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Abstract: Wideband and polarization-insensitive operation are key issues for electro-
optic modulators. An electro-absorption modulator based on graphene-silicon nitride hybrid
waveguide has been proposed. Geometric parameters are investigated through finite ele-
ment method to enhance the interaction between the optical mode and the graphene. For
a 200-um-long hybrid waveguide, a modulation depth (MD) of 20 dB can be obtained when
Femi level varies from 0.2 to 0.6 eV. The MD difference between the transversal electric
polarization and transversal magnetic polarization (AMD) can be restrained to 4 x 10~ dB
at 1550 nm. A low average AMD of 0.2 dB within the wavelength range from 1100 to
1645 nm can be obtained. The 3 dB-bandwidth of 53 GHz and a power consumption is
0.687 pJ/bit can be obtained. The proposed modulator has potentials for on-chip signal
processing.

Index Terms: Graphene, silicon nitride, waveguide, polarization-insensitive.

1. Introduction

High performance electro-optic (EO) modulator is highly demanded in wideband optics commu-
nication networks [1]. The lithium niobite-based modulators are matured, but suffering from large
footprint and relatively high modulation voltage [2]. lll-V electro-absorption modulators offer small
footprint, however, the insertion loss and thermal stability are still to be improved [3]. Transparent
conductive oxide is also one of the promising materials for EO modulator [4]. Silicon modulators are
compatible with CMOS technology, while facing the problem of low EO efficiency [5], and relatively
high optical loss brought by surface roughness compared to the typical value of 0.1 dB/um of silicon
nitride (SiN) waveguide [6]. As has been reported, the refractive index difference between SiN and
SiO, cladding is smaller than that of SOI waveguide, which allows a larger mode dimension that
is beneficial to the light coupling. SiN waveguide that is also compatible with CMOS technology is
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Fig. 1. (a) Cross-sectional and (b) three-dimensional (3D) view of the proposed graphene/SiN electro-
absorption modulator.

favorable to the low-cost manufacturing [7]-[9]. Therefore, EO modulators incorporating graphene
and SiN waveguide have been investigated [6, 10, 11].

Graphene is a single-atom layer material bonded by a carbon atom in a hexagonal form. This
unique structure offers graphene excellent optical properties of controllable light absorption, high
electron mobility (200,000 cm?V~'s~1), uniform light absorption rate of 2.3% in a broadband [12]-
[20]. These favorable properties offer the graphene good potentials in high speed, small footprint
and low power consumption modulator applications [21]-[24]. In 2011, Liu et al. have reported a
graphene optical modulator with a modulation depth (MD, the difference between “ON” state and
“OFF” state) of 0.1 dB/um [25]. A graphene optical modulator with graphene-isolation-graphene
heterostructure is reported to have a MD of 0.16 dB/um with a low power consumption of 1 pJ/bit
[26]. A high 3 dB-bandwidth of 30 GHz for the graphene EO modulator has been demonstrated, too
[27]. However, the extremely thin graphene flake is unfavorable to the strong interaction with the
light field, posing a limitation on the graphene modulator performance. Therefore, the waveguide
structure optimization [28, 29] or novel effect, such as plasmonic effect, have been introduced
to enhance the interaction of graphene with the light field. Kim et al. proposed a modulator, in
which the graphene is placed in the middle of optical waveguide to improve the interaction, and
then the modulation depth [29]. Though plasmonic modulators offer high optical mode confinement
and compact device size [30], the high optical loss is still the most challenge. Another issue for
graphene applied in waveguide modulator is the polarization sensitivity, which originates from the
low absorption rate with the electric polarization that is perpendicular to the graphene layer. There-
fore, most reported works can only operate in transverse magnetic (TM) polarization or transverse
electronic (TE) polarization, independently [31]. The introducing of additional polarization control
structure is inevitable, which complicates the component. Thereby, a modulator that can provide
independent-polarization and low loss operation is very desirable.

In this paper, a polarization-insensitive electro-absorption graphene modulator has been pro-
posed. By constructing a heterostructure consisting of dual-graphene-covered substructure and
SiN cap layer, TE and TM polarizations are simultaneously supported. With the enhancement of
mode confinement in the hybrid waveguide, the quasi-equal interaction between graphene flakes
and light mode at both vertical and lateral directions provide polarization independency and larger
modulation depth. The waveguide geometry parameters are investigated and optimized based on
finite element method. The mechanism of polarization-independence and broadband modulation
is elaborated in detail. The proposed modulator design has potential in on-chip signal processing.

2. Configuration
2.1 Device Structure

The proposed electro-absorption modulator (EAM) based on hybrid graphene/SiN waveguide is
shown in Fig. 1. Over the rectangle SiN stripe (ng;x = 1.98) are two graphene flakes that is isolated
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Fig. 2. Modal profile of (a) TM mode and (b) TE mode supported by the hybrid graphene/SiN waveguide.

by hBN spacer (n,pn = 1.98). Both the rectangle SiN stripe and graphene flakes are half-covered
by another top SiN layer. The Au contact forms the electrodes [32]. The isolation layer thickness is
set to be 10 nm, which has been experimentally proved in reported graphene modulators [33, 34].
The whole structure is supported by a SiO, substrate (ngio2 = 1.45).

Fig. 2(a) and (b) display the electric field distribution of TM and TE polarizations, respectively.
Due to the effective refractive index symmetry in both x- and y-axis, both TE and TM polarizations
can be supported by the proposed hybrid waveguide. Here, the graphene will interact with the
tangential component (in-plane) of the electric field, leading to the interband transition. Thereby,
only the longitudinal or transverse components will experience the absorption-induced optical loss.
This polarization-dependent light absorption effect is determined by the tangential electric field
component, as well as its overlap with the graphene flake. Therefore, graphene overlaid on the
substructure in hybrid waveguide can have almost the same interaction with different polarization
at certain waveguide dimension, and fulfill the polarization-insensitive modulation.

In order to better illustrate the optimization of the structural parameters and characterize the
working performance of the proposed modulator, the mode power attenuation (MPA) and modula-
tion depth (MD) are defined as follows

MPA = 407 (Iog,oe)Im (Neg) /2 (1)
MD = [MPA (OFF) —MPA (ON)] * L @)

where Im(N.g) is the imaginary part of the effective index, A is the incident wavelength. In the
following discussion, “ON” state refers to u. = 1 eV, “OFF” state refers to u. = 0 eV. For a certain
modulation length L of 200 um, MD is defined as the product of MPA difference at u. =1 and 0 eV,
respectively.

2.2 Graphene Film

As shown in Fig. 1, two graphene layers together with the hBN isolation layer form a plate capacitor.
Light absorption that can be adjusted by tuning the carrier accumulation is controlled by the applied
external bias voltage. As has been reported [35], the graphene layer can be modeled as a 3D bulk
material with a thickness of 0.33 nm (via the anisotropic dielectric constant or a two-dimensional
surface structure). Commonly, a smaller grid size is more profitable in 3D simulations for accurate
result. However, it implies longer calculation time and larger memories requirement. If the accuracy
can be guaranteed, it is more desirable to model graphene as a two-dimensional (2D) layer. In
this work, the graphene layer is considered as the dielectric with zero thickness. Benefit from
the reduced number of meshes in this way, the decreased simulation time and accurate results
can be obtained. The Kubo formula can well describe the surface conductivity of graphene o, as

follows [36]
4pe 1 1 1 ( ho—2pc
- 14 2l + Ttan (—Lwnrzﬂ ) @)
99 = 90 _ltan—! (het2uc) _ 1 |p ((uethe)’H(Alo)?
m hl'2 27 7\ (2pc—ho)’ +(hl2)?
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Fig. 3. Relationship between surface conductivity and Fermi level n. of graphene at the optical
wavelength of 1550 nm.
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Fig. 4. Relationship between Fermi level 1. and external applied voltage.

where o is the universal optical conductance that is about 60.8 1S, 7 is reduced Planck’s constant,
1. is the chemical potential (Femi level), w is the optical frequency at the wavelength of 1550 nm, 'y
and I'; are the charged particles scattering rate (I' = 1/ =, where t corresponds to the relaxation
time), t, is the intraband transition (1.2 ps) and t is interband transition (15 fs). As shown in Fig. 3,
chemical potential . can adjust the surface conductivity [19]. Eq. (4). expresses the correlation
between u. and external bias voltage [19]

te = hvpy/n | Vg — Vol (4)

where vp = 2.5 x 108 my/s is the Fermi velocity of graphene [37], n = &/5/de is determined by a
parallel plate capacitor model, d and ¢, are thickness and relative dielectric constant (permittivity) of
the hBN isolation layer, respectively. As shown in Fig. 4, when the applied voltage varies from 0.217
to 1.951 V, u. shifts from 0.2 to 0.6 eV. It is worth noting that graphene exhibits a special physical
property transition called the near-zero (ENZ) effect at ¢ (ENZ) ~ 0.5eV [38]. When p. is larger
than . (ENZ), graphene shows characteristics of a dielectric medium. While, graphene behaves
like a metallic layer when . is smaller than u.(ENZ), which will lead to strong light absorption.

3. Simulation and Discussion

In this section, the geometric parameters of proposed modulator are optimized by utilizing two-
dimensional finite element method (FEM). The finite element method-based COMSOL Multiphysics

Vol. 13, No. 3, June 2021 6600213



IEEE Photonics Journal Polarization-Insensitive Electro-Absorption Modulator

a) £1.8 C) 30 T T T T T 40
( )z" TM Mode: ©
s 17 —— =1 eV ——p =_°_9V=‘=,==,=====*’ 28
t 16 - )
g ' —"'::'——_ =)
= 1_5:::_—" TE Mode: = 26
P =l =1eV =o=—pn =0eV °
o 1. @ 24 -
00 650 700 750 800 850 900 A~
W (nm) &
(b) S 22| =
< 1.0 = Ny 16 3
o 8 | 000000000 o,
-~ 0.8 Re(ANq) @ u.=1eV _gzo_ > L Poad 12
Zos ——Re(Ny) @u.=0eV{ B |/ ——MD of TM Mode ™~~~._ 18
E"O.A ------------ = 18}  —o—MD of TE Mode ——AMD ™ 2
$02L o] [ iiitintinininin ARSNS.
I o. 16 1 1 1 1 21 o
800 650 700 750 800 850 900 600 650 700 750 800 850 900
W (nm) W (nm)

Fig. 5. (a) Re(Neg), (b) Re(ANeg), (c) MD and AMD of TM and TE modes versus W. The illustrations
in (c) show the modal profiles at different W.

5.5 is used in the simulation. The free triangle meshes with the predefined size of 0.1 and
75 x 107* um are adopted as the maximum and the minimum element, respectively. The
scattering boundary condition is adopted to provide accurate results. The effective index of hybrid
graphene/SiN waveguide is calculated at u. = 0 and 1 eV, respectively. The MPA is evaluated
based on Eq. (1). The polarization dependence is studied by comparing Re(AN.s) defined by Eq.
(5) and AMD determined by Eq. (6) under different geometric parameters.

Re (ANeff) = |Re(Neff)p, — Re(Neff)re| (5)
AMD = |[MDty — MDrg| (6)

3.1 Effect of Waveguide Dimension W

As shown in Fig. 1, for structural symmetry, the hybrid waveguide is defined to have the same
horizontal and vertical dimension, namely W = H. The height and width of the half-covered SiN
stripe is chosen to be w = h= H /2, which is favorable to construct the symmetric effective index
distribution for both TM mode and TE mode. Besides, it allows the symmetric interaction between
the graphene and the square stripe in both the vertical and lateral direction. Re(Neg), Re(ANeg),
MD, AMD of EAM as a function of waveguide dimension W is investigated. As shown in Fig. 5(a),
when W increases from 600 to 900 nm, Re(N.g) of TM mode increases from 1.50569 to 1.71841
at u. = 1 eV, while increase from 1.51016 to 1.72221 at u. = 0 eV. When Wincreases from 600 to
900 nm, Re(N.g) of TE mode increases from 1.46384 to 1.70394 at u. = 1 eV, while increase from
1.46738 to 1.70743 at u. = 0 eV. As shown in Fig. 5(b), no remarkable Re(AN.g) change can be
observed over the Wrange. When W increases from 600 to 900 nm, Re(AN.g) linearly decreases
from 0.04185 to 0.01447 at . = 1 eV. Meanwhile, Re(AN,g) linearly decreases from 0.04278 to
0.01478 at u. = 0 eV. The modal power gradually focuses on the hybrid waveguide core with the
increment of W (as illustrated in Fig. 5(c)). As illustrated in Fig. 5(c), the MD of TM mode rises up
quickly with the increment of W, reaching to the peak of 23.55 dB at W = 650 nm. MD of TE mode
reaches the peak of 20.95 dB at W = 660 nm. Both two modes decrease quasi-linearly with the
increase of W. MD mainly relates to the graphene-light interaction strength in the hybrid waveguide.
Besides, the MD difference between two modes (AMD) is below 2 dB and becomes stable when
W s larger than 660 nm. In order to obtain strong modulation, W and H is chosen to be 660 nm.

3.2 Effect of Ah & AH

Due to the asymmetric waveguide structure, the interaction between the graphene layer and the
electric field for TM and TE mode is different, which inevitably has impact on the polarization
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Fig. 6. (a) Re(AN.g) at u. =1 eV, (b) Re(ANg) at u. = 0 eV and (c) AMD versus waveguide height
change AH and substructure height change Ah, (d) MD and AMD versus AH with fixed Ah = —25 nm.

independence. Theoretically, this effect is supposed to be alleviated by optimizing the waveguide
geometric parameters. Hence, the influence of the change in waveguide height AH and substruc-
ture height Ah on Re(AN.g) and AMD of two modes is discussed. As shown in Fig. 6(A) and (b),
the variation of AH and Ah has similar impact on Re(A N.g) at different .. Re(AN.g) is insensitive
to the change of h, but sensitive to AH. Re(AN,g) increases with the rising of H. The response
difference of Re(A N.g) to the variation of AH and Ah mainly attributes to the fact that the Re(N.g)
of two modes is mainly affected by waveguide dimension.

Though the change of substructure height Ahhas no impact on the height of complete waveguide
H, it will affect the interaction strength between the graphene layer and the light field. As shown in
Fig. 6(c), AMD is insensitive to the change of AH, however, declines with the decrement of Ah.
The minimum AMD of 0.138 dB at Ah = -25 nm indicates a balanced graphene-light interaction
strength between two modes. Thereby, Ah is set to be —25 nm. As shown in Fig. 6(d), the MD
of TM mode reaches to the peak value of 22.01 dB at AH = —65 nm, and then decreases. In
contrast, the MD of TE mode shows an approximately linear drop. The MDs of TM and TE modes
have the same value at AH = —55 and 35 nm, which indicates as two dips for AMD. Compared to
the performance at AH = 35 nm, a higher MD and a lower AMD can be obtained at AH= —55 nm.
Thereby, AH is chosen as —55 nm to optimize the polarization-insensitivity.

3.3 n. Response

The dependence of Re(N.s), Re(AN.) and MPA on the chemical potential 1. of graphene is also
investigated. Fig. 7(a) shows that Re(N.g) of TM mode firstly increases from 1.53486 to the peak of
1.53646 as 1. increases from 0 to 0.4 eV. Then it declines to 1.53058 when .. increases to 1.0 eV.
Similar Re(N.st) change of TE mode can be observed, too. Furthermore, Re(AN.¢) keeps at a low
stage of around 2.33 x 102 when u. varies from 0 to 1 eV. As depicted in Fig. 7(b), MPA of TM
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Fig. 7. Dependence of (a) Re(Nes), Re(ANeg), and (b) MPA of TM mode and TE mode on Femi level,
insets in (b) show SiN waveguides that are fully covered and partly covered by graphene, respectively.

and TE modes show sharp decline when . varies from 0.3 to 0.5 eV. Therefore, u. = 0.6 eV is
set to be the “ON” state, and . = 0.2 eV is set to be the “OFF” state. Accordingly, the MD for TM
mode is evaluated to be 20.940 dB, which is very close to that of 20.936 dB for TE mode. As far as
we know, this resulted AMD of 4 x 1073 dB is the smallest and two orders of magnitude lower than
the minimum in reported single waveguide polarization-insensitive graphene modulators [39]-[45].
Furthermore, in the ON state, the propagation loss is calculated to be 0.985 dB for both modes. In
addition, the coupling loss of 0.22 dB is introduced, which can be realized by adopting a SOI taper
coupler [46]. Hence the insertion loss is estimated to be 1.425 dB (coupling loss x 2 + propagation
loss).

Compared to graphene/SiN waveguide modulator with the graphene flakes directly cover on
the 660 nm x 660 nm SiN square waveguide, as shown in the inset in Fig. 7(b), this hybrid
waveguide design offers a much higher MD for both TM and TE modes. At the same time, the
polarization insensitivity is kept. The MPA increases 42.16% for TM mode and 233.98% for TE
mode, respectively. This significant increase in MD is attributed to the specially designed hybrid
waveguide structure that enables graphene flakes to interact with higher intensity optical field.
Furthermore, the proposed hybrid graphene/SiN waveguide electro-absorption modulator allows a
smaller capacity, which is beneficial to a larger 3 dB-bandwidth.

3.4 Wavelength Dependence

To further study the bandwidth characteristics of proposed design, Re(N.g), Re(AN.g), MD and
AMD are investigated versus the optical wavelength A. The optical 3 dB-bandwidth is introduced
to estimate the band characteristics of the modulator. It is defined as the wavelength range that
corresponds to the MD of any mode dropping by half (3 dB), when the wavelength is centered
at 1550 nm. Fig. 8(a) shows a linear decrease of Re(N.g) for both TM and TE modes, when A
is increasing. At A = 1100 nm and p. = 0.6 eV, a maximum Re(N.g) of 1.71483 for TM mode
and 1.70985 for TE mode can be observed. When A = 1100 nm and u. = 0.2 eV, a maximum
Re(N.g) of 1.7138 for TM mode and 1.70882 for TE mode is demonstrated. When A = 1717 nm
and . = 0.6 eV, a minimum Re(N,g) of 1.47688 for TM mode and 1.4504 for TE mode can be
observed, respectively. When L = 1750 nm and p. = 0.2 eV, a minimum Re(N.g) of 1.47878 for
TM mode and 1.45179 for TE mode is shown Fig. 8(a). In addition, a relatively low effective index
difference with an average of 2.33 x 1072 is achieved within the wavelength range from 1100 to
1717 nm. Fig. 8(b) shows the dependence of MD and AMD on the optical wavelength. The MD of
TM and TE modes firstly rises up and then reaches to the maximum at A = 1225 nm. MDs then
drop gradually as A is increasing. To be mentioned, A has a greater influence on the MD of TE
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Fig. 9. Equivalent circuit for proposed graphene/SiN hybrid waveguide modulator.

mode than TM mode, which is unfavorable to broadband operation. If 4 = 1550 nm is set to be
the center wavelength, the optical 3 dB-bandwidth is from 1100 to 1645 nm for both polarizations,
which covers the whole O- to L-band and part of U-band. Meanwhile, a low average AMD of 0.2 dB
within this optical 3 dB-bandwidth is maintained, which implies the proposed modulator has a good
polarization independency.

4. Performance and Discussion

The frequency characteristic of proposed modulator is studied by using the circuit model depicted
in Fig. 9. Here, capacitance C,;, is considered to exist between two electrodes and air, which is
12 fF [47]. The capacitance C that is composed of the two graphene layers and hBN isolation
layer, consists of both the dielectric capacitance Cp and the quantum capacitor Cq. Assuming the
graphene layer is undoped (n, = 0), then we have Cq = 0. Hence, the capacitance C can be
described by the following capacitor model

C = ergqwql/d (7)

where w,; = 1300 nm is the overlap width between two graphene layers, L = 200 um is the
modulation length, d = 10 nm is the thickness of hBN, and ¢, is the dielectric constant of hBN layer.
The contact resistance R. induced by metal electrode contact and the graphene sheets resistance
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TABLE 1
Comparison of Polarization-Insensitive Graphene Modulators at A = 1550 nm.

Ref| Bandwidth (nm) | Re(ANes) MD (dB) AMD (dB) fadae (GHz) | Epit (pJ/bit)

[39] 1500 -1600 - 0.06 0 134 -

[40] 1500 -1600 - 0.08 0 80 -
Mode A: 1.05 (dB/um)

Min: 0.08 (dB/pum)

[41] 1200 -1600 - Mode B: 1.13 (dB/um) Max: 0.61 (dB/um)

Mode C: 0.52 (dB/um)

TM mode: 14.875
1530 -1565 ~4.7x%x1073 0.4 30.2 2.98
[42] TE mode: 14.475

TM mode: 22.26
- ~0.5 . . .
[43] 1367-1668 TE mode: 22.38 0.12 6.1 7.80

95 0.1388

TM mode: 41.76

) ~01 1. ~ 100 ]

[42]  1450-1650 TE mode: 40.41 3

[45] 1300-1800 | 1.2x10° - - 135.6 -
TM mode: 20.940

This. 1100-1717 | 2.33x 10 mode 4x103 53 0.687

TE mode: 20.936

R; contributes to the total resistance Ry Here, Riota1 €an be calculated by [16, 20]

Riotal = 2Rs x % + % (8)
where the effective graphene width w; is the sum of overlapping width w,, and the extending width.
Here, the extending width refers to the part of graphene layer that connects to the electrode, and
is set to be 500 nm. Hence, w, is 1.8 um. The sheet resistance A, is 100 ©/0 [10], and the
contact resistance R. is considered to be 150 Q-um [32]. Hence, we have a Ry &~ 3.3 Q. The
3 dB-bandwidth (f34) is primarily limited by the RC delay, which can be evaluated by

1

[ — 9
27 Riotal Cootal ®)

fadB

When the chemical potential shifts from 0.2 to 0.6 eV, which corresponds an external voltage
change of 1.734 V, we would have a f;gg of 53 GHz. This relatively high frequency response is
primarily owing to the low permittivity and small thickness of the isolation layer, as well as the
short overlap length. To be mentioned, the large cross-section dimension of the waveguide due to
the relatively small refractive index difference between the SiN and the cladding (compared with
the SOI) leads to an inevitable increase in the width of the graphene layer, which is unfavorable to
expand the bandwidth. f;45 can be improved by using the SOI technique with higher refractive index
difference and the adoption of isolation layer with a lower refractive index. The sheet resistance R,
and contact resistance R. that are default values from the reference can be optimized, too [48].
With above confirmed parameters, the power consumption (Eyi; = Ciotai(AU)?/4) is calculated to
be 0.687 pJ/bit at L = 200 pm.

To better illustrate the characteristics of proposed work, the simulation results of re-
ported polarization-insensitive graphene modulator are compared with those obtained from this
graphene/SiN hybrid waveguide modulator at the optical wavelength 1550 nm. As listed in Table 1
below, the proposed modulator has the largest optical bandwidth and the excellent low AMD.
Moderate MD and f;45 shows a balanced performance. Besides, E,;; is smaller than most reported
works, too.

To be more convincing, the high-frequency transmission of proposed graphene modulator is
simulated by investigating the eye-diagram. The setup for simulation is shown in Fig. 10 below. The
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Fig. 10. Schematic diagram of (a) high-frequency transmission simulation, (b) and (c) are the eye
diagram of 23" —1 PRBS transmission at data rates of 10 and 50 Gb/s.

graphene modulator is supposed to be driven by a non-return-to-zero (NRZ) signal that is generated
by a pattern generator (PG). The PRBS code (23'—1) is provided by PG at data rates of 10 Gb/s
and 50 Gb/s, which cover the theoretical bandwidth expectation. The electrical driving signal is
input with the radio frequency (RF) cable and bias-tree, as shown within the dashed line. An erbium
doped fiber amplifier (EDFA) is adopted to amplify the light at the input of waveguide, compensating
the optical power loss induced by the modulator. A high-frequency photodetector (PD) is used to
collect the modulated light. The converted electrical signal is amplified (3 dB) and recorded by a
digital sampling oscilloscope to observe the eye-diagram. The noise is supposed to be restrained
by impedance matching between the PG electrical output and the device with a 50 Q load. An
extinction ratio varies from 21 dB at the data rate of 10 Gb/s to 19 dB at the data rate of 50 Gb/s. As
has been reported [49, 50], to avoid dielectric breakdown, the bias voltage is unable to be over the
Pauli blocking condition, which weakens the absorption effect. Besides, the resistance load may
affect the extinction ratio due to its shunting the RF driving power, too. Though these simulated
extinction ratios are ideal ones that are far too larger than practical values, it proves the functional
feasibility of proposed modulator to some extent. Thereby, we believe that high-speed and practical
polarization-insensitive graphene modulators can be expected with favorable fabrication.

The fabrication of proposed electro-absorption modulator may start with a commercial sil-
ica wafer. The bottom SiN rectangular substructure can be formed by sequentially conducting
plasma-enhanced chemical vapor deposition (PECVD), surface mechanical chemical polishing,
E-beam lithography, and plasma etching. Since the multilayer graphene stacks encapsulated in
hBN and 3D graphene structure embedded in waveguide have been experimentally proved [51,
52], continuous multilayer graphene flakes coating on the rectangle SiN substructure uniformly both
in the horizontal and vertical direction can be implemented. The graphene-covered region may be
further defined by the E-beam lithography. The excess graphene on one side of the substructure
will be removed. On the other side, the graphene flake extends 500 nm outwards and contacts with
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the Au pad fabricated by thermal evaporation and lift-off process, forming the electrode. Finally, the
top SiN layer can be fabricated by another PECVD, photolithography and plasma etching, forming
the graphene-hBN-graphene heterostructure [53].

Alternatives can be adopted to further optimized the modulation performance, such as embed-
ding more graphene layers into the SiN waveguide to improve the modulation depth. In this way,
a better graphene-light field interaction can be constructed. According to our calculations, for the
same waveguide dimension 660 nm x 660 nm, the modulation efficiency (ME) linearly increases
with the number increment of graphene layers for both TE and TM mode. Meanwhile, AME will keep
at a low level and can be further optimized by adjusting Ah or AH. Since a low contact resistance
close to the theoretical limit has been reported [33], if the contact resistance R, is 100 2, a f3gp of
62 GHz and E,,;; of 0.7 pJ/bit can be expected. Furthermore, if SiN waveguide core is replaced by
high refractive index material, for example, silicon, the waveguide dimension can be significantly
decreased to 300 nm x 300 nm, which promises a f;qp of 177 GHz and E,;; of 0.3 pJ/bit.

5. Conclusion

To construct the polarization-insensitive modulation and enhance the interaction between graphene
and optical mode, a broadband graphene/SiN hybrid waveguide electro-absorption modulator is
proposed and comprehensively investigated. The polarization independency and deeper modu-
lation is obtained by quasi-equal interaction between graphene flakes and optical modes in both
the vertical and lateral direction. N.g, Re(ANs), MPA, MD, and AMD are investigated to optimize
the waveguide geometry parameters. When the external bias voltage shifts from 0.217 to 1.951
V, the MD for TM and TE mode are 20.940 and 20.936 dB, respectively. Low AMD of 0.2 dB
and Re(AN.g) of 2.33 x 1072 is active within an optical 3 dB-bandwidth of 1100 to 1645 nm. An
ultra-low AMD of 4 x 1072 dB is retained at » = 1.55 um. The insertion loss is estimated to be
1.425 dB. Calculations show that f335 of 53 GHz and E,;; of 0.687 pJ/bit at a modulation length
of 200 um can be obtained. The proposed modulator has merits of compact footprint, broadband
operation and polarization insensitivity. It has potentials in on-chip signal processing.
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