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Sensing devices has been an interesting area of study because of their immense application in practical life. In the
present work, the extraordinary optical transmission (EOT) along with surface plasmon polaritons (SPPs) exci-
tation at the metal/ dielectric interface is investigated RF-module of COMSOL Multiphysics 5.3a has been used to
investigate copper (Cu) nanograting structure on the glass substrate in periodic arrangement of 1-dimensional
(1D). The visible-infrared electromagnetic wavelength of 400-900 nm has been used to excite the SPPs at the
interface and a light port is provided from the substrate side. The optimum EOT has been investigated at
transmission spectra of Oth order. During this process thickness of the slit is fixed at 50 nm, the periodicity of the
unit cell is fixed at 700 nm, and the width of the slit changed to check its effect on the EOT. Additionally,
phenomena of near field investigation have also used to explore the transmission-based performance of field at
the specific boundary of copper (Cu) and air which confirm spectra outcomes of transmission thorough the
fabricated device. The optimum value of EOT found when the width of slit is at 250 nm for the Cu/air interface.

The device used for this purpose is modeled in COMSOL. Along the EOT the SPPs phenomena is also investigated
by using present modeled device. These phenomena are observed by studying the electric and magnetic parts of
the device that models the Cu/Air interface. We tested it with different slit widths ranging from 50-450 nm. The
coupling efficiency and sensitivity of Cu/Air 1D device design at optimum slit width of 250 nm calculated. Such
devices are increasingly applicable in bio photonics sensing of DNA structure, in vivo study of the internal
structure of the body, imaging, surface chemical reaction, environmental remediation, and in various solar cell
industries (plasmonic solar cell).

1. Introduction opening (Bethe, 1944). When light shines on a patterned structure,
it creates two types of light modes: from this one that is scattered far
from where the light meets the material and another that only exists at

that meeting point. When the wave vector of the incident light increases,

Plasmonic Based devices has got attention of the researchers in last
few decades due to their enormous applications in unique sensing and

optical applications(Divya, Selvendran, Raja, & Sivasubramanian, 2022;
Garcia-Vidal et al., 2022; Wang et al., 2022; Zhao, Xue, Ji, Li, & Li,
2021).When light passes -

through something smaller than its wavelength, its transmission -
changes in accordance (A /r)? as discussed by Bethe in 1944. In simple
words, A represents the length of a wave, and r represents the size of the
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the momenta of the light, combined with the momenta of the oscillating
free electrons at the metal’s surface, also increase (Jia et al., 2023) and
creates SPPs. Surface plasmon resonance (SPR) occurs at the interface
when the momenta of electrons and light that hits a material are
matched with each other. When the light goes through a very small slit,
it scatters, and this makes the light brighter. This is called enhanced
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Fig. 1. Simulation data of Reflection and Transmission obtained from the
designed model to check the validity of the present model.

transmission of light or enhanced optical transmission. Optical trans-
mission is improved by factors such as the type of light, the shape, and
the material properties of the metal. These special structures can be used
for many things like sensing biological substances quickly, as well as
making detailed patterns on surfaces using light (Ashfaq et al., 2023;
Igbal et al., 2020; Li et al., 2020). Different ways of understanding how
light interacts with small structures have been reported (Obalalu et al.,
2023) for instance one could able to use the transfer matrix method and
mathematical calculations have been analyzed and understand the
(Daneshvar et al., 2021; Galal et al., 2024; Kaushik, Singh, & Devi, 2023;
Park, Yu, Park, & Park, 2023) In phase groove transmission mode, cavity
mode groove and slit wavelength mode are three ways reported to
improve the EOT(Chu et al., 2020; Daneshvar et al., 2021). Another
phenomena of nanohole array to improve the EOT reported by Zhiquan
Chen (Alam et al., 2023; Chen et al., 2019). Researchers group has
measured the nanosphere’s 46 % optimum sensing capability in respect

A

Hl
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of its optimum EOT and nano cylindrical shape is 56 %. The thickness
effects on EOT unit cell has been investigated by Evan S. H. Kang et al
(Kang, Ekinge, & Jonsson, 2019).

Many of the previous modeling designs had been studied for different
applications by using the 1D grating of Gold (Au)/ Air interface and by
using 1D grating of silver Ag/Air interface(Wei, Choy, Chen, & Chew,
2011; Zhou et al., 2019). Although Au/Air interface designed device is
more efficient but Au is expensive as compared to Cu and Ag. Ag/ Air
interface is low cost but not more efficient as compared to Au and Cu
(Nigoghossian et al., 2015).

Considering that other metals are very expensive and already re-
ported in literature in the present work copper Cu used as novel metal to
explore the unique characteristics for application in sensing device.
Reporting the nano grating of Cu 1D structure device is economical as
compared to gold (Au) and silver (Ag) as the gold share price at this time
in market 19408, silver rate 24$ and copper rate 4$.So, in this study, it is
worth mentioning that a new metallic rectangular grating of Cu used for
1D grating Cu/Air interface designed has been studied which is a novel
grating used to study different plasmonic applications. The motivation
of using Cu metal for interference is good conductivity, being reported
first time for sensing application, cost effective and easily availability.
This study shows that light can pass through a special type of pattern
made of tiny copper structures The COMSOL Multiphysics 5. 3a software
has been used to simulate the nanograting of Cu. The thickness of 50 nm
and grating of Cu repeating pattern every 700 nm has been placed on top
of a glass substrate. The optimum value of EOT is also calculated by
changing the nanograting slit width from 50 to 450 nm. The electric and
magnetic field components measured during this process as well to
verify the optimum value of slit width. The coupling efficiency and
sensitivity were also calculated.

2. Validity of model

The validity of the model has been checked by comparing simulation
data with Fresnel equations for Transmission (T) and Reflection (R)
through the glass to air (Shih et al., 2015; Shurcliff, 1974)

R= (n1 — nz/}’ll + n2)2 (1)
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Fig. 2. Shows the effect of p and s polarization incident light component on various diffraction modes.
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Fig. 3. The modeled unit cell has different parts and conditions at its edges. It is
50 nm thick and repeats every 700 nm.

T = (4mimy)/(ny + ) 2

R + T = 1 verified the normalized condition as

In the simulation design only air and galss is used in the subdomains.
Then light falls on the modeled design for the analysis of geometry. The
transmission and reflection value has been calculated by using finite
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Fig. 4. This picture shows how a model of a 1D Cu/Air grating is divided into
small sections, with a thickness of 50 nm and a repeating pattern every 700 nm.
The meshing of the model was created using COMSOL.
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Fig. 5. The figure shows the spectrum of light that is transmitted through a thin
device called a grating. The device has a thickness of 50 nm and is made up of a
pattern that repeats every 700 nm.

element analysis (FEA) method and plot process verify that air n; = 1
and glass ny = 1.5 then T = .96 and R = .04 as shown in Fig. 1. Putting
the values of nl and n2 into equations (1) and (2) has the same results.
So present design model and Fresnel equations results show the same
results. Hence the model works properly at 100 % accuracy.

3. Theory and numerical modeling

An electromagnetic wave can cause a substance to become polarized.
This can provide information about the substance’s physical properties,
such as how well it conducts electricity and its ability to store electric
charges and magnetic fields. Simply put, these properties explain the
charges and currents found in a substance using equations created by
Maxwell.

The Cu used for this purpose because it’s also verified the condition
of Surface Plasmon Polaritons formation which is its real part of relative
permittivity is negative and greater than the imaginary part of relative
permittivity and verified the equation (3).

Kspp= oc\/ele€2/el+e2 3)

When a wave hits a small opening in a grating, it causes the metal to
vibrate and the wave scatters or bounces off at the edge where the metal
meets the air. This scattering creates vibrations on the surface of the
metal called Surface Plasmon Polaritons. When light interacts with a 1D
grating on a copper/air interface device, its path creates different
diffraction patterns, as shown in Fig.2.

The formation of SSPs occurs by the incident light p polarization
component on the nanograting of the Cu/Air interface which results in
the coupling of incident light with surface plasmon at the surface. The
mathematical relation for this phenomenon can be expressed as

Ky = ko sinf + NK; = Kspp (4)

In this equation, K; = 27/ A denoted the grating vector and the delta
is O for s-polarized and 1 for p-polarized light.

The model used in this work has been created by using the COMSOL
RF module. The model designed has been shown in Fig. 3, including all
the ports, subdomains, boundary and other conditions used for the
present study. There are seven subdomains two are glass substrate, three
air, and two metals of Cu. All subdomains are set along both sides with
periodic boundary conditions (PBC). The light is incident from the glass
substrate which act as the excitation port.

The model was made to match the real-life device as their periodicity
lies in the visible region. So, in this present work a pattern of Cu
nanograting has been used that repeats every 700 nm. The 50 nm thick
slit has been used which is optimum value to couple the air/Cu moment
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Fig. 6. The EOT plot was calculated using different slit widths. The TE calcu-
lations were done using the values from R; and R, shown in Fig. 5.

at the interface. These dimensions have been selected for this study
because Tahir et al already calculated this dimension are optimum for
Au. To save on computer processing power, periodic condition of
boundary equipped with unit cell. To gather light, exit port has been set
with boundary conditions that cause scattering. To make the models
work well, we used a mesh with small triangular shapes that are 20 nm
in size, like the ones in Fig. 4. The input has been hit by TM light at a
straight angle to efficiently connect SPs at the interface of Cu and air.
Recently, Tariq et al and francioso et al has reported modelling meth-
odology by using COMSOL Multiphysics for plasmonic based study
(Arshad et al., 2023; Saison-Francioso, Léveque, & Akjouj, 2020; Tariq,
Fakhri, Salim, Hashim, & Alsultany, 2022).

4. Result and discussion

This method helps to connect SPP with the light that comes in at the
Cu/air surface in a good way. After shining light on the model from the
bottom, the transmission spectrum was obtained by looking at how the
light interacts with the grating, as shown in Fig. 5. We know that only
one type of light called p-polarized light can create something called
SPPs. So, the other type of light called s-polarized light is not useful for
creating SPPs. Electromagnetic waves interact with metal electrons
causing both positive (constructive) and negative (destructive) effects.
These effects lead to the highest points called maxima R2 and the lowest
points called minima R;. The peak R, is in charge of the end of trans-
mission and represents maxima (Igbal et al., 2019) So these values are
studied for additional calculations.

This figure shows the periodicity of 700 nm excited under the p-
polarized component of light.

To calculate EOT, different models with varying slit widths were
studied using TE and TM light. When light component of TE interacts
with SPs, then it creates SPPs along the interface of Cu and air. This
phenomenon verified by observing concavity R1 in diagram 5 below.
Relation how well information is transmitted aimed at TE as compared
TM for the EOT shown in Fig. 6 with a width of slit range varies from 50
nm to 450 nm. It’s important to note the highest EOT measurement
recorded when the width of slit is changed from two- third to one-half of
periodicity (Arshad et al., 2022; Jelich, Zhao, Chen, & Marburg, 2022;
Roudsari, Pakarinen, Reischl, & Vehkamaki, 2022; Yu, Lu, Cheng, &
Zhu, 2020). Because of the fundamental plasmonic in this range occurs
which is eminent at the scientific works. The reason why the maximum
amount of light is blocked in this particular area with small slits is that
the light scatters less (Koev, Agrawal, Lezec, & Aksyuk, 2012) in pro-
portion to a higher width of slit, this scatters light less and has low ef-
ficiency aimed at SP and incident light coupling at the interface of
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Fig. 7. Shows the Coupling efficiency and corresponding transmission with
variation in slit width from 100 nm-450 nm.

metal/ dielectric. Firstly, due the direct scattering transmission rate of
light remains high(Koev et al., 2012). In simple terms, when using de-
vices with a one-dimensional grating, a smaller slit width allows for the
modes of plasmonic optimum to exist at the interface between copper
and air. This is because there are more Fourier components present. As a
result, the efficiency of the most basic plasmonic mode (Oth-order
fundamental plasmonic) becomes very strong. However, when the slit
width is increased, the higher plasmonic modes no longer exist in the
grating devices (Chang, Lin, Lee, & Huang, 2023; Guerrero-Becerra
et al., 2021; Kim & Hyun, 2023; Liang et al., 2021).

To see how the field has improved, COMSOL software has been used.
Electromagnetic fields on surface where copper and air meet have been
much stronger for the slit width of 250 nm, as shown in Figs. 7 and 8.
The models clearly show that when surface plasmons interact with
electromagnetic radiation, they trigger the excitement of SPPs and
amplify the field at the interface, confirming Equation 4. The coupling
efficiency achieved by using the Cu/Air interface has achieved 90 % for
250 nm nanograting of 1D design as shown in Fig. 7.

In a plasmonic sensor, sensitivity (S) refers to how much the wave-
length (AA) changes compared to the change in refractive index (An).
This sensitivity value shows how much the plasmonic sensor’s resonant
wavelength changes when the refractive index of the surrounding me-
dium changes. A plasmonic sensor uses light to interact with surface
plasmons on a metal surface. This interaction usually happens when
surface plasmon resonances are excited. When there are substances like

Surface: Magnetic field, norm [A/m]
lambda0_rfweh(34)=730 Max: 1.406e-5

-300

-100 100 300 Min: 9.08e-10
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molecules or ions around a metal surface, the way light behaves
changes. This causes the wavelength of light to shift. This change is what
determines how sensitive something is. Fig. 5 also illustrates the for-
mation of SPPs at surface and resonance wavelength observed at 700 nm
R1 and R2 730 nm for the 250 nm thickness. This shows 30 nm wave-
length shift in the above design model. The Cu has a refractive index at
700 nm is 0.2110 and for 730 nm has refractive index 0.22485(Johnson
& Christy, 1972). The change in refractive index calculated 0.01385. By
using the formula of sensitivity

S=Al/An

Here A represents wavelength shift and An change in refractive index.
So, sensitivity calculated is 2166.06.

This picture of the model was taken with a 250 nm slit width, which
is when the maximum EOT occurs.

Spectra of the transmission was found by studying figure number 6
and Fig. 8 shows the Far-field and near-field analysis was used to
investigate the present 1D design of Cu nanograting device when light of
wavelength visible-near infrared passes through a material with fixed
thickness of 50 nm, periodicity 700 nm and variation in slit width from
50-450 nm. With the excitation of SPPs, the fields of magnetic and
electric on interface of the air and Cu become stronger at 250 nm. This is
important to check the transmission results which are shown in Fig. 7
along coupling efficiency.

Fig. 9 shows that the E-field and B-field values are highest when the
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Fig. 9. This study examines models with varying sizes of a narrow opening,
ranging from 50 to 450 nm, using near-field analysis. The highest amount of
light corresponds to the best value for the size of the opening.
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Fig. 8. The visualization of (a) magnetic (b) electric field enhancement is seen on the The area where copper and air meet.
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width of slit is approached at the value of 250 nm.
5. Conclusion

The Cu/air 1D nanograting design device investigated with the FEA
method by using the RF module of COMSOL Multiphysics. It is inter-
esting to note that 250 nm optimum slit width is achieved with SPR of
730 nm for 1D Cu nanograting with fixed periodicity 700 nm and
thickness of 50 nm. On the basis of on all above facts and figures shows
that optimum slit width almost one third of the periodicity which is
relevant to higher plasmonic mode, the normal electromagnetic field
component well matched with the optimum width of 250 nm, the
coupling efficiency of 90 % achieved by using the present 1D Cu
nanograting device at optimum slit width of 250 nm and the sensitivity
of 2166.06 calculated. Sensitive 2166.06 means that every time the
refractive index changes by one unit (An), the resonant wavelength (1)
of the sensor’s SPR will move 2166.06 which is higher value of sensi-
tivity and higher sensitivity value means that the sensor can detect
smaller differences in the refractive index. Such devices used as plas-
monic sensor. This is good for situations where it’s important to have a
high sensitivity, like in biochemical sensing, environmental monitoring,
or medical diagnostics.
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