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An efficient modulation can be obtained by graphene due to its outstanding light-matter interaction, and many kinds of modulators based on
graphene have been studied during the last couple of years. However, there still exist unsolved issues in graphene-based modulators, such as
how to make a balance between modulation depth and modulation bandwidth. This work proposes a reflective modulator with relatively high-
modulation depth and wide working bandwidth. The proposed modulator has a simple five-layered structure of graphene—silica—graphene—
silicon-metal. They use an effective method of finite element method to simulate the performance of this modulator, and obtain a
modulation depth of 96% with a low bias voltage of ~4 V. Furthermore, they calculate the modulation speed by the equivalent circuit
method, and obtain the maximum modulation speed of about 25 kHz and a wide broadband of 72 kHz from theoretical analysis.

Therefore, this high-performance modulator provides an effective method for terahertz communication devices.

1. Introduction: Terahertz (THz) waves covering a frequency
range from 0.1 to 10 THz has become a hotspot research in wireless
communications due to its many advantages, such as high transmis-
sion rate, enhanced band source, strong anti-interference ability and
so on [1-3]. Thus communication devices of different kinds which
work in THz area have been studied in recent years, such as
modulators, absorbers and so on [4, 5].

Graphene is a two-dimensional (2D)-honeycomb-lattice material
which has drawn an increase in research because of its excellent
properties, such as high-electron mobility, tunable chemical
energy and Hall effect at room temperature since it was peeled
off from carbon in 2004 [6-9]. There is a great prospect that
graphene can improve the performance of communication
devices, especially in modulators [10]. Therefore, many kinds of
modulators based on graphene in THz have been studied and opti-
mised in recent years. For example, in 2017, Xia et al. [11] designed
a THz amplitude modulator based on graphene with a metallic
square ring resonant structure. The maximum modulation depth
could reach 72% with a bias voltage of —20 V according to their
simulation. However, they did not discuss the modulation speed
and the bandwidth. In 2018, Ji er al. [12] proposed two hetero-
structures ferroelectric superlattices modulators with modulation
depths of 48.7 and 78.5%, but the energy consumption was a bit
higher under that bias voltage swept from —40 to 40 V. We can
see that it is difficult to achieve a modulator with high-modulation
depth, low bias voltage, wide bandwidth and fast modulation speed
at the same time. It is still an unsolved challenge.

In this Letter, we propose a reflective THz wave modulator based
on double-layer graphene. The structure of this modulator is mainly
composed of five layers in a manner of graphene—silica—graphene—
silicon-metal. An external voltage was connected to the contacts on
the surface of graphene and the metal film. We use a finite element
numerical simulation software to simulate the performance of the
proposed modulator by adjusting the bias voltage to change the con-
ductivity of graphene, altering the thickness of silicon and silicon
dioxide. As such, we obtain a modulation depth reaching up to
96% with a low insertion loss. Its modulation rate is about
25 kHz, and the 3 dB bandwidth 72 kHz. Our results are competi-
tive with some previous studies [13—18]. This modulator has the
advantages like a simple structure, high-modulation depth, low
bias voltage, wide operation bandwidth and fast modulation rate.
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2. Design: The proposed modulator is shown in Fig. la. We can
see that the structure of this modulator is simple which is easy to fab-
ricate in the laboratory. The silicon material is p-type with a thickness
of 460 um, and the relative permittivity of silicon is 11.9 in the THz
region. As for the silicon dioxide, we can grow a single layer on the
surface of graphene with a thickness of 150 + 10 nm by the chemical
vapour deposition (CVD) method in the laboratory. The size of the
proposed device here is 1 cmX 1 cm, so the graphene is cut into
1 cm? which equals to the device’s dimension. Also we can use
the same method to grow graphene on the surface of silicon
dioxide. At last, gold electrodes can be plated on the surface of gra-
phene which can help to connect the external bias voltage.

The absorption rate of graphene sheet can be modulated by tuning
the conductivity of graphene by some methods, such as the continu-
ous wave (CW) laser method or bias voltage method [15, 19].
Therefore, we consider using the bias voltage to control the absorp-
tion of graphene indirectly [17] (as shown in Fig. 1b). The operating
principle of this modulator can be described as follows: when the
gate voltage is biased, the absorption of graphene increased with
the increment of gate voltage within a certain range. Due to this
sandwich structure, there exist two resonant cavities which are
composed by the graphene and multi-layer dielectrics, when the
THz signal is being absorbed fully which results ‘0’ code (the
THz wave reflection is 0.0425). When the gate voltage is unbiased,
the graphene just works as a thin film (means above 2.3% of
absorption from the previous study [20]), then a larger amplitude
of signal can be detected and this could be translated into the
digital signal ‘1’ code (the THz wave reflection reaches 0.9492)
[21, 22]. The device can be characterised using a THz imaging
and spectroscopy setup based on a Virginia Diode, Inc. multiplier
source, capable of providing CW radiation in the 620-700 GHz fre-
quency band and a broadband Schottky diode detector (as shown
in Fig. 1¢ which is mentioned in [17]).

3. Simulation: Graphene is a 2D material. Its many high-
performance properties have been analysed since it was discovered
the first time. Those properties of graphene can be described by the
surface conductivity which has been fully studied in the past few
years [23-25]. In the visible light and infrared areas, the surface
conductivity is mainly referred to interband transition; however,
the other part of it is the intraband transition which domains THz
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Fig. 1 The working principle diagram of modulator

a Schematic diagram of the modulator

b Modelled reflectance, transmittance and absorption of a single-layered
graphene as a function of its conductivity

¢ Schematic diagram of the THz imaging and spectroscopy setup [17]

area. In this Letter, the conductivity of graphene is derived from
Kubo model [26]

(f(w, Mo I, T) =

s [ -7
a2 (w—j2T) [Jo o de
N je*(w — j2r) r’ fa(e) — fa(—e)
ah’ 0 (0—j2r)* —4(e/n)’
1

where T is the temperature, I' is the scattering rate, and u, is the
chemical potential. The parameter 7 stands for normalisation
Planck constant, and the function fj(e) represents the Fermi—
Dirac distribution &. When there is only an electric field,
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the conversion formula between the chemical potential of graphene
and the electric field intensity can be obtained as follows [17]:

2 o

MEO = j s[nF(s) - nF(s + 2;1,0)] de 2
qc A

where vy is Femi velocity, np(¢) is the carrier concentration. In the

specific calculation, we often use the bias voltage to represent dif-

ferent graphene chemical potentials (Fig. 2a). The bias voltage

can be calculated according to the following formula [27]:

epky = &,80V,/d 3)

where &, is the relative permittivity of dielectric, and d is the thick-
ness of the dielectric, and V, is the external bias voltage. The rela-
tive permittivity of graphene is directly related to graphene
conductivity; thus, its value is needed during the simulation of
the modulator when using finite element method (FEM) software.
We introduce the thickness of graphene, denoted by A, then the
relative permittivity can be calculated as [28]

5 Im(®) Re(d)
a)sOAd_ weyA, lwsoAd

4)

where 6 is the conductivity of graphene, w is the angular frequency,
and g, is the impedance of free space.

The reflection and absorption parameters are calculated by
a frequency-domain electromagnetic solver, and the whole 3D
structure is simulated with mirror symmetry boundary condition.
The incident electric field is at normal incidence to the modulator.
Hence, the excitation wave and monitoring of the output are the on
same side because of the metal film which is on the bottom of the
modulator. The THz signal transmits through the graphene layer
four times in total. Due to the metal material on the bottom of the
graphene, the signal can be fully absorbed by the graphene easily
with a low chemical potential. The reflectance and absorption of
the modulator simulated by FEM software are shown in Figs. 2b
and c. The reflectance attenuates sharply with the increasing of
the chemical potential of graphene. However, the absorption
increases because of the metal film on the bottom of the modulator
[28]. When the chemical potential of graphene is 0.08 eV, the bias
voltage can be easily deduced to be about 2 V both from formula (3)
and Fig. 2a. The total voltage is double time of the single layer
graphene, which means 4 V. Almost 100% of the signal is absorbed
by the graphene when the chemical potential of is 0.08 eV
(as shown in Fig. 2¢), which means when the ‘0’ code signal is
modulated. When the bias voltage is zero, the maximum
reflectance is about 100%, then the ‘1’ code signal is modulated.
The modulation depth can be described as MD=(R(0)—R(1))/R
(0), where R(0) stands for the reflectance when the digital signal
is ‘0’, and R(1) represents the reflectance of digital signal is ‘1°.
The maximum MD is about 96% at the frequency of 0.677 THz.
The relationship between modulation depth and frequency is
referred to Fig. 2d.

The modulation speed is influenced by the structure of the
modulator, and the structure can be described by a simple
equivalent circuit because all dielectrics are unpatented which
as shown in Fig. 3. The R, and C, stand for the resistance and capa-
citance of graphene, the Cy is the capacitance of dielectric.
The modulation speed can be derived from the following
formula [18]:

1

fspeed = ﬁ (5)

where R and C stand for the resistance and capacitance of the
modulator, respectively. In this Letter, the R=R, according to the
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Fig. 2 Basic performance parameters of simulation

a Chemical potential of graphene versus bias voltage when the thickness of

silicon dioxide is 150 nm
b Reflectance versus frequency with different chemical potential
¢ Absorption versus frequency with different chemical potential

d Modulation depth versus frequency under different chemical potential

previous study [29]. The capacitance of the modulator can be

described by the following formula:

1 1

=—+—
¢, "¢,
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Fig. 3 Equivalent circuit illustration of the graphene-based modulator. The
R, and C, stand for the resistance and capacitance of graphene, respective-
ly, the C, is the capacitance of dielectric
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The capacitance of C, can use the following formula [29]:

26*kT [ ( EF>]
C,=——"""1n|2(1+ cosh—= 7
¢ 71'(71\/]:)2 kT

where e is an electronic charge, T is the room temperature, K is the
Boltzmann constant, 4 is the reduced Planck constant, and Ef is the
Fermi level of graphene. Cy can be calculated by a well-known
model of capacitance

Ca= 5‘;5‘ ®)

where & is the permittivity of vacuum, &, is the permittivity of di-
electric, and S is the area of graphene. At last, the modulation speed
can be found from formulae (5)—(8) and the relationship between
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Fig. 5 Reflectance of modulator at different bias voltages

a Single-layer graphene

¢ Double-layer graphene

Relationship between modulation depth and frequency at different bias
voltages

b Single-layer graphene

d Double-layer graphene

modulation speed and the bias voltage is shown in Fig. 4a. When
the gate voltage is 4 V, the capacitance of this modulator is calcu-
lated to be 2.3 x 1078 F from a silicon dioxide with a thickness of
150 nm, and the resistance of the modulator is found to be about
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276 Q. Then the modulation speed is 25 kHz, and the 3 dB band-
width is about 72 kHz which is higher than the similar devices men-
tioned in [17, 18] (as shown in Fig. 4b).

4. Discussion: The p-type silicon is regarded as an ideal material
whose relative permittivity is 11.9 in this THz region. It works as
a semiconductor which can contact the metal on the bottom of
the modulator and the middle graphene that is grown using the
method of CVD. The graphene can be grown on the surface of
copper by the CVD method in the laboratory, and then transferred
to Si/Si0, substrate which has been cut to a square with an area of
1 em?. The contacts to the graphene layers can be defined by photo-
lithography and deposited by e-beam evaporation of Au with a Cr
adhesion layer. The layers of graphene can make a big difference
to the performance of the modulator. When there is a single-layer
graphene on the top surface of SiO,, the maximum absorption is
74% which is smaller than that with a double-layer graphene
(97%) at the same frequency (as shown in Figs. Sa and c). Since
the multi-absorption works better when using the double-layer gra-
phene. Thus, the maximum modulation depth (76%) is lower than
the double-layer graphene modulator (96%, as shown in Figs. 5b
and d), so the performance of double-layer graphene is better
than monolayer graphene.

5. Conclusion: In conclusion, we have demonstrated a high-
performance modulator based on double-layer graphene, of which
the maximum modulation depth can reach up to 96% with a wide
operation bandwidth of about 72 kHz under a low bias voltage
via simulation. Moreover, the modulation depth is greater than
some previous studies. It is important that it is easy to fabricate
because of its simple shape. The performance of the proposed
modulator can further be optimised by tuning the number of gra-
phene layers or the dimension of parameters. Our design provides
an effective way to design the THz communication devices.
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