types of structures have been explored both theory and experiment
[53, 54]. Graphene mono-layer in GPCs can enhance the photon absorption by Bragg
fluctuation as well as enhances the light-graphene interaction [49]. GPCs are very
suitable for a vast area of sensing due to fast response time and ultrahigh sensitivity
[55]. Also, the electro-magnetic waves propagation in GPCs can control by photonic
band-gap (PGB) [56].

GPCs based structures have vast applications area such as optical modulator, po-
larizer, filter, and biosensor [267]. On the other hand, surface plasmons (SPs) can

be excited in GPCs with high degree of photon absorption [267] though problem
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of scatter SPs mode in GPCs is observed which can be controlled by doping [57].
Moreover, GPCs show properties of hyperbolic meta-materials such as Tamm plas-
mons (TPs), critical coupling and negative refraction [58-60]. TPs are basically
surface mode that excites at the metal and distribute Bragg reflector (DBR) based
interface [61]. The optical field of TPs decay in the DBR alone with the metal layer
[61]. TPs can stimulate directly by TM or transverse electric (TE) polarized light
and there is no need of dispersion regulation like SPs [62]. Also, the R-profile of
TPs is comparatively very thin than SPs [63]. Moreover, TPs have low absorption
loss and high quality factor which is very appropriate for optical modulation and
detection [268, 269]. Moreover, high quality factor improves the detection accuracy

and signal-to-noise ratio.

When metal layer is deposited on a prism material and GPCs is used, a hybrid TPs-
SPs mode are excited [64]. However, these hybrid modes are excited on different
interfaces on metal and GPCs (TPs) and on metal and sensing layer interface (SPs).
As a result, anti-crossing effect is observed on their dispersion relation [64]. The
anti-crossing effect alters the dispersion properties of the hybrid TPs-SPs plasmonic
mode and decreases the absorption losses of SPR. Therefore, the R-profile of TPs
and SPs become narrower compared with the traditional SPR. Actually, the anti-
crossing effect shows a coupling state between TPs and SPs and exchanges energy
from TPs mode to SPs mode [270].

Recently, different research groups have been proposed TPs based refractive index
and temperature sensor [63, 65, 66]. A graphene-porous silicon PCs is proposed
where figure-of-merit (FOM) and sensitivity control by varying different parameters
like incident angles, porosity’s, and thicknesses of silicon layers [67]. Also, asymmet-
ric graphene-DBR is used to create TPs mode and the effect of TM-polarization and
TE-polarization on sensor performances are investigated [68]. Moreover, a different
refractive index sensor contains GPCs is proposed with defect layer [63]. However,
the propose refractive index sensor is polarization and phase in-sensitive. Alter-

natively, a terahertz (THz) refractive index sensor of graphene-DBR is proposed
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where sensor performances are phase and polarization dependent [69]. In references
[63, 67—69] both of these types of sensors operated in THz region. However, using
THz frequency has some limitations such as difficult to detect the complex molecules
due to non-ionizing behavior and low photonic energy radiation [70, 71]. Besides,
to improve the performances of optical sensor in the optical wavelength region, TPs

mode can be combined with SPs mode [271].

Hemoglobin (Hb) is very important part of blood and found in the red blood cell
(RBC). The oxygen supplies in the tissue depend on Hb levels and variations of Hb
levels causes various diseases [72, 73]. Normal blood Hb levels are 120 g/L to 160 g/L
for female and 140 g/L to 180 g/L for male [75]. Moreover, blood Hb level increases
6.1025 g/L when change of refractive index is 0.001 refractive index unit (RIU).
Determine Hb level from RBC, heparin has been widely applied where pre-processing
is essential [74]. However, heparin-based detection suffers measurement error. A
whispering gallery-based method is used to detect the Hb level. Nonetheless. the
sensitivity of this sensor is low [75]. Recently, a graphene based SPR sensor have been
proposed for Hg detection [74]. Nevertheless, there are no information of detection

accuracy and also sensitivity is fluctuated when Hb level is increased.

In this chapter, we propose a GPCs based TPs and SPs hybrid mode for Hb detec-
tion in visible wavelength region. We have optimized the silver (Ag) thickness and
number of unit cell (N ) of GPCs based on R minimum and FWHM. Also, the en-
ergy transfers from TPs mode to SPs mode is determined by Fourier mode spectral
analysis (FMSA). We also show the anti-crossing effect between TPs and SPs for
different polarization angle (¢) using transfer matrix method (TMM). Moreover, the
optical properties of Hb in blood is calculated by Barer analytical model. The sensor
performances especially the change of resonance angle (Ad,) and FWHM for both
the TPs mode and SPs mode are calculated using TMM based angular interrogation
method. In addition, double-dips method (DDM) is applied to determine the sensi-
tivity (S) and FoM. The proposed sensor shows energy exchanges from TPs mode to

SPs mode which ultimately improves the sensitivity for Hb detection. Moreover, we
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Figure 5.1: Schematic of the proposed anisotropic GPCs based TPs and SPs
hybrid mode Hb detection sensor.

show the effect of TPs resonance on sensing and found that TPs have momentous

impact on sensing particularly the high FoM.

The rest of this chapter is arranged as follows: In Section 5.2, we present and
discuss the GPCs based sensor structure and optimization. Moreover, we discuss
the anti-crossing effect between TPs mode and SPs mode and also the simulation
approaches. For simulation models, we followed to solve the Maxwell equations
using finite difference time domain (FDTD) technique. In Section 5.3, we express
the analytical models that we applied to investigate the optical properties of different
materials. Moreover, determination of R-profile, TPs resonance mode identification
and energy transfer from TPs to SPs are discussed here. In addition, we present the
proposed GPCs based sensor performance parameters in Section 5.3. We show and
discuss the calculated sensor performances in Section 5.4. Besides, in Section 5.5.

we present the conclusions on the findings.
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5.2 Proposed Sensor

5.2.1 Configuration

The schematic of the proposed anisotropic GPCs based TPs and SPs hybrid mode
Hb detection sensor is shown in Fig. 5.1. We use BK7 as a prism material. On
the top of the prism, graphene-based PCs are stacked. Single GPC is formed by
graphene/SiO,/TiO,, respectively. This GPC like structure is also similar to the
DBR structure [272]. The thickness of graphene, SiO,, and TiO, are 1.02 nm, 110
nm, and 70 nm, separately. The thickness of SiO,, and TiO, are calculated by
ds = A/4n, and d; = A/4n,, respectively where A is the operating wavelength, n; is

refractive index of SiO, and n; is refractive index of TiO, [63].

Moreover, total thickness of single unit GPC is 181.02 nm. Graphene mono-layer
thickness (t,) is 0.34 nm. Here, we take 3t, graphene layer. The SiO, and TiO, layers
are chosen for wide PGB due to big differences of refractive index of SiO, and TiO,
[89]. We also consider GPCs is a periodic structure where total number of periods is
N . We have set N = 9 (optimized) as these periods support minimum R value. On
the top of the last period, we have set another graphene layer whose thickness is also
3t, as a termination layer. Termination layer supports the transfer of surface mode
dispersion by the photonic bands from one graphene layer to the other and reduce
the scatter of SPs mode [273]. Furthermore, graphene termination layer avoids the
oxidation of silver (Aqg) layer [274]. Followed by graphene termination layer, we
set Ag layer and thickness of Ag (dag) is 60 nm (optimized). The dag controls the
strength of interaction between TPs mode and SPs mode in the sensing layer and

therefore, play important role in the mode coupling [66].

As Hb is a bio-marker of several diseases, then fast and sensitive Hb detection is very
important. To detect Hb in human blood, we use a bio-recognition element (BRE)
such as antibody enzyme complex (AEC) [275]. The BRE will be located on the top

of the sensor surface which is another graphene layer on Ag. The thickness of this
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Figure 5.2: R-profile of the GPCs based proposed sensor as a function of d;
when npp = 1.32919 (a) Varying the number of GPCs unit N, and (b) Different
thicknesses of Ag layer.

graphene layer is also 3t, nm. Moreover, this graphene layer reduces the chance of
Ag oxidation. Practically, we will need binding Hb to immobilize antibodies on the
graphene surface. As graphene has such rich m-rt structure which can immobilize the
antibodies like AEC. On the other hand, AEC is an auspicious sensing element due
to its capability to capture specific bio-molecules where its catalytic action produces

signals. The thickness of anti-body layer such as AEC is 20 nm.

Nowadays, AECs have been made-up by genetic fusion, protein ligation, or chemical
conjugation [276-278]. These techniques have some limitations such as genetic fu-
sion suffers insoluble aggregates, chemical conjugation shows creation of unfavorable
disulfide bonds, and protein ligation method exhibits several lysine residues on their
surfaces. As a result, we use AECs which will be fabricated by Spy-Catcher (SC)
or Spy-Tag (ST) system [279]. SC or ST can be created by immuno-globulin colla-
gen adhesion domain-2 (CnaB2) of the fibronectin adhesion protein (FbaB) through
streptococcus pyogenes [275]. The human blood serum contains the Hb as a sensing

element which can flow on the top of the sensor surface by a flow channel [221].
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5.2.2 Optimization of Sensor Structure

The proposed GPCs based Hb detection sensor has several layers. However, metal
such as Ag and number of unit cell (N ) have critical effect on the overall sensor per-
formance. Nevertheless, to get the best response from the proposed sensor, suitable
optimization of sensor structural parameters are crucial. We have optimized dag of
the proposed sensor using the approach discussed in Ref. [229]. In particular, we
examine the effect of dag and variation of N of the R-profile as a function of the inci-
dence angle (). The optimization of dag and N depend on the minimum reflected
light intensity (Rmin) and FWHM of the R-profile. While the light absorption is
maximum on the sensor surface at Rmin, the FWHM represents the loss in the metal
layer. Therefore, both Rmin and FWHM are crucial for the sensitivity enhancement
of a sensor, and an optimized layer thickness and N should produce both Rmin and
FWHM as small as possible. Moreover, we consider both of the two resonance such

as TPs mode and SPs mode when optimizing dag and N.

To optimize the N , we vary the N while the other sensor structural parameters
such as layers thicknesses are fixed. Here, we use sensing layer refractive index
(nab = 1.32919) and dag = 60 nm. We optimize N from calculations, as shown in
Fig. 5.2(a). We find that when N = 9, then both Rmin and FWHM show minimum
values for SPs. However, TPs show minimum value when N = 5. Furthermore,
when N = 7, the R value is not minimum for both of these two resonances. We
note that increasing N from 5t0 9, Rmin Of TPs increase from 0.2498 t0 0.2818 i.e.,
absorption of incident light decreases. As well as Rmin 0f SPs decreases 0.0490 to
0.00288 i.e., absorption of incident light increases. We note that when N = 9, we
get the Rmin Value for SPs resonance mode. Therefore, we are not increasing the

number of N of the proposed sensor.

Next, we optimize the dag, we change dag while the other layers thicknesses are fixed
and number of unit cell is N = 9. We optimize dag from calculations, as shown in

Fig. 5.2(b). We find that when dag = 60 nm, then both Rmin and FWHM show
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Figure 5.3: R-profile of the GPCs based proposed sensor as a function of polar-
ization angle when nup, = 1.32919 (a) dag = 50 nm, (b) dag = 60 nm, and (c)
dag =70 nm.

minimum values for SPs. However, TPs show minimum value when dag = 50 nm.
Increasing dag from 50 nm to 60 nm, the FWHM is thinner for both SPs and TPs
mode. Furthermore, when dag = 70 nm, the R value is not minimum for both of
these two resonances. We note that increasing dag from 50 nm to 60 nm, Rmin Of
TPs increase from 0.088 to 0.2818 i.e., absorption of incident light decreases in TPs
resonance. As well as Rmin Of SPs decreases 0.076 to 0.00288 i.e., absorption of

incident light increases in SPs resonance.

5.2.3 Anti-crossing Effect

Using the anti-crossing effect, the energy band can be altered and splitting between
the TPs and SPs part as the hybrid mode corresponds to their coupling strengths
[280]. The change of gap positions between the SPs and TPs mode showing by the
R minimum and hence, the broadening or thinning of the R-profile indicates the
alterations of the coupling strength. Coupling between TPs and SPs lead to disgust

of their dispersion profile which is also depend on metal thickness [64]. Likewise, the
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excitation of the TPs-SPs based hybrid mode depends on total internal reflection

(TIR) conditions and these modes are polarization-sensitive [89].

We use the R-profile to show the coupling between TPs and SPs where dag can
play important role. Numerical analysis is shown in Fig. 5.3(a), 5.3(b), and 5.3(c)
when dag are 50 nm, 60 nm, and 70 nm, respectively. When dag = 50 nm as shown
in Fig. 5.3(a), there is very little splitting between SPs and TPs hybrid mode and
spectral repulsion is very small and about 2 nm at ¢ = 0°. SPs and TPs hybrid
mode overlap and not sense each other significantly. Similar tendency is observed
when we increase the value of ¢. However, increasing ¢ the value of R increases

which may degrades the sensor performances.

In Fig. 5.3(b), when dag = 60 nm the spectral repulsion is 30 nm at ¢ = 0°. There-
fore, a minimum gap is observed which repulse the SPs from TPs and moving the
SPs far away from the Ag layer. Also, minimum R value is observed which indi-
cates the thinner of R-profile. Thus, enhances the sensor performances. However,
increasing the value of ¢, the R value increases which indicates small absorption of
incident light on GPCs based sensor. As a result, the sensor performances decreases.
In Fig. 5.3(c), we show that the spectral repulsion is 8 nm at ¢ = 0° when dag = 70
nm. The spectral gap decreases when dag increases from 60 nm to 70 nm. We note
from Ref. [64] that when metal thickness is > 60 nm, SPs and TPs again not very
well sense each other due to weak inter-modal interaction [281]. Consequently, using
dag = 70 nm in the proposed GPCs based sensor reduces the sensor performances.

As usual, dag = 70 nm is also shown the dependence of ¢.

5.2.4 Simulation Method

In this work, we apply 2-D FDTD simulations to analyze the interaction of the sensor
structure with the incident light. The simulation area is 9000 X 1000 nm?, i.e., 9000

nm in the x-direction and 1000 nm in the y-direction. Moreover, we use perfectly
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matched layers (PML) boundary condition in the x-direction while Bloch boundary
condition in the y-direction. We find the solutions for 2-D structures as the proposed
GPCs Hb detection sensor is unvarying in the z-direction. We use a non-uniform
meshing technique with ultra-fine mesh grids in the FDTD simulations to limit the
overall error to < 0 .05%. Also, we have set a high mesh accuracy and used 1000 fs
simulation time for the simulation method. We have used either a TM-polarized or
a TE-polarized light source with 633-nm wavelength using oblique incidence. This
is due to light absorption of GPCs enhance by eight times from normal incidence
to oblique incidence [282]. To determine the R-profile, we vary the incidence angle
from 55° to 70° with step size 0.0427°. The light source is placed in BK7 region at
4250 nm from BK7-graphene interface. Also, we have recorded the R value and this

monitor is located in BK7 at 4400 nm from the same interface.

5.3 Modeling of the Proposed Sensor

5.3.1 Optical Properties

Optical properties of the different layers of the proposed GPCs based Hb sensor are
dispersive. As a result, the interaction of light with sensor structure depends on
the incident light wavelength. We have used incident wavelength of 633 nm for the
proposed sensor because it is normally used in experiments [173]. The wavelength
dependent refractive index of the BK7 prism layer is calculated using the following

expression [46]

1.03961212A° 0.231792344)* 1.039612A° 1/2

NBK7 = + + +1 ’
A2 — 0.0060006986 A2 — 0.0200179144 A2 — 103.560653 (5.1)
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As, graphene is an optically anisotropic uni-axial material due to its 2-D behavior,

its permittivity (g,) tensor is determined by [283]

gg: . 0 Eg,t 0 \ (52)
0 0 &gn

where g,, = 1 (normal part of graphene permittivity), because electric field of
normal incidence cannot stimulate any current in the graphene sheet [283]. However,

graphene permittivity (eg,.)(tangential part) is defined as [284]

o\w

(5.3)

weoty”

where o(w) is the conductivity of mono-layer graphene, w is the angular frequency
of the incident wave, and g, is the permittivity of free space. Mono-layer graphene

o(w) fundamentally depends on Kubo formula [179]

e’kgT _Ef Ef

o(w) = i57——=+ -
mn?(w + it?) ex (5.4)
keT 5210 1, | kflw 124 *

i4r[_h In 2| Ef | +A(w +iT™2)

where kg is the Boltzmann constant, £ is the Fermi energy, e isthe charge, T
is the temperature, 71 is the reduced Planck constant, and t is the relaxation time
of carriers. Here, we use Ef = 0.65 eV, and T = 300 K. To model graphene
o(w), phenomenological scattering rate (I) is used in FDTD based method. We use
I = 0.00051423 eV where T = 1/2r [285]. The dispersion relation of anisotropic
graphene can be expressed by [286]

K> + k* = sg,tkzofor (TE) (5.5)
X y

K2k

“X + - ¥ = for (TM) (5.6)

€t &gt
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q———
where ko = 2r/A. For TE-polarization, ky = k& — k%, ki = k, = ko sind; is
the tangential part of the wave-vector of each layer related to the incidence light

[287]. & is the actually g4, €5, and &7 for the graphene, SiO,, and TiO,, re-
spectively. For TM-polarization, the wave-vector of graphene, SiO,, and TiO, are

q — q —F—-
kox = K85 — k3Ey/Eqn), ksx = Keg— k2, and ki, = k’ero— k2, pespec-
tively where g;, = 1. We note that for TE-polarization, R-profile depends on

gg,¢ and not requires the tilting of ¥; [288]. However, TM-polarization based R-
profile depends on both &4, and g,, and requires the obliquity of incidence angle.
Consequently, GPCs based proposed structure shows isotropic behavior for normal
incidence. Alternatively, due to the obliquity of incidence light the proposed GPCs

based sensor shows anisotropic behavior.

The refractive index of SiO, and TiO, are 1.45702 and 2.30, respectively and ob-
tained from the literature [289, 290]. Refractive index of Ag is determined by the
Drude-Lorentz model of Ref. [174]. We use AEC as an anti-body which is modelled
by FbaB while its refractive index is 1.45 and collected from Ref. [291]. Finally,
we set the sensing layer refractive index. Human blood refractive index for Hb
varies from 1.32919 to 1.36019 and the Hb level growths 6.1025 g/L for every 0.001
RIU variations in the blood[75]. Therefore, the sensing layer refractive index i.e.,

refractive index of Hb in blood sample is determined by Barer model [292]
nub = Ng + CAA (5.7)

where ng is the present refractive index, C is the constant or refraction increment
of protein defined as 0.00276 nm, and AA is the change of resonance wavelength.
Moreover, a relation is present between the Hb level variations with nu, which can
be obtained from the Ref. [74]

H, = Ho + AAn (5.8)
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where H, is the present Hb level in g/L, H, is the final Hb level in g/L, A is a

constant which value is 6102.50, and An = 0.001 is the change of refractive index.

5.3.2 Calculation of the R-Profile

To find the R-profile of the proposed GPCs based sensor due to TPs and SPs reso-
nance mode, we use 2-D full-field Maxwell’s equations using the FDTD method. In
the numerical analysis, we vary ;. We consider the proposed structure, as shown in
Fig. 5.1, as a multi-layer structure and apply the TMM with the actual layer thick-
nesses of the sensor structure [46]. The R of the multi-layer system for an oblique

incident wave is given by [186]

_ My + Mipan)a; — (Mg + Mapgy)
“(M11 + Mg )1 + (M1 + Magn )

(5.9)

where M is the characteristic matrix of the multi-layer structure and M;; is given

by

M, = Me . (5.10)

In Eq. (5.10), i,j are positive integers, and

M, = cos By —i sin 8/qx . (5.11a)
—igy sin By cos By
gi = (e — Ny sin® )2 (5.11b)
Ek
2n |
8= d, (e« — M sin® 9,)"2, (5.11c)

where dy is the thickness of the k-th layer, & is the dielectric constant of the k-

the layer, and k is an integer varying from second to multi-layer. For TM and TE
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Figure 5.4: (a) R-profile of the proposed GPCs based TPs and SPs hybrid mode

when N =9, nup = 1.32919, and dag = 60 nm, and (b) R-profile of the proposed

GPCs based sensor using the similar sensor parameters with or without the Ag

layer. The solid red line lies within the PBG at 57.52° indicates the excitation of
TPs resonance mode.

polarization, R-profile can be calculated by [264]

Rt™ =| Rt™ | exp(iptm) (5.12)

RtE =| RTE | exp(i¢TE) (5.13)

In this analysis, we use ¢t™m = 0° for TM-polarization and ¢t = 30° or 60° for TE-

polarization. Practically, we can use Mach—Zehnder interferometer approach to
determine the TM or TE-polarization based R-profile [264].

5.3.3 TPs and SPs Analysis

TPs mode is electromagnetic wave which can excite at the interface between a metal
layer and a DBR due to consecutive reflections [69]. In our proposed sensor, TPs
create between interface of Ag and GPCs. TPs dispersion curve lies within the light
line and thus it can be excited by oblique as well as normal incident wave [293].

We have used TMM to analyze the spectral behavior of layered structure such as
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GPCs-based sensor. Here, magnetic and electric field part in various layers of such
structures is determined by using matrix operation [69]. When TPs excites, we can
write [294]

RMRgpcs = 1 (5.14)

where Rm and Rgrcs are the amplitude reflection coefficients of the metal and GPCs
interface. It is noted that Rm =~ —1 at visible wavelength then Rgpcs must be close
to -1 [69]. As a result, TPs mode is confined between Ag (permittivity is negative
real part) and GPCs band-gap. As the light is incidence on the sensor structure
from the GPCs side as shown in Figure 5.1, the gathering of the energy in the
TPs mode will make a dip in the R-profile [294]. Moreover, it is important to note
that such GPCs based structure where Ag is present, TPs and SPs mode cannot
be excited separately at a specific incidence angle [64]. There is a superposition of
electromagnetic wave localize at the Ag-GPCs interface (TPs) whereas localize at

the Ag-sensing layer interface (SPs) creating hybrid state.

In Fig. 5.4(a), we show the R-profile of the proposed GPCs based sensor structure
where nup = 1.32919, N = 9, ¢ = 0°. We note that there are two distinct R
minimum present. The first dip observes at 57.52° where the second dip at 63.96°.
The first dip is TPs excited between Ag-GPCs interface and the second dip is SPs
excited between Ag-sensing layer. If we consider the FWHM, TPs show 0.1708°
whereas SPs show 0.4730°. We note that SPs mode show 64% widen of FWHM.
Besides, there are number of ripples present in the R-profile which are insignificant

photonic modes in the various GPCs layers.

In Fig. 5.4(b), we show the R-profile for two cases. In first case, we simulate the
sensor structure (BK7-GPCs-Sensing layer) without using the Ag layer for determi-
nation of PBG [295]. The proposed structure without Ag show a PBG when §; varies
from 41.1° to 60°. No excited mode is observed in this region. Next, we simulate
the structure (BK7-GPCs-Ag-Graphene-Antibody-Sensing layer) with Ag layer. We

observer a resonance dip at 57.52°. This resonance is actually a TPs resonance mode
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Figure 5.5: Fourier power spectrum as a function of spatial frequency when
nmp = 1.32919, and dag = 60 nm (a) Variation the number of unit N, and (b)
Different polarization angle.

locate inside the PGB which creates by the interference of electromagnetic waves at

the interface between the Ag and GPCs layers [271].

5.3.4 Effect of Energy Transfer

FMSA approach permits to examine the characteristics of each mode like spatial
energy density profile and uncoupling of different scatters. We set an approach of
how strongly energy transfer from TPs to SPs and couples to a particular mode
[296]. In plasmonic-based devices, other modes in addition the SPs mode will be
excited in the metal-dielectric structure. The main reason of using FMSA method
is to crumble the individual modes. Electromagnetic field parts here in TM or TE
polarization change to wave vector of space by a one-dimensional (1-D) fast Fourier
transform (FFT). In Fig. 5.5(a), we present Fourier power profile with respect of
spatial frequency by varying the N . In addition, we present the same analysis when
¢ changes to observe the ¢-dependent energy transform from TPs to SPs as shown

in Figure 5.5(b). We have used nub = 1.32919 and dag = 60 nm in this analysis.
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Here, spatial frequency is plotted in the horizontal axis whereas the vertical axis

records the SPs and TPs power.

In Fig. 5.5(a), we show two modes. The first mode at 0.0173 um™ represents the
TPs mode whereas the second mode at 0.7983 um™ represents the SPs mode. We
have theoretically calculated the spatial frequency and demonstrated that it is the

qa_
SPs and TPs mode. For SPs mode, we use the wave-vector ksps = ko _£™¢Hb_ and

Em+EHDb

q
for TPs krps = ko &#e8 where g, is the real part permittivity of Ag and ees
is the effective permittivity of GPCs. In Fig. 5.5(a), when N = 7, TPs and SPs

both modes show maximum power where TPs (208100 a.u) show better power than
SPs (195200 a.u). Increasing N from 7 to 9, TPs power reduces from 208100 a.u
to 186600 a.u whereas SPs power reduces from 195200 a.u to 189000 a.u. We note
that when N = 9, SPs mode show maximum power compared to TPs. However,
increasing N from 7 to 9, TPs energy reduction rate is 10.33% where SPs energy
reduction rate is 3.18%. Actually, increasing N from 7 to 9, energy transfers from

TPs mode to SPs mode.

In Fig. 5.5(b), we show the similar tendency as increasing ¢ where the power of
both TPs and SPs modes are decreased. When ¢ = 0° then TPs show 186600 a.u
whereas SPs show 189500 a.u. On the other hand, when ¢ = 60° then TPs show
160700 a.u and SPs show 147700 a.u. Therefore, decreasing ¢ the energy transfers
from TPs mode to SPs mode. In the proposed sensor, our aim is to transfer energy
from TPs to SPs. As the maximum energy of TPs is confined in the GPCs and
near the Ag-GPCs interface then TPs electromagnetic fields barely relate with the
outer sensor surface. So, the TPs mode features mostly its resonance angle (9,) is

unresponsive to the changes of the refractive index of sensing medium [65].
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Figure 5.6: (a) Sensing layer refractive index vs. Hb concentration, (b) A9, as a
function of Hb concentration for TPs resonance mode, and (c) A9, as a function
of Hb concentration for SPs resonance mode.

5.3.5 Sensor Performance Parameters

The sensitivity and FoM are the main performance parameters of a GPCs based
SPs and TPs mode resonance sensors. These parameters are determined using the R-
profile. The sensitivity is defined as [187]

AG,(SPs/TPs)
Anub ’

(5.15)

Ssps/TPs =

where A9,(SPs/TPs) is the change in resonance angle of 9, for either SPs or TPs

mode. On the other hand, FoM is defined as [230]

SsPs/TPs
FoM = 5.16
SPs/TPs EFWHM SPS/TP’S ( )
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5.4 Sensing Performance

In Figure 5.6(a), we show the Hb concentration as a function of sensing layer refrac-
tive index. We vary the Hb concentration from zero to 189 g/L. The sensing layer
refractive index nup, due to the inclusion of the Hb, is calculated using Egs. (5.7)
and (5.8). When the Hb concentration is zero, then nup = 1.32919 which increases
linearly as the Hb concentration increases. Moreover, when the Hb concentration
is 189 g/L, then nup = 1.36019. As the concentration of the Hb changes in human
blood sample, the sensing layer experiences a difference in the refractive index i.e.,
change of nub(Anub). Consequently, the index variation changes the SPs as well as
TPs wave-vector, which ultimately changes the resonance angle 8, for both TPs and

SPs mode.

Figure 5.6(b) shows Ad, for TPs resonance mode as a function of Hb concentration
level for different ¢. We note that A9, for TPs resonance mode increases with the
Hb concentration. However, Ag, does not vary noticeably when ¢ changes from 0°
to 30°. However, when ¢ changes from 0° to 60° then A, is little bit significant. In
Figure 5.6(c), we show the similar tendency for SPs resonance mode. However, A,
changes significantly compared to TPs resonance mode. We note that Ag, for SPs
resonance mode is around 2 times higher than A9, of TPs resonance mode i.e., A9,

(SPs) = 2 X AG, (TPs).

In Figure 5.7, we show the sensor performances as a function of Hb concentration
by using TPs resonance mode independently. Moreover, we analysis the anisotropic
behavior of the GPCs based sensor i.e., polarization dependent sensor performances.
For anisotropic analysis, we use three different ¢ such as 0°, 30°, and 60°, respec-
tively. Actually, 0° represents TM mode whereas 30°, and 60° show the sensor
performances by TE mode. Figure 5.7(a) shows the sensitivity of the proposed
GPCs based sensor as a function of Hb concentration. Considering TPs resonance
mode, sensitivity increment is very minute depends on Hb concentration. As energy

confinement of TPs is Ag-GPCs interface then TPs electromagnetic fields hardly
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Figure 5.7: (a) S, (b) FWHM, and (c) FoM as a function of Hb concentration
of the proposed GPCs based sensor using TPs resonance mode.

interact with the sensing element. Though, AS, increments of TPs resonance is
linear as shown in Fig. 5.6(b) but Anup is not as small to enhance the sensitivity.
However, maximum sensitivity is observed when ¢ = 0° and increasing the value
of ¢ sensitivity decreases steadily, as increasing ¢, A9, reduces gradually as shown
in Fig. 5.6(b). Therefore, we note that TPs mode show low polarization-dependent

sensitivity.

In Fig. 5.7(b), we show the FWHM of the proposed GPCs based sensor as a function
of Hb concentration for different ¢p for TPs resonance mode. Increasing Hb concen-
tration or ¢, the FWHM increases. This is because the R-profile is broadened when
Hb concentration increases or ¢ increases. However, the value of FWHM is quite
satisfactory as compared with the FWHM of SPs mode. In Fig. 5.7(c), we show the
FoM of the proposed sensor for TPs resonance mode. Generally, FOM decreases when
Hb concentration increases or ¢ increases. However, when ¢ = 0° and Hb concentra-
tion is zero, then FoM is maximum and this value is 545 RIU™. The value of FoM
gradually decreases when Hb concentration increase and 517 RIU™ when Hb con-
centration is 189 g/L. As the increasing Hb concentration raises the nup value, A,
increases. However, the FWHM increases as Hb concentration increases then FoM

decreases. Similar tendency is observed when ¢ = 30° or ¢ = 60°. However, FoM
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Figure 5.8: (a) S, (b) FWHM, and (c) FoM as a function of Hb concentration
of the proposed GPCs based sensor using SPs resonance mode.

decrease more when ¢ = 60° compared to ¢ = 30°. Therefore, the proposed GPCs

based sensor shows polarization-dependent performances for FWHM and FoM.

Figure 5.8(a) shows the sensitivity of the proposed GPCs based sensor as a function
of Hb concentration. Considering SPs resonance mode, sensitivity increment is very
significant based on Hb concentration. As energy confinement of SPs is Ag-sensing
layer interface, then SPs electromagnetic fields interact easily with the sensing ele-
ment. Increasing Hb concentration from zero to 189 g/L, sensitivity increases 138
degree/RIU to 220 degree/RIU. When Hb concentration 189 g/L, sensitivity incre-
ment from TPs to SPs mode is 57.60%. However, increasing ¢, sensitivity decreases
and this reduction is more severed when ¢ = 60°. We note that when Hb concentra-
tion is 189 g/L, increasing ¢ from 0° to 60° reduces sensitivity 220 degree/RIU to 181
degree/RIU i.e., 17.72% decreases of sensitivity. Thus, sensitivity of the proposed

GPCs based sensor is polarization-dependent.

In Fig. 5.8(b), we show the FWHM of the proposed GPCs based sensor as a function
of Hb concentration for different ¢ for SPs resonance mode. Increasing Hb concen-
tration or ¢, the FWHM increases. These values are comparatively larger than TPs

mode and about 3 times higher than TPs mode. This is because the R-profile of
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Figure 5.9: (a) S, (b) FWHM, and (c) FoM as a function of Hb concentration of
the proposed GPCs based sensor of TPs and SPs hybrid resonance mode applying
DDM.

SPs is more broadened than TPs when Hb concentration increases or ¢ increases.
The main theme of wide FWHM of SPs mode is the losses of Ag which is essential
for plasmonic wave creation [89]. In Fig. 5.8(c), we show the FoM of the proposed
sensor for SPs resonance mode. Generally, FOM decreases when Hb concentration
is from zero to 100 g/L. After that it starts to increase. This tendency is observed
for all the value of ¢. As usual the sensitivity analysis, FOM reduction rate is more

severed when ¢ = 600,

However, when ¢ = 0° and Hb concentration is zero, then FOM is maximum and this
value is 290 RIU™. If we use SPs instead of TPs, then FoM reduces 46.77% when ¢ =
0°. The value of FoM gradually decreases when Hb concentration increase and 228
RIU™* when Hb concentration is 100 g/L. As the increasing Hb concentration raises
the nup value, AS, increases. However, the FWHM increases as Hb concentration
increases then FOM decreases. Similar tendency is observed when ¢ = 30° or ¢ =
60°. FOM is increasing after 100 g/L Hb concentration due to increment rate of
sensitivity is gradually higher in this Hb concentration range. We note that SPs

resonance mode shows polarization-dependent performances of the proposed GPCs

based sensor.
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In a hybrid TPs-SPs mode, we should give attention to the TPs mode as it drives the
SPs mode away from the Ag layer, therefore decreases the losses of SPs. In addition,
TPs resonance mode can be used for the unintended follow-up of the processes that
occurs out-side of the Ag layer [89]. In TPs resonance mode, the FWHM is thinner
due to low losses as the main part of surface wave is propagated in the interface of
GPCs and Ag. Accordingly, a small part of the TPs enters into the Ag, the resonance
becomes thinner and offers higher FOM. The fundamental drawback of TPs using
biosensing areas is that this mode excites at the inner interface between AG-GPCs
and hence, not directly accessible at the sensing element [89]. Consequently, using
hybrid TPs-SPs mode for biosensing explores the TPs mode in a strong coupling
region and applying one more mode provides the accuracy of sensing performances
[261]. For hybrid TPs and SPs mode, we have an extra sensitivity modification
option such as TPs resonance mode which is varying the robust coupling effect. As
a result, we can control the width of R-profile by transferring the TPs mode energy
to the SPs mode and hence, SPs provides the minimum R value and thinner width
[89]. Next, we calculate the sensitivity and FoM using DDM as our proposed GPCs
based sensor offers hybrid TPs-SPs mode. The sensitivity and FoM is calculated by

[297]
Al9SPs + A19TPs (5.17)

Sppm =
Anyn,  Anmp

where AUsps and Adtps are the change of resonance angle in SPs and TPs resonance
mode, respectively. Moreover, we can determine the FoM by using the following
expression [297]

FoM = Sppm/FWHMsps/Tps (5.18)

where FWHMsps/Tps 1S FWHM for either SPs or TPs resonance mode. In DDM,
usually FWHMsps is used for FOM calculation. As TPs resonance mode has little
effect on sensing layer, we can also use this resonance for FoM calculation. In
Fig. 5.9(a), we show the sensitivity of the proposed GPCs based sensor as a function
of Hb concentration for different ¢ using the DDM. As usual, sensitivity increases

when Hb concentration increases. On the other side, sensitivity decreases when
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the value of ¢ increases. We note that when Hb concentration is 189 g/L then
sensitivity is maximum i.e., 314.5 degree/RIU. Comparing the sensitivity of DDM
with normal SPs resonance at this particular Hb concentration, sensitivity enhances
by 30%. Besides, increasing ¢ the sensitivity decreases as usual and this decrement
is more significant when ¢ = 60°. Thus, sensitivity analysis using DDM also show

polarization-dependent characteristics.

In Fig. 5.9(b), we show the FOM using TPs resonance mode. We find absolutely
high FOM when ¢ = 0° and at 189 g/L Hb concentration level this value is 1740
RIU™. This value of FoM is quite impressive. As using TPs resonance provides
thinner FWHM due to small loss of incident light at AG-GPCs interface. In addi-
tion, the FoM using TPs also show polarization-dependent behavior. In Fig. 5.9(c),
we also show the FoM of the proposed sensor for SPs resonance mode. Generally,
FoM decreases when Hb concentration increases from zero to 126 g/L, then it starts
to increase. This tendency is observed for all the value of ¢. As usual the sensi-
tivity analysis, FOM reduction rate is more severed when ¢ = 60°. Compared the
result with SPs resonance mode, when ¢ = 0° and Hb concentration is zero, we
find the FoM enhancement is around 40.02% using DDM. Using SPs mode in Fig-
ure 5.8(c), FoM is progressively decreased at Hb concentration is around 100 g/L.
However, using DDM this position shifts to 126 g/L as DDM offers more sensitivity

enhancement.

We note that the proposed GPCs based sensor performances especially the sensitiv-
ity and FoM are meaningfully better compared to that of the state-of-the-art optical
sensors. We compare the sensitivity and FoOM of the proposed GPCs based sensor
in Table 1 with some recently reported sensors. We have compared the maximum
sensitivity and FoM reachable from the proposed sensor as this stage Hb concentra-
tion is 189 g/L which corresponds nup = 1.36019 with those reported in literature,
as given in Table 5.1. We note that we have considered the sensors that use the

DDM technique or not to determine the sensitivity and FOM. The compared sensors
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Table 5.1: Performance comparison of our proposed sensor with different recently
proposed sensors with or without using DDM.

Sensor configuration S (degree/RIU) FoM (RIU™)
Metal grating [298] 237 138
Graphene hybrid TPs [63] — 161
2-D materials SPR [257] 235 71
PtSe, SPR [259] 162 15
Graphene TPs-SPs [65] — 12
Graphene SPR [74] 200 -
This work (TPs) 93 545
This work (SPs) 189 290
This work (DDM, SPs) 314.5 486
This work (DDM, TPs) 314.5 1746

also operate at 633 nm incident wavelength and report results for a sample of index

~1.36.

5.5 Conclusion

The proposed anisotropic GPCs based hybrid SPs and TPs mode sensor can be used
to sense the hemoglobin level in blood sample with very high sensitivity and figure-
of-merit. We find that the sensor performances depend on the hybrid plasmonic
mode which can control through the coupling effect of TPs and SPs with appro-
priate thickness of metal layer. Moreover, this coupling effect decreases the losses
of noble metal in visible wavelength and hence, thinner the plasmonic mode such
as TPs or SPs resonance. We apply anisotropic property on GPCs and observe the
polarization-dependent sensor performance. We note that using double-dips method,
maximum 314.5 degree/RIU sensitivity and 486 RIU™ are found when Hb concen-
tration is 189 g/L. Besides, we can employ the TPs resonance mode as an secondary
probe which can provide an extra information, such as helpful for the analysis of

adsorption process at different interfaces of metal-GPCs. The performances of the
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TPs and SPs hybrid mode of GPCs based sensor can be used for various types of

proteins detection.



CHAPTER 6

GRAPHENE NANOSTRIP-BASED
™ MODE DUAL-CHANNEL
REFRACTIVE INDEX SENSOR

Generally, transverse magnetic (TM) polarization-based surface plasmons (SPs) are
excited in plasmonic devices. While the transverse electric (TE) modes can be
excited in graphene up to the visible frequency range, TM modes can be supported
only from terahertz to the mid-infrared region. This work shows that graphene TM
mode can be created in the visible spectrum by applying a suitable voltage across
the graphene layer and using an appropriate interfacing dielectric layer thickness.
Furthermore, utilizing this TM mode, this work proposes a dual-channel refractive
index sensor, a promising alternative to the traditional Kretschmann arrangement.
In the proposed sensor, two graphene layers, one with graphene nanostrip arrays,
are exploited for efficient TM mode excitation. The nanostrips in the first graphene
layer scatter the incoming radiation to the second graphene layer and generate TM
mode at both layers even at the oblique incidence of light. The proposed dual-
channel sensor shows a 2530 degree/RIU peak sensitivity when the sensing channels

have the same analyte. Besides, two different analytes in the two channels having
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different refractive indices can be detected simultaneously. The proposed graphene-
based sensor will significantly impact biosensing and refractive index sensing without

needing noble metal in the structure.

6.1 Introduction

Surface plasmons (SPs) propagate at a metal—dielectric interface, confining light in
sub-wavelength dimensions [10]. During the past decade, SPs excited at a metal—
dielectric interface have drawn significant interest for their applications in biosensing.
However, metals are inherently lossy, and the propagation length of metal-based
SPs is limited due to high losses. In addition, the direct excitation of metal-based
SPs is impossible due to the wave-vector mismatch between the incident light and
the SPs and the difficulty in altering the dielectric properties to overcome such
a mismatch [98]. On the other hand, plasmons excited at a graphene—dielectric
interface show controllable electromagnetic (EM) properties, comparatively low loss,
and intense light absorption [92]. As a result, plasmons excited in graphene are
promising alternatives for metal-based SPs in many areas of photonic and plasmonic
devices, from mid-infrared (MIR) to terahertz (THz) wavelength region [299-302].
In addition, plasmons in graphene characteristics strongly depend on the substrate’s

physical and geometrical parameters and can be tailored as per requirement [303].

Graphene shows an extraordinary property variation from dielectric to metallic re-
sponse at energies near iw ~ 2Ef , where Ef is the Fermi energy, 7 is the reduced
Plank’s constant, and w is the angular wavelength [304]. In graphene, Ef can be
efficiently controlled by doping [304, 305]. Graphene conductivity (og), especially
the imaginary part, changes sign from positive to negative when iw > 2Ef , with
the minimum at iw = 2Ef [191, 306]. The change of sign occurs since the electric
field reverses the direction of the current [307]. The negative sign of o, (imagi-

nary part) confirms the presence of the transverse electric (TE) mode in graphene
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[306]. However, the TE mode’s dispersion relation is very close to the light line,
and it cannot confine the incident light sufficiently [307]. On the other hand, when
o4(ima) > 0, that supports transverse magnetic (TM) mode in graphene [307]. Fur-
thermore, graphene does not support TE and TM modes in the same wavelength
region [98]. By applying a suitable gate voltage (V,) to the graphene and using an
appropriate interfacing dielectric layer thickness, the TM mode can be excited at a
desired wavelength[169], allowing designing optoelectronic and plasmonic devices in

optical frequency.

When hw < 1.667E; , graphene shows metallic response with a positive imaginary
part of g4, supporting TM mode and ensuring strong light confinement and huge
wave vectors [95]. However, graphene TM modes can reach up to the MIR range,
whereas graphene TE mode up to the visible range [96]. Moreover, TM modes
show collective electron oscillations, and therefore, the real part of £, must be neg-
ative to excite TM modes in graphene [308]. TM mode has been experimentally
observed in graphene micro-ribbon arrays, infrared nano-imaging, nano-scopy and
sub-wavelength gratings from THz to infrared (IR) wavelength range [97-99]. Be-
sides, when photon energies (E,) are > 2E; , mono-layer graphene shows 2.3% light
absorption, which limits the conversion from light to the electronic signals in a

graphene layer[309].

Kretschmann-based angular interrogation method is generally used to create SPs,
showing a high signal-to-noise ratio. However, the resonance angle shifting must
be significant for enhanced sensor performance. The sensitivity of a Kretschmann
configuration sensor is usually low, ~200 degree/RIU (refractive index unit) [100].
However, it is possible to increase the sensitivity by decreasing the refractive index
of the prism material, although this approach reduces the detection accuracy [100].
To overcome the low sensitivity problem, several research groups have proposed var-
ious modified structures [229, 310, 311], e.g., metal nano-grooves-based plasmonic
sensors to decrease the reflected light intensity [101]. Moreover, a silver (Ag)-gold

(Au) grating SPR based sensor has shown maximum 346 degree/RIU sensitivity[312].
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Nevertheless, these SPR sensors are not prism-based though prism-based sensors are
extensively used in commercial SPR sensors [313]. Besides, graphene nanostrips with
Au-aluminium (Al)-based SPR sensor has shown maximum 165 degree/RIU sensitiv-
ity and 164.28 RIU™ figure-of-merit (FoM), respectively[260]. Anyway, nanostrips
geometry such as thickness and length effect on sensing performance are not anal-
ysed. Recently a SPR sensor based on Au grating where SPR and localized SPR
(LSPR) coupling effect is proposed and found maximum 397.3 degree/RIU sensitiv-

ity though detection accuracy is not calculated[314].

On the other hand, TM mode in doped mono-layer graphene on a dielectric layer
have been investigated through attenuated total reflectance (ATR) based technique
in THz wavelength [315]. Likewise, graphene-based constructions using ATR have
been proposed for polarizers and switches by adjusting the V,[316, 317]. In addition,
graphene can be sandwiched between different dielectric materials, such as SiO, and
Si layers to control Ef and the electron density (n,) [41, 91, 303]. By applying a
suitable V,, ny can be increased. When n, = 4x10*cm™, E; = 2.3 eV [98, 318].
Furthermore, the properties of TM mode in graphene strongly depend on the relative
permittivity (g,) and thickness (d) of SiO, [41]. However, it is observed that g, of
SiO, is comparatively small. The only parameter to increase the Ef is the d of SiO,.

Alternatively, ZnO can be considered instead of SiO, due to its high &, [319].

This work shows that TM mode in graphene can be excited using the ATR method
in the visible wavelength without needing the noble metal. We show that graphene
optical properties can be effectively tuned by changing the thickness of the inter-
facing dielectric layer (dzno) and V,. Moreover, we use the Kubo analytical model
to determine the optical properties of graphene layer. The proposed sensor uses
dual channels for refractive index sensing, where graphene nanostrips set in the first
graphene layer. These nanostrips scatter the incident light to a second graphene
layer through different dielectric layers. To calculate the proposed dual-channel re-

fractive index sensor performance, especially the sensitivity, we use transfer matrix
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Figure 6.1: (a) 2-D schematic of the proposed graphene nanostrips based TM

mode dual-channel refractive index sensor (one unit cell), and (b) 3-D schematic

view of BK7, graphene-nanostrips, and ZnO of the proposed refractive index sen-
sor.

method (TMM)-based angular interrogation. In addition, we use the logical multi-
plication for the calculation of total sensitivity. Our proposed dual-channel sensor
shows maximum 2530 degree/RIU sensitivity when both the sensing channels have

the same refractive index.

This chapter is organized such as: In Sec. 6.2, we present the proposed dual-channel
sensor configuration. In Sec. 6.3, we define the optical properties of different ma-
terials. We describe the numeric techniques in Sec. 6.4 that solves the Maxwell
expression by finite difference time domain (FDTD) procedure. We also present the
dynamics of incident light in Sec. 6.5. Moreover, in Sec. 6.6, we show the results
of the proposed dual-channel sensor. In Sec. 6.7, we summarize the findings of the

proposed sensor.

6.2 Sensor Structure and Materials

Figure 6.1 shows the proposed dual-channel TM mode in graphene refractive index
sensor. The proposed sensor structure is an effective substitute for the conventional
Kretschmann configuration, allowing the sensor to excite the TM modes in graphene

using oblique incidence of light. A semi-infinite BK7 prism is used as the glass
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substrate. Light is incident to the prism—graphene interface from the prism side.
Using a collinear optical arrangement for the incidence on plasmonic nanostructures
will help to reduce the noise and miniaturize the sensor size [320]. The intensity of
the reflected light is detected from the same side. The incident light has a 633 nm

wavelength.

Graphene nanostrip arrays are placed on the prism material. Graphene nanostrips
are separated by a distance L, = 100 nm, as shown in Fig. 6.1, with air filling gaps
between the strips. Using air pockets between graphene strips helps increase the
resonance dip of the reflection profile [164]. The width (W,) and thickness (t;) of
each graphene nanostrip are 500 nm and 50 nm, respectively. Graphene nanostrips
have a periodicity (K) of K = W, + L, = 600 nm. For numerical analysis, we have

considered only one unit cell of the structure with periodic boundary conditions.

In the visible wavelength, the graphene dielectric constant (g,) can be controlled
using a suitable V,[91]. The ZnO layer used in the proposed sensor between graphene
and Si acts as an insulating layer, creating a parallel capacitor model [170]. Such an
arrangement can change graphene optical properties [41]. We apply V, between Si
and graphene to control n,, Ef , and electron mobility (u4) of the graphene [169, 170].
The thickness of ZnO and Si are 5 nm and 50 nm, respectively. As graphene’s optical

properties change with V,, it behaves like a noble metal in the visible wavelength.

2-D materials like graphene, tungsten diselenide (WSe,), molybdenum disulfide
(MoS,), and tungsten disulfide (WS,) can alter the surface characteristics to en-
hance the adsorption of bio-molecules [321]. We use single-layer WS, on top of the
Si layer for bio-molecule adsorption. The proposed sensor uses two sensing channels.
The first one is located on the top of the WS, with a thickness ds; = 100 nm [322].
The second sensing layer is on top of the second graphene layer. We also assume a
thickness ds, = 100 nm for the second sensing channel. However, a 30-nm-thin BK7

layer separates the first sensing channel from the Si layer to decrease the reflected
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light intensity (R). The BK7 glass material is the substrate for the second sens-
ing layer arrangement. The first graphene layer consists of nanostrips to help the
excitation of TM modes in graphene. In addition, the periodic array of graphene
nanostrips creates a scattering pattern, which illuminates the second graphene layer
that acts like a metal [229] and produce TM modes at the graphene—sensing layer 2

interface.

6.3 Optical Properties

The performance of the proposed dual-channel refractive index sensor depends on
the constituent materials’ complex refractive indices. Therefore, the performance
of the sensor also depends on the incident wavelength as materials show dispersive
optical properties. The refractive index of BK7 prism is wavelength-dependent and
can be determined by the method defined in Ref.[46]. The g, of two-dimensional (2-

D) mono-layer graphene can be defined by [178]

. Og
gg=1+i 01, (6.1)
m

where t,, is the thickness of mono-layer graphene and &, is the free space permittivity.
The permittivity of graphene (g4) has two components considering the orientation of
the structure, such as tangential and normal. However, for the normal part, electric

field cannot excite any current in the graphene sheet [283].

The optical properties of a few-layer graphene sheet are the same as the mono-layer
graphene [178]. Generally, o, of a graphene sheet is calculated through the Kubo
formula [95]

e’kgT Ef Ef

Og =l—5——— -
mh2(w +it™?) ox (6.2)
keT 5210 e, | kil 84 *

N 2| B | +h(w + it
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where K denotes the Boltzmann constant, T denotes the temperature, and e de-

notes the electron charge. The carrier relaxation time (t) is related by [41]

HEf*
T= —

. (6.3)
evr

In this work, we use v; = 1.49 X 10° m/s[323] and determine the Fermi energy,

Ef = hvg(mng) [180]. The graphene Fermi energy can be changed by applying V.
The considered relation can be determine by a parallel capacitor model. The n, of

the graphene is determine by n, = €,&0Vy/edzno [180]. Here, & is the permittivity
of ZnO. We use €, = 8.5 for ZnO[324]. Graphene p, is defined by[181]

w(n,T)= Ho 1 y (6.4)
g 9 1+ (n?/nA 1+ (T/7 — 1)8

where po = 225000 cm?V s, nrer= 1.1 X103cm™2, T =300 K, Tref = 300 K, A
= 2.2 and B = 3 [181, 325]. The refractive indices of ZnO, Si and WS, are collected

from literature[48, 162, 326]. We use the sample refractive indices 1.33-1.45 for the

sensing channels.

6.4 Simulation Method

To determine the R-profile of the proposed dual-channel refractive index sensor, we
solve 2-D vectorial MaxwellaAZs equations by the numerical FDTD method. We get
the solutions for 2-D configurations as the proposed dual-channel structure is uniform
in the z-direction. For 2-D simulation, we set 4000 nmXx 600 nm simulation area
that includes the dual-channel sensing area. The perfectly matched layer boundary
condition (BC) is set in the x-direction and the Bloch boundary condition in the y-

direction.

We have used non-uniform meshing in the simulation area, ensuring a high mesh

accuracy and maximum mesh refinement. In our FDTD simulations, the mesh



Chapter 6 114

refinement approach is used to obtain sub-cell precision and ensure accuracy for the
metal layer and metal—dielectric interface [327]. We have used 1 ns simulation time
for the convergence of the FDTD calculations. We have used a TM-polarized light
source with 633-nm wavelength. The incidence angle has been varied from 45° to
75° with step size 0.326° to determine the R-profile. The light source is placed in
BKY7 region at 1.90 um from BK7-graphene interface. Also, we have recorded the R

value and this monitor is placed in BK7 at 1.95 um from the same interface.

6.5 Dynamics of Incident Light

The traditional Kretschmann configuration-based sensors obey the following expression[100]

n

1 n,sing, = Re{8}, (6.5)

where A is the wavelength of the incident light, n, is the refractive index of the glass
prism, &, is the resonance angle, and 8 is the propagation constant of plasmons in
graphene. In our dual-channel sensor configuration, the incident light is scattered
from the first graphene nanostrip layer. The graphene nanostrip layer creates TM
modes, creating extensive propagating vector moving in different directions [229].

The TM modes at the first graphene—sensing layer interface follow the expression

[229]
i Z
Slnl?r]_ = /?V%I (66)

p
where g, is the permittivity of prism layer and z is the scattering order. From the
graphene nanostrips, the dispersed radiation spreads to the second graphene layer
through the dielectric layers. Hence, TM modes are also created at the second
graphene—sensing layer interface, satisfying the following expression [229]

Eg€so

sing,, = (6.7)

gp(g9 + £52)
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Figure 6.2: Optical properties of graphene as a function of V, for three different
thickness of ZnO (a) n,, (b) Ef, and (C) ug.

where €s; is the permittivity of the second sensing layer.

The transfer matrix approach is used for the calculation of R-profile for an N -layer

system. The reflected light intensity is calculated by [113]

R=|r,% (6.8)

where r, is the coefficient of reflection of TM polarization.

6.6 Results and Discussion

Figure 6.2 shows the optical properties of graphene as a function of V, for three
thicknesses of ZnO. Figure 2(a) shows that n, increases with V,. Moreover, n, also
increases as dzno decreases. A similar tendency is observed in Fig. 2(b), where
Ef increases with V,. However, Ef increases when dzno decreases. Alternatively,
ug decreases when V, increases, as shown in Fig. 2(c), while u, increases as dzno

increases.
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Figure 6.3: The g, of graphene as a function of wavelength. Three different
thickness of ZnO where V, = 20 V (a) Real, and (b) Imaginary and three different
V, where dz,o =5 nm (c) Real, and (d) Imaginary.

Figure 6.3 shows g, against the light wavelength for different values of dzno and
V,. First, we set V;, = 20 V and change dzno. Figure 6.3(a) shows the real part of
gy Whereas Fig. 6.3(b) shows the imaginary part for different dzno. The real part
of &, decreases as the wavelength increases. Moreover, dzno has significant impact
on the real part of g5, When dzno = 5 nm, the real part of g, is negative. The
negative real part of g, confirms the existence of TM mode [306, 308]. Moreover,
the g, (imaginary) of graphene is almost zero when dzno is 5 nm and 10 nm. The
real part of g, is positive and diverges logarithmically at 545 nm wavelength when
dzno = 15 nm. This is due to the step-like performance of the imaginary &, which

indicates the inter-band absorption of radiation at fiw > 2E,[306].

Figures 6.3(c) and 6.3(d) show g, against wavelength for three different V,;, when
dzno = 5 nm. It is noted that the real part of £, becomes more negative as the
wavelength increases, as shown in Fig. 6.3(c). The imaginary part of €, has a small
value when V, = 20 V, as shown in Figure 6.3(d). However, when V,; = 60 V, the
imaginary part of g, is also small and quite satisfy. Therefore, it is clear that incident

wavelength, Vg, and dzno have significant influence on 5. When dzno = 5 nmand

Vy = 60 V, Ef > E, in the visible wavelength range, as shown in Fig. 6.2(b).
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Figure 6.4: Observation of TM mode excitation when dz,o =5 nm, ns; =
ns; =1.33,L,=100 nm, and t, =50 nm (a) V, =20V, (b) V, =40V, and (c)
V, =60 V.

Therefore, o, is dominated by intra-band influence and can be estimated via the
Drude model [328]. At 633 nm wavelength, the real part of &, is negative and the

imaginary part has an insignificant value. Hence, graphene acts like a noble metal.

Figure 6.4 shows the excitation of TM modes in graphene for different V,. In
Fig. 6.4(a), we show that two TM modes are excited when V, = 20 V. The first TM
mode is excited at the BK7-graphene nanostrips-sensing layer 1 arrangement. The
TM mode shows a symmetric behavior, i.e., one mode propagates at the graphene
nanostrips—prism interface and the other propagates between the graphene nanos-
trips and the sensing layer 1 arrangement. As air-pockets are present in the graphene
nanostrip layer, scattering patterns are observed. The scattered light reaches the
second graphene layer and excites additional TM modes at the graphene—sensing
layer 2 interface. In Figs. 6.4(b) and 6.4(c), we show the similar tendency when
V, = 40 V and V, = 60 V, respectively. However, as g, (real) negative value reduces
with a increasing V,, the TM mode excitation in the second graphene layer increases
as well with a increasing V. We have used V, = 60 V in results presented in the

following analysis.
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Figure 6.5: R-profile of the proposed dual-channel refractive index sensor (a)

Similar n, for both the sensing channel when L, = 100 nm and t, = 50 nm, (b)

Variation of t, when L, = 100 nm, and ns; = ns; = 1.33, and (c) Variation of L,
when ns; = ns; = 1.33, and t, = 50 nm.

Figure 6.5(a) shows the R-profile as a function of the incident angle (). As the
proposed sensor has dual channels, we can take different or similar sensing materials
for each channel. Weusens; = ns; = 1.33 andns; = ns; = 1.36 for the first
and second sensing channel. In each case, we observe two resonance dips. When
nsy = ns; = 1.33, we observe dips at 49.80" and 67.60°. We consider these two
resonance dips as reference resonance angles, 9,; and 9,,, for the first and the second
sensing channels. On the other hand, when ns; = ns; = 1.36, the first resonance
dip is shifted to 50.83" and the second resonance dip is found at 70.20°, respectively.
When ns; = ns, = 1.36, we detect that the resonance angles shift and the R-profiles
widen. At the same time, the Rmin decreases a little. We note that increasing ns; or
ns, confinement of incident light increases. As a result, Rmin decreases. Moreover,
increasing ns; or ns, the excited GPs; and GPs, are decayed faster [91]. Hence,

the R-profile is widened.

In Fig. 6.5(b), we show the R-profile for different thickness of each graphene nanos-
trip. Increasing t,4, the R value is decreased. However, when t;, = 50 nm, then

R value is minimum. When t, > 50 nm, R value is increased which indicates the
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Figure 6.7: Resonance angle shifting and sensitivity analysis when both sensing
channels have the same refractive index (a) Resonance angle shifting, and (b)
Sensitivity.

absorption of incident light decreases. Similar tendency is observed in Ref. [91]. In
Fig. 6.5(c), we show the R-profile for three different value of L,. We find that when

L, = 100 nm both GPs; and GPs, are minimum which confirms the maximum

absorption of incident light. Thus, in our proposed sensor we set L, = 100 nm.

Figures 6.6(a) and 6.6(b) show the shift of §,; and J,, for cases when ns; and ns,

are the same or different. The shift in 3,4, and 9,, increases as ns; Or ns, increases.
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However, §,; shifts smaller than &,,. When ns; = ns; = 1.45, maximum value of
U = 53.88° and U, = 83.27° are observed. The angle shifting property is high when
ns; = 1.35 to 1.45 and ns, = 1.42 to 1.45 for 9,;. Similar tendency is observed,
when ns; = 1.37 to 1.45 and ns; = 1.41 to 1.45 for 9,,. We note that the second
sensing layer produces greater angle shifting and narrower spectral region than the
first sensing layer. On the other hand, the proposed dual-channel refractive index
sensor can sense the two different sensing elements independently. For example,
when ns; = 1.36 and ns, = 1.40, we get 9,; = 50.36" and 9,, = 69.86°, as shown in
Figs. 6.6(a) and 6.6(b), respectively.

Figure 6.7(a) shows the resonance angle shifting when both the channels have the
same refractive index. When ns; = ns; = 1.33, we can consider it nsc = 1.33 and
find 9,1 = 49.80° and 9,, = 67.600°, respectively. Next, when ns; = ns; = 1.34,
we get 9,4 = 49.99° and 9, = 67.91°, separately. We calculate the sensitivity
of each individual channel by S; = A9,1/Ans; degree/RIU and S, = AS9,,/Ans;
degree/RIU, respectively. In Figure 6.7(b), we show the combined sensitivity when
both the sensing channels have same refractive index. If ns; = ns,, then we can
write S; = 1 and S, = 1. To calculate the total sensitivity, we can follow the logical
multiplication [329]

5$=5,5 (6.9)

where S is the total sensitivity. Therefore, when ns; = ns; = 1.34, S is 1645
degree/RIU. Increasing ns; and ns, and maintain this ns; = ns;, the tendency of

S is upward. When ns; = ns; = 1.45, S is maximum and we get 2530 degree/RIU.

Figure 6.8 shows the sensitivity of the proposed sensor when ns; and ns; vary.
Figure 6.8(a) shows the sensitivity of the first sensing channel and Fig. 6.8(b) shows
that of the second. To calculate the sensitivity, we use expressions S; = (91 —
49.80)/(ns; — 1.33) and S, = (8, — 67.60)/(ns, — 1.33) for first and second sensing
channel, respectively. We note when ns; = 1.340-1.355 and ns; = 1.40-1.45, the

sensitivity is maximum for both the sensing channel. We find S; = 236 degree/RI1U



Chapter 6 121

773

(b)
580
386
193

‘

1.33 0
3 1.37 1.41

1.33 1.37 1.41 1.45 1.3 1.45

R R

1.45 236

=

177
118

59

1.41

ng,
S 1 (degree/RIU)
hy - (degree/RIU)

1.3

Figure 6.8: Sensitivity analysis of the proposed dual-channel sensor as a function
of dissimilar sensing layer refractive index (a) S;, and (b) S,.

and S, = 773 degree/RIU in a specific narrow region. If we want to detect specific
bio-molecules or pathogens which refractive index is in this specific region, we can
detect these molecules with high sensitivity. Such specific sensitivity in a narrow
refractive index region is also observed in Ref. [330]. Moreover, the second sensing
channel shows almost 3.25 times higher sensitivity than the first sensing channel.
However, when ns; = 1.355-1.410 and ns; = 1.38-1.45, S, is impressive compared

to the existing literature [46, 331-334].

6.7 Conclusion

We show that the unusual TM modes in graphene at visible wavelength can be ex-
cited in the modified Kretschmann configuration without the need of noble metal.
Our proposed graphene nanostrips based plasmonic sensor produces TM modes be-
tween graphene nanostrips and first sensing layer. Whereas these nanostrips then
scatter the incoming incidence light with a large propagating vector and produces
another TM modes in the graphene-second sensing layer interface. The creation of

TM modes depend on several factors such as gate-voltage, incident wavelength, and
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thickness of ZnO. The proposed dual-channel refractive index sensor is highly sen-
sitive when both channels have the same refractive index. Moreover, our proposed
sensor can detect the refractive index separately using the two different resonance

dips. The structural and material properties are conceivable and can be fabricable.
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CONCLUSIONS

The absorption of incident light is a significant property of SPs, enabling sub-
wavelength control of light [13]. On the other hand, electron oscillations in metal are
damped when SPs are excited [14]. As a result, the R-profile is practically spreading
due to increase the absorption of incident light. We observe that this problem is more
significant in the visible wavelength range. Typically, Ag is used in SPR biosensors
due to its low cost. Ag is vulnerable to oxidation, and the SPR sensor performances
hamper due to the wider R-profile caused by the oxide layer [33]. Diverse options
are available to decrease the Ag oxidation in SPR biosensors [34]. Unfortunately,

these options are not ideally suitable for reducing the Ag oxidation.

To avoid the problem of oxidation, the potential material will be graphene which has
many exclusive properties [35]. The absorption of the incident light of monolayer
graphene is 2.3% in the visible wavelength, a significant amount for a 0.34 nm layer
thickness. However, more strong light-matter interaction is required for optical
sensing [49]. We observe that using multi-layer graphene in SPR biosensors can
increase light absorption though graphene produces extra damping in SPs because
of its large imaginary refractive index. Hence, multi-layer graphene widens the
R-profile and decreases the detection accuracy [52]. To increase the light-matter
interaction, GPCs-based sensor can be used as SPs will be excited in GPCs with
123
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high photon absorption [49]. But, the GPCs-based sensor shows the scatter SP

modes which decreases the sensor performances.

Instead of using R-profile for sensor performances, we have searched for alternate
parameters to enhance the sensor performance. We have observed poor magnetic
response of different dielectric materials, mainly in visible wavelength [16]. Though
the magnetic response has been proposed in metal-insulator-metal configurations
using Fano resonances, this structure is not suitable for biosensing because destruc-
tive interference is created due to anti-phase dipole oscillations [19]. On the other
hand, SPR-based Kretschmann biosensors present poor magnetic response, and their

magnetic properties have never been applied for biosensing.

On the other side, GPs have shown adjustable electromagnetic properties and strongly
depend on substrate physical and geometrical parameters. From THz to the MIR
frequency region, graphene shows a metallic response that offers high light confine-
ment and very large wave vectors [95]. However, GPs mode can reach from THz to

MIR range whereas TE up to visible range [96].

The primary purpose of this thesis is to enhance the SPR biosensor performances,
which must have low losses and high resonance angle shifting to increase the sensitiv-
ity and FoM. Also, we have developed a method for determining sensor performances
using magnetic resonance through planar multi-layer optical biosensors for the first
time. We have also proposed the enhancement of light absorption of graphene mono-
layer by using controlled V,. On that side, we have proposed a graphene-based SPR
sensor to detect critical pathogens such as SARS-CoV-2, S-protein, and Hb-protein.
Besides, we have shown theoretically that the excitement of TM mode in graphene
without needing noble metals in the visible wavelength can significantly enhance

sensor performances.

We now summarize the major findings of this dissertation:
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= We have proposed the Kretschmann-based configuration, which created a strong
magnetic resonance at a specific sensing layer refractive index. The magnetic
response of this structure at a particular index range was high, which showed
potential in sensing applications. We described the theoretical models we used
to calculate uetf and R using the S-parameters retrieval method. Moreover, we
discussed the Kretschmann-based SPR sensor’s possible experimental set-up
and the FDTD simulation approach. We showed that the magnetic response
in visible wavelength could lead to a new method for detecting diverse critical
bio-molecules. We have compared the results with the conventional technique

in state-of-the-art sensors, which frequently use more complex structures.

= We have proposed a graphene SPR glucose sensor where monolayer graphene
optical properties were controlled by a suitable V,. We modified the mono-
layer graphene Fermi energy using V, to increase the absorption of incident
light and hence, improved the sensitivity and FoM of the proposed sensor. To
determine the sensor performances, We used a TMM-based angular interroga-
tion method. We calculated the monolayer graphene conductivity using the
Kubo formula at different applied V, at visible wavelength. The proposed glu-
cose sensor detected the BSL with high accuracy. In addition, the proposed
sensor sensed the BSL without using any labels, tags, or chemical enzymes. On
the other hand, we discussed the proposed sensor and sensing element affected
by temperature where variation by +£10°C around room temperature changed

the detection accuracy by only < 5%.

« We have extended our work by using a multi-layer graphene SPR sensor to
detect SARS-CoV-2, S-protein with fM concentration range without needing
any labeling or complex sample preparation. We used multi-layers graphene
in the proposed sensor where ACE2 antibodies immobilized on the graphene
surface that helped for efficient adsorption of the SARS-CoV-2, S-protein. We
used thin layers of novel 2-D materials, such as WS,, KNbOs, and BP or

BlueP, between graphene and Ag layers to increase the light absorption and
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hence, the sensor performances. We showed that the proposed sensor detected
the S-protein by using the property of resonance angle shifting. The proposed
sensor detected as small as 1 fM S-protein concentration, which is appropriate
for the initial detection of COVID-19 patients. Moreover, we have compared
the proposed sensor LoD with the existing literature and found it much smaller.
We applied the FDTD method to describe the sensor response to incident light.
In addition, we used the Langmuir model to determine the binding kinetics
between ACE2 and S-protein. Though the analysis of the proposed sensor
was theoretical, we think an experimental clarification of these findings was
vital, which was out of the scope of this work. We think such promising
results of the proposed sensor confirmed its suitability for SARS-CoV-2 and
S-protein detection and may find applications in detecting other biochemical

and biological analytes.

= We have designed a GPCs-based TPs and SPs hybrid mode for Hb detection
in the visible wavelength region. We have optimized the Ag thickness and
the number of the unit cell of GPC based on R minimum and FWHM. The
energy transfers from TPs mode to SPs mode were determined by FMSA.
We also showed the anti-crossing effect between TPs mode and SPs mode
for different polarization angles using the TMM. We used Barer’s analytical
model to calculate the optical properties of Hb in the blood. The sensor perfor-
mances, especially the change of resonance angle and FWHM for both the TPs
mode and SPs mode, were calculated using TMM-based angular interrogation
method. We applied the DDM to determine the sensitivity and FOM. The pro-
posed sensor has shown energy exchanges from TPs mode to SPs mode, which
ultimately improved the sensitivity for Hb detection. Besides, we showed the
effect of TPs resonance on sensing and found that TPs significantly impact

sensing, particularly the high FoM.

= Finally, we have modified the conventional Kretschmann-based configuration

where TM mode in graphene was excited in the visible wavelength without
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needing the noble metal. We showed that graphene optical properties could
be effectively tuned by changing the thickness of the insulating dielectric layer
(dzno) and V,. We used the Kubo analytical model to determine the optical
properties of the graphene layer. The proposed sensor used dual channels for
refractive index sensing, where graphene nanostrips are set in the first graphene
layer. These nanostrips scattered the incident light to a second graphene layer
through different dielectric layers. To calculate the proposed dual-channel
refractive index sensor performances, especially the sensitivity, we used the
TMM-based angular interrogation technique. We used logical multiplication
for the calculation of total sensitivity. The proposed dual-channel refractive
index sensor was highly sensitive when both channels had the same refractive
index. Using two different resonance dips, our proposed sensor sensed the
refractive index separately. We think the proposed sensor’s structural and

material properties were conceivable and could be manufacturable.
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