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Abstract: We investigated the linearity of graphene-based silicon waveguide modulators
used in microwave photonics links. A theoretical model was developed to systematically
analyze the linearity performance for the second-order harmonic distortions (SHD2) and the
third-order intermodulation distortions (IMD3). For the graphene-based silicon waveguide
electro-absorption (EA) modulator, the distortions were suppressed through bias optimization.
As a result, the maximal spurious free dynamic range (SFDR) obtained for SHD2 and IMD3 were
105.9 dB·Hz1/2 and 117.8 dB·Hz2/3, respectively. For the graphene-based silicon waveguide
electro-refraction (ER) phase modulator, SHD2 was fully eliminated through the push-pull
modulation and quadrature biasing, while the remaining IMD3 term was linearized by the proper
adjustment of the bias voltage and phase shifter length to obtain an ultrahigh SFDR of 130
dB·Hz2/3. Moreover, the graphene-based silicon waveguide ER modulator is more compact and
tolerant to bias errors than a pure silicon modulator. These results reveal that the graphene-based
silicon waveguide EA and ER modulators can be potentially utilized in integrated microwave
photonics.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Microwave photonics (MWP) combines the advantages of microwave and optoelectronics and thus
is considered a promising technology for various applications, including satellite communication,
phased array antennas, cellular and video distribution networks [1–3]. In recent years, motivated
by the demands such as compactness, low power consumption, low cost and high stability, many
attempts have been made to implement the integration of MWP systems on a single chip instead
of using discrete components (labeled integrated microwave photonics (IMWP)) [4]. Among
various candidates for IMWP, silicon photonics is the most promising solution due to its low-cost
fabrication and seamless integration with complementary metal-oxide-semiconductor (CMOS)
electronics. However, one of the most challenging problems is the realization of a highly linear
electro-optic (EO) modulator on a silicon substrate for suppressing nonlinear distortions, which
strongly affects the performance of MWP links. In practice, modulation linearity can be evaluated
by the carrier-to-distortion ratio (CDR) and spurious free dynamic range (SFDR). Among the
different nonlinear distortions in MWP systems, the second-order harmonic distortion (SHD2)
and third-order intermodulation distortion (IMD3) are the most significant ones.

In typical MWP links, the highly linear commercial LiNbO3 Mach-Zehnder (MZ) modulators
and III-V electro-absorption (EA) modulators are widely used, and their SFDR values for
IMD3 can be 121 dB·Hz2/3 [5] and 128 dB·Hz4/5 [6], respectively. However, pure silicon MZ
modulators are not effortless to achieve high linearity, due to the inherent nonlinearity resulting
from the silicon free carrier dispersion (FCD) modulation effect and cosine-squared MZ transfer
characteristics [7]. Previously, our group studied the linearity of a depletion-type silicon MZ
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modulator with an SFDR of 91.85 dB·Hz2/3 [8]. As of today, the silicon MZ modulators have
shown the best SFDR of 113.3 dB·Hz2/3 [9]. In order to enhance the modulation linearity,
several feasible approaches have been proposed and investigated in recent years [10–17]. The
reported linearization strategies can be divided into two main categories. The first approach is
to eliminate the intrinsic nonlinearity from the MZ transfer function, through the employment
of novel optical architectures to replace the typical MZ structure. In 2013, Cardenas et al.
demonstrated a high SFDR of up to 106 dB·Hz2/3 using a ring assisted MZ interferometer
(RAMZI) silicon modulator [10]. In 2016, Zhou et al. measured the linearity of a dual-parallel
MZ silicon modulator and obtained an SFDR of 101.41 dB·Hz2/3 [11]. Several conceptual
structures were also demonstrated theoretically, such as Bragg grating assisted MZ [12], dual
ring resonator [13] and double injection racetrack [14]. The second approach is to suppress
the nonlinearity resulting from the FCD effect, which can be realized via the entirely different
modulation effects originated from the heterogeneous integration with other EO materials. Rao et
al. fabricated a LiNbO3-silicon hybrid waveguide modulator with an SFDR of 97.3 dB·Hz2/3 [15].
Hybrid integration of III-V materials was also performed on silicon platform to increase the
SFDR value up to 112 dB·Hz2/3 [16] and 117 dB·Hz2/3 [17].

Graphene, as a remarkable two-dimensional material exhibiting various optical and electronic
properties, has attracted enormous interest for optoelectronics applications [18, 19]. Multiple
functional photonic devices based on graphene have been demonstrated, including ultrafast
lasers [20], photodetectors [21], modulators [22], polarization controllers [23], tunable optical
splitters [24] and optical delay lines [25], in which the optical modulators are undoubtedly the
most concerned and promising ones. For graphene-based silicon waveguide EA modulator,
the single-layer [22] and double-layer [26] structures have been proposed and demonstrated.
The 10 Gb/s modulation speed was realized in fast digital communication systems [27]. By
utilizing the critical coupling effect of a resonator, the EO bandwidth was improved up to 30
GHz [28]. For graphene-based silicon waveguide electro-refraction (ER) phase modulator, in
our previous work [29], a compact unbalanced MZ structure was exploited and a significantly
high modulation efficiency of 1.29 V · mm was demonstrated which is an order of magnitude
improvement over those of silicon modulators. A similar graphene-based waveguide phase
modulator with an EO bandwidth of 5 GHz was constructed and successfully operated in high-
speed optical interconnect [30]. Compared to silicon modulators, graphene-based modulators
hold the advantages of small footprints, large bandwidths, wide operation ranges and low power
consumption. These attractive figures of merits are also critical for various IMWP applications.
For the graphene modulators used in MWP links, the group of Michal Lipson experimentally
proved that the graphene on silicon nitride waveguide EA modulator was inherently linear with
a high SFDR for IMD3 (up to 100 dB·Hz2/3), but no SHD2 data or analytical expressions of
linearity were reported [31]. By today, the linearity of graphene ER phase modulators has not
been studied either theoretically or experimentally. As a result, the utilization potential of the
graphene ER modulator for IMWP applications has been ignored.
In this work, linearity characterization of the graphene-based silicon waveguide EA and ER

phase modulators was performed. For the graphene EAmodulators, the optimum SFDR values for
the SHD2 and IMD3 distortions were equal to 105.9 dB·Hz1/2 and 117.8 dB·Hz2/3, respectively.
It was also found that the SHD2 and IMD3 distortions could not be suppressed simultaneously. To
address this problem, the linearity of the graphene ER modulator was explored, and the push-pull
configuration and quadrature biasing were utilized to cancel the SHD2 distortion completely.
Through the adjustment of the bias voltage and length of the graphene-silicon phase shifter, an
ultrahigh SFDR up to 130 dB·Hz2/3 was obtained for IMD3 with a modulation region of only
240 µm. Compared to silicon modulators, the graphene ER phase modulators are advantageous
in terms of the footprint and tolerance to bias errors, suggesting their applicability in realistic
IMWP applications.
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2. Basic principle and analytical model

2.1. Basic principle

The basic modulation principle of a graphene-based silicon waveguide EO modulator can be
elucidated using the cross-section schematic shown in Fig. 1. Here, the graphene layer is
transferred onto the silicon waveguide isolated by the oxide layer (such as alumina) to form an
electrical capacitor structure. For the single-layer graphene modulator depicted in Fig. 1(a), the
silicon slab layer should be doped to realize electrical conductivity. The metal electrodes are
deposited on the graphene layer and p+ doped Si region to apply driving voltages or provide
grounding. In the double-layer graphene modulator shown in Fig. 1(b), the doped silicon can be
replaced with a graphene layer to form a capacitor. The entire configuration can be fabricated on a
commercial silicon-on-insulator (SOI) wafer and thus is compatible with the CMOS technology.

(a) (b)

Fig. 1. (a) Schematic cross-sections of the graphene-based silicon waveguide modulators
containing single (a) and double (b) graphene layers.

The operation principle of the graphene-based silicon waveguide modulator is mainly based
on the Pauli blocking effect of the graphene itself, and thus exhibits different EO modulation
characteristics as compared to those of the silicon depletion-type modulators which rely on the
FCD effect. By tuning the graphene chemical potential through doping or electrical gating, the
optical conductivity of graphene can be controlled according to the Kubo function [29]:

σ(ω, µc, τ,T) =
je2 (

ω − jτ−1)
π~2

[
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0
ξ

(
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In this equation, µc , ω, τ, and T represent the chemical potential, radian frequency, relaxation

time, and temperature, respectively. fd (ξ) =
(
e(ξ−µc )/kBT + 1

)−1
is the Fermi-Dirac distribution,

in which ξ is the energy, kB is the Boltzmann constant, and e is the charge of an electron. For
the external electrical gating, the relationship between the driving voltage Vg and the graphene
chemical potential µc can be described by the following equation:

µc = ~vF

√
ηπ

��Vg − Vdirac

�� (2)

where vF = 0.9×106m/s is the graphene Fermi velocity, η = ε0εr/de is estimated using a simple
parallel plate capacitor model, and Vdirac = 0.8V is the voltage offset induced by the natural
doping of graphene [22]. Consequently, the graphene permittivity changes with the variation
of the optical conductivity which results in a significantly changed complex effective mode
index (Ne f f = nreal

e f f
+ i · nimag

ef f
) of the propagation optical wave in the graphene-silicon hybrid
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waveguide. The Ne f f under various driving voltages can be simulated by the finite element
method, using COMSOL Multiphysics software. In this study, only the fundamental transverse
(TE) mode operating at a wavelength of 1550nm is considered.

The attenuation coefficient α = (2π/λ) ·nimag
ef f

(denotes the amplitude attenuation of the optical
field) and variation of the real effective index ∆nreal

e f f
are plotted in Fig. 2 as functions of the

driving voltages ranging from 0.8 to 10 V corresponding to the graphene chemical potentials
from 0 to 0.7 eV. The range beyond 0.7 eV is not taken into consideration since the gating oxide
layer likely breaks down at such high chemical potentials. According to these two characteristic
curves, the entire operation region can be divided into three districts for MWP applications. In
Region I (0-0.3 eV or 0.8-2.4 V), the light attenuation is relatively strong and both the variation of
the real effective index and attenuation coefficient change a little, indicating its low applicability
for optical modulation. In region II (0.3-0.52 eV or 2.4-5.7 V), the change in the attenuation
coefficient varied with the driving voltage is almost linear and drastic. Therefore, this region
can be utilized for the linear EA optical modulation. In region III (0.52-0.71 eV or 5.7-10 V),
the variation of the real effective index exhibits almost linear change, while the insertion loss
caused by the attenuation coefficient is relatively low, indicating great potential for the highly
linear pure-phase modulation based on the graphene ER effect.

TE mode at 1550 nm

Fig. 2. Simulated attenuation coefficient α and variation of the real effective index ∆ne f f
plotted as functions of the driving voltage for the single-layer graphene modulator. The
thickness of the Al2O3 insulation layer is set to 10 nm (n=1.732,ε = 9).

2.2. Analytical model

A concise analytical model was established to calculate the nonlinear distortions, CDR, and
SFDR for the graphene-based silicon waveguide modulator used in MWP links. It should be
noted that although the model has been developed for graphene modulators, it is also applicable
to analyzing linearity of other types of EA and ER electro-optical modulators. The starting point
of the model is the nonlinear relationship between the attenuation coefficient α, variation of the
real effective index ∆ne f f (representing ∆nreal

e f f
) and the driving voltage. The nonlinear variation

functions can be approximately fitted with high-order polynomials (such as the 4th order) as
follows:

α (V) = a0 + a1V + a2V2 + a3V3 + a4V4 +O
(
V4

)
(3)
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∆ne f f (V) = b1V + b2V2 + b3V3 + b4V4 +O
(
V4

)
(4)

As for Fig. 2, the fitted polynomial coefficients of Eq. (3) for the voltage-absorption curve (blue
line) of region II are a0 = −662.455, a1 = 764.434, a2 = −286.813, a3 = 44.492, a4 = −2.477;
while the fitted polynomial coefficients of Eq. (4) for the voltage-∆ne f f curve (red line) of Region
III are b1 = 0.0008, b2 = −0.00027, b3 = 2.809 × 10−5, b4 = −9.978 × 10−7.

A two-tone approach is generally utilized to evaluate the nonlinear distortions in EOmodulators.
Here, the driving signal consists of a two-tone smallACcomponentwith closely spaced frequencies
f1 and f2, and a DC bias voltage VDC , expressed as

V = VDC + vr f = VDC + v0 (cos2π f1t + cos2π f2t) (5)

For the graphene EA modulator, the normalized transfer function YEA (V) can be expressed as

YEA (V) = exp (−2α · L) = exp
[
−2L ·

(
a0 + a1V + a2V2 + a3V3 + a4V4

)]
(6)

where L is the active length of the graphene-silicon active region.
For the graphene ER modulator, an unbalanced MZ structure is used to convert the phase

modulation to intensity modulation. The total phase shift difference ∆Φ between the two MZ
arms is derived from the following two factors: the phase shift ∆Φbias induced by the unbalanced
optical path and bias heater, and the phase shift ∆Φgraphene induced by the ER effect of graphene
with the change of the driving voltage. Thus, the total phase shift can be written as

∆Φ = ∆Φbias + ∆Φgraphene = ∆Φbias +
2π
λ

L · ∆ne f f (7)

The propagation loss can be ignored when the graphene ER modulators is operated in the
low-loss pure-phase modulation region III; in this case, the lossless transfer function YER (V) can
be expressed as

YER (V) =
1
2

{
1 + cos

[
∆Φbias +

2π
λ

L ·
(
b1V + b2V2 + b3V3 + b4V4

)]}
(8)

The voltage-dependent transfer function Y (V) for both the EA and ER graphene modulators
can be expanded as Taylor series at the DC bias point V = VDC . The numerical Fourier transform
was performed to convert the time-domain output transfer function to frequency-domain. Due to
the nonlinear relationships described above, the output of the graphene EO modulators produces
new frequency components in addition to the fundamental components (FUND, f1 and f2).
Among all distortion products, the second-order harmonic distortion (SHD2, 2 f1 and 2 f2) and
third-order intermodulation distortion (IMD3, 2 f1 − f2 and 2 f2 − f1) are two primary components
that should be considered in MWP links. The FUND, SHD2, and IMD3 frequency components
can be extracted from the expansion coefficients of the Taylor expression:

TFUND = v0
dY
dV
|V=VDC +

3
8
v3

0
d3Y
dV3 |V=VDC +

5
96

v5
0

d5Y
dV5 |V=VDC +O

(
v5

0

)
(9)

TSHD2 =
1
4
v2

0
d2Y
dV2 |V=VDC +

5
96

v4
0

d4Y
dV4 |V=VDC +O

(
v4

0

)
(10)

TIMD3 =
1
8
v3

0
d3Y
dV3 |V=VDC +

5
192

v5
0

d5Y
dV5 |V=VDC +O

(
v5

0

)
(11)

The proposed MWP link utilizing the graphene-based silicon waveguide modulator for
high linearity is illustrated in Fig. 3. The assumed parameters of the link are listed in
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Table 1. Parameters of the microwave photonic link used in the calculations.

Symbol Parameter Value

PL Laser power 20 dBm

L0 Optical link loss −10 dB

rD Photodetector responsivity 0.7 A/W

RD Photodetector impedance 50Ω

Fig. 3. Schematic of the microwave photonic link using graphene-based silicon waveguide
modulator. The red and blue line are optical connect and electrical RF connect, respectively.

Table 1 [32], and the detected output radio frequency (RF) powers of different frequency
components in photodetector (PD) are calculated as PFUND =

RD

2 (PLL0rDTFUND)2, PSHD2 =
RD

2 (PLL0rDTSHD2)2, and PIMD3 =
RD

2 (PLL0rDTIMD3)2.
The noise floor (NF) calculated for the photodetector load at a noise bandwidth of 1 Hz and

room temperature of 300 K was approximately -161 dBm/Hz according to Ref. [32]. The linearity
for each nonlinear distortion can be quantified by two comprehensive parameters: CDR and
SFDR. The CDR for second-order harmonic distortion and third-order intermodulation distortion
are defined via Eq. (12):

CDR2 =
PFUND

PSHD2
, CDR3 =

PFUND

PIMD3
(12)

The SFDR value can be simply obtained via Eq. (13), being the dynamic power range between
the NF and fundamental (FUND) power when the distortion powers (SHD2 and IMD3) are equal
to NF. The CDR and SFDR parameters are commonly expressed in units of dB normalized to the
noise bandwidth of 1 Hz.

SFDR2 =
PFUND |PSHD2=NF

NF
, SFDR3 =

PFUND |PIMD3=NF

NF
(13)

3. Highly linear graphene-based silicon waveguide EA modulator

The optical architecture for the analysis of the graphene EA modulator is schematically depicted
in Fig. 4(a), which is a typical structure similar to that of the first reported graphene EA
modulator [22]. The modulator operates in the linear EA modulation region (Region II, 0.3-0.52
eV). The dimensions of the silicon waveguide are set to 500 nm (width) × 220 nm (height), and
the length of the active region is 100 µm. Figure 4(b) exhibits the calculated transfer function of
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the graphene EA modulator, indicating the existence of a relatively wide linear region for the
light transmission varied with the driving voltage. The contribution of this linear EA region is
determined by the graphene Pauli blocking of the interband electron transition [33]. The induced
optical transmission increases gradually and linearly originating from the Fermi energy shift due
to electrical gating. Therefore, the graphene EA modulator is intrinsically linear, thus features
great advantages on analog optical modulation.

(a) (b)

Graphene

Si

Al2O3Au

SiO2

p-Si

p+-Si

Light in

Light out

Fig. 4. (a) Schematic of the graphene EA modulator. (b) Steady-state normalized
transmission as a function of the driving voltage.

Qualitative analysis was conducted first, allowing us quite straightforward to investigate the
nonlinear distortions and dominating nonlinearity sources for the graphene EA modulator. Since
V = VDC + vr f , the attenuation coefficient α (V) can be broken up into a DC component α (VDC)
and a small RF signal component ∆α

(
vr f

)
, expressed as

Y (V) = Y (VDC) exp
[
−2L · ∆α

(
vr f

) ]
(14)

where ∆α
(
vr f

)
can be written as a series of the polynomial terms of vr f through some algebraic

manipulations [34]
∆α

(
vr f

)
= k1vr f + k2v

2
r f + k3v

3
r f + k4v

4
r f (15)

The coefficients k1, k2, k3 and k4 are functions of the DC voltages that can be expressed as

k1 = 4a4V3
DC + 3a3V2

DC + 2a2VDC + a1

k2 = 6a4V2
DC + 3a3VDC + a2

k3 = 4a4VDC + a3

k4 = a4

(16)

For the small signal modulation, the approximated form exp
[
−2L∆α

(
vr f

) ]
� 1−2L∆α

(
vr f

)
was used [35]. By ignoring the influence of the high-order terms (n≥4 for SHD2 and n≥5 for
IMD3), the distortion powers of SHD2 and IMD3 can be approximately expressed as

PSHD2 ∝
RD

2
[
PLL0rD · k2v

2
0
]2 (17)

PIMD3 ∝
RD

2

[
PLL0rD ·

3
4

k3v
3
0

]2
(18)
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Equations (17) and (18) show that the nonlinear distortion powers PSHD2 and PIMD3 apparently
depend on the coefficients of Eq. (16). These coefficients are related to the bias DC voltage and
fitting parameters of Eq. (3) which depend on the details of the EA modulator architecture. A
qualitative conclusion can be deduced that these two distortion products SHD2 and IMD3 are
probably suppressed to minimum power level under different optimized bias voltages, resulting
from the disparate governing parameters k2 and k3, respectively.
This analysis provides a path to the suppression of the SHD2 and IMD3 distortions through

the adjustment of the bias voltage, if the minimization of the corresponding coefficients k2 and
k3 is achievable. In order to corroborate this linearization assumption, a rigorous quantitative
analysis was performed. To numerically calculate the linearity performance of the graphene EA
modulator in MWP links, the attenuation curve α (V) should be obtained to generalize the transfer
function. In our work, the attenuation coefficient α (V) and variation of the real effective index
∆ne f f (used in the next section) were determined by fitting the simulation data with the 12th
order polynomial, rather than the 4th order in analytical model. This handling can realize more
exact description of the transfer characteristics to improve the accuracy of numerical calculation.
The powers of the FUND, SHD2, and IMD3 components in the output signal were obtained at
different DC voltages and power of the two-tone RF input signal equal to 0 dBm (see Fig. 5(a)).
The resulting SHD2 and IMD3 curves contain one and two dip points respectively, suggesting
that both parameters can be significantly suppressed at proper bias voltages. Correspondingly,
CDR2 reaches the maximum value of 63 dB at 3.9 V, while CDR3 achieves the maximal values
of 53.7 dB at 3.3 V and 62.7 dB at 4.4 V, as shown in Fig. 5(b). These results indicate that the
simulation results are in good agreement with the theoretical conclusion.

(a) (c)

(b)

Fig. 5. Linearity features of the graphene EA modulator. (a) FUND, SHD2 and IMD3
powers plotted as functions of the DC voltage at an input power of 0 dBm (v0 = 0.316 V).
(b) CDR2 and CDR3 values as functions of DC voltage at an input power of 0 dBm. (c)
SFDR values for SHD2 and IMD3 plotted at different DC voltages.

The SFDR for SHD2 and IMD3 were also calculated at different voltages and plotted in Fig.
5(c). For the IMD3 distortion, the SFDR obtains the maximum values of 110.6 dB·Hz2/3 at 3.4
V and 113.5 dB·Hz2/3 at 4.4 V. The SFDR maintains relatively high level in a voltage range
of about 1.5 V in which the SFDR drops 10 dB from the optimal value. By considering the
SFDR for SHD2, a steep peak of 93.4 dB·Hz1/2 is observed at 3.9 V with a 10-dB decline voltage
range of 0.47 V. Therefore, the suppression of IMD3 has more tolerance for the bias voltage
adjustment compared to the SHD2. More importantly, for the graphene EA modulator in MWP
links, the SHD2 and IMD3 nonlinear distortions cannot be maximally suppressed to the dip
points simultaneously at the same bias voltages, as confirmed by both the theoretical model and
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simulation results. This phenomenon represents a serious problem for the broadband MWP
applications in which multiple fundamental frequency components exist and both the SHD2 and
IMD3 should be eliminated. Therefore, the utilization of the graphene EA modulator is more
appropriate for the sub-octave MWP links since the SHD2 is usually far from the fundamental
frequency and can be filtered easily; thus, only IMD3 should be considered. In such cases, it
is necessary to develop a graphene modulator enabling the simultaneous suppression of SHD2
and IMD3 for several-octave broadband MWP links. This expectation can be realized using the
graphene ER modulator as discussed in the next section.
In order to maximize the linearity performance of the graphene EA modulator, the optional

variables in the architecture design were optimized. The oxide insulation layer, waveguide
material, and number of graphene layers were taken into account during the design optimization
to obtain superior SFDR features. Variation of these architecture factors were all possible to alter
the guided optical mode and interactions between the graphene layer and the optical mode; as a
result, the transfer characteristics of the modulator were modified. The changed transfer function
is obvious to induce a direct impact on the modulation linearity. Figure 6(a) shows the linearity
comparison in terms of SFDR for IMD3 among three types of waveguide configurations: single
layer graphene on Si waveguide (Si-SLG), double layer graphene on Si waveguide (Si-DLG),
and double layer graphene on Si3N4 waveguide (Si3N4-DLG). It shows that all these structures
exhibit similar SFDR profiles and have two IMD3-elimination points, inheriting the graphene
EA modulation properties. However, important differences are observed as for their SFDR levels
(Si-DLG> Si-SLG> Si3N4-DLG), which result from the different interaction strengths between
the graphene layer and the optical mode. Normally, increasing the overlap between the graphene
layer and the light is equivalent to improving the graphene absorption, which is able to increase
the slope efficiency and SFDR [31]. Nevertheless, the SFDR improvement observed for the
double-layer graphene scheme is indistinctive but noticeably increase the fabrication difficulty;
hence, single-layer graphene was ultimately used in the design.

(a) (b)

Fig. 6. (a) SFDR for IMD3 plotted as functions of DC voltage for the Si-SLG, Si-DLG, and
Si3N4-DLG modulators. The thickness of the insulation layer and active length are set to
10 nm and 100 µm, respectively. (b) Optimized SFDR values for IMD3 and SHD2 plotted
as functions of the thickness of the insulation layer in the Si-SLG structure. The material
parameters of HfO2 used in the simulation are n = 2.07, ε = 18.

Figure 6(b) depicts the impact of the insulation layer on the modulation linearity, considering
both the thickness (from 8 to 20nm) and oxide material (Al2O3, HfO2). The variation of the
insulation layer not only affects the interaction between the graphene layer and the optical mode,
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but also changes the conversion relation from the external voltage to the graphene chemical
potential according to Eq. (2). Hence, the impact on the transfer function or SFDR is complex
and difficult to be quantitatively described. A comparison was performed based on the optimal
SFDR to gain some insight into this influence. It was found that changing the layer material from
Al2O3 to HfO2 did not significantly affect the modulation linearity, whereas the layer thickness
produced an apparent impact on the SFDR performance (especially for the SHD2 distortion).
The optimal insulation layers leading to the maximum SFDR values of IMD3 and SHD2 are 14
nm Al2O3 and 16 nm HfO2, respectively. Although the optimization process described above
can be performed more delicately, it is very hard to practically realize high fabrication precision;
hence, selecting the design parameters close to their optimal values is sufficient.

Through optimization, the design scheme for the highly linear graphene-based siliconwaveguide
EA modulator was finally determined. The best SFDR performance and intercept points for the
SHD2 and IMD3 distortions are shown in Fig. 7. For the IMD3 distortion, the maximum SFDR
can reach 117.8 dB·Hz2/3 through the adjustment of the bias voltage. The slope of the IMD3
curve depicted in Fig. 7(a) is approximately 4 for small RF input signals. Because the IMD3
distortion is primarily related to the third-order term v3

r f
, the linearized graphene EA modulator

may change the slope from 3 (non-linearized) to 5 (full-linearized) with the improvement of the
suppression for v3

r f
term [36]. Therefore, it can be concluded that the IMD3 distortion induced

by the third-order term is effectively suppressed, but not completely canceled. The complete
elimination of the IMD3 or higher SFDR may be achievable via precise bias voltage control at
high resolution. The SHD2 distortion exhibits similar behavior with a maximum SFDR of 105.9
dB·Hz1/2, as shown in Fig. 7(b).

(a) (b)

Fig. 7. (a) Maximal SFDR for IMD3 obtained for the Si-SLG modulator with a 14-nm
Al2O3 insulation layer. (b) Maximal SFDR for SHD2 obtained for the Si-SLG modulator
with a 16-nm HfO2 insulation layer. The intercept points are also displayed in the figures.

4. Highly linear graphene-based silicon waveguide ER modulator

4.1. Linearity of graphene ER phase modulator

To discuss the linearity of the graphene ER phase modulator, a typical Mach-Zehnder interfer-
ometer (MZI) with the push-pull configuration was considered (see Fig. 8(a)). Two multimode
interference (MMI) was utilized as 3-dB optical splitter and combiner in the input and output
ports, respectively. The MZI converts the phase shift resulting from the graphene ER effect in
each arm to the variation of the optical intensity. A Cu heater is placed on one arm of the MZI
to set the bias point. The dimensions of the silicon waveguide are 220 nm (height) × 500 nm
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(width), while the electrically doped silicon slab layer set to 60 nm. The modulator operates in
the linear ER modulation region (Region III, 0.52-0.71 eV), exhibiting a linear transmission curve
depicted in Fig. 8(b). Compared to the graphene EA modulator in MWP links, the graphene
ER phase modulator possesses the ability to simultaneously suppress the two prime nonlinear
distortions SHD2 and IMD3. This is possible because the SHD2 distortion can be automatically
cancelled through the push-pull phase modulation scheme and biasing at the quadrature point by
the heater, while only the IMD3 distortion should be suppressed in MWP links.

(a) (b)

Si

p-Si

p+-Si

GrapheneSiO2

Al2O3 Au

PtHeater

Light in

Light out

Fig. 8. (a) Schematic of the graphene ER modulator based on the unbalanced MZI. (b)
Steady-state normalized transmission as a function of the DC voltage.

Similar to the discussion in section 3, concise qualitative analysis is conducted here. By
revealing the reason for the complete cancellation of SHD2 from the analysis, an approach to
suppressing the IMD3 components also can be determined. Under the push-pull modulation
bias at VDC , the RF signals applied on each MZI arm have the opposite signs, and the resulting
voltage drops can be expressed as VDC + vr f and VDC − vr f . Therefore, the total phase shift
between the two arms can be rewritten as

∆Φ = ∆Φbias +
2π
λ

L ·
[
∆ne f f

(
VDC + vr f

)
− ∆ne f f

(
VDC − vr f

) ]
(19)

By expanding ∆ne f f into polynomial series as shown in Eq. (4) and performing some algebraic
operations, the DC component is cancelled, while the remaining phase shift induced by the small
RF signal can be simplified as

∆Φ
(
vr f

)
= k1vr f + k3v

3
r f (20)

where the coefficients k1 and k3 are the following functions of DC voltage VDC and active
modulation length L:

k1 =
2π
λ

L
(
8b4V3

DC + 6b3V2
DC + 4b2VDC + 2b1

)
k3 =

2π
λ

L (8b4VDC + 2b3)
(21)

Equation (20) shows that the second order and higher even order terms disappear automatically
[37], indicating that the SHD2 term derived from the graphene nonlinear EO phase response
is eliminated. However, the nonlinearity sources of the graphene ER modulator have two
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parts: the nonlinear EO response and cosine-squared MZ transfer function. The push-pull
modulation scheme can only cancel the former nonlinearity, while the nonlinearity due to the
MZ transfer function still exists and limits the further suppression of the SHD2 distortions. Once
the modulator is also biased at the quadrature point ∆Φbias = π/2, the transfer function can
be rewritten as Y (V) = 1

2
[
1 − sin∆Φ

(
vr f

) ]
, then the small signal expansion of sin x can be

used [34] and shown as below

Y (V) = 1
2

{
1 − ∆Φ

(
vr f

)
+

1
3!
∆Φ

(
vr f

)3
+O

[
∆Φ

(
vr f

)3
]}

=
1
2

[
1 − k1vr f +

(
1
6

k3
1 − k3

)
v3
r f +

1
2

k2
1 k3v

5
r f +

1
2

k1k2
3v

7
r f +

1
6

k3
3v

9
r f +O

(
v9
r f

)] (22)

Notice that no even-order terms of vr f are present in the expansion of the MZ transfer function.
Since the SHD2 distortion is only contributed by the even-order terms of vr f , the remaining
SHD2 from the nonlinear MZ transfer function is also cancelled. Therefore, by combining these
two linearization operations, the SHD2 distortion is fully eliminated. The only remaining IMD3
distortion can be approximated as follows while neglecting the influence of the higher order
terms (n ≥ 5):

PIMD3 ∝
RD

2

[
PLL0rD ·

3
8
v3

0

(
1
6

k3
1 − k3

)]2
(23)

Apparently, to suppress the IMD3 distortion, the term 1/6k3
1 − k3 needs to be optimized to the

minimum value. This maybe feasible by controlling the DC voltage VDC and active modulation
length L. A similar cancellation scheme of the IMD3 distortion has been reported in prior studies
on the silicon depletion-type modulators [34, 37, 38]. To verify that the graphene ER modulator
possesses similar ability to suppress the IMD3 distortion, simulations and numerical calculations
were performed for the nonlinear distortions and SFDR.

(a) (b)

Fig. 9. (a) SHD2 distortion power plotted as a function of the phase shifter length at a DC
bias voltage of 7 V and input power of 0 dBm (v0 = 0.316 V). (b) Power contours of the
FUND and IMD3 components obtained as functions of the bias voltage VDC and phase
shifter length L at an input power of 0 dBm.

The SHD2 distortion was computed under different modulation schemes and bias conditions.
As shown in Fig. 9(a), by employing the push-pull modulation to replace the single-arm driving,
the SHD2 distortion is suppressed to some extent but still remains at a relatively high level,
since the nonlinearity from the MZ transfer function still exists. By adding the bias condition
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Φbias = π/2 , the SHD2 distortion is cancelled completely, while the remaining ultralow power
of SHD2 is likely due to the formation of high-order odd intermodulation products coincidentally
at that frequency [32]. The obtained results confirm the validity of the SHD2 suppression method,
which is generally applicable to the MZ modulators with a nonlinear phase response. The powers
of the FUND and IMD3 components were extracted from the output as functions of VDC and L.
Note that in Fig. 9(b), as L increases and VDC decreases, the power of the FUND component
gradually increases. Within a certain voltage range, for each phase shifter length L, an optimal
applied VDC can be searched to suppress the IMD3 distortion down to rather low power level
below -150 dBm. In such cases, the term 1/6k3

1 − k3 is dramatically minimized to suppress the
IMD3 distortion limited by the third-order terms v3

r f
. The principle for this suppression can be

explained as the nonlinearities from the graphene ER phase shift and MZ transfer function exhibit
opposite behaviors and counteract each other. For instance, as illustrated in Fig. 9(b), when VDC

is set to 7.5 V, the matched phase shifter length L is about 237 µm, and the IMD3 distortion is
suppressed to a value below -150 dBm, which can ensure highly linear phase modulation.

The demonstration of the IMD3 linearization presented above is based on the specific design of
the graphene ER modulator. Here, without the loss of generality, the IMD3 suppression through
the adjustment of the VDC and L was proved to be effective for various design schemes of the
graphene ER modulator. The impacts of the waveguide material, oxide insulation layer, and
number of graphene layers on the IMD3 linearization were taken into account. Figure 10 depicts
the contours of the SFDR for IMD3 obtained at different values of the phase shifter length L and
bias voltage VDC for Si-SLG, Si-DLG, and Si3N4-DLG. It shows that these three graphene ER
modulators exhibit similar behavior in terms of the SFDR varied with L and VDC . By adjusting
the magnitudes of L and VDC to fulfill the minimum of the term 1/6k3

1 − k3, all these three
modulators produced an ultrahigh SFDR of over 127 dB·Hz2/3 enabling IMD3 linearization.
Through optimization, Si-SLG exhibits the maximum SFDR of 129.92 dB·Hz2/3 at L=240 µm
and VDC=7.2 V, while Si-DLG reaches maximum value of 127.64 dB·Hz2/3 at L=90 µm and
VDC=6.4 V. As compared with the single-layer graphene modulator, the utilization of double-layer
graphene can further strengthen the optical interaction, thus significantly reducing the optimum
active length while maintaining the IMD3 suppression capability. For the Si3N4-DLG modulator,
the maximum SFDR of 127.50 dB·Hz2/3 is obtained at L=80 µm and VDC=6.9 V, which is close
to that of the Si-DLG modulator.

(a) (b) (c)

Fig. 10. Contour maps of the SFDR for the IMD3 distortion obtained at different DC
voltages and phase shifter lengths under the bias condition Φbias = π/2 . From the left
to the right: (a) Si-SLG, (b) Si-DLG, and (c) Si3N4-DLG. The marked points denote the
maximum SFDR values.

To examine the impact of the insulation oxide layer on the linearity performance of the
graphene ER modulator, the SFDR for IMD3 was calculated at different phase shifter lengths
under corresponding optimal bias voltages. Two types of typical oxide materials (Al2O3 and
HfO2) with thicknesses ranging from 10 to 18 nm were considered. The obtained results depicted
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in Fig. 11 indicate that similar variations in SFDR are observed regardless of the thickness or
type of the oxide layer, which are all able to realize the IMD3 suppression with ultrahigh SFDR
values (>125 dB·Hz2/3). However, some important differences still exist. Compared to Al2O3,
the higher dielectric constant of HfO2 increases the capacitance and reduces the optimized bias
voltage, but at the expense of the declined modulation bandwidth. With increasing the oxide
thickness, higher phase shifter lengths and bias voltages are required for reaching the maximum
SFDR values. In addition, the increased thickness also leads to higher driving voltage and power
consumption.

Fig. 11. SFDR for IMD3 plotted as a function of the phase shifter length under the
corresponding optimum DC voltage and Φbias = π/2 .

Fig. 12. Maximal SFDR for IMD3 of the graphene ER modulator. The intercept points are
also displayed in the figure.

Finally, the optimal SFDR performance of IMD3 is observed for the graphene ER modulator
utilizing the Si-SLG structure with a 10-nm Al2O3 oxide layer (Fig. 12). The slope of the IMD3
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distortion is nearly 4.2, which is much larger than the third-term limited slope equal to 3 for small
signal inputs. These results confirm that the third order term in Eq. (23) is strongly suppressed
through linearization. Therefore, the IMD3 nonlinearity is slightly induced by the third-order
term v3

r f
, but mainly limited by the fifth or higher order odd terms.

4.2. Linearity comparison between the graphene-based ER modulator and pure silicon
modulator

In this section, the linearity of the graphene ER modulator is compared with that of the
traditional free carrier dispersion (FCD) Mach-Zehnder silicon modulator. For the pure silicon
modulator, several optional factors in the design scheme likely impact the inherent EO response
reflected in the coefficients of Eqs. (3) and (4), which mainly include the doping condition and
device structure. Therefore, to guarantee the generality of the linearity comparison, the silicon
waveguide modulators based on carrier-depletion PN junction and metal-oxide-semiconductor
(MOS) capacitor were both taken into account. The carrier-depletion silicon modulator was
mainly considered, since this type silicon modulator has largely become the superior choice
compared to the MOS-based silicon modulator, due to its very large modulation speed (up to
90Gbit/s [39]) and good integratability with other photonic components. Four representative
carrier-depletion silicon modulators based on PN junction with different designs were considered,
as shown in Table 2. The Design1 is based on our previous work [8], while the Desgins2-4 are
determined referring to three typical former researches [7, 9, 38]. The MOS-capacitor-based
silicon modulator utilized in the comparison was referred to a reported literature [40]. The
thickness of the n-Si slab and gate oxide layer are severally set to 900 nm and 10.5 nm. The
dimensions of the p-Si region is set to 1600 nm (width) × 639.5 nm (height). The n-Si and p-Si
regions have a doping concentration of 2 × 1017cm−3 and 1 × 1018cm−3, while the n+-Si and
p+-Si regions have a doping concentration of 1 × 1019cm−3.

Table 2. Four typical design schemes of the carrier-depletion silicon modulator

Design Waveguide[nm] Slab[nm] P[cm−3] P+[cm−3] N[cm−3] N+[cm−3]

Design 1 [8] 220×600 60 5e17 1e20 1e18 1e20

Design 2 [38] 220×460 100 4e17 1e20 5e17 1e20

Design 3 [7] 220×500 90 7e17 1.7e20 5e17 5e20

Design 4 [9] 220×400 70 1e18 5.5e20 8e17 5.5e20

To obtain the SFDR of the silicon modulators, the nonlinear relationship between the applied
voltage and variation of the effective index in the doped waveguide was determined first. The
SILVACO software was used to simulate the carrier distribution in the cross-section of the silicon
waveguide under external applied voltages, as shown in the inserted image of Fig. 13(a). The
COMSOL Multiphysics software was utilized to obtain the electrical field distribution of the TE
optical mode. Finally, the variation of the effective refractive index in the silicon waveguide was
calculated by combining the change of carrier concentration and the distribution of electrical
field, as shown in Fig. 13(a). It can be seen that the variation profiles of ∆ne f f obtained for the
carrier-depletion andMOS-based silicon modulators are mathematically similar. This is primarily
because these five modulators based on either carrier-depletion PN junction or MOS-capacitor
structure are all operated based on the FCD effect of silicon, depending on the same nonlinear
Soref-Bennett relationships [41]. These variation curves of ∆ne f f also resemble that of the
graphene ER modulator, illustrating why IMD3 suppression can be realized for the silicon and
graphene modulators through the similar linearization method. However, the graphene ER
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modulators exhibit much more significant variation of the effective index than silicon modulators,
thus enabling phase modulation with ultrahigh efficiency and compact footprint.

(a) (b)

N P
N+ P+

Fig. 13. (a) Variations of the effective index ∆ne f f plotted at different voltages for the
graphene-based modulator and pure silicon modulators. (b) Linearity degradations of the
graphene modulators and five typical silicon modulators observed when the DC voltage
deviates from the optimum bias voltage. The device length for each modulator is set to the
optimal value.

Once the variation of the effective index is determined, the nonlinear distortion products and
SFDR can be obtained by performing the calculation operations previously used for the graphene
modulators. Through the precise adjustments of the bias voltage and phase shifter length, the
five pure silicon modulators are also able to achieve high SFDR values while suppressing the
IMD3 distortion to low levels, as was previously reported in several works [34, 37, 38]. Among
four designs of the carrier-depletion silicon modulator, Design 2 exhibits the best SFDR of
123.22 dB·Hz2/3 at a voltage bias of 4.8 V and phase shifter length of 1500 µm. The MOS-based
silicon modulator achieves a SFDR up to 124.18 dB·Hz2/3 at a voltage bias of 4.9 V and phase
shifter length of 1350 µm. For both the graphene and silicon modulators, once the device with
a fixed phase shifter length is fabricated, the bias voltage controller is a necessary module to
realize the IMD3 suppression and ultrahigh SFDR. However, in realistic MWP links, to achieve a
desired and stable bias voltage with high resolution is a challenging and complex task. Therefore,
maintaining a high SFDR level within a reasonable voltage tolerance is important for practical
applications. The degradation of the SFDR for IMD3 was calculated within the voltage offset
range of ±1.5 V for the graphene ER and five silicon FCD modulators, as shown in Fig. 13(b).
A high-SFDR level is defined as 117.5 dB·Hz2/3, which is the best experimental value for the
integrated modulator on a silicon platform reported up to date [17]. The obtained results show
that the graphene ER modulator possesses a wider high-SFDR region (∼1 V) as compared to
those of all the carrier-depletion andMOS-based silicon modulators. In other words, the graphene
ER modulator has more tolerance to the bias voltage than pure silicon modulators, which allows
achieving high linearity in practical MWP links more easily.

The modulation linearity of the graphene EA, graphene ER, and pure silicon FCD modulators
discussed above are summarized in Table 3. It shows that the graphene EA modulator exhibits
the best performance in terms of the footprint and bias tolerance, but its optimal SFDR value is
not very high (< 120 dB·Hz2/3). More importantly, the graphene EA modulator is not suitable
for the broadband MWP links containing multiple fundamental frequency components, since
it cannot enable the simultaneous suppression of the SHD2 and IMD3 distortions. While the
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ER modulation scheme (graphene ER and silicon FCD) can completely get rid of the SHD2
distortion through the linearization scheme discussed in this section. Among these two ER
modulator types, the graphene ER modulator is much more compact (by almost one order of
magnitude) compared to the silicon modulator. Moreover, the graphene ER modulator exhibits
a higher maximal SFDR and is more tolerant to bias voltage, making it more suitable for the
practical application in integrated MWP systems.

Table 3. Linearity comparison of the graphene EA, graphene ER, and silicon FCDmodulators

Type Graphene EA Graphene ER Silicon FCD

Control parameter VDC VDC and L VDC and L

Maximum SFDR value 118 dB·Hz2/3 130 dB·Hz2/3 124 dB·Hz2/3

Bias voltage tolerance High Medium Low

SHD2 distortion impact High Low Low

Device length 100 µm 240 µm 1350 µm

5. Conclusion

In conclusion, the modulation linearity of the graphene-based silicon waveguide EA and ER
modulators for MWP links were investigated systematically. The nonlinear distortion products
(SHD2 and IMD3), CDR, and SFDR were obtained to determine the linearity features by
conducting simulations and numerical calculations. The waveguide material, number of graphene
layers, and oxide insulation layer were considered to achieve high SFDR performance. It is
found that the graphene EA modulator can reach the maximum SFDR for SHD2 equal to 105.9
dB·Hz1/2 and SFDR for IMD3 equal to 117.8 dB·Hz2/3, respectively. However, the graphene EA
modulator cannot achieve maximal SFDR performance for SHD2 and IMD3 simultaneously. In
order to solve this issue, the linearization of the graphene ER modulator was investigated. Due to
the push-pull driving and quadrature biasing, the SHD2 distortion was fully eliminated. Through
the adjustment of the bias voltage and phase shifter length, the IMD3 distortion observed for the
graphene ER modulator can be suppressed to achieve an ultrahigh SFDR of nearly 130 dB·Hz2/3,
which is comparable or even better than those of the commercial LiNbO3 MZ modulators. The
linearization of the SHD2 and IMD3 distortions is not influenced by the various designs of the
graphene ER modulators.
A possible discrepancy between the simulation results obtained in our study and the realistic

linearity performance may exists due to a variety of reasons including the quality deterioration
of the transferred graphene layer and fabrication errors. Nevertheless, these results pave the
way to the realization of graphene-based modulators for IMWP applications where highly linear
integrated modulators are required. Moreover, in recent years, various types of novel silicon
hybrid waveguide modulators with high performance have emerged and attracted significant
interest. Thus, this paper can also provide reasonable guidelines to achieving high linearity of
other types of silicon hybrid waveguide integrated modulators for MWP applications.
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