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Designing and manufacturing cost-effective absorbers that can cover the full-spectrum of solar irradiation is still
critically important for solar harvesting. Utilizing control of the lightwave reflection and transmission, metamaterials
realize high absorption over a relatively wide bandwidth. Here, a truncated circular cone metasurface (TCCM) composed
of alternating multiple layers of titanium (Ti) and silicon dioxide (SiO2 ) is presented. Enabled by the synergetic of surface
plasmon resonances and Fabry–Pérot resonances, the TCCM simultaneously achieves high absorptivity (exceed 90%),
and absorption broadband covers almost the entire solar irradiation spectrum. In addition, the novel absorber exhibits
great photo-thermal property. By exploiting the ultrahigh melting point of Ti and SiO2 , high-efficiency solar irradiation
absorption and heat release have been achieved at 700 ◦ C when the solar concentration ratio is 500 (i.e., incident light
intensity at 5×105 W/m2 ). It is worth noting that the photo-thermal efficiency is almost unchanged when the incident angle
increases from 0◦ to 45◦ . The outstanding capacity for solar harvesting and light-to-heat reported in this paper suggests that
TCCM has great potential in photothermal therapies, solar desalination, and radiative cooling, etc.
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1. Introduction
As the development of the economy and the population
continues to grow, energy has become a strategic issue for
global sustainable development. Due to the abundant, nonpolluting, and renewable characteristics of solar energy resources, the solar energy industry is growing rapidly. So far
this year, solar energy has accounted for only 1% of renewable energy consumption. Recently, various photovoltaic (PV)
devices have emerged continually, which can convert solar energy directly into electricity based on the photovoltaic effect.
However, limited by the Shockley–Queisser limit, traditional
single-junction PV devices can only use the restricted proportion of the solar spectrum. [1] Although a mass of work has
been made to break the limit, such as multi-junction solar cells,
these PV devices remain confronted with some dilemmas including high cost and complicated manufacturing processes.
In order to exploit the solar spectrum as much as possible and
exceed the Shockley–Queisser limit, the solar thermal system,
which uses solar energy to heat absorber and raise the temperature, has given rise to tremendous attention over decades. [2]
For solar thermal applications, [3] the greatest challenge is
how to realize high-efficiency solar energy harvesting. Therefore, the ultra-broadband absorbers, which play a pivotal
role in solar thermal systems, have been the focus of solar energy research in recent years. Conventional absorbers

are hardly to achieve high absorption and wide bandwidths
while maintaining a small size. Luckily, the advent of metamaterial along with the rapid development of nanofabrication technologies has ameliorated this situation, [4–6] including perfect absorption [7–10] and meta-lens. [11] The metal–
dielectric–metal (MIM) is the most typical structure of metamaterial absorbers. [12–21] Li et al. designed a periodic square
ring nanostructure with high absorptivity composed of three
layers. [22] The SiO2 dielectric layer separated by titanium nitride (TiN) substrate layer and TiN square ring. Benefiting
from the extremely high melting point of TiN and SiO2 , the
absorber has no change in absorption spectral after annealing at 800 ◦ C for 8 h and exhibits great thermal stability. It
is worth noting that the operating temperature often exceeds
600 ◦ C in high-temperature solar photo-thermal applications.
Regrettably, the relatively narrow absorption bandwidth heavily impedes the practical application of this absorber, which
only covers the visible region (400 nm–800 nm). In addition to using the same resonator, employing several different
size resonators as a periodic unit is also a viable approach.
Based on their previous single and dual-band absorber, Liu
and co-workers computationally designed a system consisting of 16 sublattices, each sublattice containing a various size
cross resonator. [23] In the system, the absorption spectrum can
be accurately tailored by adjusting the permutation of differ-
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ent size cross resonators. Furthermore, the way of stacking
multiple individual resonators along perpendicular direction
comes into the picture while the limited transverse space is
depleted. The incident lights of different wavelengths captured by various size resonators in a unit cell are the typical characteristic of this type of absorber. For instance, Cui
et al. ingeniously designed a sawtooth-like anisotropic ultrabroadband metamaterial absorber with over 95% absorption
in a range from 3 µm to 5.5 µm. [24] The position of the incident light trapped by the sawteeth structure gradually shifts
downward as the wavelength increases. This study provides
a new idea for the development of designing ultra-broadband
absorbers. Not only limited to solar irradiation capture but the
high temperature created by the photothermal effect also cannot be ignored. With introduction of refractory materials in
recent years, the thermal stability of absorber has been greatly
improved. Refractory materials generally possess high melting points and have been proven to have broadband losses due
to their large imaginary dielectric constants. [25] The absorbers
made of refractory and its composites perform well in terms
of absorption performance and heat stability.
In this paper, we theoretically design a truncated circular cone metasurface absorber and numerically simulate the
spectral response. A novel multiple resonator structure integrates the advantages of high photothermal conversion efficiency and low-cost, which is capable of utilizing the full spectrum of solar energy. The mechanism of strong absorption can
be attributed to the synergistic effect of surface plasmon resonances and Fabry–Pérot resonances via analyzing the electric field intensity distributions at different wavelengths. For
photo-thermal generation, the transient-state and steady-state
temperature distributions are also calculated in various incident light intensities. In addition, we find the absorber is insensitive to incident angle. These superior performances provide the absorber with great potential in solar photo-thermal
applications.

2. Structure and theory method
The ultra-broadband metamaterial absorber covering the
entire solar irradiation spectrum proposed by us is shown in
Fig. 1, which is made up of two parts, including a truncated
circular cone structure and a relatively thick metal substrate.
The truncated circular cone structure composed of alternating
SiO2 /Ti layers, and the thickness of each SiO2 layer (h1 ) and
Ti layer (h2 ) is 100 nm and 20 nm, respectively. The total number of alternating SiO2 /Ti layer pairs (N) is 7. In addition, θ
represents the angle between generatrix and horizontal plane.
r and p are the bottom radius of cone structure and lattice constant. The dielectric spacer is SiO2 with the thickness of 70 nm
(h3 ). The thickness of Ti substrate (h4 ) is set as 200 nm, which
is larger than the skin depth of solar irradiation in Ti. Thus,

it is thick enough to prevent light transmission. The dielectric
constants of SiO2 and Ti are taken from Palik’s book. [26] Besides, due to the relatively small thermo-optical coefficient and
the ultra-high melting point of Ti and SiO2 , the absorber offers
fine thermal stability. [27] In terms of experimental preparation,
magnetron sputtering and electron beam lithography can be
used to fabricate the proposed metamaterial absorber.
(b)

(a)

θ
h1

SiO2
Ti

h2

r

h3
h4

p
Fig. 1. (a) Schematic diagram of an array of TCCM absorbers. (b) Corresponding cross-section view of TCCM with component materials and geometric parameters.

To calculate the spectral response of absorber, absorptivity (A(λ )) based on the Poynting theorem can be expressed as
A(λ ) = 1 − R(λ ) − T (λ ),

(1)

where R(λ ) and T (λ ) represent reflectivity and transmissivity,
respectively. Due to the opaqueness of the substrate, the transmissivity of incident light can be completely neglected (i.e.,
A(λ ) = 1 − R(λ )). The solar spectral absorption efficiency α
can be calculated by the following equation:
Z 4000

α=

280

A(λ )IAM1.5 (λ )dλ
,

Z 4000
280

(2)

IAM1.5 (λ )dλ

where the IAM1.5 (λ ) is the spectral intensity of solar irradiation
at the Air Mass 1.5 Global.
On the side, the thermal energy diffusion between the
absorber or component of the absorber and the surrounding
medium is also taken into account during the incident light
on and off. In order to investigate the transient-state temperature distribution of the absorber during heat transfer under
continuous waves (CW), we must consider the multiple-layers
absorber as many components. [28] Each component is applied
to following equation: [28,29]
∂T
+ ∇ · (−k∇T ) = q0 ,
(3)
∂t
where Cp , ρ, and k are the specific heat capacity, mass density, and thermal conductivity coefficient of each material, respectively. T represents the temperature and is both time- and
space-dependent. q0 is heat source per unit volume. But, in
our case, q0 is equivalent to resistive heat (Qd ) generated by
light absorption. The Qd is given by
Cp ρ

1
Qd = ε0 ω Im(εr ) |E|2 ,
(4)
2
where ε0 and εr are permittivity of vacuum and relative permittivity of material, and ω is the angular frequency of incident
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1.0

light. |𝐸| is the magnitude of the electric field. The thermal
diffusion equation (Eq. (3)) reduces to Eq. (5), while the temperature field reaches steady-state (i.e., the temperature of the
absorber and surrounding medium under incident light does
not change over time). Thus, equation (5) can be concisely
written as
∇ · (−k∇T ) = q0 .
(5)

Absorption
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3. Results and discussion
0

Spectral radiance (W/m2Snm-1)

Figure 2(a) depicts the comparison among absorption, reflection, and transmission of TCCM absorber under normal
CW, and the wavelength covers from 280 nm to 6000 nm.
Benefiting from the 200-nm opaque Ti substrate, the transmission of incident light can be overlooked. Clearly, the absorption spectra hold high-level absorption from ultraviolet to midinfrared range. Especially in the range of 348 nm to 4190 nm,
the average absorption rate is over 90%, suggesting the bandwidth of absorption reaches 3842 nm. Although an absorption
dip appears at near 4000 nm due to the impedance mismatch
with free space, the absorption spectrum still covers almost the
whole spectrum of solar irradiation. [30] These typical characteristics including high absorption efficiency and wide bandwidth have significant advantages over other absorbers. [31–34]
Based on the Iabs = A(λ )IAM1.5 (λ ), the absorption curve of
the TCCM absorber under the AM 1.5 Global is plotted in
Fig. 2(b).
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Fig. 2. (a) Optical properties of the TCCM absorber under normal illumination range from 280 nm to 6000 nm. (b) The standard spectrum of solar
radiance AM 1.5 Global (solid line) and the solar energy absorption of the
TCCM absorber under the AM 1.5 Global (dashed line).
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Fig. 3. The absorption spectrum of different geometric parameters. (a) The absorption of TCCM with bottom radius (r) of cone structure increasing
from 300 nm to 600 nm and other parameters are fixed. (b) The absorption spectra of TCCM with increasing of the total number of pair (N). (c) The
absorption of TCCM with the angle (θ ) between generatrix and horizontal plane changing from 45◦ to 75◦ and other parameters are fixed. (d) The
absorption of TCCM with different thickness combinations of SiO2 layer (h1 ) and Ti layer (h2 ).
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There is an extremely high degree of overlap between the
solar irradiation spectrum under AM 1.5 Global and the absorption spectrum, indicating the TCCM absorber possesses
a great capacity of solar spectral absorption efficiency. As it
turned out, the solar spectral weighted absorption efficiency α
is calculated as 95% based on Eq. (2). Such high solar spectral absorption efficiency can be attributed to the full spectrum
absorption, unlike previously reported absorbers that can only
cover visible and near-infrared.
The geometrical parameters of the nanostructure, which
affect the absorption of the TCCM absorber, are shown in
Fig. 3, such as the bottom radius (r) of cone structure and
the angle (θ ) between generatrix and horizontal plane. It
is obvious that the absorption spectra improve clearly in the
mid-infrared band with r increases, and the visible and nearinfrared band is nearly unaffected. At last, the entire absorption spectrum maintains near-perfect absorption. Meanwhile, as N increases, the absorption gradually grows in
the infrared region, but the increment decreases significantly,
and eventually the absorption efficiency approaches saturation
(Fig. 3(b)). For these phenomenons, we can conclude there
is a strong correlation between the wavelength of the plasmonic resonance peak and the size of resonator. Moreover, as
the resonator size increases, the wavelength is red-shifted. As
shown in Fig. 3(c), the changing trend of the absorption spectrum is nonlinear with θ increases. Initially, the absorption is
improved as the angle increases from 45◦ , and the absorption
reaches optimum while θ = 65◦ . However, with a further increase in θ , the absorption spectrum was inhibited. It is can
be explained by the fact that metabolic angle θ causes the size
of all resonators in a period change, which further makes the
whole absorption spectrum change. For the effect of the thickness of SiO2 layer and Ti layer on the absorption efficiency, as
shown in Fig. 3(d), h1 = 100 nm and h2 = 20 nm is optimal
which makes the nanostructure size as large as possible.
In order to further investigate the physical mechanism behind the ultra-broadband near-perfect absorption phenomenon, we analyzed the electric field distribution of TCCM
at several wavelengths. In the following simulations, geometric parameters are default values unless otherwise specified. We can easily observe multiple surface plasmon resonances are excited in the incident light, and the position of
resonances is shifting gradually from top to bottom with the
wavelengths increase from 377 nm to 5120 nm, as shown
in Figs. 4(a)–4(d). It is certainly supports the above inference that the wavelength of the plasmonic resonance peak
is positively correlated with resonator size. Apparently, at
λ = 1000 nm, adjacent Ti layers reflect incident light back
and forth in the SiO2 layer, playing the role of Fabry–Pérot
interferometer. In addition, since the thickness of Ti-layer and
SiO2 -layer is smaller than the incident light wavelength, the

effective medium theory can be applied to explain the TCCM
absorber and treat the whole nanostructure as a homogeneous
material with anisotropic permittivities. [35] For this nanostructure, the permittivity ε⊥ parallels to the optical axis have a
negative real part and a nonzero imaginary part, opposite to the
permittivity ε|| perpendicular to the optical axis, indicating that
it is a typical hyperbolic metamaterial and has excellent light
field modulation performance. [36,37] Moreover, compared to
other multilayer absorbers with infinite extension in the y direction, such as sawtooth anisotropic metamaterial slab [24] and
refractory prismoid absorber, [38] the TCCM absorber has excellent polarization-independence due to its symmetric structure, which is of great practical application.

Max

λ=377 nm
(a)

λ=1000
(b)

z
Min
λ=2013
x (c)

λ=5120
(d)

Fig. 4. (a)–(d) The normalized electric field distribution at 377 nm, 1000 nm,
2013 nm, and 5120 nm, respectively.

The temperature variation for TCCM absorber under incident light is discussed by simulating the photo-thermal generation and thermal diffusion. Therefore, we divide the heating
process into two parts: the heat generated by the multiple plasmon resonance and the heat exchange between the absorber
and surrounding medium. It is well known that the flux of solar irradiation with AM1.5 Global is 1000 W/m2 . In this work,
we define C as the solar concentration (i.e., 1C = 1000 W/m2 ).
In order to facilitate comparison of results, the initial room
temperature is set as 22 ◦ C, and used in the following simulations. For transient-state, the temperature distribution of
TCCM absorber and surrounding medium can be solved by
time-dependent heat equation (Eq. (3)). In fact, the surrounding medium dominates the magnitude of the transient time
scale, as the heat transfer process is very rapid in the absorber. Thus, significant temperature differences can only be
obtained at very short times and high excitation intensities. [39]
Figure 5(a) shows the distribution of heat power volume density Qd (i.e., power absorption density) with the incident illumination of 1000-nm wavelength, and the major of the heat
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power distributes in the interface between metal and dielectric. Furthermore, the thermal effect of the individual absorber
is studied to obtain the performance of the entire array in the
medium. The temperature map with obvious temperature diversities can be obtained until the C increases to 106 at an ultrashort time of 10 ns, as shown in Fig. 5(b). As excepted,
the hotspots in distribution of the heat power volume density

(Fig. 5(a)) and the temperature map (Fig. 5(b)) have a great
deal of similarity. As shown in Fig. 5(c), the result of the
temperature difference map showed that the maximum temperature difference is risen to 105 ◦ C. In particular, it should
be noted that the duration of the illumination is only 26 ns,
which indicates that the proposed structure has great potential
for ultrafast photothermal applications.

Heat power volume density Qd (W/m3)
Max
C=106 1 ns

T (C)
(
6
32.0 C=10 26 ns

DT (C)
105.00

29.5

78.75

27.0

52.50

24.5

26.25

22.0
Min

(a)

0
(c)

(b)

Fig. 5. (a) Heat power volume density distribution of TCCM under plane wave illumination of 1000-nm wavelength. (b)–(c) The temperature distribution
of TCCM when C = 106 at 1 ns and 26 ns, respectively.
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Fig. 6. (a)–(c) Steady-state temperature difference distributions of the TCCM absorber in air for solar concentrations of C = 1, C = 10, and C = 100,
respectively. (d) Temperature of TCCM absorber in water as a function of time under on/off modulated light with solar concentration of C = 10. (e) The
steady-state temperature of TCCM absorber in air or water with various solar concentrations. (f) The steady-state temperature of TCCM absorber under
incident light of different wavelengths for C = 1, 10, 100, 200, and 500, respectively.

Furthermore, we calculate and plot the steady-state tem-

imum temperature difference exceeds 13 ◦ C. Combined with

perature difference distribution for TCCM with several solar

the high absorption properties of TCCM in the near-infrared,

concentrations and different wavelengths. In terms of applica-

it has demonstrated its ability to be applied to plasmonic pho-

tion, the solar concentration C can be flexibly adjusted accord-

tothermal therapy. [41] In addition, by covering with polyethy-

ing to the actual demand by using the concentrator reasonably,

lene bubble wrapfilm to reduce the convective losses, the av-

generally around 10–1000. [40]

In Fig. 6(a), both the TCCM ab-

erage temperature can be further increased. [42] While the solar

sorber and surrounding environment reach steady-state while

concentration increases to 10 and 100, respectively, the max-

C = 1. The temperature distribution is uniform and the max-

imum temperature difference (∆T ) increases to 96.20 ◦ C and
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354 ◦ C accordingly, as shown in Figs. 6(b)–6(c). We also simulate the temperature rise/fall with on/off modulated light in
Fig. 6(d). The temperature reaches a maximum of 45 ◦ C after about 1000 ms, and then cools to room temperature after
500 ms, when the medium is water and C = 1. Figure 6(e)
plots the steady-state temperature as a function of solar concentration. Although being in water with a higher specific heat
capacity and thermal conductivity causes a significant drop in
temperature compared to being in air (717.30 ◦ C), the maximum temperature still reaches 351.76 ◦ C when C = 500 under
1000-nm incident light. As shown in Fig. 6(f), regardless of
solar concentration, the temperature fluctuation of TCCM at
different wavelengths is very small, which means that TCCM
can be excited by light in the ultraviolet to mid-infrared range
to achieve the same photo-thermal performance. This result
proves beyond doubt that TCCM absorber is not limited to ap1.0

C/6

(a)

plications in the field of solar energy.
In practical application, the sun irradiation is not always
perpendicular to the absorber, so an incident-angle insensitive
absorber is coveted. As shown in Fig. 7(a), the absorption
curve at oblique incidence is somewhat different from that at
vertical incidence (Fig. 2(a)), but the same high-level absorption is still maintained. This indicates that the proposed absorber is angle-insensitive in its spectral response. For photothermal, compared to vertical incidence (Fig. 5(b)), the temperature is even higher in 45◦ incidence reaching 36.45 ◦ C.
Similarly, the steady-state temperature at oblique incidence
reaches 369.51 ◦ C (Fig. 7(c)) higher than at vertical incidence
(Fig. 6(c)). Overall, these findings demonstrate that the TCCM
absorber is incident-angle insensitive both in terms of spectral
response and photothermal effects.
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Fig. 7. (a) Optical properties of the TCCM absorber with incident angle of 45◦ . (b) Transient-state temperature distribution under incident angle of 45◦ at 1 ns,
with solar concentration at C= 106 . (c) Steady-state temperature difference distribution at an incident angle of 45◦ and solar concentration of C = 100.

4. Conclusions
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