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Abstract: By exploiting the electroabsorption effect of gra-
phene, we present a graphene-based polarization-insen-
sitive optical modulator. The waveguide structure consists
of a silica substrate, high-index silicon strip waveguide,
Si)N, dielectric spacer, two graphene layers, and two
metal electrodes. The modulator performance is compre-
hensively studied in terms of attenuation, insertion loss,
modulation depth, and bandwidth. We achieve broad-
band >16 dB attenuation graphene-based optical modu-
lator over a 35 nm wavelength range (covering C band)
with an imbalance of no >1 dB and insertion loss of <2 dB
for transverse magnetic and transverse electric polarized
modes. Moreover, the electrical properties such as energy
per bit consumption (E, ) are also studied.
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1 Introduction

Optical modulator is one of the key components in opto-
electronic integrated circuits, which converts electronic
signals into high bit-rate photonic data. It is a device that
can be used to modulate the properties of light such as its
phase, amplitude, or polarization by electro-optic effect
[1], electroabsorption (EA) effect [2], magneto-optic effect
[3], and thermo-optic effect [4]. Traditional modulators
are usually based on interference (Mach-Zehnder inter-
ferometers), resonance (ring resonators), and bandgap
absorption (germanium-based EA modulators).
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The early modulators employing lithium niobate
waveguides [5] have advantages of stable operation over
temperature, nearly zero-chirp, and bias-free. Although
they have been extensively used in fiber-optic communi-
cation systems, the large footprint and low modulation
efficiency might limit their further applications in opto-
electronic integrated circuits. Later, a fully integrated
silicon (Si) waveguide modulator based on Mach-Zehnder
interferometer technology [6, 7], which is compatible with
conventional complementary metal-oxide semiconduc-
tor (CMOS) processing, is reported. Then, a high-speed
Si optical modulator using MOS capacitor is experimen-
tally realized by Liu et al. [8] with modulation bandwidth
exceeding 1 GHz. Through improvements in material
quality, device design, and driver circuitry, an Si modu-
lator with a bandwidth of 10 GHz was achieved by Liao
et al. [9]. Significant progress also has been made for
Mach-Zehnder modulators, with operation speed of up to
40-60 Ghit/s [10-14]. Recently, some impressive Si mod-
ulators based on microdisks, microrings, and photonic
crystals exhibit the advantages of small size [15, 16], low
modulation power [15, 17], and high modulation speed of
up to 44-50 Ghit/s [18-20]. GeSi EA modulators [21-23]
and surface plasmon polariton modulators [24-27] are
also extensively investigated to improve the modulation
efficiency and reduce the active device area. However,
most of the above-mentioned modulators suffer from low
modulation efficiency, large footprint, substantial temper-
ature sensitivities, narrow operating bandwidth, and high
insertion loss. To mitigate those limitations, a modulator
with ultracompact device footprint, small insertion loss,
low energy consumption, ultrafast response, high modu-
lation speed, broad operation bandwidth, and acceptable
thermal tolerance is highly desirable.

Graphene [28] features unique properties such as
strong coupling with light, gate-variable optical conduc-
tivity, extraordinary thermal conductivity, and ultrahigh
saturable absorption, which show great potential appli-
cations in optical modulators. In the last 2 years, an EA
optical modulator based on single-layer graphene was
first fabricated by Liu et al. [29], which had a modulation
depth of 0.16 dB/um and an overall length of 40 um. It
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can modulate the total transmission just by applying dif-
ferent drive voltages between the graphene and wave-
guide. To enhance the interaction of light with graphene,
a double-layer graphene optical modulator was designed
and experimentally demonstrated [30]. The modulator
possesses higher modulation depth, smaller footprint,
and lower energy consumption. The graphene-based
waveguide-integrated EA modulator has the benefits of
high modulation efficiency, broadband, high-speed oper-
ation, ultrasmall size, and thermal stability. Up to date,
a series of theoretical investigations and experimental
demonstrations of graphene-based optical modulators
have been extensively researched [31-40]. Most of the
proposed configurations are polarization sensitive, as are
conventional semiconductor-based electrooptical modu-
lators [7, 41]. The polarization-sensitive modulator based
on graphene is attributed to the differential attenuation of
two polarization modes [42]. However, those polarization-
sensitive modulators might have some limitations in real
practical applications.

(1) For linearly polarized incident light that is widely
used in fiber-optic communication systems, it is desired
to adjust the incident light polarization state in line
with the polarization-sensitive modulator. In this case, a
polarization-maintaining fiber or polarization controller
is always required, resulting in the increase of the trans-
mitter complexity. (2) When the incident light is circularly
or elliptically polarized, it can be decomposed into two
orthogonal linearly polarized components. As a result,
one component of polarized light cannot be modulated
by the polarization-sensitive modulator. Then, the cou-
pling losses from optical fiber to modulator might become
large. Thereby, it is reasonable to design a modulator that
can solve the imperfection of a polarization-sensitive
modulator. A polarization-insensitive graphene-based EA
optical modulator concept is presented by Ye et al. [43].
However, the control of the angle of the slanted Si stripe
waveguide might have some challenge in a practical fab-
rication process. In this scenario, a laudable goal would
be to explore the polarization-insensitive graphene-based
optical modulator.

In this paper, we present an EA polarization-insen-
sitive modulator based on graphene-Si waveguide.
The chemical potential of graphene u=0 eV is chosen
as the “OFF” state point, and the point of u=0.48 eV
is regarded as the “ON” state. The performance of the
designed graphene-based modulator is comprehen-
sively evaluated, showing a 3 dB modulation depth with
a10.35-um-long waveguide for transverse magnetic (TM)
and transverse electric (TE) polarized modes. When the
length of the graphene-based hybrid waveguide is set as
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50 um, the required voltage to switch the optical modu-
lator from its minimum absorption to maximum modu-
lation is assessed to be AV=6.72 V, corresponding to
E, =298 p]/bit.

2 Gate-variable dielectric constant
of graphene

One of the important properties of graphene is gate-var-
iable optical conductivity [29], which enables the feasi-
bility of a graphene-based modulator. The conductivity
of graphene can be dynamically tuned by applying drive
voltages that will change the carrier density of graphene
and accordingly shift the Fermi level E, (also chemical
potential «) of graphene. Here, graphene is treated as an
anisotropic material because it is one atom thick and its &
electrons cause electric conduction in its plane. The out-
of-plane conductivity o can be different from the in-plane
conductivity o,. For the in-plane optical conductivity o,
of graphene, an analytic expression derived within the
random phase approximation [44] is used, which is
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where o, =e’ /41 is the universal conductivity of gra-
phene (e is the elementary charge and 7 is the reduced
Planck constant), E, =k,T, is thermal energy in eV (k, is
the Boltzmann constant and T, is the carrier’s effective
temperature), E, is the Fermi energy (that is chemical
potential u) of graphene in eV, E,= hc/A is photon energy
ineV (his the Planck constant), and E_=7/7 is scattering
energy in eV for the scattering time 7.

The complex dielectric function ¢ (u) can be obtained
from the complex optical conductivity of graphene
written by
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where A=0.7 nm is a thickness of the graphene layer, and
g, is the permittivity of vacuum, but the out-of plane per-
mittivity is assumed to be e =2.5 [44].

The dielectric constant ¢, of graphene is calculated as
a function of the chemical potential u for a wavelength of
4=1550 nm, T,=300 K, 7=0.1 ps, as shown in Figure 1A.
Figure 1B shows the dielectric constant of graphene as a
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Figure 1: The dielectric constant of graphene as a function of chemi-
cal potential and incident light wavelength.

(A) Calculated dielectric constant of graphene (real part, imagi-

nary part, and magnitude) as a function of chemical potential for
A=1550 nm and (B) permittivity of graphene as a function of incident
light wavelength under 0 eV chemical potential.

function of incident light wavelength when the chemical
potential of graphene is 0 eV.

3 Concept and principles

Figure 2A and B shows the structure of the polarization-
insensitive optical modulator. The proposed graphene-
based polarization-insensitive optical modulator consists
of a silica substrate, high-index Si strip waveguide, Si N,
dielectric spacer, two graphene layers, and two metal elec-
trodes. The two graphene flakes are extended out from
opposite sides of the ridge Si waveguide for metallization.
As graphene interacts with the tangential (in-plane) elec-
tric field of electromagnetic waves (Figure 2, inset), the
interband transitions in graphene occurs. For TM and TE
polarized modes, only the corresponding field component
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Figure 2: The structure of the polarization-insensitive optical
modulator.

(A) Three-dimensional schematic illustration of the device and
(B) cross-section of the hybrid Si waveguide. Inset: electric field
distribution of TM and TE modes.

(horizontal and vertical polarization directions) has an
effective interaction with graphene [45]. Therefore, the
mode that presents the higher fraction of its field paral-
lel to graphene, at the graphene position, experiences the
higher absorption, which is response for the graphene-
based polarization-sensitive modulator [29]. The polariza-
tion-dependent absorption is determined by the tangential
(in-plane) electric field that overlaps with the graphene
layer, and the waveguide design directly determines this
fraction. Therefore, with a proper geometry structure of the
Si waveguide, two graphene flakes can impose equal influ-
ence on TE and TM modes in the ridge waveguide.

The performance of the designed graphene-based
polarization-insensitive modulator could be analyzed
using capacitor models. The applied gate voltage changes
the charge-carrier density in graphene, n:a(Vg+ V), and
shifts the Fermi level E, (also chemical potential u) as
follows [29]:

u=hv, n|a(Vg+V0)| (3)

where n is the electron-hole doping concentration,
V.=0.9x10°m/s is the Fermi velocity [29], V, is the voltage
offset caused by the natural doping, and V, denotes the

. €€ . . . .
applied gate voltage. a= % is estimated using a simple

parallel-plate capacitor, where ¢_together with ¢ denotes
the permittivity of the dielectric inside the capacitor, d is
the distance between the capacitor plates, and e is the
elementary charge. Consequently, the applied voltage
v, adjusts the chemical potential « (E,), the variation of
which changes the complex optical conductivity o, result-
ing in the tuning of the complex dielectric constant &
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4 Simulation results

In this work, the numerical simulations are performed
based on the finite-element method. In the simulations,
the boundary condition of the designed graphene-Si
waveguide is set as a perfect matched layer. The thickness
of the graphene layer is modeled as 0.7 nm.

Here, we first study the geometry dependence (Si wave-
guide width W) of the attenuation for TE and TM modes.
Then, we define the insertion loss (minimum attenuation)
and modulation depth (maximum attenuation-minimum
attenuation) of graphene-based polarization-insensitive
modulator. Finally, the attenuation as a function of the
incident light wavelength is also evaluated.

To achieve polarization-independent modulation, dif-
ferent waveguide configurations are numerically analyzed
with a double-layer graphene and dielectric spacer (Si,N,)
placed on a strip Si waveguide (Figure 2). The thickness of
the Si,N, spacer is 7 nm. When setting Si waveguide height
H,=250 nm, we show the attenuation as a function of
the Si waveguide width. Here, the chemical potential of
graphene is set as 4 =0.3 eV and the incident light wave-
length is 1550 nm. As shown in Figure 3, we start our cal-
culations with the width W varying from 300 to 430 nm.
When the width of the Si waveguide is 300 nm, the attenu-
ation of 0.248 and 0.543 dB/um are calculated for the TM
and TE polarized modes, respectively. Figure 3 also shows
that the attenuation of TM mode increases with the width.
However, as the width increases, the attenuation of TE
mode decreases. When the Si waveguide width is about
407 nm, the attenuation curves of TM and TE polarized
modes intersect (its value is 0.31 dB/um), which imply
that TM and TE polarized modes have the same loss.

Based on the results from the previous section, the
detailed analysis will be performed for an Si waveguide
with a width of 407 nm and a height of 250 nm. The change
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Figure 3: Attenuation versus graphene-Si waveguide width.
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in attenuation and refractive index is analyzed as a function
of the chemical potential for TM and TE polarized modes.
In Figure 14, it is reminded that the complex dielec-
tric constant of graphene can be tuned by changing the
chemical potential of graphene through the applied drive
gate voltage. The change of the complex dielectric con-
stant of graphene affects the mode property (e.g. attenu-
ation and effective refractive index N ). Figure 4A shows
the attenuation of graphene-based polarization-insen-
sitive waveguide modulator as a function of the chemi-
cal potential of graphene. Here, the working principle of
the polarization-insensitive modulator relies on the EA
effect of graphene. As shown in Figure 4A, the maximum
attenuation is ~0.33 dB/um with x=0 eV for TE and TM
mode. This chemical potential x =0 eV point is chosen as
the “OFF” state point. Considering the energy consump-
tion of the designed modulator, we set u=0.48 eV as the
minimum attenuation chemical potential. The minimum
attenuation is ~0.04 dB/um (insertion loss). The point
of ©=0.48 eV is regarded as the “ON” state. Therefore,
the modulation depth is ~0.29 dB/um (maximum atten-
uation-minimum attenuation). Hence, a ~10.35-um-long
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Figure 4: The change of the complex dielectric constant of graphene
affects the mode property.

(A) Attenuation and (B) mode effective index (N, ) of the modulator
as a function of chemical potential at 4 =1551.7 nm for two sup-

ported TM and TE polarized modes.
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waveguide is required to achieve a 3 dB modulation depth
for graphene-based polarization-insensitive optical mod-
ulator. Additionally, the same variation of the effective
refractive index (N_;) trend for TM and TE modes is also
observed, as shown in Figure 4B. That is, the TE and TM
modes have the same phase modulation when the chemi-
cal potential of graphene varies from 0 to 0.48 eV. The
peak in Figure 4 at u =0.55 eV may be caused by intraband
absorption [31]. The variation of N_; for TM and TE polar-
ized modes is 4.7 x 10> when the chemical potential of gra-
phene increases from 0 to 0.397 eV. Therefore, to introduce
a m-phase shift between both arms of the graphene-based
Mach-Zehnder interferometer, an active arm length of
164.894 um is needed.

In addition to small footprint, low insertion loss,
and high modulation depth, a large optical bandwidth is
also expected for an ideal modulator. However, conven-
tional electro-optic modulators based on integrated Si,
germanium, and compound semiconductors suffer from
a sophisticated design and an intrinsic relatively narrow
optical bandwidth. Remarkably, the ultrahigh carrier
mobility and strong optical absorption of graphene
are independent of wavelength, which might enable a
graphene-based modulator with a large optical band-
width. To evaluate the optical bandwidth of the designed
polarization-insensitive optical modulator, we study
the attenuation as a function of the incident light wave-
length covering the entire telecommunication C-band.
Here, the length of graphene-based hybrid waveguide is
set as 50 um and the chemical potential of graphene is
u=0 eV “OFF” state. For the incident light wavelength
of ~1551.7 nm, the attenuation is 16.44 dB for TM and
TE polarized modes, as shown in Figure 5. We achieve a
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Figure 5: Attenuation of graphene-based polarization-insensitive

optical modulator versus incident light wavelength for two sup-
ported TM and TE polarized modes.
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broadband >16 dB attenuation graphene-based polari-
zation-insensitive optical modulator over a 35 nm wave-
length range (covering C band) with an imbalance of no
>1dB and an insertion loss of <2 dB. The excellent proper-
ties fulfill the requirement of a broadband polarization-
insensitive optical modulator.

5 Discussion

In addition to the metrics of optical modulators dis-
cussed above (insertion loss, modulation depth, and
bandwidth), power consumption, the energy expended
in producing each bit of data, has become particularly
important for optical interconnects. Here, we study the
electrical properties such as energy per bit consump-
tion (E,,) of the designed graphene-based polarization-
insensitive optical modulator. Figure 6 shows the drive
voltage of the modulator as a function of the chemical
potential of graphene. The required voltage to switch the
graphene-based polarization-insensitive optical modula-
tor from its minimum absorption (0.48 eV, “ON” state) to
its maximum modulation (0 eV, “OFF” state) is assessed
to be AV=6.72 'V, corresponding to E,, =2.98 p]/bit. As we
have mentioned above, the graphene-based modulator
can also be used as a Mach-Zehnder interferometer, which
is the key component of the I/Q modulator. The required
voltage to introduce n-phase shift of the graphene-based
Mach-Zehnder interferometer is 4.6 V (Vn), corresponding
to E,, =4.6 pJ/bit.

Here, we estimate the 3 dB modulation bandwidth
using an RC circuit model. With a carrier mobility exceed-
ing a carrier mobility over 10° cm?/(V s) at room temper-
ature [46] and high saturation velocity of graphene, the
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Figure 6: Drive voltage of the graphene-based polarization-insensi-
tive optical modulator versus the chemical potential of graphene.
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operation bandwidth of the device is not likely limited
by the carrier transition time but the R_C of the circuit,
where R_and C are the total series resistance and capaci-
tance of the device, respectively. The total series resist-
ance R_ is calculated by adding the ohmic resistances
of the graphene layer as well as the resistance Rc of the
metal contacts to the graphene layer; the former can be
reduced to ~125 Q/sq by highly doped, whereas the latter
is several ohms [47]. The capacitance of the device can be
calculated as C=¢g¢ clAgm/d, where ¢, ¢, Agm, and d rep-
resent the permittivity of vacuum, the permittivity of the
dielectric inside the capacitor, the area of graphene, the
distance between the capacitor plates, and the charge of
an electron, respectively. The capacitance of the structure
is calculated to be C=2.64x10" F. The 3 dB modulation
bandwidth, f, .., is calculated by f, ,,=1/2nR _C [33, 47, 48].
Hence, we calculate the bandwidth to be ~30.2 GHz by
taking R_=~20 Q [47, 48].

The estimated 3 dB modulation bandwidth based
on the RC model is very similar to the Si modulator in
Ref. [20]. Remarkably, the designed graphene-based
optical modulator features broadband >16 dB attenua-
tion over a 35 nm wavelength range (covering C band),
small imbalance <1 dB, and low insertion loss <2 dB for
the TM and TE polarized modes. Meanwhile, the area of
graphene-based hybrid waveguide is only 0.407 x50 um
and the required voltage to switch the optical modula-
tor from its minimum absorption to maximum modula-
tion is assessed to be AV=6.72 V. Moreover, the estimated
3 dB modulation bandwidth can be further improved by
decreasing the capacitance of the structure. For applica-
tions not requiring 16 dB attenuation, one may reduce the
waveguide length to further increase the 3 dB modulation
bandwidth.

We present a theoretical treatment of waveguide-
based graphene EA modulators, exploring its polariza-
tion dependence via finite-element simulations of optical
mode overlaps with the graphene layer. By carefully
choosing the width of the waveguide so that the TE and
TM modes have equal absorption, covering the sidewalls
of the waveguide with graphene and balancing the left/
right sidewall overlap of the TM mode to equal the top/
bottom surface overlap of the TE mode can be realized
in a practical fabrication process [29, 30]. The possi-
ble fabrication process of the designed graphene-based
polarization-insensitive optical modulator is as follows.
The Si waveguide is fabricated using E-beam lithography
combined with the inductively coupled plasma etching
process. Chip-sized graphene sheet prepared on Cu film
by chemical vapor deposition is protected by 200-nm-
thick poly(methyl methacrylate) film. After the Cu film
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is removed by the FeCl, solution, the graphene sheet is
then rinsed and transferred on the fabricated waveguide.
E-beam lithography is then used to define the active
region, and oxygen plasma is applied to remove the unde-
sired graphene on one side of the waveguide, leaving the
other side for metallization. Thermal evaporation is used
to deposit metal for electrode. The Si,N, dielectric constant
material is deposited on pristine graphene. Subsequently,
similar patterning and etching procedures as the bottom
graphene layer are performed to define the active tuning
areas of graphene and top metal electrodes. Although the
thickness of the Si.N, spacer is 7 nm, the quantum capaci-
tance of the designed modulator can be neglected [29]. In
this work, the operation bandwidth is simulated using an
equivalent circuit model with neglected Fermi-Dirac sta-
tistics, quantum capacitance effects, and random poten-
tial fluctuations in the graphene.

Here, the linearity of the graphene-based polariza-
tion-insensitive optical modulator is also evaluated. As
shown in Figure 7, the attenuation and drive voltage have
a nonlinear relationship within a wide range of drive
voltage. The attenuation varies with the drive voltage
when its value increases from 0.8 to 7.52 V. However, when
choosing the drive voltage of the graphene modulator
V=4.84 V as the “OFF” state point and V=6.0 V as the
“ON” state point, the attenuation and drive voltage show
an approximate linear relationship, as shown in the gray
region in Figure 7.

In this work, by exploiting the EA effect of graphene,
we present a graphene-based polarization-insensitive
optical modulator. Besides, graphene can be widely used
in lots of emerging applications. For instance, graphene
can be employed as an optical nonlinear medium due to
its ultrahigh third-order nonlinearity [49], which is cor-
responding to the Kerr nonlinearity, Re[y®]. Note that
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Figure 7: Attenuation of graphene-based polarization-insensitive
optical modulator versus drive voltage.
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optical nonlinearity can facilitate grooming optically
efficient nonlinear signal processing applications [50].
The ultrahigh Kerr nonlinearity of graphene is a promis-
ing candidate for nonlinear optical signal processing [51].
Graphene-enhanced nonlinear optical signal processing
has been widely demonstrated in various configurations,
such as slow-light graphene-Si photonic crystal wave-
guide [52], fiber pigtail cross-section coated with a single-
layer graphene [53-56], graphene based on microfiber
[57], and graphene-assisted Si microring resonator [58,
59]. Benefiting from the linear and massless band struc-
ture of graphene [49], graphene-based optoelectronic
devices are very fascinating.

6 Conclusions

In summary, we have proposed and designed a graphene-
based polarization-insensitive optical modulator consist-
ing of a silica substrate, high-index Si strip waveguide,
Si,N, dielectric spacer, two graphene layers, and two
metal electrodes. The working principle of the graphene-
based polarization-insensitive optical modulator relies
on the EA effect of the graphene. We design the geom-
etry of the Si waveguide that determines the tangential
(in-plane) electric field that overlaps with the graphene
layer to have the same loss for TM and TE polarized
modes. In the graphene-based modulator, the applied
drive voltage adjusts the chemical potential of graphene,
the variation of which changes the complex optical con-
ductivity, causing the variation of the complex dielectric
constant and the resultant tuning of the mode properties.
The chemical potential of graphene ¢ =0 eV is chosen
as the “OFF” state point and the point of 4 =0.48 eV is
regarded as the “ON” state. A ~10.35-um-long waveguide
is required to achieve a 3 dB modulation depth for TM
and TE polarized modes. A broadband >16 dB attenuation
graphene-based polarization-insensitive optical modula-
tor over a 35 nm wavelength range (covering C band) with
an imbalance of no >1 dB and an insertion loss of <2 dB
is achieved when the length of graphene-based hybrid
waveguide is set as 50 um and the chemical potential of
graphene is 4 =0 eV. We also study the electrical proper-
ties of the designed graphene-based modulator, such as
E,, V, and bandwidth. The linearity is also evaluated
for the designed graphene-based polarization-insensitive
optical modulator.
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