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Abstract: A photoexcited switchable single-band/dual-band
terahertz metamaterial absorber with polarization-insensitive
and wide-angle absorption is reported. The function switching
is realized by modulating the conductivity of the photosensitive
GaAs embedded in the resonator, and the surface currents at
different GaAs conductivities are extracted to physically
explain the absorption mechanism of the metamaterial
absorber. The results show that the absorber can realize
switching from dual-band absorption at 0. 568 and 1.442 THz
with 99. 08% and 99. 56% absorptivity, respectively, to a
shift single-band absorption at 0. 731 THz with 95. 43%
absorptivity. The device has an intensity modulation depth of
61.4% and a frequency tuning bandwidth of 60. 6% . With
these values, the device can be used to fabricate intensity
modulators and frequency-selective absorbers in the terahertz
band. In addition, the proposed absorber exhibits polarization-
independent and wide-angle absorption for transverse electric
(TE) and transverse magnetic (TM) polarization waves. The
realization of tunable metamaterial absorbers offers
opportunities for mature semiconductor technologies and
potential applications in active terahertz modulators and
switchers.
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erahertz waves refer to electromagnetic waves with

frequencies ranging from 0. 1 to 10. 0 THz. These
waves have broad application prospects in imaging and
modern technology, sensors, wireless communications,
and other fields'™ . Electromagnetic metamaterials refer
to a class of artificial composite structures or composite
materials with extraordinary electromagnetic properties
that natural materials do not possess. Terahertz metamate-
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rials have received extensive attention because of their ex-
cellent penetrating ability, high bandwidth scalability, and
high security. Currently, many new metamaterial devices
in the terahertz range, such as absorbers” ™, filters'”',
modulators', and switches', have been proposed.

Since Landy et al.™ first proposed metamaterial ab-
sorbers in 2008, metamaterial absorbers in multiple fre-
quency bands have received extensive attention. Among
these, metamaterial absorbers in the terahertz frequency
band have become a hot research topic because of their
potential applications in imaging, signal detection, and

[10-11]
Sensors

. However, after most metamaterial absorbers
are successfully fabricated, their absorption strength and
resonant frequency are fixed, which limits their practical
application range to an extent. To solve this problem, re-
searchers realized dynamic tuning of metamaterial absorb-
er performance in the terahertz band by introducing phase

. 12-13 14
change materials'"*™"" i

[15]

, graphene' ', liquid crystal materi-

. . 9, 1620
, photosensitive semiconductors' 1

als and other
methods into the design.

For example, the temperature-control material, VO,,
is used to realize the dynamic adjustment and control of
the metamaterial absorber. By designing metamaterial ab-
sorbers with different structures, narrow-band and wide-
band regulation can be achieved'”. Switchable absorp-
tion from one broadband to another can also be achieved
by stacking multilayered structures of VO,"". The dy-
namic adjustment and control of metamaterial absorbers
can be realized using electronically controlled materials.
An absorber structure based on multilayered graphene
strips of various sizes and cross-stacking of the media is
designed. The Fermi energy of graphene is adjusted by
changing the external voltage to realize switching between
near-perfect absorption and reflection''.
electric field is used to change the refractive index of the
liquid crystal material embedded in the structural unit to
realize the dynamic regulation of the metamaterial absorb-

er'”. Dynamic regulation of the metamaterial absorber

An external

can also be realized by irradiating the photosensitive semi-
conductor embedded in the metamaterial absorber using
pump light. A light-regulated, single-frequency/dual-fre-
quency switchable metamaterial absorber can be realized
by embedding photosensitive semiconductor silicon into

the gap of the open resonant ring''”. By embedding pho-
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tosensitive silicon in different split rings of the combined
resonator, a single-frequency/dual-frequency tunable ter-
ahertz absorber is realized'”'. Considering that GaAs has
higher electron mobility, larger band gap, lower power

. -[18, 21
consumption than Si''* !

, and light-controlled, ultrathin
tunable metamaterial absorbers were fabricated using sem-
iconductor GaAs patches'™'. Based on the response char-
acteristics of different photosensitive semiconductor mate-
rials to different wavelengths of pump light, two photo-
sensitive semiconductors can be embedded in the metama-
terial absorber. An optically excited multifrequency tera-
hertz switch based on a composite metamaterial structure
is realized by embedding photosensitive silicon and ger-
manium (Ge) in an open resonant ring'”’
ductor gallium arsenide and germanium are embedded in a

. The semicon-

square ring-like structure to realize dynamic regulation of
single-/dual-/triple-frequency absorption'' .

Previous work has shown that phase change materials
such as graphene, liquid crystal materials, and photosen-
sitive semiconductors have great potential in the design of
tunable terahertz absorbers. At a certain frequency range,
most photoexcited dynamically tunable metamaterial ab-
sorbers can achieve only dynamic switching of several ab-
sorption states. Applications of such absorbers in intensity
modulators and frequency-selective absorbers are lacking,
which does not satisfy the increasing demand for practical
applications'™ . In this paper, the conductivity of photo-
sensitive GaAs embedded in a double-layer nested unit
structure is modulated using the characteristic that the
conductivity of photosensitive semiconductor materials
can be regulated using an external pump light. In addi-
tion, dynamic regulation of single-frequency/dual-fre-
quency absorption is realized. Through structural optimi-
zation, the intensity modulation depth and frequency tun-
ing bandwidth are improved, and an excellent intensity
modulator and frequency-selective absorber are made. In
addition, by analyzing the surface current distribution and
polarization-sensitive and oblique incidence characteristics
of the absorber, the mechanism and absorption character-
istics of the absorber-switching effect were investigated.

1 Structural Model

To confirm that the designed absorber has switchable
absorption characteristics, the proposed structure is simu-
lated using the microwave simulation software CST Mi-
crowave Studio 2018 based on finite integration technolo-
gy. During simulation, set the x- and y-axes to the unit
cell boundary condition and then set the z-axis to the open
(add space) boundary condition. The electric field is
along the x-axis direction, the magnetic field is along the
y-axis direction, and the electromagnetic wave is incident
on the absorber surface along the z-axis direction, as
shown by the coordinates in Fig. 1(a). The absorption
coefficient is calculated as follows. Absorption rate A(w)
of the absorber can be obtained from the reflection coeffi-

cient S,,(w) and transmission coefficient S,, (w) extracted
by simulation, namely

Alw) =1 -R(w) ~T(w) =1 - | S, () |* - | S,(w) |’
(1)

where R(w) is the reflectivity; T(w) is the transmit-
tance; w is the angular frequency. Because the bottom
layer of the proposed structure uses a metallic film, elec-
tromagnetic waves cannot penetrate it. The thickness of the
grounded metal plate in the structure is much larger than
that of the skin depth of the incident wave in the metal
film, so the transmittance, T(w), is close to 0. There-
fore, the absorption rate can be simplified as follows:

Alw) =1 -R(w) =1~ [$,(0) |’ (2)
L t,
= = Gold .
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Fig.1  Metamaterial absorber cell structure.
(b) Side view

(a) Top view;

Figs. 1(a) and (b) show schematic diagrams of the
unit structure of the resonator in the absorber. The re-
sonator unit comprises a metal square ring and a cross
metal wire structure. The photosensitive semiconductor
GaAs is embedded in two metal structures. The GaAs
block size m x n at the gap between the inner and outer
square rings is 11 ym x 20 pm. The bottom ground plane
and the top metal pattern layer are both lossy gold films
with a thickness of #, =0.2 pm and a conductivity of
4.561 x 107 S/m. The thickness of the photosensitive
semiconductor gallium arsenide is the same as that of the
gold film, and the relative dielectric of the photosensitive
semiconductor is 12.94. The intermediate dielectric layer
is made of polyimide material, its relative dielectric con-
stant is 3. 5, the loss tangent value is 0. 008, and the
thickness of the dielectric layer is #, =7.5 pm. The cell
structure size parameters are as follows: P =80 pm; L=
74 pm; Z=30 pm; n =20 pm; d=3 pum; and m =11
pm. The conductivity of the photosensitive semiconduc-
tor GaAs can be expressed as

2
P

w +1y

ig,w

O Gaas =

where  is the angular frequency of the incident light; w,

= /n'e¢’/(g,m”) is the plasmon oscillation frequency;

n' is the photogenerated carrier density; &, is the permit-

tivity of free space; +y is the damping coefficient; m” is
23]

the effective carrier mass Since the carrier density,
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4

n', changes proportionally with the power of the pump
light, the conductivity of GaAs can be regulated using an
external pump light, and the dependence of the conduc-
tivity of GaAs on the pump power'"” can be fitted using
the experimental parameters as follows:

Toune =0.320 471 3I° —15.895 63I° +778. 9141 +91. 163 67

where [ is the pump power, mW. In this paper, pump
light with a wavelength of 800 nm is used to excite
GaAs. When there is no light, the conductivity of GaAs
is 100 S/m. With an increase in optical power, its con-
ductivity can reach the order of 10°""; i.e., it gradually
switches from the insulating state to the conduction state.
In the conduction state, the resonant frequency and ab-
sorption intensity are changed so that the working state of

the absorber can be regulated.

2 Results and Discussion

The decomposed structure of the absorber is shown in
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Fig. 2. Fig. 2(a) shows that when the top resonant unit
is a cross-convex structure, the absorber resonates at
1.487 THz, and the absorption rate is 99.66% . It can be
seen from Fig. 2(b) that when the top layer is a square
ring structure with four inner protrusions, resonance
occurs at 0. 567 THz, forming an absorption peak with an
absorption rate of 99.84% . Fig. 2(c) shows that the two
substructures are combined to form a new resonant unit.
The inner and outer structures can respond to incident
electromagnetic waves. In addition, these structures can
resonate at their respective resonance frequencies of 0. 565
and 1.481 THz, forming a bimodal absorption peak with
absorption rates of 99. 77% and 99. 83% . As shown in
Fig. 2(d), the structures shown in Fig. 2(c) are further
connected with gold nuggets; the connected structure can
respond to electromagnetic waves as a whole; and it reso-
nates at 0. 737 THz, forming an absorption peak with an
absorption rate of 80.90% .
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Fig.2 Decomposed structure and absorptivity curves of metamaterial absorbers. (a) Inner cross structure; (b) Inner raised square ring
structure; (c¢) Two structures combined; (d) Two structures connected by a gold nugget

Based on the above decomposition structure, the dy-
namically tunable terahertz metamaterial absorber shown
in Fig. 1 is designed by replacing the gold nugget in
Fig. 2(d) with GaAs. When the surface of the absorber
is vertically irradiated with pump light of wavelength 800
nm, the conductivity of GaAs gradually increases with
the enhancement of illumination power, thus realizing
the switching between the insulating and conducting
states. Fig. 3 shows the simulated absorption spectra of
GaAs absorbers with different conductivities. When there
is no light pump irradiation, the corresponding GaAs
conductivity is 100 S/m. Currently, the absorber forms
two absorption peaks at 0. 568 and 1.442 THz, and the

absorption rates are 99.08% and 99.56% . With increas-
ing pump power and conductivity of GaAs, the absorp-
tion rates of the two absorption peaks gradually decrease.
The dual-frequency absorption is turned off when the
conductivity of GaAs reaches a critical value of 1. 6 x
10* S/m, and the minimum absorption at 0. 607 THz is
38.44% . As the conductivity of GaAs increases continu-
ously, the absorption rate of the single-band absorber in-
creases. When the conductivity of GaAs increases to
2 x10° S/m, a new absorption peak with an absorption
rate of 95.43% is formed at 0. 731 THz, completing the
conversion from double-peak absorption to single-peak
absorption.
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Fig.3 Absorption curves of dynamic changes under different
GaAs conductivities

The intensity modulation depth, d, and frequency tun-
ing bandwidth, b, of the metamaterial absorber can be
defined as™"

Lt
p="12
f

where A and A, are the maximum and minimum ab-
sorption rates of the absorber; f, and f, are the highest
and lowest frequencies corresponding to the absorption
peak. The maximum modulation depth of the designed
dynamic switchable dual-frequency absorber is calculated
as 61.4% . The maximum frequency tuning bandwidth is
60.6% , which shows strong tunability. Therefore, the
metamaterial absorber can be used as an intensity modu-
lator and a frequency-selective absorber.

To further demonstrate the physical mechanism of the
proposed switchable metamaterial absorber, we take the
structure shown in Fig. 1 as an example to analyze the
distribution frequency of the surface current during reso-
nance, as shown in Fig. 4. Under irradiation with no
pump light, the conductivity of GaAs is 100 S/m. The
cross-convex structure and the square ring structure with
four inner convex independently respond to the incident
electromagnetic wave at two resonant frequencies to
achieve dual-frequency absorption. Figs. 4(a) and (d)
show the surface current distribution at the resonance fre-
quency of 0.568 THz. For the absorption peak at 0. 568
THz, the top surface current is mainly distributed in the
outer structure; Figs. 4(b) and (e) show the surface
current distribution at the resonance frequency of 1.442
THz. For the absorption peak at 1.442 THz, the top sur-

face current is mainly distributed in the inner structure
and forms a reverse parallel current pair with the current
of the metal base plate, which indicates that the two ab-
sorption peaks mainly come from the magnetic resonance
response. When the conductivity of GaAs increases, the
embedded GaAs connects the inner and outer resonant
structures to form a new resonant structure. Therefore,
the original two independent resonances at 0. 568 and
1.442 THz can switch to a single response at the inter-
mediate frequency of 0. 731 THz. The surface current
corresponding to 0. 731 THz single-frequency absorption
is shown in Figs. 4(c) and (f). The current is evenly
distributed on the surface of the top resonant unit and the
metal base plate, indicating that the new absorption peak
originates from the common response of the inner and
outer square rings to electromagnetic waves.
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Fig.4 Surface current distribution under different GaAs con-
ductivities. (a) Top surface current at 0. 568 THz; (b) Top surface
current at 1.442 THz; (c¢) Top surface current at 0. 731 THz; (d) Bot-
tom surface current at 0. 568 THz; (e) Bottom surface current at 1. 442
THz; (f) Bottom surface current at 0. 731 THz

Furthermore, we investigate the polarization character-
istics of the proposed structure by changing the polariza-
tion directions of the incident electromagnetic waves, as
shown in Fig. 5. As the structure possesses quad-rota-
tional symmetry, the absorptivity at a polarization angle
of 0°45° is considered. It is clear from Figs. 5(a) and
(b) that in the dual-band mode without an optical pump,
the absorption peaks at 0. 568 and 1.442 THz remain un-
changed for both transverse electric( TE) and transverse
magnetic(TM) waves when the polarization angle chan-
ges from 0° to 45°. Similarly, in the single-band mode
of the maximum pump power, the absorptivity is also
unaffected by the polarization angles, as shown in Figs.
5(c) and (d). This means that the absorber is polariza-
tion-insensitive.

In practice, the electromagnetic waves are mostly inci-
dent on the absorber surfaces at different oblique angles.
Wide-angle absorption is another important characteristic
of absorbers. Fig. 6 presents the absorptivity at different
incident angles for TE and TM polarization waves. It is
observed from Figs. 6(a) and (b) that for the dual-band
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Fig.5 Absorptivity at different polarization angles ¢ under normal incident electromagnetic waves. (a) TE mode for no optical pump;
(b) TM mode for no optical pump; (c) TE mode for maximum optical pump; (d) TM mode for maximum optical pump

mode at 0.568 and 1.442 THz, although the absorption
peaks gradually decrease with the increase in incident an-
gles, the absorptivity remains higher than 90% for the
TE and TM polarization waves when the incident angle
increases to 45°. However, in the TM mode, when the
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incident angle increases, additional small absorption
peaks are generated outside the operating frequency.
These peaks are generated because of the parasitic reso-
nance™ in a certain part of the absorber with an increase
in the incident angle.
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Fig.6 Absorptivity at different incidence angles # under normal incident electromagnetic waves. (a) TE mode for no optical pump;
(b) TM mode for no optical pump; (c¢) TE mode for maximum optical pump; (d) TM mode for maximum optical pump
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As shown in Figs. 6(c) and (d), for the single-band
mode at 0.731 THz, the absorbance of the TE wave re-
mains above 90% when the angle of incidence is in-
creased to 45°, and the absorbance of the TM wave is
less affected by the angle of incidence. For TE waves,
the magnetic component along the y-axis gradually de-
creases, causing magnetic resonance to no longer be ef-
fectively excited when the incident angle increases up to
a certain range. However, for TM waves, the magnetic
component along the y-axis is unchanged with increasing
incident angle, resulting in the absorptivity being almost
unaffected by the incident angle. As shown in Fig. 6,
with the increase in incident angles, additional absorp-
tion peaks are also observed for both the TE and TM
modes, which can be caused by higher resonant modes in
the proposed structure. Under normal incidence, multi-
ple reflections and direct reflection from the top gold-pat-
terned resonator destructively interfere, achieving near
zero reflection and unity absorption at the resonant fre-
quency. With an increase in the incident angle, these
two reflections cannot be completely cancelled out,
which results in a decreased absorption peak. The dem-
onstrated results show that the proposed single-band/du-
al-band switchable metamaterial absorber can provide po-
larization-insensitive and wide-angle absorption for TE
and TM waves.

3 Conclusions

1) The research results show that when there is no op-
tical pumping, the photosensitive semiconductor GaAs is
in an insulating state, and the proposed structure forms
two near-perfect absorption peaks at 0. 568 and 1. 442
THz.

2) When a laser beam with a wavelength of 800 nm is
used to excite GaAs in the on-state, the absorption state
switches to a single peak absorption at 0.731 THz.

3) By using different illumination conditions to control
the on-off state of the semiconductor GaAs, the proposed
absorber can be arbitrarily switched between the single-
frequency/dual-frequency perfect absorption states with-
out changing the structure.

4) The metamaterial modulator has a maximum inten-
sity modulation depth of 61. 4% and a maximum fre-
quency tuning bandwidth of 60.6% .

5) Because of the high symmetry of the designed ab-
sorber unit structure, the proposed switchable dual-fre-
quency absorber has good polarization insensitivity and
wide-angle absorption characteristics in both the TE and
TM modes and has potential applications in modulators,
sensors, and other fields.
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