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Electro–optic modulator is a key component for on-chip optical signal processing. An electro–optic phase modulator
based on multilayer graphene embedded in silicon nitride waveguide is demonstrated to fulfill low-power operation. Finite
element method is adopted to investigate the interaction enhancement between the graphene flake and the optical mode. The
impact of multilayer graphene on the performance of phase modulator is studied comprehensively. Simulation results show
that the modulation efficiency improves with the increment of graphene layer number, as well as the modulation length. The
3-dB bandwidth of around 48 GHz is independent of graphene layer number and length. Compared to modulator with two-
or four-layer graphene, the six-layer graphene/silicon nitride waveguide modulator can realize π phase shift at a low-power
consumption of 14 fJ/bit when the modulation length is 240 µm.
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1. Introduction
Electro–optic (EO) modulators modulators are key com-

ponents to generate or modulate high speed optical sig-
nals in a photonic integrated system. EO modulators based
on different approaches have been reported. Commercially
available lithium niobate-based EO modulators are techni-
cally mature, however, suffering from large size and rela-
tively high drive voltage.[1] The plasma dispersion effect-
based silicon modulator is CMOS-compatible. Unfortunately,
the accompanied chirp and limited EO coefficient deterio-
rates its performance.[2] Franz-Keldysh effect-based Ge or
SiGe electro-absorption (EA) modulator is with wide band-
width and easy integration, except that the thermal stability
and insertion loss are supposed to be improved.[3] The hy-
brid plasmonic waveguide modulator based on nonlinear poly-
mer is compact and low-power consumption. The challenge is
the long-term working stability and compatibility with CMOS
technology.[4]

By contrast, graphene, a two-dimensional (2D) mono-
atomic material, has favorable optical properties of high con-
ductivity, high modulation efficiency, wide bandwidth, and
tunable optical absorption.[5–11] The complex permittivity of
graphene can be tuned by actively tuning the Fermi level
through applying the drive voltage. However, the single
atomic thick graphene has weak interaction to the vertical inci-
dent light (only ∼ 2.3% absorption), which limits its applica-

tion in EO modulators.[12–15] The hybrid integrated waveguide
structure can increase the density of electric field in graphene
layer, which leads to the improvement of reciprocal reaction
between the optical mode and graphene flake. Therefore,
graphene-based silicon-on-insulator (SOI) hybrid integrated
waveguide EO modulators have been widely studied.[16–28]

However, due to the surface roughness of silicon stripe, the
propagation loss of SOI waveguide is relatively large (about
2 dB/cm to 3 dB/cm).[29] Comparatively, silicon nitride (SiN)
waveguides has much lower propagation loss of ∼ 0.1 dB/cm.
The refractive index difference between the SiN core and sil-
ica cladding is smaller compared to that in SOI waveguide,
which leads to the relatively larger single-mode field dimen-
sion and resulted loss reduction for end-face coupling.[30–32]

Different graphene-based SiN waveguide modulators have
been proposed,[29,33,34] most of which are based on the tun-
able electro-absorption of graphene. While, graphene induced
electro-refraction effect is intrinsically fit for phase modula-
tion. Though electro-refractive phase modulation in graphene
has been reported,[17,19,23,26,35,36] the waveguide configuration
is still deserved to be investigated for better performance, such
as reducing the capacitance and gate voltage, as well as opti-
mizing the bandwidth and power consumption under conser-
vative values.

In this paper, a multilayer graphene-based SiN waveguide
(GSNW) phase modulator is demonstrated. The impact of
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graphene layers and modulation length on the performance of
phase modulation are investigated by finite element method.
The results show that quasi-linear phase change can be real-
ized by the electro-refraction effect of graphene. The drive
voltage Vπ (for a π phase shift) decreases with the increment
of graphene layer number, as well as the modulation length.
The 240-µm-long six-layer GSNW phase modulator demands
a minimum power consumption of 14 fJ/bit to realize a π phase
shift. The 3-dB bandwidth ( f3 dB) is around 48 GHz for all
conditions. A balanced performance can be expected based on
the proposed design rule.

2. Configuration and principle
The designed phase modulator is schematically shown in

Figs. 1(a) and 1(b). Two graphene layers are embedded in the
SiN (nSiN = 1.98) waveguide to enhance the light–graphene
interaction. Silica (nsilica = 1.44) is selected as the cladding
material. The palladium–graphene ohmic contacts are formed
by depositing metal palladium onto the graphene flakes to ex-
tract the electrodes.[37] A capacitance structure is formed by
the two separated graphene sheets with 10-nm-thick hexago-
nal boron nitride (hBN) insulator layer (nhBN = 1.98). Con-
sidering the challenge in alignment, the lower SiN waveg-
uide is embedded in silica substrate. Here, the height and
width of SiN waveguide are denoted by hSiN and wSiN, re-
spectively. Lg and wg correspond to the length and effective
width of graphene, wol refers to the common width between
two graphene layers.

The single atomic 2D plane graphene exhibits character-
istic of anisotropy. Its in-plane permittivity may be adjusted by
Fermi level µc.[38,39] Figure 2 shows the in-plane permittivity
as a function of µc at the wavelength 1550 nm.[28] Both the
real and imaginary parts vary remarkably as µc increases from
0.35 eV to 0.45 eV. When µc is lower than 0.38 eV, the real
part of permittivity Re(ε‖) varies inversely with µc. Differ-
ently, Re(ε‖) quasi-linearly reduces as µc is larger than 0.4 eV.
When µc shifts from 0.35 eV to 0.45 eV, the imaginary part
Im(ε‖) decreases rapidly. When µc is smaller than 0.35 eV,
the interband transition of graphene dominates and the pho-
ton absorption is relatively strong. If µc is larger than 0.5 eV,
the interband transition of graphene electrons become saturate
and the intraband transition dominates. It can be seen that the
photon absorption of graphene keeps at a low level supposing
µc is tuned to block the interband transitions. As a result, only
the mode phase is quasi-linearly changed, while the amplitude
almost keeps static.

The variation of applied driving gate voltage results in
the changing of µc, as well as the complex permittivity of
graphene (ε‖). Accordingly, the effective mode index (EMI) of
GSNW may be adjusted by tuning ε‖. Since the real part and
imaginary part of EMI determine the electro-refraction and

electro-absorption of graphene, respectively, the phase change
and power attenuation of mode propagating in GSNW can be
implemented by applying external voltage.[17,18] The relation-
ship between phase change ∆φ and the real part of EMI varia-
tion ∆Re(Neff) can be written as

∆φ =
2π

λ
∆Re(Neff)Lg, (1)

where λ is the operation optical wavelength in vacuum. The
maximization of Re(Neff) leads to better phase modulation
performance. Correspondingly, the mode propagation atten-
uation (MPA) can be estimated as

MPA =
40π(log10 e)Im(Neff)

λ
, (2)

where Im(Neff) is the imaginary part of the EMI. As shown
in Fig. 2, a larger ∆Re(Neff) commonly accompanies with a
higher Im(ε‖) or loss. The phase modulation efficiency is in
conflict with the optical loss. Therefore, compromise parame-
ters combination is demanded in the design process.
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Fig. 1. (a) Three-dimensional (3D) and (b) cross-sectional view of the
graphene-based Si3N4 waveguide electro–optic modulator.
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Fig. 2. In-plane permittivity changes with Fermi level µc of graphene at
1550 nm.
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3. Design and optimization
3.1. SiN waveguide

Since graphene has more remarkable impact on the EMI
of TE mode compared with that on the EMI of TM mode,
we then investigate the EMI of fundamental TE mode. For
graphene-based waveguide modulators, light absorption at the
neutral point is a measurement of interaction strength be-
tween the waveguide optical mode and the graphene layer. As
shown in Fig. 3, Im(Neff) that changes with the SiN waveg-
uide height hSiN and width wSiN is firstly calculated by finite-
element method as µc is 0 eV. When wSiN > 800 nm and
hSiN < 400 nm, Im(Neff) that corresponds to the optical ab-
sorption is relatively large. This mainly attributes to the fact
that a wider waveguide gives rise to a longer interaction length
between the electric field component in x direction and the
graphene layer, resulting in a larger optical extinction coeffi-
cient. When the height of SiN waveguide hSiN is decreasing,
the electric field energy density in the waveguide is increasing,
leading to an enhancement of reciprocal action between the
optical mode and graphene flakes. As a result, the Im(Neff) in-
creases with the decrease of hSiN. The width and thickness of
waveguide are accordingly chosen to be 850 nm and 360 nm,
respectively. Though smaller waveguide dimension implies
larger Re(Neff) change, however, it is more close to cut-off,
and leading to higher loss.
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Fig. 3. Im(Neff) of SiN waveguide as a function of hSiN and wSiN when µc
is 0 eV (λ = 1550 nm).

3.2. Effect of graphene layers

Compared to single-layer graphene, multilayer
graphene configuration has advantages of larger modu-
lation depth, faster operation speed, and lower power
consumption.[13,18,20,35] For multilayer graphene waveguide
structures, the effect of graphene layer number on the optical
and the modulating performance is yet to be confirmed. We
firstly investigate the mode field distributions of SiN waveg-
uide with different layer numbers of graphene when wSiN and

hSiN are 850 nm and 360 nm, respectively. Figures 4(a), 4(c),

and 4(e) show the cross-sectional view GSNW with two-,

four-, and six-layer graphene configurations. Corresponding

field distributions have been shown in Figs. 4(b), 4(d), and

4(f), respectively. It can be seen that the mode field is well

confined within the waveguide in each case.
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Fig. 4. Cross-section of (a) two-layer, (c) four-layer, and (e) six-layer
GSNW configurations. Panels (b), (d), and (f) show field distributions of
panels (a), (c), and (e), respectively.

Similarly, the EMI of fundamental TE mode as a function

of µc for these two-, four-, and six-layer graphene configura-

tions has been calculated and compared to study the impact

of graphene layer number increment. As shown in Fig. 5(a),

Re(Neff) increases when µc varies from 0 eV to 0.38 eV. All

ERIs declines quasi-linearly as µc increases from 0.45 eV to

1 eV. The largest Re(Neff) change for the six-layer GSNW is

almost 0.05, which is much higher than that in conventional

EO materials of about 10−4.[17,40] Figure 5(b) shows the corre-

sponding imaginary part Im(Neff) for different layer numbers

of graphene. Im(Neff) reduces rapidly when µc varies from

0.35 eV to 0.45 eV, then keeps at a low level when µc is larger

than 0.45 eV. When µc = 0 eV, the maximum Im(Neff) for

the two-, four-, and six-layer graphene waveguides is 0.0069,

0.0136, and 0.0202, respectively. To be mentioned, the mini-

mum values are very close for different graphene layer num-

bers at µc = 1 eV. A larger number of graphene layers may im-

pose more remarkable effect on the waveguide optical mode,

leading to a higher modulation efficiency. For the sake of

larger phase modulation and low-power operation, the inser-

tion loss may be sacrificed as 6-layer graphene structure is

adopted.
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Fig. 6. Illustration of (a) quasi-linear variation of the optical phase, and
(b) optical MPA versus Fermi levels for different numbers of graphene
layer.

As the calculation presented in Fig. 5(a), when Fermi
level µc is over 0.45 eV, Re(Neff) decreases approximately lin-
early as the Femi level increases, while the optical absorption
stays at a low level. This favorable characteristic is benefi-
cial to the optical phase modulation. Figure 6(a) illustrates the
quasi-linear variation of the optical phase versus Fermi levels

for different graphene layers. In the simulation, the modulat-
ing length Lg is chosen to be 80 µm, and the phase shift at
µc = 0.45 eV is assumed be zero. As shown in the figure,
the quasi-linear phase shift of 0 to −π , 0 to −2π , and 0 to
−3π may be implemented through shifting µc from 0.45 eV
to 1 eV for the adoption of two-, four-, and six-layer num-
bers of graphene, respectively. In the meantime, the MPA de-
creases slightly when µc increases from 0.45 eV to 1 eV, as
shown in Fig. 6(b). The light absorption of ∼ 0.001 dB/µm,
∼ 0.002 dB/µm, and ∼ 0.003 dB/µm for different graphene
layers at µc = 1 eV can be observed. The absorption for six-
layer graphene is almost three times larger than that of two-
layer graphene. The number increment of graphene can sig-
nificantly enhance the modulation efficiency, meanwhile, in-
creasing the optical loss.

The relationship between the applied gate voltage and
Fermi level µc of graphene is estimated as

|µc|= }vF

√
πη
∣∣Vg−V0

∣∣, (3)

where vF = 2.5×106 m/s is the Fermi velocity of graphene, η

can be generated from εrε0/d1e, where εr represents the per-
mittivity of hBN, and d1 = 10 nm is the vertical separation
distance between two graphene flakes.[42–44] For simplicity,
|Vg−V0| as a whole is regarded as the applied driving voltage
V . When this waveguide is implemented on one arm of Mach–
Zehnder interferometer (MZI), the modulating arm length L is
selected to be 80 µm. In the static state, the chemical potential
on both two arms can set to be µc1 = µc2 = 0.45 eV to keep the
phase balance. The corresponding gate voltage or bias voltage
that is applied on the graphene sheets through Pd electrodes is
1.08 V. In the dynamic state, as the gate voltage of one arm
rises, the phase shift leads to a variation of the transmission
T (∆ϕ), which can be expressed as

T (∆φ) =
1
4
×
[

e−Im(β1)L + e−Im(β2)L

+2exp
[
− e−Im(β1)L + e−Im(β2)L

2

]
cos(∆φ)

]
, (4)

where β1 = 2πNeff1/λ and β2 = 2πNeff2/λ represent the prop-
agation constants of two arms, respectively.[45] The calculated
results are shown in Fig. 7. For cases of two-, four-, and six-
layer graphene structures to obtain the same π phase difference
between these two arms, the driving voltage Vπ is required to
be 4.68 V, 2.15 V, and 1.56 V, respectively. At the bias volt-
age of 1.08 V, the corresponding insertion losses are around
0.22 dB, 0.43 dB, and 0.64 dB, respectively. The six-layer
graphene-based waveguide has the largest loss of all but the
minimum Vπ . We believe this rule of loss increment is appli-
cable to similar multilayer graphene-based waveguide struc-
tures.
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Fig. 7. Optical transmission of the MZI modulator changes with applied
gate voltages for the 80-µm-long graphene with different layers.

3.3. Effect of modulating length

As has been reported, the modulating length has signifi-
cant impact on the performance of a modulator. For simplicity,
we only study the effect of two-layer graphene structure. The
parameters change in the four- and six-layer graphene struc-
tures is supposed to exhibit similar behaviors. As shown in
Fig. 8(a), the variation of phase shift as a function of µc at dif-
ferent modulating lengths of 80, 160, and 240 µm has been
investigated, respectively. When µc shifts from 0.45 eV to
1 eV, ∆φ can be quasi-linearly adjusted from 0 to −π , −2π ,
and −3.2π , respectively. When Lg is 240 µm, the phase tun-
ing efficiency is over three times than the efficiency when Lg is
80 µm. As shown in Fig. 8(b), the optical loss firstly reduces
quickly when µc increases from 0.45 eV to 0.6 eV. Then it
gradually becomes saturated and gets stable when µc is larger
than 0.6 eV. As shown in Fig. 8(b), for the 80-, 160-, and 240-
µm-long graphene existences, the insertion losses of ∼ 0.076,
∼ 0.152, and ∼ 0.228 dB at µc = 1 eV can be observed, re-
spectively. It is clear that a longer graphene length can en-
hance the modulation efficiency in the price of insertion loss,
because the modulation length increment implies the stronger
interaction between the graphene layer and optical field.

To specify the graphene length, the optical transmission
of MZI modulator changing with the applied gate voltage at
different Lg is investigated and shown in Fig. 9. To obtain
the same π phase difference between two arms of MZI, the
required gate voltages for the 80-, 160-, and 240-µm-long
graphene structures are 4.68, 2.10, and 1.57 V, respectively.
For lower voltage operation, the modulating graphene length
is deserved to be 240 µm.

To be noted, the impact of both the graphene layer num-
ber and the modulation length on the performance of phase
modulator are studied in Figs. 6(a) and 8(a), respectively. The
difference between Figs. 6(a) and 8(a) is the precondition. In
Fig. 6(a), the graphene length is fixed at 80 µm. The phase
change is investigated as a function of Fermi level for dif-

ferent graphene layer numbers. Differently, in Fig. 8(a), the
graphene layer number is fixed at 2-layer. The phase change
is studied as a function of Fermi level for different graphene
lengths. Therefore, the phase changes ∆ϕ as a function of
Fermi level for a 80-µm-long, 2-layer GSNW are the same in
Figs. 6(a) and 8(a). However, different rules have been uncov-
ered by Figs. 6(a) and 8(a). From Fig. 6(a), it can be seen that
the graphene layer number increment can enhance the phase
modulation efficiency. From Fig. 8(a), it is revealed that the
graphene length increment also can improve the phase mod-
ulation efficiency. However, both are in the price of optical
loss. Therefore, similar trends can be observed in Figs. 6(a)
and 8(a).
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Fig. 8. Illustration of (a) quasi-linear variation of the optical phase, and (b)
insertion loss versus Fermi levels for different graphene modulation lengths.
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4. Performance and discussion
In practical applications, the bandwidth and power con-

sumption of modulator closely relate to the effective resis-
tance and capacitance. Therefore, multilayer graphene phase
modulators are investigated by the equivalent electrical circuit
model, as shown in Fig. 10.

Taking the two-layer graphene modulator as an example,
as shown in Fig. 10(a), the capacitance formed by two parallel
graphene sheets and hBN insulator consists of the dielectric
capacitance Cox and the quantum capacitance CQ. The consid-
eration of series capacitance will lead to the decrement of total
capacitance and resulted faster speed. To simplify the calcu-
lations, the quantum capacitance CQ has been omitted here.
Based on parallel plate capacitance model, the dielectric ca-
pacitance Cox can be expressed as

Cox = εrε0wolLg/d1, (5)

where εr is the dielectric constant of hBN, the overlap width
wol between the upper and lower graphene is 1.1 µm. The
vertical separation distance of the two graphene flakes d1 is
10 nm. Then, Cox is calculated to be 30 pF.

ground positive

ground positive

ground positive

RCRG RC RGCox

RCRG RC RGCox

RCRG RC RGCox

Cair

Cair

Cair

(a)
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Fig. 10. Equivalent electrical circuits of (a) two-, (b) four-, and (c) six-layer
graphene modulators.

The effective resistance R, which is composed of the sheet
resistance RG and the Pd/graphene contact resistance RC, can
be described as[13,46]

R = 2RG×
wg

L
+

2RC

L
, (6)

where the effective width of graphene sheet wg is 1.6 µm. RG

may be tuned from 100 Ω/� to 300 Ω/�, which corresponds
to a mobility from 6900 cm2/V·s to 2300 cm2/V·s. Compro-
misingly, RG is chosen to be 200 Ω/�,[30] while RC is selected
to be 100 Ω ·µm[41] in calculations.

Theoretically, RC delay will play a main role in the deter-
mination of bandwidth f3 dB. Based on the proposed electric
circuit model, f3 dB can be evaluated by

f3 dB =
1

2πRtotalCtotal
, (7)

where Ctotal is the circuit total capacitance that includes Cair

and Cox, Rtotal is the circuit total resistance.[47] Rtotal is R, R/2,
and R/3 for two-, four-, and six-layer graphene structures,
respectively. Ctotal is Cair +Cox, Cair + 2Cox, and Cair + 3Cox

for two-, four-, and six-layer graphene structures, respectively.
The average power consumption is evaluated by energy per
bit, and it may be expressed as

Ebit =Ctotal
(
∆U2/4

)
, (8)

where ∆U is the difference between the driving voltage and
bias voltage. For four- and six-layer graphene phase modula-
tor performance evaluations, above equations can work, too.

In this work, the MZI structure adopting the multilayer
graphene/SiN waveguide in two separate arms is used to re-
veal the phase modulating performance. A summary of cal-
culations is illustrated in Table 1. It can be seen that f3 dB

is around 48 GHz for all conditions, because the product of
Rtotal×Ctotal show unremarkable change in different graphene
layer conditions. For six-layer graphene modulators, when Lg

is 240 µm, the minimum driving voltage demand of 0.14 V, the
smallest power consumption of 0.014 fJ/bit, and the largest in-
sertion loss of 1.92 dB can be observed. Similarly, for two-
layer graphene modulators, when Lg is 240 µm, the mini-
mum driving voltage of 0.49 V, a smallest power consumption
of 0.057 fJ/bit, and the maximum insertion loss of 0.66 dB
can be observed, compared with performances of the 80-µm
or 160-µm-long two-layer graphene modulators. Obviously,
graphene layer number plays a key role in the determination
of power consumption and optical loss for modulators with
the same graphene length. The conflict between power con-
sumption and optical loss implies the practical modulator pa-
rameters are supposed to be determined on the primary re-
quirement. If low-power consumption or wider bandwidth
is the main issue, the six-layer GSNW modulator is more
preferable. If loss property is the critical issue, the two-layer
graphene/SiN waveguide would provide better performance.
Consideration from different aspects leads to different design
preferences.

Another challenge for proposed multilayer GSNW phase
modulator is the fabrication. The two-layer graphene modula-
tor is supposed to be implemented on a silica substrate. The
850-nm-wide and 360-nm-high SiN waveguide surrounded by
silica can be fabricated by using standard technologies, includ-
ing chemical vapor deposition (CVD), electron-beam lithogra-
phy (EBL), plasma etching.[48,49] The even surface above the
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SiN waveguide can be formed by silicon oxide deposition with
plasma-enhanced chemical vapor deposition (PECVD) tech-
nique, and sequential chemical–mechanical polishing (CMP).
The most challenging part may be the formation of stacked
graphene/hBN heterostructures with high quantity on the SiN
waveguide. According to reported works, CVD and wet-
transferring could form the first graphene flake on the top
SiN waveguide.[50–52] The UV photo lithography and followed
oxygen plasma etching are supposed to define the graphene-
covered SiN waveguide region. Metal contacts can be formed
by another UV lithography, Au/Pd metal deposition and lift-
off process. After the deposition of 10-nm-thick hBN on
the first graphene flake, the second graphene flake can be
wet-transferred, too. Followed photo lithography and oxygen
plasma etching will define the overlap region. The four-layer

and six-layer stacked graphene/hBN heterostructures can be
constructed by the same method. The top SiN waveguide may
be formed by the same process discussed above.

To convincingly illustrate the characteristics of proposed
design, key parameters of the multilayer GSNW phase mod-
ulator are compared with those of reported theoretical works.
As shown in Table 2, the 80-µm-long, 2-layer GSNW mod-
ulator proposed in this work has the lowest insertion loss of
0.22 dB. The 80-µm-long 6-layer GSNW modulator exhibits
the smallest power consumption of 0.054 pJ/bit. Besides, the
proposed multilayer GSNW design shows balanced perfor-
mance of footprint and bandwidth. Therefore, we believe this
GSNW phase modulator design has good potentials in practi-
cal applications.

Table 1. Modulating performance of different GSNW modulators.

Structure MZI
Layer number 2 4 6

Lg/µm 80 160 240 80 160 240 80 160 240
Ctotal/pF 0.322 0.632 0.942 0.632 1.252 1.872 0.942 1.872 2.802
Rtotal/Ω 10.5 5.25 3.50 5.25 2.63 1.75 3.50 1.75 1.17
∆U /V 3.60 1.02 0.49 1.07 0.34 0.20 0.48 0.19 0.14

Power/(pJ/bit) 1.043 0.164 0.057 0.181 0.036 0.019 0.054 0.017 0.014
f3 dB/GHz 47.1 48.0 48.3 48.0 48.5 48.6 48.3 48.6 48.6

IL/dB 0.22 0.44 0.66 0.43 0.86 1.29 0.64 1.28 1.92

Table 2. Performance comparison between graphene-based phase modulators.

Description Length/µm f3 dB/GHz Power/(pJ/bit) Bias/V Insertion loss/dB

Graphene on Si WG[17] 75.6 119.5 0.452 1 1.37
Graphene-Si on slot WG[24] 100 500 NA 1.3 0.97
2-layer graphene in SOI[35] 500 30 0.38 7.8 0.6
1-layer graphene in SOI[35] 850 19 0.66 6.5 2.805

Graphene on ultrathin Si WG[36] 96.63 14.2 0.097 3.87 1.55
This work (2-layer GSNW) 80 47.1 1.043 1.08 0.22
This work (4-layer GSNW) 80 48.0 0.181 1.08 0.43
This work (6-layer GSNW) 80 48.3 0.054 1.08 0.64

5. Conclusion and perspectives

A multilayer GSNW electro–optic phase modulator has
been theoretically investigated. The effect of graphene layer
number and modulating length on the performance are evalu-
ated. It can be seen that the 3-dB bandwidths are all around
48 GHz for different cases of layer numbers and modulat-
ing lengths. The driving voltage and power consumption
decreases with the increment of graphene layer number and
graphene modulation length in the price of the optical loss.
The six-layer graphene modulator presents a low-power con-
sumption of 14 fJ/bit when Lg is 240 µm. The optimized mod-
ulator parameters are to be determined compromisingly based
on presented rules.
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