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Abstract A new metamaterial absorber is designed and char-
acterized numerically for the harvesting of solar energy. The
design is composed of three layers in which the interaction
among them gives rise to the plasmonic resonances. The main
operation frequency range of the proposed structure is chosen
to be the visible regime. However, the design is also analyzed
for the infrared and ultraviolet regimes. In order to character-
ize the absorber, some parametric studies with respect to the
dimensions of the structure are carried out. According to the
results, it is found that the proposed metamaterial absorber has
98.2 % absorption capability at 445.85 THz and 99.4 % ab-
sorption capability between 624 and 658.3 THz. Moreover,
the polarization dependency of the structure is examined and it
is found that the design operates well as a perfect absorber
with polarization independency for the studied frequency
range. As a result, the proposed metamaterial absorber can
be used for solar energy harvesting as it provides multiple
perfect absorption bands in the visible regime.
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Introduction

Interesting, exotic, and unavailable behaviors of metamateri-
als like double negativity [1, 2] (which creates negative refrac-
tion) caused the researchers to take attentions on metamateri-
als. Researches for metamaterials are being made for the dif-
ferent frequency realms such as gigahertz [3-5], terahertz
[6-8], and optical [9—11] for many purposes such as perfect
lenses, optical cloaking, energy harvesting, sensing, and per-
fect absorption [12—18]. Perfect absorption can be realized
when these materials are engineered in a way that they neither
transmit nor reflect the incident wave. Especially, for some of
the applications of metamaterials, like micro-bolometers, sen-
sors, thermal imagers, and solar energy utilization, perfect
absorption property is essential [16-21].

Perfect absorption can be realized when the frequency-
dependent effective impedance of the metamaterial absorber
becomes the same with the impedance of free-space so that the
reflected and transmitted waves reduces to zero [22]. In addi-
tion to these, excitation of the plasmon polaritons at terahertz
frequencies can give rise to the plasmonic resonances to ab-
sorb the incident wave efficiently [23, 24]. The resonant fre-
quency and the capability of metamaterial absorbers are high-
ly dependent to the geometric parameters of the structure (as
well as its chemical composition). By altering these parame-
ters, the electrical and optical behavior of these kinds of plas-
monic absorbers can easily be tuned [25].

Heat or thermal energy can be converted into usable forms
of energy (mainly electricity) by the utilization of thermo-pho-
tovoltaics. These devices are the combination of an absorber/
emitter, a photodiode, and an external heat source [21, 26]. The
working mechanism of thermo-photovoltaics starts with the
absorption and re-emission of the energy coming from the heat
source. Re-emitted radiation can be used by the photovoltaic
cells to convert solar or heat energy into the electricity.
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Therefore, the absorption property of the metamaterial absorber
can be used to capture the solar radiation by the integration of
such absorbers into the photovoltaic and/or thermo-
photovoltaic systems. In this sense, a metamaterial absorber
can be used to improve the miniaturization and the efficiency
of thermo-photovoltaics or photovoltaics.

Solar radiation covers the range between 100 and
1000 THz. However, most of the energy is located between
400 and 750 THz [27]. If a metamaterial absorber has a good
absorption rate in this range, it can be utilized very efficiently
for the solar energy harvesting (as opposed to the conventional
absorber systems with a limited efficiency). Thus, some of the
energy requirements of the human beings supplied by sun as
renewable and sustainable sources can be increased with these
original arrangements.

Most of the previous studies focused on only one frequency
region, for example, Ayas et al. [9] worked on a metamaterial
absorber structure which was designed to work in visible fre-
quency range. Their design has three bands in this range. Liu et
al. [28] designed an aluminum-based metamaterial absorber.
Their absorber designed to operate in the ultraviolet frequency
range. In addition, some of the studies in the literature focused on
the multilayered absorber in order to absorb solar energy. Liang
et al. [29] presented a metamaterial solar energy absorber which
has a pyramidal shape. They utilized vertically cascaded metal-
dielectric layers in order to obtain perfect absorption in the solar
range. Moreover, Wu et al. [30] investigated the absorption ef-
fects in grating-based devices. Their structure is designed to op-
erate in infrared frequencies. They also utilized vertically cascad-
ed metal-dielectric grating for obtaining multiband absorption.

In this paper, a new metamaterial absorber design which is
composed of a metallic ground plane, a dielectric spacer layer,
and metallic resonators is introduced to absorb the solar energy
effectively. The characterization of the resonators and analysis of
the geometric parameters of the structure are carried out to un-
derstand the absorption mechanism of the proposed metamaterial
absorber. According to the results, multiband (one being wide)
perfect absorption is achieved in the visible realm.

Design and Simulation

The geometry of the design is presented in Fig. 1. This absorber
is composed of three layers: the continuous metallic bottom
layer with the thickness “A,” dielectric separator with the thick-
ness “d,” and the metallic resonator at the top of the structure
with the thickness “e.” The resonator itself has different geo-
metric configurations which can be expressed as corner
patches, central patch, and strips. The geometric dimensions
and the letters denoted to these dimensions are given in
Fig. 1b while the values associated with each parameter are
presented in Table 1. The unit cell periodicity of the proposed
design is given by “p.” Each of the resonator pairs shown in
Fig. 1 is responsible from the resonance at different frequencies.
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The contribution of these resonators to the absorption spectrum
will be discussed in the next section. The metallic parts of the
structure are aluminum (Al) where the silicon dioxide (SiO,) is
used as dielectric material. Aluminum has been chosen because
of its relatively lower material cost and lower skin depth (espe-
cially when compeered with silver and gold) which might re-
duce the total cost in practical applications. Frequency-
dependent complex dielectric parameters of Al and SiO, are
taken from Palik’s book [31].

In order to characterize the unit cell and understand
the absorption mechanism of the design, some simula-
tions are performed. Optimum parameters for the pro-
posed metamaterial absorber are obtained by varying
and simulating all the mentioned parameters in Table 1
simultaneously. These simulations are carried out by a
commercial simulation software which uses finite inte-
gration technique to solve the Maxwell’s equations.
Boundary conditions for the simulations are chosen to
be periodic in x and y direction and open boundaries are
used along z direction. In the numerical analysis, the
electric and magnetic field components of the incident
plane wave are assumed to be polarized in x and y
direction, respectively. The direction of propagation is
along the z direction, as shown in Fig. 1b.

Solar radiation covers the range between 100 and
1000 THz, from near infrared to ultraviolet region. Because
of the higher solar irradiance in the visible frequency range,
simulations are mainly carried out in this range. However, the
reflectance and absorption spectra of the proposed absorber in
the infrared and ultraviolet regions are also presented in the
following sections.

As the bottom continuous Al metallic plate has the thick-
ness greater than the skin depth, it acts like an optical mirror
and prevents the transmissions to pass through the structure.
Under these circumstances, transmission becomes negligible
(approximately zero).

Optical absorption behavior of the proposed structure can
be calculated by using Eq. 1 where the frequency dependent
parameters A(w), R(w), and T(w) represents the absorption
reflectance and transmittance, in order. As it is mentioned
before, T(w) can be neglected because of the optical preven-
tative characteristics of the bottom Al plate. Therefore, Eq. 1
reduces to Eq. 2. Using the obtained scattering parameters (S,
and S,;) from the simulations, the absorption can be calculated
and plotted via Eq. 3.

A(w) = 1-R(w)~T(w) (1)
A(w) = 1-R(w) (2)
A(w) = 1= S| (3)
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Fig. 1 Geometry of the unit cell of the proposed metamaterial absorber structure. a Perspective view. b Front view

Results and Discussion

The introduced metamaterial absorber has three absorption
resonances in the interested frequency range (visible region
due to the high solar radiation level). The first absorption
resonance occurred at 445.85 THz while the second and the
third resonances take place at 624 and 658.3 THz, respective-
ly. Note that, because the second and the third resonances are
very close to each other, they formed a wide-band absorption
with the bandwidth of 34.3 nm where the absorption rate is
more than 99.4 % in this wide-band region. The absorption
levels are 98.2, 99.8, and 99.9 % for the first, second, and third
resonances, correspondingly. The absorption and reflectance
spectra for the visible region are given in Fig. 2. The inserted
plot represents the zoom of the absorption bands for the sec-
ond and the third resonances.

In addition to visible frequency range, the absorption be-
havior of the metamaterial absorber is investigated in the ul-
traviolet and infrared frequency ranges. The obtained results
for these ranges are given in Fig. 3. Figure 3a represents the
spectra for infrared region while Fig. 3b displays the spectra
for ultraviolet region. For infrared region, the absorption peak
is obtained at 201.4 THz with the percentage of 81.4 %. This
resonance can further be improved by altering the geometric
dimensions of the structure as it is performed for the visible
range in the following sections. For the ultraviolet region, the
absorber does not provide any significant resonance peak.
However, at the beginning of this region, the magnitude of
the absorption is around 78 % and it is decreasing to 40 % at
the end of this region. Therefore, it can be concluded that the
proposed absorber not only absorbs the radiation in the visible
range but also absorbs the radiation almost in all solar spec-
trum with different magnitudes.

Table 1  Values associated with each parameter in nanometer

Parameter P a c b H d e t

Value (nm) 400 40 140 60 50 50 15 30

In this part, the resonators of the structure have been divid-
ed into two groups in order to perform the characterization of
these elements; the first group consists of the square patches at
the corner and the second group composed of the combination
of the strips and the square patch at the center of the unit cell.
The individual responses of the mentioned groups are given in
Fig. 4 (the first group is shown in Fig. 4a while the second
group is in Fig. 4b). The first group is responsible from the
dual-band absorption alone with perfect absorption in the vis-
ible regime caused by the interaction between the resonators
and the bottom metallic plate (Fig. 4a) [9, 24]. Although, the
resonators in the second group also provide two absorption
bands alone (one being in the infrared and the other in visible
range), the absorption rate provided by this group is nearly
80 % (Fig. 4b) for both of the resonances. However, when all
of the resonators are combined, the absorption strength in-
creases because of the coupling and plasmonic effects of the
resonances. Here, the central square patch is added to the
second group because it enhances the magnitude of the reso-
nance provided by the strips in the visible range. Moreover, it
also causes the shift in resonance wavelength as can be seen in
Fig. 4c. Magnified resonance peaks can be seen in the inset of
the Fig. 4c. The resonance wavelength takes place at
599.5 THz with the strength of 0.73, when only strips are
used. However, when the strips and central patch are com-
bined the the wavelength shifts to 603.7 THz and the strength
increases to 0.78.

Moreover, the behavior of the resonances and the operation
mechanism of the metamaterial absorber can be understood by
analyzing the electric field, magnetic field, and surface current
distributions at the resonant frequencies which are presented
in Fig. 5. Here, the plots from (a;)-(c;) represents the x-com-
ponent of the electric field distributions (EYy), (a,)-(c,) repre-
sents the z-component of the electric field distributions (£,),
(az-c3) represents the magnitude of the electric field distribu-
tions (|E| ), (as)-(c4) represents the y-component of the mag-
netic field distributions (£,), and (as)-(cs) represents the sur-
face current distribution of proposed absorber at
f=445.85 THz, =624 THz, and f=658.3 THz, correspond-
ingly. The scales of the corresponding distributions are given
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Fig. 2 The reflectance and 1
absorption spectra of the structure

in the visible frequency region
0.8
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Absorption & Reflectance
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at the bottom of each group. At the first resonance of
445.85 THz, the electric field is mainly concentrated near
the inner edges of the square patches at the corner and the
sides of the strip in the middle (a;-a,). The concentration of
electric field in the dielectric layer (Fig. 5a,) separates the
positive and the negative charges so that the structure behaves
like an electric dipole. Moreover, strong electric field distribu-
tion couples the resonators and the ground plane. The cou-
pling between the corner square resonators and the ground
plane comes out with the generation of the magnetic
polaritons which creates antiparallel current distribution as
shown in Fig. 5a4 [7]. Therefore, for this resonance, it can
be stated that the electric and magnetic polaritons are mainly
caused by the square patches at the corner. Simultaneously
formed electric and magnetic responses yield the impedance
matching between the structure and free-space so that the per-
fect absorption is fulfilled. For the second resonance of
f=624 THz, two electric hot spots are located at the inner
sides of two square rings which creates the electric response
for this resonance. However, the magnetic response of the
metamaterial absorber is caused by the circulating loops
around the strip in the middle where the magnetic polaritons
are formed. Moreover, the differences in the magnetic reso-
nances between the first and the second resonances indicate
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the different resonance modes. Note that the magnetic field is
continuous and strong along the y direction. The distributions
of the third resonance (f=658.3 THz) can be seen in Fig. 5¢;-
cs. The electric field hot spots confined at the sides of the
corner square patches and the middle of the structure. Such
distribution created net electric dipole moment; therefore, the
electric polaritons and electric resonance are formed. In addi-
tion, antiparallel currents caused by the circulating current
loops provide the formation of magnetic resonance. Thus, this
resonance can be attributed as the stronger version of the sec-
ond resonance; hence, the fields are distributed as the same
and stronger than the second resonance. Moreover, the mag-
nitude of the electric field distributions (|E| ) at y-z plane on
the top of the dielectric layer for the three resonances
(Fig. 5a3-c3) supports the previously discussed comments re-
lated with the resonances.

In the next step, the dependence of the absorption peaks to
the geometric parameters is examined. Keeping the other pa-
rameters fixed, dielectric layer thickness (parameter d), reso-
nator thickness (parameter e), strip length (parameter c), and
strip width (parameter ¢) are altered for characterization and
better understanding the mechanism of the absorber. In order
to obtain the optimum parameters for the proposed
metamaterial absorber, all the mentioned parameters are
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Fig. 3 The reflectance and absorption spectra of the structure a in infrared frequency region and b in ultraviolet frequency region
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Fig. 4 The contribution of the resonators to the absorption spectrum. a The contribution of the patches at the corners and b the contribution of the strips
and the patch at the central of the structure. ¢ Comparison of the effects of the central patch on the absorption spectrum

changed and simulated simultaneously. Results for the men-
tioned parametric studies are given in Fig. 6. Note that the red
curves in all plots indicate the desired results with respect to
the absorption rate and those parameters can selected as the
optimum parameters for the perfect absorption.

First, the thickness of the dielectric layer is examined. The
effect of the dielectric thickness to the resonant frequency and
absorption rate is observed by altering parameter d. the re-
sponse is given in Fig. 6a. The optimum thickness for the
dielectric layer is found to be d=50 nm. The dielectric thick-
ness mainly helps the coupling between the electric resonance
occurred on the metallic resonators with the bottom metallic
layer. Thus, this coupling creates a magnetic response and
finally makes the effective impedance of the absorber to be
equal to the impedance of the free-space (impedance
matching). This situation was also verified by the electric
and magnetic distributions given in Fig. 5. Although, the
thickness of the dielectric separation is enough to create a
magnetic response for the d smaller and greater than 50 nm,
it does not provide the impedance matching for some thick-
nesses. Thus, the selection of the dielectric thickness for such
structures is very important to have perfect absorption.

Resonator thickness (e) is one of the other important pa-
rameter that determines the absorption strength/rate and reso-
nant frequency. The variation can be seen in Fig. 6b. As can be
seen from the figure, the structure gives only one resonance at
around 650 THz when thin resonators are used. However,
when the thicknesses are increased, the magnitude of the ab-
sorption is enhanced at three different frequency locations of

the visible frequency region for different thicknesses. When e
is adjusted to the small values (like 5 nm), the thickness of the
resonator becomes not enough to generate the perfect absorber
response caused by the metallic resonators. However, when
the thickness is higher than a certain value (such as 20 nm), the
structure reflects some part of the incident wave. If the thick-
ness continued to be increased, the metallic parts start to be-
have like an optical mirror (results not shown here). Therefore,
for the proposed structure, e=15 nm can be selected for the
perfect absorption which has a good harmony between the
transmitted and reflected waves (almost zero reflection and
transmission) and also creates the desired electric and magnet-
ic responses.

As can be seen from Fig. 6c, the resonances are also de-
pendent on the length of the strips (parameter ¢). Although the
first resonance at 445.85 THz is not affect from the changes at
parameter c, the second and the third resonances are strongly
dependent on this parameter. This is expected because the
electric and magnetic responses depend on the resonators of
the first group (not the strips: second group) at the first reso-
nance as can be seen in Fig. 5a;-a4. As discussed in the pre-
vious section, the third resonance is contributed by the square
patches at the corner when all the resonators are qualified
separately. However, when all the resonators combined in a
unit cell, the individual resonators or the groups of resonators
can affect each other. Therefore, in Fig. 6¢, it can be seen that
the third resonance is affected from the strip length. This is
mainly because of the interactions between the resonator ele-
ments. Therefore, by altering the length, the ideal case for the
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Fig. 5 (a;)-(c;) X-component of the electric field distributions of
proposed absorber at f=445.85 THz, f=624 THz, and f=658.3 THz,
respectively. (a,)-(c2) Z-component of the electric field distributions of
proposed absorber at f=445.85 THz, f=624 THz, and f=658.3 THz,
respectively. (a3)-(c;) Magnitude of the electric field distributions on the
dielectric layer of the proposed absorber at f=445.85 THz, f=624 THz,

perfect absorption can be found when the length is adjusted to
be ¢=140 nm.

In addition, the absorption spectra for the variation of the
strip width is also presented. As it is obvious from Fig. 6d, the
variation of this parameter (parameter ), does not affect the
first and the third resonances (except /=40 nm). As discussed
before, the first and the third resonances are mainly caused
from the resonators of the first group (square patches at the
corner) while the second resonance is caused by the second
group resonators (strips and the central patch). Therefore, the
variation of the geometric dimensions of the strips mostly
reduces the second resonance.

As discussed in the previous sections, perfect absorp-
tion takes place when the effective impedance of the
absorber, z(w), matches with the impedance of the free
space. This condition ensures the zero reflection and
transmission of the incident wave. z(w) is strongly re-
lated with the effective permeability, p(w), and effective
permittivity £(w),of the absorber (z(w) = \/u(w)/e(w)).
Thus, impedance matching occurs when the electric and
magnetic resonances exist simultaneously. The
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and f=658.3 THz, respectively. (a,)-(c,) Y-component of the magnetic
field distributions of proposed absorber at f=445.85 THz, /=624 THz,
and f=658.3 THz, respectively. (a5)-(c5) Surface current distributions of
proposed absorber at f=445.85 THz, f=624 THz, and f=658.3 THz,
respectively. The scales of the corresponding distributions are given at
the bottom of each group

calculated normalized impedance of the proposed ab-
sorber is given in Fig. 7. The real part, Re (z), and
imaginary part, Im (z), of the impedance at resonance
wavelength are given in the inset of Fig. 7. In order to
fulfill the matching condition, the normalized impedance
should satisfy the conditions of: the Re (z)=1 and Im
(z2)=0. At 624 and 658.3 THz, which have more than
99 % absorption rate, the conditions for Re (z) and Im
(z) are satisfied. For the first resonance which has rela-
tively lower absorption strength with respect to the oth-
er resonances, Re (z)=1.24 which is a little bit higher
than the matching condition and Im (z)=—0.19 which is
a little bit lower than the matching condition [32-34].
This is mainly because of the relatively higher reflection
rate (98.2 % absorption rate) occurred at this resonance.
For the next exploration, under transverse electromag-
netic (TEM) polarization mode, the polarization angle 6
is changed in order to visualize the polarization depen-
dency of the absorber in the visible frequency range.
The results are given in Fig. 8. As Fig. 8 represents,
the absorber is completely polarization insensitive under
TEM mode due to its four folded symmetric design.
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Fig. 6 Variation of absorption spectra for a dielectric layer thickness (parameter d), b resonator thickness (parameter e), ¢ strip length (parameter c), d

strip width (parameter ?)
Theoretical Investigation

In this part, verification of the numerical result (given in the
previous sections) for the visible frequency range is done by
using interference theory model. As given in the inset of
Fig. 9, when the wave strikes to the absorber, some of the
incident wave are reflected back by layer 1, and some of
incident wave are transmitted through the region 1 to region
2. The coefficients of layer 1 are as follows: S1; = |s;;|e/’1,
Sy = |S21 ‘ej921’ S = |S12|€j012, and S», = |S22|€j022 Here, S1;
gives the reflection coefficient from region 1 to region 1, Sy,

o 3 ! o ! Frequency Re (Z2) Im(2)
§ / \ 445.85 THz 124  0.19
B 2 /A 624 THz 094  -0.04
Q. / \ 658.3 THz 1.01  -0.06
g \\\ \\ /\\

> 1 \ — \ 1
g N N
< -
© 0 r L 4
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e \

o -1r 1l
o ——Re(2)
& —Im(2)
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Fig. 7 Normalized effective impedance of the absorber. The inner table

shows the real and imaginary parts of the impedance at resonant
frequencies

represents transmission coefficient from region 1 to region 2,
S, represents transmission coefficient from region 1 to region
2, and S, represents the reflection coefficient from region 2 to
region 2. According to these coefficients, the extended inter-
ference model, which calculates the total S;; parameter, is
given in Eq. 4 [35].

Y81 = Si+ = Spe /PG, 4 §ype /2 (Szzefj(zﬁ“r))Slz (4)
+ Slze‘.i(zﬁ‘*'ﬂ) <S2ze“/(2ﬁ+77))2 + ..
Here, (3 is the complex propagation phase. 3= kd where k

and d represent the wavenumber in region 2 and the propaga-
tion distance of the transmitting wave from layer 1,

AR
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=
o 0.7 \ N
2 -- ©=0
2 o ©=30"
v e
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Fig. 8 The absorption spectra under for various polarization angles
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Fig. 9 Comparison of the theoretical and simulation results for
absorption [35]

respectively. Note that the wavenumber d here is different
from “parameter d” used in the previous section.

As the main operation frequency range is defined to be
visible range, the theoretical calculation is carried out only
in this range. The theoretical and numerical results are com-
pared in Fig. 9. According to Fig. 9, it can be commented on
that the numerical and theoretical results are in a good agree-
ment, especially around the resonances.

Conclusion

In conclusion, in this work, a metamaterial absorber design
formed by the combination of the three effective layers is intro-
duced. Unlike the most of the studies based on multiple layers
presented in the literature, the combination of only three layers
are used to obtain the multiple and wide-band perfect absorption.
The characterization of the multiband resonances is carried out
by identifying the responses of each resonators and discovering
the origins by using the electric and magnetic field distributions
at resonant frequencies. The investigation of the dependency of
the geometric parameters on the metamaterial absorber is also
presented. As a conclusion, the introduced polarization insensi-
tive, multiband metamaterial absorber can be used for the har-
vesting of solar energy, sensing applications, absorption of solar
radiation, detection, and imaging in the solar spectrum.
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