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ARTICLE INFO ABSTRACT
Keywords: Chiral metasurfaces operating at the mid-infrared frequencies are of great interest for chiral
Mid-infrared range molecule vibrational sensing and other applications. Here, mid-infrared chiral metasurfaces of

Chiral metasurface

wavy rectangle resonators with strong chiroptical response and tunable circular dichroism (CD)
Circular dichroism

are demonstrated. The chiral metasurface exhibits a high CD value of more than 0.57 as the chiral
plasmonic resonance wavelength is tuned from 4.96 to 5.82 um by enlarging the geometric di-
mensions of the unit cell. Furthermore, CD values can be continuously tuned from positive to zero
and negative without altering the chiral plasmonic resonance wavelength, by simply relocating
the cutting slot to change the geometric symmetry of the wavy rectangle structure. These results
aim to advance the development of many promising applications in mid-infrared frequencies
including protein molecule detection, thermal emission control, and infrared-light
communication.

1. Introduction

Chiral metamaterials are artificial structures exhibiting unique circular dichroism responses due to their symmetry-breaking
features [1,2], which interact differently with left- and right-handed circularly polarized (LCP and RCP) incident light [3,4]. The
geometric structures of the unit cells in chiral metamaterials play a crucial role in determining their chiroptical responses such as
negative refraction [5-7], circular dichroism [8-10], and optical activity [11]. According to the material selection, all-metallic,
all-dielectric and metal-dielectric chiral metamaterials have been designed in the past [12-14]. In particular, metal-dielectric-metal
chiral metamaterials have been extensively studied from visible, near-infrared to mid-infrared frequencies [15-22] with enhanced
chiroptical properties. In the mid-infrared frequency range, chiral metamaterials show significant promise for many applications such
as circular-polarization-sensitive photodetection [23], optical sensing [24-26], nonlinear optics [26], and telecommunication [27].
On the other hand, the mid-infrared range is of particular interest in molecular sensing because various vibrational modes of molecule
bonds such as the carbon-oxygen bond, the alkene bond and the amide bond are located in this frequency range.

Recently, metamaterials have been utilized to enhance the plasmonic excitations of the targeted molecules through concentrated
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near fields to reach the sensing limit for the detection of binding events in a single molecule [28-30]. This unique advantage of
metamaterials can be further extended into chiral molecular sensing by designing chiral metamaterials with asymmetric structures,
which enable strong chiroptical interactions between chiral molecules and superchiral near fields [31]. Chiral molecules usually have
very weak chiroptical responses due to the small difference between their refractive indices under the LCP and RCP illumination,
which is related to their weak molecular polarizability [32]. In contrast, chiral metamaterials with artificially designed asymmetric
structures can possess much stronger chiroptical responses. This feature will considerably enhance the CD signal of chiral molecules,
which could potentially decrease the data acquisition time and allow for the use of lower analyte concentrations in chiral sensing
applications [33].

In this work, a unique type of mid-infrared metal-dielectric-metal chiral metasurface consisting of wavy rectangle resonators are
designed and demonstrated with strong chiroptical response and tunable CD. The fundamental mechanism of circular polarization-
sensitive optical absorption from the designed metasurface is elaborated using numerically simulated electromagnetic field distri-
butions of the chiral resonant modes. As demonstrated in experiment, the chiral metasurface exhibits a high CD value of 0.62 at the
chiral plasmonic resonance wavelength of 4.96 um. By enlarging the geometric dimensions of the unit cell, the chiral plasmonic
resonance wavelength is tuned from 4.96 to 5.82 um, while the high CD value of more than 0.57 is maintained. Meanwhile, CD values
are continuously tunable from positive to zero and negative at the unchanged chiral plasmonic resonance wavelength, by only varying
the cutting slot location to change the geometric symmetry of the wavy rectangle structure. In comparison to the previously reported
metal-dielectric-metal chiral metasurfaces with other structures like the coupled rectangle bars [16], the F-shaped structure [20], and
the S-shaped structure [34] where the CD values cannot be tuned easily, the wavy rectangle structure offers the exceptional capability
in flexible CD tunability and precise control of chiroptical responses for chiral metasurfaces. These results will open many new op-
portunities for the advancement of applications in mid-infrared frequencies such as protein molecule detection, thermal radiation
control, and infrared-light communication.
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Fig. 1. (a) Diagram of the chiral metasurface consisting of wavy rectangle resonators. (b) Top-view diagram of the metasurface unit cell marked
with the geometric dimensions. (c¢) Schematic diagram of the fabrication process of chiral metasurface. (d) Top-view SEM image of the metasurface
device. Scale bar: 2 um. (e) Zoomed-in SEM image of the metasurface unit cell. Scale bar: 1 pm.
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2. Chiral metasurface design and characterization

Fig. 1(a) illustrates the diagram of the designed metal-dielectric-metal chiral metasurface composed of a three-layer thin film of
gold (Au) and alumina (Al;03). The device consists of the wavy rectangle structures etched in the top Au layer with the thickness of t =
65 nm, the middle Al,Os3 dielectric spacer with the thickness of m = 250 nm, and the bottom Au mirror layer with the thickness of b =
200 nm. Fig. 1(b) presents the dimensions of the wavy rectangle resonator in the design, where the unit cell periods are p, = 2 um and
Py = 4.8 um. The wavy rectangle structure is formed by inserting periodic horizontal cutting slots into a continuous sine wave slab with

a period of p,, where the sine wave border of the wavy rectangle structure follows a function of f(y) = a e sin (2;1 . y;—yd) , with the sine

wave amplitude a = 100 nm and the vertical shift of the cutting slot d. The gap size of the cutting slot is g = 200 nm, while the wavy
rectangle structure has the dimensions of width w = 1.1 um and length h = 4.6 um. The vertical shift of the cutting slot d can be
adjusted from O to p,/2 along the y direction to vary the degree of symmetry breaking for the wavy rectangle structure, so that the
metasurface chiroptical response can be continuously tuned. At d = 0 and d = p, /2, the degree of symmetry breaking for the structure
is the largest to get the maximum CD responses but with the opposite CD values, while at d = p, /4, the wavy rectangle structure has a
symmetric geometry to reach a zero CD value. The cutting slot is initially set at the position of d = 0. In the design, the geometric
dimensions of the metasurface unit cell, especially the sine wave amplitude a and the rectangle width w are optimized to maximize the
metasurface CD response. Fig. 1(c) shows the schematic diagram of the fabrication process of chiral metasurface. First, the bottom Au
layer is deposited on a silicon wafer by utilizing an electron beam evaporator (Lesker PVD250). Then, the middle Al,O3 layer is
deposited by a sputtering system (Lesker CMS18), followed by the deposition of the top Au layer with the electron beam evaporator.
Finally, the wavy rectangle structures are formed by milling the top Au layer with a focused ion beam system (FEI Helios Nanolab 600,
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Fig. 2. (a) Distributions of electric field |E| (color map) and electric field vector E (black arrows) at the plane of z = 460 nm for RCP and LCP
incident light at the wavelength of 4.98 um. The white dashed line marks the position of x = 1000 nm. (b) Distributions of current density |J| (color
map) and current density vector J (black arrows) at the plane of z = 460 nm.
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voltage 30 kV, beam current 97 pA). Fig. 1(d) displays a top-view scanning electron microscope (SEM) image of the fabricated
metasurface device, while a zoomed-in SEM image of the metasurface unit cell is presented in Fig. 1(e).

The CD response in the chiral metasurface is explained through numerically simulated electromagnetic field distributions of the
chiral resonant modes under RCP and LCP incidence using the COMSOL Multiphysics software. The wave excitation port is applied
along the z direction with a perfectly matched layer to reduce the boundary reflection, while periodic boundary conditions are used in
the x and y boundaries. In the simulation, the Al;O3 permittivity is taken from a reference [35] and the Au permittivity is taken from
the Lorentz-Drude model [36]. Fig. 2(a) illustrates the electric field distributions in the plane of z = 460 nm which is located within the
top Au layer for RCP and LCP incidence at the chiral plasmonic resonance wavelength of 4.98 ym. It demonstrates that the chiral
resonant mode of the wavy rectangle resonator is strongly coupled with the RCP light. It is shown that the electric field is predomi-
nantly concentrated inside the cutting slot area between the wavy rectangle structures, resulting in a high absorption of the RCP light.
In contrast, the electric field generated by the LCP light is significantly weaker as the LCP light is not coupled well with the wavy
rectangle resonator, so that there is a low absorption. To provide additional insight into the differential absorption of the chiral
metasurface, the current density distributions in the plane of z = 460 nm for RCP and LCP light are further plotted in Fig. 2(b). It
indicates that the current density created by the RCP light strongly oscillates in the y direction within the wavy rectangle structure.
This gives rise to three current loops circulating around the Al;O3 spacer, resulting in strong optical absorption for RCP light. However,
the current density generated by the LCP light is much weaker, which leads to a low absorption. In addition, Fig. 3(a) illustrates the
magnetic field distributions in the plane of z = 325 nm across the middle of the Al;O3 spacer. It reveals that three dominant magnetic
dipole modes are excited by the RCP light inside the Al;O3 spacer in the x direction, corresponding to the three current loops. In
contrast, one much weaker magnetic dipole mode is generated by the LCP light. Fig. 3(b) further plots the Poynting vector distributions
in the plane of z = 325 nm. It shows that the power flow of RCP light is coupled well in the Al,O3 spacer with three strong energy flux

Fig. 3. (a) Distributions of magnetic field |H| (color map) and magnetic field vector H (black arrows) at the plane of z = 325 nm for RCP and LCP
incident light. (b) Distributions of Poynting vector |P| (color map) and P (black arrows) at the plane of z = 325 nm.
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loops, but the coupled power flow from LCP light exhibits a much weaker energy flux.

Fig. 4 further shows the electromagnetic field distributions in the plane of x = 1000 nm of the metasurface coupled with the RCP
and LCP light, where the position of this plane is labeled in Fig. 2(a). Fig. 4(a) demonstrates that the intense electric field surrounding
the Au wavy rectangle structure exists for RCP light, whereas the electric field for LCP light is very weak. Fig. 4(b) indicates that the
dielectric spacer contains three strong magnetic dipole modes for RCP light, which generate current loops circulating between the top
and bottom Au layers. In contrast, there is no clear magnetic dipole mode supported in the dielectric spacer for LCP light. The Poynting
vector in Fig. 4(c) further demonstrates that the power flow of RCP light is effectively coupled inside the dielectric spacer to give a high
absorption, but the power flow of LCP light merely propagates into the structure and most of the energy is reflected back. The large
differential absorption of RCP and LCP light by the metasurface originates from the strong chiroptical interaction between the met-
asurface and the RCP incident light through the excitation of magnetic dipole modes together with the generated current loops within
the wavy rectangle resonator. The transmission through the thick Au bottom layer is negligible, so that the absorption A is obtained
from the reflection Rby A =1 — R. The CD value in term of absorption is then obtained by CD = Agcp — Arcp. For the simulated chiral
metasurface, the CD value is 0.65 at the chiral plasmonic resonance wavelength of 4.98 um, with the RCP and LCP optical absorption of
ARCP = 0.86 and Ach =0.21.

Fig. 5 shows the simulated absorption spectra of the chiral metasurfaces by considering different thicknesses of the middle Al;O3
layer and the top Au layer. In Fig. 5(a), as the thickness m of the middle Al,O3 layer increases from 150 to 450 nm while the thickness ¢
of the top Au layer is fixed at t = 65 nm, the resonance wavelength has a redshift from 4.88 to 5.29 um. The CD value also changes with
the thickness m, and the maximum CD value of 0.65 is obtained at the resonance wavelength of 4.98 pm with m = 250 nm. In Fig. 5(b),
as the thickness t of the top Au layer varies from 45 to 85 nm with a fixed m = 250 nm, the resonance wavelength and the CD value
remain approximately unchanged at 4.98 um and 0.65, respectively. Thus, the thicknesses of t = 65 nm and m = 250 nm are selected
in the current chiral metasurface design. The chiral plasmonic resonance of the metasurface can be tuned through linearly enlarging
the geometric parameters py, py, a, g h and w of the unit cell labeled in Fig. 1(b), by considering a scale factor s with the values from 1 to
1.2 at a step of 0.05. Fig. 6(a) displays a set of top-view SEM images of the metasurfaces having the increased scale factors. The ab-
sorption spectra from the chiral metasurfaces are recorded with a Fourier transform infrared spectrometer, where a holographic wire
grid linear polarizer and a zero order mid-infrared quarter-wave plate are used to generate the RCP and LCP incident light. The
simulated and measured optical absorption spectra are presented in Fig. 6(b) and (c), respectively. It shows that the chiral plasmonic
resonance of the metasurfaces redshifts continuously from 4.96 to 5.82 um as the scale factor s changes up to 1.2, where the RCP light
absorption is much higher than LCP light with the measured CD value exceeding 0.57 over this wavelength range. The maximum chiral
light absorption achieved in experiment is 0.82 with the highest CD value of 0.62 for the metasurface of s = 1 at the chiral plasmonic
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Fig. 4. (a) Distributions of electric field |E| (color map) and electric field vector E (black arrows) at the plane of x = 1000 nm for RCP and LCP
incident light. (b) Distributions of magnetic field H, (color map) and current density vector J (black arrows) at the plane of x = 1000 nm. (c)
Distributions of Poynting Vector |P| (color map) and P (black arrows) at the plane of x = 1000 nm.



X. Zeng et al. Optik 286 (2023) 171024

@ 10 . . ® 0 : -

0.8} RCP | ——=m=130 gl {mmmt7%
g g —
0.6} 1 2= m=250 o6 |===1=
- [ ——— =065
20.4- A 1 =0 m=350 20.4- ] e

~ (=
< y ~ < -

02 A S m=450nm 02 ??LCPTQE" T /=85mm

LCP
0.0 - . .

e
FN—)
H

5.0 55 5.0 55
Wavelength (um) Wavelength (um)

Fig. 5. (a) Simulated absorption spectra of the metasurfaces with different m and t = 65 nm for RCP light (color solid lines) and LCP light (color
dashed lines). (b) Simulated absorption spectra of the metasurfaces with different t and m = 250 nm.

(a)

® 1.0

Absorption

5.0 55 6.0 5.0 5.5 6.0
Wavelength (um) Wavelength (um)

Fig. 6. (a) Top-view SEM images of the metasurfaces with increased scale factors. Scale bar: 2 pm. (b) Simulated and (c) experimental absorption
spectra of the metasurfaces with increased scale factors for RCP light (color solid lines) and LCP light (color dashed lines).

resonance of 4.96 um.

Furthermore, the degree of symmetry breaking for the wavy rectangle structure is adjusted by only varying the vertical shift of the
cutting slot d, so that the CD value can be continuously tuned from positive to zero and negative without altering the chiral resonance
wavelength. Fig. 7(a) shows a set of top-view SEM images of the metasurfaces with various vertical shifts of the cutting slot d increased
from O to 2.4 um, with the simulated and measured CD spectra plotted in Fig. 7(b) and (c). It is demonstrated that the maximum CD
response is reached at d = 0 with the CD value of 0.65 in simulation and 0.62 in experiment, where the degree of symmetry breaking
for the wavy rectangle structure is the largest. As d is increased from 0 to 1.2 ym (p,/4), the CD value gradually decreases down to zero
resulting from the reduced degree of symmetry breaking in the structure. As d is further increased from 1.2 to 2.4 ym (p,/2), CD is
continuously switched from zero to negative values of — 0.65 in simulation and — 0.62 in experiment, caused by the increased degree
of symmetry breaking in the structure. It is indicated that the chiral plasmonic resonance is almost unchanged as d is shifted due to the
unique geometric symmetry properties of the wavy rectangle structure. The slight deviation between the simulated and measured CD
spectra is potentially caused by the device defects introduced in the fabrication.

3. Conclusion

Chiral metasurfaces of wavy rectangle resonators in mid-infrared frequencies have been studied with high and tunable CD values.
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Fig. 7. (a) Top-view SEM images of the metasurfaces with various vertical shifts of the cutting slot. Scale bar: 2 um. (b) Simulated and (c)
experimental CD spectra of the metasurfaces with different vertical shifts of the cutting slot d from 0 to 2.4 pm.

The underlying mechanism of chiroptical response in the metasurface is explained with the electromagnetic field distributions of the
chiral resonant modes. The chiral plasmonic resonance of the metasurface is tuned by linearly enlarging the geometric dimensions of
the metasurface unit cell, while a high CD value is maintained. The chiroptical response of the metasurface can also be reduced,
switched off or reversed by adjusting the location of the cutting slot to vary the degree of symmetry breaking for the wavy rectangle
structure, where the CD value is continuously tuned from positive to zero and negative with the chiral resonance wavelength un-
changed. Our results will advance many exciting applications in mid-infrared frequencies including protein molecule detection,
infrared spectroscopy, thermal emission control, thermal radiation energy harvesting, and infrared-light communication.
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