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ABSTRACT

The mid-infrared design of chiral metamaterial shows a tremendous absorption
capability of infrared rays, and it has the significant application of circular dichroism
based device development. Plasmon-phonon coupling is one of the application of
metamaterial that provides a new path for tailoring the surface in the nanoscale, which is
also applicable in molecules detection. It is possible to change the Plasmon-Phonon
coupling strength not only through the chemical change of molecules but also by
changing the metamaterial light-matter interaction property. So far, linearly polarized
light shows the strong coupling between metamaterial and molecules. However, it is
possible to observe strong coupling in circularly polarized light by fabricating the chiral
metasurface. In this research, we introduce two types of new chiral metasurface that has
strong interaction with the molecules in different circular polarization of light, which
exhibits over 58% and 65% circular dichroism (CD) in the mid-infrared region (5- 6 um).
By adjusting the geometric parameters of the new chiral structure of single-sized unit
cells, it is possible to shift the absorption peak in the various midinfrared range. Besides
that, we design the broadband resonator by combining the multiple chiral structures. For
the molecule’s detection, It also shows a higher splitting gap in the right circularly
polarized light in compare to Left circular polarized light. Our numerical and
experimental result of the C=0 bands signals which emits from polymethyl methacrylate
(PMMA) film using chiral metasurface unveils the effective way for tuning the coupling

strength of molecules in circular polarization of light.
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1. INTRODUCTION

1.1. METAMATERIAL

Electromagnetic (EM), metamaterials (MMSs), metasurfaces (MSc) all are the
rising field and it has tremendous application in sensor development which plays an
important role in 21 century device development. Metasurface is the surface that
changes the material property artificially. It is composed with a subwavelength
metal/dielectric structure that usually creates the coupling mode with the incident
electromagnetic wave, which exhibits a property that’s not found in nature: extensive loss
and material dispersion associated with the metallic and dielectric compound structure.
So, the appropriate material choice is one of the critical factors to get a good result based
on the desired application field. Phase gradient one of the main characteristics that is
followed by the conventional optical components during the propagation of light inside
the two different medians. Multiple degrees of freedom which consists multi-dimensional
array of optical resonators (based on their size and position) could introduce multiple
directional phase change in the same medium. Using Electromagnetic metamaterials
(MMs) and metasurfaces (MSs) it is not only possible to localize electromagnetic filed,
but also decode and analyze the signal of the incident light. Hence, introducing the
resonant mode in the metastructure by boosting the interaction between the analyte layer
is widespread interest in sensing platform development. In this research, we will discuss
the possible application of metasurface structure for molecules detection where the

absorption energy depends on the subwavelength metallic structures shape, position, and



presence of a dielectric medium. Based on this absorption capacity, the molecular
detection sensor is usually fabricated.

1.1.1. Chirality. Chirality is the universal property of matter that frequently
found in nature. Chiral material represents two enantiomeric forms that cannot be
superimposed (Figure 1.1) with each other by changing is orientation or position. In a
chemical perspective chiral compound obtained in two different forms where molecular
structure are identical but different combination could be found in multi-dimensional
arrangement of atoms such that they are no superimposable in the mirror reflection. For

example, the two enantiomeric forms of amino acid are:

CH,4 CH,

C
HO,C ™ N\ NH

= 2

C‘¢
H,N ? CO,H ;

H

(-) alanine (+) alanine

Figure 1.1 Chiral molecules.



The chiroptical response, especially the circular dichroism (CD) and
electromagnetic behavior, can see in various organic materials like amino acid. It has a
significant impact on left and right circularly polarized light, such as (LCP) and (RCP)
mode. One of the examples is Faradays isolators that are built upon on the faraday effect,
which induced by an external magnetic field. Although, the material which found in
nature the chiral response is very week in engineering application. However, fabricating
the metamaterial in asymmetric structural format can solve this issue, which shows the
strong chiroptical response. Usually, metamaterial composed of subwavelength
metal/dielectric structure which couple with the electric or magnetic components due to
the incident of electromagnetic wave and exhibits a property that’s not available in
nature. The combination of chirality and metamaterial property can apply in sensor
development [1, 2]

1.1.2. Sensor. Raman scattering is one of the methods where an inelastic
scattering of photon excited to higher energy levels. The scattered light is used for
material detection and analysis. However, a small fraction of photons are scattered by
laser excitation, so there for a small percentage of probability of Raman scattering. The
beginning of the 21%-century researcher has been using gold or silver as a plasmonic
metal for developing a nanostructure-based sensor, which is called a surface plasmonic
sensor. In the case of using a plasmonic metasurface structure for sensor applications, we
need to focus on a high electron cloud-based metal surface. When choosing a material, it
is usually best to pick the one with the least amount of ohmic loss, and therefore the
lowest dampening rate. The energy transportation mechanism of the atom inside the

metamaterial plays a vital role in introducing absorption and transmission phenomena.
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The atomic vibration takes place on the top of the metal surface caused by the absorption
of electromagnetic energy. After absorbing the energy, the atom starts to vibrate from its
position and reemit the absorbing energy as a new wave in the same frequency as the first
wave was. During this propagation, the secondary molecular vibrations occur for only a
short period. As a result, the motion of the wave gets slower when it passes through the
medium. The space between the two atoms works as an energy transfer passage when
once an atom reemits the energy of the electromagnetic wave. Once the energy emitted
from the first atom, the next atom absorbed the transmitted energy and generate electron
vibrations and then again reemitted energy into the next atom. In between the emission
and absorption process, some time delay takes place. The speed of the electromagnetic
wave same as the speed of light: ¢ (3 x 108 m/s) through the vacuum of interatomic space.
During this traveling, the net traveling speed hindered for re-emission and absorption
process, that is why the actual speed of the EM wave should be less than c. Additionally,
the optical density of the material also defines the actual speed of an electromagnetic
wave through a material. Material property changes the delay time during the absorption
and remission process. Furthermore, the packing factor plays a vital role in whether the
material atoms are tightly packed or not. If the packing factor is too high, then the amount
of distance between atoms is less. Depending on the nature of the material, the packing
factor impacts the electromagnetic wave propagation length. When the electromagnetic
wave propagates on the metal surface under a resonant condition, due to the plasmonic
effect, two situational could appear: Localized surface plasmon resonance (LSPR),
surface plasmon resonance (SPR). If the evanescent field in the dielectric medium is

shorter than the surface plasmon propagation length, than that is called the localized



surface plasmon resonance. To create the LSPR, we take the adaptive optics technique
(Figure 1.2) where the incident electromagnetic wave faces match with the
electromagnetic transmission wave inside the metal. Hence the different size of the
nanostructure is fabricated on the top of the surface for localizing the surface plasmon
resonance. There is some limitation in the case of using plasmon resonance for sensor
application. Every vibration follows the specific frequency for the incident
electromagnetic wave. Any material has various resonance frequencies based on the

atomic level but has only one plasma material working as a reflector.
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Figure 1.2 High absorption in resonance frequency.



2. CHIRAL METASURFACE ABSORBER

2.1. BACKGROUND

The metamaterial is the artificial material that exhibits a property that does not
find in nature. This artificial property of metamaterial is applicable in various optical
device development. One of the significant applications is metamaterial-based thermal
emitter [3-5]. Additionally, it can be used in the thermal imaging system, low-cost gas
sensing, and Shockley —Queisser limit [6-8]. In recent times, metamaterial with chiral
property draws considerable attention in the research community. The left-circularly
polarized (LCP) and right-circularly polarized (RCP) light-matter interaction introduced
new property and application of metamaterial. Kirchhoff’s law tells that the emissivity of
a material proportional to the absorptivity. So we can predict the thermal emissivity of a
metamaterial-based on light absorptivity. As a result, gases like CO> characteristic line in
the near-IR region while the absorption in longer wavelength is strong. Most of the
Thermophotovolatics (TPV) system with high bad-bandgap semiconductor research on
the resonant frequency of 1.75 um [9] where thermally stable and high electromagnetic
absorption materials like Ti, W, Al>O3 are usually used [10-12]. Hence, the combination
of the chirality and metamaterial property that can be applied as a polarized light absorber
in addition to mid-infrared TPV system development would be a great endeavor.

Usually, chirality is the universal property of matter that frequently found in
nature and material, which found in nature the chiral response is very week in
engineering application. For solving this issue, the researcher uses the top-down or

bottom-up process to design the chiral metamaterial for device development. The recent



progress of chiral metamaterial design revels much more complicated structures such as
L-shaped, twisted crosses [13, 14], spirals [15-17], and entangled structures [18, 19]. But
the use of those metamaterial varied case by case due to the nature of the application,
such as all-metallic, metal-dielectric, all-dielectric metamaterial absorber. All metallic
light absorber used as a light absorber, while metal-dielectric metamaterial is most
appropriately applicable for thermal emitter [20, 21]. The combination of metamaterial
design and thin layer gives the optimal thermal absorptivity. Since geometrical design
dominates the resonance mode of a single resonator, there are several methods available
to obtain broadband absorption. The present study shows that the use of metal-insulator-
metal chiral structure absent from the development of mid-infrared chiral thermal emitter.
Previously the metamaterial is used as a thermal absorber for linearly polarized light [22].
Additionally, the design is very simple, and the chiral property is shown. To address this
gap of research, we designed a new chiral metamaterial that can absorb mid-infrared in
LCP light condition and also indicates the low absorption rate in the RCP light condition.
Our designed chiral metamaterial shows the high efficiency in the near-infrared region,
and the high absorption CD is observed due to the unique pattern of the metallic layer. It
is possible to maximize the absorption CD by sweeping the geometric parameter of our
designed structure. For a better understanding of the mechanism of chiral optical
absorption, electric field distribution is explained for the LCP and RCP condition of the
incident light. Finally, we have included the thermal analysis as a potential application in
the mid-infrared range for metamaterial absorbers. We also demonstrated the

implementation of our newly designed device for the broadband absorber application.



The result also provides the new opportunity to develop an optical filter, an optical

communication device, and chiral imaging [23-25].

2.2. CHIRAL ABSORBER DESIGN

We design the unit cell of a periodic coplanar chiral metamaterial shown in
Figure 2.1(a). The Au-Al20s-Au three-layer is grown by an electron beam evaporation

method on a silicon substrate.

o
6‘&5 g:zéo

1 165 nm

wu /62
wu gove

0=65°

673 nm
p——

—

100 nm +

2080 nm

Figure 2.1 Chiral metasurface designed on a Au layer. (a) Structure of the designed
plasmonic metasurface and the incident light configuration. (b) Unit cell period px=2.08
pum, py=2.57 um (c) FIB fabricated nanostructure on a silicon substrate. Yellow Scale bar:
2 um. (d) Single unit cell.
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Argon (Ar), atmosphere 5 mTorr pressure with a flow rate of 0.08 Ao/Sec, is used
to grow Al203. We deposit the gold film onto the alumina layer with an evaporation
flowrate 0.5 Ao/Sec. The nanostructures are fabricated in the gold film using the top-
down process of the Focused lon beam system (FEI Helios Nanolab 600, 30 kV, 28 pA).
The resonator design looks like the shape of “F” where the periodicity Px (2.08 um), Py
(2.57 um) in x and y direction subsequently. The design is inherent of two gold (Au)
layers of thickness, 65 nm for the upper layer, and 200 nm for a bottom layer, which is
separated by an alumina (Al.Oz) layer of thickness 250 nm. The asymmetrical design of
the chiroptical structure resonance response mechanism depends on the curvature of its
arm. The asymmetric cut-out in x and y direction formed the chiral structure on the top of
the alumina layer. Figure 2.1(c) describes the diagram and scanning electron microscopic
(SEM) image of the 2D-chiral metasurface, which is manufactured by a focused ion beam

on the top of the 65 nm thickness of the gold layer.

2.3. RESULT AND DISCUSSION

The FTIR signal shows the 2D-chiral response from the metamaterial. For
measuring the absorption spectra and CD, achromatic twenty-four plate (eo Edmund
optics) in addition to linear polarizer is used to convert FTIR (Thermo Scientific, Nicolet
4700) tungsten halogen source to produce circularly polarized waves. Then 20X objective
lens is used to focus the resulted light source onto the sample using a. Another 20X
objective lens is used flowing by previous on to collect the reflected light, which then
directed to a spectrometer (Horiba, iHR 550). As a reference for normalizing the reflected

spectra, a silver-coated mirror (THORLABS) is used. The metamaterial designed consists
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of asymmetric configuration in x and y direction while the z-direction is symmetric. The
experiment also reveals that the electromagnetic field confinement (Figure 2.1(d)) of an

asymmetric surface depends on the curvature of the structure.

(a) (b)
1.0 — 1.0
L Experiment ~— LCP
0.8 0.8
o L c L
.2 .0
5 0.6 5 0.6
S i e I
[53) (53]
% 04 <04
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0.0 AT 1 1 1 Uik L 0.0 . L L L '
45 48 51 54 57 6.0 45 48 5 54 5H7 60
Wavelength (um) Wavelength (um)
Ex&Simi ieems B0, e =1L =rE 0=2. Fes =3

Figure 2.2 Spectra measurement in different periodicity (p*k"): where, p = (px = 2.57 um,
py =2.08 um) k=1.02 and n=0, 1, 2, 3 (a) FTIR measured absorption spectra (b)
Simulated absorption spectra.

Due to the concentration of the EM field in the curve of the structure, it helps to
produce the single-pole mode, which contributes to the circular dichroism (CD).
Additionally, we apply the genetics algorithm for structural optimization to obtain higher
CD values from the EM field concentration. The 6 = 23° rotation of upper curvature and
65° rotation of lower curve shows the optimum structural condition, and the structure
maximizes the chiral response with a CD of 0.58 in the 5.11 pum wavelength. The FTIR
measurement spectra show that the absorption capacity in the RCP approximately 26%

and ~84% for LCP. The CD calculation has been done based on the equation, CD =
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(1 A+ — A_])%, where A, are absorbances for the RCP and LCP incident wave which are
givenby Ay =1 — R, — T,. As it is the three-layer of structure, so we assume that the
T.= 0. Figure 2.2 points out the effect of periodicity (p) change by maintaining the
scaling factor n. For obtaining an absorption peak in the desired frequency region, we
formulated the scaling factor n with a function of periodicity p and constant k, which
constitute as p*k". The simulation and experimental results show the smooth transition of

LCP and RCP peak with the change of n value in a wide range of spectra.

@)

(b)

Figure 2.3 Simulated field of “F” structure. (a) Electromagnetic field distribution on the
gold surface (b) LCP, RCP mode in 5.11 um wavelength which is located 10 nm
underneath of the gold layer.

In this simulation, the permittivity of the gold is taken from Rakic et al. 1998: Brendel-

Bormann model [26] and Alumina from Kischkat et al. .2012 [27]. All simulation has been done
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in using CST frequency Domain Solver. For the boundary condition, the unit cell option is used
inthe X and Y direction. The Z-direction was open to allow the incident of a vertically plane
wave on the periodic structure. For the resonant condition, the Drude model is used to assume the

2

Wp

7
w? —iwy,

permittivity of the bulk gold in the mid-infrared, &4,, = €4, + , Where the background

dielectric constant is £, = 1, the plasma frequency wp = 1.37 X 10® rad /s rad/s and the
damping constant y,, = 4.08 x 10" rad /s. We simulated the absorption, electric field and
temperature distribution of designed metamaterial based on different polarization to determine the
underline mechanisom. Figure 2.3 plots the simulated electrc field |E(r)| for the structure of n=0,
which shows the maximum electric field concentration take place at the edge of curve surface.
Both the top surface and inside the space layer the plasmonic resonance enhanced in the incident
of LCP light rather than the RCP light.

Furthermore, we solve the heat transfer equation to investigate the temperature

distribution V. (kVT) = q, where temperature, thermal conductivity, and heat generation
density in metal is defined by T, k and g subsequently: g (r) = (g) Im[ e(w)]eo| E()|. Inthis

thermal simulation, we consider the incident light onto one unit cell around 10 pW,
corresponding to 30 pW/m?. The assumed boundary condition is periodic around the unit cell
where the top is open. The top and bottom temperatures are fixed around 300 °C, where the heat
is mostly generated on the top gold layer. Table 2.1 describes the thermal parameters which have
been used in this research. For the COMSOL simulation purpose, we consider the 100 pm Si
substrate as a bottom layer of the device. The strong absorption of the LCP light triggers the
increase of electromagnetic concentration in the metallic gold layer, which farther leads to

generate more thermal energy where in comparison to LCP, the thermal generation RCP is low.
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The top layer, which is built by gold material, achieves the higher temperature distribution in
contrast to surroundings due to its higher thermal conductivity in where inside the “F” structure,
the heat remains constant. The thermal circular dichroism (CDr) for our experiment is 20 K,

where the temperature for the LCP and RCP cases are 335.2 K and 315.2 K subsequently.

Table 2.1 Thermal properties of the material for heat transfer analysis.

pkgm™) | Cp(Ikg'K™) k (Wm™K™)
Gold 19320 129 315
Alumina 3970 765 1.6
Silicon 2330 712 148
Air 1 353[K)T 0.03

We focus on the periodic structure of the metasurface to estimate the thermal
distribution. Usually, in the resonance mode, thermal absorbance is too high, where
Figure 2.4(a) shows the thermal distribution on the top of the gold layer. We see the
uniform thermal distribution around the “F” structure in all directions (Figure 2.4(c)). In
the steady-state heat transfer, thin-film thermal conductivity decreases dramatically at the
nanoscale because of the interfacial scattering effect. In metamaterial between two

anisotropic surfaces, the thermal distribution impedes due to the obstruction of
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vibrational energy transfer. It assumed that the surface and the bulk material heat capacity
is the same. For the structure of n=0 and the wavelength of 5.11 um, the structure shows

its resonant condition, which evolves as a thermal output.

(a) LCP RCP

33520K
(c)
3352

& 3351
334.9

el

315.4
3156.3
315.2

Temperature (K

—_— | ine 1

—_— | ine 2
[l I [ | [} [l ' [l ' [ ' [l

0 500 1000 1500 500 1000 1500 2000
Position (nm)

Figure 2.4 Heat generation on “F” structure. (a) Thermal distribution on the gold layer for
the wavelength of 5.11 um (b) Temperature distribution line (c) Temperature distribution
along the line under polarized mode.

In our designed structure, we observe that not only periodic structure helps to shift

the absorption pick but also the angle of curvature allows the shifting of resonant pick in
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different wavelengths. Hence by fixing the upper curve 23° (Figure 2.5(a)), if we change
the lower curve angle from 65° to 0°, then the absorption pick will be shifted from left to
right direction that indicates the resonant wavelength increases. If we increase the edge
65° to 130°, then the pick will change in the left path, and the resonant wavelength
decreases. As a result, it is possible to find the broadband absorption pick in the mid-
infrared range in our optimized structure. So, we design the broadband meta-structure

based on 23° and 65° curvature angle by only changing the periodic (n) parameter.

(@) (b)
4 1.0 T ' '
0.8
n=2 n=4 n=6
£ §06
o =
© 8 0.4
0
—p (
n=3 1 um n=5 n=7 02 B -
| 0.0 1 M 1 . 1
« ’ 5.0 55 6.0
6.8 um Wavelength (um)

Figure 2.5 Broadband design. (a) Distribution of “ F ” structure pattern in multiple
design size. (b) Broadband simulation.

We calculate the numerous design combination of n parameters to obtain the
flatten and broaden circular dichroism in the range of 5 pm to 6 um. Our optimum ‘n”
parameter combination is shown in Figure 2.5(a) while Figure 2.5(b) is the corresponding

output of absorption spectra. In this broadband absorption experiment, we get the highest
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absorption pick in the middle of the broadband range for the LCP light incident is 0.82,
and the lowest absorption pick for RCP light incident is 0.38. Hence our maximum CD is
around 0.44 for the broadband absorption spectra. The RCP spectra are much straighter
than the RCP spectra. It happens due to the interaction of electric field concentration
around the periodic structure. If we carefully observe the Figure 2.3 we may see that the
unit cell EM concentration is higher in the bottom of “F ” structure as well as the edge of
curvature in LCP cases. This bottom and edge concentration of the EM field is
profoundly affected by the surrounding structure. So when we put the different size (n) of
the periodic structure, it mostly hindered for flattening LCP curve. In contrast, the RCP

curve remains flattered due to the lack of surroundings structural effect.
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3. 2-D CHIRAL SELECTIVE SURFACE

3.1. BACKGROUND

Previously metamaterial property used in biochemical sensor development [28-
30], surface-enhanced spectroscopy [31, 32] negative refractive index [33, 34] nonlinear
optics [35, 36] invisible cloaking [31, 37], and quantum computing [38]. In the
biochemical sensor application, metamaterial suppresses the transmission and reflection
while the energy dissipates in the absorbing layer. Due to the absorption of energy, the
nanostructure response appears as localized surface plasmonic(LSP) and surface plasmon
polariton (SPP) [39, 40]. When the molecules deposit on the metasurface for sensing
purpose then the coupling phenomena takes place between the molecular vibration
(phonon) and plasmonic metasurface, especially when the plasmon energy transition is in
resonance with electromagnetics mode. The coupling strength between the molecules and
metasurface associate with the metasurface design and the absorption capability of that
multilayer structure. As well as the stronger coupling strength found when the rate of
coherent exchange of energy between light and multilayer structure is higher than their
decay rates [41, 42]. Several researchers have shown strong coupling experimentally,
where they able to confine the electromagnetic field into nanostructure using metallic
optical cavities [43, 44].This delicately fabricated metallic structure produces collective
excitation of periodic nanostructures which could be used as a molecular sensing
platform [45, 46] or local resonance of single metal molecules. Both types of structures
are good because the enhanced EM field can provide a vibrational fingerprint of

molecules. As well as infrared (IR), fingerprint vibration contains valuable molecular



18
information that directly linked to molecular property and chemical bonds. It is found that
the two plasmonic modes of the metasurface, which couple with two vibrational modes of
PMMA molecules, can provide more reliable sensing information [46-48] where
metasurface design plays an important role in detecting vibration fingerprint of
biomolecules. However, the research on chiral metasurface with a circularly polarized
infrared ray is still missing from the study on strong plasmon phonon coupling for
molecules detection. For the metamaterial, a planar chiral multilayer resonant structure in
the shape of gammadion designed in the near-infrared regime where strong circular
dichroism (CD) observe with a value of 50%. Recently chiral selective silver plasmonic 1
shape metasurface absorber is developed in the visible frequency [49]. The research
shows that the LCP and RCP values are getting high at a different frequency level.
Additionally, the dielectric medium and metal layer of metamaterial affect the CD
property. Vanadium dioxide(VO2) [24, 50] based negative structured metasurface shows
a significant high LCP and RCP where the polarization rotation is almost 20 degrees in
Terahertz wavelength. Mashiko Shioi developed a gold-based (AU —SiO2 —AU) positive
structure where localized surface plasmons can control dependent on the array period and
diameter of the metasurface33. Fei Cheng explained a plasmonic-enhanced biosensing
device for a gold-based negative structure. However, it is still missing the chiral effect of
structure and the high CD value, although the air gap of the negative structure is more
than 100 microns. All those research shows the metasurface design importance for
controlling the plasmon effect; however, no significant LCP and RCP property were

shown for controlling the molecule's detection level.
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3.2. CHIRAL DESIGN

We design chiral metamaterial with a periodic structure, which is shown in Figure
3.1(a). The unit cell arranges in the shape of the “eye” with the period of Px (1.8 um), Py
(2.1 ym) in X and Y direction subsequently. It consists of two gold (Au) layers of
thickness, 65 nm for the upper layer, and 200 nm for a bottom layer, which is separated
by an alumina (Al203) layer of thickness 250 nm. The asymmetric elliptical cut-out
section in X and Y direction inside each unit cell connected in a vertical direction. Figure
3.1(c) describes the structure of the metamaterial and scanning electron microscopic
(SEM) image of the 2D-chiral metasurface, which is fabricated by a focused ion beam

(FIB) on the top of the 65 nm thickness of the gold layer.

Figure 3.1 Chiral metasurface fabricated on gold film. (a) Structure of the designed mid-

infrared metmaterial and polarization configuration. (b) Metamaterial period px=1.8 um ,

py=2.1 um; outer elliptical shape al = 2.2 um, b1 = 1.0 um; Inner elliptical shape a=1.6

um, b = 0.3 um; rotation angle 6=80. (¢ & d) Selected nanostructure SEM image. Scale
bar: 2 um.
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3.3. METHOD

Our experimental process is segregated in multiple steps. We repeated the whole
process several times to optimize the experimental result. Finally, we try to match the
experimental result with simulation result.

3.3.1. Sample Fabrication. The Au-Al203-Au three-layer is grown by an
electron beam evaporation method on a silicon substrate. Argon (Ar), atmosphere 5
mTorr pressure with a flow rate of 0.08 A0/Sec, is used to grow Al203. We deposit the
gold film onto the alumina layer with an evaporation flowrate 0.5 A0/Sec. The
nanostructures are fabricated in the gold film using the top-down process of the Focused
lon beam system (FEI Helios Nanolab 600, 30 kV, 28 pA).

3.3.2. PMMA Layer Preparation. Different thickness of poly (methyl
methacrylate) is used in this experiment. The thin layer of PMMA (950-A2, MicroChem)
is deposited through the spin coating on the top of the metamaterial. For varying the
PMMA layer thickness, 2000 rpm and 3000 rpm is used in multiple time. The X-
reflection result shows that the 2000 rpm and 3000 rpm of spin coating gives 80 nm and
60 nm thickness of the PMMA layer. So, for getting 140 nm thickness of the PMMA
layer, we first use 2000 rpm and top of that layer, we use 3000 rpm deposition. Hence the
total thickness reaches approximately 140 nm, which is verified by FIB cross-section
measurement. Similarly, 200 nm deposition is done by using 2000 rpm, 3000 rpm, and
3000 rpm subsequently.

3.3.3. Optical Characterization. For measuring the absorption spectra and CD,
achromatic twenty-four plate (eo Edmund optics) in addition to linear polarizer is used to

convert FTIR (Thermo Scientific, Nicolet 4700) tungsten halogen source to produce
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circularly polarized waves. Then 20X objective lens is used to focus the resulted light
source onto the sample using a. Another 20X objective lens is used flowing by previous
on to collect the reflected light, which then directed to a spectrometer (Horiba, iHR 550).
As a reference for normalizing the reflected spectra, a silver-coated mirror (THORLABS)

is used.

3.4. ANALYSIS OF COUPLING BEHAVIOUR

The FTIR signal shows the 2D-chiral response from the metamaterial. The
metamaterial designed consists of asymmetric configuration in X and Y direction while
the Z direction is symmetric. The experiment also reveals that the electromagnetic field
confinement of asymmetric surface depends on the rotation and dimension of an inner
positive elliptical structure corresponding to the outer negative elliptical structure. Hence,
we apply the Trust Region Framework algorithm for structural optimization to obtain
maximum circular dichroism (CD). The 6=8° rotation of positive elliptical structure with
a base dimension of a =1.6 pum and b= 0.3 pm while the outer negative elliptical shape
dimension al, b1 is 2.2 ym and 1.0 pm represent the optimum structural configuration. If
we multiply the periodicity p (px, py, a, b, al, b1) with a constant k (1.05) in the order of
p*k!, then it shows the maximum CD in the frequency of 57 THz. In the above optimum
structural condition, the structure maximizes the chiral response with a CD of 62.5%. In
the FTIR measurement, spectra revel 91% absorption capacity RCP and 21% for LCP.

For the calculation of the CD, the fitness to be maximized is defined as,

| AL —A_|
| Ay +A_|

f=|1A,—A_|=|T,—T_|,CD = ( )%, where A, are absorbances for the

RCP and LCP incident wave which are given by Ay = 1 — Ry — T4. As it is the three-
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layer of structure, so we assume that the T,.=0. Figure 3.2 represents the change of period
(p), which maintains the specific aspect ratio. For obtaining absorption pick in the desired
frequency region, we multiply the period p with a constant k, k?, k? k3 k* k> and It shows
the smooth transition of LCP and RCP pick with the change of periodicity in a wide

range of spectra, which is pretty much matches with the experimental result.

1 .0 M 1 -, 1 x 1 v 1 -0 b T M 1 g 1
0.8
c c
B e
g 3 06
) S
8 &
< < 04
0.2 LA
00 ' 1 . 1 N 1 N
45 50 55 60 65
Frequency (THz) Frequency (THz)
RCP; — n=0, ——n=1, n=2, —— n=3, n=4, — n=5
LCP: ===-n=0, ===-n=1, n=2, =---- n=3, n=4, ----n=5

Figure 3.2 Spectra measurement in different periodicity: p (px=2.1 um, py=1.8 um,
al=2.2 ym, b1=1.0 um, a=1.6 um, b= 0.3 pm), k=1.05 (a) FTIR measured absorption
spectra b) Simulated absorption spectra.

Usually, PMMA molecules, especially C=0 bond excites in the mid-infrared
frequency of 52 THz. We apply the PMMA molecules on the top of the optimized
metasurface structure, which has a dimension p*k* and high CD in 57 THz frequency.
Without taking the coupling condition, the simulation result shows the shifting of LCP-
RCP pick from 57 THz to 52 THz where the PMMA permittivity is assumed to be

constant (eppma = 2.2). Now applying the Lorentz oscillator model in PMMA spectra,
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we get the plasmon phonon coupling in the frequency of 52 THz (Figure 3.3). Here we
take the three different thicknesses (80 nm, 140 nm, 200 nm) of PMMA to see the
coupling strength. The strong coupling between localized surface plasmon (LSP) and the
phonon open the two-absorption maximum in RCP mode and two absorption minimum in
the LCP mode. This splitting behavior represents the coupling phenomena by introducing
bandgap or splitting gap (6 = w, — w_) between the two coupled plasmon-phonon
mode. For the experimental purpose, we apply PMMA via spin coating on the top of the
FIB fabricated 2D-metasurface where the FTIR measurement and simulation shows a

good agreement in the three individual cases.
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Figure 3.3 Spectra measurement in coupled condition while the thickness of the PMMA
(t) is varied. The metasurface periodic condition is p*Kk1.
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3.5. ANALYSIS OF THE SPLITTING BEHAVIOUR

We focus on the periodic structure of the metasurface to estimate the splitting
behavior based on periodicity. Usually, in the coupling mode, the splitting gap increase
with coupling strength [51-53]. In this regard, twenty-four samples in different periodic
condition (p) are used to observe the coupling phenomena. The yellow dot line in the
contour plot (Figure 3.5) shows the anticrossing behavior, and maximum coupling
strength is in the frequency of 52 THz. When the p-value is small, the broad plasmon
mode is far away from the molecular vibrational mode, and hence the interaction between

these two modes results in a Fano-like resonance [54, 55].
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Figure 3.4 Bare metamaterials frequency as a function of coupled system frequency.

The broad plasmon mode change with the p-value where the smallest p-value

shows the phonon vibration mode is far away from plasmon mode. But in resonance
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condition two new hybrid modes is observed due to strong plasmon-phonon coupling.
The coupling result also introduce the Rabi splitting behavior in the frequency of 52 THz.
In our experiment, the full-width at half-maximum (FWHM) ({pLasmon) Of the uncoupled
plasmon resonance and molecular vibration ({pmma) satisfy the condition Orabi> (Cpmma +
CpLasmon )/2, which is the criteria of Rabi splitting [41, 56, 57]. For Tunning, the
anticrossing behavior, we take three different thicknesses (80 nm, 140 nm, 200 nm) of
PMMA. Duel resonance features found in all the cases in both the numerical simulation
and FTIR measurement. It is noticeable that the splitting gets higher with the increase of
PMMA thickness. The most surprising thing observe that any particular PMMA
thickness, the RCP splitting gap is much larger than the LCP splitting gap (6). By
changing PMMA thickness, we find the splitting gap (8) in the case of RCP: 2.9 THz to
3.54 THz and for LCP: 2.44 THz to 3.02 THz. The RCP coupling strength is higher than
the LCP coupling strength because the RCP electrometric field concentration is higher
than the LCP. During the coupling condition, the energy loss in the RCP mode, some of
the lost energy added in the LCP coupling. That is why the frequency where RCP
absorption peaks go down in vice versa the LCP peaks go up seems like “M” and “W”
(Figure 3.4). It is worth mentioning that our metasurface follows the dipole resonant
mode, as is seen in Figure 3.5(a). The metasurface is designed intentionally in such a way
that it could confine the electromagnetic field in the two-particular point of meta-
structure, especially in the top and bottom surface of the inner elliptical structure. Figure
3.5(c) shows the electric field distribution in the Au-Al.O3-Au-PMMA medium in which
the white dashed curved indicated in Figure 3.5(b). Hence, we calculate the optical

power, which has overlapped between the PMMA molecules and resonance mode to
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identify the strength of molecular interaction strength in the dipole resonant mode. The

overlapped optical power described as:
Ptot = fEO exp(—20z)dz < A(1 — exp(—202z)) + 4, (1)
0

Here A is a coefficient, ¢ is decay rate, and Ao is the overlapped optical power. As

overlapped optical power is proportional to splitting behavior so we can write the

equation as,
§ = A(1 — exp(—202)) + Ay @)
a
LCP
RCP
C
E 30 \[ P | t=140nm ] § 2oh r |
2. 20[ | i 1 = 3§ e ==
T 10 o 40l RCP -
H g -k
[+— ALO;T—>—! ; 35F o o s
3.0[ P =200 nm ] [ e e Fitting
20FAu Ay PMMA 4 301 L S * FTR
i ot 25k 4 Simulation |
1.0 i L
1 20 1 1 L 1 1 L
05 /06 07 08B 08 105 11 12 0.1 0.2 0.3 0.4 05 08
Position (um) Thickness (um)

Figure 3.5 Electric field distribution across the metamaterial layers. (a) Top view of the
Electromagnetic field in the plasmon-phonon coupling condition based on PMMA layer
thickness (200, 140, and 80 nm). (b) The cross-section of the electric field distribution in
the frequency of 52 THz. (c) The electric field profile in the multilayer structure based on
PMMA layer thickness. The profile collection location (b) is pointed by the white dash
line, and the incident wave is right circularly polarized light. (d) Comparison of splitting
the gap between Fitting, FTIR, and simulated resulted as a function of PMMA layer
thickness.
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We simulated the PMMA thickness from 80-600 nm to figure out the overlapped
optical power. The above equation (2) is fitted to find the parameters A, Ao, . The fitting
result shows the value for the RCP: A= 2.85 THz, Ao=1.90 THz, 6=1.95 pm™ and for
LCP: A=3.18 THz, Ao=1.48 THz, 6=1.77 um™*. Since the electrified in the plasmon-
phonon coupling mode decay exponentially inside the PMMA layer so for variable
thickness of the PMMA layer would have different overlapped with the confined
plasmonic mode. Here the electric field confined in the metal surface, then it’s gradually
decaying in the surrounding medium (Figure 3.5) where the decay length (lq) is

approximately 350 nm for gold metasurface. The decay length is calculated as: [; =

A, —n*
2w g +n*

1
) z. Inside that decay range lq, with the increase of PMMA layer thickness,

coupling strength increases. For the PMMA molecule above the range lq, the forbidden
energy gap becomes saturated because of weak plasmon phonon coupling (Figure 3.5(d)).
It indicates that for LCP and RCP case, the overlap optical power is different, which can

be tuned by varying the PMMA thickness.
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4. CONCLUSION

In summary, we have successfully fabricated the 2D-chiral metasurface that has
higher circular dichroism in the mid-infrared range. The experimental result shows that
the polarization-dependent electromagnetic absorption leads to a high heat signature.
That high heat signature with a strong chiroptical response helps to exhibit the thermal
circular dichroism in the gold meta structure. It is also explainable that the meta structure
resonance mode can be tuned either by changing the periodic structure or the curvature of
the shape. Furthermore, multiple resonance structures with different sizes (n) broaden the
absorption range in the midinfrared area, which has a significant application in broadband
thermal emitter design. The experimental result shows the strong coupling phenomena
between the PMMA molecules and the chiral metasurface, where this strong coupling
presents the anticrossing behavior and satisfies the Rabi splitting. In the splitting, the
RCP splitting gap is higher than the LCP splitting gap, which demonstrated that the
circularly polarized light could be an effective parameter for molecules detection. Besides
that, the strength of the coupling can be controlled by tuning the PMMA thickness, which
represents the overlap optical power is proportional to the splitting gap of two plasmon-
phonon eigenmodes. This splitting gap gradually increases until the end of decay length,
and then it becomes saturated, which illustrates that the coupling strength is limited to a
certain range of deposited molecules thickness. Therefore, the effect of circularly
polarized light in broadband absorption, as well as molecules detection, will open further

opportunities in thermal energy harvesting and chiral imaging.
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