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A photoexcited wideband silicon-based tunable
metamaterial absorber with wide-angle absorption for
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We design a new kind of metamaterial absorber in the form of photoconductive silicon disk capable of having tunable
wideband absorption of terahertz waves. We demonstrate the absorption of absorber reach up to 90% within the entire
frequency band of 4THz~6.5THz when the conductivity of silicon is 5000S/m, and it process the tunable property by alter the
photoexcited conductivity of silicon disk. Moreover, we study the electric and magnetic fields distribution at some frequency
within the absorption band in order to analysis the wideband absorption mechanism. Finally, we prove that the absorber has
the property of polarization-insensitive and wide-angle absorption for terahertz waves. The proposed metamaterial absorber
is low-cost, easy to prepare, and useful for terahertz waves modulation and switching.
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1. Introduction

Metamaterials (MMs) is a new kind of artificially
composite material composed of sub-wavelength periodic
structures. Over past decades, the research of MMs have
attracted great attentions due to its property not available
in nature [1-3] and many functional MMs has be
demonstrated from microwave band to visible regime
[4-10]. The research of MMs in terahertz (THz) MMs as a
potential solution to construct high performance THz
devices is especially important due to the lack of natural
material to response the THz waves [11]. Metamaterial
absorber in THz regime has the potential application in
switcher, modulator, detection, sensing, and so on [12,13].

Over the past years, many wideband MMA in THz
regime is fabricated and theoretically analyzed using a
variety of designed configurations. In 2015, Li et al. [14]
proposed a wideband MMA consisting of multi-layer
square resistive surfaces with different sizes, its absorption
is over 90% form 2.6 THz to 5.7 THz. In 2016, Wu et al.
[15] proposed a wideband MMA consisting of multi-layer
metal and dielectric, its absorption is over 90% from 1.666
THz to 2.562 THz. In 2018, Rahmanzadeh et al. [16]
proposed a wideband MMA consisting of square, cross
and circular graphene metal surfaces embedded three
layers dielectrics, its absorption is over 90% from 0.55
THz to 3.12 THz. However, the above mentioned
wideband MMA in THz regime are all multi-layer, which
not only increases the processing difficulty, but also limits

their applications in some fields.

In this work, we present a new kind of metamaterial
absorber in the form of photoconductive silicon disk
capable of having tunable wideband absorption of
terahertz waves. We demonstrate the absorption of
absorber reach up to 90% within the entire frequency band
of 4THz~6.5THz when the conductivity of silicon is
7000S/m, and it process the tunable property by alter the
external pump power applied on silicon disk. The
proposed metamaterial absorber is low-cost, easy to
prepare, and useful for terahertz waves modulation and
switching.

2. Design theory

The equivalent circuit of MMA based on resistive film
is shown in Fig. 1. According to the theory of transmission
line, the input impendence of MMA based on resistive film

1 L2,

can be expressed as Z, = =
l/Zp +1/Z, Zp +Z,

(Z4

is dielectric impedance, Zp is the surface impedance).
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Fig. 1. The equivalent circuit diagram of metamaterial
absorber based on resistive film

The dielectric impedance Zd can be expressed as

[17]:
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In the formula (1), Z0 is the impedance of free space,
&yand 4, is the permittivity and permeability of free space,
@ is the resonant angular frequency, d is the thickness
of dielectric layer and &, is the relative permittivity of
dielectric layer.

The surface impedance Zp can be expressed as

[18]:
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In the formula (2), Rs is the sheet resistance of
resistive film, Synitcen aNd Syacn are the area of unit cell and
resistive film. We can see from formula (1) and (2) that the
absorption of MMA based on resistive film can be tuned
by alter the sheet resistance of resistive film. At the same
time, the MMA based on resistive film can realize
wideband absorption due to the produced heat loss of
resistive film under the action of incident electromagnetic
wave.

The conductivity of silicon in THz regime can be
tuned via photo-excitation [19,20], so the tunable
wideband MMA in The regime can be realized using
silicon as the resistive film.

3. Model design

Our MMA is composed of a silicon disk array above a
conductive ground plane layer separated with a dielectric
substrate, as Fig. 1. The silicon disk is simulated as a

dielectric with permittivity of &, =11.7 and pump

power-dependent conductivity [19,20], its geometric

parameters are as follows: r =6um, t=1um. The
dielectric substrate is composed of polyimide with

g, =2.88and tano =0.0313 in THz regime [21], its
geometric parameters are as follows: a=b=6um ,

h =6m . The conductive ground plane layer is made of

gold with conductivity o =4.09x10°S/m [21], its

thickness is g =0.2um . All the above mentioned

parameters are obtained by parameter optimization.
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Fig. 2. Scheme of the proposed MMA, (a and b) the unit cell
structure, (c) two-dimensional array (color online)
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The modeling and numerical simulation of our MMA
is performed with Microwave Studio CST. At the
simulation process, the boundary condition of x and y
directions are set as unit cell, the z direction is set as open,
the All+Floquet ports is used to simulating the incoming
and outgoing waves. The electromagnetic parameters are
calculated by using frequency domain electromagnetic
solver.

4. Results and discussion

As the copper substrate of unit cell prevents the

incident  wave  penetrating, the  transmittance

T(w) =|Slz|2 =0, the absorption can be calculated by

A(w) =1_|S11|2 —|821|2 =1—|Sll|2. Fig. 3 shows the

simulated absorption for different silicon conductivities.
It can be seen from Fig. 3 that the absorption reach its
maximum when the conductivity of silicon is 5000 S/m,
and the frequency with the absorption over 90% is from 4
THz to 6 THz. The absorption gradually decreases with
the decreasing of the conductivity. By using the definitions
of the depth

M = |Abias_p\nax|
A,

ax

strength modulation

x100% ( A is the absorption of

MMA at different conductivity of silicon, A__ is the

maximal absorption of MMA) [19], the corresponding
modulation depth is up to70%. The reason of tunable

absorption is that the surface impedance Zp of MMA will

decrease with the increasing of the conductivity of silicon
according to the formula (2), this will dent the impedance
match of MMA with free space, and then lead to the
deceasing of absorption with the increasing of the
conductivity of silicon.
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Fig. 3. The absorption of the proposed MMA with different
silicon conductivity (color online)

According to the calculation formula of absorption

2

Z(w)-Z,

the  perfect
Z(w)+Z,

A(w) =1-R(w) =1—‘

absorption of incident wave is achieved when the input
impedance of MMA is equal to free space. According to
the S parameters extracted by simulation, the normalized

impedance ( Z(w)/Z,) under perpendicular incident

wave when the conductivity of silicon is 5000 S/m
calculated by scattering parameter method (the distance of
input port with MMA is 3 um) [22], the result is shown in
Fig. 4. We can see from Fig. 4 that the normalized
impedance of MMA with free space from 4 THz to 6 THz
is close to one, it indicates that a well acceptable
match of MMA with free space is
accomplished, as an outcome the perfect absorption can be

impedance

realized in this case.
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Fig. 4. The normalized input impedance of absorber with free
space when the conductivity of silicon is 5000 S/m under
perpendicular incident wave (color online)
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In order to better understand the physical mechanism
of wideband absorption, the electric and magnetic field
distributions are numerically investigated at 4THz, 5THz
and 6THz, as shown in Fig. 5. We see from Fig. 5 that the
electric field mainly concentrates on the upper left and
upper right part of unit cell and the magnetic field mainly
concentrates on the middle part of silicon disk at 4THz and
5THz. This indicates that there are both strong electrical
and magnetic resonances at these frequencies [8]. For
6THz, the magnetic field is mainly concentrated on the
middle part of silicon disk and the bottom part of
polyimide, but the electric field is significantly weaker,
indicating that the main role is a strong magnetic
resonance and the electric resonance is much weaker at
6THz [8]. These resonances in the metamaterial are close
to each other in frequency, which are merged together to
form a wideband absorption.
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Fig. 5. Vector distributions of (a) electric and (b) magnetic fields at resonance frequencies: 4 THz (top),
5 THz (middle), and 6 THz (bottom) (color online)

For a better illustration of the absorption of MMA, the
power loss densities at the 4 THz, 5 THz and 6 THz are
further shown in Fig. 6. It shows that, in all cases, the
power loss densities mainly concentrate on the polyimide
layer, which is simply due to the high dielectric loss of
polyimide over the frequency range of interest.

The above results are calculated at the condition of
THz wave incident vertically on MMA, but the practical
application requires MMA to have high absorption at wide

range of incident angle and different polarization.
Therefore, the absorption of MMA at different polarization
and incident angle are simulated (the conductivity of
silicon is 5000 S/m), the results are shown in Fig. 7 and
Fig. 8. It can be seen from Fig. 7 that the absorption of
MMA is insensitive to polarization because of the
rotational symmetry of unit cell. It is noticeable in Fig. 8
that the absorption of MMA gradually decreases with the
increasing of incident angle from 0° to 80° at TE and TM



342 Liansheng Wang, Dongyan Xia, Quanhong Fu, Xueyong Ding, Yuan Wang

mode, but the absorption is still up to 70% from 4THz to

6.5 THz at the incident angle of 60°.
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Fig. 6. The power loss densities of MMA at (a) 4THz,
(b) 5THz and at (c) 6THz (color online)
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Fig. 7. The absorption of absorber at different
polarization angle when the conductivity of silicon is
5000S/m under perpendicular incident wave (color online)
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Fig. 8. The absorption of absorber at different incident angle
when the conductivity of silicon is 5000 S/m, (a) TE mode;
(b)TM mode (color online)
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Finally, the effect of geometric parameter r and t on
the absorption when the conductivity of silicon is 5000

S/m is investigated, the results are shown in Fig. 9 and Fig.

9. We can see from Fig. 9 that the absorption of MMA
gradually decrease with the decreasing of r and t. The
main reason is that the resistance of silicon disk gradually
decrease with the decreasing of r and t, this lead to the
impedance match of MMA with free space decrease.
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Fig. 9. The absorption of absorber at different geometric
parameters when the conductivity of silicon is 5000 S/m
under perpendicular incident wave, (a) different geometric
parameter r, (b) different geometric parameter t (color online)

5. Conclusion

We present a new kind of MMA in the form of
photoconductive silicon disk capable of having tunable
wideband absorption of terahertz waves. Firstly, the
absorption of MMA at different conductivity of silicon is
calculated using Microwave Studio CST, the results show
that the absorption of absorber reach up to 90% within the
entire frequency band of 4 THz ~ 6.5 THz when the
conductivity of silicon is 5000 S/m, and the absorption
decrease with the decreasing of photoexcited conductivity
of silicon. Moreover, the resonance induced electric field
and magnetic field distribution are discussed at different

frequencies for investigating the mechanism of the
wideband absorption, which also confirms that the incident
wave energies are mainly consumed in the structured
polyimide layer. Finally, the absorption of MMA at
different polarization and incident angle are studied, which
demonstrate that the absorber has the property of
polarization-insensitive and wide-angle absorption for
terahertz waves. The proposed metamaterial absorber is
low-cost, easy to prepare, and useful for terahertz waves
modulation and switching.
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