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Abstract

Natural chiral materials usually have very weak circular dichroism (CD) responses. Here, we
design and demonstrate one type of mid-infrared chiral metasurface absorber with strong
chiroptical effects, which can achieve high CD in absorption above 0.57 over the wavelength range
of 5 to 5.9 um. The maximum absorption of the chiral metasurface absorber under circularly
polarized light can reach 0.90 and the maximum CD in absorption is 0.63. Meanwhile, the chiral
resonance wavelength and the CD value can be tuned by varying the geometric parameters of the
metasurface. A thermal analysis of the metasurface absorber further shows the strong connection
between CD in absorption and temperature difference. The demonstrated chiral metasurface
absorbers can be used in many promising applications such as molecular sensing,

thermophotovoltaics and chiral spectroscopy.
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1. Introduction

Chirality describes the property of a lack of mirror symmetry in an object, which can be observed
in various natural materials [1, 2]. However, the circular dichroism of these natural substances
under left-handed and right-handed circularly polarized (LCP and RCP) light is extremely small
due to the weak chiral light-matter interaction [3]. There are various chiral metamaterial and
metasurface structures that are able to exhibit strong chiroptical responses including some that
have been recently designed such as letter-shaped structures [4-6], gammadions [7], folded

structures [8], slanted holes [9], and stepped nanoapertures [10, 11].

These chiral metamaterials and metasurfaces can be utilized in many promising applications in
various fields such as biosensing [12-16]. By detecting the wavelength shifts of CD spectra for the
biomolecule-deposited chiral metamaterials, the molecular concentration can be quantitively
measured with high sensitivity [16], where the wavelength shift is caused by the refractive index
variations of the surrounding environment by adding chiral biomolecules. Besides, through the
coupling between the chiral electromagnetic field of metamaterials and chiral molecules, the
signal-to-noise ratio of CD spectroscopy is increased for realizing highly sensitive biosensing [14,
15]. The superchiral fields generated near the chiral nanostructures with the enhanced local optical
chirality density will lead to the ultrasensitive detection of chiral molecules in the near-field [17].
The chiral metamaterials and metasurfaces applied to molecular sensing can also be designed in
the mid-infrared range to detect the characteristic vibrational fingerprints of the functional groups
in molecules. It has been known that in the mid-infrared frequency range below ~100 THz, the
resonance frequency of a plasmonic nanostructure has a linear scaling with the structural size.
However, as the resonance frequency is pushed higher to visible and ultraviolet range by reducing

the structural size of the plasmonic nanostructure, a breakdown of such linear scaling occurs where



the resonance frequency saturates and the strength of the resonance decreases due to the free
electron kinetic energy [18]. As a result, it becomes difficult to sustain strong resonant modes in
the plasmonic nanostructure for chiral molecular sensing. Alternatively, dielectric nanostructures
can be designed for chiral sensing in visible and ultraviolet frequencies, where chiral molecules
exhibit the featured electronic fingerprints. In addition, the chiral metamaterials and metasurfaces
operating in the mid-infrared wavelength range can be used as the polarization-dependent thermal
absorbers and emitters to control the response of a thermophotovoltaics device and increase the
thermal energy conversion efficiency. Therefore, it is important to develop chiral metamaterials

and metasurfaces with high CD responses in the mid-infrared wavelength range.

In this work, we design and demonstrate a new type of mid-infrared chiral metasurface absorbers
using a tri-layer metal-dielectric-metal structure. Within the wavelength range between 5 pm and
5.9 um, the chiral metasurface absorbers can achieve strong chiroptical effects with high CD in
absorption above 0.57. The chiral metasurface absorbers can reach a maximum absorption of 0.90
under circularly polarized light and a maximum CD in absorption of 0.63. Such strong chiroptical
responses are attained by the design of split-ellipse resonators on the top metal layer. Furthermore,
it is demonstrated that the chiral resonance wavelength and the CD value can be tuned by varying
the geometric parameters of the top-layer metallic pattern. The electric field distributions in the
metasurface absorber under LCP and RCP incident light are mapped for understanding the
mechanism of chiral optical absorption. The temperature distributions in the metasurface absorber
are also simulated to study the relationship between CD in absorption and temperature difference
under LCP and RCP incidence. The demonstrated results will have the potential to advance many
future applications such as thermophotovoltaics [19-22], chiral imaging [11, 23], and chiral

molecular sensing [24, 25].



2.  Design and characterization of mid-infrared chiral metasurface absorbers

The schematic of the designed chiral metasurface absorbers is presented in Figure 1(a), which is
constructed on a tri-layer gold-alumina-gold (Au-Al20s-Au) film, including the split-ellipse
resonators on the top metal layer of 65 nm-thick Au, the middle dielectric spacer with 250 nm-
thick Al203, and the bottom layer with 200 nm-thick Au deposited on a silicon substrate. The Au
layers are deposited with a Lesker PVD250 electron beam evaporator, and the Al203 layer is
deposited using a Lesker CMS18 reactive sputtering system. The dimension of the split-ellipse
resonator is presented in Figure 1(b). The periods of the unit cell along the x and y directions are
px = 2.5 um and p,, = 4.5 um, respectively. The split-ellipse structure has major and minor axes
of v =4 um and u = 2 pum, respectively. The width of the cutting slot is w =200 nm and its
rotation angle is @ = 35°. The split-ellipse structure is fabricated by milling the top Au layer with
a focused ion beam system (FIB, FEI Helios Nanolab 600, 30 kV, 97 pA). A scanning electron
microscopic (SEM) image of the top view of the fabricated chiral metasurface absorber is shown

in Figure 1(c), with a SEM image of the unit cell shown in Figure 1(d).



000000088
000000888
000000088
RRRRRRRRK

Fig. 1. (a) Schematic of the unit cell of the designed chiral metasurface absorber. (b) Top view of the unit

cell and its geometric parameters. (c) SEM image of the fabricated chiral metasurface absorber. Scale bar:

2 um. (d) SEM image of one unit cell. Scale bar: 500 nm.

The mechanism of chiroptical responses in the designed chiral plasmonic metasurfaces can be
understood using the numerical simulations of the plasmonic resonant modes with LCP and RCP
illumination by CST Studio Suite. The open boundary conditions are applied along the z direction
and the periodic boundary conditions are applied along the x direction and the y direction of the
unit cell. The permittivity of Al20s is extracted from the experimental data [26] and the permittivity
of Au is taken from the Lorentz-Drude model [27]. The electric field distributions under LCP and
RCP illumination in the plane 5 nm above the lower surface of the top Au layer (z = 455 nm) at
the chiral resonance wavelength of 5.04 um is shown in Figure 2(a). It indicates that the LCP

incident light is strongly coupled to the plasmonic resonant mode of the split-ellipse resonator with



matched impedance. The electric field |E| is highly localized in the tip, slot and border areas of the
split-ellipse structure, which consequently gives strong optical absorption and weak reflection. On
the other hand, the electric field |E| excited by the RCP light is much weaker since the incident
light cannot efficiently couple with the split-ellipse resonator and most of the input optical power
is reflected, yielding weak optical absorption. To further explain the underlying mechanism of the
differential absorption in the chiral metasurface absorber, Figure 2(b) displays the current density
distributions under LCP and RCP illumination in the plane of z = 455 nm. It shows that under
LCP incidence, the generated current density vector J oscillates strongly along the y direction in
four confined areas inside the split-ellipse structure, which forms three out-of-phase circulating
current loops surrounding the dielectric layer between the top Au layer and the bottom Au layer,
so that a strong optical absorption is achieved. On the contrary, J oscillates along the x direction
in the split ellipse to form one circulating current loop under RCP incidence with a much weaker

|J| value compared to the LCP case, resulting in a weak optical absorption.

Furthermore, Figure 3(a) plots the magnetic field distributions under LCP and RCP illumination
in the middle plane of the dielectric layer (z = 325 nm). It shows that the LCP incident light excites
three strong out-of-phase magnetic dipole modes along the x direction within the dielectric layer,
which induce three circulating current loops as indicated in Figure 2(b). In contrast, the RCP light
excites one weak magnetic dipole mode along the y direction with a much weaker intensity. The
direction and magnitude of the Poynting vector at z = 325 nm is further plotted in Figure 3(b).
Under LCP illumination, the optical energy can be efficiently coupled into the dielectric layer with
two strong clockwise energy circulations in the x-y plane, whereas the coupled optical energy for
the RCP incident light has a much lower power density value where the two counterclockwise

energy circulations in the plane get broken.
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Fig. 2. (a) Simulated electric field |E| distributions at z = 455 nm plane under LCP and RCP illumination at
the chiral resonance wavelength of 5.04 um. The black arrows represent the direction and magnitude of the
electric field vector E. The two white dashed lines mark the positions of x = 400 nm and 1000 nm. (b)
Simulated current density |J| distributions at z = 455 nm plane. The black arrows represent the direction and

magnitude of the current density vector J.



Fig. 3. (2) Simulated magnetic field |H| distributions at z = 325 nm plane under LCP and RCP illumination.
The black arrows represent the direction and magnitude of the magnetic field vector H. (b) Simulated
Poynting vector |P| distributions at z = 325 nm plane. The black arrows represent the direction and

magnitude of the Poynting vector P.

To further understand the properties of the chiral plasmonic resonant modes, the distributions of
electric field, magnetic field, current density and Poynting vector across the plane of x = 400 nm
along the tip of the cutting slot and the plane of x = 1000 nm are also simulated under LCP and
RCP illumination in Figure 4 and Figure 5 respectively, where the two locations are denoted by
the white dashed lines in Figure 2(a). As shown in Figure 4(a), at x = 400 nm, the concentrated
electric field around the metallic split-ellipse structure further extends inside the dielectric layer
under LCP illumination, resulting in strong absorption, whereas the electric field in the dielectric

layer is much weaker under RCP illumination. Figure 4(b) shows that a strong magnetic dipole



mode along the x-direction is excited in the dielectric layer under LCP illumination, which induces
a distinct circulating current loop between the top Au layer and the bottom Au layer to give a
strong optical absorption. However, there is no circulating current loop observed under RCP
illumination. Figure 4(c) of the Poynting vector further indicates that the optical energy of LCP
incident light can flow into the dielectric layer with the enhanced optical absorption, whereas the
RCP light energy just flow towards the bottom Au layer and get reflected back. At x = 1000 nm,
Figure 5(a) shows that the electric field around the top Au structure is greatly enhanced under LCP
incidence with the electric field vector oscillates along the z-direction, compared to the RCP case.
In Figure 5(b), it is clearly seen that three strong out-of-phase magnetic dipole modes along the x
direction are supported within the dielectric layer under LCP illumination, which induce three
connected circulating current loops. However, the RCP incident light does not excite such
magnetic dipole modes in the dielectric layer. Figure 5(c) also depicts that the optical energy of
LCP light can be efficiently coupled into the dielectric layer with large absorption, but the optical
energy of RCP light just gets reflected back from the bottom Au layer without much absorption.
Compared to RCP illumination, the strong circular dichroic mode interactions under LCP
illumination through the excitation of the magnetic dipole modes and the induced circulating
current loops in the split-ellipse structure lead to the large differential absorption in the designed
chiral metasurface absorber. Since the 200 nm-thick gold bottom layer can block almost all the
transmitted light, the transmission through the metasurface absorber is negligible. Then, the
absorption can be defined as A = 1 — R, where A and R represent the absorption and reflection,
respectively. The CD in absorption is calculated by CD = |A;cp — Agcpl, Which is 0.63 from the

simulation of this designed chiral metasurface absorber, with a chiral optical absorption of 0.93



under LCP illumination and 0.30 under RCP illumination at the chiral resonance wavelength of

5.04 pm.
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Fig. 4. (a) Simulated distributions of electric field |E| and electric field vector E under LCP and RCP
incidence at x = 400 nm plane. (b) Simulated distributions of magnetic field Hy and current density vector

J. (c) Simulated Poynting vector distributions of |P| and P.
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Fig. 5. (a) Simulated distributions of electric field |E| and electric field vector E under LCP and RCP
incidence at x = 1000 nm plane. (b) Simulated distributions of magnetic field Hy and current density vector

J. (c) Simulated Poynting vector distributions of |P| and P.

To achieve the goal of tuning the chiral resonance wavelength of the metasurface absorber in the
mid-infrared wavelength range, the geometric parameters marked in Figure 1(b) for the split-
ellipse structure are linearly scaled up by a factor s, where s =1, 1.05, 1.1, 1.15, and 1.2, while
the rotation angle « of the cutting slot remains unchanged. The SEM images of the top view of the
fabricated chiral metasurface absorbers in different scales are shown in Figure 6(a). The optical
absorption spectra of these chiral metasurface absorbers are measured by a Fourier transform
infrared spectrometer (FTIR, Nicolet 6700) connected to an infrared microscope, with the incident
circular polarization defined by a linear polarizer and a quarter-wave plate. The measured and
simulated optical absorption spectra are plotted in Figure 6(b) and (c), respectively. As a result of
the scale factor s increasing from 1 to 1.2, the resonance wavelength of the chiral metasurface
absorber continuously increases from 5 to 5.9 um, which is almost proportional to the scale factor.
The absorption under LCP illumination is much larger than that under RCP illumination, with the
measured CD in absorption more than 0.57 across the wavelength range of 5 to 5.9 pum. The
experimental maximum chiral optical absorption is 0.90, while the largest CD in absorption is 0.63

for the metasurface with the scale factor s =1 at the chiral resonance wavelength of 5.04 um.
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Fig. 6. (a) SEM images of the fabricated chiral metasurface absorbers with different scale factors. Scale
bar: 500 nm. (b) Measured and (c) simulated optical absorption spectra of the chiral metasurface absorbers

with different scale factors under LCP (solid line) and RCP (dashed line) illumination.
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Fig. 7. (a) SEM images of the fabricated chiral metasurface absorbers with different rotation angles. Scale
bar: 500 nm. (b) Measured and (c) simulated optical absorption spectra of the chiral metasurface absorbers

with different rotation angles under LCP (solid line) and RCP (dashed line) illumination.

Furthermore, the chiral resonance wavelength and the CD value can be tuned together by simply
adjusting the rotation angle a of the cutting slot. Figure 7(a) shows the SEM images of the top
view of the chiral metasurface absorbers with different rotation angles a. According to the
measured and simulated optical absorption spectra in Figure 7(b) and (c), it is shown that the
resonance wavelength decreases from 5.5 to 4.8 um when the rotation angle « is increased from
20° to 50°, while the CD value grows from 0.33 to 0.63 as « increases from 20° to 35° and then

drops from 0.63 to 0.03 as a keeps increasing to 50°. The small difference between the measured



and simulated absorption spectra is possibly introduced by the sample defects during the FIB

milling process.

To further understand the effects of different rotation angles and scale factors on the LCP and RCP
absorption in the chiral metasurface absorbers, the finite element method solver (COMSOL
Multiphysics) is used to solve the heat transfer equation Cpp 0T /0t + V - (—kVT) = q, where Cp
is the specific heat capacity; p is the density of the material; T is the temperature; k is the thermal
conductivity of the material [6]. The heat generation density g is calculated using the expression
of q(r) = (w/2)Im[e(w)]eo|E(r)|?. For the heat transfer simulation, a 100 nm-thick silicon
substrate is considered below the gold bottom layer. Thermal insulation boundary conditions are
used around the unit cell in both the x direction and the y direction. A fixed temperature of 300 K is set for
the boundary conditions along the z direction at the top surface of air and the bottom surface of the silicon
substrate. The incident optical power density of the circular polarized light is fixed at 1.78 pW/um?. Most
of the heat is produced inside the top gold split-ellipse structure, and then the generated heat is diffused
into the neighboring media with lower temperature. Figure 8(a) presents the simulated temperature
distributions in the chiral metasurface absorber with the rotation angle a of 35° in the plane at the interface
between the upper Au layer and the Al2O3 dielectric layer (z = 450 nm) under LCP and RCP illumination
at the chiral resonance wavelength of 5.04 um. As presented in Figure 8(a), the temperature inside the split-
ellipse structure is distributed almost uniformly and stays higher than that of its surroundings due to the
high thermal conductivity of gold. Figure 8(b) shows the temperature profiles across the tip of split-ellipse
structure which is marked with the white dashed line in Figure 8(a). Due to the high absorption of the
metasurface under LCP illumination, there is more thermal energy generated so that a large local
temperature increase inside the split-ellipse structure is achieved, with a maximum temperature of 333.84

K. On the other hand, the weak chiral optical absorption under RCP illumination gives a much lower



maximum temperature of 301.04 K. We can define the thermal circular dichroism (CDrt) as CDt=
|AT,cp — ATgrcp| [28], where AT represents the temperature increase in the split-ellipse structure under
LCP and RCP illumination. The relationship between the values of CD in absorption and CDr is further
studied by simulating the chiral metasurface absorbers with the rotation angle a varying from 20° to 50°
for different scale factors s of 1, 1.1 and 1.2. As shown in Figure 8(c)-(e), the calculated values of CD in
absorption and CDr are strongly correlated for all the chiral metasurface absorbers, with the linear
relationship of CDr = ¢y - I,, - CD, where I, is the incident optical power density and c; is a thermal
coefficient constant. The data fitting further shows that c; = 28.26 K-pm?uW for s = 1, c; = 28.35
K-um?puW fors=1.1,and ¢y = 28.24 K-um?uW for s = 1.2, where the minor difference of ¢, between
different scale factors is due to the imperfections in simulation. It is noted that c; is a constant with an
averaged value of 28.28 K-um?%puW which is independent of the chiral resonance wavelength and the CD

value for all the chiral metasurface absorbers with different geometries.
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Fig. 8. (a) Temperature distributions at z = 450 nm plane with LCP and RCP illumination at the chiral
resonance of 5.04 um. (b) Temperature profiles across the tip of split-ellipse structure at x = 400 nm which
is marked with the white dashed line in (a). (c)-(e) Simulated values of CD in absorption and CD+ as a
function of the rotation angle « for different scale factors s of 1, 1.1 and 1.2, respectively. Black squares

and red triangles represent the calculated data points of CD in absorption and CDr, respectively.



3. Conclusion

In summary, mid-infrared chiral plasmonic metasurface absorbers have been designed and demonstrated
with high CD in absorption across the wavelength range of 5 t0 5.9 um. The electric field distributions
in the chiral metasurface absorber under LCP and RCP illumination have been studied to
understand the mechanism of the strong chiral optical absorption. The chiral resonance wavelength
and the CD in absorption can be tuned by adjusting the geometric parameters of the split-ellipse
structure. Compared to the previously demonstrated chiral metasurface absorbers with other types
of asymmetric structures such as the F-shaped structure [6], the coupled rectangle bars [29], and
the eye-shaped structure [30], the CD value of the chiral metasurface absorber made of the split-
ellipse structure can be continuously tuned by simply adjusting the rotation angle of the cutting
slot without changing other geometric parameters. Furthermore, the heat transfer analysis is
conducted to show the temperature distributions in the metasurface absorber under LCP and RCP
illumination and reveal the linear relationship between CD in absorption and CDr. These results will
advance many future applications including chemical and biological chiral sensing, thermal radiation, chiral

imaging and spectroscopy.
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