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The ability to spin-selectively absorb circularly polarized light (CPL) plays a critical role in various photonic devices. Here we
propose and investigate a broadband chiral metamaterial composed of asymmetric split-ring resonators (SRRs), showing a wide
spin-selective absorption band from 950 nm to 1200 nm with pronounced circular dichroism (CD) up to 20°. We demonstrate that
the broadband absorption spectra originate from induced dual chiral resonance modes. Meanwhile, the two different resonances can
be adjusted independently, suggesting great flexibility to the designed chiral absorption band for different purposes. Also, the chiral-
selective absorption performance is highly dependent on the oblique incident angle due to the extrinsic chirality. The chiral
resonance modes can either be enhanced or destructed under oblique incidence. Such angle-dependent broadband chiral
metamaterials may find potential applications for spin-orbit communications, chiral detection, polarimetric imaging, and biosensors.

1. Introduction

Light absorption is of great importance for a variety of
photonic devices ranging from sensors, solar cells, and
photodetectors. Thanks to the advent of metamaterials,
metamaterial absorbers (MAs) with artificial engineered
nanostructures have generated huge interests among
scientific communities due to their unique properties such
as high absorption efficiency (perfect absorption) [1],
tunable absorption wavelength from wvisible light to
radiofrequency wave [2], and ultra-thin scale in
comparison with traditional bulky materials [3]. Till now,
numerous kinds of single- or broad-band MAs have been
proposed and found applications in many areas such as
energy-harvesting devices [4], biosensors [5], or thermal
emitters [6]. However, most of the MAs are insensitive to
the circular polarization state of the incident light. In
other words, they lack chirality. Chirality refers to an
object with its geometry lacking any mirror symmetry
plane, which is a pervasive phenomenon and can be found
in quartz crystals [7], liquid crystals [8], proteins, and
amino acids [9]. One unique feature of chiral structures is
the chiroptical effects, 1.e. different optical responses to the
right or left CPL. Typical chiroptical effects include optical
activity and CD [10-14]. Chirality has many important
applications in multidisciplinary fields such as chemistry
[15], biomedical engineering [16], and pharmacy [17]. In
contrast to natural chiral media that have extremely
weak chiroptical effects, chiral metamaterials with
artificially designed asymmetry unit can obtain
pronounced chiroptical effects due to the enhanced
plasmonic resonance. Additionally, many exotic chirality-
induced phenomena such as negative refractive index [18],
asymmetric transmission [19, 20], and superchiral [21]
fields have been demonstrated in chiral metamaterials. In
particular, chiral MAs are also proposed and
experimentally demonstrated to manipulate the light.
Chiral MAs can absorb one particular state CPL while
reflecting the other state CPL. Compared to traditional

achiral MAs, chiral MAs show great potential in many
applications including but not being limited in spin-
selective  detectors, spin lasers, and quantum
communications.

Although tremendous efforts have been made to
design chiral MAs, the typical absorption spectrum of
chiral MAs is narrowband because of the nature of
plasmonic resonance. To extend the absorption bandwidth,
the general idea is to merge different resonances into one
device. In the design of broadband achiral MAs, there are
two different routes, one is to design subunits with
different resonances in one metamaterial unit cell [22];
the other is to design layer-by-layer stacked structures
with different resonances [23]. These ideas are also
applied in designing of broadband chiral MAs. For
example, Jing et. al [24] have proposed a broadband chiral
MAs in the microwave region, in which two different
subunits with adjacent resonances are laterally arranged
in one period. Therefore, the whole macro unit can obtain
a broadband absorption spectrum. However, these
methods face intrinsic difficulty when designing chiral
MAs in higher frequency regions, especially for optical or
infrared waveband. This can be explained below, in
achiral MAs, the absorption mechanism is based on the
sole magnetic resonance or electric resonance. As
structure scales down, different resonances can still keep
isolated. However, in chiral MAs, the chirality results
from the coupling between the magnetic and electric
dipoles. The absorption mechanism is the joint effect of
both electric and magnetic resonances. As for chiral MAs
working in optical or infrared waveband, their structures
are compactly arranged in an ultra-small scale. Different
electric or magnetic modes are unavoidable to couple
among each other, resulting in the degradation of the
absorption bandwidth. Recently, some works have been
reported. For example, Alexander et. al [25] have
proposed a complex planar dielectric nanostructure with
strong intrnsic chirality. Our group [26] has proposed a
dielectric nanoarcmetasurface with broadband chiral



splitters and the structure has been applied in chiral
beam splitting, broadband holography. However, the
dielectric structure is difficult to achieve broadband chiral
absorption due to the character of the ultra-low intrinsic
losses of the dielectric metasurface. Therefore, it remains
a great challenge to design the broadband chiral MAs.

In this work, a broadband chiral metamaterial
absorber (MA) working in near-infrared waveband is
proposed with n-shaped structure. Although the similar
structures have been studied [20, 27, 28], the precious
structures do not have the broadband absorption
performance. Here, we demonstrate that the unit cell of
the metamaterial can support the strong dual chiral
resonance modes without degradation, resulting in near-

perfect broadband absorption for one specified sate of CPL.

The resonant wavelength of different chiral resonance
modes can be separately adjusted by changing the
structure parameters. The underlying mechanism of the
chiral resonance modes is also analyzed. Furthermore, we
show that our proposed chiral MA has angle-dependent
absorption behavior for oblique incident light. Our
proposed design may find applications in exotic devices for
chirality detection, holographic imaging, and quantum
communications.

2. Design and simulation

The origin of chirality is the coupling effect between the
electric and magnetic dipoles. To obtain pronounced
chiroptical effects, one should make sure that both electric
and magnetic modes are coexisted and efficiently coupled
within the plasmonic structures. To this end, the unit of
our proposed metamaterial absorber is designed to be a n-
shaped split ring resonator (nSRR) illustrated in Fig 1. (a).
The detailed design of the proposed chiral MA is depicted
in Fig. 1 (b) and (¢). The nSRRs are aligned on a thick
golden backplane separated by a silica spacer. Another
silica upper cover layer is added to ensure that the nSRR
layer has a homogeneous dielectric surrounding. The
nSRR layer and the backplane form a Fabry—Perot-like
cavity, which is known as the MIM structure and can
support magnetic dipole in the dielectric layer. On the
other hand, the nSRR structure can excite electric dipole
within its plane. Therefore, it is possible to obtain a strong
coupling between two different dipoles. Figure 1 (c) shows

(2)

the top view of a single unit of the nSRR structure, the
two arms with different lengths and widths break the
geometric symmetry, leading to a chiroptical response to
the incident CPL with the opposite spin state.

The finite-difference time-domain (FDTD) method
(Lumerical) is utilized to investigate the optical response
and physical mechanism. The single unit structure is
simulated with periodic boundary condition applied on x-
and y-directions while perfectly matched layer (PML) on
z-direction. The dispersive dielectric parameter of the gold
1s depicted by the Drude model and the refractive index of
the silica is 1.45. The thickness of the backplane is 200 nm,
which is larger than the skin depth of the gold in the
wavelength region of interest. The RCP and LCP lights
are incidence the chiral MA with incident angle 6. Since
the backplane is thick enough, the transmittance is zero
and the absorptivity for RCP and LCP lights can be
calculated by:

A
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where Arcprce and Rrcprce denote the absorptivity and
reflectance for RCP and LCP incident lights. The
corresponding CD spectrum is defined as [29]:
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absorptivity of RCP and LCP lights.

Figure 2(a) shows the calculated absorption spectra for
both RCP and LCP normal incident lights (8 =0°) at the
range from 800 nm to 1400 nm. A significant difference
can be observed in absorptivity for RCP and LCP lights
from 870 nm to 1400 nm. The absorption spectra of RCP
light show a broad and flat absorption band with
absorbance larger than 90% from 950 nm to 1200 nm. In
contrast, the average absorbance for LCP keeps a quit low
rate of about 40% and has no dramatic change throughout
the wavelength range. The corresponding CD spectrum is
shown in Fig. 2 (b). The resulted CD reaches around 20°
in a wide wavelength range, demonstrating pronounced
chirality for our proposed MA. The strong chirality is
attributed to different plasmonic resonance modes under
RCP illumination.
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Tig. 1 (a) Schematic of the chiral metamaterial for the RCP or LCP incident lights. The incident angle &is the angle with the z-axis; (b),
(¢) The decomposed structures and the top view of the metamaterial with the important structural parameters: £=24 nm, A=170 nm, m
=200 nm, /=353 nm, /=184 nm, /=254 nm, w;=56 nm, w2=74 nm, w3=55 nm, P=F,=400 nm.



3. Results and discussion

To understand the broadband chiral-selective absorption
behavior, the dispersive absorption spectra of RCP under
different structural parameters are also calculated. For
our proposed structure, the chiral-selective absorption
properties are mainly determined by six geometric
parameters (I;, wy, Is, ws, Is, w3 as denoted in Fig. 1. The
results are shown in Fig.3 (a)-(f), in which one structure
parameter changes while other parameters are fixed the
same as that in Fig. 1. Two independent absorption bands
contribute to the whole absorption spectra. By changing
the parameters, they undergo different resonance shifts.
Interestingly, the shorter resonant wavelength is mainly
decided by the length of the long arm and the width of the
short arm (/;, w2 while the longer resonant wavelength is
mainly decided by the length of the short arm and the
width of the long arm (/3 w2). Additionally, both resonant
wavelengths are affected by the width and length of the
connection arm. As depicted by the white lines in Fig.3
(a)-(®), the wavelengths of the resonant peaks have linear
relationships with the structural parameters within the
investigated wavelength range. Therefore, the two
different resonances can be precisely adjusted
independently, offering great flexibility to the designed
absorption band for various purposes.

The induced magnetic and electric field distributions
at the two resonant wavelengths for the RCP and LCP
normal incident lights are further calculated to explore
the underlying physical mechanism. The results are
shown in Fig. 4, where the normalized electric and
magnetic fields lie on the interface between the patterned
Au layer and the SiO2 spacer. The broadband chiral-
selective absorption is attributed to Ohmic loss of the
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combined different plasmonic resonance modes induced
by charge oscillation at the surfaces of the metamaterial.
The electric and magnetic fields induced by RCP
illlumination are more pronounced than that of LCP
illumination, leading to strong RCP light absorption.
Compared with the achiral MIM structure, the electronic
and magnetic field distributions in the proposed
metamaterial show similar properties in electronic and
magnetic dipole resonances [30]. For RCP incident light, it
is clear to observe that the electric fields are remarkably
enhanced at some corners, indicating there is a large
amount of charges accumulation. This is the main feature
of electric dipole resonance since the charge accumulation
would generate the strong electric potential, leading to the
electric dipole moment. The dipole moments, in turn,
drive the antiparallel electric current in the gold patch
and substrate. This induced current form a closed circuit
together with the displacement current in the dielectric
spacer, leading to a strong magnetic dipole in the spacer
layer. Therefore, it's seen that the magnetic field
distributions are located on the edges of the gold structure
as shown in Fig.4 (b) and (d), which are also similar to the
magnetic field distributions in achiral MIM structure. For
incident LCP light, only weak electric and magnetic field
distributions are observed for both resonant wavelengths,
showing no effective resonances. It is demonstrated that
the resonance modes are highly dependent on the spin
state of the incident light. Also, the field distributions at
970 nm and 1140 nm are similar. For shorter resonant
wavelength, the “wave node” of both electric and magnetic
field distributions are denser compared with that of longer
the resonant wavelength, indicating that it's a higher-
order mode.
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Tig. 2 (a) Absorption spectra of the metamaterial; (b) CD spectrum with the RCP and LCP normal incident lights.
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In previous proposed achiral MAs, one remarkable
light absorption performance is the angle insensitive
property. The MAs keep near-perfect absorptivity at a
wide range of oblique incidence angle. However, the
situation becomes complex in chiral metamaterial
absorbers. For the normal CPL incidence, the chirality of
the metamaterial discussed above is associated with its
intrinsic chirality resulting from the coupling of both
electric and magnetic dipoles. For the oblique CPL
incidence, the mutual orientation of the wave propagation
direction and the metamaterial would lead to the tilt of
the exciting electric and magnetic dipoles, resulting in
extrinsic chirality. Extrinsic chirality has been observed
even in achiral planner metamaterials [31, 32]. To the
best of our knowledge, no work has been carried out to
evaluate the effect of extrinsic chirality on the absorption
characteristics. Therefore, it's worth investigating the
chiral-selective absorption characteristics under oblique
angles. Figure 5 shows the absorption spectra under LCP
and RCP lights with incident angles from +5° to +35°.
Interesting phenomena can be observed for both positive
and negative incidence angle 6. When 6 varies from 5° to
35°, the broadband absorption spectra keep well with
strong absorptivity for RCP incident light. The resonance
with longer wavelength shows a redshift while the
resonance with shorter wavelength almost stays
unchanged. Meanwhile, the absorption spectra for RCP
incident light nearly have no change, indicating that
charity maintains well for positive incidence angles. On
the other hand, when 6 varies from -5° to -35°, resonance
with a longer wavelength not only shows a redshift but
also experiences a significant decrease in absorptivity. At
the same time, the absorptivity for LCP incident light
increases from around 0.3 to 0.7. It is easy to see that the
chirality is near to zero at A= 1260 nm, showing that the
chirality of resonance with longer wavelength vanishes at

a negative incident angle. Hence, the broadband
absorption spectra no longer maintain. In contrast, the
chirality of resonance with shorter wavelengths is
unchanged.

The significantly enhanced chirality of the proposed
metasurface arises from the coupling of the excited
magnetic and electric dipole moments, forming a
combined charge-oscillation eigenmode. This enhanced
chirality can be quantitatively expressed by [33-35]:

C= —% Im(E" - B) 6)
where & is the dielectric permittivity in vacuum and w is
the angular frequency. E and B are the complex electric
and magnetic field vectors, respectively. The asterisk *
denotes the complex conjugate. The pseudoscalar C
characterizes the chirality of light. For instance, Cr.r=0 is
for linear polarized light propagating in free space and
Cepr=eow/2co| FZ| 1s for CPL propagating in free space,
where c¢p is the vacuum velocity of light. The enhanced
chirality distribution maps under +35° LCP/RCP incident
light are further analyzed. As shown in Fig. 6, for RCP
incident light, the pronounced enhanced chirality mainly
occurs at the structure’s corners and edges. As a
comparison, for LCP incident light, the value of enhanced
absorption spectrum shows a significant decrease,
especially for the resonance at 1240 nm in Fig. 5(g).
Therefore, the extrinsic chirality could either contribute to
or destruct the chirality of the metamaterial. Similar
results can also be observed for LCP light under oblique
incident angles. The chiral MAs have a weak absorption
capability for LCP under normal incident light. However,
as shown in Fig. 6(h), a strongly enhanced chirality occurs
at the short arm of the metamaterial, resulting in an
increase of absorption in Fig. 5(h). The enhanced chirality
distribution maps well explain the variation of the chiral
absorption under oblique incident light.
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Fig. 5 Absorption spectra of the metamaterial for the RCP and LCP incident lights with incident angles from 6=+5° to +35° in steps of
10°. () RCP, +5° (b) LCP, +5°% (¢) RCP, £15° (d) LCP, £15°% (e) RCP, +25° (f) LCP, +25°% (g) RCP, +35°% (h) LCP, +35°.

@ rer@oronm  (©  Rep@i2400m
\ 35° 35°
|
|
M rep@sronm (@) rep@izdonm
-350 -35°

300
(e) LCP@970nm (g) LCP@1240nm .
35° 35¢ 100
0
-100
200
-300
300
(f) LCP@970nm (h) LCP@1240nm 200
=350 -350

100

|’ 0

- -100
=200

,‘ -300

Fig. 6 Enhanced optical chirality of the metamaterial for the RCP and LCP incident lights at two resonant frequencies with the tilt

angles +35°.

Table 1 Some key performance metrics related to the broadband chiral metamaterial; in the different references. Ac : Central

wavelength; FWHM : Full width at half maximum; AT/R : |Tkcr —Tice|/ |Recp — Ruce| ; HWHM / Jc : Bandwidth.

Ref. | Ac(um) FWHM | A- | ATIR Number of cell | Dimension

[35] | 5.5um 72% 0.7 1 3-dimension
[36] | 0.75um 15% 0.2 1 3-dimension
[37] | 0.98um 20% 0.35 1 3-dimension
[38] 1.6pm 31% 0.6 6 2-dimension
Our’s | 1.1um 35% 0.55 1 2-dimension

Some important performance metrics related to
broadband chirality metamaterial from the visible region
to the middle infrared region are summarized in table 1.
For the reference 33 in Table 1, we can clearly observe
that the helix structure of metamaterial can achieve
ultra-bandwidth chirality with a higher AT at the middle
infrared wavelengths. The helix structure is a complicated
three-dimension geometry, which leads to significant
fabrication challenges, especially at visible wavelengths.

Meanwhile, the helix structure for reference 34 cannot
achieve the ultra-bandwidth chirality at the visible
wavelengths with the decrease of the helix structure. For
reference 35, we can clearly observe that the bandwidth
and AT are not a highlight. As shown in reference 36, it
can be seen that the metamaterial has a dramatical
advantage in the bandwidth and AR, but the number of
cell is six, which leads to an increase of the structure size.
After comprehensive consideration, our structure in the



near infrared region is a good choice to achieve the
broadband chiral absorption with the dramatical
chiroptical effects.

4. Conclusion

In summary, we have proposed and demonstrated the
nSRR-shaped chiral MA with a broadband absorption
from 950 nm to 1200 nm in near-infrared waveband and
circular dichroism up to 20°. We have demonstrated that
the unit cell of the metamaterial can support strong
different resonance modes without degradation, resulting
in near-perfect broadband absorption for one specified
sate of CPL. Meanwhile, in our proposed structure, the
different resonances can be adjusted independently by
changing the structure parameters, offering great
flexibility to the designed absorption band for various
purposes. Furthermore, our proposed chiral MA has
angle-dependent absorption behavior for oblique incident
light due to the extrinsic chirality. Therefore, our proposed
design may find applications in exotic devices for chirality
detection,  holographic  imaging, and quantum
communications.
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