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Abstract. In this paper, an ultrathin and polarization-insensitive THz perfect metamaterial absorber (PMA)
was proposed using the traditional sandwiched structure with circular patch resonators on the top layer. The
simulated spectrum shows that the proposed PMA has three distinctive absorption peaks at f1 = 0.8 THz,
f2 = 2.28 THz and f3 = 3.62 THz, with absorbance of 96.7%, 97.9% and 99.8%, respectively. The electric ﬁeld
distributions of the PMA reveal that the absorption mainly originates from the standing wave resonances
between the top and bottom layers. The proposed PMA is polarization insensitive due to its axisymmetric unit
cell structure. By adjusting the structure parameters, the resonance frequency, intensity and Q-factor of
absorption peak can be tuned effectively. Our design may ﬁnd potential applications in THz imaging, sensing
and signal detection.
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1 Introduction
Metamaterials have attracted much attention due to
their unique electromagnetic properties which are
unavailable in natural materials. Design perfect metamaterial absorbers (PMA) is an important point, which
can achieve near unity absorption and has potential
applications in sensing, stealth, detection and spectrum
identiﬁcation. A typical PMA consists of three layers in
which the top metal unit structure layer, the middle
dielectric spacer and the bottom opaque metal plate
layer. The absorption frequency and intensity can be
tuned by adjusting the shape and size of metal unit
structure, the thickness and properties of dielectric
spacer [1,2]. So far, the PMA with multi-band absorption
[3–14], broadband absorption [15–19], controllable band
absorption [20–22], polarization-insensitive and wideangle absorption [23–27] have been reported in microwave, THz, infrared and visible bands. In order to meet
the practical application requirements, the PMA should
realize the strong absorption of electromagnetic waves in
the wide frequency range under the premise of thin
thickness and light weight. Multi-layer structure and
non-planar structure are effective methods to achieve
broadband absorption. However, these two means may
increase the sample thickness and difﬁculties for
* e-mail: lmhome@163.com

fabrication. Broadband absorption could be achieved
through multi-band absorption by meticulously adjustting the geometric parameters of the unit structure [28].
Design of broadband or multi-band PMAs using a simple
polarization-insensitive structure with ultrathin thickness is still lacking in sufﬁcient research progress.
In this work, an ultra-thin and polarization-insensitive THz PMA with circular patch resonators was
designed. Perfect absorption at frequencies of f1 =
0.8 THz, f2 = 2.28 THz and f3 = 3.62 THz is realized
through carefully optimizing parameters of the structure. We investigated the electric ﬁeld distributions and
used the standing wave resonance theory to expound the
absorption mechanism. Our absorber is polarization
insensitive because of its axisymmetric unit structure.
We also studied the inﬂuence of structure parameters on
resonance frequency, intensity and quality factor. The
proposed absorber has the simplest structure solving the
problems of large unit size and fabrication difﬁculties.
The proposed PMA would provide an operation to select
the absorption frequency at terahertz band, and bring
some potential applications.

2 Design, simulation results and discussion
Figure 1a shows the design schematic of the proposed
PMA, which consists of Al circular patch, lossy silicon
dielectric layer and Al ground plane. The front view of unit
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Fig. 3. Electric ﬁeld component Ez at z = 3.62 mm corresponding
to different absorption peaks when the phase is zero.
Fig. 1. The schematic of the unit cell of the proposed PMA.
(a) Perspective view; (b) front view.

Fig. 4. Electric ﬁeld component Ez at x = 0 corresponding to
different absorption peaks when the phase is zero.

Fig. 2. Simulated absorption spectra induced by incident EM
waves.

Fig. 5. The schematic diagram of the standing wave model.

cell is shown in Figure 1b. The optimized circular patch
diameter q = 60 mm, the periodic unit size p = 70 mm, the Si
spacer layer thickness h = 3.6 mm and dielectric constant
e = 11.9. The conductivity of Al is 3.56  107 S/m. The
thickness of metal layer is set as 0.2 mm to ensure that no
electromagnetic (EW) waves can pass through.
The electromagnetic response of the structure is
simulated by the CST Microwave Studio software. The
absorption spectra of EM waves is shown in Figure 2.
It shows that there are three perfect absorption peaks
at frequencies of f1 = 0.8 THz, f2 = 2.28 THz and f3 =
3.62 THz, with absorbance of 96.7%, 97.9% and 99.8%,
respectively.
To understand the absorption mechanism, we investigated the z component of the electric ﬁeld distribution (EZ)
from f1 to f3 at each frequency. Figure 3 shows the EZ
distribution at the plane z = 3.62 mm, which is the interface
of dielectric and top metallic layer. As can be seen from
Figure 3, the E-ﬁeld is limited to local regions, with some
regions being the strongest and some regions being zero.
The electric ﬁeld intensity on both sides of the unit cell
center is always out of phase, and any side is always in
phase, as shown in Figure 3a. The pattern of the E-ﬁeld
distribution is similar to the standing wave resonance

pattern, Which is a typical model of a standing wave
system with two ends open and the middle ﬁxed.
The proposed PMA can be considered as a planar
metal-insulator-metal wave guide. The gaps between the
adjacent unit cells are smaller than the incident wave
length. Electromagnetic waves diffract into dielectric layer
through the gaps, then are reﬂected by the ground metal
layer, as shown in Figure 5. If the absorber is thin enough,
the EM waves from adjacent gaps may interference and
form standing waves in y or x direction. Each unit cell is
considered as a planar wave guide of a deﬁnite length L
with both ends open, and the standing wave must have
antinodes at both ends of the unit cell. Because of
symmetric structure and the open boundary conditions,
the center of unit cell is usually a node. Therefore, the
possible standing wave mode can only be fundamental
mode and its odd harmonic modes. The standing waves
dissipate gradually in the lossy dielectric layer, and the
corresponding antinodes are the locations of maximum
loss energy densities. The resonance frequency of fundamental standing wave can be estimated by the following
formula [3]:
c
ð1Þ
f¼
2nL
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Fig. 6. Absorption spectra at different incident angles for (a) TE and (b) TM waves, when the azimuthal angle is ﬁxed to ’ = 0.
(c) Absorption spectra at different polarization angles when the incident angle is ﬁxed to u = 0.

where
c = 3p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
108 m  s1 is the speed of light in vacuum,
pﬃﬃﬃﬃ
n ¼ er ¼ 11:9 is the refractive index of the lossy silicon
and L is the length of the resonator. Taking the length
L = 60 mm into equation (1), we ﬁnd the fundamental
standing wave mode is 0.72 THz, the 3rd and 5th harmonic
modes are 2.16 THz and 3.60 THz, which matching well
with the simulation results, displayed by dashed blue lines
in Figure 2. The slight difference is because that the real
wave guide length is larger than the size of the top metal
cell.
We further investigated the EZ distribution in
the yoz plane (x = 0), as shown in Figure 4. As can be
seen, from f1 to f3, that the typical fundamental standing
wave mode, and its 3rd, 5th harmonic modes are presented,
respectively.

3 Absorption characteristics and analysis
Wide-angle stability and polarization insensitivity are the
two key features of PMA. Therefore, we simulated the
absorption at different incident angles for both the TE and
TM polarizations. For TE polarization, only the absorption
of f2 is reducing slightly when the incident angle up to 30°,

the absorption of f2 and f3 is reducing signiﬁcantly with the
angle up to 45°, the absorption of f1 remains 95% with the
angle up to 60°, as shown in Figure 6a. For TM
polarization, the absorption peak f3 splits into two
separated absorption spectra when the incident angle up
to 30°, the absorption of f1 and f2 remains 90% with the
angle up to 45°, the absorption of f1 is over 90% with the
angle up to 60°, as shown in Figure 6b. As the incident angle
increases, some new peaks appear. This may be because as
the incident angle increases, the z component of the electric
ﬁeld increases, producing some additional resonance.
Figure 6c shows that the absorption spectra does not
change at different polarization angles, this due to the
axisymmetric structure of the resonance unit cell. This
indicates that the proposed PMA is insensitive to
polarization. This characteristics is very important in
practical applications.
Next, we studied the effect of structural geometry
parameters on absorption characteristics. Figure 7a shows
the inﬂuence of dielectric thickness h, and all three
absorption peaks move towards low-frequency direction
slightly with the increase of h. It can be seen that the
fundamental standing wave mode absorption peak (f1) is
insensitive to the dielectric thickness h. As the circular
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Fig. 7. The inﬂuence of structural parameters on the absorption. (a) Change dielectric thickness h, (b) change circular patch diameter
q, where other parameters remains unchanged.

Fig. 8. The impact of dielectric constant e on the (a) absorption; (b) quality factor.

patch diameter q changes from 55 to 65 mm, all absorption
peaks shift towards the lower frequencies with the increase
of q, as shown in Figure 7b. It is clear that the magnitudes of
the three absorption peaks almost unchanged with the
increase of q.
Finally, we investigated the impact of the dielectric
constant e on the quality factor (Q-factor). Figure 8a shows
the inﬂuence of e, three absorption peaks move towards
lower frequencies with the increase of e, this is consistent
with equation (1). As can be seen from Figure 8b, the
Q-factor becomes larger with dielectric constant e increasing, and the higher the standing wave mode is, the higher
the Q-factor is. Obviously, higher order resonance modes
can improve the Q-factor. Therefore, the proposed PMA
will be usefull in sensing applications, where higher order
resonance mode can be used [29,30].

4 Conclusions
In conclusion, an ultrathin and polarization insensitive
THz PMA is proposed, with circular patch resonators in
the top layer. The proposed PMA has three perfect

absorption peaks at f1 = 0.8 THz, f2 = 2.28 THz and
f3 = 3.62 THz, with absorbance of 96.7%, 97.9% and
99.8%, respectively. The absorption of the proposed
PMA was unchanged for all polarization angles. The total
thickness of the proposed PMA is only 4.0 mm, which is
about l/36 at 2.28 THz. The simulated electric ﬁeld
distributions indicate that three perfect absorption peaks
mainly originated from the fundamental standing wave
mode, its 3rd and 5th harmonic modes. By adjusting the
structure parameters, the resonance frequency, intensity
and the Q-factor of the absorption peaks can be tuned
effectively. Our design would have some potential
applications in detection, sensing and stealth.
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