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In this paper, a broadband solar absorber is constructed and simulated based on the finite difference time
domain method (FDTD). The modeled structure of the absorber consists of cyclic stacking of five absor-
ber cells with different periods on refractory metal W, where a single absorber cell is composed of a
three-layer SiO,-1nAs-TiN square film. Due to the Fabry—Perot resonance and the surface plasmon reso-
nance (SPR), an absorptivity greater than 90% within a bandwidth of 2599.5 nm was achieved for the
absorber. Notably, one of these bands, 2001 nm, is a high-efficiency absorption with an absorption rate
greater than 99%. The average absorption efficiency reaches 99.31% at an air mass of 1.5 (AM 1.5), and the
thermal radiation efficiencies are 97.35% and 97.83% at 1000 K and 1200 K, respectively. At the same
time, the structure of the absorber is also polarization-independent, and when the solar incidence angle
is increased to 60°, it still achieves an average absorption of 90.83% over the entire wavelength band
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1. Introduction

With the increasing size of the global solar energy market, it
has been found that the study of solar energy is of remarkable
significance in alleviating the energy crisis and environmental
pollution.’™ This is due to the fact that solar energy is not
only huge in total amount but also clean and non-polluting,
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(280 nm to 3000 nm). The novelty of our work is to provide a design idea based on a unit structure with
multiple cycles, which can effectively expand the absorption bandwidth of the absorber in the visible-
near-infrared wavelengths. The excellent performances make the structure widely used in the field of

which is regarded as an ideal energy solution.*”’” Currently,
solar energy is mostly used in many fields, such as solar
thermal utilization® and photovoltaic conversion,”'® which
can reduce dependence on fossil fuels, lower greenhouse gas
emissions, and lead to a decarbonized and sustainable energy
mix."" The continuous use of solar energy has led to many
important advances in solar absorber research.'*'?

Therefore, a key part of the current important progress
regarding solar absorbers is how to achieve high-performance
solar energy collection by absorbers.”*™*® Among them, it has
been found that the efficient collection of solar energy can be
achieved through the special light absorption properties of
nanomaterials,’”'® which can effectively capture the sunlight
and convert it into usable energy,'® and thus the design of
specific nanomaterial structures and different placement
methods®”*' has become one of the main directions for
exploring solar absorbers. In 2017, a TiO,-TiN disc-based
stacked structure was proposed,® achieving a bandwidth of
1110 nm with an absorption rate of more than 90%. But this is
not enough. In order to achieve a wider absorption range and
superior absorption efficiency, in 2020, a researcher designed
the stacking of TiN nano-discs and Ti thin films to fabricate
an ultra-wideband perfect absorber®® with an absorption of
more than 90% at bandwidths greater than 2100 nm, in which
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there is a band with a bandwidth of 1645 nm, which is an
excellent absorption with an absorption of more than 99%.
The above facts show that the multilayer stacking structure has
a positive effect on extending the bandwidth,***® which pro-
vides ideas for us to design the multilayer stacking structure of
the absorber.

However, it is too one-sided to study only how to enhance
the absorber’s absorption bandwidth performance, and con-
sidering its environmental adaptability problem, it is also a
big challenge to meet the long-term operation of PV systems.*’
Therefore, attention has been paid to the stability of the absor-
ber in various extreme environments.*® An absorber based on
the sandwich ellipsoid model of the high-imaginary-part-per-
mittivity metal Ni achieved solar thermal conversion efficien-
cies of 89.09% and 83.26% for the absorber at operating temp-
eratures of 800 K and 1000 K, respectively.”® In another study,
a tungsten filament torsional resonator was designed,*® and
the absorber was designed considering the polarization
problem as well as the incidence angle of the sunlight, which
was finally realized to be insensitive to the polarization direc-
tion of the incoming sunlight, and at the same time, it has a
large absorption angle in the transverse electric (TE) and trans-
verse magnetic (TM) modes, which ensures that the absorption
efficiency of the absorber is less affected by the incoming sun-
light. This provides direction for discussing the thermal radi-
ation performance of the absorber and for considering
complex environmental adaptations such as the absorber
being polarization-independent and insensitive to changes in
the incident angle.

For this reason, the absorber must achieve high absorption
efficiency over a wide wavelength range, thermal stability, and
insensitivity to large-angle incident light in different polariz-
ation states, as well as the insensitivity of different polarization
states and a large angle of incident light. We designed a
square thin film absorber unit consisting of a combination of
SiO,-InAs-TiN absorber layer, multiple stacking cycles of absor-
ber units help to extend the bandwidth. At the same time, the
period of each absorber unit is reduced layer by layer accord-
ing to the optimal value of our simulation and stacked sequen-
tially on a refractory metal substrate W. The results show that
our proposed solar absorber can achieve an average absorption
of 98.24% at the selected wavelength range of 280 nm-
3000 nm, with a bandwidth of 2599.5 nm (346.5 nm-2946 nm)
at absorption A > 90% and 98.78% at this band. Of note is the
perfect absorption of A > 99% in the 2001 nm (477.5 nm-
2478.5 nm) band. The thermal radiation efficiency of the
absorber at 1000 K and 1200 K is also discussed as 97.35% vs.
97.83%, respectively, to make a basis for verifying its thermal
stability. Compared with the above absorbers, it has the advan-
tages of high efficiency spectral absorption, good thermal
stability, insensitive to incident light polarization angle, excel-
lent absorption under large angle incident light, etc. The excel-
lent performance makes it suitable for complex application
environments, and its simple circulating layer structure also
provides ideas for the performance improvement of the solar
absorber in the future.

This journal is © The Royal Society of Chemistry 2024
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2. Structural parameters of the solar
absorber

In this paper, we design the stacking structure of multi-cycle
absorber units as shown in Fig. 1. We stack the first layer of
absorber units on the refractory substrate W, both with a
period of P; =250 nm, and the first layer of absorber units acts
as the last recirculating cavity for the incident light to reach
the absorber, which greatly enhances the light trapping ability.
The periods of the absorber units of the second, third, fourth,
and fifth layers are also sequentially reduced according to the
optimal difference of 50 nm in our simulation, with periods of
P, = 200 nm, P; = 150 nm, P, = 100 nm, and Ps; = 50 nm,
respectively. The thicknesses of the individual square thin
films in the modelled structure are shown in Fig. 2(a), in
which the thickness of the substrate W is H; = 150 nm, and a
certain thickness is used to prevent light transmission, and
the thicknesses of TiN, InAs, and SiO, in an absorber are H, =
20 nm, H; = 10 nm, and H, = 100 nm, in that order, which are
used as the core part of the absorber to achieve high perform-
ance. And sequentially stacking the first layer of absorption
units N; up to the fifth layer N5s. We used FDTD to calculate
the structure, and we set the wavelength range of incident
light from above the Z-axis to be 280 nm-3000 nm, covering
the visible, ultraviolet, near-infrared, and mid-infrared wave-
length segments. With periodic boundary conditions in the X
and Y directions, we make perfectly matched layers in the Z

Fig. 1 Designed solar absorber structure where P; = 250 nm, P, =
200 nm, Pz = 150 nm, P4 = 100 nm, Ps = 50 nm.
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Fig. 2 (a) Schematic flow diagram of stacked absorption unit N; where
H; = 150 nm, H, = 20 nm, Hz = 10 nm, and H4 = 100 nm. (b) Absorption
under variation of the number of layers i and period P; of the absorbing
unit.
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direction, on the other hand, also set the mesh accuracy in the
simulation to 5.°'733 The dielectric constants of W, TiN, InAs,
and SiO, were taken from Palik.>* The optical absorption can
be expressed as A = 1-T-R. Since the substrate W is impervious
to light, indicating T = 0, then the absorptivity can be
expressed as 4 = 1-R.*>3°

3. Results and discussion

In order to find the optimal absorber for the absorber with the
number of layers i of the absorber unit and the corresponding
period P;, we sequentially stack the absorber unit N; and
discuss the corresponding absorption map, where the stacking
operation flow is shown in Fig. 2(a). While stacking the absorb-
ing units, we make the absorbing unit period P; of two neigh-
boring layers always keep a difference of 50 nm. So, when we
increase the common period P; of the substrate W and the
first absorber unit N; layer by layer, when P; = 150 nm,
200 nm, 250 nm, 300 nm, and 350 nm, the corresponding
absorber unit layers will also be increased, respectively, and
the number of stacked layers will be i = 3, 4, 5, 6, and 7 in
order, and the final absorption effect will be shown in
Fig. 2(b). When i = 3, the absorption efficiency is not efficient,
and the absorption in the near-infrared band after 1500 nm
shows a steep drop. When i = 4, the absorption at 280 nm-
3000 nm is greatly improved with an average absorption of
92.58%, but the bandwidth of its perfect band (A > 90%) is
only 2016 nm (366 nm-2382 nm), while the absorption in the
near-infrared band after 2000 nm gradually decreases, which
is not enough to emphasize the excellence of our designed
absorber. So, we need to expand the bandwidth and increase
the overall stability of our absorber to emphasize its excellence,
we further increase the period to P; = 250 nm and the number
of layers to i = 5, at which time the absorber has a continuous
ultra-perfect band (A > 99%) with a bandwidth of 2001 nm
(477.5 nm-2478.5 nm) and an average absorption of 98.24% at
280 nm-3000 nm. Compared to the absorption spectra at i = 6
and 7, we consider i = 5 and P; = 250 nm to be the best para-
meters for achieving high absorber performance. This is
because when i = 6 and 7, as can be seen in Fig. 2(b), the
increase in the number of layers i is very effective and signifi-
cantly extends the absorption bandwidth. However, the absorp-
tion efficiency is unstable in the range of 280 nm-3000 nm,
and there is no continuous A > 99%, which is not the desired
result.

When i = 5 with P; = 250 nm is determined, we give its
absorption, reflection, and transmission spectra in Fig. 3 in
order to get the absorption results in detail for the absorber’s
ultra-bandwidth, which can be analyzed to show that the
absorber achieves an average absorption of 98.24% in the
given bands 280 nm-3000 nm and an absorption 4 > 90% in
the band 346.5 nm-2946 nm. It is noteworthy that the band-
width of 2100 nm (477.5 nm-2478.5 nm) is an ultra-perfect
band range in which the absorption is constant at greater than
99%. Therefore, it has unrivaled high absorption performance
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Fig. 3 Absorption, reflection and transmission of normal incident
sunlight.

for visible and near-infrared light, with the main absorption
losses concentrated in the invisible ultraviolet and mid-infra-
red bands.*”~*°

Meanwhile, we selected the three absorption peaks (11 =
398.5 nm, A2 = 562 nm, and A3 = 1147.5 nm) given in Fig. 3,
which have absorptivity of 98.773%, 99.967%, and 99.716%,
respectively. As shown in Fig. 4, at three wavelengths, we calcu-
lated the electric field distributions for different cross sections
(XOY and XOZ sections), which allowed us to better explore
further the physical mechanisms of the absorbers achieving
high absorption in the UV, VIS, and NIR bands, respectively.

Fig. 4(a) and (d) shows that at A1 = 398.5 nm, the electric
field is mainly concentrated at the corners of the fourth layer
N, and the fifth layer absorber unit N5 as well as on the
surface of each absorber unit, while the intensity is also mani-
fested in the inner part of each absorber unit, so we can
assume that the strong absorption of the absorber in UV is
related to the SPR at the connecting corners of absorber
units.*>*" The wavelength of visible light A2 = 562 nm is

12
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- D, . s

Fig. 4 (a)-(c) in the XOY plane, show the electric field distribution of
the absorber. (d)-(f) in the XOZ plane, show the electric field distri-
bution of the absorber.
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selected, and as in Fig. 4(b) and (e), the hot spot of the electric
field is gradually distributed to the corners of the absorber
units below and is no longer confined to the top absorber
unit, while the interaction between the Fabry-Perot resonant
cavities in the interior of the absorber units***® is strength-
ened, and the coupling between each other causes the absorp-
tion of the visible light to reach the peak. As shown in Fig. 4(c)
and (f), at 13 = 1147 nm, the electric field hotspots at the
corners of the five-layer absorber units of the absorber are
further enhanced, but due to the weakening of the internal
resonance effect of the absorber units, the overall average
absorption in the NIR band is not as excellent as that of the
visible light, but the overall absorption is still maintained at A
> 99%, which cannot be separated from the centralized distri-
bution of the electric field at the corners of the various absor-
ber units, which excites equipartition excitation resonance,
which maintains the absorption under the broadband.**** It
can be seen that the physical mechanism of the absorber to
achieve high absorption in the UV, VIS, and NIR bands,
respectively, is due to the surface plasmon action at the
corners of the film at each absorber cell and the internal res-
onant coupling between neighboring absorber cells.

In order to simulate the spectral distribution of sunlight
irradiated onto a solar absorber under ideal AM1.5 conditions,
we give the total spectral equation for AM1.5 incident solar

energy in eqn (1):*%%”

20 A(W) Iy 5 () dw
A= s 1 (1)
‘LLMin IAM1_5(W)dW

where Iamq.5(w) is the solar spectral distribution for the AM1.5
condition and A(w) is the absorptivity of the absorber. Fig. 5(a)
shows the absorbed and lost energy of the absorber under
AM1.5 conditions. Where the red region is the absorbed
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Fig. 5 (a) and (b) Plot of absorbed and lost energy of the absorber
across the entire band (280 nm—-3000 nm) under AM1.5 conditions. (c)
and (d) Radiant energy diagrams for solar absorbers at 1000 K and
1200 K.
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energy and the black region is the lost energy. The weighted
absorption across the whole band (280 nm-3000 nm) is
99.31% and the lost energy is 1%. At the same time, the absor-
ber still has an absorption efficiency of more than 90% despite
being in the mid-infrared band (1 > 2500 nm). In addition, we
provide the absorption spectra of the absorber under ideal
AM1.5 conditions, as shown in Fig. 5(b). It can be observed
that the absorption spectrum of the absorber has a good fit
with the spectrum of AM1.5 incident sunlight. Solar radiation
absorbs 99% of UV, visible, and NIR light, which is attributed
to the SPR resonance coupling between the Fabry-Perot reso-
nance cavities between the absorber units of multiple loops
and the corners of each connection.**”° It is confirmed that
under ideal AM1.5 conditions, our designed absorber has
good and high absorption efficiency in the 280 nm-3000 nm
band.

On the other hand, in order to investigate the thermal radi-
ation efficiency when the absorber acts as a thermal radiator,
we define the thermal radiation efficiency as in eqn (2):*'

e e (1p) - Igg (w, T)dw

_ JAMin
- AMax
Intin IBE (w7 T)dw

(2)

o)

¢ (w) is the absorptivity at the surface of the absorber, and at
frequency w and temperature 7, Iyg (w, T) is the ideal black-
body spectral intensity. Fig. 5(c) and (d) show the thermal radi-
ation performance of the absorber at 1000 K and 1200 K. The
green lines are the blackbody radiation energy under ideal con-
ditions, and the red region is the emission energy of the radia-
tor. The thermal radiation efficiency is 97.35% at T = 1000 K
and further enhanced to 97.83% at T = 1200 K. It can be seen
that the thermal radiation efficiencies of the radiators increase
with increasing temperature, which are 97.35% and 97.83%,
respectively. Their main radiant energy losses are concentrated
in the mid-infrared band after 2.5 pm. As shown in Table 1, in
contrast to other references, it** did not study its performance
in the thermal radiation field, whereas compared to,>*>*™>¢
our work has significantly better average absorption over the
entire wavelength band (280 nm-3000 nm), and at the same
time, it still has a thermal radiation efficiency of 97.83% at a
high temperature of 1200 K. The excellent broadband absorp-
tion efficiency and thermal radiation performance are far
beyond those of similar absorbers.

In order to investigate the SPR resonant coupling phenom-
ena between the Fabry-Perot resonance cavities between the
absorber’s multiple cycles of absorber units and the corners of
each connection under the whole wavelength band, here, at
five wavelengths, we provide the electric field strength distri-
butions of the absorber cross sections XOY and XOZ (1 =
300 nm, 800 nm, 1400 nm, 2100 nm, 3000 nm) as shown in
Fig. 6. Fig. 6(a) and (f) shows the electric field distributions in
the XOY cross section and XOZ cross section of the absorber at
A = 300 nm when the Fabry-Perot resonance phenomenon
excited in the SiO, films inside the absorber cells N; to N5 is
significant and the electric field strength gradually decays
from the top absorber cell N5 to the last absorber cell Nj.

Dalton Trans., 2024, 53,12098-12106 | 12101
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Table 1 Performance comparison of different absorbers
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Ref. Absorbing material Average absorption rate Thermal efficiency
52 Ti-AlO-Ti-W-Ti-AlO 95.8% (200 nm-3100 nm) 94.4% (1000 K)

53 Ti-Al,O3 98.78% (385 nm-1765 nm) Not mentioned

54 InAs-Ti-W-Ti-AlO 95.80% (283 nm-3615 nm) 95.42% (1000 K)

55 Ti-GaAs 96.52% (300 nm-4000 nm) >90% (373 K-973 K)
56 Ti 97.85% (200 nm-2980 nm) >90% (373 K-1073 K)
Our work Si0,-InAs-TiN-W 98.24% (280 nm-3000 nm) 97.83% (1200 K)

Fig. 6 (a)-(e) shows the electric field distribution in the XOY plane for 1
= 300 nm, 800 nm, 1400 nm, 2100 nm, 3000 nm. (f)—(j) shows the
electric field distribution in the XOZ plane for 4 = 300 nm, 800 nm,
1400 nm, 2100 nm, 3000 nm.

Fig. 6(b), (g) and (c), (h) show the electric field intensity at 4 =
800 nm and 1400 nm, respectively, and it can be observed that
the Fabry-Perot resonance excited in the SiO, films inside the
absorber units N; to N5 at this time decreases, which is less
significant than that of the wavelength of 300 nm. There is a
hot spot of electric field in the corner of the SiO, and TiN
films in absorber units N, and N5, and the ultra-broadband
absorption at this time is determined by the weak Fabry-Perot
resonance coupling effect between SPR and absorber units at
the corner of N; and N;.*” As incident light wavelength
increases, the electric field hotspot gradually shifts to the
bottom of the absorber at A = 2100 nm and 3000 nm, as shown
in Fig. 6(d), (i) and (e), (j)- It is mainly concentrated at the
corners where the SiO, film and TiN film in the absorber units
N, and N; are connected. In other words, the Fabry-Perot reso-
nance effect between the absorber units is no longer obvious,
and at this time, we can think that the stable absorption in the
2100 nm-3000 nm band is maintained by the SPR effect at the
corners of N,, Nj.

We have also given six different absorber structures in this
work to discuss their absorption spectra, as shown in Fig. 7
and 8. Cases 1, 2, and 3 in Fig. 7(b) show the number of layers
of absorber units increasing sequentially fromi=1uptoi=3
at a period P1 = 250 nm. It can be concluded from Fig. 7(a)
that the more layers of absorber units are added, the closer the
absorber comes to high efficiency absorption, and when there
are 3 layers of absorber units, the absorber achieves continu-
ous high efficiency absorption in the visible-near infrared
band at this time (A > 90%), but it is far from achieving A >
90% for a bandwidth of 2001 nm. 90% in the visible and near-
infrared wavelength bands, but it is still far from achieving A >

12102 | Dalton Trans., 2024, 53,12098-12106
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Fig. 7 (a) Absorption diagrams for four cases of absorber. (b) Models
corresponding to the absorber in the four cases.

99% with a bandwidth of 2001 nm. In case 4, the absorber
units N;-Ns all have the same period and are sequentially
superimposed on the refractory metal W. In case 4, the
number of absorber layers i is the same as that in case 4,
which is the same as that in case 4. That is, the number of
absorbing layers 7 = 5 in case 4, but the absorption effect does
not improve with the increase in the number of layers i.
Instead, the absorption effect is unsatisfactory, and there is no
stable absorption. This is due to the fact that the period of
each absorbing unit is the same, so that the SPR is suppressed
at the connection of each corner. As shown in Fig. 8(a) and (b),
cases 5 and 6 have the same structural parameters and similar
absorption effects, with the difference that case 6 has only one
more absorber unit cavity, N5, than case 5. Therefore, in order
to investigate the role of the absorber unit N5 on the absorber,
we have analyzed the absorption spectra of cases 5 and 6 sep-
arately. Fig. 8(a) shows that case 5 exhibits excellent absorption
in the 500 nm-1717 nm and 1935.5 nm-2483 nm bands, with
a total bandwidth of 1764.5 nm for A > 99%, while case 6 has a
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Fig. 8 (a) Absorption spectra in case 5 (b) absorption spectra in case 6.
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continuous and ultra-perfect absorption in the 477.5 nm-
2478.5 nm bands, with an astonishing bandwidth of 2001 nm.
The physical mechanism behind the small absorption differ-
ence is reflected in the fact that case 5 has a very high A > 99%
absorption. The physical mechanism behind the difference in
absorption is reflected in the SPR at the corner of the top
absorber N5, which also suggests that it is necessary to choose
case 6 with one more layer of absorber N;.

In order to further investigate whether our designed absor-
ber can be replaced by other high-temperature-resistant
materials, the absorption spectra of different materials are
investigated here. As shown in Fig. 9(b), the absorber unit in
case 7 consists of SiO,-In-TiN film. Compared with case 6, the
absorber has obvious absorption peaks at this time, but the
absorption after the wavelength of 2000 nm is unsatisfactory,
which also indicates that it is necessary for us to choose the
thinnest square InAs film in the absorber parameters as the
composition of the Fabry-Perot cavity.>®** Meanwhile, mono-
crystalline arsenic is toxic and is not suitable for direct pro-
duction and use in practical applications. In case 8, we replace
the SiO, film in case 6 with TiN film, and the absorption effect
is extremely poor in the wavelength band after the visible light.
This is because the TiN-In-TiN film of the absorber cell in case
8 does not form a Fabry-Perot resonance cavity, and then the
high absorption efficiency, which is determined by the coup-
ling of SPR at the corners and Fabry-Perot resonance of absor-
ber cells, does not exist. Performance also does not exist. We
replaced the TiN film in case 6 with a Ti film in case 9. Case 9
still absorbs very well, achieving A > 90% in the 2293 nm band-
width. However, as the wavelength increases, the SPR effect of
the Ti-SiO, films at the junction of the individual absorption
units decreases and is not as excellent as the SPR effect
between the TiN-SiO, films. Analyzing the absorption spectra
above, it is clear that the structure and materials we propose
have excellent absorption and are irreplaceable.

We also analyzed the effect of the thickness H, of the TiN
film in the absorber cell versus the thickness H, of the SiO,
film on the absorber. As shown in Fig. 10(a) and (b), by
increasing H, from 10 nm to 30 nm and H, from 60 nm to
140 nm, it can be seen that the bandwidth of the perfect
absorption (A > 90%) also increases, which is due to the
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Fig. 9 (a) Absorption diagrams for four different material cases. (b) are
the schematic diagrams corresponding to the four different materials in
(a).
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Fig. 10 (a) The thickness of TiN film H, was increased from 10 nm to
30 nm in 5 nm intervals. (b) The thickness of SiO, film H4 was increased
from 60 nm to 140 nm at 20 nm intervals.

increase of H,, H,, which increases the spacing of the Fabry-
Perot resonance cavities between the absorber cells, and the
plasmonic effect is enhanced.®®®' Although the increase in the
thickness of TiN film and SiO, film helps to expand the
absorption bandwidth, it does not mean that the larger values
of H, and H, are better, and we need to choose the H, and H,
parameters for stable absorption. When H, = 100 nm and H, is
greater than 20 nm and less than 25 nm, the absorption is
shown in Fig. 10(a). In the near-infrared band, we think that
the difference between the red and green line absorption is
not obvious at this time, and either H, = 20 nm or 25 nm can
satisfy our requirements, which is an acceptable range of error
for the production of TiN films. When H, = 100 nm and H, =
30 nm, the absorption bandwidth is further expanded, but
continuous ultra-perfect absorption cannot be achieved in the
whole band (280 nm-3000 nm). As shown in Fig. 10(b), in
mid-infrared bands, the effective bandwidth of the absorber
increases when H, = 20 nm and H, = 60 nm to 140 nm, but the
absorption is the most stable under the whole band only when
H, = 100 nm, which can achieve A > 99% under the maximum
bandwidth. Therefore, finally, we determined that H, = 20 nm
and H, = 100 nm are the optimal operating parameters.

The complexity of the environment makes it necessary for
broadband absorbers to meet the requirements of being polar-
ization-independent and insensitive to large-angle (0°-60°)
sunlight incidence.®>®°® For this reason, we designed a sym-
metric absorber structure, which has the same absorption
spectrum in TE-polarized mode and TM-polarized mode, as
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Fig. 11 (a) Absorber uptake in TE and TM modes. (b) Normalized
absorption spectra for TM polarization to TE polarization (increase in
polarization angle from 0° to 90°).
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Fig. 12 (a) and (b) Schematic of TE and TM polarization modes. (c) and
(d) Absorption spectra for TE and TM polarizations with increasing
angles of incidence from 0°-60°.

shown in Fig. 11(a). Meanwhile, in the absorption scan plot
from TM polarization to TE polarization, the absorption
spectra remain constant as the polarization angle increases
from 0° to 90°, as shown in Fig. 11(b). This confirms the polar-
ization-independent property of the absorber. To investigate
the absorption of the absorber at large incidence angles in TE
and TM, we give here the formal plots of polarization in TE
and TM modes as shown in Fig. 12(a) and (b), where the TE
polarization is shown as the direction of the electric field of
the sunlight along the Y-direction of the space and the T™M
polarization is shown as the direction of the electric field of
the sunlight along the X-direction of the space. From Fig. 12(c)
and (d), from 0° to 60°, the incidence angle of sunlight
increases, the absorption effect graphs of TE and TM are iden-
tical, and at the same time, in both TE and TM modes, even
though the incidence angle is increased to 60°, at this time,
the absorber still achieves the effect of A > 90% in the 280 nm-
2185.5 nm band, and the average absorption rate in the whole
band reaches 90.83%. Therefore, we believe that the absorber
appears to be independent of the polarization of sunlight and
insensitive to large angles of incidence, but still has excellent
results and can be applied to more complex environments.

4. Conclusion

In conclusion, we have designed a solar absorber that is based
on a stacked structure of five-layer absorber units with regu-
larly decreasing periods, where the SiO,-InAs-TiN three-layer
film is one absorber unit. The SPR at the corner of each absor-
ber unit and the Fabry-Perot resonance coupling between the
absorber units are the physical mechanisms to achieve the
high absorption efficiency, so that the absorber achieves an
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average absorption of 98.24% over the whole band (280 nm-
3000 nm), with a bandwidth of 2599.5 nm for A > 90%, of
which the bandwidth is 2001 nm for A > 99%. The weighted
absorption over the entire band is 99.31%, with less than 1%
energy loss. When used as an emitter, the thermal radiation
efficiency reaches 97.35% and 97.83% at 1000 K and 1200 K,
respectively. On the other hand, normalized absorption spec-
trum from TM to TE polarization does not change with polariz-
ation angle due to the symmetric structure of the absorber,
and the absorber still achieves A > 90% in the 280 nm-
2185.5 nm band with an average absorption of 90.83%, even if
the incidence angle of the sunlight is increased to 60° in both
TE- and TM-polarized modes.
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