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ABSTRACT

Metasurfaces are two dimensional patterns that are used to manipulate the propagation of
light by controlling the resultant transmittance, reflectance, or absorption at specific wavelengths.
Metasurfaces are typically composed of metallic or dielectric components arranged in single or
multiple layers and with sizes significantly less than the wavelength of incident light. While
considerable advances have been made in the design of these surfaces, there are significant
challenges with high-throughput parallel fabrication over large areas which limits their
applicability. Here, we demonstrate the design and characterization of mid-IR metasurfaces
fabricated using a combination of photo and NanoImprint Lithography (NIL). We fabricate arrays
over millimeter scales with a variety of 3D nanoscale designs including asymmetric disjointed
shapes and symmetric accordion-like shapes with widths of 400 to 600 nm, thickness of 30 to 50
nm and lengths of 5 to 6 um. We characterize the mid-IR optical response of these metasurfaces
in reflection using Fourier transform infrared (FTIR) microscopy and simulate the spectral
response using Finite element method (FEM) calculations with good agreement between
simulations and experiments. Also, we demonstrate that the metasurfaces exhibit characteristic
and significantly different plasmonic resonance modes based on the polarization of the incoming
light. Our large area fabrication methodology allows cost-effective fabrication of large area
metasurfaces with 3D micro and nanoelements for scalable photonic and plasmonic devices with

significant tunability in geometry and optical characteristics.



1. INTRODUCTION

Conventional optical devices, based on light manipulation via accumulated propagation,
through for the most part homogenous media, are inherently bulky and loss-intensive.'?> Hence,
recent efforts have been directed at miniaturization and integration with modern photonic
techniques.® One of the most promising directions is metamaterials which are three-dimensional
artificial materials that can manipulate the propagation of electromagnetic* or sound (acoustic)
waves,”® and can benefit communication, imaging, sensing, and energy harvesting.” Typically
composed of periodic patterns of metal, dielectric,® or a combination of metal-dielectric
structures,”!® 3D metamaterials enable tunability of the effective permeability, permittivity,'!
extinction parameters,'?!3 frequency!* and hence the spatial distribution of the wave response.
Thereby, one can realize optical phenomena such as asymmetric transmission, ® polarization
control,!> absorption/emission management,'®!” negative refraction,'® super resolution imaging,'’
and even electromagnetic invisibility.?® However, there are significant challenges for large scale

fabrication and reducing electromagnetic losses of fully 3D metamaterials.

For these reasons, in the last decade, the emphasis of the research has shifted towards
metasurfaces, which are inherently two-dimensional (2D) metamaterials, composed of monolayer
or few-layered planar stacks that offer same functionality as bulk metamaterials but in a more
compact, lighter and loss-efficient manner (lower Q-factors).?! Factors like the choice of materials,
number of layers, and geometry facilitate tunability in their spectral response to realize
characteristics like selective reflection and transmission along with phase control.!32
Metasurfaces can even manipulate light in more complex ways in 3D to create broadband circular

polarizers,?® quarter wave plates,** helical phase beams,?> and computer generated holograms.?¢



As compared to fully 3D metamaterials, a major advantage of metasurfaces is that they are
compatible with conventional optoelectronic chips and are easier to fabricate as most lithographic
patterning techniques are inherently planar. With metal, dielectric, and semiconductor building
blocks at their core, metasurfaces can be patterned and integrated using wafer-scale techniques.?’
This key feature is critical to advance practical use of this promising technology in smart

nanophotonic and optoelectronic devices.?8

For metasurfaces of relevance to visible and infrared (IR) devices such as antenna

2930 gpatial and spectral emission control,?! perfect absorption via selective narrow-band

sensing,
and dual-band emission,*? radioactive cooling via solar reflectors®? and label-free analyte-sensitive
biosensing using multi-resonant responses,** there is a prerequisite for highly parallel sub-micron
patterning over large areas. Currently, most devices are fabricated using Electron-Beam
Lithography (EBL) or Focused-Ion Beam lithography (FIB).%*> EBL and FIB offer high resolution
but are serial techniques with relatively low throughput and high cost. In contrast, nanoimprint
lithography (NIL)*¢ which uses stamps and molds allows high fidelity parallel patterning using
with resolution as low as 10 nm. Like photolithography, NIL also allows repeated replication of
nanoscale patterns over larger areas as the stamps and molds are reusable. Unlike

photolithography, NIL relies on the thermo-mechanical deformation of polymer resists and

consequently the resolution of NIL is not limited by diffraction.

NIL has previously been used to fabricate metamaterials and metasurfaces to achieve
different predictable photonic effects. Initially, NIL was predominantly used to exploit the
localized surface plasmon resonance (LSPR) and ensemble electron density oscillations observed

in noble metal nanoscale patterns.’” Subsequently, NIL was also used to create plasmonic

38,39 40,41

waveguides either planar ones on thin metal strips or over profiled metal surfaces.



Experimental realizations for a wider range of wavelengths have also been realized. For example,
Wu et al.***3 reported fabrication of a mid-IR metamaterial and Yao et al* fabricated a large area
metasurface with stacked subwavelength gratings and observed asymmetric transmission response
with superior extinction in visible to mid IR range. NIL has even been creatively used in derived
forms, such as to make exotic multilayer structures based on a stacking process to demonstrate
negative index ‘fishnet’ and ‘Swiss-cross’ metamaterials.*> Another such variant is soft UV-NIL
where the soft polymeric stamp is transparent and in contact with UV-curable resist in absence of
external pressure. This method was used to make 2D nanocavities for biosensing with near perfect
absorption capability in the near IR.*® A similar fabrication methodology was used to make
cylindrical nanowells for LSPR sensing and SERS (Surface Enhanced Raman Scattering)
substrates.*” With the aid of angled deposition, elliptical gold nanodisks were realized for clinical

immunoassay*® which highlights the geometric adaptability of NIL.

Direct nanoimprinting on metallic films* or nanoparticles®® has also been previously
utilized to manufacture plasmonic nanostructures with strong SERS effects and highly sensitive
LSPR sensing arrays respectively. Using colloidal gold nanocrystal based nanoantennas patterned
using NIL, Chen et al.>! demonstrated an ultrathin polarizing plasmonic metasurface and a quarter
wave plate. Similar devices when used with a hydrogel layer on top serve as an angle independent
optical moisture sensor.>? More recently, Park et al.> patterned Fe/Al,O; films via NIL to engineer
the modulation of effective density and refractive index of CNT (Carbon Nanotube) forests. These
examples highlight the compatibility of NIL with diverse types of metallic and non-metallic
materials. The rationale behind our work was to further extend the adaptability of using NIL for
more curved, complex and 3D topographies (like a hook or accordion) that offer-device grade

optical functionality.



Here, we report the design and characterization of mid-IR metasurfaces fabricated using
NIL coupled combined with conventional photolithography. Our metasurfaces consist of sub-
micron periodic antenna units with selective dual band spectral responses in the wavelength
brackets 4-6 um and 10-15 pm. We were motivated to mass produce mid-wave IR (MWIR)
responsive metasurfaces for several reasons. First, the atmosphere is transparent in two mid-IR
windows>**> due to minimal vibrational and rotational absorption of atmospheric gases such as
oxygen and carbon dioxide.’® Consequently, signals in the mid-IR are widely used for
environmental and remote sensing.’’ Second, commonly encountered thermal emissions from
humans and hot objects such as aircraft engines correspond to temperature ranges of 300 to 1000
K in the MWIR band.® Thus MWIR metasurfaces have potential applications in energy
harvesting, tracking, camouflaging, and ambient radiative cooling. Conventional MWIR optics for
such applications are bulk and expensive. Finally, the losses in metallic metasurfaces are lower in
the MWIR range as compared to shorter wavelength regions such as the visible and near IR. We
note that NIL allows us to create features on the order of several hundred nm which is

commensurate with the subwavelength size and periodicity of ‘meta-atoms’ in the MWIR range.

We utilize a comprehensive approach for design and prediction of the optical responses for
various antenna shapes and sizes in the mid-IR wavelengths using numerical simulations in
COMSOL. Using the fabrication protocol described in subsequent sections, we reproducibly create
metasurfaces over millimeter-sized areas using NIL and measure the optical responses using
Fourier transform infrared (FTIR) microscopy. We observed good agreement between simulations
and experiments. The results demonstrate the versatility of the method for two different types of

metasurfaces: disjointed-hook (DHM) and accordion-like (ALM).



2. METHODS

2.1 Large area nano-patterning of metasurfaces: Fabrication details are illustrated in
Fig. 1. We first spin coated a thermally curable resist NXR-1025 (7%, Nanonex Corp) at 2000 rpm
and baked the resist at 115°C for 1 minute. We stamped the wafer using a commercial NX-2000
imprinting tool with an 8 x 8 mm? mold (LightSmyth) with the nanolines feature. We performed
stamping via a controlled cycle with an applied peak pressure of 200 psi and peak temperature of
120°C. We loaded the resulting samples in a dry planar etcher with 22 sccm oxygen flow at I00W
RF power for a minute to reach the bottom of the substrate as shown in Fig. 1 (D). Next, using
thermal evaporation in tungsten boats, we deposited (5-10 nm) adhesive layer of chromium
followed by 30 - 50 nm thick gold film at a deposition rate of 0.1 — 1 A/sec in 1 x 10" Torr chamber
pressure. After this step, we dissolved the residual imprint resist in acetone for lift-off metallization

using a sonication bath. These steps define the width of the nanoantennas.

In order to fabricate nano-antenna units from the NIL patterned nano-lines, we spin coated
a UV-curable photoresist S1805 by Microposit at 4000 rpm and then baked it at 115°C for 1
minute. I-line (365 nm) exposure was done using a Neutronix NXQ 4000 mask aligner and the
resist was developed using MF-319 developer for 7 sec. The photopatterning alignment was done
such that the micron-sized periodic line pairs on the chromium photomask were orthogonal to the
imprinted gold lines, hence this step determined the final length of our antennas. The unmasked
gold regions between any two resist line pairs were dissolved at room temperature using a
commercially purchased wet etchant GE-8110 (Transene). The chemistry was selective towards
gold with an added surfactant to enhance the wetting. Chromium etchant CR 1020 AC (Transene)

was applied to remove the underlying chromium below the gold removed. Eventually, the resist



was washed off using acetone to give rectangular cantilever-shaped antennas. The aforementioned
protocol for making single layer metasurfaces can be adapted for MIM (metal-insulator-metal)
structures with the addition of two preceding steps as shown in Fig. 1 (A). First, was thermal
evaporation of the back reflector metal layer with a thickness of approximately 200 nm, followed
by a subsequent deposition of the 120 nm thick dielectric spacer layer, which was magnesium

fluoride (MgF>) for our study.
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Figure 1: General fabrication process for both metasurface types. a) Thermal deposition of Au followed
by MgF; onto the silicon substrate. b) Spin coating of the thermoplastic resist on top for the imprint process.
¢) Pressure and temperature-controlled NIL step under vacuum to transfer the nanolines. d) Removal of the
residual resist after NIL using an oxygen plasma descum to reach the substrate. €) Thermal deposition of
the Au desired thickness preceded by deposition of an adhesive layer of Cr. f) Lift-off metallization by
sonication in an acetone bath to remove the resist. g) Photopatterning of the resist etch mask perpendicular
to the direction of the imprinted lines followed by developing to expose the unwanted Au. h) Wet etching
of the Au followed by Cr using commercially available selective etchants. i) Removal of the etch mask
resist layer using acetone. j) Image of the disjointed hook metasurface (DHM). k) Image of the accordion-
like metasurface (ALM).

2.2 Fabrication variation of DHM and ALM: The main difference in the fabrication

methodology of the DHM and ALM occurs during the steps D and E explained earlier in Fig. 1.



Given the nanolines in our commercially procured stamp, the resulting resist side profile is as
shown in Fig. 2 A (i) alongside a representative schematic A (ii). During the deposition of gold in
a vacuum chamber, the DHM and ALM are obtained from different positions on the substrate
holder plate as shown in schematic B (i). The solid angle projected by the gold target below
resulted in a normally incident vapor flux for the ALM as seen in schematic B (iii). Whereas for
the DHM, the deposition of top gold layer occurs at an angle due to the shadow effect™- % casted
by the solid angle of gold flux as shown in panel B (ii), thereby ensuring the discontinuity in the
film. Once the acetone lift-off is performed (step F in Fig. 1), the ALM is realized directly as seen
in panel C (iii), while the antennas in DHM undergo slight curvature shown by the hook
topography in schematic C (ii). We hypothesize that this curving occurs due to the differential
stress in the Cr/Au bilayer, which when released from the contact with the imprint resist, relaxed
to an unstressed state. The direction of this minimal bending is downwards towards the substrate
given the higher stress in Cr layer than the Au layer.5! This outcome is realized in the SEM of
DHM in panel C (i). In this paper, as a proof-of-concept, we explored the two limiting cases, when

the substrates are towards the center and at the edge of the holder plate during deposition.
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Figure 2: Obtaining DHM and ALM: (A) (i) schematic representation of sample side profile of imprint
resist lines MIM substrate after NIL using one of our stamps for metasurface fabrication; (B) (i) Schematic
representation of vacuum chamber for gold thermal deposition with arrows representing the incoming vapor
flux from gold target below; (ii) which is at an angle for the DHM; (iii) and normally incident for the ALM
during the evaporation step. (C) SEM micrograph of the resulting (i) DHM and (iii) ALM; (ii) schematic
showing that post the lift-off step, the antennas in DHM undergo small degree of bending due to release of
differential stress in the Cr/Au bilayer to generate the hook topography.

2.3 Fourier Transform IR Characterization: We performed the reflectance
measurements for our metasurfaces using a Bruker Tensor 27 FTIR spectrometer coupled to a
Hyperion 2000 microscope. We focused the incident light from the source on the sample using a
15X visible-cum-IR objective (NA = 0.4) and collected it back using a liquid nitrogen cooled
mercury cadmium telluride (MCT) detector. The weighted average angle of incidence for

reflection measurements was 20°. We used the reflection spectrum from a gold mirror to normalize

all sample reflection spectra. We confined the collection area to 100 X 100 um? by a rectangular

glass aperture to consider a region with minimal defects. We placed an IR polarizer in the path of
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incident light before it hit the sample, at two optional angles of 0° and 90° to generate linearly
polarized light with parallel and perpendicular states with respect to the antenna. We did not use
an analyzer for the resulting light off the metasurface. We collected spectra for the samples and
background from 2 to 16 um at a resolution of 1 cm™! containing 64 scans with a mirror repetition
rate of 20 kHz. We corrected the spectra using the atmospheric compensation tool (for H>O and
COy) in OPUS package by Bruker and post processed for smoothening by Savitzky-Golay

algorithm.

2.4 FEM Modelling: We explored a number of complex geometries in COMSOL
Multiphysics® using the electromagnetics module to mimic the shape of the antennas in both types
of metasurfaces. In order to accurately capture the curvature nuances of our metasurfaces, we used
basic geometric modelling to approximate the unit cell input for setting our FEM calculations in
COMSOL based on the ImagelJ characterization of SEM micrographs as shown for DHM in Fig.
S3. The details of these mathematical design paradigms are described in more detail in the
supporting info section 1 (Fig. S1 and S2). We simulated unit cells with boundary conditions in
the x and y direction as infinitely large periodic area. We used the light source as a plane wave and
calculated the reflection, transmission and absorption during the simulations by setting frequency-
domain power monitors. We used literature values for the optical parameters of Au®?> and MgF,.%

The light was incident through the period port and we obtained the reflection via S-parameters.

2.5 Design Considerations: We used undoped <100> high resistivity (>10, 000 ohm-cm),
525 (£10) pum thick silicon wafer as the substrate in both the metasurfaces. We used float zone
grade silicon, which is usually used to fabricate optical components in the semiconductor industry

and single side polished wafer for our reflection measurements. As compared to low resistivity
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counterparts, our high resistivity silicon substrates show better mid IR performance for mid IR
wavelengths. We farbicated the MIM assembly from the Au-MgF>-Au trio. Based on our
predictions of real and imaginary parts of the dielectric constant for mid-IR wavelengths (see
supporting info Fig. S4) of the three most commonly used plasmonic materials: Au, Ag and Cu,
we chose Au. Regarding another prospective choice: Al as a plasmonic material (as well a
reflective material) is mainly applicable in the blue and UV regions of spectrum. Ag, Cu and Au
are strongly absorptive due to intra-band absorption. In mid-IR, however the loss in aluminum is
higher than in Au, Ag and Cu. MgF, is an inexpensive dielectric material widely used in
conjunction with Au for MIM devices, and can be deposited thermally, hence our choice for the
insulator layer. Owing to the low refractive index (around 1.40) and absorption capacity of MgF»
for mid-IR wavelengths® and scattering possible with tightly packed array of well oriented gold
nanopatterns, we hypothesized that our design would exhibit optimal efficacy for mid-IR

operation.

According to the generalized Snell’s law® customized and optimized for a specific
purpose, reflection can be obtained using the MIM metasurface structure. Compared to the non-
MIM structure, the nano-antenna array on the top surface can couple to its own dipolar image in

6667 and hence can achieve a phase coverage of 2m. Furthermore,

the back-metal mirror,
metasurfaces based on MIM stacks can significantly increase the efficiency compared to the non-
MIM ones which is usually 10%-20%.5%% In addition, to help realize high efficiency abnormal

reflection, MIM based metasurfaces are also widely used for the research of frequency selective,

perfect wave absorbers and thermal radiation devices in the mid-IR wavelength region.
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In conventional antenna theory, especially for the radio frequency and microwave regimes,
antennas are widely used for converting the electromagnetic radiation into localized energy and
vice versa. Optical antennas or nano-antennas are the extension of the traditional antenna concept
into the optical wavelength ranges. In designing traditional antennas, the length of antennas L are
directly related to the wavelength of incoming or outgoing radiation. At optical frequencies, the
radiation penetrates the metal and drive the conduction electrons into collective oscillation known
as localized surface plasmon resonance (LSPRs). This gives rise to an alteration of the incident
radiation pattern and striking effects such as the subwavelength localization of electromagnetic
energy, the formation of high intensity hot spots at the nano-antenna surface. Meanwhile, due to
the excitation of LSPRs, the incident radiation is no longer perfectly reflected from the metal’s
surface. So, like the traditional antenna, for a half dipole antenna, the length of the nano-antenna

should scale accordingly.”

3. RESULTS

3.1 Morphology of DHM and ALM: Our fabrication procedure is highly scalable and
extremely effective in creating differently sized antenna components by simply using molds and
masks of varying lateral characteristics (duty cycle or period, line width, depth, angle of
photopatterning). The SEM images in Fig. 3 show the good imprint integrity (negligible residual
layers) and high-fidelity patterns at the submicron scale over large areas as described in the
schematic. The progressively zoomed micrographs specifically show a disjointed array of antennas
that are asymmetric along their width (hook-shaped topography) with approximately 50 nm height,
490 nm wide and 5.5 pm long with a period of 510 nm along the width and 10.1 pm along the

length. The non-continuity and thickness of gold antennas is critical in determining the LSPR
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activity for this case as explained later. We used ImageJ to analyze the SEM images and generate

geometrical measurements of the patterns as discussed in supporting info Fig. S3. Similarly, as

shown in Fig. 4, we realized the symmetric 3D accordion antenna array. The high-resolution SEM

images show that the antennas are connected uniformly along the longer edge.

Figure 3: The disjointed hook metasurface (DHM). (A) Schematic of the DHM with the underlying
silicon substrate, the thick metal layer, insulator layer and the disjointed hook-like gold nanopatterns. (B)
Large area SEM micrograph of the DHM, and (C) zoomed-in SEM image with a tilted side view showing
the novel hook topography of the individual antennas.

We realized high fidelity nanopatterning of the topmost gold antenna ensemble in both
cases. We obtained a complex asymmetric topography in case of DHM over a large area as shown
in panels B and C of Fig. 3. The antennas are separated along the right longitudinal edge and are
closely packed adjacent to each other. In case of the ALM, we achieved a continuous periodic
corrugation in the top gold layer and the surface profile is smoother for this case compared to
DHM. A key visual cue that differentiates otherwise seemingly similar metasurfaces is that if one
performs an asymmetric cross-sectional but periodic partitioning of the top gold layer in the ALM,
we obtain the DHM topography. Hence, we can creatively exploit a simple and effective variation

in lithography, described earlier in section 2.2 to fabricate tunable metasurfaces.
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Figure 4: The accordion-like metasurface (ALM). (A) Schematic of the ALM with the underlying silicon
substrate, the thick metal layer, insulator layer and accordion-like gold nanopatterns (B) Large area SEM
micrograph of ALM, and (C) the zoomed-in SEM with a tilted side view to show the continuous
connectivity of the antennas.

3.2 Surface plasmon modes in reflection spectra: The bottom gold layer in our
metasurfaces was sufficiently thick to prevent through any transmission of incident light from
above. Based on the electromagnetic resonance in the metal-insulator subwavelength bilayer, we
saw reduced reflection for certain mid IR frequencies. We analyzed the reflection responses for
three different cases and compared our results with the experimental measurements. Fig. 5 and
Fig. 6 show simulated spectra from COMSOL in panels A, B and C and the FTIR measurements
in panels D, E and F over the same wavelength range, for the DHM and the ALM respectively.
The blue and the green curves denote the cases with incident light polarized along the longer and
shorter edge of the antennas respectively, while the black curves are for unpolarized incident light.
While it was experimentally possible to measure for all the three cases in our FTIR setup using an
IR polarizer as described earlier in section 2.3, the FEM calculation for the no polarization case

(panels A) was taken as a mean of the cases in panel B and C.
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For the DHM, we observe significant reflection minima in the different mid IR regions at
around 2, 5, and 12 pm. The responses near 5 and 10 um result from the surface plasmon
resonances along the longer edge of the antennas as realized in panels B and E of Fig. 5 while the
response at 2 um is related to the plasmon resonance along the shorter edge of the antenna as seen
in panels C and F of Fig. 5. For the ALM case, we observe the same resonances for wavelengths

of 5 and 12 pm, with no discernable feature seen at shorter wavelengths lower than 1-5 pm. The
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overall symmetric continuity of the structure along the shorter edge doesn’t excite the same desired

plasmonic interaction, as seen in DHM, to limit the reflection for higher frequencies as seen in

green curves in panels C and F of Fig. 6.

Figure 5: Comparison of simulations and experimental FTIR spectra for the DHM. (A-C) FEM
predictions in COMSOL for DHM described in Fig. 3. They are compared with (D) to (F) FTIR reflection
measurements for the same cases represented by solid lines of same color. The IR polarizer used in
experiments generated linearly polarized incident light at different angles with respect to the antenna, from
(D) being no polarizer in beam path (black curve), (E) polarization along length of antenna (blue curve),
and (F) polarization along the width of antenna (green curve).
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All the LSPR interactions observed at different wavelengths in FTIR responses are largely
consistent with the full wave simulations in the panels above of the same figures. For DHM, when
light is polarized along the shorter dimension, the LSPR occurs at the highest energy (transverse)
and conversely at the lowest energy (longitudinal) when light is polarized along the longer
dimension. However, the same phenomenon is absent in ALM since antennas are connected to one
another. This ability to differentiate between the two modes is possible with the orientation control
given by NIL as opposed to the average of irregularly shaped structures that are chemically
synthesized. This observation is in agreement with the reflection measurements in both cases

where the blue curve (L pol) contributes to the main peak responses. The position of these
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responses can be controlled and tuned using prefabrication changes. We also compared the

reflection responses of metasurfaces in Fig. 5 and Fig. 6, the reflection dip observed around A =
2.5 um for DHM is completely absent in the ALM. This shows that a simple change in the design

can alter the optical nature of the said device from multi band to dual band response.
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Figure 6: Comparison of simulations and experimental FTIR spectra for the ALM. (A-C) FEM
predictions in COMSOL for ALM described in Fig. 4. They are compared with (D) to (F) FTIR reflection
measurements for the same cases represented by solid lines of same color. The IR polarizer used in the
experiments generated linearly polarized incident light at different angles with respect to the antenna, from
(D) being no polarizer in beam path (black curve), (E) polarization along length of antenna (blue curve),
and (F) polarization along the width of antenna (green curve).

3.3 Electric field intensity distributions of LSPR harmonics: In order to rationalize
these symmetry and continuity driven reflection responses governed by LSPR interactions at the
metal-dielectric interfaces, we also studied the electric field intensity distributions in the DHM and
ALM unit cells. The intensity plots were calculated for different orders of LSPR as seen earlier in
Fig. 5 and Fig. 6. Within the mid-IR region, the first order being the higher intensity mode is

located around 12 pm, the second order near 5 pm and the third at about 3 um.

We observed that these SPP (Surface Plasmon Polaritons) modes are interfered with by
three Fano resonances occurring at wavelengths 3.37, 5.08 and 10.13 pm and explained later in
Fig. S5 of supporting text. Consequently, the second and third order SPPs are split into two
different valleys each due to direct overlap with Fano resonances around those wavelengths.
Hence, we explored the field intensity at 12.60, 5.28, 4.98, 3.39 and 3.12 um for the DHM and at
12.71,5.22,4.93, 3.40 and 3.02 um for the ALM, indicated by numerals, i, ii, iii, iv and v in panels

A and B of Fig. 7 and Fig. 8 respectively, as described below.

The asymmetry in the DHM manifested itself in the hot spot locations of the resonances as
shown in Fig. 7 for the side view along length [panels A (i-v)] and the top view [panels B (i-v)] as
encountered by incoming light. For the side view, the unit cell plane under consideration cuts the
antenna on the right edge while the top view unit cell plane is at the mid-point of top antenna,

parallel to the interface between top metal and underlying dielectric layer as explained in the inset
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schematics (same holds true for Fig. 8). Therefore, for the top view in DHM we are looking at
only the right half of field distribution. The said hot spots are shifted towards the right for the
DHM, where the antenna rises in the out of plane direction. Juxtaposed against ALM, we saw more

intense hot spots with ideal symmetry in the top view planes for all the orders [Fig. 8 panels B (i-
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v)]. Given their smoother edgeless topography, the fields also extend further in the unit cell area
under consideration than the DHM LSPR activity as seen from Fig. 8 panels A (i-v). Hence, we
can conclude that the geometric asymmetry in the DHM manifests itself in the hot spot locations

of the resonances; likewise, symmetry played the same role in ALM.

Figure 7: Electric field |[E| distributions around the DHM unit cell: (A) (i-v) representing the SPPs
observed in reflection response for increasingly blue wavelengths from top (i) to bottom (v) as viewed from
the side projection in the x-z plane; (B) as viewed from the right half of top projection in x-y plane for same
wavelengths respectively; and (C) shows the cross sectional view projections in y-z plane taken at 3
different levels: 2 ends of the antenna [(i) L = 0 and (iii) L = L] and one at the middle [(ii) L = L/2] for the

19
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lowest order resonance seen. Top inset schematics indicate where the plane of interest meets the antenna
for said cases.

More specifically to explore the plasmonic interactions taking place along the width of
these antennas, where the difference in structural symmetry lies, we plotted the electric field
intensity distribution for the longest wavelength (12 um), evaluated at 3 different orthogonal
planes: 2 at the edges [panels C (i, iii)] and one at the center [panels C (ii)] in both Fig. 7 and Fig.

8 as depicted by the inset schematic. We observed that the hot spots were realized at the edges in
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5 25|Jm10 10um
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T_,y L=0 L=L/2 L=L 0

both cases, but in an asymmetric layout for the DHM as compared to a symmetric one for ALM.
This observation establishes that the resulting distributions for the two cases are significantly
different. In effect, using subtle symmetry manipulations in our metasurface fabrication we

achieved contrasting plasmonic responses for reflected light.
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Figure 8: Electric field |[E| distributions around the ALM unit cell: (A) (i-v) representing the SPPs
observed in reflection response for increasingly blue wavelengths from top (i) to bottom (v) as viewed from
the side projection in the x-z plane; (B) as viewed from the central half of top projection in x-y plane for
same wavelengths respectively; and (C) shows the cross sectional view projections in y-z plane taken at 3
different levels: 2 ends of the antenna [(i) L = 0 and (iii) L = L] and one at the middle [(ii) L = L/2] for the
lowest order resonance seen. Top inset schematics indicate where the plane of interest meets the antenna
for said cases.

4. DISCUSSION

In general, we observed good agreement in the profiles of FEM and FTIR for both DHM and
ALM in terms of positions of band responses and baseline trends. There are a few disagreements
present but we have sufficient insights to rationalize them: (i) the overall noise in FTIR
measurements is higher compared to their smooth FEM counterparts. This can be attributed to the
ideal surface profiles constructed in COMSOL which can’t be said for the experimentally
fabricated metasurfaces. The process of thermally evaporating a dielectric material is susceptible
to the grainy morphology of the resulting thin film. The resulting grains or cavities can contribute
to both enhanced scattering and a more diffused reflection rather than specular in simulations.
Experimental limitations consequently results in greater noise and (ii) low amplitude response
since a lesser relative intensity of light is interacting with the metasurface compared to the
simulation unit cell. The FTIR reflection data was corrected by a factor of two to take into account
the 50% reduction in overall light intensity occurring due to presence of the polarizer in the beam
path. Based on the refractive index modelling of MgF> in most commonly used commercial
Maxwell solvers, which is reliably researched and reported only as far as 7 to 7.5 microns,* 7! for

both ordinary and extraordinary rays, the experimental observation of increasingly lossy behavior
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for higher IR wavelengths is not fairly captured in our FEM calculations. (iii) The latter resulted
in an increasingly reflective trend for the region of 7 to 15 pm in contradiction with the FTIR
measurements. The location of this cut-off wavelength can be accounted for by the vibrational
mode phonon energy corresponding to MgF¢ octahedron building blocks in the material’s
structure.”> (iv) Another factor that can contribute to the enhanced absorption for certain
wavelengths in FTIR data is the fact that the series of fabrication steps employed in our recipe
involves extensive use of various cleaning reagents, thermosetting polymers, silanizing agents,
photo responsive resists and chemical etchants. Absorption by even trace residual amounts of such
compounds, comprising an abundance of different bond energies present, can interfere with the
LSPR interactions which is again not accounted for in the simulations. (v) Sharp Fano-resonant
features are seen in both cases. (vi) Other minor disagreements between the simulations and
experiments can be attributed to the imperfections or defects present on the sample. The alignment
errors during photopatterning leads to non-orthogonal antenna profiles along the width compared
to perfect ideal geometry in COMSOL unit cell. (vii) For our reflection measurements, the
concealing is achieved via a rectangular glass aperture, which can contribute to a more dispersive
signal nature from interaction of light with its edges with an already reduced light intensity at play.
Hence potentially by removing the microscope, and using the spectrometer alone to create a less
angularly dispersive optical setup (like the one reported previously)” could enhance the signal
quality. (viii) The experimental measurement conditions (not in vacuum) were different from the
ideal simulation. With the use of Cassegrain objectives for FTIR microscopy, the reflected light
can never be perfectly normal to the substrate as in case of wave optics module in COMSOL. If

additional resolution or finer resonances need to be resolved, optical arrangement as reported
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previously in literature” can be utilized. However, our setup can still monitor a significant amount

of reflected light and, therefore shouldn't alter our conclusion.

The reflection of the MIM structure that we examine in this paper is determined by several
elements. Since, the electromagnetic resonance on the top antennas is excited by the external
incident electromagnetic wave, both the size of the antenna and the polarization have an effect on
the reflection spectrum. The bottom metal (Au) in the MIM stack acts as a mirror, which couples
to the resonance of the top antenna, enhances the interaction, then both the distance between
antenna and bottom metal and the material between them will impact the interaction. As a
summary, by changing the size and polarization, we can change the resonance wavelength, hence
the position where the trough in the spectrum shows. Because different resonance modes can be
excited by the external incident electromagnetic, we can see that there are several dips in the
spectrum. By changing the distance or the material between the top and bottom metal, we can
change the depth of the trough of the spectrum, and potentially make the MIM structure a perfect

absorber.

5. CONCLUSIONS

In summary, we realize large area nanomanufacturing of multilayer plasmonic
metasurfaces using NIL and conventional photolithography. We note that, if needed, the
wavelength response can be shifted to visible and near IR regimes when imprint stamps with
features around 100 nm with varied packing density are used. We believe that the amplitude we
achieved can be sufficient for biomolecular sensing applications and by altering the amount of
plasmonic metal deposited, the intensity of the response can be also enhanced. When used in

tandem with novel thermally, chemically or mechanically responsive materials or opto-
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electronically relevant families of 2D layered materials, these metasurfaces can generate further

exotic properties.

Overall, our work also demonstrates two subtly different metasurfaces with novel
topographies operating in the mid IR region with highly tunable and complementary plasmonic
responses sensitive to the state of linear polarization of the incoming light. To establish perspective
towards the novelty of the 3D morphology aspect of these metasurfaces and how it affects the
accompanying surface plasmonics, we can compare their reflection response towards polarized
light in two different states (along the length and width of antennas) to the control cases where the
antennas lack any apparent degree of patterning: a single continuous flat strip of gold [Fig. 9 (A,
E)] and non-corrugated rectangular cantilevers [Fig. 9 (B, F)]. We only analyze the FEM reflection
responses in COMSOL for this purpose. Since the location of plasmonic resonances on the
reflection spectrum is determined primarily by the length of antenna, the blue curves (polarization
along the length) generate a very similar outcome but with no significant attenuation seen in cases
A and B. However, it is noteworthy to highlight the significantly different responses seen in green
curves (polarization along the width). The changes in the overall intensity and peak position

establishes the selective behavior of our metasurfaces towards polarization of incoming light.
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Therefore, we believe these findings offer tremendous scope for exploring compact and tunable

platforms for filters, wave-plates, and polarizers.
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Figure 9: Comparison of simulated finite element reflection responses for the 2 indicated polarization cases
(blue and green) with the respect to the antenna: (A, E) continuous single gold strip periodic in y-axis; (B,
F) unpatterned rectangular gold cantilevers with perfectly flat and smooth topography, periodic along both
x and y axis; (C, G) DHM and (D, H) ALM

By varying these asymmetric and symmetric nano-curvatures periodically over a large area
of the semiconductor substrate, we are able to achieve true manipulation of possible IR responses
on the spectrum scale indicated by easily distinguishable and unique plasmonic activity. This
feature can be efficiently employed to accomplish otherwise esoteric tasks like accurate biosensing
of molecules in low concentration or in vivo SERS, when the antennas are patterned to realize a
plasmonic resonance that matches the energy transparency windows of the biological sample under
consideration. Given the mid IR range of plasmonics in DHM and ALM (3, 5 and 12 pm) which
overlaps with atmospheric transmission windows of 3-5 and 8-14 pm, we believe that they can be
further adapted for developing solutions to enhance thermal cloaking and camouflaging as a
function of controlled temperature and emissivity. It is noteworthy that the new dips in the

reflection spectra (Fig. 9) correspond to peaks in the emission spectrum of the metasurfaces. This
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feature combined with our ability for large area fabrication of such quasi-3D geometries opens up
a significant new knob to tune the thermal signature of objects and use it, for example, for

countermeasures.

We have discussed several shortcomings of the outcomes and offered recommendations to
address them. Further experimentation is needed to fabricate more complex and truly 3D
metamaterials by using these surface characteristics as building blocks arranged in polyhedral
spatial fashion. We also anticipate that mounting the substrates at various inclined angles in path
ofthe solid angle casted by metal flux from boat could lead to realizing intermediate nanostructures
between DHM and ALM. Another parameter to vary is using different duty cycles in our imprints
to achieve enhanced tunability. By varying the factors in the fabrication methodology, the desired
resonances can be engineering to a reasonable extent. The materials and manufacturing techniques
used in fabrication of these metasurfaces underline the compatibility with the semiconductor
industry’s conventional CMOS tech. Scalable and planar aspects of our device can comply with
the increasing demand for miniaturization of optical components for compact portable device
utilities, especially where on chip integrations are required. A significant portion of findings till
date have heavily explored visible or near IR wavelengths, leaving out mid IR domain due to the
lack of advanced nanomanufacturing methods and very expensive characterization techniques, and
our research addresses these challenges and offers solutions with good agreement between

experiments and simulations.

SUPPORTING INFORMATION
The Supporting Information is available free of charge at the ACS Publications Website

SI includes details on: Geometric designs for DHM and ALM; ImagelJ analysis for dimensional
characterization; Dielectric constant of different widely used metals; Comparison of overlapping
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1. Geometric designs for DHM and ALM

Major Arc

Legend | Size(°/nm)
a 30°
b 600
c 300
d 190
e 380
f 490

.(

Minor Arc

Figure S1: (a) Basic geometric mathematical shape description illustrating the modelling of the DHM as a
combination of two arcs from different circles. (b) Cross sectional derivation to the final unit cell shape in
COMSOL. (¢) Schematic of unit cell. (d) Unit cell as seen in COMSOL with underlying dielectric and

metal layers

In order to effectively capture the geometry of fabricated metasurfaces, we tried different
unit cell models. Here, we show the layout for the setup that gave the best agreement with our
experimental findings. The DHM was modelled as shown in Fig. S1 as a combination of two arcs
from circles of different radius to capture the asymmetry along the width. Similarly, for the ALM

unit cell, as described in Fig. S2, we used 2 smaller circles for the sides and a larger circle for the

central bulge, to generate the resulting cell resembling our SEM micrographs.
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Figure S2: (a) Basic mathematical shape description using geometry concepts illustrating modelling of the
ALM as a combination of 3 arcs from different circles; (b) Side view schematic of unit cell (c, d) Unit cell
as seen in COMSOL with underlying dielectric and metal layers.
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2. ImageJ analysis for dimensional characterization

In order to quantify the dimensions of our fabricated antennas, we analyzed the SEM
micrographs in Imagel. The exported image was first converted to 8-bit type, and appropriate
upper and lower threshold values were set to segment the grayscale image into the features of
interest and background. The resulting extracted image is shown in Fig. S3 (A (i, i1)), for the source
image in panel C (ii) which is a top view of the DHM. The scale was set by measuring the pixel
count of the scale bar originally in the SEM. This forms the basis of all measurements in the image.
The ‘analyze particles’ tool was identify each antenna as a ‘particle’ using shape description
parameter cut offs based on circularity and aspect ratio. By collecting data on this parameter along
with the center of mass coordinates, bounding rectangle coordinates and perimeter, we were able
to tabulate the average periodicity, length and width of our antennas, averaged over 20 [source

figure: C (i)] and 80 [source figure C (i1)] antennas as shown in panel B.

A (i, ii) B (i, ii)
Analysis over 20 antennas:
avg stdev
PX 505 nm 0.009
L 5.56 um 0.093
w 492 nm 0.008

Analysis over 88 antennas:

avg stdev
PX 517.96 nm 0.078
L 5.618 pm 0.07s

w 506.06 nm 0.008
PY 10.132 pm 0.003

Figure S3: (a) Grayscale extraction and identification of individual antennas in DHM from their SEM
counterparts in (c¢) Top view SEM micrographs used for Imagel analysis, and (b) resulting dimensions
obtained by performing two different sets of data averaging.
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3. The dielectric constant of different widely used metals

In the research of metamaterials and metasurfaces, the most widely used metal is gold,
especially in the traditional optical region (400-700nm), compared to other metals, such as silver.

In our study, our focus was the mid-IR (2um-10pm) wavelength range due to potential applications

in defense and remote sensing.
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Figure S4: (a) The real and (b) imaginary part of the dielectric constant of gold silver and copper in the
mid-IR wavelength region (2-10um)
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4. Comparison of overlapping fano resonances

We simulated the electric field intensity distributions at the wavelengths 3.37, 5.08 and
10.13 ym, where we observed sharp low intensity features in the spectrum indicating fano
resonances. For both DHM and ALM, these resonances occur at the same wavelengths making
them independent of the antenna dimensions or topography. Their sharp nature is reaffirmed by
the bright high intensity hot spots in the Fig. S5. The distribution is symmetric for ALM and
asymmetric for DHM and the intensity is slightly higher for the ALM case than the DHM. When
the polarization is along the length, fano resonances occur due to the coupling between the broad
plasmonic resonance and the narrow slab waveguide mode.! The latter implies the waveguide
between the top antenna array and bottom Au layer. They can be excited for width polarization too

when the coupling is between the grating and waveguide mode.

L WET TR
l by A . i i

Z 10

X 0 . X0
by e £

Figure S5: Electric field |E| distributions (A) around the DHM unit cell: (i-iii) representing the fano
resonances observed in reflection response for increasingly blue wavelengths from top (i) to bottom (iii) as
viewed from the side projection in the x-z plane; (B) (i-iii) as viewed from the top projection in x-y plane
for same wavelengths respectively; (C) The corresponding fano resonances for ALM for same plane of
projection as (A); and (D) same as the projections as outlined in (B). Top inset schematics indicate where
the plane of interest meets the antenna for said cases.
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5. Comparison of polarization selectivity for 4 different cases

In order to validate the conclusion from main text in Fig. 9 regarding the polarization

selectivity of our metasurfaces when incident polarization is along the width, we analyzed the field
distribution at the wavelength 4.23 um in Fig. S6 where we see a vivid pit in the reflection spectra

of unpatterned rectangular gold cantilevers, seen in Fig. 9(F). Although the pit for DHM is seen at
a smaller wavelength as seen in Fig. 9(G), we decided to compare the 4 cases at the same
wavelength, since it doesn’t alter our conclusion. The absence of any hot spots in panels A and D
compared to significant activity in panels B and C confirm that geometry plays a key factor in
eventual selectivity towards incoming light. The distribution of hot spots in DHM in panel C are

again in coherence with its asymmetric topography.

0.5um 0

X
-2
£y

Figure S6: Electric field |E| distributions when the polarization is along the width of the antenna as
indicated by the inset schematics for the 4 different cases explores in Fig. 8 of main text. (A) Continuous
single gold strip periodic in y-axis; (B) unpatterned rectangular gold cantilevers with perfectly flat and
smooth topography periodic in both x and y axis; (C) DHM and (D) ALM. Here we show the cross sectional
view projections in y-z plane taken at one end of the antenna [L = 0 or L = L] for the wavelength where a
dip in reflection is observed.
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