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Abstract: In this work, sensitivity analysis of surface plasmon resonance-based nanohole array (SPR NHA) is reported. SPR NHA are suitable
for lab-on-a-chip applications. These devices work in three different modes, namely intensity mode, phase mode, and angular mode. In this
work, intensity mode analysis is used. The SPR NHA consisting of gold metal and silicon dioxide substrate dielectric material is used. Gold
material is widely used in SPR sensors due to its excellent optical properties, high electrical conductivity, and biocompatibility. The finite
difference time domain method is used for the simulation and analysis. An optical source at a wavelength of 675 nm is used for the analysis and
simulation. The structure of the proposed SPR NHA consists of substrate, which is made of silicon di oxide dielectric material, and a thin layer
of gold is deposited on the substrate having thickness 0.1 wm. The NHA is etched on the gold layer. The pitch of the NHA is 0.6 pum and
diameter of each hole is 0.2 um. The diameter of the holes present in NHA is 0.2 wm. The sensitivity of the proposed device for different
analytes such as albumin, RBC, and hemoglobin is determined. The maximum sensitivity of 298.35 nm/RIU is achieved for the proposed

device. The results obtained show that the sensor has better sensitivity and suitable for use in lab-on-a-chip applications.
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1. Introduction

Surface plasmon resonance (SPR) is a phenomenon observed at
the interface of metal and dielectric. The two configurations used in
surface plasmon (SP) waves are Otto and Kretschmann. The finite
difference time domain (FDTD) is the mathematical modeling
method used to find the field intensity and spatial distribution of the
SPR sensor structure [1, 2]. Prism couplers, grating couplers, and
waveguide couplers are commonly used devices in SPR [3]. SPs are
the continuous oscillating waves generated at the metal dielectric
surface. Gold and silver nanoparticles are commonly used materials
in SPR sensors. Diffraction-based optical gratings are mainly used in
SPR biosensors. Nanohole arrays (NHAs) are fabricated on the gold
surface as self-assembled monolayers. This 4 X 4 microarray sensor
was tested with a 50% alcohol solution in water and a 20% alcohol
solution in water for protein microarray detection. An experiment
was conducted for the detection of solution concentration. The 8 mm
X 8 mm area is divided into a 4 X 4 array [4]. Nano disk exhibits
magneto-optical effects that have localized SPR (LSPR) [5]. SPR is
used in imaging technology, where a single-flow cell reaction is
monitored. Biomolecular interactions can be monitored with a SPR
imaging tool [6]. The dipole coupling phenomenon of SPR leads to
narrow peaks. The biomolecular interaction was measured with the
help of the following devices: Biacore’s Flex chip, Plexera’s
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Proteomic Processor, and many more. The antibodies are readily
available, and they are used in agglutination tests. These tests are
used in ABO blood typing [7]. Slit array nano plasmonic devices on
thin metal films show the coupling between the SP modes and
excited states [8]. SP polaritons are observed when dipole—dipole
coupling is used [9].

NHAs are sub-diffraction optical devices with good transmission,
and they observe the high electric field intensity in the UV-visible
spectrum. The three-dimensional FDTD time domain technique was
used to calculate the optical transmission properties of NHA [10].
The different sensor designs include the following: SPR, LSPR,
micro-cantilever SPR sensor, grating-coupled interferometer sensor,
waveguide interferometer sensor, resonance waveguide sensor,
reverse symmetry sensor, metal-clad waveguide sensor, and metal-
clad waveguide sensor [11]. The Kretschmann geometry is used to
find the resonant shift [12]. Metal-hole arrays have extraordinary
optical transmission (EOT) and act as resonators. SP lasing
phenomenon was observed in the metal hole arrays. The work
reported [13] shows that a single mode is needed to understand the
dispersion of the luminescence maxima. An array or group of
nanoholes on the gold films were fabricated, and the light
transmission spectra of incident white light were analyzed [14]. This
article uses a discrete dipole approximation. The UV-visible
spectrum is used in the experimentation process. Atomic force
microscopy (AFM) was used to explain a polystyrene nanosphere-
based array with silver nanoparticles [15]. Chromium (Cr) metal is
used as a SPR NHA [16]. The lithography process is used for the
fabrication of a periodic array of silver nanoparticles. The different
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methods that are used in the fabrication of SPR sensors are AFM and
scanning electron microscopy (SEM) [17]. Nano disk fabrication uses
the electron beam lithography (EBL) process [5]. The EBL process is
used to fabricate the photonic nanoarrays. There are different sizes and
shapes of arrays, namely circular, hexagonal, and rectangle. Nano
plasmonic and microfluidics go hand in hand and have many
applications in the medical industry [18]. Subwavelength hole arrays
were fabricated using quartz and silver film materials using the
focused ion beam (FIB) method. The transmission spectra depend on
the hole period, which in turn changes the photon energy, which is
measured in electron volts (¢V) [19]. Optical metallic nano slits are
the sensing elements used in the article [20].

The nano plasmonic devices with nano pillar and nano ring are
used for sensitivity improvement and SPR-based biosensing [21].
Self-assembled colloidal lithography is used for the fabrication of
tunable metallic nanodevices. Polystyrene sphere arrays were
fabricated with different diameters. The interparticle spacing is
adjusted by using O2 plasma treatment [22]. Nanoholes are more
popular nanodevices used in SPR sensors. EOT to NHA SPR
sensing, the author has considered two materials, such as bare gold
and coated gold. The transmission spectra of the NHA with two
different materials fabricated were analyzed [23]. The detection
limit of the adsorbed film-based SPR is 0.003 nm [24]. In
applications such as chemical analysis of certain substances,
deoxyribonucleic acid (DNA) sequencing, and biochemical
modeling, this technology is used. Glucose measurement in blood
and counting the infected cell numbers in the blood are a few
examples [25] used. LOC is used in the detection of DNA
hybridization. Specific DNA sequences are analyzed to verify the
DNA mutations. Ribonucleic acid (RNA), protein synthesis, and
DNA are other measurements taken using the device. Poly
dimethyl siloxane is used to fabricate the flow cell used in the
microfluidic system. SPR chips are fabricated using the lithography
process. RNA chips, protein chips, and DNA chips are fabricated,
and experimentation is carried out [26]. In many LOC devices,
normalized reflection versus wavelength was measured. LPSR and
surface acoustic wave are two concepts used in LOC [27].

Label-free bio detection is a technology where sensing uses
optics to convert biological signals into electrical signals. The
methods of detection are in vivo and in vitro. Structural color
filter-based NHA is used in marker-free detection; this originated
from LSPR [28]. Plasmonic base gold NHA chip was fabricated.
The images of SEM show the clear and perfect image of the gold
NHA [29]. Human blood group detection is explained in the
elliptical NHA. The sensitivity values are measured [30].
Ring-shaped gold nanoparticles were fabricated. The gold (Au)
nanohole array (ANA)-based Ag NPs are used for fluorescence
[31]. Nano pore arrays are part of plasmonic devices. Fabrication
of gold (metal), anodic aluminum oxide (media metal), and gold
(metal) nanopore arrays is explained in this article [32]. FIBs and
e-beam lithography were the fabrication methods. The main
applications of SPR sensors are in the detection of chemical and
biological species. These are used to measure food quality and
safety analysis [33]. SPR is used in bio sensing applications; the
evanescent wave of SPR detects the bio-analyte binding on the
thin receptor films on the sensor surface. The SPR interferometry
method was utilized in microarray bio sensing applications [34].
Metallic nano-slits are used to implement the sensitive biosensor.
Attenuated total reflection (ATR) is the methodology used in
glass prisms; the sensitivity measured is 400 nm/RIU. These
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biosensors are used in protein microarray and DNA chip-based
detections [35]. The SPR sensors are used to monitor protein
interaction and DNA hybridization [36]. In this work, the range of
refractive index (RI) used in this article is 1.333—1.364 RIU [37].

From the literature work, it is concluded that SPR-based
biosensors are used for accurately detect molecule interactions at
the nanoscale, and NHAs are extremely important for biosensing
applications. These nanostructures provide extremely sensitive,
real-time biomolecular binding event monitoring, which is an
essential tool for understanding biological processes and diagnosing
diseases. SPR-based NHAs’ special optical characteristics increase
signal sensitivity, which makes them essential for developing
biosensor technologies that enable quick and precise identification
of a variety of biomolecules. Overall, SPR sensors are used in LOC
applications and point-of-care diagnostic applications as a biosensor.

The further sections in this article are organized as follows:
Section 2 describes the mathematical modeling of the proposed
SPR NHA. Simulation and analysis of SPR NHA are discussed in
Section 3. The sensitivity of the proposed SPR NHA is discussed
in Section 4.

2. Mathematical Modeling of Proposed SPR NHA

This section gives detailed mathematical modeling of the
proposed SPR NHA. The propagation constant of SPR is given by
Equation (1) below [33].

Edlm
&4+ &

Bsp :% (1)

where % = k, is the wave number, ¢,, and &, are the metal relative
permittivity and dielectric permittivity, respectively, w, is the fre-
quency of plasmon, and C is the propagation velocity in vacuum.

In the Kretschmann configuration, the ATR phenomenon is
used. In this configuration, the surface component of a photon’s
wave vector is given by Equation (2) [6].

w
karg = —sinf, / 2
ATR = sino, /&, (2)

where ¢, is the prism dielectric constant, and 0 is the light wave angle
of incident.

The wavelength of the SPR wave is given by the formula shown
in Equation (3). This equation holds good for square NHAs [10].

p B
A= — = (3)
ViE+ 7V Ea T e
where P is the periodicity of the array, and variables “i”” and *” are

resonance integer indices.
The permittivity of metal (the gold layer) is described using the
Lorentz—Drude model, as shown in Equation (4) [10].
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where ¢, is the permittivity in the infinite frequency, w is the inci-
dent frequency, w,, is the gold plasm frequency, and m™ resonance
frequency is represented as w,,. I',, is the m™ damping frequency.
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Table 1
SPR nanohole array sensor

Layer name Materials Refractive index
Substrate Silicon di 1.45
oxide (SiO,))
Thin film Gold (Au) Depicted in Figure 1 (n,k) as a
function of wavelength
Nanohole array Air 1

Table 1 shows the SPR NHA material and corresponding RI
values. Figure 1 shows the perspective view of the proposed SPR
NHA. The substrate material is the silicon dioxide, and the thin
film is made of gold material. The NHA is created on the gold
thin film layer, which is obtained by etching or creating air-filled
holes on the gold material.

Gold has excellent optical properties and biocompatibility, and it
also exhibits SPR properties. Gold offers high electrical conductivity
compared to other metals such as silver, copper, and aluminum. The RI
values of the gold material with respect to wavelength are plotted. The
index of gold simulated is shown in Figure 2. Gold metal gives a SPR
signal at a particular wavelength. Gold is a chemically inert material
for other solutes and biochemicals.

The diameter of the holes present in NHA is 0.2 um. The hole
radius is 0.1 um. The substrate material for the simulation of the SPR
NHA is the silicon dioxide having length of 2.5 m in x-direction,

width of 1 um in y-direction, and height of 0.5 um in z-direction.
SPR NHA thickness is 0.1 pm.

Figure 2 shows the prospective view of the proposed SPR NHA.
The time signal waveform of the applied light source is shown in
Figure 3. The spectrum of the time signals with respect to
wavelength lambda is shown in Figure 4. A plane wave source
with a wavelength of 400-750 nm is applied. The type of plane
wave source is Bloch or periodic [38]. For an electron moving at
a periodic potential if the period of potential is a, then potential
is V(x+a) = V(x).

The Schrodinger equation is shown in Equation (5).

h* &2
V= By

®)

The Bloch theorem states that the propagating wave will be in the
form shown in Equation (6).

¥ = ey (x) (6)
where £ is the wave propagation along two directions. v is the eigen-
state of the single electron Hamiltonian.

3. Simulation and Analysis of SPR NHA

This section gives detailed simulation settings and intensity
mode profile analysis of the proposed SPR NHA. The working
principle of SPR sensors is the interaction of the SPs, dielectric,
and metal medium due to changes in the RI. SPR sensors are
classified into different modes. The first one is angular mode.

Figure 1
The proposed SPR NHA structure. (a) Perspective view. (b) 2D view of NHA. (c) Perspective view of NHA
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Figure 2
Refractive index (RI) of gold as a function of wavelength (n: real
value of RI and k: imaginary value of RI)
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Here, the angle of incidence of the sensor is varied to excite SPs, and
a shift in the wavelength is also measured. The second is the
wavelength mode, where a polychromatic light source is used to
excite the sensor and a corresponding change in the wavelength is
measured. The third mode is the phase mode. In the phase mode,
the shift in the phase is measured by maintaining the wavelength
and angle constant. In intensity mode, wavelength and incident
angle are kept constant, and reflected or transmitted light is
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measured [33]. In the proposed model, intensity mode analysis is
used for further analysis and calculations. The intensity mode
analysis is calculated, and the transmittance spectrum, reflectance
spectrum, and XY plane spectrum are analyzed.

3.1. Simulation settings

The FDTD modeling method is used in this work. A three-
dimensional structure is simulated with a time of 500 fs. Stretched
boundary conditions perfectly matched layer (PML) is used in the
modeling of SPR NHA as shown in Table 2. Anti-symmetric
boundary conditions are initialized from X minimum to maximum.
Y minimum to maximum uses the symmetric boundary conditions.
PML boundary conditions are used from Z minimum to maximum.

Table 2
Stretched coordinate PML boundary conditions

Boundary conditions Values
Layer 12
Kappa 3
Sigma 1.5
Polynomial 3
Minimum layers 12
Maximum layer 64
Alpha 0
Alpha polynomial 1

3.2. Intensity mode profile analysis

Intensity mode is used in analyzing the SPR NHA sensor. When
the device is modeled and simulated, the frequency domain field
monitors are used to get the different field profiles of the result.

Variational FDTD method is used as a mathematical modeling
technique. Field profiles and power monitors are applied to obtain the
different graphs, namely electric field data with respect to position,
magnetic field data with respect to position, and Poynting vector
values with respect to position. There are different types of modes in
the SPR sensor calculation. The three modes of analysis are intensity
mode, phase mode, and angular mode. Intensity mode analysis is
implemented. The sensitivity is calculated using the intensity mode
spectrum. These obtained graphs are shown in Figures 4, 5, and 6,
respectively, for transmission, reflectance, and the xy plane.

The transmittance profile at 675 nm is shown in Figure 5. This
transmission profile has three fields, namely the electric field, whose
peak value is 6.8 arbitrary units (a.u.), the magnetic field, whose peak
value is 0.0124 arbitrary units, and the Poynting vector field, whose
peak value is 0.0418 arbitrary units with respect to position, as shown
in Figure 5. Reflectance profile is shown in Figure 6. It has an electric
field intensity of 11.6 arbitrary unit peak value, a magnetic field
intensity of 0.0231 arbitrary unit peak value, and a Poynting
vector field with the highest intensity of 0.105 arbitrary unit peak
value. The XY plane profile is shown in Figure 7. The electric
field has the highest intensity of 10.7 arbitrary units, the magnetic
field has an amplitude of 0.0231, and the Poynting vector has an
amplitude of 0.0872 arbitrary units.

4. Results and Discussions
In this section, the sensitivity of the proposed SPR NHA is

calculated based on RI-based sensing. The resonant wavelength of
various analytes with amplitude and RI is listed in Table 3. The
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Figure 5
Transmittance profile. (a) E-field. (b) H-field. (c) Power density
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Figure 6
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RI values are measured at the 680 nm wavelength. The RI of air,
albumin solution in water, and RI hemoglobin solution in water
are listed in the table below. The FDTD mathematical modeling
method is used in the simulation.

The shift in the SPR sensor is due to changes in the effective
dielectric constants at the interface of the metal and dielectric
layer. This process is because of molecular adsorption. By using a
weighted average within the changed interface, the effective
dielectric constant may be calculated. The I; of the evanescent SP

mode’s expansion into the dielectric (z direction) is given in
Equation (7) [24].

g 2 /me(z)e p( 22)
= — xp| — =2
T 10 Jo Iy

Figure 8 displays the transmission spectra for different RI values of the
analytes. A change in the RI of the analyte results in a modification of

™)
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Figure 7
Field distribution plots (2D). (a) E-field intensity plot. (b) Magnetic field intensity plot. (c) Power density (W/m?) plot
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Table 3 stability, limit of detection, and ease of use. To sustain and compete
Refractive index values for different analyte and resonant with other types of sensors in the market, the parameters play a very
wavelength important role. The sensitivity values obtained are comparable with
the article, designing of nano slit array [35]. The sensitivity obtained
Refractive Resonant is comparable with the results of different designs of nanode-
Bio analyte index (n) Amplitude wavelength vice [14].
RI of air 1 0.81267  629.798 The sensitivity is given by Equation (10) [11]. The sensitivity of
RI of albumin 1.3405 0.85071  636.869 the SPR NHA changes according to the variation in the RI of the
solution in water (55g/1) surrounding medium, which is nearer to the device at a particular
RI of blood 1.3600 0.85380 640.404 wavelength.
RI of hemoglobin solution 1.3837 0.85651 647.475
in water (260g/1)

The RI values are from Lazareva & Tuchin [39].

the resonant wavelength shift, which can be observed, and it is used for
the calculations of sensitivity as a function of wavelength.

The transmitted light intensity is represented (Equation (8))
by knife edge cuts using a Gaussian beam that move towards the
x axis [15]

T(x) = % 1+ erf (L(xw_ xO))] (8)

where T(x) is the power transmission, knife position is denoted as, w is
the radius of the beam, and erf is the error function. The transmission
spectrum shows the values of normalized transmission for different R1.
Figure 9 is the normalized transmission spectrum; the highest peaks of
amplitudes are observed at different wavelengths. The wavelength
shift occurs as there is a change in the RI. SPR NHA wavelength
change can be approximated by the formula given in Equation (9) [35].

AL =2 — Ay~ (V& — &, ) =PAn 9)
where An is the refractive index change. The normalized transmis-
sion spectrum of SPR NHA is shown in Figure 9. The sensor has to

have the following parameter: sensitivity, low cost, scalability, high
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where A is the wavelength shift in the plasmon resonance and An
is the change in the RI. In perforated metal film, P is the lattice con-
stant (nanohole distance), and i and j are non-zero integers; they
represent the 2D array scattering order.

Table 4 shows the resonant wavelength with amplitude,
sensitivity, and RI wvalues. It is concluded that the highest
sensitivity of 298.35 nm/RIU is achieved for an analyte having RI
of 1.36, which is almost close to RI of human blood. Such
sensors can be used to detect various pathological parameters
present in blood for detection of various diseases. Based on the
simulation for different analyte values, the amplitude values are
obtained for the analyte sample at a particular wavelength as

Table 4
Resonant wavelength and sensitivity of various analytes
Maximum amplitude Wavelength  Sensitivity
RI value (a.u) (nm) (nm/RIV)
1 0.81267 629.798 20.77
1.3405 0.85071 636.869 181.28
1.3600 0.8538 640.404 298.35
1.3837 0.85651 647.475 -
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Figure 8
Transmission spectrum for different values of refractive index
(RI) of analytes (1 (air), 1.3405 (albumin), 1.36 (blood), and
1.3837 (hemoglobin))
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Figure 9
Normalized transmission spectrum for various analytes
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specified in Table 4. The sensitivity of the sensor is a very important
parameter. The intensity interrogation method is used for finding the
amplitude and frequency.

5. Conclusion

In this work, SPR-based NHA is designed, and simulation results
are reported. This work also presents a detailed literature review,
followed by mathematical modeling details. SPR NHA are sensitive
elements used in the design and implementation of SPR sensors for
use in biomedical applications. The RI-based sensor is designed
using combination of SPR NHA. The material used for the thin

film is gold, and the substrate is silicon dioxide. NHA is created on
the gold material and illuminated by a light source with a
wavelength range of 400-800 nm. The proposed sensor exhibits the
highest sensitivity at a wavelength of ~640 nm for the analyte with
a RI of 1.36. The SPR NHA is showing the highest sensitivity of
298.35 nm/RIU, which is achieved for an analyte with an RI of
1.36, which is almost close to the RI of human blood. Such sensors
can be used to detect various pathological parameters present in
blood for the detection of various diseases.
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