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It is desirable to have electromagnetic wave absorbers with ultrathin structural thickness and broader spectral absorp-
tion bandwidth with numerous applications in optoelectronics . In this paper, we theoretically propose and numerically
demonstrate a novel ultrathin nanostructure absorber composed of semiconductor nanoring array and a uniform gold sub-
strate. The results show that the absorption covers the entire visible light region, achieving an average absorption rate more
than 90% in a wavelength range from 300 nm to 740 nm and a nearly perfect absorption from 450 nm to 500 nm, and the
polarization insensitivity performance is particularly great. The absorption performance is mainly caused by the electrical
resonance and magnetic resonance of semiconductor nanoring array as well as the field coupling effects. Our designed
broadband visible light absorber has wide application prospects in the fields of thermal photovoltaics and photodetectors.

Keywords: ultrathin nanostructures, electrical resonance, magnetic resonance, polarization insensitivity
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1. Introduction
In the past decade, electromagnetic (EM) metamateri-

als have attracted extensive attention from both scientific
and engineering communities due to their ability to achieve
unique properties.[1,2] The peculiar performances of meta-
materials have enabled many novel applications, such as in-
visibility cloaks,[3,4] perfect lenses,[5] metalenses,[6–8] perfect
absorption,[9] etc. In particular, perfect absorbers made of
metamaterial have been extensively studied due to broad appli-
cation prospects since the Landy experiment in 2008.[10] The
conventional perfect absorber is usually based on the three-
layer structure of metal–dielectric–metal (MDM), for instance,
Aydin et al. proposed a perfect absorber, and designed a thin
dielectric spacer to accomplish the strong plasma coupling be-
tween the top resonator and the bottom metal film,[11] thus
achieving perfect absorption. The traditional MDM absorber
is widely used in a variety of designs.[11–17] However, the prac-
tical application of the absorber can be limited due to the in-
herent damping loss in the metal.[18,19]

To reduce the absorption loss, the researchers turned
their attention to high refractive index dielectric materi-
als. The resonant behavior of the incident light in high in-
dex dielectric nanoparticles can excite the mode similar to
metal nanoparticles,[20] reproduce many subwavelength ef-
fects demonstrated in the plasma due to the localization of
the electric field, but without great losses or energy dissipa-
tion into heat.[21] In addition, the dielectric metamaterial unit
can support electrical and magnetic dipole response due to Mie

resonance, and the coexistence of strong electromagnetic and
multipole resonances, their interference and the resonance en-
hancement of magnetic fields in dielectric nanoparticles can
produce rich applications.[22–25] More significantly, the elec-
tromagnetic oscillation of dielectric nanoparticles is positively
correlated with the effective refractive index. So the semicon-
ductor materials such as silicon (Si), germanium (Ge), and gal-
lium arsenide (GaAs) are of great interest to many researchers
due to high refractive index, and they have begun to study the
semiconductor absorbers. Liu et al. proposed a semiconduc-
tor absorber with an aluminum (Al) ring intercalated with a
silicon disc array[26] and obtained four narrow-band perfect
absorption peaks by utilizing the plasmon resonance coupling
of silicon and Al. The narrow-band perfect absorber is eas-
ily applied to sensing, but numerous optoelectronics applica-
tions always need the electromagnetic wave absorbers with
ultrathin structural thickness and broader spectral absorption
bandwidth.[27–32] So Liu et al. reported a broadband semi-
conductor absorber composed of a GaAs cylinder resonator
and an ultrathin GaAs film on an Al substrate.[33] It pos-
sessed an absorption band with bandwidth up to 340 nm in
the near-infrared region. However, most of the researches on
semiconductor-based metamaterial absorbers were carried out
at THz or infrared wavelengths, and the research results of
visible light absorbers designed with semiconductor materi-
als are still less so far. Zhu et al. also proposed an ultra-thin
broadband visible light absorption absorber composed of sili-
con nanostructure,[34] a silicon dioxide (SiO2) spacer layer and
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a gold substrate, but its absorption does not cover the entire
visible light wave band. Thus, it can be seen that the design of
broadband visible light absorbers based on semiconductor ul-
trathin nanostructures is still significant, and relevant research
has great potential in the application of visible light.

In this paper, we design a broadband visible light absorber
based on semiconductor ultrathin nanostructures. The broad-
band visible light absorber consists of a hexagonal lattice of
GaAs nanoring array and a gold substrate. The ideal broad-
band absorption results from the electrical resonance and mag-
netic resonance of semiconductor nanoring array as well as
the field coupling effects. The proposed absorber can achieve
a bandwidth absorption of 440 nm (above 80%) in the vis-
ible region with an average absorption rate over 90%. This
semiconductor-based metamaterial absorber is simple in struc-
ture and can achieve bandwidth absorption of visible light with
high absorption performance only by using simple geometric
array. The proposed GaAs nanoring absorber will have great
potential in the field of solar energy, photodetectors, and ther-
mal imaging.

2. Geometric parameters of the GaAs absorber
Figures 1(a) and 1(b) show the proposed broadband visi-

ble light absorber, which is made of a layer of GaAs nanoring
array on a gold substrate, and the surrounding material is as-
sumed to be air. The gold substrate at the bottom is 100-nm
thick, making it impossible for incident light to pass through.
The hexagonal GaAs nanoring array has a thickness (h) of
60 nm, an outer diameter (D) of 220 nm, an inner diame-
ter (d) of 120 nm, and a period (P) of 300 nm. The fabri-
cation process of proposed metamaterials is compatible with
popular nanofabrication technologies, such as electron beam
lithography.[35]

GaAs nanoring array

Au substrate
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y

(a) (b)

P

Fig. 1. (a) Schematic diagram of hexagonal “GaAs nanoring array” broad-
band visible light absorber. (b) Magnified one of its units. The absorber
consisting of hexagonal GaAs nanoring array and a uniform gold substrate.
The parameters are set to be P = 300 nm, D = 220 nm, d = 120 nm, and
h = 60 nm.

We use the finite difference time domain (FDTD) to sim-
ulate the reflectivity, transmittance, absorption, and field dis-
tribution of the absorber.[36] The light source is a plane wave
that is normally incident, and the complex refractive index
of relevant materials is cited from data of Palik.[37] Periodic
boundary conditions are used to present a periodic array in
the x direction and also in the y direction, while a perfectly

matched layer (PML) is applied along the z direction to elim-
inate boundary scattering. The reflectance spectrum (R) is
recorded by a two-dimensional (2D) frequency domain power
monitor that is perpendicular to the xoy plane.

3. Numerical analysis and discussion
3.1. Performances and principles

Figure 2 shows the optical spectra of the proposed broad-
band visible light absorber at normal incidence, involving re-
flection (R), absorption (A), and transmission (T ). For light
absorption A, it can be obtained from the equation: A =

1− R− T , where R denotes reflection (R) and T represents
transmission (T ). The incident light will not pass through the
substrate when the gold substrate is thicker than the penetra-
tion depth of the incident light, so the blue line which repre-
sents the transmitted light (T ) is essentially zero, and absorp-
tion A = 1−R. As can be seen from the red line in Fig. 2,
the absorption of the proposed absorber covers the entire visi-
ble light region, which can achieve an absorption rate of above
80% covering the wave band from 300 nm to 740 nm. More-
over, the absorption rate is relatively flat and close to a prefect
absorption rate in a wavelength range from 300 nm to 500 nm
because of the excitation of the electrical resonance and mag-
netic resonance in the GaAs nanoring array. After that, the
other two absorption peaks are caused by the field coupling be-
tween the structures. By theoretical calculations, the absorber
can achieve an average absorption rate of more than 90% in
the wavelength range from 300 nm to 740 nm.
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Fig. 2. Spectrum intensities of the GaAs absorber.

In order to fully characterize the physical mechanism of
the absorption peak observed in the absorption spectrum, we
further investigate the field distributions of the absorber in
the xoy and xoz plane at different wavelengths (λ1 = 320 nm,
λ2 = 450 nm, λ3 = 650 nm, λ4 = 704 nm) as shown in Fig. 3.
The position at 55 nm above the substrate is selected to analyze
the field distribution of its xoy plane. In the electric field dis-
tribution at λ1 = 320 nm shown in Fig. 3(a), the strong electric
field is concentrated in the inner and outer parts of the nanor-
ing, which indicates that strong electric resonance is excited
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in the GaAs nanoring array. It is also noticed that the elec-
tric field radiates outward from the top of the nanoring and
is located in air above the nanoring, which indicates that the
surface lattice resonance is generated when strong electric res-
onance is excited. Figure 3(b) shows the magnetic field dis-
tribution of resonance at λ2 = 450 nm, and it can be observed
that the strong magnetic field is located on both sides of the y
direction of the GaAs nanoring, and there are also strong mag-
netic hot spots on both sides of the x direction of the GaAs
nanoring. These characteristics indicate that the strong mag-
netic resonance is excited in the structure.[22] Meanwhile, the
enhancement in magnetic field occurs not only in the ring, but
also on the metal surface between the ring and the ring. The
strong magnetic resonance of the ring itself and the interac-
tion with the metal surface produce a perfect absorption of the
incident light. Then we analyze the field distributions at the
two peaks of the long wavelength. The electric field distri-
bution at λ3 = 650 nm shown in Fig. 3(c) indicates that the

absorption peak is caused mainly by the strong coupling of the
electric field. The overlap of the electric field interaction be-
tween the outer surface and the inner surface of the ring makes
the coupling between the electric fields stronger. In addition,
relatively strong electric field can also be found near the sur-
face of the metal substrate. This phenomenon indicates that
the propagating plasma resonance mode is also excited near
the gold film. In Fig. 3(d), it is revealed that the magnetic field
distribution of another absorption peak at λ4 = 704 nm has
relatively obvious characteristic. The magnetic field is dis-
tributed inside the ring, between adjacent rings, and on the
metal surface, indicating that the absorption peak is the re-
sult of magnetic field coupling. The optical field distribution
at these resonant wavelengths demonstrates that the electrical
and magnetic resonance, as well as the field coupling effects
present in the GaAs absorber together lead to broadband visi-
ble light absorption.
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Fig. 3. (a) and (c) Normalized electric intensity distributions in (a) xoy plane and (b) xoz plane for the absorption bands at λ1 and λ3, respectively. (b) and
(d) Normalized magnetic intensity distributions in (a) xoy plane and (b) xoz plane for the absorption bands at λ2 and λ4, respectively.

3.2. Effect of material and geometry on absorption perfor-
mance

In the design of the absorber, we make a comparison
of absorption performance between the ring and disc shaped
plasmonic structure design of the square and hexagonal lat-
tice arrangement. As shown in Fig. 4(a), the hexagonal lat-
tice arrangement is better than the square lattice arrangement,
and the ring structure is superior to the disc structure in the
sense of the intensity varying with wavelength. This is be-
cause the electric fields between each unit cell and its adjacent
cells in the hexagonal structure interact more strongly than in
the square lattice structure, resulting in stronger resonance ab-
sorption. The comparison between the disc and the ring shows

that the electric field is localized mainly on the outer surface
of the disc near the wavelength of 650 nm, whereas in the
case of the ring structure, the electric field can be localized
on both the outer and inner surfaces, due to the existence of
outer surface and the inner surface. The overlapping interac-
tion between the outer surface and the inner surface produces
a stronger resonance absorption. Therefore, the circular struc-
ture of the hexagonal lattice can exhibit higher absorption effi-
ciency than other structures, and producing a better absorption
effect. Figure 4(b) shows the effect of the material of differ-
ent top resonators on the absorption performance. Comparing
with different semiconductor materials, the absorption effects
are different due to the difference of dielectric constant. The
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GaAs has the appropriate dielectric constant compared with Si
as well as Ge, and the absorption effect of GaAs is the most
excellent.
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Fig. 4. (a) Comparison of absorption between hexagonal and square lattice-
based disc and ring structure, (b) absorption spectra of different semicon-
ductor materials and replacement with GaAs, Ge, and Si, respectively.

Next, we analyze the effect of the size of GaAs nanoring
on absorption performance for further study. First of all, as

shown in Figs. 5(a) and 5(b), we change the inner diameter d
and outer diameter D of the nanoring respectively while keep-
ing the other parameters constant. When the inner diameter
d of the nanoring increases or the outer diameter D decreases,
the absorption band is blue-shifted, while the absorption effect
is slightly enhanced but the bandwidth is reduced. It demon-
strates that as the width of the nanoring decreases, the field
coupling effect in the structure increases, the width of reso-
nance spectrum decreases, and leads the absorption band to
be blue-shifted. Figure 5(c) shows the absorption evolution
of the GaAs absorber under different values of thickness h of
the nanoring. As the thickness is increased, the absorption
spectrum shows a trend of overall red-shift, and the absorp-
tion bandwidth of the GaAs absorber is broadened, although
the overall absorption effect is better only when h is 60 nm.
Figure 5(d) shows the absorption evolution of the GaAs ab-
sorber under different values of period P of the nanoring. It
can be seen from the figure that the absorption bandwidth re-
mains basically the same in a minor range of periodic changes
while the absorption effect is influenced by the period. As the
period decreases, the absorption effect in the 500 nm–700 nm
band is enhanced. That is because the gap between the ad-
jacent nanorings becomes smaller with the period decreasing,
resulting in a stronger field coupling between them, and thus
the absorption effect is enhanced. However, the absorption
near the wavelength of 450 nm changes very little under dif-
ferent geometries, because it is more related to the intrinsic
properties of GaAs.
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Fig. 5. Spectral curves of absorption for the GaAs absorber with (a) different inner diameter (d) values from 100 nm to 140 nm and (b) different outer
diameter (D) values from 220 nm to 240 nm. Absorption mapping for GaAs absorber with (c) different thickness (h) values from 40 nm to 80 nm and (d)
different period (P) values from 260 nm to 500 nm.
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In addition, the absorption presents an interesting phe-
nomenon after the period has become greater than the work-
ing wavelength. When the period is P = 300 nm, the absorp-
tion wavelength can extend the entire visible light region with
an average absorption rate more than 90%. Increasing the
period to 400 nm, the absorption rate decreases in the short
wavelength range and has peak intensity at the wavelength of
400 nm. As the period increases to 500 nm, the absorption
intensity further decreases, but the absorption peak appears at
the wavelength of 500 nm. When the period is larger than the
working wavelength, the absorption intensity decreases as the
period increases. This optical property is due to the presence
of higher order diffraction in the absorber.[38] These results
indicate that adjusting the geometric parameters of the GaAs
nanoring structures can be used to improve its absorption per-
formance.

Then, for the ideal absorber, it is desirable to have
polarization-insensitive properties. By simulating the absorp-
tion rates at different polarization angles with the proposed
GaAs absorber as shown in Fig. 6, it can be observed that the
absorption performance remains unchanged as the polarization
angle increases, indicating that the change of the polarization
angle of the incident light has little influence on the proposed
broadband visible light absorber. The good polarization in-
sensitivity of the absorber is attributed to the high symmetry
of its structure. These features enable the absorber to have
wide applications in optoelectronics, especially in the field of
solar energy.
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Fig. 6. Absorption mapping for GaAs absorber with different polariza-
tion angles from 0◦ to 90◦.

4. Conclusions and perspectives
In this work, we proposed a broadband visible light ab-

sorber, which consists of a periodic hexagonal GaAs nanoring
array and a gold substrate. With the absorption covering al-
most the entire visible light wavelength region, the GaAs ab-
sorber shows the excellent absorption performance and the av-
erage absorption rate of over 90%. Moreover, perfect absorp-
tion is achieved in a waveband of 450 nm–500 nm. The strong

electrical and magnetic resonance response and the effects of
the field coupling make this broadband absorption possible. In
addition, the polarization insensitivity performance is particu-
larly good, and the change in the polarization angle does not
substantially affect the absorption rate. The GaAs absorber
also has the advantages of simple structure, wide bandwidth,
and high absorption rate. Such a broadband visible light ab-
sorber will hold potential applications in solar energy, thermal
imaging and photodetectors.
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