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Development of multispectral perfect light absorbers for applications in
biological sensing, spectroscopic imaging, and selective thermal emitters is
urgently required. Unfortunately, current multispectral absorbers are typi-
cally only based on a combination of fundamental resonances of multiple
resonators using the design concepts of a coplanar superunit structure or
multiple vertically stacked layers, which does not introduce new resonances
while such structures are difficult to fabricate. In this work, a type of quad-
spectral absorber formed by a double-layer stacked resonant structure is
presented and demonstrated. Numerical simulations show that the suggested
structure can achieve near 100% absorption at four frequency bands. The
quad-spectral absorption results from excitation of two sets consisting of the
fundamental mode and third-order resonance of the designed structure. The
suggested device is insensitive to the polarization of the incident light due to
the high degree of symmetry of the resonance structure. Device parameters
are investigated to further explore the physical origin of the quad-spectral
absorption. Moreover, it is revealed that the number of resonance peaks can be
further increased by employing one more layer.
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INTRODUCTION

During the past decade, metamaterials have
attracted extensive attention because of their
intriguing properties and potential applications.
Various kinds of metamaterial-based resonance
devices have also been extensively suggested and
presented.1–4 Metamaterial-based absorbers have
attracted interest for use in these resonance devices,
because of their ability to achieve near 100%
absorption in a thin dielectric layer with thickness
much smaller than one-quarter of the resonance
wavelength.5 Based on these resonance features
including strong light absorption in an ultrathin

dielectric, metamaterial absorbers have received
considerable attention.6–10 Unfortunately, these
absorbers only show perfect absorption at a single
frequency (i.e., single-spectral absorption), which is
unfavorable for many applications.

To address this disadvantage of single-spectral
absorption, various types of improvements have
been suggested to make dual- or triple-spectral
metamaterial absorbers.11–22 Moreover, broadband
spectral absorbers have also been demonstrated by
some research groups.23–26 Although such multi-
spectral and broadband spectral absorbers are very
desirable, the operating frequency and absorption
strength of devices suggested to date are typically
fixed (or unchanged), hampering their practical
applications. Therefore, work on frequency- or
amplitude-tunable absorbers has also attracted(Received September 10, 2018; accepted January 16, 2019;

published online January 28, 2019)

Journal of ELECTRONIC MATERIALS, Vol. 48, No. 4, 2019

https://doi.org/10.1007/s11664-019-06968-3
� 2019 The Minerals, Metals & Materials Society

2209

http://orcid.org/0000-0003-0489-9861
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-019-06968-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-019-06968-3&amp;domain=pdf


much attention, and many such tunable absorbers
have been reported.27–31

In fact, for many applications, such as biological
sensing, spectroscopic imaging, and selective thermal
emitters, multispectral absorbers are required. How-
ever, unlike dual-spectral and triple-spectral absor-
bers that have been widely demonstrated, quad-
spectral absorbers have received little attention. Very
recently, several attempts to obtain quad-spectral
absorbers using different design concepts have been
presented; For example, some superunit coplanar
structures formed by four (or more) resonators were
designed to achieve quad-spectral absorption.32–35

Stacked resonance structures that exhibit quad-spec-
tral or broadband-spectral absorption have been
presented.36–39 However, these suggested quad-spec-
tral absorbers suffer from various shortcomings.
Firstly, the design concept of the superunit coplanar
structure suffers from the issues of the large dimen-
sion of the unit cell and the strong interaction between
the resonators, which does not follow current design
trends towards miniaturization and simplification.
Secondly, the design strategy for such stacked struc-
tures with four orfive layers faces technical difficulties
in manufacturing. Most importantly, the resonance
mechanism of these suggested quad-spectral absor-
bers usually only involves overlapping the fundamen-
tal mode resonances of different-sized resonators,
without a novel operating mechanism. Therefore,
research on novel, simple designs for easy-to-fabricate
quad-spectral absorbers is essential.38,39

In the work presented herein, a new type of quad-
spectral perfect absorber formed by only a double-
layer stacked unit structure was investigated and
studied. Simulation results prove that the sug-
gested structure exhibits four separated resonance
peaks, all of which exhibit absorption near 100%.
The operating mechanism of the quad-spectral
absorption is ascribed to the overlap between two
sets consisting of the fundamental resonance and
third-order response of the double-layer structure.
Further numerical simulations were performed to
investigate the optical properties of the design,
showing that the number of resonance peaks can be
further increased by employing one more layer. The
proposed multispectral absorbers are promising

candidates for use in applications such as spectro-
scopic imaging, biological sensing, selective thermal
emitters, and even stealth technology.

DESIGN OF UNIT CELL

Figure 1a shows the three-dimensional unit cell
of the quad-spectral absorber, which is formed by
two layers of square gold patches (with different
lengths) and insulator dielectric slabs backed with a
gold substrate. Figure 1b shows a top view of the
quad-spectral absorber. The parameters of the unit
cell are marked in Fig. 1. The periodicity of the unit
cell is P = Px = Py = 65 lm. The patch lengths are
l1 = l1x = l1y = 50 lm, l2 = l2x = l2y = 61 lm. The
thickness of the gold is 0.4 lm with frequency-
independent conductivity of 4.09 9 107 S/m. The
thicknesses of the insulator dielectric slab are
t1 = 7 lm and t2 = 3 lm, respectively, and its dielec-
tric constant is 3(1 + i0.06).40,41 The calculation
results are obtained based on finite-difference
time-domain simulations (FDTD Solutions, Lumer-
ical, Canada). In the simulations, the periodic
structures are illuminated by a normally incident
plane wave with electric field parallel to the x axis,
perfectly matched layers are applied along the z
direction, and periodic boundary conditions in the x
and y directions. According to the law of conserva-
tion of energy, the suggested device obeys the
following equation: A = 1 � T � R, where A, T,
and R are the absorption, transmission, and reflec-
tion of the structure, respectively. T can be very
close to zero because the thickness of the gold
substrate is larger than its skin depth, while at the
same time R can be suppressed when the impedance
of the device matches that of air. As a result, near
100% absorption A can be achieved.

RESULTS AND DISCUSSION

The simulated absorption spectra of the multi-
spectral absorber are shown in Fig. 2, revealing that
the suggested device exhibits four resonance peaks
at frequencies of f1 = 1.14 THz, f2 = 1.47 THz,

Fig. 1. (a) Three-dimensional unit cell of the quad-spectral absorber;
(b) Top view of the three-dimensional unit cell of the quad-spectral
absorber.

Fig. 2. Simulated absorption curve of suggested quad-spectral
absorber under different polarization angles.
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f3 = 3.32 THz, and f4 = 4.17 THz with absorptivity
of 99.18%, 99.53%, 98.75%, and 98.47%, respec-
tively. Owing to the high degree of symmetry of the
dual-layer square patch structure, the suggested
quad-spectral absorber is not sensitive to the polar-
ization angle of the incident beam (Fig. 2).

The first two absorption bands f1 and f2 of the
quad-spectral absorber derive respectively from the
fundamental resonances of the two different dimen-
sions of the square patch resonators l1 and l2, while
the last two resonance peaks f3 and f4 are ascribed
to the third-order responses of the two square
patches l1 and l2, respectively. In other words, the
combinations of two sets of the fundamental mode
and third-order response of the two square patch
resonator give rise to the quad-spectral absorption.
According to the LC circuit model and classical
square patch antenna theory, the resonance fre-
quency of the metamaterial absorbers is given by42

fmn ¼ c

2l
ffiffi

e
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 þm2
p

; ð1Þ

where c is the speed of light in vacuum, l is the
square patch length, and e is the dielectric constant
of the dielectric slab. m, n = 0, 1, 2 … are integers.
According to this equation, the resonance frequency
of the absorber moves to higher frequency when the
length l of the square patch is decreased, thus the
operating frequency of the device and the length of
the metallic patch are inversely related. In partic-
ular, the operating frequency of the third-order
(m = 0 and n = 3) response should be about three
times that of the fundamental resonance (m = 0 and
n = 1). As shown in Fig. 2, the resonance frequen-
cies of the modes f3 at 3.32 THz and f4 at 4.17 THz
are about three times that of the modes f1 at
1.14 THz and f2 at 1.47 THz, respectively. There-
fore, the modes f1, and f2 should be the fundamental
resonances of the longer and shorter patches,
respectively, while the modes f3 and f4 should be
respectively the third-order responses of the longer
and shorter patches. The slight difference in the
resonance frequencies is due to the weak coupling
between neighboring unit cells and the different
layers of the unit cell, and these weak interactions
can be seen clearly in the distributions of the
magnetic field in Fig. 3.

The physical picture of the multispectral absorp-
tion can be better understood by analyzing the
magnetic field (|Hy|) distributions of these reso-
nance modes. Figure 3 shows the |Hy| field distri-
butions of the four absorption peaks. It can be seen
that the |Hy| field distributions for the four
absorption maximums are chiefly focused on the
insulator dielectric slabs of the quad-spectral absor-
ber. As a result, the four absorption modes f1, f2, f3,
and f4 can all be attributed to the localized reso-
nance responses of the suggested device. Further-
more, for the absorption peak at 1.14 THz (f1), there
is only one strong node in the distribution of the

magnetic field in dielectric slab t2 (Fig. 3a). For the
absorption peak at 3.32 THz (f3), three strong nodes
in the distribution of the magnetic field in dielectric
slab t2 can be observed (Fig. 3c). Therefore, the
resonance modes f1 and f3 are the fundamental
resonance and third-order response of the longer
square patch l2, respectively.43–46 Similarly, for the
resonance modes f2 and f4, it is found that their
|Hy| field distributions are mostly focused on
dielectric slab t1, while only a small section of the
field distributions can be observed in dielectric slab
t2 (Fig. 3b, d). In particular, for the absorption peak
at 1.47 THz (f2), the |Hy| field (Fig. 3b) shows only
one node in dielectric slab t1, while there are three
strong nodes in dielectric slab t1 for the absorption
peak at 4.17 THz (f4) (Fig. 3d). According to these
field distribution features, modes f2 and f4 are the
fundamental resonance and third-order response of
the shorter square patch l1. Obviously, the overlap
between two sets of the fundamental resonance and
third-order response of the two square patch res-
onators of different sizes gives rise to the quad-
spectral absorption. This kind of operating mecha-
nism represents a new way to decrease the number
of resonators (and thus simplify the design of the
structure), because the combined effects of the
fundamental resonance and third-order response
of the metamaterial design are utilized, which is
different from previously reported designs in which
many resonators (at least as many as the number of
absorption peaks) are required, because they only

Fig. 3. (a, b) Distributions of magnetic field (|Hy|) for the resonance
modes f1 and f2 of the quad-spectral absorber, respectively. (c, d)
Distributions of magnetic field (|Hy|) for the resonance modes f3 and
f4 of the quad-spectral absorber, respectively.
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employ the fundamental resonance of the unit
structure.32–38

The suggested quad-spectral absorber is insensi-
tive to the polarization of the incident radiation
because of the high degree of symmetry of the
square patch resonators. However, for some appli-
cations, an absorber that is polarization switchable
instead of insensitive to the polarization angle can
be used for frequency tuning. According to Eq. 1,
the resonance frequency of the absorber device is
inversely proportional to the square patch length.
Therefore, a quad-spectral polarization-controllable
perfect light absorber can be simply obtained by
varying the sizes of the metallic patches in two
orthogonal directions. Here, we only change the
lengths of the metallic patches in the y-direction as
an example, i.e., l1y = 47 lm and l2y = 58 lm, with
other structural parameters remaining unchanged.
Figure 4a shows the calculated absorption spectra
in 0� (along x-direction) and 90� (along y-direction)
for the designed device, revealing that the sug-
gested device is sensitive to the polarization angle of
the incident beam. The polarization-tunable multi-
spectral absorber has potential applications in

detecting waves with specific polarization and the
fingerprints of some explosive materials.

We next investigate the influence of the thick-
nesses of the insulator dielectric slabs on the
performance of the quad-spectral absorption. Fig-
ure 4b and c show the dependence of the absorption
spectra on the thickness of the insulator dielectric
slabs t1 and t2, respectively. As revealed in Fig. 4b,
changing the thickness of insulator dielectric slab t1
chiefly influences the frequencies of the modes f2
and f4, consistent with the theoretical description
above indicating that the modes f2 and f4 are the
fundamental mode and third-order resonance of the
longer patch l1 (or the |Hy| field distributions of the
two modes are mostly focused on this dielectric slab;
Fig. 3b, d). Similarly, when changing the thickness
of insulator dielectric slab t2, the frequencies of the
resonance modes f1 and f3 gradually increase with
decrease of t2, while the frequency changes of the
modes f2 and f4 are negligible (Fig. 4c).

The number of spectral bands can be further
increased by stacking one more layer (i.e., changing
the original two-layer structure to a three-layer
structure). The optimal thicknesses of the insulator

Fig. 4. (a) Calculated absorption spectra in 0� (electric field along the x-direction) and 90� (electric field along the y-direction) of the polarization-
controllable absorber; (b, c) dependence of the absorption spectra on the thickness of the dielectric layers t1 and t2 of the polarization-insensitive
absorber, respectively; (d) dependence of the absorption spectra on the stacking layer of the multispectral absorber.
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dielectric slab in the three-layer structure are
t1 = 7 lm, t2 = 7 lm, and t3 = 3 lm (from the top to
bottom layer), and the lengths of the square patch are
l1 = 46 lm, l1 = 50 lm, and l1 = 61 lm (also from the
top to bottom layer). The periodicity of the unit cell and
the dielectric constant of the insulator dielectric slab
are unchanged. Figure 4d shows the dependence of
the absorption spectra on the stacking layer of the
suggested absorber. As given, the three-layer struc-
ture enables five discrete absorption peaks located at
around f1 = 1.03 THz, f2 = 1.34 THz, f3 = 1.65 THz,
f4 = 3.05 THz, and f5 = 3.88 THz, respectively. To
better explore the operating mechanism of the
penta-spectral absorber, the distributions of the mag-
netic field |Hy| corresponding to the five different
resonance bands are presented in Fig. 5. These results
show that the five different resonance modes can all be
ascribed to the localized resonance responses of the
suggested three-layer structure, because their |Hy|
field are all focused on the insulator dielectric slab of
the penta-spectral absorber. According to the distri-
butions of the magnetic field in the insulator dielectric
slab, it is clear that the first three resonance modes f1,
f2, and f3 are due to the coupling effects of the
fundamental resonances in patches of different sizes
(Fig. 5a–c), while the last two modes f4, and f5 should
be due to hybridization effects of the three-order
responses of the patches (Fig. 5d, e).

CONCLUSIONS

We present a quad-spectral terahertz absorber
consisting of two alternating layers of square gold
patches and insulator dielectric slabs backed with a

gold substrate. Four spectral bands with near 100%
absorption are obtained. The physical mechanism of
the quad-spectral absorption is caused by the over-
lapping of two sets of the fundamental resonance
and three-order response of the square gold patch
resonator. The multispectral absorption is explored
by analyzing the distributions of the magnetic field
at the four spectral bands. Furthermore, a quad-
spectral polarization-controllable absorber can be
realized by merely reshaping the sizes of the gold
patches in two orthogonal directions, while the
design can be modified to a penta-spectral terahertz
absorber by adding one more gold patch layer. The
suggested multispectral absorbers are promising
candidates for detection of the fingerprints of some
explosive materials, as well as in spectroscopic
imaging and detectors.
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