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In recent years, solar energy has received extensive attention as a clean and renewable
energy. We present a perfect broadband solar absorber based on tungsten and
semiconductor GaAs in this paper. The structure of GaAs grating-GaAs film-W
substrate has been proposed. And the finite time domain difference method (FDTD)
has been used for the numerical simulation of the model. Broadband absorption has been
realized in the 500–1,850 nm, by adjusting the parameters of geometry to excite high-
efficiency surface plasmon resonance. The absorption spectrum of the structure can be
changed by adjusting the geometric parameters to meet different needs. The proposed
absorber has incidence insensitive (0–60°) and high short-circuit current characteristics.
The structure is simple and easy to manufacture, and has superior photoelectric properties
to be application in photothermal conversion, collection and utilization of solar energy.

Keywords: solar energy absorber, ultra-broadband perfect absorption, GaAs grating, photoelectric performance,
surface plasmon resonance

INTRODUCTION

Solar energy is inexhaustible, reliable and less polluting, which is why it is considered the most
potential energy (Zhao et al., 2020). As a green energy, solar energy is widely used in many fields
(Xiong et al., 2013; Yang et al., 2014; Zhang et al., 2014; Li et al., 2016; Xiao et al., 2017; Li et al., 2018;
Tang et al., 2018; Chen P. et al., 2019; Cheng et al., 2022). These advantages have always made how to
collect and use solar energy a hot and important issue. The actual solar radiation in the range of about
295–2,500 nm, the design can be perfectly matched to the wavelength band of the solar device is a key
to efficient use of solar energy.

In recent years, solar absorbers have attracted more and more attention as an important energy
collect device (Kimpton et al., 2020; Yi et al., 2020; Yu et al., 2020; Li et al., 2021a; Zhou et al., 2021).
For an ideal absorber must have a high efficiency of light absorption and many other physical
properties, such as polarization stability and adjustability etc. (Jiang et al., 2021a; Li et al., 2021b; Li R.
et al., 2021c; Li-Ying et al., 2021; Wu et al., 2021). However, the existing absorbers are generally
limited by low temperature tolerance, low light absorption efficiency and materials (Briggs et al.,
2010; Li et al., 2020a; Chen et al., 2021a; Chen et al., 2021b; Jiang et al., 2021b). Therefore, a new
broadband solar absorber needs to be proposed to solve these problems.

Broadband absorber is an old concept that was proposed many years ago. Over the years, it has
been widely used in the fields of solar heating devices, solar cells and photothermal converters
(Sobhani et al., 2013; Xiao et al., 2019; Li et al., 2020b; Wang et al., 2021; Zhao et al., 2021). The
improvement of broadband absorbers has three main directions. Firstly, it is important to find the
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most suitable material. Because of the obvious shortcomings of
traditional metal materials such as gold and silver, such as high
cost and poor heat resistance, people began to pay attention to
materials with high melting points such as TiN, tungsten and
other, which are different from the original broadband absorber.
They not only have a high melting point, but also can be used as
effective plasmon excitation materials. Secondly, the
nanostructure design of the broadband absorber is also very
critical. The multi-layer-metal-insulator (MMI) structure is
first used, and then turned to a simpler MIM or IMI
nanostructures. Finally, the working range of the broadband
absorber was investigated and continuously improved,
especially in the ultraviolet to near infrared range. In order to
obtain an ideal broadband absorber in practical applications, it is
necessary that the proposed absorber can fulfill the requirements
mentioned above. For example, Lei et al. (2016) modulated the
duty cycle of metal gratings. They simulated the optical
characteristics of metal-insulator-metal grating nanostructures
and obtained four absorption regions with absorption near 100%.
Qin et al. (2020) proposed a solar absorber based on TiN and Ti.
The simulation results demonstrate that broadband absorption
can be achieved. Jiang et al. proposed a broadband solar absorber
based on hyperbolic multilayer metamaterial (HMM) is obtained
in greater than 90% absorption from 300 to 2,215 nm (Khavasi,
2015). Although the characteristics of these absorbers are
sufficiently superior, their complex nanostructures and various
preparations of complex materials make the proposed absorbers
imperfect, and it is difficult to apply them in subsequent practical
manufacturing. Accordingly, an absorber with structure simpler
but also excellent high absorption is presented urgently.

Over here, we proposed a GaAs grating solar absorber which
obtain bandwidth with absorption over 90% reaches 1,350 nm.
The overall structure only uses two kinds of materials: metal W
and semiconductor GaAs, the melting points of them are high
and their thermal stabilities are great. Compared with traditional
noble metals, W has higher metal loss and is easier to achieve
broadband absorption. And the semiconductor GaAs has a
stronger excitation effect on the structure due to its higher
dielectric constant, and can also achieve broadband
absorption. The proposed structure can achieve wide

broadband absorption, changing the absorption spectrum by
adjusting structure parameters with a certain tunability is
feasible. The model was also simulated with the solar
spectrum conditions in the actual environment to investigate
the effect in the actual solar radiation environment.

STRUCTURAL DESIGN OF BROADBAND
PERFECT SOLAR ENERGY ABSORBER

First, the broadband absorber structure based on metal W and
semiconductor GaAs has been proposed. Figure 1 shows this
structure. W has been selected as the substrate. There is a thin
layer of GaAs film on the W film, and the top layer is a GaAs
grating arranged periodically. The period of the grating is
represented by P, and the width is t. d1 and d2 are the
thicknesses of the GaAs film and the top grating, respectively.
In order to ensure that the transmittance is almost zero, the
thickness of Wmetal substrate needs to be much greater than the
skin depth of light. The overall structure is very simple and clear,
and can be manufactured using traditional magnetron sputtering
and photolithography processes. The optimal parameters of the
structure: P � 500 nm, t � 240 nm, d1 � 30 nm, d2 � 120 nm. The
parameters of W and GaAs are both from the database of FDTD
solutions (Cao et al., 2014; Deng et al., 2015; Deng et al., 2018).

Our simulations and calculations use the finite-difference
time-domain (FDTD)methods. The software used is FDTD
solutions of Lumerical Company. Compared with other
commercial simulation software, its calculation time is shorter
and the accuracy is higher, which is very suitable for the
simulation of nanostructure. In the actual simulation
parameter setting, the incident light source is vertically
incident from above the structure and adopts TM polarized
plane wave. The boundary conditions are set by using periodic
boundary conditions in the x-direction and perfect matched layer
to cut off the boundary in the z direction. The division precision
of the grid is 10 nm × 10 nm × 5 nm. The material parameters of
metal W and semiconductor GaAs are used in the material library
of the FDTD solutions software. The global absorption of the
structure can be calculated with the formula A � 1-T-R, where the

GRAPHICAL ABSTRACT | A perfect broadband solar absorber based on tungsten and grating-GaAs was proposed. Broadband absorption has been realized in
the 500–1,850 nm. The proposed absorber has incidence insensitive (0–60°). The proposed absorber has high short-circuit current characteristics.
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absorption is A, T and R represent the transmission and
reflection, respectively (Long et al., 2016; Liu et al., 2017; Cai
et al., 2019; Liu et al., 2021).

RESULTS AND DISCUSSION

Figure 2 presents the simulation results of the structure.
Obviously, the absorption effect of the proposed absorber is
excellent, the absorption is higher than 90% at 500–1,850 nm.
In order to reflect the rationality of the designed structure, we also
calculated the other two similar configurations as a comparison.
The absorption when there is no top grating and there is only a
layer of W substrate and GaAs film is indicated by the blue line,
and the red line represents the absorption when there is no W
substrate and only GaAs film and grating. Clearly, when there is
no top layer of GaAs grating, the structure only got a higher
absorption at the wavelength from 700 to 1,100 nm, but there is
almost no part higher than 90%, and the absorption at the
wavelength after 1,100 nm drops rapidly; In the case of a non-
metalW substrate, as shown by the red line, there is an absorption
of about 60% only at the beginning of the curve, and thereafter it

continues to decrease until it approaches zero. Through the
comparison of the two, we can fully realize that the light
reflection effect of the metal substrate and the LSPR mode
excited by the top semiconductor grating have a huge effect
on the improvement of the overall absorber, and the loss of any
part of the component will lead to the collapse of the overall
structure (Lv et al., 2018; Huang et al., 2021; Xu et al., 2021).

There are many choices of metal and semiconductor materials.
As a comparison, we listed the absorption of several other very
common metal materials and semiconductors, as shown in
Figure 3. Figure 3A presents the effect of choosing different
metals when GaAs is used as the top layer material. In order to
make a comprehensive comparison, we not only chose to use
traditional noble metals such as gold and silver, but also selected
Ti and V, which are the same refractory metals as W. It is very
clear that the high absorption part of traditional noble metals is
concentrated in the short wavelength region and the bandwidth is
very narrow, and the absorption in the whole band is very
unsatisfactory. This result is mainly caused by the small metal
loss of noble metals (Cai et al., 2014). Figure 3B is the absorption
spectrum of several different semiconductor materials when
metal W is used as the bottom layer. It shows that GaAs is
the best choice because of the widest absorption bandwidth and
the best absorption. This is mainly because GaAs has a higher
dielectric constant and the electromagnetic field has a strong
excitation effect on the structure, so it has a good absorption
effect.

Further, we have investigated the influences of several main
geometric parameters on the overall absorption effect one by one,
which explains the reasons for the selection of geometric
parameters of the proposed absorber, and we also simulated
the tuning according to the needs of the actual use. First, we
studied the influence of the total structure period P on absorption,
as shown in Figure 4A. We calculated in the range of 400–600 nm
with 50 nm steps. It is clear that with the increase of the period, in
the main absorption band (>90% part), the overall absorption of
the structure continues to increase, and the bandwidth does not
change significantly. However, this increase is not unlimited. At
P � 550 nm, the total absorption begins to decrease. This is
because the excessively large period greatly increases the intensity
of the surface plasmon resonance (Chen et al., 2019a; Chen et al.,
2019b; Chen et al., 2018), which narrows the absorption
bandwidth slightly and decreases the absorption. Therefore,

FIGURE 1 | (A) Schematic of metal W-semiconductor GaAs structure of broadband absorber. (B) Cross-sectional view.

FIGURE 2 | Absorption of broadband absorber in several different
configurations.
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after comprehensive consideration, we selected P � 500 nm,
which is an ideal parameter. Subsequently, we simulated the
influence of the width t of the grating on the absorption of the
structure, and the result is presented in Figure 4B. Obviously, its
main influence on the spectrum is reflected in the long
wavelength range. When the width of the grating becomes

wider, the global absorption bandwidth becomes obviously
wider, but the change of the absorption rate is not same, it is
a trend of first increasing and then decreasing. After exhaustive
consideration, we finally select the middle parameter as the
optimal value, so that a wider absorption bandwidth can be
obtained without making the overall absorption too low.

FIGURE 3 | (A) Absorbance spectrum of different metal materials. (B) Absorbance spectrum of different semiconductor materials.

FIGURE 4 | (A) Absorption spectrum under different periods. (B) Absorption spectrum under different grating widths.

FIGURE 5 | (A) Absorption spectrum with different semiconductor layer thicknesses. (B) Absorption spectrum with different grating layer thicknesses.

Frontiers in Materials | www.frontiersin.org January 2022 | Volume 8 | Article 8214314

Liu et al. Perfect Solar Absorber

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


After having investigated the influences of period and grating
width on the whole absorption of the proposed absorber, we also
studied the influence of grating layer and semiconductor layer
thickness parameters on absorption, as results shown in Figure 5.
First, we have changed the thickness of the semiconductor layer
from 10 to 50 nm, and 10 nm as the step. We can see that the total
absorption first rises from 10 nm, and reaches a maximum at
30 nm, then decreases as the height increases. The whole
bandwidth is slightly widened as the height increases. 30 nm is
selected as the optimal parameter on balance, so as not to make
the bandwidth too narrow, but also to obtain the highest
absorbance. Next, we also studied the influence of the different
top grating layer thickness on absorption, and the results are
presented in Figure 5B. The absorption of the structure is very
low and the bandwidth is narrow when d2 � 40 nm; when it is
increased to 80 nm, there is a big improvement. By comparison,
we selected the optimal parameters 120 nm. In conclusion,
whether it is the period of the structure, the width of the
grating or the thickness of the semiconductor GaAs layer, the
change of these parameters directly affects the surface plasmon
resonance characteristics of the entire structure, or make it
strengthen, or make it weaken, which in turn leads to a
corresponding change in the absorption of the proposed
absorber and the bandwidth of the spectrum (Chen et al.,
2013; Liu et al., 2020; An et al., 2021; Cheng T. et al., 2021).
The width of the top grating will not only affect the surface
plasmon resonance, but also the change of its geometric
parameters will have a certain effect on the cavity film of the
structure, which will not be described in detail here.

As a solar absorber will be applied in the actual environment, it
can be expected that the light in nature cannot be incident
perpendicularly as in the ideal case (Cheng et al., 2015).
Therefore, we must take these factors into consideration when
simulating. In fact, the absorption under oblique incidence and
different polarization angles are also two important parameters
for examining the structural design of the solar absorber.
Figure 6A is the absorption spectrum when the incidence

angle changes from 0 to 60°, and Figure 6B is the absorption
spectrum when the polarization angle changes from 0 to 90°. It is
obviously from Figure 6A that the total absorption effect of the
proposed absorber is good at the long wavelength range. The
absorption starts to decrease significantly as the incident angle is
close to 60°. However, the result is not very ideal in the short
wavelength range. When the incident angle begins to increase,
not only the absorption decreases, but the high-efficiency
absorption bandwidth also becomes narrow. As for the
situation when the polarization angle is changed as shown in
Figure 6B, when the rotation angle exceeds about 30°, the
absorption and bandwidth of the structure will decrease
significantly. This is because the structure is not completely
symmetrical, and when switching to the TE polarization mode,
the surface plasmon resonance cannot be excited. The simulation
results are consistent with the theoretical explanation.

The proposed absorber is mainly used for solar energy
collection. Therefore, its absorption characteristics in actual
solar radiation are very important. We simulated carefully to
test the performance in actual situation of the proposed absorber.
The solar energy absorption efficiency equation with AM 1.5 is:

ηA � ∫λmax

λmin
(1 − R(ω)) · IAM1.5(ω) · dω
∫
λmax

λmin
IAM1.5(ω) · dω

(1)

Where ηA is the absorption efficiency, R(ω) is the reflection of the
structure, ω is the frequency of the incident source, and IAM 1.5 is
solar radiation (Long et al., 2015; Zhang et al., 2015; Fu et al.,
2021; Su et al., 2021). The results are presented in Figure 7.

In the Figure 7A, black line is the solar spectrum at AM 1.5,
red line is the absorption spectrum for the proposed absorber
under solar radiation. It is very clear that the red line is much
lower than the black line at the wavelength of 400–750 nm, which
means the absorption of light in this range is relatively low. Also,
the red line does not match the black line at the wavelength of
1,500–2,500 nm, which represents the low energy absorption

FIGURE 6 | (A) Absorption at different incident angles. (B) Absorption at different polarization angles.
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same. In order to present this phenomenon intuitively, we made a
schematic diagram showing the relationship between energy
missed and total energy, as shown in Figure 7B. The gray
area is the total solar energy, and the red area is the energy
missed by the proposed absorber. We can see that the area of
energy missed is also mainly concentrated in the two bands
mentioned earlier, and the area is larger, which represents a
greater loss of energy. Nevertheless, the global absorption effect of
the proposed absorber is good and acceptable.

In practical applications, the proposed absorber can be used as
a main component of a solar cell. Since it is a solar cell, the
photoelectric conversion efficiency is a matter of great concern to
us, and the photoelectric conversion efficiency is directly related
to the ideal short-circuit current and directly proportional, which
means that in order to achieve higher photoelectric conversion
efficiency, higher short-circuit current is the basis (Ghasemi et al.,
2014; Ni et al., 2016). Therefore, we studied the ideal short-circuit
current of the structure and simulated with different grating layer

thicknesses, as shown in Figure 8. When the grating layer
thickness d2 � 160 nm, the short-circuit current reaches the
maximum value, which is 543.027 A/m2.

DISCUSSION

A broadband absorber structure based on metal W and
semiconductor material GaAs is proposed in this paper. Its
structure is very simple, consisting only of metal W substrate,
GaAs film layer and grating layer. We have achieved broadband
absorption at the wavelength of 500–1,850 nm by repeatedly
adjusting the geometric parameters. Subsequently, the rationality
of its structure design and materials selection, the influences of
several geometric parameters on the global structure, the spectrum
when incident and polarization angle change, the solar absorption
and loss spectrum, and the ideal short-circuit current are analyzed
one by one. We mainly drew the following conclusions:

1) The reflection effect of the metal substrate on the light and the
LSPR mode excited by the top semiconductor grating have a
very clear effect on the improvement of the total absorber, and
the absence of any part will result in the failure of broadband
absorption.

2) Selecting noble metals with less metal loss as the film will
narrow the bandwidth; among semiconductor materials,
GaAs has a stronger electrical excitation due to its higher
dielectric constant, so the broadband absorption effect is good.

3) The change of the geometric parameters of the structure
actually affects the surface plasmon resonance of the
structure, and then different absorption conditions will
appear.
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FIGURE 7 | (A) Absorption spectrum under a solar spectrum at AM 1.5. (B) Total solar energy and missed energy at AM 1.5.

FIGURE 8 | The influence of different grating layer thickness on short-
circuit current.
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