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Abstract: Silicon photonics is a promising technology to address the demand for dense and integrated nextgeneration optical interconnections due to its complementary-metal-oxide-semiconductor (CMOS) compatibility.
However, one of the key building blocks, the silicon modulator, suﬀers from several drawbacks, including a limited
bandwidth, a relatively large footprint, and high power consumption. The graphene-based silicon modulator, which
beneﬁts from the excellent optical properties of the two-dimensional graphene material with its unique band structure,
has signiﬁcantly advanced the above critical ﬁgures of merit. In this work, we review the state-of-the-art graphenebased silicon modulators operating in various mechanisms, i.e., thermal-optical, electro-optical, and plasmonic. It is
shown that graphene-based silicon modulators possess the potential to have satisfactory characteristics in intra- and
inter-chip connections.
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1 Introduction
The rapidly growing volume of data in intraand inter-chip connections, especially in data centers, requires transceivers with higher operational
speeds (>25 Gbaud) and lower power consumption
(<1 pJ/bit) (Thomson et al., 2016). Silicon photonics, compared with conventional electrical interconnection approaches, presents strengths in both
bandwidth and loss, which are always performance
bottlenecks with copper cables in the gigahertz data
frequency (Reed et al., 2010). To address the growing demands for data transmission, high-speed silicon modulators have been extensively studied for
short-range interconnections and long-haul commu‡
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nications (Jones et al., 2004; Liu et al., 2004; Chen
et al., 2011; Li et al., 2013). While the silicon is
transparent for transmission within the C band, limitations still exist in each modulation structure of silicon modulators. For Mach-Zehnder interferometer
(MZI) based silicon modulators, the relatively weak
plasma dispersion eﬀect in silicon modulators leads
to a millimeter-scale device length. Such a long modulator demands a traveling wave electrode, whose
bandwidth is always suppressed by the impedance
mismatch and group-velocity mismatch (GVM) between light waves and microelectronic waves (Chen
et al., 2012). As for microring-based silicon modulators, the remarkable thermal center wavelength shifts
always necessitate an external temperature control
scheme, which increases the complexity of system
design.
To increase the operation speed and simplify the size of a conventional silicon modulator,
some promising approaches have been reported by
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assembling the silicon waveguide with other materials, such as polymer, metal, and two-dimensional
(2D) materials (Liu et al., 2011; Haﬀner et al.,
2015; Koeber et al., 2015; Shu et al., 2018a). The
polymer-based silicon waveguide, generally with a
high electro-optical eﬀect index, can reach modulation eﬃciencies up to 0.5 V·mm. The silicon-oxidemetal hybrid structures dramatically scale down
the footprint and power consumption of a device
with their strong conﬁnement of light. Even so,
such silicon organic hybrid (SOH) and surface plasmonic polariton (SPP) modulators encounter many
problems in manufacturing (such as the stability
of polymer and the high requirement of precision
in metal growth). Among the aforementioned 2D
materials, graphene, a monolayer material of only
0.34-nm thickness, exhibits remarkable characteristics in both amplitude and phase control of light
in several modulation mechanisms. The transport
characteristics and conductivity of graphene can be
tuned conveniently by electrical injection (Novoselov
et al., 2004; Hanson, 2008; Li et al., 2008; Wang
et al., 2008; Xu et al., 2015). Thus, a graphene-based
structure is suitable for electro-optical (E-O) modulation. For thermal-optical (T-O) eﬀect, the thermal
conductivity of graphene, as high as 5300 W/(m·K)
(Balandin et al., 2008; Pop et al., 2012; Yin et al.,
2018), is larger than that of any other known material in nature. Hence, graphene can act as an efﬁcient micro-heater or heat-conducting medium in
a T-O modulator. Moreover, the graphene plasmonic eﬀect would be stimulated in some conditions, which improves the modulation eﬃciency
prodigiously (Dionne et al., 2009). Furthermore,
the transfer technology of monolayer graphene onto
the silicon waveguide surface is within several steps
and is compatible with the complementary-metaloxide-semiconductor (CMOS) technology. As for the
graphene modulators fabricated under the integrated
silicon photonics technology, the devices have superiority of their compact size (about 100 μm2 ), high
speed in multi-gigahertz, and great manufacturing
potential because of their CMOS compatibility.
In this work, we present a comprehensive survey
of recent progress in graphene-based silicon modulators with diﬀerent operational mechanisms, such as
E-O, T-O, and all-optical, as well as graphene plasmonic (GP) eﬀects. Each ﬁgure of merit (FOM)
for modulators, such as the footprint, modula-
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tion eﬃciency, bandwidth, and power consumption,
is well summarized and analyzed. The performance of these graphene-based devices shows their
potential for the future of optical integrated circuits for long-haul communications and data center
interconnections.

2 Electro-optical (E-O) graphene silicon modulators
2.1 Modulation theory
The excellent electrical properties of graphene,
such as high carrier mobility and tunable electrical
conductivity, have been extensively studied because
graphene allows a high speed and broadband light
modulation (Novoselov et al., 2004; Hanson, 2008;
Li et al., 2008; Wang et al., 2008; Xu et al., 2015;
Sorianello et al., 2016). Graphene’s band structure,
together with its extreme thinness, leads to a pronounced electric ﬁeld eﬀect to electrically control the
light properties (Novoselov et al., 2004). The Kubo
formula (Hanson, 2008) reveals that the real- and
imaginary-part changes of the complex conductivity
in graphene thin ﬁlm will result in the absorption
and phase shift of an optical signal pulse, respectively (Li et al., 2008; Wang et al., 2008), as shown
in the following equation:
je2 (ω − j2Γ )
σ(ω, μc , Γ, T ) =
π2


 +∞ 
1
∂fd (ξ) ∂fd (−ξ)
−
·
ξ
dξ
(ω − j2Γ )2 0
∂ξ
∂ξ

 +∞
fd (−ξ) − fd (ξ)
dξ ,
−
(ω − j2Γ )2 − 4(ξ/)2
0
(1)
where ω, μc , Γ , and T represent the radian
frequency, chemical potential, carrier relaxation
time, and temperature, respectively.
fd (ξ) =
(e(ξ−μc )/(kB T ) + 1)−1 is the Fermi-Dirac distribution,
where ξ is the energy and kB the Boltzmann constant. Through calculation, the formula indicates
that graphene modulators can be switched between
the electro-absorptive mode and electro-refractive
mode (Fig. 1). Within the chemical potential range
from 0 to 1 eV, the absorption and eﬀective indexes
of a silicon-graphene hybrid structure operating in
1550 nm exhibit three diﬀerent sets of characteristics.
The yellow area is the absorption region, wherein the
absorption remains high and both the eﬀective and
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absorption indexes change very little. For the step
change region, there is a signiﬁcant “stepping up” for
the absorption index. Consequently, intensive modulation is suitable within the range. Phase modulation
ﬁts well in the linear region since the absorption is
low and the eﬀective index exhibits a linear change.
Such a theoretical mechanism has been experimentally veriﬁed on the silicon platform by several works
recently (Xu et al., 2015; Sorianello et al., 2016). So
far, the graphene-silicon electro-optical modulators
have focused mainly on intensity modulation based
on the electro-absorption eﬀect. More recently, some
experimental work on the electro-refractive eﬀect has
been reported, indicating the possibility of phase
modulation by electrical injection.
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in silicon photonics, the demonstration of the GOG
(graphene-oxide-graphene) structure (Fig. 2b) was
reported in Liu et al. (2012), for lower energy consumption and insertion loss. These two types of the
electro-optic interaction region are the mainstream
design in later research works.
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Fig.
1 Complex eﬀective index of the grapheneoxide-silicon waveguide in 1550 nm resulting from the
Kubo formula (Shu et al. (2018b), licensed under CC
BY 4.0). References to color refer to the online version of this ﬁgure

2.2 Typical structure
For a typical E-O graphene-silicon modulator,
the graphene is transferred mainly to the top of
an integrated passive photonics structure, such as
a single silicon waveguide, Mach-Zehnder interferometer, or the microring resonator, to manipulate
the evanescent light wave coupled from the waveguide. The ﬁrst prototype of E-O graphene was
reported in Liu et al. (2011), in which modulation
was achieved by actively tuning the Fermi level of a
monolayer graphene sheet (Fig. 2a). The graphene
layer, alumina oxide layer, and silicon waveguide
were proposed in the paper, forming the grapheneoxide-silicon (GOS) capacitance structure. Subsequently, to eliminate the optical loss widely existing

SiO2

(b)

Fig.
2 Two typical structures of graphene based
silicon strip waveguide modulators: (a) grapheneoxide-silicon (GOS) waveguide modulator (reprinted
from Liu et al. (2011), Copyright 2011, with permission from Springer); (b) graphene-oxide-graphene
(GOG) waveguide modulator (reprinted from Liu
et al. (2012), Copyright 2012, with permission from
American Chemical Society)

To enhance the interaction between the propagating light and the graphene, the GOS modulator
based on a slot waveguide was proposed with the slot
orientation as either horizontal (Fig. 3a) (Phatak
et al., 2016) or vertical (Ye et al., 2017), because
most of the light energy is conﬁned in the silicon
waveguide with a weak evanescent wave leaking from
it. Another way for interaction enhancement is to
introduce a microring taking the place of the single waveguide as the passive optical substrate (Qiu
et al., 2014; Ding et al., 2015; Phare et al., 2015). A
higher integration level, extinction ratio, and operational speed can be achieved due to resonator loss
modulation at the critical coupling of the microring.
A 30-GHz GOG modulator (Fig. 3b) (Phare et al.,
2015) and high modulation depth GOS modulators
(Qiu et al., 2014; Ding et al., 2015) based on a microring resonator were demonstrated, showing that
the speed and eﬃciency can be drastically increased.
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cate that the optical conductivity of graphene can
be controlled through the applied voltage (Xu et al.,
2012). The GOG graphene-phase modulator was
ﬁrst experimentally demonstrated in Mohsin et al.
(2015), with a 300-V·mm modulation eﬃciency and
a multi-megahertz operation speed. A more eﬃcient
modulator (1.29 V·mm) (Shu et al., 2018b) and a
higher speed (5 GHz, as shown in Fig. 3c) (Sorianello et al., 2018) phase modulator with the ability
to change modes, were demonstrated subsequently
based on a GOS structure, heralding the potential
application of graphene modulators in both optical
communications and interconnection systems.
2.3 Device performance
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Fig.
3 Several optical constructions for higher
performance in the graphene-based silicon modulator: (a) slot waveguide (reprinted from Phatak
et al. (2016), Copyright 2016, with permission from
The Optical Society); (b) microring (reprinted from
Phare et al. (2015), Copyright 2015, with permission from Springer); (c) Mach-Zehnder interferometer (reprinted from Sorianello et al. (2018), Copyright
2017, with permission from Springer)

All the modulators listed above, which focus
mainly on intensity modulation, are suitable for
short-range interconnections in data centers. For
long-haul coherent communications, phase modulation is essential. The graphene-phase modulators
based on MZI were successively proposed (Mohsin
et al., 2015; Shu et al., 2018b; Sorianello et al., 2018).
The Kubo formula and the Maxwell equations indi-

The footprint, modulation eﬃciency, bandwidth, and power consumption are the most crucial
FOMs for modulators. In integrated silicon photonic
systems, the race for the perfect modulator is still
open, as none of the actual devices including MZIbased modulators or silicon ring modulators show
suﬃcient values for all of the parameters mentioned
(Mohsin et al., 2015). For silicon-based MZI modulators, the device footprint is on the order of millimeters, owing to its weak plasma dispersion eﬀect
(Liu et al., 2004). The electro-refractive eﬀect of the
graphene layer can be used to change the refractive
index Δn of Si larger than 10−3 , almost 30 times
larger than that of a carrier depletion mode modulator (Soref and Larenzo, 1986; Sorianello et al.,
2016). The length of the interaction region in a
graphene MZI modulator arm is within 10–300 μm
(Wang et al., 2008; Pop et al., 2012; Xu et al., 2015),
1 1
–
that of the silicon MZI modulator.
about
100 10
The size of a microring-based graphene modulator is
generally determined by the resonator structure. A
larger radius of the ring resonator may help reduce
the transfer precision. Thus, a 40-μm ring resonator
(Novoselov et al., 2004) and a 50-μm one (Hanson,
2008) were fabricated with an experimental result
showing higher speed and eﬃciency. Modulation eﬃciency is deﬁned as the modulation depth (or extinction ratio) and Vπ Lπ for the type of modulator to
be electro-absorptive and electro-refractive, respectively. The common modulation depth of a GOS
structure is about 0.1 dB/μm (Liu et al., 2011). For
GOG, the value is about 0.16 dB/μm (Liu et al.,
2012), which has a positive correlation with the
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number of graphene layers. The ﬁrst microring
graphene modulator had an extinction ratio of about
40% (Qiu et al., 2014), in which the graphene ﬁlm
covered the whole resonator structure. Higher modulation depths, 15 dB per 10 V (Novoselov et al.,
2004) and 12.5 dB per 8.8 V (Hanson, 2008), were
demonstrated by tuning the loss of the graphenesilicon interaction region only on part of the ring designed in the critical coupling scheme. Vπ Lπ is considered in the modulators using the electro-refractive
eﬀect. The ﬁrst experimental phase modulator maintained Vπ Lπ of 30 V·cm, which is comparable to that
of Si-based phase modulators, where typical values
in the range of 0.5–15 V·cm were achieved (Mohsin
et al., 2015). By reducing the thickness of the oxide layer which is sandwiched between the graphene
layer and the silicon waveguide, a higher Vπ Lπ could
be achieved to 0.28 V·cm (Sorianello et al., 2018) and
0.13 V·cm (Xu et al., 2015).
The modulation bandwidth is one of the most
important FOMs for an optical modulator. The
modulation bandwidth is usually deﬁned by the frequency at which the optic ﬁeld is reduced to 50%
of its maximum value (Reed et al., 2010). The
bandwidth of a graphene-silicon electro-optical modulator is limited mainly by the resistor-capacitor
(RC) constant of the interaction region, in which the
graphene-electrode contact resistance and dielectric
capacitance are the major factors determining the
RC constant (Sorianello et al., 2015). The contact
resistance depends directly on the growth technology of the electrode, while the dielectric capacitance
is determined mainly by the thickness of the dielectric oxide of the capacitance structure in the interaction region (Phare et al., 2015). Before 2016, the
bandwidth of the absorption mode graphene modulator based on the waveguide or MZI was lower
than 1 GHz (Chen et al., 2012; Mohsin et al., 2014;
Koeber et al., 2015), the performance of the ring
modulator was relatively good, and a 30-GHz bandwidth could be realized in the silicon-nitride platform
(Phare et al., 2015). More recently, an athermal
GOG MZI absorption modulator was demonstrated
with a bandwidth as high as 35 GHz (Dalir et al.,
2016), as shown in Figs. 4a and 4b. For phase modulators, Figs. 4c and 4d illustrate the schematic and
the eye diagram of a graphene-based MZI modulator
with the fastest operation speed (about 10 Gb/s) so
far. To optimize the RC constant, the double-layer
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graphene is located beneath the amorphous silicon,
which helps achieve a 10 times thicker spacer layer
between graphene layers. Nevertheless, the theoretically calculated bandwidth of the graphene E-O
modulator could be as high as 100 GHz (Gosciniak
and Tan, 2013b; Ye et al., 2017), which shows a great
potential for promotion.
For the assessment of any interconnection solution, power consumption is a vital factor. The average power consumption of a modulator is given by
(CV )2 /4 (Miller, 2012), where C is the modulator capacitance and V the dynamic voltage variation. The
power consumption of the GOS structure in Sorianello et al. (2018) is about 1 pJ/bit, while the GOG
structure in Phare et al. (2015) holds a relatively
low energy consumption of 800 fJ/bit because of the
halved driven voltage of the GOG scheme (Sorianello
et al., 2015). Both schemes keep the power consumption lower than 1 pJ/bit, which fulﬁlls the need of
future interconnection systems (Miller, 2009).

3 Thermo-optical (T-O) graphene silicon modulators
In addition to the E-O eﬀect, thermo-optical
(T-O) modulation is an alternative approach for lowfrequency applications since silicon exhibits a large
T-O coeﬃcient (dn/dT ) as high as (1.86 ± 0.08) ×
10−4 K−1 (Cocorullo and Rendina, 1992; Reed et al.,
2010). The change in the refractive index of silicon
caused by the T-O eﬀect can be distinctly expressed
as Δn = (dn/dT ) · ΔT , in which ΔT is the variation of the temperature. Thermal tuning for an
all-silicon modulator is often applied using a metallic micro-heater on a silicon waveguide. However,
a thick silicon dioxide layer is generally sandwiched
between the silicon and the heater to avoid lightabsorption loss induced by the metal in the design
of an all-silicon modulator. Such a thick SiO2 layer
keeps the heat source far away from the modulation
region and its thermal conductivity (1.44 W/(m·K))
(Yamane et al., 2002) is about 1/100 that of silicon
(about 149 W/(m·K)) (Liu and Asheghi, 2005); thus,
the T-O response speed and the heating eﬃciency
decrease.
Among all known materials, the graphene has
the highest in-plane thermal conductivity at room
temperature, which can be up to 5300 W/(m·K) (Balandin et al., 2008; Pop et al., 2012). The direct
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Fig.
4 Structure schematic of the graphene-silicon intensity modulator (a) (reprinted from Dalir et al.
(2016), Copyright 2016, with permission from American Chemical Society), bandwidth of the absorption
modulator (b) (reprinted from Dalir et al. (2016), Copyright 2016, with permission from American Chemical
Society), cross-section illustration of the graphene-silicon phase modulator (c) (reprinted from Sorianello et al.
(2018), Copyright 2017, with permission from Springer), and 10-Gb/s eye diagram of the phase modulator (d)
(reprinted from Sorianello et al. (2018), Copyright 2017, with permission from Springer)

contact of the graphene heater with the silicon
waveguide eliminates the drawbacks of poor thermal conductivity introduced by the thick SiO2 layer,
thus enhancing the heating eﬃciency. Such T-O
graphene-silicon modulators were ﬁrst demonstrated
in Kim et al. (2013), based on a graphene plasmonic
waveguide (Fig. 5a). The graphene plasmonic waveguide and graphene heater were conﬁgured together
for the purposes of compact device design and fabrication. A 30-dB attenuation at a telecom wavelength with 12-mW electrical power injection has
been demonstrated.
This kind of graphene-silicon integrated
modulator has a typical structure (Fig. 5b), i.e., a

thermal tuning MZI structure by using graphene as
the transparent ﬂexible heat conductor on one of
modulation arms (Yu et al., 2014). The graphene
heat conductor is used to deliver heat from metal
heaters to the silicon waveguide arm. A 7-nm red
shift of the spectra was achieved under the injection
electrical power of 110 mW at a 1-kHz modulation
rate. The 90% rising and decaying time (deﬁned as
the time it takes for the change in temperature to
reach 90% (from zero) or 10% (from peak) of the
maximum value) is 20 μs.
To increase the response time and heating eﬃciency, several novel structures have been proposed
and demonstrated experimentally, such as photonic
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Fig. 5 Schematic view of the proposed graphenemicroribbon-based thermo-optic mode: (a) the long
range surface plasmonic polariton (SPP) stripe mode
that propagates along the graphene stripe is extinguished (or perturbed) by thermally inducing an inhomogeneous refractive-index distribution (reprinted
from Kim et al. (2013), Copyright 2013, with permission from The Optical Society); (b) 3D schematic
illustration of a thermally tuning Mach-Zehnder interferometer (MZI) with a non-local traditional metal
heater and a graphene-based transparent ﬂexible heat
conductor (reprinted from Yu et al. (2014), Copyright
2014, with permission from AIP Publishing)

crystal, microring resonator, and microdisk (Gan
et al., 2015; Yu et al., 2016; Xu et al., 2017; Yan
et al., 2017). A thermal-tuning microring modulator has been demonstrated with a graphene heater
covering the whole structure, as shown in Fig. 6a
(Gan et al., 2015). The device exhibits a 2.9-nm ring
resonator shift under an electrical power of 28 mW,
enabling a 7-dB extinction ratio for intensity modulation, and the 90% rising and decaying times are as
low as 750 ns (for positive edge) and 800 ns (for negative edge), respectively. Moreover, enhancement of
the heating eﬃciency could be realized by introducing the slow light eﬀect of the silicon photonic crystal
waveguide; the scanning electron microscope (SEM)
image is shown in Fig. 6b (Yan et al., 2017). A large
tuning eﬃciency of 1.07 nm/mW was reported with
750 ns and 525 ns for the 90% rising and decaying
times, respectively, by artfully patterning the shape

2 μm

(b)

Fig.
6 Illustration of a thermo-optic microring
modulator based on graphene: (a) the monolayer
graphene is on top of a ring resonator without any
separation layer (reprinted from Gan et al. (2015),
Copyright 2015, with permission from Royal Society of Chemistry); (b) false-color scanning electron
microscope image of a slow-light-enhanced graphene
microheater (Yan et al. (2017), licensed under CC BY
4.0)

of the graphene heater, showing the potential for
applications in integrated silicon photonics. A silicon photonic crystal nanobeam (PCN) cavity with
a graphene micro-heater was demonstrated. Due to
the ultra-small optical mode volume ascribed to PCN
cavity, the light-matter interaction is improved signiﬁcantly and heating eﬃciency is enhanced, reaching 1.5 nm/mW in measurement and 3.75 nm/mW
in simulation (Xu et al., 2017).

4 All-optical graphene silicon modulators
All-optical modulation controls light through
light. The missing part of the conversion between optical signals and electronic signals results in
an advantage in power-eﬃcient integrated photonic
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systems compared to electronic systems (Qiu et al.,
2017). An all-optical graphene-based modulator was
primitively realized in graphene-cladded microﬁber
(Li et al., 2014), which achieved ultrafast optical
modulation with a response time at the picosecond
scale. This work shows great potential for ﬁber-optic
communication systems in practical applications.
For an all-optical modulator based on a
graphene-silicon hybrid integrated platform, a
graphene-cladded silicon photonic crystal cavity was
demonstrated experimentally, as shown in Fig. 7a
(Shi et al., 2015). A 1064-nm continuous-wave laser
was used to illuminate the hybrid cavity directly.

PBS

Probe laser

Mirror

1064-nm control laser

1 μm
Lens
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Due to several mechanisms, such as the optically
induced transparency (OIT) eﬀect, free carrier absorption, and free carrier dispersion, a 3.5-nm resonance wavelength shift and a 20% Q-factor change
were observed. In addition to a graphene-silicon hybrid platform, a graphene-on-Si3N4 ring resonator
was designed and studied experimentally, as shown
in Fig. 7b (Gao et al., 2017).
By engineering the coverage of a graphene layer,
a cavity-enhanced T-O bistability was observed. The
optical bistability can be used for controlling light
with light; therefore, this hybrid resonator has potential for on-chip all-optical modulators. A similar
structure was realized on a graphene-on-Si3N4 platform to investigate an all-optical modulation using
the T-O eﬀect, as shown in Fig. 8a (Qiu et al., 2017).
The graphene contacts the Si3 N4 waveguide directly;
hence, it achieves highly eﬃcient heat transfer from
graphene to the waveguide and compensates for the
weak T-O eﬀect of the Si3 N4 material. Fig. 8b shows
the result of a pump-probe all-optical modulation
measurement. The waveform of probe output exhibits a switch between the “oﬀ-state” and “on-state”
induced by the pump pulse, and the switching time
of this device is only 253 ns.

5 Plasmonic graphene silicon modulators
z

y
x

(a)
TM mode

Pi

H

Si3N4

BOX
L

Silicon substrate

(b)

Fig. 7 Three-dimensional schematic of a graphenecladded silicon photonic crystal cavity and the measurement setup (a) (reprinted from Shi et al. (2015),
Copyright 2015, with permission from American
Chemical Society) and that of a graphene-on-Si3 N4
ring resonator device (b) (reprinted from Gao et al.
(2017), Copyright 2017, with permission from The
Optical Society)

SPPs allow the realization of compact optical devices with low energy consumption and a
high integration level by conﬁning the light beam
in subwavelength-scale dimensions (Dionne et al.,
2009; Gosciniak and Tan, 2013a; Li and Yu, 2013).
During the last decade, various graphene plasmonic
modulators have been demonstrated covering multiple applications, from near-infrared to long-wave
infrared (Andersen, 2010; Das et al., 2015), from
spatial light to waveguide light modulation (Yan
et al., 2012; Gosciniak and Tan, 2013a; Lao et al.,
2014), and from graphene self-induced plasmon to
metal graphene hybrid excitation plasmon modulators (Andersen, 2010; Yan et al., 2012; Gosciniak
and Tan, 2013a; Li and Yu, 2013; Lao et al., 2014;
Das et al., 2015). As previously mentioned, in
E-O graphene-silicon modulators, graphene interacts
primarily with the evanescent wave of a silicon passive optical circuit to achieve electro-absorption and
electro-phase modulation. Due to the high refractive
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Fig. 8 Schematic of a graphene-Si3 N4 hybrid alloptical modulator (a) and waveform of the probe output induced by a pump pulse (b) (Qiu et al. (2017),
licensed under CC BY 4.0)

index of silicon, most of the light ﬁeld is conﬁned
in the waveguide, while only a small portion exists
in the evanescent ﬁeld (Liu et al., 2011). However,
in a graphene-plasmonic modulator, the SPP mode
is generally supported by the metal-dielectric interfaces, which also have a much smaller mode volume
owing to the extremely high refractive index diﬀerence. This compact conﬁguration exhibits a huge
enhancement in the interaction between the optical
mode and graphene layer, which will signiﬁcantly
improve the modulation depth. Such E-O modulators based on a hybrid graphene plasmonic waveguide have been explored in the last few years (Ansell
et al., 2015; Shin and Kim, 2015; Chen et al., 2016;
Ding et al., 2017; Hu and Wang, 2017; Xiao et al.,
2017; Ono et al., 2018).
Thus far, modulators with hybrid graphene
plasmonic waveguides based on both SPPs excited
by noble metals (Ansell et al., 2015; Chen et al., 2016;
Ding et al., 2017; Hu and Wang, 2017) and graphene
SPs (GSPs) (Dionne et al., 2009; Xiao et al., 2017)
have been reported. In Ansell et al. (2015), a wedge
SPP mode hybrid graphene plasmonic waveguide
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modulator was demonstrated (Fig. 9). The optical
Pauli blocking eﬀect is used to modulate the propagating SPP modes. By shifting the Fermi energy
of graphene produced by gating, the graphene’s absorption characteristics were changed (Fig. 9a). Because the SPP mode supports only the transversally
magnetic (TM) mode, perpendicular electric ﬁelds
can excite little current in recumbent graphene. To
better enhance the absorption, ﬂat plasmons (FPs),
corrugated plasmons (CPs), and wedge plasmons
(WPs) graphene based modulators were fabricated.
The results indicate that the wedge plasmon mode
supported by the edge of the planar section of the
waveguide could enhance the in-graphene plane ﬁelds
near the edge of the strip. A high modulation depth
(> 0.03 dB/μm) was achieved within the 10-μm2
active device area. Except for these remarkable
improvements in size compared with the graphene
modulator mentioned before, this typical graphene
SPP modulator, however, encounters the dilemma of
hard integration with other silicon-based chip scale
components.
To achieve the goal of integration with other
devices, in Ding et al. (2017), a graphene SPP modulator coupled with a silicon waveguide was demonstrated (Fig. 10), which greatly shortened the path
towards the monolithically integrated graphene SPP
modulator. The leaky mode describes the energyloss quasi-conﬁned mode while propagating, which
is usually avoided in conventional dielectric photonics. In a slot plasmonic waveguide, more leaky
modes result in an optic ﬁeld farther away from the
metal, which will decrease the ohmic loss. By combining such a leaky mode based low-loss plasmonic
slot waveguide with two-layer graphene, the interaction between graphene and the optic ﬁeld will be
enhanced. Thus, a high-performance E-O modulator
was realized. Such devices can reach a higher modulation depth of 0.13 dB/μm, while maintaining the
beneﬁt of a compact footprint (a magnitude of 10 microns). The whole extinction ratio is comparable to
those of silicon-based waveguide modulators.
Ono et al. (2018) ﬁrst demonstrated a novel
all-optical modulator with a graphene-loaded deepsubwavelength metal-insulator-metal (MIM) waveguide (the size of the air insulator was 60 nm in
height and 40 nm in width). This modulator couples the light from conventional Si-wire waveguides
(400 nm×220 nm) through a unique highly eﬃcient
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(b)

(a)

30 kV×2500 10 μm

(c)

(d)

Fig. 9 Optical Pauli blocking expressed in terms of graphene relative conductivity (a), 3D rendering of the
wedge plasmon mode based hybrid graphene plasmonic waveguide (b), the optical micrograph of a typical
hybrid graphene plasmonic modulator studied in this work (c), and a scanning electron micrograph of an area
shown in (c) by the dotted box that shows a corrugated waveguide and the semitransparent decoupling grating
(d) (Ansell et al. (2015), licensed under CC BY 4.0). In (c), red, green, and blue arrows represent wedge
plasmons (WP), ﬂat plasmons (FP), and corrugated plasmons (CP) modes, respectively; the area enclosed by
the green dotted line represents hBN; the area enclosed by the dotted brown line represents graphene (scale
bar: 50 mm). References to color refer to the online version of this ﬁgure

mode converter. Such an ultrahigh-speed all-optic
modulator has a response time of 2.2 ps at 1550 nm
while the required pump pulse energy is 155 fJ, which
is the smallest value yet reported for pico-second alloptical modulation. In addition, the device length
including the mode converters is only 12 μm.
Graphene SPP devices possess many superior
characteristics, such as deep-subwavelength ﬁeld
conﬁnement in the mid-infrared (mid-IR) spectral
range (2–20 μm), excellent tunability, and low ohmic
loss (Xiao et al., 2017). Prototypes of a graphene
plasmonic silicon modulator based on a slot waveguide (Ding et al., 2017; Hu and Wang, 2017) and
directional coupler (Shin and Kim, 2015) have been
proposed, through few experimental results.

6 Challenges and future perspectives
The modulator is an important component in
silicon-based integrated circuits and on-chip optical interconnection systems. Owing to the excellent optical and electrical properties of the material, graphene opens up a promising way to realize
various kinds of high-performance graphene-based
silicon modulators, including E-O graphene-silicon
modulators, T-O graphene-silicon modulators, alloptical graphene-silicon modulators, and grapheneplasmonic modulators. The typical studies in relation to these modulators over the last decade are
summarized in Table 1. Compared to well-developed
traditional silicon-based modulators, graphene modulators exhibit distinct advantages, i.e., enabling
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Fig.
10
Structure of the designed grapheneplasmonic hybrid slot waveguide modulator: (a)
3D schematic of the device (left), cross-section of
waveguide conﬁgurations (with air being the upper
cladding) (right top), and the plasmonic slot mode
proﬁle indicating how the electromagnetic ﬁeld is
strongly conﬁned to the slot region (right bottom);
(b) false-color SEM image of the fabricated grapheneplasmonic slot hybrid waveguide in (a) (left), and a
zoom-in on the coupling part of the fabricated device (right) (reprinted from Ding et al. (2017), Copyright 2017, with permission from Royal Society of
Chemistry)

high modulation speed, broad optical bandwidth,
small footprint, low power consumption, and seamless integration with CMOS electronics. However,
there still exist several challenges in fully exploiting
the superb characteristics of graphene. Moreover,
the device performance is still far away from the theoretical calculations and simulation predictions in
several respects.
T-O and all-optical graphene-based silicon modulators are relatively simple for implementing optical modulation by graphene-silicon hybrid structures. However, both types of graphene modulators face a limited operation speed of only several Megahertz. Therefore, these two modulation
schemes show only application potential in low-speed
and high-eﬃciency optical modulators or in optical
switching.
E-O modulation can realize direct conversion
between high-speed electrical signals and optical signals. It is also the most attractive scheme for
graphene-based silicon modulators. Many studies
have investigated this type of graphene modulator
experimentally or theoretically, exploiting and pursuing higher device performances. Up to now, the
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two most important performance metrics of modulators, which are the E-O bandwidths and modulation
eﬃciency, can reach 35 GHz and 0.28 V·cm respectively for graphene modulators, and these are still
much lower than the theoretical values. Capacitance
is the main factor for the depressed modulation speed
of the graphene E-O modulator.
Increasing the thickness of the oxide insulation
layer can help improve the cut-oﬀ frequency of the
capacitor. Thus, the device bandwidth can be promoted. However, as the oxide layer gets thicker, the
required driven voltages may become higher and the
modulation eﬃciency and power consumption would
be degenerated. Since the graphene is transferred to
the upper surface of the silicon waveguide, the interaction between graphene and the propagation optical
mode is rather weak, which results in low modulation eﬃciency. While this factor can be improved
by embedding the graphene layers into the waveguide core as well as adding graphene layers, it places
greater demand on the fabrication procedure. In addition, the transfer process determines the quality of
the graphene, reﬂected in the mobility and the completeness of the graphene layer. Therefore, this factor also has a signiﬁcant impact on the performance
of the modulator. To further improve the device performance, these factors as deﬁned above should be
taken into account and properly dealt with.
Graphene-plasmonic modulators combine the
advantages of graphene and plasmonic, thus boosting
the device performance in terms of modulation eﬃciency, power consumption, and compactness. Yet, it
is quite diﬃcult to manufacture this type of graphene
modulator; therefore, few experimental demonstrations have been reported. The hybrid integration
of the metal layer on silicon also introduces an additional optical propagation loss. Meanwhile, such
a conﬁguration makes compatibility with standard
CMOS techniques diﬃcult. To reduce the device
loss, one practicable solution is to use resonant structures or slow wave structures to reduce the footprint.
Such a resonant structure has already been demonstrated for the plasmonic silicon modulator.
So far, graphene-based silicon modulators have
made great progress at an extremely fast pace,
ranging across material modulation principles, conceptual devices, fabrication processes, and primary experimental demonstrations. Nevertheless,
there is still a signiﬁcant demand for performance
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Table 1 Reported works of electro-optical (E-O), thermo-optical (T-O), all-optical, and plasmonic graphene
silicon modulators
Modulator
SLG Si strip
waveguide (E)
DLG Si strip
waveguide (E)
DLG Si3 N4
microring (E)
DLG Si slot
Mach-Zehnder
SLG Si rib
Mach-Zehnder
SLG Si rib
Mach-Zehnder
SLG Si
Mach-Zehnder
SLG Si
microring (E)
SLG Si3 N4
microring (E)
SLG Si crystal
cavity (E)
SLG Si3 N4
microring (E)
SLG-hBN-Si
waveguide (T)
SLG-hBN-SLG
waveguide (T)
DLG slot
waveguide (E)
DLG plasmonic
slot waveguide
SLG plasmonic
waveguide (E)

Year

Reference

E-O (EA)

Scheme

25 μm2

Size

Modulation eﬃciency
0.1 dB/μm

2011

Liu et al. (2011)

E-O (EA)

40 μm (length)

0.16 dB/μm

2012

Liu et al. (2012)

E-O (EA)

40 μm (radius)

15 dB@10 V

2015

Phare et al. (2015)

E-O (ER)

100 μm (length)

0.063 V·cm

2016

Phatak et al. (2016)

E-O (ER)

300 μm (length)

0.28 V·cm

2017

Sorianello et al. (2018)

E-O (ER)

40 μm (length)

0.13 V·cm

2018

Shu et al. (2018b)

T-O

120 μm (length)

0.064 nm/mW

2014

Yu et al. (2014)

T-O

10 μm2

0.1 nm/mW

2015

Gan et al. (2015)

T-O

60 μm (radius)

0.008 nm/mW

2017

Qiu et al. (2017)

All-optical

—

0.06 nm/mW

2015

Shi et al. (2015)

All-optical

—

0.023 nm/mW

2017

Gao et al. (2017)

Plasmonic

21.7 dB@1.8 V

2015

Shin and Kim (2015)

Plasmonic

9 μm (length);
1.3 μm2
3 μm (length)

39.75 dB@3.13 V

2016

Chen et al. (2016)

Plasmonic

—

2.1 dB@7.5 V

2017

Ding et al. (2017)

Plasmonic

363 nm (length)

3 dB

2017

Hu and Wang (2017)

Plasmonic

60 nm×40 nm

2.5 dB

2018

Ono et al. (2018)

(T)
(E)
(E)
(E)

(T)

T: theoretical or simulation results; E: experimental results. SLG: single-layer graphene; DLG: double-layer graphene; hBN:
hexagonal boron nitride; EA: electric-absorption modulation; ER: electric-refraction modulation

improvement and application practicality, which
means a continuous eﬀort to exploit eﬀective mechanisms, practical techniques, and novel modulation
conﬁgurations. Given this, graphene-based silicon
modulators still encompass a broad development
space and many opportunities to compete with existing mature technologies in the future.
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