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Abstract: Chirality plays an essential role in the fields of biology, medicine and physics.
However, natural materials exhibit very weak chiroptical response. In this paper, near-
infrared chiral plasmonic metasurface absorbers are demonstrated to selectively absorb either
the left-handed or right-handed circularly polarized light for achieving large circular
dichroism (CD) across the wavelength range from 1.3 um to 1.8 pm. It is shown that the
maximum chiral absorption can reach to 0.87 and that the maximum CD in absorption is
around 0.70. The current chiral metasurface design is able to achieve strong chiroptical
response, which also leads to high thermal CD for the local temperature increase. The high-
contrast reflective chiral images are also realized with the designed metasurface absorbers.
The demonstrated chiral metasurface absorbers can be applied in many areas, such as optical
filters, thermal energy harvesting, optical communication, and chiral imaging.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Chirality represents the asymmetry property of matter, which is important in many fields of
science and engineering. Chirality has been introduced in chemistry since the 1870s [1], and
the study of chirality advances our knowledge in understanding the mysteries of nature [2—
11]. There are usually a pair of enantiomeric forms for optical chiral materials [12], which are
two non-superimposable mirror images with different responses to the left-handed and right-
handed circularly polarized (LCP and RCP) light. However, the high-efficiency chiral
absorbers are not attainable from natural materials. Recently, metamaterials and metasurfaces
known for exhibiting exotic electromagnetic properties [2—11] have been designed to achieve
highly-efficient selective chiral absorption with various types of three-dimensional (3D)
optical structures, such as double-layered L-shaped antennas [13], double-layered twisted
crosses [14,15], single-layered double sectors [5], spirals [16—18], entangled structures
[19,20], and letter-shaped structures [21,22]. Moreover, a deep-learning-based model has
been utilized to automatically design and optimize 3D chiral metamaterials [23].

Here, we present one kind of highly-efficient chiral plasmonic metasurface absorbers
working in the near-infrared wavelength region. The designed chiral metasurface absorber,
consisting of a three-layer metal-dielectric-metal structure, can selectively absorb the LCP or
RCP normal incident light. The results show 87% maximum chiral absorption and 70%
maximum CD in absorption at the resonance wavelength across the wavelength range from
1.3 um to 1.8 pum. The high CD in absorption is due to the special design of the top-layer
metallic patterns. The resonance wavelength with the maximum CD in absorption can be
easily tuned by simply changing the geometric parameters of the top-layer metallic patterns.
To elucidate the mechanism of optical chiral absorption, electric field distributions and
temperature distributions are mapped for the LCP and RCP incidence light. In order to further
visualize the potential applications of the chiral metasurface absorbers, the high-contrast near-
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infrared reflective chiral images of a Taichi logo depending on different incident polarizations
are demonstrated. The results can be applied to many applications such as optical filters [13],
thermal absorbers [24,25], optical communication devices [21], and chiral imaging and

holograms [26-28].
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Fig. 1. (a), (b) Schematics of the chiral metasurface absorbers in Form A and Form B. (c-g)
SEM images of the fabricated chiral absorbers in Form A with different geometric parameters
from Sample 1 to Sample 5: P, = 1050, 1160, 1160, 1360 and 1460 nm; P, = 400, 380, 380,
380 and 380 nm; L = 450, 500, 550, 600, 650 nm; W, = 50 nm; W, = 100 nm. Scale bar
represents 500 nm.

2. Design and characterization of chiral metasurface absorbers

The designed chiral metasurface absorbers are composed of a top 55 nm-thick gold (Au) layer
patterned with double-rectangle resonators, a 130 nm-thick silica (SiO,) spacer layer and a
200 nm-thick gold ground plane on a glass substrate, with thicknesses denoted as #,, #; and #,,
respectively. The schematics of the designed unit cells for two enantiomer forms are shown in
Figs. 1(a) and 1(b). The double-rectangle pattern consists of two connected gold rectangles
with overlapped space W), rectangle width W,, and rectangle length L. The rectangular unit
cell has the periods of P; and P,. The metallic rectangle resonators are one simple type of
antennas for building metasurface absorbers. By combining two rectangle resonators and
shifting (or rotating) the locations of them [29], simple double-rectangle patterns with broken
mirror symmetries are created in the top gold layer, allowing the designed metasurface
absorber to be chiral. The multiple reflections of light inside the chiral Fabry-Pérot cavity
[22] formed with the top resonator layer and the ground plane creates a chiral plasmonic
resonant mode and thus enhance the selective resonant absorption of the incident circularly
polarized light. The thick gold ground plane will block the transmission so that the absorption
is equal to 4 = I — R since T = 0 (where 4, T and R denote the absorption, transmission and
reflection, respectively). The two enantiomer forms Form A and Form B shown in Figs. 1(a)
and 1(b) are mirror symmetric with each other, so that only the absorption performance of the
chiral absorber in Form A is presented here. Different from other types of chiral
metamaterials and metasurfaces that require complicated and precise fabrication procedures,
the double-rectangle patterns of the designed chiral metasurface absorbers can be easily
fabricated using focused ion beam (FIB) milling. The Au-SiO,-Au multilayer is deposited on
a glass substrate, with the Au layer deposited by sputtering and the SiO, layer deposited by
electron-beam evaporation. Then the designed double-rectangle pattern array is milled into
the top gold layer using an FIB system (FEI Helios Nanolab 600). Figures 1(c)-1(g) show the
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scanning electron microscope (SEM) images of the top view of the fabricated chiral absorbers
in Form A (from Sample 1 to Sample 5), where the geometric parameters Py, P, and L of the
unit cells are tuned in order to increase the resonance wavelength, while #W; = 50 nm and W,
= 100 nm are set as constants.

The optical reflection spectra are measured with a Fourier transform infrared spectrometer
(FTIR, Nicolet 6700) connected to an infrared microscope. A set of a linear polarizer and a
quarter-wave plate is used to specify the circular polarization of the incident light. Numerical
simulations are also performed to investigate the optical responses of the chiral absorbers
under both circular polarizations, where the permittivity of gold is taken from the
experimental data with the imaginary part increased by three times and the refractive index of
SiO, is set as a constant, with a value of 1.45. Figure 2(a) plots the measured and simulated
absorption spectra of the chiral metasurface absorber in Form A (Sample 3) under LCP and
RCP incidence. It is observed that the chiral plasmonic resonance is around 1.6 pm with
polarization sensitive absorption, where the absorption for RCP incidence is significantly
stronger than that for LCP incidence so that the CD in absorption defined as CD = |4;cp —
Agcpl| 1s high. The slight difference between the simulated and measured absorption spectra
could be caused by the defects and roughness arising from the fabrication process. The chiral
resonance wavelength can be tuned by varying the geometric parameters of the top-layer
double-rectangle patterns. Figure 2(b) plots the measured absorption spectra for Sample 1 to
Sample 5, showing the continuous increase of the chiral resonance wavelength from 1.36 um
to 1.78 pm. The measured maximum chiral absorption can reach to 0.87 while the maximum
CD in absorption is around 0.70.
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Fig. 2. (a) Simulated and measured absorption spectra of the chiral metasurface absorber in
Form A (Sample 3) under LCP and RCP incidence. (b) Measured absorption spectra of the
chiral metasurface absorbers in Form A from Sample 1 to Sample 5.

To reveal the mechanism responsible for the polarization sensitive absorption, electric
field and temperature distributions in the chiral metasurface absorber in Form A are
simulated. Figure 3(a) shows the electric field distributions across the plane 10 nm underneath
the top surface of the spacer layer for both the LCP and RCP incident light at the plasmonic
resonance of 1.6 um (Sample 3). It shows that the chiral plasmonic resonance is enhanced
inside the dielectric spacer layer under RCP incidence rather than LCP incidence. The
simulated electric field |E(r)| and current density J(r) distributions at the top surface of the
resonator can be seen in Fig. 3(b), and the term J-E represents the power lost to heat per unit
volume. Furthermore, in order to investigate the temperature distribution in the absorber, the
heat transfer equation V-(-kVT) = g is solved, where T is the temperature, & is the thermal
conductivity and ¢ is the heat generation density in metal, g(r) = (w/2)Im[e(w)]eoE(r)|*. The
incident light power onto one unit cell is 10 pW, corresponding to about 30 pW/um?. The top
and bottom boundaries are set as the fixed room temperature of 273 K and the side boundaries
are periodic, which can be considered to be insulated. Heat is generated mostly inside the top-
layer double-rectangle pattern, then conducted to the surrounding materials with the lower
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temperatures, and finally reaches equilibrium. Figure 3(c) plots the simulated heat generation
density distributions, g, at the top surface of the double-rectangle pattern at the plasmonic
resonance, with the maximum value of 4.91x10'® W/m®. The strong absorption of the incident
RCP light can lead to high heat generation density within the top-layer metallic pattern, and
thus causing a significant local temperature increase. Figure 3(d) shows the simulated
temperature distributions at the top surface of the double-rectangle pattern. Due to the high
thermal conductivity of gold, the top-layer double-rectangle pattern achieves a higher
temperature than the surroundings, while the temperature inside the double-rectangle pattern
remains almost constant, which can be seen from Figs. 3(f)-(h) with the temperature profiles
along different lines marked in Fig. 3(e). The thermal circular dichroism (CDr) is defined as
CDr = |AT cp - ATgcp| [30], where the AT is the local temperature increase inside the double-
rectangle pattern due to the absorption of incident LCP or RCP light. Under the specific
incident light power of 10 pW per unit cell, CDy = 4 K. The relationship between CDr,
incident light power /p and CD can be simplified as CDt = ¢z Ip ‘CD, where cr is a thermal-
coefficient constant equal to 0.56 pW 'K~ for each unit cell and CD = 0.70 in this case.
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Fig. 3. (a) Simulated electric field distributions across the plane 10 nm underneath the top
surface of the spacer layer under LCP and RCP incidence at 1.6 um (Sample 3). (b) Simulated
electric field and current density (arrows) distributions across the top surface of the double—
rectangle pattern. (c¢) Simulated heat generation density distributions and (d) temperature
distributions at the top surface of the double-rectangle pattern. (¢) Schematics of the lines for
temperature profiles. (f-h) Temperature profiles alone the lines under LCP and RCP incidence.

Next, the chiral metasurface absorbers are used to demonstrate the high-contrast near-
infrared reflective images of a Taichi logo around the chiral plasmonic resonance. The
incident optical beam from a laser source at 1.58 um first passes through a combination of a
linear polarizer and an achromatic quarter-wave plate to generate the circularly polarized light
and then the beam is focused normally onto the Taichi Logo sample using a 20 X objective
lens. The reflected light from the sample is directed and collected by an infrared camera.
Figure 4(a) shows the schematic diagram of the Taichi Logo and the structure components of
the fabricated sample, where chiral absorbers in both Form A and Form B are used for
different areas. Figure 4(b) is a SEM image of the fabricated Taichi Logo with diameter of 45
um. Figure 4(c) displays the reflected images of the Taichi logo under different incident
polarizations from circular, elliptical to linear polarizations. Since the absorption from the
chiral metasurface patterns in Form A or Form B depends on the incident polarization, the
areas in Form A will appear brighter (darker) while the areas in Form B have the opposite
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brightness under LCP (RCP) incidence. In other words, the image contrast of the Taichi Logo
can be tuned by switching the incident polarization. However, when the incident light is
linearly polarized, the Taichi logo can be barely observed as shown in Fig. 4(c).
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Fig. 4. (a) Schematic diagram of the Taichi Logo and the structure components of the
fabricated sample with chiral metasurface patterns in Form A or Form B. (b) SEM image of
the fabricated Taichi logo with diameter of 45 um. (c) The reflected images of the Taichi logo
under different incident polarizations from circular, elliptical to linear polarizations.

3. Conclusion

The near-infrared chiral plasmonic metasurface absorbers have been designed and
demonstrated to perform circular polarization-dependent absorption with large circular
dichroism. The strong chiroptical response of the chiral metasurface absorber also gives high
thermal circular dichroism for the local temperature. The chiral plasmonic resonance of the
metasurface absorber can be tuned by simply changing the geometric parameters of the unit
cell. Furthermore, the high-contrast near-infrared reflective chiral images depending on
different incident polarizations are also realized. These results are promising for future
applications in optical filters, thermal energy harvesting, optical communication, and chiral
imaging.
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