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Ultra-Broadband Spectrally Selective Absorber for
Solar Thermal Absorption Based on TiN

Square-Ring Meta-Structure
Ziang Gao, Shilin Yu , Zihao Li, Dafa Pan, Zhengshan Xu, and Tonggang Zhao

Abstract—Based on the TiN square-ring structure, a spectrally
selective absorber for solar thermal absorption is proposed an-
nouncing an average absorption of 95.69% in the major solar
spectral region (280 nm∼2500 nm). When the wavelength exceeds
2500 nm, the absorption declines rapidly and decreases to 40.4% at
the wavelength of 4000 nm, showing excellent spectral selectivity.
As the incident angle of TE or TM polarized wave varies in a
range of 0∼60 degrees, the proposed absorber maintains more
than 90% solar absorption efficiency, which proves the insensi-
tivity of incident angle and polarization angle. With operating
temperature T = 300 K and solar concentrating coefficient C = 1,
the solar-thermal conversion efficiency of the proposed absorber
is 93.92%. At a high temperature of 700 °C, the solar-thermal
conversion efficiency can maintain more than 80% at the condition
of C = 200, demonstrating good thermal tolerance. It is believed
that the proposed absorber has great potential to be applied in solar
thermal absorption systems.

Index Terms—Solar thermal absorption, ultra-broadband
absorber.

I. INTRODUCTION

IN MODERN society, excessive use of traditional energy
which is a non-renewable resource has led to lots of envi-

ronmental problems [1], [2]. With the continuous development
of society, its reserves will continue to decrease, so how to
reduce dependence on traditional energy has become a hot social
concern. Solar energy is a kind of abundant and renewable clean
energy. The efficient use of solar energy can effectively solve
various problems in modern society. Compared with the tradi-
tional solar photovoltaic system, the solar thermal system has
been widely concerned by society because of its higher energy
conversion efficiency and better utilization of solar energy.
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Fig. 1. Schematic diagram of the unit structure of the designed absorber.

A solar spectrally selective absorber is the core component
of the solar thermal system which directly affects the energy
conversion efficiency of the system. In addition to the basic per-
formance of the traditional broadband absorber, solar absorber,
as a kind of broadband absorber, is also required to have excellent
spectral selectivity which is important to high absorption in
solar spectra and low loss of thermal radiation emissivity in
the mid-infrared band. With the deep research on metamaterial
and surface plasmon, wideband absorbers with excellent spectral
selectivity and insensitivity to polarization and incidence angle
have been proposed one by one [3], [4], [5], [6], [7], which is
expected to be applied in the design of solar absorbers. Further,
kinds of solar spectrally selective absorber structures such as
multilayer metal/insulator/metal structure [8], [9], [10], [11],
[12], fishnet gratings [13], [14], [15], [16], moth eye [17], [18],
[19], and ring structure [20], [21], [22], [23] have been studied
for solar thermal absorption.

In this paper, we proposed a solar spectrally selective absorber
for solar thermal absorption which is composed of periodic TiN
nano-square rings, and its unit schematic is shown in Fig. 1. The
substrate is composed of TiN and SiO2. The SiO2 insulator is
filled in the middle of the cavity formed by the TiN nano-square
ring, which can improve the stability of the structure and make it
not susceptible to the influence of the surrounding environment.
In addition, from the perspective of optical characteristics, the
filling of SiO2 insulator also improves the absorption perfor-
mance of the structure.The average absorptivity of the absorber
in the wavelength range of 280∼2500 nm is about 95.69%.
The mechanism by which the structure achieves broadband
high absorption is studied by electromagnetic field distribution.
After calculation, the energy conversion efficiency is 94.76%
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Fig. 2. Absorption spectra of the designed absorber in the band of
200 nm∼4000 nm.

when the solar concentration coefficient C = 1 and the working
temperature is 300 K. In addition, we also calculated the effect
of structural parameters on the absorption performance. In ad-
dition, we also investigated the effect of different polarizations
and incident angles on the absorption performance. The results
show that the absorber has the advantages of polarization inde-
pendence and angle insensitivity to incidence.

II. ANALYSIS OF ABSORPTION PERFORMANCE

During numerical calculation, the thickness of TiN substrate
is t1 = 100 nm, the thickness of the lower SiO2 insulator is
t2 = 80 nm, the height of the nano-square ring is t3 = 260 nm,
the inner side length is W1 = 190 nm, the thickness W2 = 25 nm,
the thickness of the top anti-reflection layer is t4= 70 nm, and the
unit structure period is P = 410 nm. In the experimental prepa-
ration, the proposed structure can be prepared by deposition
and photolithography, reactive magnetron sputtering, chemical
vapor deposition, and atomic layer deposition.

In this paper, the numerical calculation method of the opti-
cal characteristics is the finite-difference time-domain (FDTD)
method. The boundary condition of the structure in the z direc-
tion is set as the perfect matching layer (PML), and the boundary
condition in the x and y directions are set as periodic boundary
conditions, respectively. In addition, the mesh step is set as 5 nm.
The incident light source is a plane electromagnetic wave that
incident vertically on the surface of the structure. The dielectric
constants of TiN and SiO2 are obtained from [24].

The spectral absorption of metamaterial structures is defined
as follows [25]:

A (λ) = 1−R (λ)− T (λ) (1)

whereR(λ) andT (λ) is the reflection and transmission spectra of
the absorber under the incidence of an external electromagnetic
wave, and λ represents the incident wavelength. In order to
achieve maximum absorption, the electromagnetic wave reflec-
tion and transmission should be minimized. Since the thickness
of TiN substrate is 100 nm, which is far beyond the skin depth
[26], [27], the transmission spectrum of the structure is almost
0, and (1) can be simplified as:

A(λ) = 1−R(λ) (2)

Fig. 2. shows the absorption spectrum of the designed ab-
sorber under the vertical incident TM polarized wave. It can

Fig. 3. Solar radiation spectrum and solar absorption of the proposed absorber
in the band range of 200 nm∼4000 nm.

be seen that the absorption is above 90% in the band of
280 nm∼2500 nm, in which the solar radiation energy is the most
concentrated. The average absorption in this band is 95.69%, so
the designed absorber can absorb solar radiation energy well.
When the wavelength is 495 nm, the absorption peak reaches
98.55%, and the absorption begins to decline after the wave-
length of 2500 nm. When the wavelength is 4000 nm, the ab-
sorption decreases to 40.4%, showing good spectral selectivity.

In terms of absorption performance, a solar thermal absorber
should not only efficiently absorb sunlight in the ultraviolet to
the near-infrared band to achieve high solar absorption efficiency
α, but also have a low emissivity ε in the mid-infrared band to
prevent thermal energy loss. The calculation equation of α and
ε is as follows [28]:

α =

∫ 2.5µm

0.28µm IAM1.5(λ)A(λ)dλ
∫ 2.5µm

0.28µm IAM1.5(λ)dλ
(3)

ε =

∫ 20µm

2.5µm IB(λ, T )A(λ)dλ
∫ 20µm

2.5µm IB(λ, T )dλ
(4)

where IAM1.5(λ) is the spectral intensity of solar radiation in
air mass of 1.5, and its spectral figure is shown in Fig. 3(red
line). Since solar energy is mainly concentrated in the ultraviolet
to the near-infrared band, the range of integration in (3) is
280 nm to 2500 nm to calculate solar absorption efficiency.
IB(λ, T ) represents the spectral intensity of blackbody radiation
at temperature T, which can be calculated by the following
equation [29]:

IB (λ, T ) =
2πhc2

λ5
· 1

ehc/λkT − 1
(5)

where h is Planck’s constant and h = 6.6260693× 10−34J ·
s, c is the speed of light, k is Boltzmann’s constant and k =
1.380649× 10−23J/K, and T is blackbody temperature.

Through (3)–(5), the solar absorption efficiency and the emis-
sivity in the mid-infrared band of the proposed absorber are
calculated, as shown in Figs. 3. and 4. In the ultraviolet to
the near-infrared band, the solar absorption efficiency α of the
proposed absorber is 95.75%, while in the near-infrared to mid-
infrared band, the energy emissivity ε is 12.67%.

The solar-thermal conversion efficiency is an important index
to measure a spectrally selective solar absorber which can be
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Fig. 4. Ideal blackbody radiation spectrum and energy emissivity of the
proposed absorber at 300 K.

Fig. 5. Curves of solar-thermal conversion efficiency versus temperature of
the proposed absorber under different solar concentrating coefficients.

calculated by the following equation [30]:

η =
αG− ε

(
σT 4 − σT 4

0

)

G
(6)

where G is the total incident radiation, which can be expressed
as G = C × 1000W/m2 [31], C is the solar concentrat-
ing coefficient, σ is the Stepan-Boltzmann constant and σ =
5.67× 10−8W/(m2 ·K4), T is the operating temperature of
the absorber, T0 is the atmospheric temperature which is agreed
to be 273 K. When C = 1 and T = 300 K, the solar-thermal
conversion efficiency η of the proposed absorber is calculated
to be 93.92%.

In addition, the performance of the absorber under different
C and different T are calculated, as shown in Fig. 5. When C
is 200, η maintains more than 80% in the range of 0∼700 °C
and η is 76.09% even at a high operating temperature of 800 °C,
which is still nearly close to 80%. When C is 100, the conversion
efficiency is obviously lower than that when C is 200. With
the increase of T in the range of 0∼1000 °C, η decreases
significantly. However, even at 600 °C, η is 82.45%, which
still remains above 80%. Based on the above data, the proposed
absorber can maintain a high solar-thermal conversion efficiency
at different temperatures, so it can adapt to various environments
and has the possibility of practical application.

Considering the randomness of incident sunlight, it is neces-
sary to study the sensitivity to polarization and incident angle of
the proposed absorber. As shown in Fig. 6, when light incident
vertically on the structure surface, due to the periodic symmetry

Fig. 6. Absorption spectra of the proposed absorber at different polarization
angles under vertical incident wave.

Fig. 7. Absorption spectra when TM and TE polarized wave incident on the
proposed absorber at different incident angles.

of the structure, the absorption of incident light at different
polarization angles is almost the same, showing excellent polar-
ization insensitivity. When discussing the influence of different
incident angles on absorption performance, the absorption of
TE and TM polarized waves should be considered respectively.
Fig. 7 shows the absorption spectrum of the absorber when the
incident angle varies from 0° to 60°. It can be seen from the
figure that with the increase of the incident angle, the absorption
bandwidth of the structure gradually becomes narrower, and
the absorption of the longer band decreases, while that of the
shorter band increases slightly. When the incident angle of the
TM polarized wave varies from 0° to 20°, the absorption curve
of the structure nearly does not change. When the incident angle
is 40°, the absorption of the absorber can still maintain more
than 90% in 280 nm∼2200 nm. When the incident angle is
increased to 60°, the average absorption of the proposed ab-
sorber at 280 nm∼2500 nm is 89.04%, and the solar absorption
efficiency is 95.46%, which is almost consistent with the solar
absorption efficiency at vertical incidence. For TE-polarized
waves whose incident angle varies from 0° to 60°, the absorption,
and bandwidth of the absorber decrease with the increase of the
incident angle. When the incident angle is 50°, the absorption
can be maintained above 90% from 280 nm to 2500 nm. When
the incident angle is 60°, although the absorption of some bands
in the range of 280 nm∼2500 nm is below 90%, the average
absorption of the absorber in this band range is 92.77%, and
the solar absorption efficiency is 93.79%, which is only 1.96%
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Fig. 8. Electric field distribution in x-z plane when vertical incidence of TM
polarized wave under different wavelength. (The boundary of SiO2 insulator
has been marked with a solid line frame.).

different from that of the vertical incident. Based on the above
data, it can be shown that the proposed absorber is insensitive to
the incident angle and polarization angle.

III. ANALYSIS OF ELECTRIC FIELD DISTRIBUTION

In order to further study the absorption mechanism of the
proposed absorber, the distributions of the electric field under
different wavelengths of incident wave are analyzed. Judging
by the electric field distribution, it can be included that light
incidents after SiO2 anti-reflection then into the TiN-square-ring
full of SiO2. In relatively short wavelengths, cavity structure
produces resonance under the excitation of incident light and
the resonance also occurs between unit structures. At the longer
wavelength, TiN and SiO2 excite surface plasmon resonance
under the action of incident light. The absorption mechanism
at each wavelength jointly contributed to the high absorption of
the absorber in 280 nm∼2500 nm. In order to study the response
characteristics of the absorber more specifically, the electric
field distribution of the absorber at the wavelength of 500 nm,
1000 nm, 1500 nm, and 2000 nm are calculated, as shown in
Fig. 8. As can be seen, when the wavelength is 500 nm, the
incident light passes through the SiO2 anti-reflection layer and
enters into the TiN cavity. After scattering by the SiO2 insulator
filled in the square ring, the cavity resonance is generated and
the electric field in the TiN ring forms a standing wave, so the
electric field is bound to the center of the square ring, which leads
to energy consumption and promotes the high absorption. In
addition, at the wavelength of 500 nm, Fabry-Perot resonance is
generated between the cell structures [32], which makes the elec-
tric field significantly enhanced in the center of the two parallel
TiN plates of the unit structure. Surface plasmons resonance can
be excited on the TiN surface because of its metallic dielectric

Fig. 9. Absorption spectrum of proposed absorber with different (a) inner side
length of square ring W1 (b)unit period P (c)height of square ring t3 (d)thickness
of anti-reflection layer t4.

constant in the visible light to the near-infrared band [33]. At the
wavelength of 1000 nm, 1500 nm and 2000 nm, incident light
excites Localized Surface Plasmon Resonance (LSPR) of the
TiN square ring structure. As shown in the Fig. 8, by observing
the distribution of the electric field, we can find that these local
surface plasmon for the excitement tend to gather to the tips and
the edges, forming a strong local area field enhancement. In the
nearby area, a large electric field enhancement is formed.

IV. INFLUENCE OF DIFFERENT PARAMETERS ON ABSORPTION

PERFORMANCE

Fig. 9(a) shows the influence of different inner side lengths of
square ring W1 on absorption characteristics. Change of W1

might affect the excitation and coupling of surface plasmon
polaritons. With the decrease of the W1, the coupling ability
between free electrons on the metal surface and incident elec-
tromagnetic wave will be weakened. Therefore, it can be seen
from the figure that the high absorption bandwidth gradually
gets narrower with the decrease of W1, and the absorption at
the longer band also decreases to some extent. In addition,
with the increase of W1, the absorption of the lower band
decreases slightly, because the increase of inner diameter of
cavity weakens the resonance of cavity mode. When W1 gets
larger, the absorption of some bands drops below 90%. When
W1 is 190 nm, the absorption bandwidth covers the concentrated
band of solar radiation, and the absorption of the lower band
is above 90%, so 190 nm is the best size of W1. Fig. 9(b)
shows the influence of different unit period P on absorption
characteristics, with the increase of P, the duty ratio between
unit structure increases, the coupling of all modes between unit
structure decreases and leads to narrower bandwidth and high
absorption. In the 500 nm∼800 nm band, with the decrease of
P, the interval of the unit structure increases, leading to stronger
Fabry-Perot resonance and larger absorption. When P is 420 nm,
the proposed absorber has the best absorption performance.
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Fig. 10. Absorption spectrum of proposed absorber with/without filling SiO2

insulator in the square ring.

Fig. 11. Black body radiation energy density at different temperatures (from
300 K to 600 K).

Fig. 9(c) shows the influence of different t3 on absorption
characteristics. This parameter might affect the resonance of
the cavity mode in the square ring. With the increase of t3, the
absorption in the shorter wave increases, while the absorption
in the longer band decreases. The performance of the structure
is optimal when t3 is 260 nm. Fig. 9(d) shows the influence
of t4 on absorption characteristics. This parameter will affect the
incident environment when the incident wave enters the square
ring and also affect the impedance of the absorber. As can be seen
from the figure, with the increase of t4, the absorption of the
structure is improved, but when t4 increases to a certain extent,
the influence on absorption characteristics of the absorber will
gradually weaken. Considering the difficulty of manufacturing
process, t4 is finally set as 70 nm. Fig. 10 shows the absorption
spectrum of the proposed absorber with or without filling SiO2

insulator in a square ring. On the whole, the absorption of
structure filled with SiO2 insulator is higher. This is because the
presence of the interface between metal and insulator makes the
generation of surface plasmon resonance more easily. Therefore,
the presence of SiO2 in the square ring makes the structure has a
stronger binding effect on electromagnetic fields, thus improving
the absorption.

We analyzed the spectrum of black body radiation energy
density at different temperatures. As shown in Fig. 11, it can
be seen that as the temperature rises, the energy density curve

Fig. 12. Solar-thermal conversion efficiency at different temperatures and
different light collection intendity for structural parameter W1 and P.

Fig. 13. Solar-thermal conversion efficiency at different temperatures and
different light collection intendity for structural parameter t3 and t4.

will produce a blue shift. It will cause energy loss due to heat
radiation in the shorter wavelengths.

Considering the high temperature in the actual application
scene, we considered the wavelength from 200 nm to 20um
for the calculation of ε as shown in Fig. 12. After optimization
analysis and calculation, when W1 = 190 nm, P = 420 nm,
t3 = 260 nm t4 = 90 nm, the maximum average absorption rate
is 96.2%. (The equation of ε is used as following:)

ε =

∫ 20µm

0.2µm IB (λ, T )A (λ) dλ
∫ 20µm

0.2µm IB (λ, T ) dλ
(7)

By analyzing the above data in Figs. 12 and 13 , we ob-
tained the structural parameters corresponding to the maximum
solar thermal energy conversion efficiency (96.11%) at 300 K
(C= 100): W1 = 190 nm, P= 420 nm, t3= 260 nm t4 = 90 nm.
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TABLE I
PERFORMANCE COMPARISON TO OTHER ABSORBERS

Fig. 14. Absorption spectrum of proposed absorbers with different materials.

Simultaneously, maximum solar thermal energy conversion
efficiency (95.69%) at 600 K (C = 1000): W1 = 190 nm,
P = 420 nm, t3 = 260 nm, t4 = 90 nm.

As a new type of refractory, TiN has a melting point of 2930 °C
and good high-temperature durability. The application of TiN
materials can solve the problems of high cost, low melting point
and poor stability of absorber materials previously studied, and
TiN has the characteristics of compatibility with the CMOS
process, adjustable dielectric constant, and strong stability. In
the visible and near-infrared bands, the imaginary part of the
dielectric constant of TiN is high, which has a large optical loss
compared with precious metals, and can show plasma resonance
characteristics. As shown in Fig. 14, we compared TiN with other
materials.

Finally, the performance of the proposed absorber compared
with other recently published absorbers is investigated, as shown
in Table I. Compared with other literatures, the working band
has been broadened to a large extent, and the application range
is wider. The performance of the absorber in the literature has
an advantage in a certain index, but in general, the improved

absorber achieves high absorption rate, high conversion effi-
ciency and independence of large angle of incident and polar-
ization at the same time.

V. CONCLUSION

We proposed a SiO2-filled and anti-reflection-coated nano-
TiN-square-ring structure that can be applied for solar thermal
absorption under high temperatures. Localized surface plasmon
resonance (LSPR), magnetic polariton, and cavity mode are
excited in the structure, leading to high absorption and ultrawide
work band. Because of proved spectral selectivity, the structure
has high solar absorption efficiency in the major solar spectral
region, low thermal emissivity in the mid-infrared region, and
thus high solar-thermal conversion efficiency. The structure is
demonstrated as insensitive to incident angle and polarization
angle, so it can be applied in different lighting environments. The
nano-TiN-square-ring-based structure has a simple geometry so
that relatively simple procedure for its production, showing the
potential application in the solar thermal field.
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