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Abstract Misalignment among stacked layers of absor-
bers is inevitable in practice. Adverse effects induced by
this undesired factor was investigated and analyzed in this
paper. The absorption responses of thin terahertz metama-
terial (MM) absorber with different degree of misalign-
ment were simulated by finite-difference time-domain
(FDTD) method under both transverse magnetic (TM) and
transverse electric (TE) polarization. Results show that
slight misalignment deteriorates absorption response due
to the decreased spatial resolution. The analyses are given
in terms of the magnetic field distribution in the cross
section. In addition, the depravation is changed with
polarization, which depends on the direction of excursion.
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1 Introduction

Metamaterials (MMs) are artificial materials consisting of
periodically patterned subwavelength unit cell to gain
properties that may not be found in nature. Due to its exotic
electromagnetic properties, MMs are applied in many
potential fields, such as perfect lenses [1], electromagnetic
cloaks [2], negative refractive index materials [3], electro-
magnetically induced transparency like transmission [4]
and thin absorbers [5]. By adjusting the effective ε
(permittivity) and μ (permeablility) of the MMs, absorption
close to unity is possible. MMs absorbers in terahertz
regime are especially important due to scarcity in this
frequency and beyond the thickness limitations of tradi-
tional devices. So far, many efforts have been taken to

design and fabricate the omnidirectional, polarization-
insensitive, and broadband MMs absorbers [6–11]. Cui et
al. proposed an ultra broadband thin-film infrared absorber
made of saw-toothed anisotropic MM [6] and an
omnidirectional, polarization-insensitive and broadband
thin absorber in the terahertz regime [7]. Ma et al. reported
a dual band [8] and a broadband [9] polarization
insensitive MM absorber in terahertz. Utilizing trapezoid
gratings arrays, Aydin et al. designed a broadband
polarization-independent super absorber [10]. By engi-
neering the frequency dispersion, a broadband infrared
absorption was realized [11].
In these schemas, alternately stacked metal-insulator-

metal (MIM) layers are widely used due to their excellent
electromagnetic responses. However, because of the limit
accuracy of the manufacturing process, misalignment
among the stacked layers of absorbers is inevitable in
practice. Unfortunately, this practical factor is not taken
into account in previous studies and perfect alignment
among them is taken for granted. Although Chen et al.
have discussed the misalignment effects in MMs absorbers
[12], it is still worthy to investigate this effect on absorbers
with different structures due to its structural-dependent
characteristics.

2 Model and simulations

First, we investigated a simplified single-channel terahertz
absorber deposited on a glass substrate, which is consisting
of a metallic ring patterned on a metallic film with a
polymer layer in between. Three-dimensional oblique view
and two-dimensional side view are shown in Figs. 1(a) and
1(b), respectively, with period P = 26 μm in x and y
directions. To investigate the absorption properties of the
proposed structure, numerical simulations were performed
by finite-difference time-domain (FDTD) method (Lume-
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rical Solution, Inc.). The grid sizes in x, y and z direction
were chosen to be 0.2, 0.2 and 0.5 μm to ensure
convergence. Due to the structural symmetry, the proposed
absorber is insensitive to the incidence polarization. The
lossy polymer with index n = 1.8+ 0.06i [9] was used in
our simulation and the thickness of gold (Au) t was set as
0.2 μm through the paper. Due to the gold (Au) layer
performs as a perfect electrical conductor (PEC) in the
terahertz and the thickness of the metallic ground plane is
much larger than the typical skin depth, the transmission
from the structure is totally suppressed. Consequently, the
absorption can be calculated directly through the reflectiv-
ity by A = 1 – R. To obtain a perfect absorber, we set r = 6
μm, w = 1 μm and adjust the thickness of polymer layer h
to realize impedance matching with free space (i.e.,

Z ¼ ffiffiffiffiffiffiffiffi

ε=�
p ¼ 1), minimizing the reflectance to zero. The

reflection spectra with different h are shown in Fig. 2(a),
which show the reflectivity at the resonant dip changes
with the separation distance, consisting with previous
literature [7]. Specially, when h = 2.7 μm the reflection is
greatly suppressed (< 0.1%) at resonant frequency f =
5.49 THz. Therefore, a perfect terahertz absorber at 5.49
THz is realized with l/18 structural thickness. In addition,
the evolution of resonant wavelength with the radius r is
also plotted and shown in Fig. 2(b), which shows the
resonance wavelengths are proportional to the radius r
without significant change of the reflectance intensity.
Thus, the absorption frequency can be adjusted by the
radius while the absorption is almost invariable.
Subsequently, we investigated a broadband terahertz

Fig. 1 Schematic unit cell of terahertz absorbers. (a) Three-dimensional oblique view; and (b) two-dimensional side view

Fig. 2 (a) Reflection spectra for different polymer thickness h; (b) resonance wavelengths evolution with the radius of ring r
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absorber by alternatively stacking three metallic rings with
different radius in the polymer layer, as shown in Figs. 3(a)
and 3(b). The simulated absorption responses are shown in
Fig. 3(c), with corresponding parameter values listed in
Table 1. We can see three absorption peaks appears at
frequencies of 4.394, 3.757, and 3.192 THz with absorp-
tivity of 0.955, 0.985, 0.950, respectively. Moreover, a
wide absorption frequency-band from 3.0 to 4.7 THz was
obtained with the absorption greater than 0.6. Note that, the
frequency range of the broadband absorber can be changed
by adjusting the radius of the metallic rings. Meanwhile,
the thickness of the proposed absorber was still quite thin.
To understand the origin of the absorption response, the

profile of the magnetic field at y = 0 plane for the three
absorption-peaks (i.e., 3.192, 3.757, and 4.394 THz) are
plotted and shown in Fig. 4. It can be found that strong

magnetic field is confined among the three layers,
indicating all the three rings contribute to each resonant
absorption-peak (i.e., a hybrid mode). However, it is worth
to be noted that the magnetic field profiles of absorption
peaks at y = 0 plane own different distributions. As the dot
lines box shown in Figs. 4(a) – 4(c), the magnetic field
profiles in the x-z plane depend on the dimension
extensions of the rings I, II and III in x and z direction,
respectively.

3 Misalignment effects and discussion

To investigate the misalignment effects among the metallic
rings and determine how this factor affects the absorption,
lateral shifts in x direction Sxwere introduced among them,

Fig. 3 Schematic unit cell of broadband terahertz absorbers. (a) Three-dimensional oblique view; (b) top view with defined parameters;
and (c) corresponding absorption spectra

Table 1 Geometric parameters of the broadband terahertz absorber

parameters P r1 r2 r3 h1 h2 h3 w t

value/μm 22 6.7 7 8 4.5 0.2 0.3 1 0.2

Fig. 4 Magnetic field profile at y = 0 planes for three absorption peaks of absorber. (a) III; (b) II; and (c) I. Dotted line: main area of field
distributions
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as shown in Fig. 5(a). The introduction of the misalign-
ment in x direction breaks the symmetric of the structure in
x-y plane, which results in different absorption response to
the TM and TE polarization incidence. The simulated
absorption responses are shown in Figs. 5(b) and 5(c),
respectively. It can be seen that, for the TM polarization
incidence, absorption peaks exhibit different levels of blue
shifts with Sx increased from 0 to 1 μm. Note that, the shift
of peak I is faster than that of peaks II and III, which cause
the absorptivity between the peaks I and II decrease.
Specially, the absorptivity drops below 0.6 at 4.5 THz with
misalignment degree Sx = 1.0 μm. To find the underlying
reasons for the blue shifts, magnetic field profiles and the
charge density distributions of the absorption peaks at y = 0
plane are plotted and shown in Figs. 6 and 7, respectively.
One can see that, when Sx = 1.0 μm the extension of ring II
in+ x direction is superimposed with ring I, which cause
the ring II cannot be distinguished, as illustrated in the dot
line box in Fig. 5(a). Therefore, the space discrimination
resolution decreases and the charge density of ring II after
misalignment (Fig. 7(a)) is greatly reduced compared with

the cases without misalignment (Fig. 7(b)). In this case, the
magnetic field profile of peak I and peak II in x direction
not only depends on the lateral extension of corresponding
ring, but also is limited by other two rings, which cause the
charge density increases in the high discrimination
resolution areas (Figs. 7(a) and 7(f)). In this case, the
extension of magnetic resonance in x direction decreases,
as the dot line box shows in Figs. 6(c) and 6(b), which is
the main reason for the blue shift of peak I and peak II. On
the contrary, the profile extension in x direction is nearly
invariable for rings III at this time, as indicated by
Fig. 6(a). Thus, inconspicuous blue shift is observed for
peaks III.
For the TE polarization incidence, both absorption peak

II and peak I shift to low frequency while peak III shifts to
high frequency with the increasing misalignment degree
resulting the merging of peak II and peak III at Sx> 0.8
μm. In order to explain the different behaviors among three
peaks, electric profiles of three rings at peak III are
simulated and plotted. As presented in Fig. 8, electrical
resonances are excited in all the three rings indicating a

Fig. 5 Top view of the structure with a lateral shift Sx in the x direction (a); absorption responses with Sx from 0 to 1 μm under transverse
magnetic (TM) (b) and transverse electric (TE) polarization (c)

Fig. 6 Magnetic field profile |Hy|
2 at y = 0 plane with TM polarization incidence for peaks (a) III; (b) II and (c) I when Sx = 1.0 μm.

Dotted line: main area of field distributions
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hybrid mode among them at peak III and ring III exhibits
the strongest resonance. In specific, ring III coupling with
other two rings resulting in a decreasing dimension
extension in electric field profile at x-y plane (Fig. 8(a)),
while ring II and ring I coupling with ring III resulting in an
increasing dimension extension in electric field profile at x-
y plane (Figs. 8(b) and 8(c)). Therefore, peak III shifts to a
high frequency, meanwhile peak II and peak I shift to low
frequencies. Consequently, the absorption peaks II and III
merge together with increasing misalignment Sx. Note that,
a small absorption peak at 6.95 THz for TE polarization
appears due to the misalignment, as show in Fig. 5(c). In
order to find the behind reason, simulations with same
misalignment Sx = 1.0 μm but different periods 20, 25 and
30 μmwere carried out. The simulated results are shown in

Fig. 9, from which one can find the small absorption peak
gradually decreases with increasing period. Thus, the small
absorption may be due to the coupling between neighbor-
ing unit cells resulting from the misalignment (i.e., ring I in
one unit coupling with ring III in the neighboring unit).

4 Conclusions

In conclusion, misalignments among the stacked layers of
the thin absorbers were investigated by FDTD method.
Simulation results shows that even a slight misalignment
have serious influence on the absorption response, which
was analyzed in terms of the magnetic field profiles. It was
found that the misalignments decreased the space resolu-

Fig. 7 Charge density distribution at three metallic rings for TM polarization. (a) –(c) Three metallic rings without misalignment; (d) –(f)
three metallic rings with Sx = 1.0 μm. (a) and (d) III; (b) and (e) II; (c) and (f) I

Fig. 8 Electric field profile of three rings at peak III at x-y plane for TE polarization with Sx = 1.0 μm. (a) Ring III; (b) ring II; and (c) ring I
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tion, which is the main reason for deteriorated absorption
response. Therefore, a well-designed structure with high
space resolution is significant to overcome the influences
of misalignments, which may provide a guide for the
design of broadband MMs absorbers.
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