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ABSTRACT Plasmonic metasurfaces operating in the long-wavelength infrared region (LWIR) are
primarily employed for bio-sensing and imaging applications. The key factor affecting the capability
of LWIR metasurfaces is absorption efficiency, whereas significant advances have been made to attain
higher absorption intensities, using metal-insulator-metal (MIM) stack structures, which require a complex
nanofabrication process and repetition of the patterning process to develop each layer. This study
experimentally demonstrates the integration of metasurfaces with plasmonic resonators. The metasurfaces
and plasmonic resonators are developed through electron beam lithography (EBL) on the same plane of
the Silicon substrate. The fabricated prototype has broad incident angle stability at a bandwidth of 2µm
with near-perfect absorption at 8µm resonance wavelength when characterized through the Attenuated
Total Reflectance - Fourier Transforms Infrared Spectroscopy (ATR-FTIR) setup. The metasurface device
achieves tunable resonance behavior when the incident angles reach up to 70◦. The proposed integration
of metasurface with plasmonic resonators are well-suited for enhanced biosensing applications with
metasurface devices.

INDEX TERMS Absorption, electron beam lithography, metasurface, optical characterization, plasmonic
coupling.

I. INTRODUCTION
Plasmonic metasurfaces are 2D surface variants of metama-
terials that consist of correspondingly miniaturized resonant
metallic structures with sub-wavelength feature sizes [1].
Metasurfaces are ideal tools for plasmonic light manip-
ulation, as they not only direct and concentrate far-field
electromagnetic radiation into near-field regions, but also
inspire plenty of other exciting applications in the future,
including programmable on-demand optics [2] and photon-
ics [3]. In addition, metasurfaces have complete control
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over light properties such as absorption [4], phase [5],
dispersion [6], and polarization [7]. Compared to traditional
refractive optics, these recently developed 2D devices
have gotten considerable research attention because of
their diverse applications, ultra-thin feature, and ease of
integration [8]. Various forms of metasurfaces, such as fre-
quency selective metasurfaces [9], high-impedance metasur-
faces [10], perfectly absorbing metasurfaces [11], and wave-
front shaping metasurfaces [12], are all subject of recent
investigations.

The capability of metasurface to perfectly absorb specific
optical wavelengths have been commonly utilized and rapidly
developed for various applications such as the detection of
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FIGURE 1. The fabrication process of the metasurfaces integrated with a
hexagon resonator through EBL. (a) PMMA resist is employed on the
silicon wafer with spin coating. (b) Patterning of the proposed structure
on PMMA layer with EBL setup and resist development in resist solution.
(c) Gold layer deposition on the developed PMMA layers with electron
beam deposition. (d) Etching of PMMA layer and unwanted metal through
lift-off process to obtain the final prototype.

FIGURE 2. (a) ATR-FTIR characterization of the metasurface device: the
device is placed on the top of a diamond crystal with close contact, where
the effect in absorbance spectra was studied with respect to the change
in incidence angle. (b) Illustration of the proposed metasurface device
symmetric array for FDTD simulations, N represents the distance between
the cross shape metasurface, and Z represents the adjacent space
between the hexagon resonators.

near fields [13], [14], bio-sensing, and imaging [9], [15].
Perfect absorption can be attained through the coupling of
electromagnetic energy at specific wavelengths by properly
designing the absorber structure [16], composition mate-
rials, and other attributes of the metasurface absorber
structure [17], [18], [19], [20]. Most sensing and imaging
systems operate in the long-wavelength infrared region
(LWIR) and the Mid-wavelength infrared region (MWIR)
ranges. However, their performance is limited due to the
narrow-band absorption and the losses of the metallic
structures [21]. The broad wavelength absorption in the
LWIR range are reported [22], [23], [24] to increase the
sensitivity of sensing devices and alleviate the probability
of false alarm detection. The problem of low absorption
can be modulated by modifying the EM properties of
the material, structural optimization, and integration of the
metasurface with other photonic devices [25]. Recently,
various researchers have developed hybridization techniques
[26], [27] by integrating metasurfaces with materials i.e.,
graphene [15], Vanadium dioxide (VO2) [28], liquid

crystals [29], and Dirac semimetals to achieve high band
absorption [30].

Meanwhile, multilayer hybrid structures are being used to
alleviate the absorption band limit in LWIR. Most hybrid
photonic devices only produce a shift in the operating
band and ultimately low absorptivity due to complex
structures [31]. In [32], the metasurface is integrated with
microelectromechanical systems to enhance the electro-optic
performance. Chen et al [33] demonstrated the concept of
active VO2 material in a multilayer metasurface absorber
structure at LWIR to achieve high band absorption for sensing
purposes. The concept of metasurface vertical stacking is
studied in [34], where composite cross-shape absorbers
are employed for broadband absorption but sensitive to an
incident angle, decreasing the device sensitivity at specific
bands. The numerical simulations of hyperbolic metamaterial
presented in [35] reveals the broadband absorption by
utilizing different-sized tapered hyperbolic metamaterial
wave guide in unit cells. The tapered stacked geometry
results in near unity absorption along the 1-30 THz range.
In other study, the enhanced second-harmonic generation by
patterned metamaterials are reported in [36]. The fabricated
multilayer pyramid structure being composed of Au/ ZnO
stacked layers results in enhanced second-order nonlinear
harmonic generation in the visible region. In reference [7],
themetamaterial structure is experimentally investigated with
a dielectric spacer for effective coupling of surface plasmon
modes and thus enhancing the absorption. The techniques
mentioned above for higher absorption with multilayered
configuration are difficult to fabricate, time-consuming, and
associated with high fabrication costs. Using a single layer
structure, to realize high-absorption in metasurfaces remains
a great challenge for researchers.

Metasurface fabrication is also a challenging problem
[37], [38] and depends on the choice of photolithography
technology [39], as each process has limits in terms of size
and structural quality [32], [40], [41]. In reference [10],
a rapid prototyping technique based on a micro plotter is used
to fabricate large-area metasurfaces with a printing resolution
of 30mm.Nanoimprint lithographyNIL is considered in [34]
for the fabrication of corrugated metasurfaces. Although the
NIL process has a high throughput and repeatability, it lacks
patterning flexibility. In reference [40], metasurfaces are
developed by focused ion beam (FIB) lithography, which
leads to a weaker plasmonic response and reduced structural
quality due to the impinging ions of a focused beam. The
core advantage of the EBL over other technologies are
the resolution of the critical dimensions, elimination of
the diffraction problems in resist, and extremely adaptable
technique. Owing to their better structural quality, homoge-
nous thickness, and better performance of the fabricated
metasurface prototypes [41], electron beam lithography
(EBL) appears as a suitable candidate in nanofabrication.

In this article, a novel approach based on integrating meta-
surfaces with plasmonic hexagon resonators is proposed and
validated, both experimentally and theoretically. The purpose
of integrating metasurface is to boost absorption charac-
teristics. The prototype is developed with nanofabrication
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FIGURE 3. FESEM and ATR-FTIR characterization of the metasurface device. (a) FESEM image of the metasurface device obtained
with 20KV at 5µm resolution. The image portrays the symmetric pattern of metasurfaces and hexagon resonators with no chemical
residue. (b) ImageJ software analysis of the FESEM image, the diameter of hexagon is 17.6 µm and the inner slot radius is 2.6 µm,
which are well aligned with our simulation dimensions, The width of the cross metasurface is 2.9 µm and length is 10 µm. (c),
(d) Morphology of the fabricated structure with FESEM at 10 µm and 20 µm resolution.

methods by using EBL, resist development, and metal
deposition. The symmetric array of the metasurfaces and
hexagon resonators are fabricated on the same substrate
layer, which eventually reduces the fabrication time and cost
compared to multilayered structures. The proposed prototype
has a resonance bandwidth of 2µm at the LWIR range
with an almost 94% absorption rate when characterized
through ATR-FTIR spectroscopy. Furthermore, the stability
of absorption resonance is analyzed with different source
angles of incidence.

II. MATERIAL AND METHODS
A. DEVICE FABRICATION
The fabrication of cross-shape metasurfaces with integrated
plasmonic resonators are developed through electron beam
lithography (ELS-7500Ex, ELIONIX INC.) with a silicon
wafer as a substrate, as shown in Fig. 1. The gold-coated
silicon wafer is cleaned in isopropanol alcohol and dried with
nitrogen gas. The EBL positive tone resist, PMMA is spin-
coated on a Si wafer at 4000 rpm for 1 minute to obtain
a 100 nm thin layer. The thin PMMA layer is prebaked
on the hot metal plate at 180 ◦C for 2 minutes. After the
baking process, the wafer is exposed to ELS-7500Ex, to form
the desired structure pattern on the PMMA layer. The EBL

patterns are created on a 10 mm2 area with 200 pA electron
beam current and a beam dose rate of 450 µC/cm2, while
the acceleration voltage is 50 keV and beamwidth of 20 nm.
Subsequently, the wafer with a resist image is developed in
a 1:3 MIBK:IPA (Methyl isobutyl ketone: Isopropyl alcohol)
solution for 60 seconds. Immediately, the developed PMMA
is immersed in distilled (DI) water to stop the developing
process and prevent scumming, followed by N2 blow-drying.
The developed patterned PMMA is then post-baked for
90 seconds on the hot plate at 100 ◦C to remove moisture
and residues in the resist.

Subsequently, an electron beam evaporator is used for the
metal layer deposition process. A 10 nm chromium and 90 nm
gold layer are independently deposited on the developed
PMMAwafer at a rate of 1 Å/s. The purpose of the chromium
layer is to provide good adherence of the gold layer to the
Si substrate. The lift-off process is realized with a 4-hour
acetone bath under ultrasonic treatment to remove the PMMA
layer and unwanted metal film. Finally, the desired metallic
structure on the substrate is washed with DI water. Our
proposed metasurface has several advantages over traditional
multilayer stacked metasurfaces. Our proposed metasurface
design offers advantages over traditional multilayer stacked
metasurfaces, including lower fabrication cost and time, due
to its single-layer design.
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FIGURE 4. Experimental and simulation analysis of the integrated metasurface device, (a) absorption spectra
of the hexagon resonator, and integrated metasurfaces. The blue line indicates the absorbance spectra of the
hexagon structure obtaining lower absorption at 8um resonance wavelength; when metasurfaces are
integrated with hexagon resonator, the absorption and bandwidth improve due to near field coupling
between the resonator and cross shape metasurfaces. (b) The simulation spectra of the absorbance indicate
the in-phase resonance of the metasurface with hexagon structure. (c) Comparisons of the ATR-FTIR and
simulation results, a good agreement is found between the results at 8um resonance wavelength having
near-unity absorption. The higher absorption characteristics provide enhanced sensitivity in sensing
applications. (d) Diffraction effects on the absorption, the metasurface without ground plane can increase the
diffraction, where it can decrease the absorption at the resonant wavelength. However, the ground plane can
minimize the diffraction because of the enhancement of plasmonic field at the surface of metasurface.

FIGURE 5. The study of the absorption spectra with change in incident angle and ATR force, (a) The absorbance spectra obtained at the
near-critical angle of ATR, as the critical angle increased to 60◦ from 40◦, there is no change in the absorption proving the stability of
performance at the incident angle range (θ = 40◦ - 60◦). Upon further increasing the incidence angle, the resonance wavelength shifts
towards 8.2 µm resonance point. Above the incident angle stable range, the device acquires resonance tunability. (b) The peak value of
the absorbance with change in incidence angle, it can be noted when the incidence angle is less than critical angle, the resultant
absorption is extremely low. (c) The absorbance spectra were obtained with different ATR forces on the sample to observe the
absorbance spectra. At lower force, the sample and crystal have an air gap, which can result in lower absorption because less
evanescent field interacts with the sample.

B. EXPERIMENTAL CHARACTERIZATION SETUP
Infrared spectral measurements are carried out using uni-
versal attenuated total reflectance coupled with Fourier

transform infrared spectrometer (PerkinElmer) ATR-FTIR as
illustrated in Fig. 2(a). The fabricatedmetasurfaces are placed
on the diamond crystal facing downward to connect the gold
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FIGURE 6. Calculation of penetration depth and resonance tuning with change in structural dimensions, (a) The
effect of plasmons penetration with change in incidence angle, the penetration depths drop when the angle of
incidence reaches to 800. (b) The critical angle of ATR is calculated with sample refractive index, lower the
refractive index of the sample will require a low critical angle. (c) Adjusting the structural dimensions of the
resonator (radius) can change its resonance, leading to a shift in the resonance spectra towards longer
wavelengths in the LWIR range.

FIGURE 7. (a) Polarization dependent behavior of the metasurface under TMxy and TMyx incidences, The TMyx
incidence is the dominant mode of the excite of resonance where the absorption can reach to 94% and significant
change in polarization state to 3π/2. (b) Plasmonic field coupling and propagation. The plasmon modes originates on
the corners and tips of meta-atoms at TMxy incidence, (c) The effective coupling between the meta-atoms as SPPs
travelling towards the center cavity of hexagon under TMyx polarized incidence, (d) The field coupling mode illustrates
the field enhancement towards hexagon hotspot, where the mutual coupling between the cross shape metasurface and
resonator provide higher absorption due to localized plasmonic fields. (e) The surface currents density to analyze the
coupling behavior, as the interaction between the metallic structures provides high density fields.

metasurface layer with the ATR crystal with FTIR resolution
of 4 cm−1, gain 1, range 4000 to 650 cm−1, and 20 scans.
In this case, the calculated critical angle should be greater
than 390 so that the evanescent field should penetrate the
sample, resulting in surface plasmon resonance. Furthermore,
the effect of penetration depth with a change in incidence
angle is analyzed to observe the resonance stability and
sensitivity by the following formula [43],

dp =
λ

2π
(
n21sin

2θ − n22
)1/2 (1)

C. FDTD SIMULATION THEORY
Simulations of the proposed metasurface incorporated with
plasmonic resonators are carried out using a CST full-wave
solver to examine the absorbance spectra. The hexagon
geometry is adapted for plasmonic resonators because of
structure feasibility and reduced sensitivity with changes
in the source angle of incidence. However, the plasmonic
resonator has low absorption bandwidth at LWIR. Therefore,
cross-shape metasurfaces are employed on the same substrate
layer to achieve near-perfect absorption characteristics. The

optical properties of Au are adopted from the Palik model
[44], [45], whereas the gold thickness (90 nm) is much
larger than the skin depth. The skin depth is defined as,
δs =

(√
ρ/π f µ

)
, where ρ is the resistivity and µ represents

permeability. The lower skin depth of gold (δs = 4.3-10.7 nm)
at LWIR range reduces the direct transmission across the gold
structures. The back surface of the Si substrate is coated with
a thin gold layer to minimize transmission and reflectance.
The cross shape metasurfaces are equally spaced in array
symmetry with N = 17.8 µm distance across the vertical
and horizontal axis. The symmetrical distance between the
adjacent hexagons resonator is Z = 10 µm, as shown in
Fig. 2(b). In simulations, periodic boundary conditions are
selected across the x and y directions and perfectly matched
layers along the z-direction.

III. RESULTS AND DISCUSSIONS
The surface morphology of the fabricated metasurfaces inte-
grated with plasmonic absorbers is characterized by scanning
electron microscopy (SEM) at 20 kV. In Fig. 3(a), the
SEM images indicate better EBL print integrity (no residual
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layers) and high-fidelity patterns at the micrometer scale over
broad areas. The progressive zoom micrograph exhibits the
symmetric pattern of metasurfaces and plasmonic absorbers.
SEM Images are further analyzed using ImageJ software,
to confirm the geometrical measurements of the fabricated
design in Fig. 3(b). The high-resolution SEM images
portray the uniform continuity ofmetasurfaces and plasmonic
absorbers along the substrate surface. The high-resolution
quality of the fabricated prototype can efficiently excite
surface plasmon resonance because the metallic structure has
fine quality with no defects and deformation in the structural
shape. It can be noted, the deformations in the patterning
can appear due to the forward and backward scattering
of secondary electrons from the writing beam. Where the
scattering causes exposure in the unwanted PMMA region.
Therefore, in our fabrication dose. In Fig. 3(c), (d) the
structural morphologywith lowermagnifications is presented
to show the symmetric metallic array pattern and quality of
fabrication with EBL technique.

The integrated metasurfaces with plasmonic resonators are
realized with experimental characterization (ATR-FTIR) and
theoretically studied through FDTD simulations. The simu-
lation results of the absorption spectra are shown in Fig. 4(a).
As it can be depicted, a high absorption is achieved at the
LWIR range. The blue line indicates the absorption process,
the scattering effect is eliminated with a combination of high
accelerating voltage with a low current resonance of a plas-
monic resonator (hexagon structure); it is observed that the
absorption of the hexagon resonator is significantly lower at
8µm resonance wavelength with almost 50% absorption rate.

Therefore, to achieve high band unity absorption, meta-
surfaces are integrated on the same plane to couple near-
field interaction and suppress far-field radiation loss, thereby
improving the resonance bandwidth with higher absorption.
The black line in Fig. 4(a) indicates the plasmonic response
of hexagon resonator with integrated metasurfaces. The 3dB
bandwidth of the integrated structure is 1µm with a peak
absorption intensity of 94% at 8µm. The higher performance
is attributed to the cross-shape metasurface enhanced local
fields, which is critical for higher absorption efficiency.
It can be noted, to achieve a higher resonance response,
the phase of the metasurface must be in the resonance
range of the hexagon structure illustrated in Fig. 4(b).
The in-phase characteristic of the metasurface improves the
resonance coupling of the two different structures at the same
resonancewavelength. The spacing between themetasurfaces
and hexagon resonators allows strong coupling between the
adjacent resonators. High absorption can be achieved by
tuning the dimensions to overlap resonance and cancel the
effect of backscattered radiations spectrally

The experimental results of the absorption spectra through
ATR-FTIR are shown in Fig. 4(c). The acquired data of
FTIR are corrected with peak fitting to obtain a precise
curve of the resonance wavelength. In Fig. 4(c), the blue
curve corresponds to the FTIR measurement and is in strong
agreement with the FDTD simulation curve with slight
discrepancies in absorption peak and resonance bandwidth.
These discrepancies can be attributed to the imperfections in

the electron beam patterning, whereas in FDTD simulation,
ideal geometry is considered. The series of fabrication steps
can also affect the absorption spectra of FTIR. The beam
resists, chemical etchants, and various cleaning reagents
employed in the fabrication process can interfere with
surface plasmon resonance of the FTIR spectra because
these compounds comprise different bond energies; such
factors are again not accounted for in simulations. The
close agreement between the FTIR and simulation results at
8µm resonance bandwidth validates the effective near-field
coupling of metasurfaces with hexagon resonators resulting
in enhanced localized near-field absorption. The literature
comparisons with our proposed work are given in Table. 1.

In Fig. 4(d), the diffraction effect on the intensity
of absorption is analyzed because the periodicity of the
metasurface is regular on the distances when compared
to the incident wavelength. Also, the edges, corners, and
metal tips are smaller than the wavelength which raises the
diffraction effect [46]. During the course of diffraction, some
of the energy is absorbed and the rest bounces back on
the surface causing secondary plasmon resonance, therefore
the diffraction can ultimately reduce the absorption [47].
To reduce the diffraction on the proposed metasurface,
we simulated the structure with and without a gold ground
plane. The black curve in Fig. 4(d) shows the diffraction
efficiency with a gold ground plane. The ground plane will
strengthen the evanescent wave by activating surface plasmon
resonance. The metallic arrays on the top surface function
as couplers, which couples the enhanced evanescent waves
into propagating surface plasmon modes, resulting in high
absorption. Furthermore, the ground plane acts as reflector
which traps the incident energy along with secondary
plasmons inside the metasurface. Where the localized field
intensities between the hexagon and cross- shape results in
higher absorption.

It can be noted, that still diffraction can take some
of the energy due to out-of-phase coupling. In our case,
the absorption intensity is 94% at resonance wavelength,
where 6% energy is taken by the diffraction. The change in
resonance position with the ground plane can be attributed
is due to the fact that it acts as a shield that blocks the
transmission of coupled waves and reduces the losses caused
by the environment. Additionally, it helps to match the
impedance of the source wavelength to the device resonance
wavelength, allowing for maximum energy transfer and
improving the absorption performance of the device. The
dotted blue curve in Fig. 4(d) illustrates the diffraction
behavior without a ground plane. The low intensity of
surface plasmon resonance resulting from evanescent waves
increases diffraction effectiveness and decreases absorption.
The diffraction efficiency increase can be attributed to high
transmission and the scattered modes resulting from the
diffraction effect on the surface of the metasurface [48].

A. EFFECT OF ATR INCIDENCE ANGLE ON THE
ABSORPTION RATE
The stability of the absorption resonance at a broad incidence
angle is a key factor for bio-sensing at the LWIR range.
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A minimal change or shift in the absorption resonance
decreases the sensing efficiency and results in a false alarm;
therefore, in this section, the effect of changing the incidence
angle on the absorption rate is investigated. Using the ATR
setup with FTIR, the first step is to determine the critical
angle of ATR with respect to the fabricated device. In this
case, a diamond crystal having n1 = 2.4 and the calculated
refractive index of the device being n2 = 1.518 are used to
estimate the ATR critical angle. These parameters can define
the critical angle at which the evanescent waves from the ATR
crystal result in the plasmonic resonance. When the incident
source has an angle of incidence below the critical angle of
ATR, the resultant absorption at the resonance wavelength is
minimal. In Fig. 5(a), the absorption spectra with a change
in incidence angle are illustrated. The proposed device shows
broad-angle stability ranging from (θ = 40◦ - 60◦) at 8 µm
resonance wavelength with almost unity absorption. Further
increasing the incidence angle to θ = 70◦, the resonance peak
blue shifts towards 8.2µm resonance wavelength with a drop
in absorption at the 8µm resonance point. It can be nored, that
our metasurface shows stability in a certain range of angles,
but the resonance shifts at higher angles. This is due to the fact
that at higher angles, the incident angle of the electromagnetic
wave changes, which affects the effective refractive index of
the metasurface. This change in refractive index can cause the
resonance to shift.

Consequently, the absorption drastically drops to 10%
at 8 µm when the ATR incidence angle is tuned to 80◦.
However, at θ = 80◦, the resonance of the device is further
tuned to a 9 µm resonance point. The change in resonance
wavelength shows the tunable behavior of the metasurface
device. To obtain higher sensitivity in biosensing applications
at 8 µm range, the incidence angle should be in the range
of (θ = 40◦ - 60◦). The effect of peak absorption on the
broad incidence angle is depicted in Fig. 5(b), and the blue
dots represent the absorption value at a different angle of
incidence. An angle less than the critical angle of ATR results
in lower absorption. Above the critical angle, the absorption
remains stable at unity, but resonance wavelength changes
when the incidence angle is tuned from (θ = 70◦ - 80◦).
The effect of ATR force on metasurface devices is

experimentally studied to observe the absorption spectra.
In our case, the sample is solid, which requires force to
bring the device surface in close contact with the ATR crystal
to achieve adequate absorption intensity. The force must
be sufficient so that it may not induce structural defects
in the metasurface device, which can result in different
resonant wavelength bands. As less force can result in an
air gap at the contact interface between the metasurface
sample and the ATR crystal. The air gap can also cause
a change in the refractive index of the sample. Therefore,
the penetration depth of evanescent waves decreases due to
the longer path distance leading to lower absorption. The
absorbance spectra obtained through ATR depend on various
factors, i.e., the area of the device sample contact with ATR
crystal and the distribution of a sample within the evanescent
field. Figure. 5(c) represents the absorption spectra with
different forces applied on the sample through ATR. The

black line in Fig. 5(c) illustrates the absorption spectra when
a force of 82N is applied to the sample achieving near-
perfect absorption at 8 µm. The higher absorption intensity
is realized due to the reduced air gap between the sample
and ATR crystal with higher evanescent fields interacting
with the sample. It can also be noted, that the observed
absorbance depends not simply on the area of material in
contact with the crystal surface but also on the distribution
of the sample within the evanescent field. The intensities
increase as air gaps between the sample and the crystal are
reduced, bringing more of the sample into the evanescent
field. However, the absorption intensity drops to 70 % when
the applied force on the sample is adjusted to 50N, as shown
in Fig. 5(c). The lower intensity and less operating bandwidth
of the absorption spectra at resonance wavelength result
from the higher air gap between the sample and crystal
surface.

B. IMPACT OF INCIDENCE ANGLE ON PENETRATION
DEPTH AND RESONANCE TUNING
In this section, the impact of incidence angle on the pene-
tration of depth of ATR evanescent waves in the metasurface
device is studied to observe the resonance tuning and changes
occurring in the absorption peak. It can be observed that,
when the incident source has an incidence angle near the
critical angle of ATR, the evanescent waves have a greater
depth of penetration into the metasurface sample of 1.9 µm,
as shown in Fig. 6(a). The peak absorption is realized through
the effective coupling of plasmons interaction between
the cross shape metasurfaces and hexagon resonator. The
increase in incidence angle causes an abrupt change in
the field penetration depth. In the stable incidence angle
range (40◦ – 60◦), the penetration depth drops to dp = 1.2
µm at λ = 8 µm, although the absorption value remains
the same due to the effective coupling of the metasurface
and resonators. Upon further increasing the incidence
angle beyond 60◦, the penetration depth remains constant,
resulting in less absorption at the resonance point λ = 8
µm, but resonant absorption shifts to different resonance
wavelengths.

The refractive index of the device plays an important role
in determining the critical angle of the ATR crystal. The
lower refractive index of the sample yields a significantly less
critical angle which, in turns, increases the incidence angle
tuning range. In Fig. 6(b), the critical angle is calculated using
different refractive indices, providing insight into resonance
tuning with a broad incidence angle range. Furthermore,
the resonance shifting with tuning hexagon dimension is
systematically analyzed in Fig. 6(c). When the hexagon
radius is set to a higher value of 9 µm, the absorption
resonance shifts towards longer wavelengths (λ = 8-10 µm)
and vice versa. The yellow box represents the resonance
tuning rangewith a change in the radius of a hexagon from 6-9
µm. In contrast, the blue box indicates the wavelength tuning
range upon further increasing the structure dimensions and
greater hexagon slot diameter. The higher resonance tuning
range corresponds to the strong near-field coupling of the
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TABLE 1. Literature comparison of the results with proposed work.

sharp outer edges and sharp inner corners of the hexagon in
close proximity.

C. POLARIZATION DEPENDENT BEHAVIOUR AND
NEAR-FIELD COUPLING
Numerical simulations were performed using CST Studio to
reveal the underlying physical process for the EM response
of the integrated metasurface under S-polarized (TMxy) and
p-polarized (TMyx) incidences. It can be noted, that here
a fixed angle of incidence (i.e., θ = 40◦) is considered
for TMyx and TMxy incidences. From Fig. 7(a), it can
be observed that under TMxy polarization incidence, the
conversion of the polarization state is limited to π while
achieving low absorption intensity. The shift in polarization
state occurs from right-handed polarization towards lift-
handed polarization. However, the case is different when
the metasurface is incidence with TMyx waves. In Fig. 7(a),
it can be clearly seen that TMyx is the dominant mode for
the excitation surface plasmon resonance. Also, from the
phase plot for TMyx, the polarization state in the resonant
bandwidth can shift to a double negative (DNG) state. In this
state, the permittivity and permeability of the metasurface
become negative, where it can realize the high intensity
of absorption at the resonant wavelength. Furthermore, the
intensity of surface plots related to both incidences validates
the absorption intensity, as for TMyx the current density is
maximum around all the edges of the hexagon resonator.
Although low surface currents intensity can be seen when the
incidence is changed to TMxy.
In addition, field enhancement due to the coupling of the

metasurface with the resonator is studied to provide insight
into the mechanism of absorption. When the incident waves
strike the metasurface structure, the plasmonic resonance is
excited on the corner and metallic tips. The excitation of
plasmon resonance give rise to propagating plasmonic fields.
The interaction between the near fields causes the collective
coupling resulting in enhanced absorption. From Fig. 7(b) it
can be observed that the coupling of cross resonators near-
field to the hexagon resonator increases the field intensity on
the hexagon surface, where it is effectively absorbed by the
microcavity at the center of hexagon geometry. Themicro slot
work as a plasmon trapping cavity where the coupled field are
highly confined, illustrated in Fig. 7(c). In addition, the four
V-shapes from the cross-structure work as directing elements

that directs the fields towards the hexagon from all side which
also increases the field intensity resulting in high absorption,
which can be seen in Fig. 7(d). In Fig. 7(e) the illustration of
surface currents on the geometry validates the interaction of
the field between the resonator and cross shape metasurface,
where the intensity of the field is maximum in the center from
the mutual coupling.

IV. CONCLUSION
In conclusion, the integration of cross-shape metasurfaces
with plasmonic resonators is experimentally demonstrated
for the absorption enhancement, required for sensing appli-
cations. The metasurface device has absorption resonance
at 8 µm wavelength, and the higher absorption intensity is
based on the effective coupling of surface plasmons between
the metasurfaces and resonators. The EBL technique is used
to fabricate high-quality metasurfaces and resonators on
the same substrate plane. The integration method reduces
the high cost and long fabrication time required in multi-
layer stack metasurface fabrication. Furthermore, the effect
of relevant parameters on absorption resonance, such as
incidence angle, refractive index, and penetration depth,
is experimentally analyzed to achieve optimal performance
at the LWIR range. The fabricated design can be employed
in sensing applications that require spectrally tunable and
performance-stable metasurface devices.
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