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Abstract: Plasmonic metasurface nanostructures have the potential to enable nonlinear optical
functionality in metasurfaces by reducing power operating thresholds and enabling ultra-thin
subwavelength devices. However, low absorption caused by resistive losses of unwanted
metallic appearance and irregular corners in the fabrication process significantly reduces this
promise, leading the metasurface community toward the new approaches to fabricate large area
metasurfaces with Electron Beam lithography (EBL). In this article, with controlled proximity
effect and high dose exposure rate in EBL setup, large area (2 cm?) metasurfaces are fabricated
with high resolution of structure. The effect of absorption resonance in Infrared (LWIR) is
experimentally studied through Fourier Transform Infrared Spectroscopy (FTIR). The results
signify that the metasurface with high resolution and fine metallic corners outperforms the
fabricated prototype with metal residue and non-uniform corners. When compared to conventional
EBL, our nanofabrication approach speeds the patterning time by three times. The experimental
measurements reveal enhanced absorption performance at 8 pm wavelength. Whereas, the
developed metasurface is numerically studied to explain the absorption performance with
plasmonic field distributions. This approach could be used in optoelectronic devices involving
plasmonic applications, such as biosensing and infrared imaging.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Strong field coupling between plasmonic metasurface nanostructures has been proven and
facilitated by squeezing photons into deep sub-wavelength volumes and a few nanometer gaps [1].
Plasmonic metasurface structures have been reported to acquire massive field enhancements in a
small volume, referred to as localized field area. The strength and location of localized plasmon
fields are determined by the metasurface design [2], size [3], and dielectric media [4]. Electric
fields can be greatly amplified in the close vicinity of sharp metal edges or sub-nanometer size
gaps, as per antenna theory [5]. Light interactions with plasmonic metasurface structures become
more prominent when the feature size or gap size of the structure reduces. A conventional
platform (specifically square or triangular plasmonic designs) has been established in this context
to confine the light into a very small volume [6], on which more complicated geometric structures
are built. The reduction in the size of metallic structures enables enhanced electromagnetic
(EM) fields into localized confine fields at deep sub-wavelength volumes, allowing for exciting
applications such as quantum plasmonic [7], bio-sensing [8], and imaging [9].

The development of novel approaches and techniques for the fabrication of nanoscale plasmonic
structures with a spatial resolution of tens of microns is required to keep nanotechnology and
optoelectronic industries growth [10]. Direct-write lithography also known as electron beam
lithography (EBL), which uses an electron beam to interact with a polymer resist, is one of
the most advanced and in-demand technologies [11]. Although, EBL has high throughput in
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fabricating plasmonic structures but hinders the reliability to develop large arrays of metasurfaces
with sharp corners and edges [12]. The sharp corners are the crucial element for the localized
plasmon fields propagating along the metasurface geometry [13]. There are several challenges
posed by EBL setup when it comes to fabricating a large array of metasurfaces having sharp
metal tips and corners. The main disadvantage of EBL is the exposure speed (about 107 pixels
per second) and the cost of mass production [14]. Whereas, the chemical characteristics of
polymers are affected by high-dose electron irradiation, resulting in hardening or overexposure
[15]. Furthermore, the electron beam proximity effect occurs when a specific area is exposed to
an E-beam, and the nearby area to the incident E-beam receives undesired irradiation as well [16].
Different approaches are being used to fabricate sharper and narrower-gap metallic metasurfaces
for higher field enhancements, including but not limited to EBL.

In literature [17], the single-spot EBL technique is demonstrated with controllable geometric
parameters to cater the overexposure limitation, thus enabling the fabrication rate ten times
faster as compared to conventional lithography. The method of nanostencil lithography [7] is
utilized for high throughput of large area nanorod antenna arrays by preparing nanostencil with a
low electron dose of EBL. In Ref. [18], the two-photon polymerization method is employed to
achieve sharp metal tips of the plasmonic diatomic metasurface. The proximity effect correction
in EBL [19] is studied for fabricating uniform corners of metasurfaces with a control exposure
rate for enhancing efficiency. The concept of cascaded domino lithography is experimentally
validated for constructing sharp tips bowtie antennas with a “fall-to-raise” scheme [20]. In
another study [9], L shaped uniform metasurface array is realized with glanced angle techniques
through nanoimprint lithography for optical chirality.

In this article, we demonstrated large area metasurface fabrication with the EBL technique
to realize uniform corners in hexagons and cross shape metasurfaces. The method is based on
controlling the proximity effect and correct exposure dose to define fine patterns on Poly methyl
methacrylate (PMMA) resist, resulting in high resolution and quality metasurface prototypes.
The characterization results indicate that metasurfaces with uniform metal corners attain higher
field enhancement with strong absorption at long wavelength infrared regions (LWIR). The article
is divided into the following sections, with section 2 studying the simulation and fabrication
theory utilizing Monte Carlo simulations. Section 3 examines the metasurface prototyping using
our suggested EBL approach and conventional method. Section 4 discusses the optical and
structural characterization methods for the developed metasurface. Section 5 presents the result
and analysis of the findings, and Section 6 draws the conclusion.

2. Monte Carlo simulations and theory for fabrication process

In this section, a theoretical study is conducted for the fabrication process using Monte Carlo
simulation tools (CASINO and EBL simulator) to understand the backscattering trajectories
resulting from the proximity effect and their effect on the profile of the developed pattern. The
fabrication of metasurface under normal conditions of EBL setup leads to the deformation
of the proposed structure as illustrated in Fig. 4(a). Therefore, it is necessary to model the
metasurface device using simulation techniques to obtain optimized values for the EBL setup
to realize high-resolution patterns and ultimately reduce the pattern time. The backscattering
of electrons causes the deposition of energy at the different field spots from the actual energy
spot area of the exposed pattern configuration [21,22]. The changes occurring in the exposed
pattern configuration due to the irradiation of the resist spots or by dose distribution results in the
proximity effect. As a result, the pattern resolution between neighboring structures is limited by
particle dispersion or the proximity effect [23].

Under the normal setting of the EBL setup, i.e., the acceleration voltage (20 keV), beam
width (20 nm), dose (200 uC/cm?), the proposed metasurface design is simulated with a 100 nm
PMMA resist layer. The energy distribution of backscattered electron trajectories can deposit
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the unwanted energy in unexposed regions, which can not only alter the design pattern but also
forms undesirable deformations of the structure. Figure 1(a) illustrates the backscattered electron
movement trajectories with normal settings of EBL. It is worth noting, that backscattering not only
occurs from the resist layer but also from the chrome and substrate layer. The backscattering can
substantially reach the unexposed regions on the resist layer causing deformity of the fabricated
structure. Secondly, when fabricating large area metasurface structures, the pattern time is a
crucial factor and depends on the dose exposure, step size, and dose currents. The total pattern
time can be calculated by the following expressions [24],

Ttotal = Texposure + Tsettling (1)

Texpoxure = WNpixels * Tsin gle_pixel (2)
Dose * ss*

Tsingle_pixel = W 3

Frime
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Fig. 1. Simulation of backscattered electron trajectories to control the overexposure
resulting from the proximity effect. (a) Simulation results under a normal EBL setup, as
the backscattered electron from the resist and substrate layer, expose the undesired areas,
which can result in deformation of the metasurface structure. (b) Simulation with our

modified method using PEF, since the exposed beam has no backscattering from the resist
and substrate layer and only concentrated on the exposed spot area.

The time for patterning depends on the dose rate (keV), step size, beam currents (nA).
Optimizing these variables reduces the time required for the patterning on the resist and
ultimately increases the throughput. The dose rate also plays a significant role in the reduction of
backscattering trajectories when using low voltages as high voltages cause forward scattering. In
this study, we have used the point exposure function also known as the point spread function (PSF)
to control the proximity effect. To approximate the PSF, Gaussian and exponential functions are
used to fit the spatial profile of the electron distribution due to scattering and secondary electron
creation. We employ the Gaussian function to describe the backscattered electrons to evaluate
the feasibility of our approach for finding the optimized values for EBL settings as given in
Table 1. Figure. 1(b) represents our method using PSF; it can be observed that increasing the
beam current and decreasing the beam width together with changing the dose rate, controls the
backscattering of electrons. The overexposure resulting from the backscattering is alleviated and
the pattern is formed on the only exposed area.

The exposure dose for patterning is determined by the electron energy, the backscattered
electrons in the resist and substrate, and also by the development environments (i.e., temperature
and development time). As a result, we evaluate the development time and temperature in relation
to the dose. The exposure simulation yields a comprehensive spatial distribution of the writing
beam in the resist. As it is evident, a low exposure dose results in broadening of the beam (See
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Table 1. Parameters used in the EBL patterning process for both methods

Methods Voltage Current Beam diameter/ Spot size Dose Develop Time Write time
(keV) (nA) (nm) (uC/em?) AtT=22°C 2 cm?

M1 20 0.5 20 200 120 sec 10 hours

M2 50 4.9 10 450 60 sec 3.5 hours

Eq. (4)) producing deformation in the pattern profile [21]. Figure 2(a) represents the dose yield
for patterning on the resist under normal conditions (200 uC/cm?, 20 keV). The beam width
of low energy dose increases and causes overexposure in the undesired area. As a result, the
produced developed profile has lower base width and rounded corners at the top surface (shown
in Fig. 2(b), thereby altering the entire geometry which can significantly change the resonance
behavior of the metasurface. However, to obtain high-resolution developed profiles and to reduce
the pattern time, our optimized parametric values from the simulation results outperform the
normal condition. The illustration in Fig. 2(c) represents the modified method as the beam width
remains the same during the patterning process with less elastic scattering and the beam is only
limited to the pattern spots corresponding to the metasurface design. The development profile
corresponding to the high dose and controlled proximity effect is presented in Fig. 2(d). The
simulation of the developed profile forms a high-resolution pattern with fine corners. When

(e)
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Fig. 2. EBL simulation for dose yield and developed profiles, (a) Beam yield in the resist
layer broadens due to elastic scattering when considering low acceleration voltage and low
dose currents, (b) The developed profile corresponding to normal settings of EBL with low
voltages, as the elastic scattering of electron beam causes overexposure in the resist layer
resulting in the deformity of the developed profile, (c) Simulation of the patterning process
with controlled proximity effect using high voltage and longer current, these methods also
reduce the pattern write time and develop time, (d) Developed profile corresponding to our
method, as the profiles in the resist show high resolution along with fine edges, (e) resist the
development of our prosed method considering longer time, T =2 mins, as the profile start
the appearance of overdeveloping, (f) T =3 mins development time results in the degradation
of the profile causing pattern collapsing.
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using a high dose the development time decreases, as in this case 60 Sec at 22°C.

31 (=34
F(p,2) = =< (73/)) S

23
Wherein, A is the wavelength of the electron transport path in the resist and p is the lateral distance
of the electron beam axis, as the elastic scattering can be determined from the beam energy and
material used for the resist layer. Equation (4) is employed for the uniform distribution of the
electron beam to limit the backscattering, resulting in the high spatial distribution of the write
beam in the resist layer as shown in Fig. 2(c).

Controlling the fine characteristics that are printable by e-beam depends on the development
process. It is crucial to precisely regulate the time and temperature of the resist profile in
developing a solution since repeatability is directly correlated with the development time. The
phrases underdeveloped and underexposed, or overdeveloped and overexposed, may become a
bit ambiguous as a result. The kinetics of the dissolving process plays a significant role in the
optimization of EBL needing a thorough understanding of these elements. The issue arises when
the resist is overdeveloped (T =2 mins), the substrate-resist bond weakens and capillarity forces
emerge when the solvent is removed as shown in Fig. 2(e). Further increasing the development
time to T =3 mins causes the resist structure to mechanically break, resulting in pattern collapse
as illustrated in Fig. 2(f). Particularly for thick resists, adjacent linear features are susceptible
to this issue. The relationship between exposure and development can be seen in the fact that
shorter exposure with more rapid development can be compared to shorter development with
heavier exposure.

3. Fabrication methods for metasurface prototyping

The proximity effect makes it difficult to generate uniform corners in metasurfaces using EBL
nanofabrication. The fidelity of the fabricated metasurface array elements to the design has a
significant impact on the level of discrepancy between the fabricated and simulated absorption
efficiency. In this section, first, the metasurfaces are fabricated under normal conditions using
(ELIONIX ELS-7500EX) beam writer for the patterning process depicted in Fig. 4. The
pre-cleaned silicon substrate is spin coated (CEE200X) with PMMA (950 K, 2wt % in anisole)
resist layer at (2000 rpm, 60 sec) and backed at 150 °C with a metal hotplate for 90 sec to remove
residual solvent and raise the adhesion with Si surface. After backing, the PMMA-coated wafer
is exposed to an electron beam for pattern writing under normal conditions (200 pC/cm?, 20
keV) with a beamwidth of 20 nm and step size of 30 nm. The patterned PMMA resist layer is
developed in 1:3 (4-methyl-2-pentanone) MBIK: IPA solution for 120 sec and post-backed at 100
°C followed by N, blow-drying. The developed patterns are then exposed to thermal evaporation
to deposit the pure gold material. The standard liftoff process is performed with an acetone bath
to remove the PMMA and unwanted metal from the fabricated metasurface to realize the desired
device.

The above method produced distorted corners at the hexagon and cross shape metasurface
because of neglecting the proximity effect during the patterning process. When a specific area
is exposed to E-beam, the nearby area to the incident E-beam receives undesired irradiation
causing a proximity effect. Forward and backward scattered electrons can be used to segregate
the exposure of photoresist on a substrate by an E-beam. Secondary electrons can be generated
by both scattered electrons, which expose the resist with backscattered electrons having a longer
travel distance. Backscattered electrons can reach several tens of micrometers on a Si substrate
for high acceleration voltage (>50 keV), causing undesirable photoresist exposure far from the
E-beam exposure spot as shown in Fig. 3. Moreover, low dose electron irradiation affects the
chemical properties of the PMMA resist resulting in hardening due to long exposure time. The
hardened PMMA during the liftoff process increases the possibility of standing unwanted metal on
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the metasurface geometry as shown in Fig. 3(a-d). The small chunks of metal on the metasurface
geometry can lead to lower absorption efficiencies. Additionally, the long exposure time for
patterning large array elements, the pattern generator can produce an error due to buffer overflow
thus restricting the patterning speed. To fabricate the metasurface structures with fine corners and
edges the EBL fabrication process is revised with careful considerations to control the proximity
effect by using the optimized EBL settings values obtained for PSF through simulations. The
measurement of the lithographic PSF by the dot-exposure method, which accounts for all physical
phenomena pertinent to EBL exposure, is shown in Fig. 3(e). The comparison between the Monte
Carlo Simulation PSF and measured PSF depends on the spot size and secondary electrons (SE)
back scattering. These are the absolute limiting factors in EBL for the fabrication of small feature
sizes. The results in Fig. 3(e) suggest that PSF becomes lowers as the spot size is decreased,
therefore increasing the resolution. The SEs dominate the spatial distribution of deposited energy
density in the Monte Carlo simulated PSF. From Fig. 3(e), it can be observed that the simulated
PSF is in good agreement with lithographic PSF. For 20 keV exposure, the spread function is
higher as the spot size increases which can result in a high proximity effect due to SE scattering.
However, Limiting the spot size to 10 nm The PSF can significantly control the SE at 50 keV,
thus providing high resolution patterns in the resist. It can be noted, that for the manipulation of
PSF for dose distribution, the Gaussian fitting function obtained for each PSF was normalized.

(c) Standing metal chunks

©

10° A 20 keV (Exp)
® 50 keV (Exp)
50 keV (Sim)
« —— 20 keV (Sim)
10"

Development under

Normal conditions
—_——

(d) Highly rough rounded 102

corners

[ ]
20 30 40 50 60 70
radius (nm)

Fig. 3. (a-d) Schematics of the nanofabrication under normal EBL conditions. The
hardening of PMMA and over-exposure dose causes standing metal chunks and rough
corners, (e) PSF comparison of Monte Carlo simulation versus experimental lithographic
PSF, The results are in agreement with optimized simulated results. Employing the optimized
parameter in the actual fabrication results in high resolution.

Point Spread Function (a.u.)

The Si wafer is pre-washed with IPA to remove the environmental impurities. The cleaned
wafer substrate is spin coated with 4500 rpm for 60 sec to form a 100 nm PMMA resist layer.
Whereas, the time and spin speed can successfully achieve the desired PMMA layer thickness and
ultimately reduce the appearance of standing metal chunks on the top surface of the metasurface
because the final thickness of the metallic hexagon and cross shape structures are 100 nm
respectively. In addition, the thickness of PMMA is measured using a stylus profiler (Dektak
XT). The resist-coated wafer is baked at 180°C for 120 sec on a metal hotplate to evaporate
the residual solvent. More importantly, for the patterning process, the EBL proximity effect
is controlled through proximity effect correction with Gaussian functions to stop the adjacent
irradiation SEs in the resist layer.

In the next step, the time and dose for E-beam exposure are critically calculated to reduce
the hardening and overexposure on the structure spot to increase the EBL reliability for larger
area metasurface fabrication. The patterned PMMA resist is immersed in the developer solution
for 60 sec at 22 °C. The longer development time can lead to overdevelopment which can pose
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SEl 20kV WD22mm SS40 x1,400 20pm

Fig. 4. (a)SEM micrograph of the metasurface fabricated with the first method (M1) in
PMMA resist on a silicon substrate with 10 nm chrome layer, exposed to 20 keV with 200
uC/ecm?, develop time is 120 sec in the solution at 22 °C. The resultant image portrays rough
corners and rings on the cross-shape absorber. (b) In the zoom micrograph of the hexagon
metasurface structure, unwanted metal chunks appeared in the geometry due to the proximity
effect and formation of circles at the center as the electron beam has higher dimensions than
the feature size, (c) The zoom micrograph of the cross shape fabricated metasurface, the
higher deformity is observed in a cross-shape, sharp corners are desired in the geometry
but circular shapes appeared at the end of the cross-shape. The altering of the geometry
can not only affect the resonance conditions but also lowers the absorption efficiency due to
impedance phase matching between the two structures.

SElI 20kV WD21mmSS40 X950 20pm

Fig. 5. (2) SEM micrograph of the metasurface fabricated with controlled proximity using
PEF resulting in a better quality of fabricated metasurface using (450 pC/cmz, 50 keV), the
development is acquired at 22 °C with a dip for 60 sec in the developer solution. Both the
hexagon and cross shape metasurface have sharp edges and fine corners, thus portraying a
high resolution of the fabricated structures with enhanced performance, (b, c) Zoom images
of the hexagon and cross shape resonator.
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the collapsing of desired geometry. The developed patterns are then subjected to thermal metal
evaporation to deposit 10 nm chromium (Cr) and 90 nm of gold (Au) layer at a rate of 1 A/s
having a base pressure of 107> Torr. The thin layer of Cr material is employed to improve
the adhesion of gold material on the substrate surface. In addition, the vertical configuration
between the vapor flux and substrate is maintained, so that the angular spread of evaporated vapor
flux cannot distort the sharpness of the metasurface structure. The PMMA layer and undesired
metal film are removed with a 1-hour acetone bath under ultrasonic treatment during the lift-off
procedure. After that, it was rinsed with pure IPA and distilled water for 10 sec before being
dried with nitrogen gas. The fabricated metasurface with fine corners is shown in Fig. 5.

4. Structural and optical characterization

Scanning electron microscopy (SEM) at 20 keV was used to examine the surface morphology
of the developed metasurfaces featuring plasmonic absorbers. SEM scans in Fig. 4 show
the fabricated metasurface under normal conditions. Figure. 5 demonstrate better EBL print
consistency (no residue layers) and high-quality patterns at the micrometer scale over large
areas. Figure 5 shows a microscopic photo of the uniform pattern of metasurface plasmonic
absorbers. The high-resolution SEM photos show that metasurfaces and plasmonic absorbers are
distributed evenly across the substrate surface. Infrared spectral measurements are made with a
universal attenuated total reflectance and paired with a Fourier transform infrared spectrometer
(PerkinElmer) ATR-FTIR with FTIR resolution of (4 cm™}), range (4000 to 650 cm™b), and
20 scans. The manufactured metasurfaces are put on the diamond crystal pointing downwards
to touch the gold metasurface layer with the ATR crystal to observe plasmonic absorbance
resonance at the LWIR region. A confocal microscope is coupled to an FTIR and a mercury
cadmium telluride detector is chilled with liquid nitrogen before readings. An aperture is used to
take spectral measurements from a 2000 um? area. A CST simulation tool with FDTD solver was
utilized to analyze the absorption resonance of the fabricated metasurface. Periodic boundaries
are applied across vertical and horizontal axis with a uniform mesh grid of 0.2 nm, whereas the
Palik model [25] is adopted for optical parameters of gold.

5. Results and discussion

The introduction of structural disorders in metasurface fabrication without controlling proximity
effect and dose exposure rate can significantly distort absorption resonance. Figure 4 depicts
the structural morphology of the metasurface fabricated under normal conditions. It can be
observed that the dose exposure (200 uC/crnz) and low acceleration voltage (20 keV) leads to the
irradiation of E-beam in PMMA layer further resulting in the reduction of fabrication quality and
rough curves and highly rounded edges. The main cause of ring development on a cross-shaped
metasurface is overexposure of the resist at the irradiation point, followed by carbonization, which
implies that the exposed area receives a dose value that is higher than the threshold. Additionally,
plasmons field confinement at inner center hexagon slots is weak due to the formation of circular
slots shown in Fig. 4(a), whereas hexagon slots are desired to achieve high field plasmonic
confinement due to sharp corners. The appearance of the circular metal spot at the cross-shape
metasurface (depicted in Fig. 4(c)) is the result of beam broadening due to elastic scattering at
lower voltages. The resultant fabricated profile is in agreement with the developed simulation
profile as shown in Fig. 2(b), the edges of the metasurface tend to be circular at the ends which
can shift the resonance of the metasurface. Another key use of simulation modeling of the resist
developed profiles is to supplement experimental research by forecasting basic EBL process
trends. It can also be used to predict the process conditions for future refinement. Similarly, it can
be observed from Fig. 4(b-c) that the appearance of the standing metal depends on overexposure,
beam width, and step size. The larger beam width and step size produce high backscattering of
moving electrons, which causes the resist hardening in desired spots. In Fig. 4(b), the geometry
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of the inner hexagons appeared as symmetric circles because the broader beam width lacks the
functionality of patterning small feature sizes.

In our method, consistent dosage of 450 uC/cm? is applied to a 1000 um x1000 um field
writing area. Selecting a larger field area, the pattern can be replicated with ten times lesser
write fields. As an outcome, the sample stage movement time and subsequent stage settling
time will be reduced by a factor of 100. It should be noted that the area corresponds to the spot
area exposed by the beam, not the total pattern area, as in this case, the total pattern area is 1
cm?. The convolution of the PSF and the disc in the layout (area step size) determines the total
exposure in any given region. A series of procedures are required to experimentally determine
the PSF and are reliant on the resist contrast and processing conditions. To achieve uniform
exposure on the resist by the e-beam over the designed area, EBL proximity effect correction
(PEC) is also applied with different exposure dosages and pattern proximity correction to adjust
the local structural detail of the design and to ensure that the fabricated metasurface reliably
follows the modeled structure. Because of its considerable effect on the electron penetration
depth and the number of inelastic collisions happening in the resist, the electron beam energy
plays a critical role in the fabrication process. When the electron energy increases (>50 keV), the
penetration depth increases, resulting in a narrow primary electron energy density distribution
in the resist. At increasing voltages, the number of polymer chain scissions per electron falls.
Therefore, during fabrication to control the proximity effect, the acceleration voltage is kept at 50
keV with an exposure dose of 450 uC/cm”. We note when the pattern is exposed to a high dose,
the developed profiles retain their shape according to the designed geometry. The SEM images
in Fig. 5(a-c) illustrate the fabrication of a large area metasurface with the above-controlled
conditions resulting in fine corners and edges. The high current with a stable dose allows for
manufacturing over relatively wide regions in a short amount of time.

The optical characterization of the fabricated metasurfaces is experimentally demonstrated
by utilizing FTIR spectroscopy. Figure. 6(a) depicts the absorption spectra of both fabricated
metasurfaces and the FDTD simulation model. The black dotted line represents the FDTD
absorption resonance of the metasurface, which is in close agreement with the result of the
prototype fabricated according to our method. The proposed device has a plasmonic resonance
at 8um LWIR region with an absorption bandwidth of 2um. The resultant high absorption at 8
um is due to plasmons field enhancement at sharp corners and efficient interaction of plasmonic
fields between the cross shape and hexagon shape metasurface. It can be noted, to achieve higher
absorption both structures should be impedance matched. The mismatching can result in lower
coupling of a plasmonic field on the metasurface acquiring low efficiency and sensitivity. The
red line in Fig. 6(a) indicates the absorption resonance with rough edges fabricated with M1. The
roughness of the structure decreases the plasmonic interaction with incident light and thereby
reduces the field confinement. The low field confinement acquires low absorption 55%. The shift
in resonance is caused by the appearance of highly rounded corners with rough geometry. The
rounded corners increase the surface area of the resonator, which shifts the resonance absorption
towards longer wavelengths. Whereas, the sharp-cornered metasurface achieves almost 90%
absorption at § pm resonance.

This resonance should be attributed to localized surface plasmon resonance (LSPR) i.e.,
efficient coupling of adjacent array elements. When sharp edges metasurfaces are exposed to
incident light of resonance wavelength, the plasmonic resonance concentrates at corners and
significantly increases the field energy density. This effect is normally dependent on the sharpness
of the metasurface. The metasurface prototype in Fig. 6(b), (c) has a strong spatial concentration
of electric field at the center of hexagon slots. The LSPR exceptionally strong and confined
electromagnetic fields may be used to create a highly sensitive probe for detecting minute changes
in the dielectric environment. The refractive index of the immediate surroundings around a
metal metasurface structure increases bimolecular binding events move closer to the surface.
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Fig. 6. (a) FTIR absorption spectra of fabricated metasurface devices with sharp corners
and rough surface edges and their comparison with simulation. (b), (c) The IR image of
plasmonic field confinement and their propagation on the sharp edges and corners.

Thus, bimolecular interactions at the metasurface structure surface immediately cause local
refractive index changes, which can be tracked using the LSPR peak absorption wavelength shift.
Furthermore, our proposed fabrication method is compared with the literature studies in Table 2.

Table 2. Comparison of our work with literature

Refs Size Absorption % Structural Quality Fabrication Method
[26] 450 %450 um 88 Extremely rough and distorted EBL
in shape
[27] 2x3cm 88.27 Appearance of highly rounded Maskless direct laser
corners with lower resolution lithography
[28] 1.5%x 1.5 cm? 25 Circular shape deformation to EBL
oval shape with irregular edges
[29] 100 mm? - Lower resolution with EBL
nonuniform shapes
This work 2x2 cm? 90 High resolution with uniformity Modified EBL

in arrays shape and edges

6. Conclusion

In conclusion, an experimental demonstration of metasurface nanofabrication with a controlled
proximity effect is presented. The controlled conditions in EBL, specifically PEC and PSF solve
the long-standing problem of Nano lithographic production of the sharp metasurface, enabling
high production and repeatability in larger areas. The key advantage of the proposed method
i.e., low dwell time for exposure, more efficient delivery of energy to ultrathin resist and lower
probability of sample damage. Using a high exposure dose with longer currents results in less
patterning time over a larger area. When compared to traditional EBL, arrays of metasurface
nanostructures may be easily scaled to huge regions with a three-fold reduction in exposure time.
The FTIR spectra revels the higher absorption resonance at 8 um with 90% absorption, thus
approving the plasmonic field enhancement with sharp edges and corners. Rough corners can
ultimately reduce the plasmon enhancement and result in lower absorption sensitivity Nonetheless,
this research has taken a promising step toward high-quality plasmonic metasurfaces for quantum
optics, biosensing, and optical imaging applications.
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