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We report the broadband efficient light absorbing property of a structure of quadrangular frustum pyramid array in visible regime.
The structure can absorb light efficiently with an average absorptivity of 0.98 over the whole visible waveband. In addition, it is
found that this kind of super light absorbing can maintain an average of 0.9 for a wide incident angle range. The perfect absorbing
property of the metamaterial-based nanoring array is attributed to the effect of the Fabry-Perot resonance.The structure is possible
to be used as a type of Si photonics devices in future photonic circuits.

1. Introduction

With the decrease of fossil fuel and the constant aggra-
vation of pollution, solar energy is regarded as one of
the most plenty sources of renewable energy and much
effort has been made to develop highly efficient photovoltaic
devices. Nanostructured photovoltaics promise simultane-
ously to increase the efficiency and decrease the cost of solar
cells. Recently, various nanostructures including nanopillar,
nanowire, nanocone, and nanohole arrays have been proven
possessing unique optical and electronic characteristics for
light absorbing and harvesting [1–10]. Tseng et al. demon-
strated the enhancing light absorption property of Au nanor-
ings due to their strong localized surface plasmon resonance
[11]. Sturmberg et al. showed modal analysis of enhanced
absorption in silicon nanowire arrays [12]. These reports laid
an academic foundation of optical absorption. Metamaterial-
based structures have gained increasingly interest for the
last decade due to their unique and extraordinary optical
properties. Cui et al. recently reported a one-dimensional
metamaterial-based saw-tooth shape absorber and it shows
good absorptive property in middle infrared waveband
[13]. More recently, a two-dimensional pyramidal shape

metamaterial based absorber was developed, which shows
the surprisingly high absorptive property in an extraordinary
broad waveband ranging from near infrared to long infrared
[14]. Most recently, a two-dimensional subwavelength meta-
nanopillar array was reported that can achieve an extraordi-
nary absorption in visible waveband [15]. In addition, it was
reported that the perfect absorption materials are useful for
being used as refractory materials [16].

However, these structures are difficult to be produced
in industry due to the complicated nanostructures and
materials issue. Current solar cells are Si substrate-based
absorption structure. The incorporation of nanostructures
in silicon photovoltaics is of particular importance as these
currently make up over 80% of the photovoltaic market due
to silicon’s low cost, natural abundance, and compatibility
with mature fabrication techniques. Considering this, Si
substrate-based structure is an important issue for designing
photovoltaic structures. Dühring and Sigmund reported
that Si-based nanowires are better than metals (Al, Ag,
and Au) for optical absorption in visible regime [17]. We
created a new Si substrate-based metamaterial which has
ultrabroad waveband with high absorption in visible regime.
Unique features of this proposed metamaterial structure and
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Figure 1: (a) Schematic diagram of quadrangular frustum pyramid absorber; (b) cross-sectional view of a single quadrangular frustum
pyramid.

the corresponding physical mechanism of the light absorbing
are presented and explained in below sections.

2. Computational Setup and Design

A schematic diagram of the proposed quadrangular frustum
pyramid array is shown in Figure 1(a). As can be seen
from Figure 1(b), the structure with quadrangular frustum
pyramid array is a two-dimensional periodic structure atop
a Si thin film ℎ

𝑠
= 700 nm in thickness. For the quadrangular

frustum pyramid array, its material is Ge. Germanium and
silicon belong to indirect-gap materials, but germanium has
lower band gap, resulting in photons with lower energy
that can excite electrons from valence band to conduction
band. It means that germanium material-based structures
can increase optical absorptivity in broader band than silicon
material. In the meanwhile, with the same energy photons
excitation, more heat can be produced; higher temperature
and higher photoelectric conversion efficiency are obtained
in germanium structure. The top surface is square in which
the side length is 𝑙

𝐴
= 50 nm; the bottom surface is also square

with side length of ℎ
𝐵
= 130 nm. A single quadrangular

frustum pyramid is ℎ
𝐴
= 900 nm in height. Filling factor of

the pyramid is 0.4425. It means that a single quadrangular
frustum pyramid is constructed on a Si substrate which has
side length of 200 nm.

By employing finite-difference and time-domain (FDTD)
algorithm, the absorptive spectrum of the quadrangular frus-
tum pyramid array working in visible regime was calculated,
as shown in Figure 2. As can be seen, the average absorptivity
of the quadrangular frustum pyramid array in the whole
visible waveband reaches as high as 0.98 and has surpassed
those solar energy absorbers reported before [1–15]. Then
we discuss influence of several parameters while others are
fixed. Figure 2(b) shows the influence of Si substrate on
absorptivity. It can be seen that with increasing of thickness,
the average absorptivity increases as well. That means the

deeper the Si substrate is, the better the absorptivity it can
reach. For the large refractive index contrast between Ge and
air, electromagnetic field can be coupled efficiently into the
quadrangular frustum pyramids at Fabry-Perot resonances,
resulting in a significant light-trapping ability boost. For
quadrangular frustum pyramid array with small filling factor,
a part of the incident light cannot be coupled into quadrangu-
lar frustumpyramids but is absorbed in the substrate through
resonances.

3. Results and Analysis

Prolonging the path of light can providemore times at Fabry-
Perot resonances. That is to say, the longer the light path
is, the higher the optical absorptivity will be. Figure 2(c)
describes the influence of the height of Ge quadrangular
frustumpyramid on absorptivity. It is found that the taller the
quadrangular frustum pyramid is, the better the absorptivity
it can reach.

Figures 2(d)-2(e) display the influence of the length of top
and bottom surfaces on absorptivity, respectively. As can be
seen, the best association is that the length of the top and
bottom surfaces is 50 nm and 110 nm, respectively. The base
angle of the quadrangular frustum pyramid is 71.56∘. Figure 2
shows the superiorities of this structure. These parameters
can be changed in a wide range, but the absorptivity can
be kept in a similar high level. This is the reason that the
structure can allow mechanical errors, and it consists of a Si
substrate and a Ge quadrangular frustum pyramid array. It
is much easier than the other reported structures [13–15] for
fabrication.

To fully characterize the absorptivity of the quadrangular
frustumpyramid array, the relations between the absorptivity
and the wide waveband and the incident angle of incoming
light were calculated, respectively. Figure 2(f) shows the
absorptive spectrum in the waveband ranging from 200 nm
to 1000 nm. It is shown that although absorptivity drops
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Figure 2: Absorption spectra of the quadrangular frustum pyramid array under normal incident light for various parameters. (a) Under the
optimal conditions of 𝑙

𝐴
= 50 nm, 𝑙

𝐵
= 130 nm, ℎ

𝐴
= 0.9 𝜇m, and ℎ

𝑠
= 0.7 𝜇m. (b) For the different height ℎ

𝐴
, when 𝑙

𝐴
= 50 nm, 𝑙

𝐵
= 130 nm,

and ℎ
𝑠
= 0.7 𝜇m. (c) For the different thickness ℎ

𝑠
, when 𝑙

𝐴
= 50 nm, 𝑙

𝐵
= 130 nm, ℎ

𝐴
= 0.9 𝜇m (d) For the different length 𝑙

𝐴
, when

𝑙
𝐵
= 130 nm, ℎ

𝐴
= 0.9 𝜇m, and ℎ

𝑠
= 0.7 𝜇m. (e) For the different length 𝑙

𝐵
, when 𝑙

𝐴
= 50 nm, ℎ

𝐴
= 0.9 𝜇m, and ℎ

𝑠
= 0.7 𝜇m. (f) Absorption

spectra of the quadrangular frustum pyramid array with waveband from 200 nm to 1000 nm.
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Figure 3: Absorptive spectra of quadrangular frustum pyramid array under various angle. (a) For different incident angles from 20∘ to 80∘.
(b) For different incident angles from 20∘ to 80∘.

0.7

0.0

−0.7
0.00 0.04 0.08 0.12 0.16

0.0

0.3

0.6

0.9

z
(𝜇

m
)

x (𝜇m)

(a)

0.7

0.0

−0.7
0.00 0.04 0.08 0.12 0.16

0.1

0.4

0.7

z
(𝜇

m
)

x (𝜇m)

(b)

0.7

0.0

−0.7
0.00 0.04 0.08 0.12 0.16

0.1

0.4

0.7

z
(𝜇

m
)

x (𝜇m)

(c)

0.7

0.0

−0.7
0.00 0.04 0.08 0.12 0.16

1.0

0.1

0.4

0.7

z
(𝜇

m
)

x (𝜇m)

(d)

Figure 4: Electric field distribution at 𝑦 = 0 plane for different wavelengths. (a) 𝜆 = 400 nm; (b) 𝜆 = 500 nm; (c) 𝜆 = 600 nm; and (d)
𝜆 = 700 nm.
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down in the case of 𝜆 > 780 nm, the average absorptivity
in the ultrabroadband still remains up to 0.9. Particularly in
the violet waveband, it displays extraordinary high absorp-
tive performance. The extremely high absorptivity of the
quadrangular frustum pyramid array over the ultrabroad
waveband has the significant advantage in comparison with
the pure Si nanowires absorber which can only keep high
absorptivity in the quite narrow waveband ranging from
300 nm to 400 nm [18]. Figures 3(a) and 3(b) show the
absorptive spectrum at various incident angles for TE and
TM waves, respectively. As can be seen from the figures,
the absorptivity keeps nearly unchanged in visible regime
when incident angle changes from 30∘ to 80∘.The absorptivity
drops rapidly when the incident angle is 20∘ in visible regime.
The most important point is that the absorptivity keeps a
high level: >0.7 in a wide angle range; that is, influence of
the absorptivity is insensitive on incident angle in the wide
visible regime. To our knowledge, this is the best result in
comparison to all the reported absorbers so far.

For the polarization of incident light, it can be seen
that the absorptivity has no difference in the same incident
light angle. We believe that polarization is unnecessary to
be considered here. In microscopic optics, photons with the
same energy can excite electron which has the same velocity
to conduction band from valence band. In the meanwhile,
with the same energy photons excitation, the same heat can
be produced. There is no contribution for polarization to the
program.

To understand the physical mechanism of the ultrabroad
waveband of the quadrangular frustum pyramid array, the
electric field distribution for different incident wavelengths is
investigated, as shown in Figure 4. In our case, light is mainly
absorbed on the top or edge of the quadrangular frustum
pyramid. It may be attributed to Fabry-Perot resonance. Light
is trapped at the top or edge of the quadrangular frustum
pyramid at Fabry-Perot resonance. Light with different wave-
lengths as different photons energy has different penetration
depth. In short wavelength, most of light is absorbed in the
quadrangular frustum pyramid array. With increasing of the
wavelength, the Si-based substrate begins to contribute to the
absorptivity.

4. Summary

In summary, we have analyzed a two-dimensional periodic
quadrangular frustum pyramid array which can achieve an
average absorptivity as high as 0.98 in the whole visible
waveband. The absorber can retain very high absorptivity
in a wide incident angle range. This high light absorptivity
of quadrangular frustum pyramid array is explained as the
synergetic effect of Fabry-Perot resonance. With the vast
demand of the sustainable and green energy nowadays, we
believe that the proposed absorber will find its application in
those areas related to solar energy harvesting.
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