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The broadband metamaterial perfect absorber has been extensively studied due to its excellent characteristics and
promising application prospect. In this work a solar broadband metamaterial perfect absorber is proposed based on the
structure of the germanium (Ge) cone array and the indium arsenide (InAs) dielectric film on the gold (Au) substrate.
The results show that the absorption covers the whole ultraviolet-visible and near-infrared range. For the case of A >
99%, the absorption bandwidth reaches up to 1230 nm with a wavelength range varied from 200 nm to 1430 nm. The
proposed absorber is able to absorb more than 98.7% of the solar energy in a solar spectrum from 200 nm to 3000 nm. The
electromagnetic dipole resonance and the high-order modes of the Ge cone couple strongly to the incident optical field,
which introduces a strong coupling with the solar radiation and produces an ultra-broadband absorption. The absorption
spectrum can be feasibly manipulated via tuning the structural parameters, and the polarization insensitivity performance
is particularly excellent. The proposed absorber can possess wide applications in active photoelectric effects, thermion
modulators, and photoelectric detectors.

Keywords: metamaterial, electromagnetic resonance, perfect absorber, solar broadband absorption

PACS: 42.25.Bs, 77.55.–g, 78.20.Ci, 78.67.Pt DOI: 10.1088/1674-1056/abf91e

1. Introduction
In recent years, people have paid more and more atten-

tion to solar energy because of its excellent renewability and
environment-friendly property. In order to efficiently utilize
solar energy, the first thing that needs to do is to build a
perfect absorption platform, which should have the ability to
absorb broadband light. Meanwhile, the metamaterial with
the outstanding properties of light absorption[1,2] has been
widely studied and applied to many aspects, such as thermal
emitting,[3,4] bio-sensing,[5–7] photothermal,[8,9] photoelectric
detecting,[10,11] power harvesting devices,[12,13] etc. In 2008,
Landy et al. first proposed the metamaterial perfect absorber
(MPA) based on the metal–dielectric–metal structure.[14] Nev-
ertheless, the resonance in the metamaterial is always limited
in a narrow wavelength range, which results in the narrow-
band absorption.[15–19] In order to achieve broadband absorp-
tion, the most critical problem is how to widen the absorption
windows. The most common solution to this problem is to
construct special structures, such as cubes, disks, etc. Aksel-
rod et al. used Ag nanocubes to obtain the perfect absorption
in visible and near-infrared range.[20] Liang et al. disigned an
absorber based on titanium nitride nano-disks, which exhibits
near-unity absorption in the whole visible range.[21] However,
owing to the high symmetry of the cubes and disks, the gen-
eration of many resonance modes is restricted, and perfect ab-

sorbers based on these high-symmetry structures can achieve
the perfect absorption only in a range from visible to near-
infrared light. Therefore, the introduction of asymmetric parts
into the traditional high-symmetric structures may increase
resonance modes of the structures, which makes it possible
to cover the whole solar absorption spectrum.

Traditional metamaterial perfect absorbers are mostly
based on metal surface plasmon resonance. However, in-
evitable intrinsic loss effects (such as nonradiative ohmic
losses)[22] in metal materials cause energy dissipation, and
thus affecting the resonance absorption of the system. Com-
pared with the general noble metal, the dielectric with a high
refractive index (e.g., Si, Ge, GaAs, InAs, etc.) possess
slight inherent loss which enables the broadening of the ab-
sorption spectrum. Meanwhile, extraordinary optical Mie
resonances[23,24] are observed in dielectric materials with a
high refractive index: as a matter of fact, not only the elec-
tric dipole resonance but also the magnetic dipole, magnetic
quadrupole, and even some high order resonance modes are
observed.[25,26] As a preferred material of microelectronics,
germanium (Ge), a kind of high refractive index semiconduc-
tor material, is widely used in optical detectors[27–30] and op-
tical fiber sensors,[31,32] because of its low energy consump-
tion and good performance in the infrared band. The InAs,
a type of III–V type combined semiconductor material, has a
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significant absorption effect in the near-infrared region, mean-
while, it also has considerable electron mobility, hole mobil-
ity, relatively small magnetoresistance effect, and resistance
temperature coefficient. Thus, it is used to manufacture fiber
laser[33,34] and sensor[35,36] in the near-infrared band.

In this study, a solar broadband metamaterial perfect ab-
sorber (SBMPA) is proposed based on the structure of Ge cone
array and the InAs dielectric film on the gold (Au) substrate.
In a solar spectrum range from 200 nm to 3000 nm, the pro-
posed absorber absorbs more than 98.7% of the solar energy.
Meanwhile, in a range from 200 nm to 1430 nm, the absorber
presents a perfect absorption window where the absorptivity
exceeds 99%. Analyzing the field distribution in near-perfect
absorption peaks, different resonance modes are observed in
the simulation. The Ge cones have asymmetry around the
direction of light propagation, and can realize more resonant
modes. Electric dipole resonance, magnetic dipole resonance,
electric quadrupole mode, magnetic quadrupole mode, and the
high order modes in the Ge cones are the main reason for
broadband absorption. The proposed absorber may well be ap-
plied to active photoemission, thermion modulation, and pho-
toelectric detection.

2. Metamaterial absorber and methods
The schematic diagram of the proposed absorber and the

unit cell are shown in Figs. 1(a) and 1(b) respectively. As
shown in Figs. 1(a) and 1(b), the absorber consists of Ge cone
array and InAs dielectric film on the gold substrate. The height
of the Ge cone (H), InAs dielectric film (h1), and gold sub-
strate (h2) are 1500 nm, 900 nm, and 100 nm respectively.
The apex angle (θ ) of the Ge cone is set to be 19◦ and the
array period (P) is 502 nm.
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Au substrate

h1

h2

H

P

Fig. 1. (a) Perspective views of SBMPA, the upper for Ge, the middle
for InAs, the lower for Au; (b) a unit cell, with thickness (h1) of InAs
being 900 nm, thickness (h2) of Au film being 100 nm, height (H) of
the Ge resonator being 1500 nm, apex angle being 19◦, and period (P)
being 502 nm.

We calculate and obtain the absorption properties of
SBMPA by FDTD solutions. In the simulation, we set pe-
riodic boundary conditions in both x and y directions to re-
duce the calculating loads, and choose the perfect match layer
boundary condition in the z direction in order to eliminate the
influence of the scattering. The simulated light source is the x-
polarized plane waves ranging from 200 nm to 3000 nm. The

permittivity of Ge refers to the data of CRC[37] while the per-
mittivity values of InAs and Au refer to the data of Palik.[38]

The absorption is defined by A = 1−R− T , where R and T
denote reflection and transmission respectively. For the intact
absorption, the minimizing of the reflection and the transmis-
sion is essential. We choose an appropriate thickness of the
gold substrate according to the penetration depth of the elec-
tromagnetic wave (δ )[39] which can be express as

δ =

√
2

ωµσ
,

where ω is the frequency of light, µ is the magnetic perme-
ability of Au, σ is the conductivity of Au. The calculation
results show that when the thickness of the Au film is no less
than 39 nm, the energy transmitting through the Au substrate
is negligible. Therefore, we set the thickness of the Au film to
be 100 nm, which makes the transmission of the system almost
get to zero, namely, T = 0. So the absorption can be simplified
into A = 1−R.

3. Numerical analysis and discussion
3.1. Performances and principles

Figure 2 shows the reflection and absorption of the
SBMPA. The blue solid line represents transmission (T ), the
solid black line the reflection (R), and the red solid line the
absorption (A). The light absorption (A) can be defined as
A = 1−R−T , where the transmission in this absorber is al-
most suppressed (T = 0). After calculation, the absorption
efficiency exceeds 99% in the wavelength range with strong
solar radiation of 200 nm–1430 nm. In other words, the ab-
sorption window of the SBMPA covers the whole range of
visible and near-infrared light and achieves a near-perfect ab-
sorption. According to the above data analysis, the SBMPA
has near perfect absorption performance.
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Fig. 2. Simulation results of proposed metamaterial perfect SBMPA, with
black solid line representing reflection (R), blue implementation denoting
transmission (T ), and the red solid line referring to absorption (A).

We also study the solar absorption characteristics of the
SBMPA and evaluate its potential performance in energy col-
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lection. In this work, we place the SBMPA under the ideal so-
lar AM 1.5 light source to study the solar energy absorption ef-
ficiency. The spectrum ranges from ultraviolet to near infrared
(200 nm–3000 nm) light. As shown in Fig. 3, the spectral
curves of the SBMPA almost coincide with the spectral curves
of standard solar source under solar irradiation. In order to de-
fine the absorption response of solar energy, the spectral curve
of unabsorbed solar energy is obtained by subtracting the en-
ergy absorbed by the SBMPA from the source energy by the
AM 1.5. According to the calculation, the SBMPA can ab-
sorb more than 98.7% of the solar energy. This shows that the
use of active photoelectric effect, thermionic related modula-
tor, and photodetector under solar are all feasible in the future
research.
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Fig. 3. Absorption efficiency of the structure under solar AM 1.5 light
source.

Further, in order to clearly understand the absorption re-
sponse of the SBMPA, we analyze the resonance modes of
the structure at near-perfect absorption peaks, and four absorp-
tion peaks are λ1 = 220 nm, λ2 = 500 nm, λ3 = 748 nm, and
λ4 = 1388 nm. Figures 4 and 5 illustrate the electric and mag-
netic field distribution maps of four-unit structures on the xoy
plane and xoz plane. The sufficient height of Ge cone provides
conditions for a variety of different field distribution patterns,
and the positions of the xoy plane intercepted are the semi-
height plane of Ge cone and the contact surface between the
bottom of Ge cone and the top of InAs dielectric film.

Figure 4 respectively shows the electric field distribu-
tion of λ3 = 748 nm (Figs. 4(a)–4(c)) and λ4 = 1388 nm
(Figs. 4(d)–4(f)). From top to bottom of each panel are shown
the xoz plane, the xoy plane at the semi-height of Ge cones
and the xoy plane at the contact surface between the bottom
of Ge cones and the top of the InAs dielectric film. Electric
filed resonance modes are the main factors of perfect absorp-
tion at these wavelengths. Figure 4(a) shows the distribution
of the electric field in the xoz plane at λ3 = 748 nm. It can be
seen that the electric field is localized mainly on the surface
of the Ge cones and the electric quadrupole resonance (EQ) is
formed on the axis of the cone along the direction of light po-
larization by observing the electric field distribution diagram

in the xoy plane at the half-height of the Ge cones in Fig. 4(b).
Then, in Fig. 4(c), a high-order conducting membrane[40] ap-
pears in the system. Thus, the electric quadrupole resonance
and high-order conducting membrane are formed at this wave-
length stimulated perfect absorption.
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λ=748 nm λ=1388 nm
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Fig. 4. Electric field distribution at [(a)–(c)] λ3 = 748 nm and [(d)–(f)]
λ4 = 1388 nm. From top to bottom of each panel are shown the xoz
plane and the xoy plane at the semi-height of Ge cones, and the xoy
plane at the contact surface between the bottom of the Ge cones and the
top of the InAs dielectric film.

For a wavelength of 1388 nm as shown in Figs. 4(d)–4(f),
there is a strong electric field in Ge cones and in the InAs di-
electric film as well. Moreover, a strong electric field is local-
ized in the gap at the bottom of the cone. The electric dipole
resonance (ED) is formed in Ge cones, indicated through the
analysis of the electric field distribution in the direction of xoy
in Fig. 4(e). Finally, as shown in Fig. 4(f), we can observe that
the electric dipole resonance is formed at the bottom of Ge
cones. Since the distance between Ge cones is very small in
the periodic structures, the gap coupling is formed between the
electric dipole resonances, making the electric field localized
in the gap.

Figure 5 plots the magnetic field distribution of λ1 =

220 nm [(a)–(c)] and λ2 = 500 nm [(d)–(f)] in the xoz plane
and the xoy plane. First, as shown in Fig. 5(a), the field
distribution image clearly shows that the magnetic field at
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λ1 = 220 nm is not concentrated inside the Ge cone, but
mainly on the surface of Ge cones which means that the mag-
netic reaction mainly originates on the outer surface of the
cone rather than inside the cone. In Fig. 5(b), there is an
interaction between adjacent Ge cones which is often called
coupling. Due to the coupling effect, we can find that a local
magnetic field is formed in the center of the four Ge cones.
Furthermore, by observing the magnetic field distribution in
Fig. 5(c), we can find that the magnetic quardrupole resonance
(MQ) is formed among four Ge cones, which results in perfect
absorption at this wavelength. Finally, as seen in Fig. 5(d), the
magnetic field also concentrates primarily on the surfaces of
Ge cones and the gaps at the bases of Ge cones at λ2 = 500 nm.
According to Fig. 5(e), a magnetic dipole resonance (MD) is
formed on the surfaces of Ge cones. Owing to the close ar-
rangement of the cones, the magnetic dipole resonance modes
of different cones will be coupled with each other as shown in
Fig. 5(f), which illustrates the existence of resonance coupling
at the bottoms of the Ge cones. Therefore, the main reason
for the perfect absorption at this wavelength is the magnetic
dipole resonance formed on the surfaces of Ge cones. It can
be seen that the main reason for the perfect absorption at these

x
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y

x

y

x

(c)

(b)

(a) (d)

(f)

(e)

λ=220 nm λ=500 nm

Hmax
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Fig. 5. Magnetic field distribution at [(a)–(c)] λ1 = 220 nm [(a)–(c)]
and [(d)–(f)] λ2 = 500 nm. From top to bottom of each panel are shown
the xoz plane, the xoy plane at the semi-height of the Ge cones and the
xoy plane at the contact surface between the bottom of the Ge cones and
the top of the InAs dielectric film.

two wavelengths is related to the magnetic field reaction. Gen-
erally, the structure achieves different modes of resonance at
different heights of the Ge cones, and because of its good cou-
pling of the resonant modes, it can achieve perfect absorption
over a large band range.

3.2. Effects of geometry and material on absorption per-
formance

In order to have a further understanding of the working
mechanism of the SBMPA, we study the absorption response
under different structural parameters. Figure 6(a) shows the
variation of absorption response of the SBMPA with the InAs
dielectric film thickness (h1). As the thickness of InAs gradu-
ally increases, the absorption spectrum of the SBMPA shows a
significant redshift in the simulated range, and the wavelength
range that could reach the perfect absorption continues to in-
crease. Moreover, when the thickness is larger than 1000 nm,
the SBMPA generates a new absorption peak at a wavelength
of 2500 nm.
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Fig. 6. Perfectly adjustable metamaterial absorber obtained by changing
structural parameters, showing change in absorption spectrum caused
by (a) InAs thickness, and (b) transformation of Ge angle ranging from
17◦ to 25◦.

Figure 6(b) shows the absorption response of the SBMPA
when the apex angle (θ ) of the Ge cone is changed. We can
find that the change of the apex angle has little influence on the
absorption performance of the absorber. However, with the in-
crease of the angle, the absorption spectrum of the absorber
still shows a small amount of redshift. This indicates that the
error range tolerant in device manufacturing is large.

We also consider the effect of the height (H) of cone on
the absorption performance. As shown in Fig. 7, we compare
the difference among absorption intensities at different heights
ranging from 1000 nm to 2000 nm. It can be clearly seen that
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the absorption spectrum widens slightly as the height of the
cone increases. When H is 1500 nm, the two weak absorption
gaps from 1500 nm to 1900 nm and from 2300 nm to 2700 nm
disappear. And further increasing the height of the cone has
no significant effect on the absorption intensity. Weighing the
fabrication process and absorption effect, we finally chose the
height of the simulated structure to be 1500 nm.
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Fig. 7. Absorption renderings of different heights of cones.
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Fig. 8. Absorption curves of different materials, with (a) keeping Au
and InAs unchanged and replacing Ge material with InAs, InP, TiN, and
GaAs; (b) keeping Au and Ge unchanged and replacing InAs dielectric
film with InP, Ge, TiN, and GaAs.

Next, we use different materials to replace Ge cones and
InAs dielectric film respectively while keeping the structure
size unchanged. In Fig. 8 are summarized the absorption re-
sponses of metamaterial perfect absorbers for cones and di-
electric film under different materials. Figure 8(a) shows
the graph of replacing Ge with other semiconductor materials
(such as InAs, InP, TiN, and GaAs) while keeping Au and InAs
unchanged. The comparison of the data shows that the Ge
and InAs have better absorptions in the visible light and near-
infrared region, while TiN has better absorption performance

in the near-infrared region. Figure 8(b) shows the absorption
behaviors of the InAs dielectric layer replaced by other high-
index dielectrics (such as Ge, TiN, and GaAs), with Au and
Ge unchanged. As can be seen from this figure, the InAs ma-
terial has a better absorption effect on the energy absorption
of sunlight in a wavelength range from 300 nm to 2200 nm,
while TiN material as a whole has a broader absorption win-
dow. The above results show that strong absorption can be
observed from all the types of materials we have selected. Dif-
ferent materials are used in different fields, indicating that the
proposed SBMPA will have a wide range of applications.

Finally, we also study the variation of the absorption
spectrum at different polarization angles as shown in Fig. 9.
When the polarization angle changes from 0◦ (electric field
𝐸 parallel to the x axis) to 90◦ (electric field 𝐸 parallel to
the y axis), the SBMPA has polarization-independent absorp-
tion characteristics. The main reason for the polarization-
insensitive phenomenon is the high-symmetry SBMPA.[41,42]

The polarization-independent metamaterial perfect absorber
has been widely used in the relevant solar energy absorbing
devices.[43,44]
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Fig. 9. Absorption diagram of polarization angle increasing from 0◦ (elec-
tric field 𝐸 parallel to x axis) to 90◦ (electric field 𝐸 parallel to y axis).

4. Conclusions and perspectives
In this work is proposed and demonstrated an SBMPA

based on the structure of Ge cone array and the InAs dielectric
film on the gold substrate. In the solar spectrum from 200 nm
to 3000 nm, the proposed absorber is able to absorb more than
98.7% of the solar energy, and the proposed absorber presents
a perfect absorption window where absorptivity exceeds 99%
in a wavelength range from 200 nm to 1430 nm. Mie res-
onance modes exist in the Ge cones, and high-order modes
play important roles in bandwidth absorption. In a short wave-
length range, the perfect absorption is mainly due to the mag-
netic resonances, such as magnetic dipole resonance and mag-
netic quadrupole resonance. In the long-wavelength range, the
perfect absorption is mainly due to the electric resonances and
the high-order modes. In addition, the perfect absorption is
also achieved by using different materials instead of patterned
Ge and InAs layer, which indicates that the SBMPA has good
adaptability to a wide range of material. The SBMPA is of

114201-5



Chin. Phys. B Vol. 30, No. 11 (2021) 114201

significant potential applications in the active photoelectric ef-
fect, thermion modulation, and photoelectric detection.
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