
Nanotechnology

PAPER

Broadband infrared circular dichroism in chiral metasurface absorbers
To cite this article: Leixin Ouyang et al 2020 Nanotechnology 31 295203

 

View the article online for updates and enhancements.

This content was downloaded from IP address 131.151.31.67 on 06/05/2020 at 15:03

https://doi.org/10.1088/1361-6528/ab88ea
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstKRMmofm920xWu-vwhz_1R_ffQ46bHMDcGMVEAp_8LT-WkJktdIdrc5iyCzY2Sh78sAjUewjak_307NPp-E3aWXHpSWAcrN8wRRaPUovB-2732f_-BCUX3a11ZNCs2dvtihHxdsO0qpDkHWd98FFE8jQXINbkJ0nC53vvJu5OcAbhwU6mR3WyJ9xE4_MYaa4GIT9maIwivIRASJr11JVz7Uv_7ABqfkUC_YwPxKEFIZdMGITHq&sig=Cg0ArKJSzAet7ZCnLXMd&adurl=http://iopscience.org/books


Nanotechnology

Nanotechnology 31 (2020) 295203 (6pp) https://doi.org/10.1088/1361-6528/ab88ea

Broadband infrared circular dichroism in
chiral metasurface absorbers

Leixin Ouyang1, Daniel Rosenmann2, David A Czaplewski2, Jie Gao1

and Xiaodong Yang1

1 Department of Mechanical and Aerospace Engineering, Missouri University of Science and Technology,
Rolla, MO 65409, United States of America
2 Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL 60439, United States of
America

E-mail: gaojie@mst.edu and yangxia@mst.edu

Received 19 January 2020
Accepted for publication 14 April 2020
Published 5 May 2020

Abstract
Chirality is ubiquitous in nature and it is essential in many fields, but natural materials possess
weak and narrow-band chiroptical effects. Here, chiral plasmonic metasurface absorbers are
designed and demonstrated to achieve large broadband infrared circular dichroism (CD). The
broadband chiral absorber is made of multiple double-rectangle resonators with different sizes,
showing strong absorption of left-handed or right-handed circularly polarized (LCP or RCP)
light above 0.7 and large CD in absorption more than 0.5 covering the wavelength range from
1.35 µm to 1.85 µm. High broadband polarization-dependent local temperature increase is also
obtained. The switchable infrared reflective chiral images are further presented by changing the
wavelength and polarization of incident light. The broadband chiral metasurface absorbers
promise future applications in many areas such as polarization detection, thermophotovoltaics,
and chiral imaging.
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1. Introduction

Chirality plays an important role in many fields, ranging from
chemistry, biology, to physics, and the study of chirality has
led to many discoveries in science and technology [1, 2].
Optical chiral materials usually have two enantiomeric forms,
which exhibit different optical responses to the incident LCP
and RCP light [3]. Natural materials generally possess very
weak and narrow-band chiroptical effects. One solution is to
use the recently developed metamaterials and metasurfaces
[4–8] to enhance the chiroptical effects with different kinds of
optical structures, such as pyramids [9], double-layer ellipses
[10], twisted E-shaped resonators [11], double-bar patterns
[12], Gamma-like array [13], gammadion patterns [14], L-
shaped patterns [15, 16], nanoaperture antennas [17, 18], and
liquid-crystal-loaded resonators [19]. Recently, it has been
demonstrated that the CD in a chiral plasmonic metasurface
occurs due to the polarization-dependent optical energy distri-
bution andOhmic heat dissipation [20].Most of the broadband

achiral plasmonic metasurface absorbers have been designed
by simply combining multiple plasmonic resonators with dif-
ferent sizes altogether into one unit cell, where achiral plas-
monic resonators with various geometries such as patch, cross,
disk and ring have been adopted [21–25]. Broadband absorp-
tion is then achieved through regulating the coupled multiple
plasmonic resonances with predefined distances within the
desired wavelength range. Such design method can also be
applied to create broadband chiral metasurface absorbers. One
important application for chiral metamaterials and metasur-
faces is chiral imaging for achieving distinct displayed images
by switching the incident circular polarization [26–32]. By
encoding the image with chiral nanostructures as image pixels,
different image patterns can be visualized for LCP and RCP
light by locally switching on or off the pixels.

Here, broadband chiral plasmonic metasurface absorbers
are designed and demonstrated to achieve strong absorption of
LCP or RCP light above 0.7 and large infrared CD more than
0.5 covering the wavelength range from 1.35 µm to 1.85 µm.
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The designed chiral absorber is based on a three-layer metal-
dielectric-metal structure. The broadband chiral absorbers are
developed by combining multiple double-rectangle resonators
into one unit cell in infrared regime. In order to understand
the mechanism of the broadband optical absorption of LCP or
RCP light, the electric field distributions and temperature dis-
tributions under circular polarizations are simulated. As one
potential application for the demonstrated broadband chiral
metasurface absorbers, the high-contrast switchable infrared
reflective chiral images of a pie-like pattern are further presen-
ted, by varying the incident wavelength and polarization. The
results in chiral imaging promise future applications in data
encryption [33], dynamic display [34], chemical analysis and
biosensing [35] and information processing [36]. Our results
also show many other applications such as polarization detec-
tion [37], thermophotovoltaics [11, 15] and optical holography
[38].

2. Design and characterization of broadband chiral
absorbers

The chiral metasurface absorber is designed with a three-layer
metal-dielectric-metal structure including the double rectangle
resonators in the top gold (Au) layer with the thickness of
55 nm, the silica (SiO2) dielectric layer with the thickness
of 130 nm, and the gold mirror layer with the thickness of
200 nm deposited on glass substrate. Figures 1(a) and (b) show
the schematics of the unit cells in two enantiomeric forms
of Form A and Form B for the broadband chiral metasurface
absorber, by combining six individual double-rectangle reson-
ators with different sizes. The double-rectangle pattern con-
tains two position-shifted rectangles for breaking mirror sym-
metries, and the chiral resonant absorption is further enhanced
inside the three-layer structure working as the chiral Fabry-
Pérot cavity [13]. Each double-rectangle resonator exhibits
narrow-band chiroptical response around a certain wavelength
so that the six resonators in total in one unit cell will achieve
broadband chiroptical performance. The double-rectangle pat-
tern is made of two connected identical gold rectangles with
length L, width W, and overlapped space OP, and the reson-
ators within one unit cell are marked from 1 to 5 in figure
1(c). The vertical and horizontal periods of the unit cell are
Px and Py, respectively. The designed geometric parameters
are L1 ~ L5 = 300, 410, 475, 540, 610 nm, W = 135 nm,
OP = 10 nm, Px = 1140 nm and Py = 2110 nm. It is noted
that two identical double-rectangle resonators with L3 in the
unit cell are adopted to get the optimized CD around the
wavelength of 1.55 µm due to the coupling between neigh-
boring resonators, according to the numerical simulation. Due
to the thick gold mirror layer, the transmission is negligible
(T = 0) and the absorption can be calculated as A = 1–R,
where A, T and R denote the absorption, transmission and
reflection, respectively). Since the two enantiomer forms of
Form A and Form B shown in figures 1(a) and (b) have oppos-
ite chiroptical response under circular polarization, only the
absorption performance of the chiral absorber in Form A is
analyzed. The three-layer structure is deposited on a glass

Figure 1. (a), (b) Schematics of the unit cells in two enantiomeric
forms of Form A and Form B for the broadband chiral metasurface
absorber. (c) Top-view schematics of Form A with the designed
geometric parameters. (d) SEM image of the fabricated broadband
chiral absorber in Form A. Scale bar represents 500 nm. (e)
Measured and simulated absorption spectra of the broadband chiral
metasurface absorber in Form A under LCP and RCP incidence.

substrate, where the Au layers are deposited using a Lesker
PVD250 electron beam evaporator and the SiO2 dielectric
layer is deposited by reactive sputtering (Lesker CMS18 sys-
tem). Next, the designed chiral metasurface absorbers are fab-
ricated by using focused ion beam (FIB) milling (FEI Helios
Nanolab 600) tomill the top gold layer into the desired double-
rectangle patterns. Figure 1(d) shows the scanning electron
microscope (SEM) image of the top view of the fabricated
broadband chiral absorber in Form A. The Fourier transform
infrared spectrometer (FTIR, Nicolet 6700) and a connected
infrared microscope are used to measure the optical reflec-
tion spectra through a 15x reflective Cassegrain objective, with
the incident circular polarization specified by a set of linear
polarizer and quarter-wave plate. The absorption of LCP and
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Figure 2. (a) SEM images of the fabricated narrow-band chiral
absorbers in Form A from Sample 1 to Sample 5. Scale bar
represents 500 nm. (b) Measured corresponding absorption spectra
for each sample under LCP and RCP incidence.

RCP light is also simulated by using the finite element method
solver (COMSOL Multiphysics, RF Module), where periodic
boundary conditions are employed along both x and y direc-
tions in the unit cell. For simulating the optical properties, only
a 200 nm-thick glass substrate is used since the thick gold mir-
ror layer blocks almost all the transmitted light. The permit-
tivity of gold is taken from the standard experimental data of
Johnson and Christy [39] with the imaginary part increased
by a factor of 3. Due to the gallium ion contamination dur-
ing the FIB process, surface scattering and grain boundary
effects in the fabricated thin gold layer [40, 41], the imagin-
ary part of the permittivity of gold is increased in the simula-
tions in order to match the experimental results. The refract-
ive index of glass is set to a constant value of 1.45. Figure
1(e) presents the measured and simulated absorption spectra
of the broadband chiral metasurface absorber in Form A under
LCP and RCP incidence. The observed absorption is above
0.7 under RCP incidence, and the measured CD in absorption
(CDA= |ALCP–ARCP|) is more than 0.5 in thewavelength range
from 1.35 µm through 1.85 µm. Some difference between the
simulated and measured absorption spectra is possibly caused
by the sample defects such as the varying gap sizes between
the neighboring resonators and the side wall roughness from
the FIB milling process, as well as the oblique incident angle
through the reflective Cassegrain objective.

For comparison, the narrow-band chiral metasurface
absorbers of each kind with only a single double-rectangle
resonator present in one unit cell are fabricated and charac-
terized, with Px = 380 nm and Py = 700, 870, 1000, 1130
and 1260 nm from Sample 1 to Sample 5, respectively. Figure
2(a) shows the top-view SEM images of the fabricated narrow-
band chiral absorbers in Form A for the five samples. The

Figure 3. (a) Simulated electric field distributions in the plane 5 nm
below the gold rectangle patterns under LCP and RCP incidence at
different resonance wavelength. (b) Simulated distributions of the
difference of local temperature increase between LCP and RCP
incidence at the top surface of the double-rectangle patterns.

measured corresponding absorption spectra plotted in figure
2(b) shows that each kind of double-rectangle resonator exhib-
its a high CDA up to 0.6 and occupies a limited absorption
band from short wavelength to long wavelength as the rect-
angle length increases. Once all the resonators are combined
to form the broadband absorber, the CDA slightly drops due to
the coupling effects between the adjacent resonators, showing
the tradeoff between the broad bandwidth and the high CDA.

In order to understand the mechanism of the broadband
absorption of circularly polarized light, the electric field distri-
butions and temperature distributions in the chiral metasurface
absorbers in Form A are simulated. The electric field distri-
butions in the plane 5 nm below the gold rectangle patterns
are shown in figure 3(a) under circular polarizations at differ-
ent wavelengths. It shows that multiple chiral plasmonic res-
onances are enhanced within the dielectric layer under RCP
incidence, but are significantly suppressed under LCP incid-
ence. Each double-rectangle resonator is excited at a different
resonance wavelength, so that overall the combined multiple
resonators give strong broadband chiroptical response. It also
shows the coupling between the neighboring resonators, which
will cause the resonance peak shifts. The absorbed light energy
will be transferred into heat, where the heat generation density
in metal can be calculated as q(r) = (ω/2)Im[ε(ω)]ε0|E(r)|2.
The heat transfer equation ∇∙(−k∇T) = q can be solved by
using the finite element method solver (COMSOLMultiphys-
ics, Heat Transfer Module) to get the temperature distribution
in the absorber, where T is the temperature and k is the thermal
conductivity of the material. For simulating the heat transfer
problem, a 100 µm-thick glass substrate is considered below
the thick gold mirror layer. The boundary conditions are spe-
cified as the fixed temperature of 273 K at the top surface of
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Figure 4. (a) SEM images of the pie-like pattern with six cells
made of different types of chiral absorbers. Scale bar represents
3 µm. (b) The chiral reflective images of the six cells at the
wavelengths of 1.31 and 1.58 µm under LCP and RCP incidence.

the air and the bottom surface of the glass substrate, and the
thermal insulation at the periodic side surfaces. The heat is
mainly generated inside the top gold patterns, since the dielec-
tric spacer layer and air have relatively low thermal conduct-
ivity. Once the whole system reaches thermal equilibrium, the
top gold patterns have much higher temperatures compared to
the surrounding materials. The incident optical power is fixed
at 50 µW per unit cell. Figure 3(b) presents the difference of
the local temperature increase for the chiral absorber under
LCP and RCP incidence (∆T = |TLCP–TRCP|) at the top sur-
face of the double-rectangle patterns, which can go up to 47 K.
It shows that as the incident wavelength increases, the high
temperature locations shift from small resonator to large res-
onator. The high broadband polarization-dependent local tem-
perature increase is caused by the corresponding strong broad-
band CDA.

3. Near-infrared reflective chiral images

Next, the high-contrast switchable infrared reflective chiral
images of a pie-like pattern are presented, by varying the incid-
ent wavelength and polarization. Figure 4(a) shows the SEM
image of the pie-like pattern with a diameter of 45 µm, which
includes six cells with different types of chiral absorbers. The
zoom-in SEM image of the central part is also shown. Cell

1 and Cell 4 have the broadband chiral absorbers in Form A
and Form B that can work from 1.35 to 1.85 µm, respectively.
Cell 2 and Cell 5 include the narrow-band chiral absorbers
at the resonance of 1.3 µm in Form A and Form B, respect-
ively. Cell 3 and Cell 6 have the narrow-band chiral absorbers
at the resonance of 1.55 µm in Form A and Form B, respect-
ively. Then the pie-like pattern is illuminated by the normally
incident laser beam at two wavelengths of 1.31 and 1.58 µm
from fiber-coupled laser diodes under two circular polariz-
ations through a 20x microscope objective lens, where the
incident circular polarization is specified using a set of linear
polarizer and quarter-wave plate placed before the objective
lens. The reflected light from the pie-like pattern is separated
by a beam splitter and then captured by a near-infrared camera.
Figure 4(b) shows the reflective images of the six cells under
LCP, RCP and linear polarization (LP) incidence at two dif-
ferent wavelengths. Due to the different working wavelengths
and the two forms of chiral absorbers, the reflective images
show distinct bright and dark areas. Here the brightness of
each cell is proportional to its reflection, so that high bright-
ness represents low absorption and thus low temperature in the
cell. For the incident LCP (or RCP) light at the wavelength of
1.31 µm, Cell 4 and Cell 5 (or Cell 1 and Cell 2) are much
darker than the surrounding areas. But for the incident LCP
(or RCP) light at 1.58 µm, instead, Cell 4 and Cell 6 (or Cell 1
and Cell 3) are dark. Under the incident LP light at any of the
two wavelengths, all six cells are bright although the bright-
ness is different. It shows that the chiral reflective images from
the sample can be switched according to the different combin-
ations of incident wavelength and polarization.

4. Conclusion

In summary, chiral plasmonic metasurface absorbers are
designed and demonstrated to achieve large broadband
infrared circular dichroism in absorption as well as high broad-
band polarization-dependent local temperature increase. The
broadband chiral metasurface absorbers are made of multiple
narrow-band chiral resonators with different sizes. The switch-
able infrared reflective chiral images controlled by the incid-
ent wavelength and polarization are also demonstrated. These
results present future promising applications in polarization
detection, thermal energy harvesting, molecular sensing, and
chiral imaging.
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N 2014 Performing mathematical operations with
metamaterials Science 343 160–3

[37] Li W, Coppens Z J, Besteiro L V, Wang W, Govorov A O and
Valentine J 2015 Circularly polarized light detection with

5

https://orcid.org/0000-0001-9031-3155
https://orcid.org/0000-0001-9031-3155
https://doi.org/10.1038/nprot.2006.202
https://doi.org/10.1038/nprot.2006.202
https://doi.org/10.1016/j.cej.2018.07.096
https://doi.org/10.1016/j.cej.2018.07.096
https://doi.org/10.1063/1.4921969
https://doi.org/10.1063/1.4921969
https://doi.org/10.1103/PhysRevLett.85.3966
https://doi.org/10.1103/PhysRevLett.85.3966
https://doi.org/10.1126/science.1096796
https://doi.org/10.1126/science.1096796
https://doi.org/10.1515/ntrev-2012-0071
https://doi.org/10.1515/ntrev-2012-0071
https://doi.org/10.1002/adom.201700182
https://doi.org/10.1002/adom.201700182
https://doi.org/10.1002/adom.201700040
https://doi.org/10.1002/adom.201700040
https://doi.org/10.1021/nl501032j
https://doi.org/10.1021/nl501032j
https://doi.org/10.1038/ncomms14602
https://doi.org/10.1038/ncomms14602
https://doi.org/10.1038/srep23186
https://doi.org/10.1038/srep23186
https://doi.org/10.1364/OE.26.031484
https://doi.org/10.1364/OE.26.031484
https://doi.org/10.1109/LPT.2016.2647262
https://doi.org/10.1109/LPT.2016.2647262
https://doi.org/10.1038/lsa.2017.158
https://doi.org/10.1038/lsa.2017.158
https://doi.org/10.1021/acs.nanolett.7b05446
https://doi.org/10.1021/acs.nanolett.7b05446
https://doi.org/10.1109/JPHOT.2018.2878775
https://doi.org/10.1109/JPHOT.2018.2878775
https://doi.org/10.1063/1.4861422
https://doi.org/10.1063/1.4861422
https://doi.org/10.1063/1.4984920
https://doi.org/10.1063/1.4984920
https://doi.org/10.1364/OE.26.025305
https://doi.org/10.1364/OE.26.025305
https://doi.org/10.1038/ncomms12045
https://doi.org/10.1038/ncomms12045
https://doi.org/10.1364/OME.6.002389
https://doi.org/10.1364/OME.6.002389
https://doi.org/10.1103/PhysRevLett.107.045901
https://doi.org/10.1103/PhysRevLett.107.045901
https://doi.org/10.1364/OE.20.010376
https://doi.org/10.1364/OE.20.010376
https://doi.org/10.1364/OE.25.028295
https://doi.org/10.1364/OE.25.028295
https://doi.org/10.1364/OE.26.005616
https://doi.org/10.1364/OE.26.005616
https://doi.org/10.1002/adma.201402293
https://doi.org/10.1002/adma.201402293
https://doi.org/10.1021/acs.nanolett.6b01897
https://doi.org/10.1021/acs.nanolett.6b01897
https://doi.org/10.1021/acs.nanolett.7b03882
https://doi.org/10.1021/acs.nanolett.7b03882
https://doi.org/10.1038/s41377-018-0019-8
https://doi.org/10.1038/s41377-018-0019-8
https://doi.org/10.1002/lpor.201800198
https://doi.org/10.1002/lpor.201800198
https://doi.org/10.1021/acs.nanolett.7b04515
https://doi.org/10.1021/acs.nanolett.7b04515
https://doi.org/10.1002/adom.201801467
https://doi.org/10.1002/adom.201801467
https://doi.org/10.1038/s41377-019-0156-8
https://doi.org/10.1038/s41377-019-0156-8
https://doi.org/10.1021/acs.nanolett.7b02336
https://doi.org/10.1021/acs.nanolett.7b02336
https://doi.org/10.1021/ja102480t
https://doi.org/10.1021/ja102480t
https://doi.org/10.1126/science.1242818
https://doi.org/10.1126/science.1242818


Nanotechnology 31 (2020) 295203 L Ouyang et al

hot electrons in chiral plasmonic metamaterials Nat.
Commun. 6 8379

[38] Chen Y, Yang X and Gao J 2018 Spin-controlled wavefront
shaping with plasmonic chiral geometric metasurfaces Light
Sci. Appl. 7 84

[39] Johnson P B and Christy R W 1972 Optical constants of the
noble metals Phys. Rev. B 6 4370–9

[40] Liu N, Langguth L, Weiss T, Kästel J, Fleischhauer M, Pfau T
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