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Abstract: With the increasing demand for capacity in communications networks, the use of inte-
grated photonics to transmit, process and manipulate digital and analog signals has been extensively
explored. Silicon photonics, exploiting the complementary-metal-oxide-semiconductor (CMOS)-
compatible fabrication technology to realize low-cost, robust, compact, and power-efficient integrated
photonic circuits, is regarded as one of the most promising candidates for next-generation chip-scale
information and communication technology (ICT). However, the electro-optic modulators, a key
component of Silicon photonics, face challenges in addressing the complex requirements and limita-
tions of various applications under state-of-the-art technologies. In recent years, the graphene EO
modulators, promising small footprints, high temperature stability, cost-effective, scalable integration
and a high speed, have attracted enormous interest regarding their hybrid integration with SiPh
on silicon-on-insulator (SOI) chips. In this paper, we summarize the developments in the study of
silicon-based graphene EO modulators, which covers the basic principle of a graphene EO modulator,
the performance of graphene electro-absorption (EA) and electro-refractive (ER) modulators, as well
as the recent advances in optical communications and microwave photonics (MWP). Finally, we
discuss the emerging challenges and potential applications for the future practical use of silicon-based
graphene EO modulators.

Keywords: silicon photonics; graphene; electro-optical modulator

1. Introduction

At present, global internet users make up more than half of the global population
thanks to the development of information and communication technology (ICT) and are
expected to exceed two thirds by 2023. Meanwhile, the quantity of network devices is
predicted to reach nearly 30 billion by then [1]. The growth is thought to return to more
than twice than that of GDP over the next decade as new technologies and applications
emerge [2]. To seamlessly interface the wireless, photons, electrons, and bits in commu-
nication networks, silicon photonics (SiPh) is deemed to be a versatile technology that
can manipulate all these segments while meeting the requirements in terms of bandwidth,
power consumption, and footprints [3].

In recent decades, SiPh has become one of the most popular technologies for the
minijaturization of an optical information system in various applications. Benefiting from
the advanced micro-electronics process and the large-scale wafer fabrication technology;,
SiPh offers feasible solutions for digital or analog signal-processing applications through
the dense and diverse integration of active and passive devices [4-10]. In the silicon-based
photonic integration chips (PICs), an electro-optical waveguide modulator is a key build-
ing block in realizing flexible functional circuits [11-13]. Ideally, the modulator should
operate at the highest speed with the lowest power consumption on the smallest footprint,
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and at a low cost [14,15]. However, current technologies based on pure SOI, which simul-
taneously meet all the desired performance criteria, remain elusive in different scenarios.
For example, the modulation efficiency of the typical silicon Mach-Zehnder depletion
modulator is around 1 V-cm, which makes it difficult to achieve a high modulation depth
for submillimeter devices [16-18]. The performance of the silicon modulator is mature at
room-temperature, but the performance in harsh environments (e.g., low temperatures) is
limited [19-21]. To break the limits of the conventional pure silicon-based modulator, many
material hybrids integrated with silicon have been pursued, including lithium niobate (LN)
on insulator (LNOI)/SOI [22,23], a silicon—polymer hybrid (SPH) [24], III-V on silicon [25]
and a Si/graphene hybrid [26,27].

To date, all these materials have been successfully demonstrated to realize a EO
waveguide modulator with a bandwidth beyond 30 GHz. In this case, several trouble-
some issues should be considered in their real application. Firstly, the footprint of EO
modulators should be reduced to increase the total transmission capacity in a limit space.
The modulators based on LN or polymer have an excellent EO bandwidth enabled by the
Pockels effect, but their length is usually in the order of sub-centimeters due to the poor
modulation efficiency [23,24]. Secondly, the high yield and low cost of EO modulators
impose requirements on the fabrication flows, which should be compatible with the current
SOI chip and available for wafer-scale integration. When a III-V semiconductor material is
introduced, special bonding technologies are needed to realize hybrid integration due to
lattice mismatch or thermal expansion [25,28]. The polymer cannot be treated at a tempera-
ture higher than 300 °C [24,29]. Thirdly, to realize different functions, the EO waveguide
modulators should have the ability to connect with other photonic devices. In the silicon-
based LN or polymer platform, photodetection is impossible unless a third materials, such
as germanium, is introduced. The structures of the LNOI and SPH modulators are specially
designed, which makes it difficult to directly connect them with a standard SOI waveguide
or other photonic devices.

Considering the above-mentioned issues, silicon-based graphene EO modulators offer
special advantages compared with bulky or membrane materials. Since the graphene is me-
chanically robust and there is no lattice mismatch issue, the hybrid integration of graphene
onto SOI chips only requires transfer (not bonding or deposition) and is compatible with
the current CMOS process [30,31]. With a carrier mobility of up to ~10° cm? V~1 571
graphene EO modulators modulate the optical carrier with speed of beyond 30 GHz [27].
The gate-voltage-controlled Fermi level provides Graphene EO waveguide modulators
with switchable features between absorption and phase modulations and remarkable modu-
lation efficiency [26]. More compact, efficient, and high-speed EO modulators were demon-
strated by exploiting the photonic structure (e.g., micro-ring resonators [27], slow-light
structures [32], SisN4 waveguides) [33], material stack structure (double-layer graphene,
graphene encapsulated graphene, high-x dielectric or TMDs) [26,34,35] and fabrication
methods (graphene-grown substrate, semi-dry or fully dry transfer and one-dimensional
contact) [33,36]. Thanks to its unique electronic structure, graphene can also realize high-
performance broadband photodetection, which is highly desired in different functional
circuits and application scenarios [37-41]. Furthermore, the wafer-scale fabrication process
flow of graphene EO modulators has been demonstrated and exhibits great scalability
and reproducibility [33,42], which will pave the way towards the mass production of
silicon-based graphene PICs and accelerate their practical use in more applications.

Although many paper have reviewed graphene-based modulators, most of them
have focused on the performance of an individual modulator. In this paper, we first
provide a brief introduction on the modulation principle of the silicon-based graphene EO
modulators, followed by a presentation of the up-to-date progress of individual devices.
Then, we will focus on reviewing the practical applications for which the graphene EO
modulator has been used. Finally, we give our perspective of the potential development of
silicon-based graphene EO modulators at the level of both devices and applications.
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2. Technologies for Si-Based Graphene Modulator
2.1. Principle

Graphene, a 2D material with a single atomic layer, has recently been widely studied
and applied in optoelectronic devices due to its unique electronic and optical properties.
Electrically, graphene has a gapless and semimetallic band structure [43]. It exhibits
extremely high mobility and interacts with electromagnetic waves strongly over a wide
range of the spectrum (from FIR to UV) [44]. Optically, light absorption occurs due to
the linear dispersion of electrons. The interband/intraband transitions controlled by
tuning the Fermi energy (Ey) introduce absorption change and transparent features for
photons, which is the basic principle of graphene-based modulations [26,45]. Specifically,
the Fermi energy can be directly tuned through external electric field via the gate voltage
applied to the capacitor structure [46]. The theoretical formula fitting, with changes in the
complex conductivity of graphene versus its Fermi energy, is experimentally evidenced by
Chang et al. [47], and is given by Equation (1).

_ 0 hiw + 2 hw —2u
o(p,w) = Z(tlmh(iélkBT )+tanh(74kBT ))
oo, hw+2u 40 H
o8 e ) T e )

with u, kgT, hw, It/ T representing the Fermi level, thermal energy, photon energy and
electron relaxation energy, while 0y = ¢/ (4%) the universal conductivity of the graphene
and 1/7 is the intra-band scattering rate.

Usually, three optical graphene models, namely, the interface model, the isotropic
model, and the anisotropic model, are experimentally verified for different optical modes.
In the interface model, a graphene film is considered a conductive surface with a conduc-
tivity o and zero thickness, which is applied to slab waveguide structure. In the isotropic
model, a graphene film is assumed to possess a finite thickness /i and a volume conductiv-
ity o/hg, which leads to the definition of an equivalent isotropic relative permittivity as
Equation (2) [48].
io(w)
(USQhG

@

eg(w) =1+

Here, w, g9, and hg represent the optical angular frequency, dielectric constant of
vacuum and thickness of the monolayer graphene. However, as graphene is a 2D structure,
there should be no volume current in the direction perpendicular to the surface, which
makes Equation (2) invalid for TM mode under the isotropic model. Furthermore, in the
anisotropic model, the volume current in the direction perpendicular to the surface is re-
moved, which thus leads to the relative permittivity tensor (Equation (3)) for graphene [48].

ne 0 0
éG =10 £G 0 (3)
0 0 £G

Typically, considering the optical modes of waveguide with graphene, the in-plane
dielectric constant (¢¢), can be simplified to Equation (2), while the index of graphite is set
for an out-of-plane dielectric constant, i.e., n. = 2.5 [49,50].

The change in the real (optical refractive index) and imaginary (optical loss) part of
dielectric constant versus Fermi level and intraband scattering rate are separately derived
for 1.55 um wavelength in Figure 1. To date, the silicon-based graphene EO modulators
mainly use the gate-controlled EO absorption effect. It should be noted that, with the sharp
decrease in optical loss at Ef = 0.4 eV, the EO phase modulation can be realized through a
higher gating.
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Figure 1. Effective index (top) and absorption (bottom) of the graphene-integrated Si waveguide
at 1.55 um versus chemical potential in graphene, the intra-band relaxation time 7 represent dif-
ferent graphene qualities. Inset: the cross-section of silicon-based graphene waveguide used in
calculations [46]. Reproduced from [46] with permission.

2.2. Graphene Electro-Absorption (EA) Modulator

The first and most challenging aspect of a graphene EO modulator is its limited
absorption of a monolayer, which is greatly improved by integrating graphene with a
silicon waveguide. A typical approach is using the graphene-oxide-silicon (GOS) structure,
in which the doped silicon waveguide and graphene sandwich the dielectric layer to form a
capacitor structure. When voltage is applied to the silicon slab, the charges are accumulated
in both graphene and the waveguide; thus, the E; is changed. In 2011, the first silicon-
based graphene electro-absorption modulator was experimentally demonstrated using
the GOS regime [26]. Under ambient conditions, the modulation of guided light works at
frequencies over 1 GHz, together with a broad operation spectrum ranging from 1.35 to
1.6 pm (Figure 2a). The modulation depth reaches 0.1 dB/pum. The active modulation area is
merely 25 um?. In 2016, Yingtao Hu et al. illustrated the graphene EAM with a modulation
speed of up to 10 Gbps and an EO bandwidth of 5.9 GHz using the same GOS structure
(Figure 2b). Differhing from the former work, they introduced the chemical-mechanical
planarization (CMP) process after the waveguide patterning to form a flat surface above the
Si-core waveguide, which improves the quality of the transferred graphene [51]. Further
theoretical evaluation indicates that an electrical bandwidth of 18 GHz could be reached.
They also proved the broadband stability of this modulator at a temperature of 49 °C. Later,
the influence of doping type of the buried silicon slab waveguide was investigated [52].
For a 25-um-length GOS type EAM, the highest electro-optical bandwidth of beyond 15 GHz
was reached through the P-doping strategy on silicon waveguide (Figure 2c). In 2020,
Chiara Alessandri et al. further reduced the contact resistance through a side-contact
scheme built between the metal electrode and graphene [36]. In addition, a passivation-first
approach was applied to encapsulate graphene, resulting in a hysteresis-free and uniform
performance for a total of 15 modulators. Based on these optimizations, open-eye diagrams
were obtained at 25 Gbps for multi-channel data transmission (Figure 2d). Further, a model
that describes the DC and high-speed behaviour of SLG EA modulators was proposed
by Alessandri et al. They compare the theoretical analysis with experimental results, and
found that p-doped graphene combined with p-doped silicon enables high-speed operation
at low DC bias. The SLG EA modulator can work at a transmission rate of 50 Gbps [53].
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Figure 2. SLG—based EA modulator. (a) Left: a three-dimensional, schematic illustration of the first
silicon-based SLG EA modulator. Right: the EO frequency response of the deviceunder different-drive
voltage [26]. Reproduced from Ref. [26] with permission. (b) 3D schematic drawing of a single-layer
graphene EA modulator (EAM) integrated on silicon waveguide with a flat surface. Measured S21
responses and optical eye diagrams (modulation speed: 8 Gbps and 10 Gbps) of the 50 pm graphene
EAM at different bias voltages [51]. Reproduced from Ref. [51] with permission. (c) Schematic
cross-section of the graphene EAM indicating the equivalent electrical model and measured 3 dB-
bandwidth up to 17.6 GHz for a 25 pm-long p-Si device at 0 V, 1 V and 2 V [52]. Reproduced from
Ref. [52] with permission. (d) Schematic 3D structure of the graphene-Si EA modulator with a
encapsulate graphene through the passivation-first approach. Measured eye diagrams operating at
25 Gbps [36]. Reproduced from Ref. [36] with permission.

Although the GOS modulator is easy to fabricate and has exhibited a superior perfor-
mance, the limited interaction area of single-layer graphene (SLG) as well as the optical
intrinsic loss introduced by the ion implantation on silicon hinder the increase in both the
modulation speed and depth. The graphene-oxide-graphene (GOG) structure, which ap-
plies double-layer graphene (DLG) separated by a dielectric material to form the capacitor,
improves the modulation speed, reduces the insertion loss, and excludes the optical wave-
length and mode confinement caused by the silicon slab waveguide. This concept was put
forward and experimentally realized in 2012. Although the first proof-of-concept demon-
stration only operated at 1 GHz, a 3 dB bandwidth over 120 GHz at 1.55 um was predicted
(Figure 3a) [34]. The modulation depth of GOG structure was first optimized by an increase
in the graphene length of up to 16 dB. Meanwhile, an HSQ layer was first spin-coated before
transferring the first SLG, which reduced the height difference between graphene above
and around the silicon waveguide core [54]. In the same year, Nathan Youngblood et al.
realized both photodetection and modulation using one DLG structure (Figure 3b) [55].
The operating state was switchable between modulation and photodetection according to
the top gate voltage, of which the bandwidth was 2.5 GHz and 3 GHz, respectively. In 2016,
by introducing the amorphous silicon waveguide after the fabrication of GOG structure,
the graphene more effectively can interact with the optical mode [56]. Additionally, the new
design allowed for a 10 times thicker dielectric layer between the graphene sheets, which
significantly reduced the capacitance. A wide bandwidth of 35 GHz was observed to be
stable in a wide temperature range (25-145 °C) (Figures 3c and 4f), but the eye diagram for
high-speed communication was prevented by the high driving voltage and length-limited
graphene. In 2019, Marco A. Giambra et al. introduced the wafer-scale seeded array fabri-
cation method to GOG EAM on SOI waveguide and demonstrated a modulation speed
beyond 50 Gbps and an EO bandwidth of 29 GHz (Figures 3d) [57].
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Figure 3. DLG—based EA modulator. (a) EO response of the DLG modulator with a 3 dB-bandwidth
of ~1 GHz. Inset: the corresponding structure of the first silicon-based DLG modulator device [34].
Reproduced from Ref. [34] with permission. (b) the dual-layer graphene modulator/detector inte-
grated on a silicon waveguide and the correspondging frequency response of optical modulation
and photodetection [55]. Reproduced from Ref. [55] with permission. (c) Athermal broadband DLG
EO modulator based on a-Si waveguide with 35 GHz speed [56]. Reproduced from Ref. [56] with
permission. (d) Schematic of the modulator consisting of a DLG capacitor integrated on the SOI
platform. Electro-optical S21 responses of the DLG EA modulator with a 3 dB-bandwidth of 29 GHz.
Open-eye diagrams operate at the rates of 40 Gbps and 50 Gbps [57]. Reproduced from Ref. [57] with
permission. (e) 2D-3D integration of hexagonal boron nitride and a high-x dielectric for ultrafast DLG
EA modulator. The corresponding schematic cross-section of the EA modulator with an hBN-HfO;-
hBN stacked dielectric. Measured electro-optical S21 frequency responses and non-return-to-zero
(NRZ) eye diagrams at 28 and 40 Gbps [35]. Reproduced from Ref. [35] with permission.

In the typical DLG modulation structure, the stacked graphene sheets act as a capacitor.
However, the changes in capacitor lead to the opposite influence on modulation efficiency
and speed, which poses the fundamental limitation on overall performance improvements
in the device [26,34,50]. In the current framework, the graphene quality was regarded as
the pivotal role needed to overcome such a dilemma. More recently, the 2D-3D integration
of hBN and HfO, was demonstrated within the dielectric section of a DLG EAM [35]. This
dielectric combination enhances the capacitance of the EA modulators without compromis-
ing their robustness against high voltages and preserves the high mobility and low doping
of intrinsic graphene. A 39 GHz 3 dB-bandwidth with a three-fold increase in modulation
efficiency, as well as open-eye diagrams with a speed of up to 40 Gbps, were achieved
(Figure 3e).
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Figure 4. Graphene—based EO modulators towards practical communication scenarios. (a) Optical
microscope image of the device and picture of a packaged EAM sample [58]. Reproduced from
Ref. [58] with permission. (b) Eye closure penalty for NRZ transmission at 10 Gbps over standard
SMF for different values of the pre-chirp parameter C [58]. Reproduced from Ref. [58] with permission.
(c) BER curves versus OSNR and the open-eye diagrams for transmission distances up to 100 km to
verify the dispersion compensation properties of graphene EA modulators. The insets show sample
transmitted eye diagrams [58]. (d,e) The setup for testing the cascaded graphene EA modulators using
optical pre-emphsis. Single and cascaded graphene EAM transmitter BER versus OSNR at 40, 60 and
100 km with correspondent eye diagrams [59]. Reproduced from Ref. [59] with permission. (f) Robust
athermal operation of the graphene modulator under a wide temperature range. Inset: optical
microscope image [56]. Reproduced from Ref. [56] with permission. (g) Graphene mobility using a
Hall bar with respect to temperature [60]. Reproduced from Ref. [60] with permission. (h) Electro-
optic responses of graphene modulator at cryogenic temperature and room temperature [60].

An alternative method to break the limit set by the capacitor architecture is increasing
the light-graphene interactions, which can be realized by photonic structure optimizations.
The micro-ring resonator-based EO modulator using SLG was demonstrated in 2014 and
achieved a 40% intensity modulation depth at static (Figure 5a) [61]. Later, the influence
of the length of graphene above the silicon micro-ring was experimentally investigated
(Figure 5b). The results indicated that the highest modulation depth could be reached at
the critical coupling conditions [62]. A modulation depth of 12.5 dB at 8.8 V bias, as well as
3.8 dB on-off ratio at 100 Hz, were observed. The first high-speed, large-signal operation
in a graphene EO modulator was demonstrated based on a GOG structure integrated on
a Si3gNy micro-ring resonator [27]. The ring coupling condition is switchable, along with
the gate-controlled optical loss induced by graphene, which leads to a dramatic increase in
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speed and efficiency. An EO bandwidth of 30 GHz and an open-eye diagram at 22 Gbps
were obtained (Figure 5c). In 2021, the performance of graphene EO modulator was tested
at a cryogenic temperature and shows a greater upgrade in bandwidth than that at room
temperature (Figure 4h) [60].
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Figure 5. Graphene EA modulators based on micro—resonators. (a) Schematic diagram of graphene-
modulated silicon microring modulator and gate-voltage-induced differential transmission spectra at
different voltages [61]. Reproduced from Ref. [61] with permission. (b) The 3D schematic image of the
graphene-silicon microring resonator and the corresponding modulation depth of graphene-silicon
microring with quarter-coverage by graphene for different bias voltage on graphene [62]. Reproduced
from Ref. [62] with permission. (c) Schematic of the EA modulator consisting of a GOG capacitor
integrated along a Si3Ny ring resonator and cross-section of the device. Electro-optic 521 frequency
response displays clear RC-limited 30 GHz bandwidth. Open 22 Gbps NRZ eye diagram [27].
Reproduced from Ref. [27] with permission. (d) Left: 3D rendering of the first graphene plasmonic
EO modulator with guided wedge plasmon mode. Right: Modulated AC (6 Hz) transmission per
pum of the device as a function of AC peak-to-peak amplitude for the wedge plasmon mode [63].
Reproduced from Ref. [63] with permission. (e) 3D schematic and cross-section of the graphene-
plasmonic slot hybrid modulator and the plasmonic slot waveguide mode profile. Measured optical
square waveform signal operating at 200 kbps with an on—off ratio of 2.1 dB [64]. Reproduced from
Ref. [64] with permission. (f) Structure of the DLG on photonic crystal waveguide EA modulator
and its SEM image. Frequency response of the modulator shows a 3 dB-bandwidth of 12 GHz [32].
Reproduced from Ref. [32] with permission.

In addition to using micro-ring resonators, graphene modulators utilizing surface
plasmon polaritons (SPPs) effects have been explored. In 2015, D. Anselll et al. reported
the first hybrid graphene plasmonic waveguide modulators, in which the coplanar and
wedge SPPs produced strong electrical fields along a graphene monolayer [63]. A modu-
lation depth of >0.03 dB/um was shown at the telecom range (Figure 5d). The insertion
loss of plasmonic waveguide was two or three orders of magnitude higher than the di-
electric waveguides due to the ohmic loss and leakage radiation. In 2017, an efficient
graphene EO modulator was achieved through the leaky modes plasmonic slot waveguide,
which was fully integrated with the SOI platform (Figure 5e). By taking advantage of the
strong light confinement, an on—off ratio of 2.1 dB was observed, operating at 200 kHz
for the plasmonic slot waveguide-based DLG modulator [64]. The slow-light photonic
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crystal waveguide (PhCW) was also introduced to improve the weak light-graphene in-
teraction in nanometer-scale devices. In 2020, a DLG EO modulator based on PhCW was
demonstrated [32]. Despite the increased capacitance of the photonic crystal structure and
the mediocre graphene quality, the device achived an EO bandwidth of 12 GHz with a
theoretical modulation depth up to 0.5 dB/pum (Figure 5f).

2.3. Graphene Electro-Refractive (ER) Modulator

The EA modulators reviewed above have shown remarkable performance in ampli-
tude modulation. However, they do not have the ability to implement complex modulation
formats (e.g., QAM) due to the lack of phase modulation, which is important for high-
density long-haul communication. Since the Er can be controlled through gate voltage,
the graphene-oxide-silicon (GOS)-based waveguide was found to be able to achieve ei-
ther electro-absorptive or electro-refractive modulation. An MZI implemented with the
graphene-oxide-silicon structure using the ER effect was proposed accordingly [65]. In the
following years, many graphene ER modulator concepts were proposed and discussed.

The first experimental ER phase modulation was verified in 2015. The total refractive
index change was relatively low and accompanied by absorption due to its low Ef [66].
Later, the ER effect was experimentally characterized and induced a giant change in the
effective index of around 1073 in the GOS structure [46]. The first and most representative
demonstration of data transmission utilizing the MZI-based ER modulator was reported in
2017. Two SLG sheets with a length difference (100 pm) were separately transferred onto
the top of the two arms, which introduced a bias phase difference in the balanced MZI
(Figure 6a). The device achieved the extinction ratio of 35 dB at static and a modulation effi-
ciency of 0.28 V-cm. The bandwidth reached 5 GHz and open-eye diagram was observed
at 10 Gbps, showing an error-free transmission over 50 kM SMF fibre (Figure 6b) [45].
Through the optimization of dielectric material in the capacitor, a better modulation effi-
ciency of 0.129 V-cm was demonstrated with a 40-pm interaction length in the same year
(Figure 6¢) [67]. Their work paves the way for high-density integrated modulators, which
are needed in high-capacity communication applications.

The DLG ER modulator was also demonstrated on Si3Ns waveguide. A high-x
dielectric was embedded for large tuning of Er. When the graphene sheets were gated at
the low loss region (Er > 0.5 eV), a RF bandwidth of 0.64 GHz was obtained with a V;-L of
0.14 V-cm [68]. To achieve a high modulation efficiency, several ER modulations based on
phase-manipulation waveguides were proposed. Based on the polarization multiplexing
Mach-Zehnder Interferometer (PM-MZI), the light of different polarization states (TE
and TM) passes through the modulation region four times, which allows for an order
of magnitude enhancement of the modulation efficiency [69]. The MZI with two spiral
arms was applied to decrease the footprint of the ER modulator while maintaining a high
modulation efficiency [70]. Apart from the MZI structure, the GOS structure was integrated
with a micro-ring structure. The ER effect was observed from the transmission spectra and
the derived V,-L was 2.7 V-mm, which outperformed silicon depletion horizontal and
interleaved p-n junction-type phase modulators (Figure 6d) [71].

Recently, the graphene-oxide-TMDs (GO-TMDs) hybrid, integrated with Si/SizNy
waveguide EO modulator, was demonstrated (Figure 6f—g) [72,73]. Since TMDs are trans-
parent at near-IR wavelengths and can modulate the refractive index, when the gating
voltage changes the loss in waveguide as well as the coupling state of microring through
the graphene electro-absorption effect, the phase and resonance shift via modulating
TMDs sheets. According to the spectra under different bias voltages, the calculated VL
is 1.5 V-cm in a graphene-oxide-WS, ER modulator based on silicon MZI (Figure 6f) [72].
For the graphene-MoS; on Si3Ny micro-ring structure, an extinction of 30 dB across 20 V
with an insertion loss of 5 dB was achieved (Figure 6g) [73].
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Figure 6. Graphene ER modulators. (a,b) Optical micrograph and cross-section of the MZI-based
graphene phase modulator with an electro-optical 521 bandwidth 5 GHz and an NRZ eye diagram
at 10 Gbps [45]. Reproduced from Ref. [45] with permission. (¢) TEM image for interaction region
in graphene ER modulator based on MZI structure and static optical transmission with a great blue
shift of about 185 pm under different applied voltages, indicating an ER modulation driven by
graphene [67]. Reproduced from [67] with permission. (d) Micro-ring-based ER modulation covered
by SLG. Inset shows SEM image with graphene visible and covering the ring resonator [71]. Repro-
duced from Ref. [71] with permission. (e) Optical micrograph and cross-section of the DLG-based
(graphene-HfO;-graphene) ER modulator integrated on a Si3N4 MZI structure. The optical transmis-
sion with an arm-length difference of 100 um, indicating its ER modulation feature [68]. Reproduced
from Ref. [68] with permission. (f) Left: schematic of the hybrid WS,-alumina-graphene modulator
on passive silicon waveguide and the top-down microscope image of fabricated MZM device with
233 um phase shifters. Transmission of the device under different bias conditions [72]. Reproduced
from Ref. [72] with permission. (g) Diagrammatic of a M0S;-Al,O3-graphene capacitor placed on a
SizNy micro-ring. Experimentally measured normalized transmission for different voltages applied
across monolayer graphene and MoS; [73]. Reproduced from Ref. [73] with permission.

3. Potential Applications with Graphene EO Modulators
3.1. Optical Communications

With the advance in communications, the demand for modulators with high speed,
large capacity and low energy consumption is increasing. Many graphene modulators
with excellent performance have been demonstrated and exhibited enormous application
potential in communication.

In order to meet the growing communication demand for large-capacity information
modulation, people have begun to focus on the mass integration of graphene modulator
arrays. In 2020, Chiara Alessandri et al. demonstrated a five-channel WDM transmit-
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ter consisting of five high-speed graphene EA modulators and a micro-ring with wave-
division function, realizing multi-channel data transmission at 5 x 25 Gbps, as shown in
Figure 7b [36]. Later, an integrated 32 graphene EA modulator was demonstrated on an
8 x 1 mm? chip. The performance deviation of devices was within 13%, and the averaged
bandwidth was 3.9 GHz. The data rate was 7 Gbps; therefore, the total data transmission
amount can reach 220 Gbps (Figure 7e) [42]. Moreover, the date rate is estimated to be
greater than 0.6 Tbps through further optimization. The challenge of fabricating devices
with a reliable performance at the wafer scale is overcome through optimization of all
the manufacturing steps, including growth, transfer and fabrication protocols. In 2021,
Macro et al. presented the full process of graphene optoelectronic devices’ flow at the wafer
scale (Figure 7f) [33]. The mobility of the SLG sheet transferred to wafer demonstrated
good quality (Figure 7g). Based on the flows, they fabricated 30 DLG EA modulators on
Si3Ny, achieving a maximum modulation rate of 20 Gbps. It is believed that, in the near
future, the massive, low-cost production of graphene EO modulators and other graphene-
based optoelectronic devices with uniform performance will meet more requirements for
practical use.
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Figure 7. Arrayed graphene—based EO modulators with uniform performance. (a,b) Top-view
microscope image showing three WDM transmitters, each based on five SLG-Si EA modulators and
five MRRs-based multiplexers. Eye diagrams measured at 25 Gbit/s across the five channels [36].
Reproduced from Ref. [36] with permission. (c—e) Schematic of the DLG (graphen-Al,O3-graphene)-
based electro-absorption modulators. Inset: device cross-section. Histograms of the measured voltage
changes required for 3 dB modulation from maximum transmission and EO bandwidths. Measured
eye diagrams of 32 graphene modulators at 7 Gbps [42]. Reproduced from Ref. [42] with permission.
(f-g) Multiple tile-stamping steps for wafer-scale graphene transfer. Statistics of e and h mobility in
the SLG transferred from TLM and Hall measurements using the proposed method. SEM image of
DLG EA modulators showing the overlap of the two SLG above the Si3sN, waveguide. Eye diagrams
at 10, 15, and 20 Gbps for the DLG EA modulators [33]. Reproduced from Ref. [33] with permission.

In addjition to the demands for the capacity and speed of communication, the quality
of the transmitted signal is also crucial. After long-distance transmission, the optical
signal will appear distorted because of the anomalous group velocity dispersion of SMF.
Therefore, dispersion compensation and pre-chirp are the key steps to guarantee the
quality of information transmission in fiber communication. Since the EO modulation
in a graphene EA modulator can induce a large, positive linear chirp, the maximum
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shift in the instantaneous frequency reaches up to 1.8 GHz. By utilizing this property,
the optical signal can be pre-chirped to compensate the effect of anomalous group velocity
dispersion in fiber transmission. A 10 Gbps transmission on single-mode fiber with a
temporal focusing distance (0-dB optical-signal-to-noise ratio (OSNR) penalty) of 60 km is
demonstrated, and exceeds 100 km with a bit error rate (BER) that is largely lower than
103 (Figure 4b) [58]. To implement the practical use of the graphene EO modulator in the
fiber-linked transmission network, a packaged graphene EA modulator was successfully
demonstrated (Figure 4a) [58].

Signals generated by graphene EA modulators can be further improved by an optical
pre-emphasis scheme using two cascaded modulators with different lengths [59]. The elec-
trical signals that are applied to them are properly complemented for delay-inverse-weight
compensation. As a result, a transmission of up to 100 km on single mode fiber (SMF) with-
out dispersion compensation is reported, showing the advantage of the OSNR penalty (6 dB
in back-to back and around 5 dB in transmission) compared with the conventional single
EAM transmitter configuration (Figure 4d,e). Moreover, a highly efficient broadband fibre
polarizer integrated with graphene has been proposed, which proves that graphene-based
optoelectronic devices will play a more important role in optical fiber communication [74].

With the expansion of communication scenarios, the modulator is required to work
under harsh conditions, which leads traditional modulators to face great challenges. Recent
research has indicated that graphene modulators can maintain a stable performance in
extreme environments. For example, the DLG EA modulator based on an amorphous Si
waveguide can keep the RF response stable when the temperature reaches 145 °C, which
indicates a robust athermal operation (Figure 4f) [56]. A low temperature degrades the
performance of the traditional silicon modulator due to the carrier freeze-out effect [20].
However, graphene has a higher mobility at low temperatures than it does at room temper-
ature, which means that the graphene EO modulators can reach even higher modulation
data rates (Figure 4g). Recently, the modulation features are explored at a cryogenic tem-
perature. A DLG micro-ring modulator based on Si3zN, waveguide obtained a 14.7 GHz
bandwidth at 4.9 K (Figure 4h) [60]. These results indicate that the graphene-based EO
modulators have great potential in communication applications under harsh conditions.

In conclusion, graphene modulators provide promising solutions to the problems
in bandwidth rate, dispersion compensation and extreme conditions communication for
future communication. It is believed that, with the maturity of wafer-level graphene-
processing technology, various graphene modulators will be more widely used in different
practical communication systems.

3.2. Microwave Photonics (MWP)

Along with the increasing demands for the capacity of wireless communications,
MWP, processing a microwave signal by implementing the tremendous bandwidth of
optics, is regarded as an indispensable technology for seamlessly interfacing between
wireless and optical communication networks [75]. This technology has found use in
satellite communication, phased array antennas, cellular networks, etc. Consequently,
the integration of MWP (IMWP) systems using silicon photonics has been an essential
solution to the challenges that arise from the complex application scenarios. However,
the modulator, the most important building block of the IMWP system, faces the problems
of a non-linear EO response and a large footprint due to the plasma-dispersion effect
(Figure 8a) [76].

In practice, the modulation linearity is usually evaluated by the spurious free dynamic
range (SFDR). In 2016, Christopher T. Phare et al. reported their characterization of the
linearity of a graphene EA modulator [76]. Since the gradual transitions in absorption
are governed by the Fermi-Dirac distribution of electrons in the bands, the accumulation
change of the carrier on the graphene is linear with voltage. This transfer can occur across
a wide range of bias voltage without explicit linearization techniques. A spurious free
dynamic range (SFDR) of 100 dBc/Hz?/3 was measured for the EA modulator with a
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GOG structure on SizNy waveguide. Further linearity investigations of the graphene EO
modualtor based on silicon waveguide were carried out by Yuansheng Tao et al. [77].
Through adjustments to the bias voltage of graphene, the maximum SFDR for IMD3 can
reach 117.8 dBc/Hz2/3 for the SLG EA modulator and 129.92 dBc/Hz2/3 for the SLG
ER modulator based on silicon waveguide. In addition, by using push—pull driving
and quadrature biasing in the MZI graphene ER modulator, the SHD2 distortion can be
fully eliminated. Note that, due to the tremendous mobility, the high linear waveguide
graphene EO modulator can even be extended to the mm-wave frequency applications with
a frequency exceeding 100 GHz. A recently demonstrated transmitter operating at 100 GHz
based on a waveguide graphene optoelectronic mixer indicates this possibility [78].
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Figure 8. Characterizations of graphene-based EO modulators towards MWP applications. (a) TCAD
simulation for a silicon PN junction modulator. Inset: doping cross-section of the simulated mod-
ulator [76]. Reproduced from Ref. [76] with permission. (b) Calculated transmission versus bias
voltage for a graphene EA modulator. Inset: modulator cross-section applying GOG capacitor [76].
(c) Two-tone (centered at 2.5 GHz) intermodulation response of the GOG EA modulator based on
SizNy waveguide. Inset: optical microscope image of the tested device [76]. (d) Calculated maximal
SFDR for IMD3 obtained for the SLG EA modulator based on Si with an optimized insulation layer.
Inset: schematic of the graphene EA modulator [77]. Reproduced from Ref. [77] with permission.
(e) Calculated transmission spectra as a function of frequency for a Si micro-ring resonator in the ON
(minimum micro-ring resonator absorption at Ey = 0.6 eV) and OFF states (maximum micro-ring
resonator absorption) [79]. Reproduced from Ref. [79] with permission. (f) Experimental through
(solid lines) and drop (dashed lines) transmission spectra of GOS MRR switch for different gate volt-
age values. (g) Cross-section of the GOS waveguide and the optical micrograph picture of fabricated
devices [80]. Reproduced from Ref. [80] with permission.

For next-generation wireless networks, the massive beam forming at the mm wave
spectrum requires a high link bandwidth as well as the responsiveness (>MHz). Thus,
optical switching is crucial for fully MWP systems. For the optical switch based on an
add-drop micro-ring, a thermo-optic effect is applied to shift the resonant frequency in
conventional method, whereas the SLG-based optical switch enables the on/off state by
suppressing the resonator resonance through a capacitor. As a consequence, the energy
is only consumed during capacitance charging, which is much more power-efficient than
metal heating. In addition, the SLG switch has a much lower response time and crosstalk
in switching than that based on thermo-optic modulation [79,80].
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4. Challenges and Outlook

Taking advantage of the unique properties of the gapless semimetallic band structure,
the fast tuning of the surface conductivity and the compatible nature with a SiPh platform,
graphene-based optoelectronics devices have made substantial progress in almost all
aspects—including design, fabrication, measurement, and applications—which lead to
disruptive development for next-generation photonics. In this review, we discuss the
development of silicon-based graphene EO modulators over the last decade (the typical
performance is summarized in Table 1). It has been shown that research interest is shifting
from the proof-of-concept demonstrations to advance technologies for practical applications.
With the attempts in certain scenarios, challenges are emerging.

To integrate graphene with the current CMOS technology, several challenges should
be noted in terms of manufacturing process, device stability, cost and production yield.
Firstly, a highly reliable transfer method of SLG to silicon chip is required to maintain
high mobility, coverage and continuity. The wet-transfer method is the most widespread
and easy method, through which the mobility is limited at about 10> cm? V=1 s=1. The
fully dry method can transfer SLG without contact with water or solvents, resulting
in a mobility of up to 3 x 10° cm? V-1 s~1. However, the scalability is limited by the
size (~100 um) of hBN flakes or other layered materials used to pick-up SLG from Cu.
An aligned semi-dry SLG transfer, based on electrochemical delamination and the subse-
quent handling of a suspended polymer/SLG membrane, can realize an average mobility
of about 5000 cm? V~! s~1, while covering 80% of a die [33]. At present, these methods
cannot be directly applied to a standard wafer-scale CMOS process due to their scalability.
Secondly, the device stability, especially the hysteresis phenomenon, should be improved
by encapsulation. h-BN flakes are the most common material used to encapsulate the SLG,
but are difficult to introduce to the CMOS process due to the size limitation of exfoliated
flakes. A more feasible method, allowing large scalability to protect SLG, is challenging
and strongly desired. Thirdly, the cost and production yield of graphene-based devices
should be increased through optimization in terms of SLG continuity or the deterministic
placement of SLG. In fact, the interaction region of graphene-based device can be relatively
smaller, and most of the transferred graphene sheets are wasted after pattering. Thus, a
high-precision pattering and transferring technology can greatly decrease the waste of
graphene to reduce costs and increase yields.

Although the modulation types can be switched via gating, the ER modulation is hard
to reach because the dielectric inside the capacitor structure is very likely to be permanently
damaged when graphene approaches the Pauli blocking state. Thus, the graphene EA mod-
ulator is studied more extensively. At present, the highest transmission rate for graphene
EA and ER modulators is up to 50 Gbps and 10 Gbps, respectively. For short-distance
interconnects, e.g., in the datacenter, the waveguide EA modulator can be an excellent
choice to replace the silicon-based modulator in the transmitter due to its compact footprint
(length ~100 um) and broadband response. To achieve high-spectral-density communica-
tion channels and maximize the spectral efficiency during long-haul and parallel optical
communications, a phase modulator must be employed to realize complex modulation
formats. However, to date, only one group succeeded in demonstrating the graphene ER
modulator operating at a speed exceeding 1 Gbps, which still works in an on—off keying
format. No transmission link based on phase-shift keying modulation format has been
demonstrated, and this remains to be explored. A packaged version of a single modulator
with input and output fibers mounted on a dedicated PCB has been reported. To deploy
the Graphene EO modulator in real applications, a multi-channel optical and electrical
packaging method with long-term stability is required. The graphene EA modulators with
encapsulated graphene monolayer were proved to have an enhanced performance and
uniform stability, which should be promoted.

Since the graphene monolayer can realize both the EO modulation and photodetec-
tion, in complex applications based on a photonic circuit involving more than one active
device, a graphene-based system needs both modulators and photodetectors simultane-
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ously. Hindered by the limited light-matter interaction, high-performance graphene-based
photodetector is always assisted by special photonic configurations, for example, SPPs
and thin waveguide. Thus, it is vital as well as challenging to develop a more versatile
fabrication process that can satisfy the different requirements. In addition, the graphene EO
modulator has shown speed stability in a wide range of temperatures (25-145 °C). The EO
bandwidth at cryogenic temperature is even higher than that at room temperature, while
the conventional silicon modulator suffering from the carrier freeze-out effect can barely
work. These facts make it a promising candidate in harsh environmental applications,
for example, solid-state quantum computing, intersatellite optical communications or su-
perconducting tests. The graphene ER modulation is further used to control the nonlinear
effects in microresonators. The gate-tunable Fermi energy induces changes in the primary
comb lines offset, coherent Kerr frequency combs, controllable Cherenkov radiation and
controllable soliton states. It is believed that a silicon-based graphene EO modulator will

continue to develop rapidly, enabling further applications.

Table 1. Performace of silicon-based graphenen EO modulators.

Graphene

Dielectric/

Types Stack Thickness wsat‘:i%:;:e R];srllfst}(‘ 011;1) E fﬁl.vclioei:li}gzn th Speed/BW Year Ref
Structure (nm) H yioep

EA GOS AlL,O3/7 Si-strip 40 NA/0.1dB-um™! NA/1.0 GHz 2011 [26]
EA GOs Si0, /5 Si-slab 50 1.5dB-V-1/NA 10 Gbps/59 GHz 2016 [51]
EA GOS Si0, /5 Si-slab 25 NA/0.026 dB-um—! NA/17.6 GHz 2018 [52]
EA GOS Si0,/5 Si-slab 100 NA/0.056 dB-pum ™1 30 Gbps/9.3 GHz 2020 [36]
EA GOS Si0, /5 Si-slab 75 NA/0.048 dB-pm ™! 50 Gbps/16 GHz 2020 [53]
EA GOSs Si0, /10 Si-slab 100 + 50 1dB-V-1/NA 10 Gbps/5 GHz 2017  [58,59]
EA GOG AlL,O3/5 Si-strip 40 NA/0.16 dB-pum~! NA/1GHz 2012 [34]
EA GOG Al,03/100 Si-strip 90 0.06 dB-Vv—1 ®)/NA NA/2.5GHz 2014 [55]
EA GOG Al,03/120 Si-strip 30 0.067 dB-V—1 O /NA NA/35 GHz 2016 [56]
EA GIG SizNy/20 Si-strip 120 0.3dB-v-1 ®)/NA 50 Gbps/29 GHz 2019 [57]
EA GOG HfO,/10 Si-strip 60 22dB-V-1/NA 40 Gbps/39 GHz 2021 [35]
EA GOS Al,O3/25 Si-ring 5 0.37 dB-v—1 ®)/NA NA/NA 2014 [61]
EA GOS AlLO3/9 Si-ring 50 1.42 dB-v—1 ®)/NA NA/NA 2015 [62]
EA GOG Al,O3/65 SigNy-ring 40 1.5dB-v-1 ®/NA 22 Gbps/30 Ghz 2015 [27]
EA GIM hBN/50-70 SPPs 12 NA/0.03 dB-pm ! NA/1GHz ® 2015 [63]
EA GOG Al,03/10 Au-slot 4 NA/0.13 dB-um~! NA/NA 2017 [64]
EA GOG Al,O3/5 SOI PhCW 10 NA/0.015 dB-pm ™ NA/12 GHz 2020 [32]
EA GOG Al,03/30 SizNy-strip 100 1.5dB-V-1/NA 7Gbps/39GHz 2020 [42]
EA GOG SisN4 /30 SisNjy-ring 40 0.78 dB-V—1 ®/NA NA/14.7 GHz 2021 [60]
EA GOG SizNy /17 SigNy strip 30/60/120  0.25/0.5/1dB-V"!/NA  20Gbps/11.5GHz 2021 [33]
ER GOS AlL,O3/5 Si-ring 9 0.27 V-cm/NA NA/NA 2017 [71]
ER GOS Si0,/10 Si-slab 300 0.28 V-cm/NA 10 Gbps /5 GHz 2018 [45]
ER GOSs A1,03/10 Si-slab 40 0.129 V-cm/NA NA/NA 2018 [671
ER GOG HfO,/NA Si3Ny strip 100 0.14 V-cm/NA NA/0.64 GHz 2017 [68]
ER GO-TMDs Al1,03/30 Si-strip 233 1.5 V.-em/NA NA/NA 2021 [72]
ER GO-TMDs AlLO3/NA SisNy-ring 50 1.5dB-V-1/NA NA/NA 2021 [73]

GOS: graphene-oxide-Si. GOG: graphene-oxide-graphene. GIG: graphene-insulator-graphene.GIM: graphene-
insulator-metal. BW: electro-optical 3dB bandwidth. ®): estimated value through theoretical pridictions. ®): de-
rived value.
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