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Abstract: Silicon photonics is becoming more and more

attractive in the applications of optical interconnections,

optical computing, and optical sensing. Although various

silicon photonic devices have been developed rapidly, it is

still not easy to realize active photonic devices and circuits

with silicon alone due to the intrinsic limitations of silicon.

In recent years, two-dimensional (2D) materials have

attracted extensive attentions due to their unique proper-

ties in electronics and photonics. 2Dmaterials can be easily

transferred onto silicon and thus provide a promising

approach for realizing active photonic devices on silicon.

In this paper, we give a review on recent progresses to-

wards hybrid silicon photonics devices with 2D materials,

including two parts. One is silicon-based photodetectors

with 2D materials for the wavelength-bands from ultravi-

olet (UV) to mid-infrared (MIR). The other is silicon pho-

tonic switches/modulators with 2D materials, including

high-speed electro-optical modulators, high-efficiency

thermal-optical switches and low-threshold all-optical

modulators, etc. These hybrid silicon photonic devices

with 2D materials devices provide an alternative way for

the realization of multifunctional silicon photonic inte-

grated circuits in the future.

Keywords: 2D material; all-optical; modulators; photode-

tector; silicon photonics; thermo-optic.

1 Introduction

In the past decades, silicon photonics has become very

popular for many applications because of the unique ad-

vantages of CMOS compatibility and high integrated den-

sity [1–4]. As it is well known, high-performance passive

silicon photonic devices with compact footprints have

been realized for optical interconnects and optical sensing,

such as multi-channel optical filters [5, 6], polarization-

handling devices [7, 8], and multimode photonic devices

[9, 10]. In contrast, it is usually very challenging to realize

active photonic devices with pure silicon due to the

intrinsic material properties of silicon, although great ef-

forts have been made in the past years. In order to

compensate the drawbacks of silicon, currently silicon-

plus photonics has attracted intensive attention as a

promising solution by introducing some other optoelec-

tronic materials [11, 12]. For example, people have tried to

introduce various functional materials to work together

with silicon, including metals [13], III–V semiconductors

[14, 15], germanium [16], two-dimensional (2D) materials

[17–20], polymer [21, 22], magnetic-optical materials [23],

and liquid-crystals [24].

As demonstrated previously, traditional semi-

conductor materials have been introduced to realize active

photonic devices on silicon successfully, such as lasers

[25–27], photodetectors [28, 29], andmodulators [30, 31]. In

this case, one of the most troublesome issues is the

compatibility of the introducedmaterials in the fabrication

processes aswell as the structural design.When traditional

semiconductor materials are introduced, special processes

are usually needed due to the thermal expansion and lat-

tice mismatch [32]. For example, some special germanium-

growth process is required for the fabrication of high-speed

silicon/germanium photodetectors and modulators [33,

34], while special bonding technologies were introduced

for realizing hybrid silicon/III-V lasers, modulators and

photodetectors [35]. These hybrid active silicon photonic
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devices have been used successfully for the applications of

optical fiber communications operating with the near-

infrared (near-IR) wavelength-band of 1.31/1.55 μm [12, 36].

More recently it is also very interesting to develop sil-

icon photonics beyond 1.31/1.55 μm for many important

applications in optical communication [37], nonlinear

photonics [38], lidar [39], and optical bio-sensing [40]. For

example, for some bio-molecules and gases such as

glucose, CH4, CO2, and CO, there are strong overtone and

combination absorption lines in the wavelength range of

2–3 µm [41]. However, those popular semiconductor ma-

terials (such as Ge, InP, etc.) becomeunavailable regarding

that their cut-off wavelength for light absorption is limited

by the bandgap and cannot be modified freely. As an

alternative, 2Dmaterials have attracted intensive attention

owning to their unique properties, such as ultra-high car-

rier mobility and strong light absorption in a broad wave-

length-band [42–49], which makes them promising for

developing photonic devices for the wavelength-bands

beyond 1.3/1.55 μm [50, 51]. For example, currently gra-

phene has been used widely as a well-known 2D material

because of the extremely broad absorption wavelength-

band ranging from ultraviolet (UV) to far-infrared (FIR) [42,

52, 53]. Furthermore, graphene has ultra-high carrier

mobility (up to ∼200,000 cm2 V−1 s−1), tunable Fermi level as

well as high thermal conductivity [43]. For mono-layer

graphene, there is ∼2.3% absorption for normal illumi-

nated light [44, 54], which is strong regarding the atom-

level thickness. On the other hand, it is very desired to

further enhance the light–matter interaction when using

2D materials, which is important for achieving high

responsivity photodetectors, high-speed modulators, and

low-threshold all-optical devices. Currently some gra-

phene photodetectors have been demonstratedwith strong

absorption and enhanced responsivities for short-wave

photodetection by introducing some wide-bandgap quan-

tum dots [55–58], nanoparticles [59–61], or nanostructures

[62]. In addition, optical micro-cavities have also often

been used for enhancing the light–matter interaction with

2D materials [63, 64].

Another promising approach is combining 2D mate-

rials and photonic waveguides, in which way the light–

matter interaction length can be extended very effectively.

Currently, high-speed hybrid silicon/2D material wave-

guide photodetectors and modulators have been demon-

strated for 1.3/1.55 μm as well as 2 μm and beyond [45, 46].

Furthermore, some 2D materials are very transparent and

conductive, and thus can be used as high-efficiency heat

conductors or transparent nano-heaters for realizing ther-

mally tunable/switchable silicon photonics devices. In

particular, 2D materials can be easily transferred to silicon

photonic chips by a wet transfer method [65] or an imprint-

transfer process [66]. In this case, there is no lattice match

issue. More importantly, for silicon photonic devices with

2D materials, there is little mode mismatch between the

active region with 2Dmaterials and the passive region with

pure siliconwaveguides. As a result, silicon photonicswith

2D materials is becoming more and more attractive for

many applications.

In this paper, a review is given on hybrid silicon pho-

tonic devices with 2D materials. In section 2, we review the

recent progresses on silicon-based photodetectors with 2D

materials for the wavelength-bands from UV to mid-

infrared (MIR), including normal-incident and waveguide-

type photodetectors on silicon. In section 3, recent works

on silicon photonic switches/modulators with 2Dmaterials

are summarized and discussed, including high-speed

electro-opticalmodulators, high-efficiency thermal-optical

switches and low-threshold all-optical modulators, etc.

Finally, we give a discussion on the future work of silicon/

2D material photonics.

2 Silicon-based photodetectors

with 2D materials

Photodetectors are one of the widely used optoelectronic

devices that can convert photons into an electrical signal.

High-performance photodetectors play important roles in

various modern optical systems. Traditional photodetec-

tors are primarily based on bulk semiconductor materials,

such as silicon [67], germanium [33, 34], and III-V semi-

conductors [68]. They usually work at room temperature

for the wavelength range from visible to near-infrared

(NIR). For MIR and FIR photodetection based on HgCdTe

[69], InAs/InGaSb [70] and InSb [71], the photodetectors

usually operate at liquid nitrogen temperature (77 K).

Though traditional photodetectors have been developed

successfully and been used widely, novel photodetectors

based on 2D materials have also been demonstrated with

fascinating properties, e. g., ultra-high carrier mobility,

high responsivity, as well as broad wavelength-bands

covering the range from UV to infrared (IR).

For 2D material photodetectors, there are several

typical photocurrent generation mechanisms [72], such as

the photothermal electric (PTE) effect, the photo-bolo-

metric (PB) effect, the photoconductive (PC) effect and the

photovoltaic (PV) effect. For the PV effect, the photo-

generated electron-hole pairs are separated by the built-in

electric field [73]. The photocurrent of the PTE effect is

generated by an optically-induced temperature gradient
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and is particularly efficient in combination with spatially

varying doping of graphene [74]. The PB effect is based on

the resistance change of the material due to the heating

effect induced by light illumination [75]. For the PC effect,

the resistance of the material is reduced because of in-

crease of the free-carrier concentration [76]. The working

mechanisms of the photodetectors can be switchedormixed

by modifying the doping level of the 2D materials [75].

In the following part, we give a review for two types of

silicon-based photodetectors with 2D materials. One is

normal-incident 2D material photodetectors on silicon and

the other one is silicon-based waveguide-type photode-

tectors with 2D materials.

2.1 Normal-incident 2D material
photodetectors on silicon

Normal-incident photodetectors and the array are playing

a key role in many fields of our daily life, such as electro-

optical displays, imaging, environment monitoring, free-

space optical communication, andmilitary. In the past few

years, normal-incident 2D material photodetectors on sili-

con have been extensively investigated and great pro-

gresses have been achievedwith high speed as well as high

responsivity for the wavelength range from UV to IR, as

summarized in Table 1. More details are reviewed below in

sections 2.1.1 and 2.1.2.

2.1.1 UV/Visible photodetectors

As it is well known, UV photodetectors are very useful for

the applications in military defense, environmental moni-

toring and UV astronomy. In order to realize UV photo-

detection, one way is to use wide-bandgap 2D materials,

e. g., hexagonal boron nitride (hBN) with a bandgap as

large as∼6 eV [187]. High-quality of hBN nanosheets can be

synthesized by e. g., the pulsed laser plasma deposition

(PLPD) technique [77, 78]. The photodetector demonstrated

in [77] has a responsivity of 9 μA/W at zero bias. In [79],

Ahmed et al. demonstrated a fast hBN-Si MSM photode-

tector operating with a very high bias voltage of 95 V.

As another popular direct-bandgap 2D material whose

bandgap can be modified from ∼0.3 to 2 eV [50, 51], BP has

also been developed for realizing high-responsivity pho-

todetection from near UV to NIR [80–82]. In Ref. [80], a

near-UV BP photodetector shows a very high photo-

responsivity of ∼9 × 104 A/W, which is five orders of

magnitude higher than that for the visible-NIR light, due to

the resonant-interband transition between two specially

nested valence- and conduction-bands. As shown in [81],

the responsivity for the BP photodetector working in the

Table : Summary of some normal-incident D material UV-visible photodetectors.

Year Material Wavelength Mechanism Responsivity RT (BW) IQE EQE Ref.

 Graphene  nm PC  mA/W []
 MoS – nm PG  A/W  s []
 Graphene/MoS  nm PV PG . × 

 A/W % []
 Graphene – nm Schottky 

 V/W . ms % []
 Graphene UV – NIR Tunneling .–. A/W 

 Hz % []
 Graphene/Perovskite – nm PG  A/W  ms  × 

% []
 Graphene – nm PG  A/W  ns . × 

% []
 Graphene – nm Schottky . A/W < ns

 MHz
–% []

 Graphene – nm Schottky >. A/W  ns >% []
 Graphene UV – NIR PG 

 A/W  s  × 


 × 
 []

MIR  A/W  

 Graphene UV –  nm PG  A/W  μs . × 
% []

 Graphene (– layers)  nm PV . mA/W  GHz –% []
 Graphene (Bilayer)  nm PV . mA/W  GHz []
 Graphene – nm PG  × 

 A/W – ms % []
 Graphene  nm PC . mA/W .% []
 Graphene ( layers) . nm PTE  × 

− A/W []
 Graphene Visible – MIR Tunneling/PG > A/W – Hz []
 Graphene  nm Tunneling  nA/mW  × 

− []
 nm  pA/mW  × 

−

 BP .–. μm PV PG  A/W . kHz []

RT-rise time; BW-bandwidth; IQE-internal quantum efficiency; EQE-external quantum efficiency.
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NIR region (i. e., 900 nm) can be improved to 7× 106A/Wby

lowering the temperature to 20 K. Some direct-bandgap

transition metals dichalcogenides (TMDs), such as MoS2
[83], WS2 [84], WSe2 [188], can also be used for photo-

detection. For example, a photoconductive MoS2 photo-

detector [83] was fabricated [see Figure 1A] and exhibits a

high responsivity of 880 A/W but long response time of

∼9 s. With no illumination and without applying gate or

drain bias, the device has a small Schottky barriers at the

contacts. Increasing the gate voltage will lower the barriers

at the contacts and work in ON state, which will increase

the photoresponse due to the increased thermionic and

tunneling currents. Operating in the OFF state brings the

advantage of a reduced dark current.

As graphene has many unique properties, such as ultra-

high carrier mobility (∼200,000 cm2V−1s−1) [49] at room tem-

perature, broadband light absorption [42, 52, 53] and tunable

Fermi level, several metal-graphene-metal (MGM)-type

monolayer graphene photodetectors have been demon-

strated for UV and NIR [75, 85]. However, the photo-

responsivity is as low as several mA/W because there’s only

2.3% light absorption for normal illuminated light. In order to

enhance the light absorption of graphene for improving the

responsivity, there are several popular approaches by using

e. g., optical microcavities [63, 64], the carrier-trapping effect

[55–58], the plasmonic nanostructures [59–62]. As one of the

most popular options, optical microcavities have been used

widely by utilizing the resonance, e. g., Fabry–Perot cavities

[63], photonic-crystal cavities [64], etc.On theotherhand, the

quality factor of the used optical cavity should be designed

bymaking a trade-off between the optical bandwidth and the

absorption enhancement. A second way for improving the

responsivity is utilizing the carrier-trapping introduced by

somewide-bandgap quantum-dots [55–58]. For example, for

graphene-QDs photodetectors, the carrier trapping is mainly

associated with the defects at the QD surface, and the un-

paired electrons are transferred to graphene with a relatively

long lifetime,which usually enables a high photoconductive

gain. As shown in Figure 1B, a silicon-QDs/graphene hybrid

phototransistor was demonstrated with a maximal respon-

sivity of up to ∼109 A/W in the wavelength range from UV to

NIR [55]. This is because the photogenerated carriers in sili-

con-QDs are effectively separated due to theupward bending

of the energy bands at the silicon-QD/graphene interface.

One type of the carriers is trapped by defects (e. g., dangling

bonds) at the QD surface, leading to the enhanced photo-

response. In addition, for B-doped silicon-QDs, there is

localized surface plasmon resonance in the MIR region,

Figure 1: Normal-incident 2D material
photodetectors on silicon. (A) A single-layer
MoS2 photodetector device working in the
visible range. Photocurrent is generated
under illumination and is the dominant
channel current in the OFF state, while
thermionic and tunneling currents
contribute in the ON-state of the device.
Reproduced with permission from [83].
Copyright 2013, Springer Nature. (B) A
hybrid phototransistor basedonB-dopedSi
QDs and graphene. The right figure shows
the device responsivity as a function of
laser irradiance at different wavelengths.
Reproduced with permission from [55].
Copyright 2017, American Chemical
Society. (C) A silicon-graphene conductive
photodetector with a high responsivity. The
band diagram of the graphene/N-doped
silicon junction is shown in the right.
Reproduced with permission from [89].
Copyright 2017, Springer Nature. (D) Ultra-
broadband high responsivity graphene/
Ta2O5/graphene tunneling photodetector.

Under light illumination, the electrons (gray) and holes (red) can transport through the tunneling barrier. Reproduced with permission from
[92]. Copyright 2014, Springer Nature. (E) A high-speed MGM photodetector with asymmetric metal contacts. The graphene doping under Pd
and Ti electrodes is different and photocurrent can flow in the same directionwith appropriate gate voltage. Reproducedwith permission from
[96]. Copyright 2010, Springer Nature. (F) A BP photodetector at 3.39 µm. Reproduced with permission from [99]. Copyright 2016, American
Chemical Society.
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which enhances the light absorption of graphene and en-

ables MIR photodetection. Similarly, ZnO–QDs have also

been introduced to work together with graphene for

achieving high responsivity in the UV region [56, 57]. As the

third approach to enhance the responsivity, plasmonic

nanostructures, such as nanoparticles [59–61] and nano-

structures [62, 86], are often introduced to act as sub-

wavelength scattering sources and nano-antennas, enabling

high photoresponse at the corresponding plasmon resonance

frequency. For example, in [86] gold-patched nanostructures

were introduced for realizing an ultrafast (>50 GHz) graphene

photodetector with a responsivity of 0.6 A/W at 800 nm.

In addition, Graphene/Si Schottky photodiodes are

also suitable for UV and visible photodetection with the

assistance of light absorption in the depleted silicon re-

gion.Here graphene acts as an optically transparent charge

collector. The photogenerated carriers in the depleted sil-

icon region can be separated effectively by the graphene/Si

Schottky junction, enabling a high responsivity. In partic-

ular, the fabrication process is simple and the cost is low.

Wan et al. fabricated a graphene/Si Schottky photodiodes

at zero bias [87], exhibiting fast time response (5 ns), low

dark current, as well as a responsivity of 0.14 A/W in the

wavelength range of 200–400 nm. The built-in potential of

the graphene/Si Schottky junction can be increased further

by putting silicon QDs on top of graphene and the

responsivity is enhanced to be 0.495 A/W [88]. Another

high-responsivity silicon-graphene photodetector was also

demonstrated by using a N-type silicon with a doping level

of ∼7 × 1015 cm−3 [89], as shown in Figure 1C. With this

structure, when the laser illuminates the active region with

a graphene/Si Schottky junction, the electron-hole pairs is

generated in the depletion region in silicon and separated

by the build-in field, and finally the electrons are trans-

ferred to the graphene sheet. The fabricated photodetector

is able to detect an optical power as low as 6.2 pWat 635 nm

with an ultra-high responsivity of 2.4 × 107 A/W. The cor-

responding rising time and decay time are about 32 and

60 µs, respectively, which is much faster than those

quantum-dots/graphene photodetectors (∼10 ms) [90].

2.1.2 Infrared photodetectors

NIR photodetectors are very important for various impor-

tant applications, e. g., biological imaging (800–1100 nm)

and optical communication (830/1310/1550 nm). Kon-

stantatos et al. demonstrated a graphene-QD phototran-

sistor with a responsivity up to 5 × 107 A/W in the 600–

1600 nm wavelength range [58]. Note that zero-bandgap

graphene photodetectors usually have a large dark current.

When using the MoS2-graphene-WSe2 heterostructure for

realizing photodetectors [91], the dark current and the

noise power could be suppressed strongly and the wave-

length range of 400–2400 nm is covered. As an alternative,

the tunneling photodetectors have also been reported with

relatively low dark current as well as a high responsivity

[92–94]. For example, a graphene/Ta2O5/graphene photo-

detector [92] was demonstrated with a responsivity of >1 A/

W from visible to midinfrared, as shown in Figure 1D. Here

the top graphene layer was found to be more heavily p-

doped than the bottom one, with an average Fermi energy

difference of 0.12 eV. The tunneling barrier is tilted toward

the bottom graphene layer in order to equilibrate the Fermi

level, and favors hot electrons tunneling from the top

graphene-layer to the bottom one when illuminated by

light.

Regarding the applications in optical communica-

tion, it is desired to develop high-speed photodetectors. In

2009, Xia et al. demonstrated an ultrafast MGM photo-

detector at 1550 nm, showing a 3 dB-bandwidth

of >40 GHz [95]. Later, they demonstrated another high-

speed graphene photodetector with an improved

responsivity of 6.1 mA/W (@1550 nm) generated by the PV

effect [96], as shown in Figure 1E. In this design, asym-

metricmetallization scheme and interdigitalmetal fingers

were used in order to create a large electric field by

breaking the mirror symmetry of the built-in potential.

TMDs have also been used for realizing photodetectors

operating at the NIR region. For example, a MoS2 photo-

detector was demonstrated with the help of plasmonic

nanostructures [97]. When plasmonic nanostructures are

excited by the NIR light, hot electrons with energy higher

than the MoS2-Au Schottky barrier are generated and

injected from the gold layer to the MoS2 layer for photo-

current generation. With this design, the responsivity is

about 5.2 A/W at 1070 nm.

It is also possible realize the photodetection in the MIR

range by using narrow-bandgap 2D materials, such as

graphene and BP. Zhang et al. patterned the graphene

sheet to be QD-like arrays [98], and then the defect midgap

states band electron trapping centers are formed on the

boundary and the surface of graphene QDs. The photode-

tector shows a broadband photoresponse from visible

(532 nm) up to MIR (∼10 μm) with a high responsivity. The

structure with gold-patched graphene nano-strips even

enables a very high responsivity of 11.5 A/W at the wave-

length of 20 μm [86]. In [99], a 10-nm-thick BP photode-

tector exhibits a high responsivity up to 82 A/W in the

3.39 μm range, as shown in Figure 1F. The cutoff wave-

length can be extended further to 7.7 μm by applying a

vertical electrical field on the 5 nm-thick BP, as demon-

strated in [100].

J. Li et al.: Hybrid silicon photonic devices 2299



2.2 2D material waveguide photodetectors
on silicon

It is well known that the absorption of graphene is only

∼2.3% for normal incidence, which is quite limited for

achieving high responsivity. Alternatively, the utilization

of silicon photonic waveguides can greatly enhance the

graphene absorption, owing to a long light-graphene

interaction length. In addition, there is little mode

mismatch between a hybrid silicon-graphene waveguide

and a pure-silicon waveguide. Therefore, great efforts have

been made to realize waveguide photodetectors for silicon

photonics by introducing some 2D materials, e. g., gra-

phene, BP, etc., as summarized in Table 2. In particular, the

ultra-high carrier mobility in graphene makes it promising

for the realization of high-speedwaveguide photodetectors

on silicon. In 2013, Gan et al. demonstrated an MGM-type

waveguide photodetector with asymmetric metal elec-

trodes [18], as shown in Figure 2A. The electrodes are

placed asymmetrically at both sides of the waveguide to

create a lateral metal-doped junction, which is helpful to

separate the photogenerated electron-hole pairs at zero

bias. As a result, the realized photodetector has a decent

responsivity of 0.1 A/W and a 3 dB-bandwidth of >20 GHz.

Later, another MGM-type silicon-graphene waveguide

photodetector with asymmetric metal electrodes was

demonstrated for workingwith 50 Gbit/s OOK signals [101].

The bandwidth can be even extended to >76GHz in a 6-inch

wafer process line [102]. However, the cladding on top of

the silicon core is relatively thick (∼40 nm), which makes

the interaction between the evanescent field and the gra-

phene sheet weak, and thus the responsivity for these

photodetectors is as low as several mA/W [102].

Generally speaking, there are two ways available to

enhance the responsivity of the graphene photodetectors.

One is to increase photoelectric conversion efficiency by

e. g., increasing the applied voltage or tuning the graphene

doping in the active region. However, the method of

increasing the applied voltage is not a good option because

the power consumption and the dark current increase

accordingly. The other one is to enhance the light ab-

sorption in graphene by e. g., extending the length of the

absorption region or enhancing the interaction between

graphene and the waveguide mode. However, when the

Table : Summary of D material waveguide photodetectors on silicon.

Year Material Type Wavelength (μm) Detector type Bias (V) Responsivity (A/W) Bandwidth (GHz) Ref.

 Graphene Graphene-Si Visible–. Schottky −. . / []
 Graphene MGM . PV  . > []

 .
 Graphene MGM .–. PV  .  []
 Graphene MGM . PTE   × 

−
 []

 Graphene MGM . PTE  . × 
−

. []
PV . .

 BP MSM . PV/PB . .  []
 Graphene MGM . PTE  .  []

PV . .
 Graphene MGM . PTE  .  []

PC . .
 Graphene Graphene-Si .–. Schottky   × 

−
 []

 Graphene Graphene-Si . Schottky  . / []
 .

 BP MSM . PC/PB .  . []
 Graphene MGM . PB   × 

−
 []

 Graphene MGM . PTE  .  []
PC . .

 Graphene MGM . PB −. . > []
 Graphene Graphene-hBN-Gra-

phene
. Tunneling  .  []

 Graphene MGM . PV . .  []
 Graphene MGM . PTE  . (V/W)  []
 BP MSM  PV . . . []
 Graphene MGM . PB/PC . . > []

 . >
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absorption region length is extended, the device footprint

and the capacitance will increase, which also prevents

high-speed operation. As a result, in recent years people

focus more on improving the responsivity by tuning the

doping in the graphene active region and enhancing the

light-graphene interaction.

In order tomodifying the doping level in graphene, one

can add a gate voltage appropriately. Shiue et al. proposed

a high-responsivity graphene/boron-nitride waveguide

photodetector for silicon photonics by introducing an

additional gate electrode to tune the graphene Fermi level

in the active region [103], as shown in Figure 2B. The gra-

phene sheet is encapsulated in hBN, so that ultra-high

mobility of graphene can be maintained well in the heter-

ostructure. In addition, the contact resistance is reduced

effectively by using the one-dimensional edge contact of

graphene-hBN. In this device, the photocurrent is mainly

generated by the PTE effect and is related to the Seebeck

coefficient as well as the temperature gradient. Since the

Seebeck coefficient is strongly depended on the carrier

density and the chemical potential of graphene, it can be

optimized by choosing the drain-source voltage and the

gate voltage appropriately. This hBN-graphene-hBN het-

erostructure photodetector demonstrated in [103] exhibits

a large 3 dB-bandwidth of 42 GHz and a high responsivity of

0.36 A/Wwhen operating at a 1.2 V bias voltage. In order to

precisely control the doping-level in graphene, a silicon

nano-slot waveguide was introduced to enable a dual gate

for building a controllable p-n junction, as shown in

Figure 2C [104]. In this design, the modal field is strongly

confined and enhanced in the nano-slot. Furthermore, the

graphene doping can be controlled by using dual gate

voltage in order to form a desired Seebeck coefficient

spatial distribution. In this case, a strong PTE effect was

observed with a high responsivity of 36 mA/W at zero bias.

As demonstrated in [105], the responsivity resulting from

the PTE effect can be further enhanced to 48 mA/W when

utilizing a photonic-crystal waveguide, in which case the

Seebeck coefficient can be controlled in the entire gra-

phene layer.

As it is well known, light absorption and responsivity

can be enhanced further when using plasmonicwaveguides

with very strong field localization [106–109]. Pospischil et al.

demonstrated a silicon-graphene waveguide photodetector

Figure 2: 2D material waveguide integrated
photodetectors on silicon. (A) A waveguide-
integrated graphene photodetector with
asymmetric metal electrodes. Spatially
resolved photocurrent (amplitude) image is
measured at zero bias voltage, and a
photocurrent profile plotted along the
dashed white line is superposed on the
image. Reproduced with permission from
[18]. Copyright 2013, Springer Nature. (B)
High-responsivity hBN/graphene/hBN
photodetector on a buried silicon
waveguide. Reproduced with permission
from [103]. Copyright 2015, American
Chemical Society. (C) A graphene
photodetector integrated on a silicon slot-
waveguidewith a p–n junction. Right panel,
calculated and measured Seebeck
coefficient as a function of gate voltage.
Reproduced with permission from [104].
Copyright 2016, American Chemical
Society. (D) Plasmonically enhanced
waveguide-integrated graphene
photodetector. The optical field is
enhanced at the edges and in the gap of the
bowtie-shaped structures. Hundred Gbit/s

OOK optical signal is realized with a double-layer graphene device. Reproduced with permission from [106]. Copyright 2018, American
Chemical Society. (E) A silicon-graphene hybrid plasmonic waveguide photodetector for photodetection in 1.55 and 2 μm. The photocurrent
map is measured as the gate voltage VG and the bias voltage Vb varies. The calculated energy band diagram is shown in the right. Reproduced
with permission from [108]. Copyright 2020, Springer Nature. (F) Microscope images for a hybrid silicon/BPwaveguide photodetector at 2 µm.
The 3dB-bandwidth of the device is about 1.33GHzand an improvedeye-diagramwith a bit rate of 4.0Gbit/s is achievedby increasing the bias
voltage to 2.5 V. Reproduced with permission from [112]. Copyright 2019, John Wiley and Sons.
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with a metal signal-electrode placed at the center of the

waveguide [19]. With this structure, light absorption is

enhanced and the photogenerated carriers can be separated

effectively by the built-in potential at the metal-graphene

interfaces. The achieved responsivity is about 30 mA/W for

themonolayer-graphene case, while the responsivity can be

increased to 50 mA/W when using bilayer-graphene.

Recently another plasmonics-enhanced waveguide photo-

detector was demonstrated with a 6 μm-long absorption

region of graphene. This photodetector with structural

symmetry works with the PB effect and exhibits a negative

photocurrentwith respect to the bias voltage. It showsahigh

operation speed, enabling 100 Gbit/s OOK and PAM4 data

signal reception, as shown in Figure 2D. Even though the

light-graphene interaction is enhanced greatly, one should

notice that there is still a lot of unwanted absorption from

metal in these traditional plasmonic waveguides, which

greatly limits the responsivity.

More recently, an ultrafast silicon-graphene hybrid

plasmonic waveguide photodetector was proposed and

demonstrated for the wavelength bands of 1.55 μm and

beyond [108], as shown in Figure 2E. In this design, a

narrow metal strip (∼200 nm) is placed on the top of the

silicon waveguide ridge to achieve the field enhancement

for increasing graphene absorption. In particular, the sili-

conwaveguide ridge is very wide and ultra-thin, so that the

graphene absorption is enhanced and themetal absorption

is reduced. For the optimized structural design, the ab-

sorption coefficient in graphene is 0.23 dB/μm. Further-

more, a gate voltage is applied to optimize the graphene

doping in the active region. The chemical potential for the

graphene sheet underneath the gold electrodes is esti-

mated to be −0.1 eV due to the pinning effect. When gra-

phene is highly doped by appropriately applying the gate

voltage, the bolometric coefficient is large and thus the PB

effect is dominant. While graphene is lightly doped, the PB

effect is suppressed and the lifetime of the photogenerated

carriers becomes long and thus the PC effect becomes

dominant. The fabricated photodetector exhibits a large

3-dB-bandwidth of >40 GHz (setup-limited) and a high

responsivity of 0.4 A/W at a bias voltage of −0.3 V for the

1.55 μm wavelength-band. When operating at 2 μm, the

device has a large setup-limited 3 dB-bandwidth of >20GHz

and a responsivity of 70mA/Wat a bias voltage of −0.3 V. It

paves the way for realizing high-performance waveguide

photodetectors at 1.55 μm and beyond for many applica-

tions, such as optical communications [37], on-chip spec-

troscopy, optical bio-sensing [40], and Lidar [110].

As it is well known, graphene photodetectors oper-

ating in the photoconductive mode usually have a dark

current due to the zero-bandgap. When using graphene-

silicon Schottky diode for the waveguide photodetector,

the dark current and the noise can effectively be sup-

pressed [20]. However, it works with a very slow speed of

2 MHz. As an alternative, BP has a direct bandgap of

∼0.3 eV in bulk and 1.8–2 eV in monolayer [50, 51],

enabling the photodetection for broadband photo-

detection. Furthermore, BP has a higher absorption than

graphene. In [111], a BP waveguide photodetector was

realized with a responsivity of 657 mA/W (@ 1550 nm) at a

bias voltage of 2 V, and an experiment for receiving 3 Gbit/s

data was demonstrated. More recently, hybrid silicon-BP

waveguide photodetectors were also demonstrated for the

wavelength-band of 2 μm [112], as shown in Figure 2F. For

these devices, mechanically-exfoliated BP thin films are

usually used and one should carefully choose the BP

orientation and the BP thickness because of the anisotropic

properties of BP [113–115]. A 90° orientation is desired for

maximizing the BP absorption. For the BP photodetectors

@ 2 μm demonstrated in [112], which are working with

the photovoltaic (PV) effect dominantly, the measured

responsivity is about 0.4 A/W and the bit rate for the data-

receiving is up to 4 Gbit/s.

3 Silicon-based optical switches/

modulators with 2D materials

Optical switches and opticalmodulators are very important

for realizing dynamic lightmanipulation formany systems.

For example, it is desired to achieve high-speed, low power

consumption optical switches and optical modulators on

silicon for optical interconnects. Since the Fermi level of

some 2D material can be tuned electrically, its complex

refractive index can be modified accordingly and thus one

can realize high-speed optical modulators potentially.

Furthermore, regarding that some 2D materials are very

transparent and conductive, it provides a good option to

realize high-efficiency heat conductors or transparent

heaters for thermally-switchable silicon photonics devices.

In this section, we give a review on silicon photonic

switches/modulators with 2D materials, including high-

speed electro-optical modulators, high-efficiency thermal-

optical switches, and low-threshold all-optical modula-

tors, etc.

3.1 Efficient optical switches with 2D
materials on silicon

Switchable/tunable silicon photonic devices are playing a

very important role for all-optical signal routing and
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switching in reconfigurable photonic networks/systems

[116]. Because silicon has high thermo-optic coefficient

(∼1.8 × 10−4/K@ λ = 1.55 μm) and high thermal conductivity

(∼149 W/m·K) [117], utilizing the thermo-optic effect is one

of the most popular approaches for realizing switchable/

tunable silicon photonic devices. Traditionally, metal

micro-heaters are introduced on the top of the phase-

shifter for heat generation. In order to prevent light ab-

sorption of metal, a thick SiO2 upper-cladding is usually

introduced as an insulator. Unfortunately, SiO2 has poor

heat conductivity and thus the response speed and the

heating efficiency become low. Besides, the silicon core is

usuallymuch colder than themetal heater, which limits the

temperature dynamics of the silicon core because there is a

limitation for the temperature of the metal heater itself. An

integrated heater formed by doped silicon regions was

introduced for low-power and high-speed thermal-tuning,

as demonstrated in [118]. However, the fabrication process

for the heater regions with different doping-levels is

complicated. Therefore, it is still desired to develop a

simple and efficient heating approach for thermally

tunable/switchable silicon photonic devices. As it is well

known, graphene is highly transparent and has an ultra-

high intrinsic thermal conductivity (∼5300 W/m·K at room

temperature) [43, 119]. Furthermore, the flexibility of gra-

phene is helpful when used for complex surfaces. There-

fore, it is attractive to introduce graphene nano-structures

for the heating management in silicon photonics [120–122].

For example, a graphene-based transparent heat

conductor was used for thermally tunable silicon Mach-

Zehnder interferometer (MZI), as shown in Figure 3A [120].

Here the graphene heat conductor covers the metal heater

as well as a part of MZI arm, so that heat can be delivered

from the metal heater to the MZI arm for light modulation.

When the heating power Pheating varies from 0 to 110 mW,

the spectral response has a red shift of ∼7 nm. In order to

realize more efficient heating, transparent graphene nano-

heater was introduced, as shown in Figure 3B [123]. In this

case, the graphene nano-heater is placed directly on the

silicon corewithout any insulator. For the siliconmicrodisk

resonator with the graphene nano-heater, the resonance

wavelength can be shifted thermally with high efficiency.

In the experiment, the spectral response has a redshift of

∼5 nmwith a heating power of 10.5mW.When the radius of

the microdisk is reduced to 2 μm, the heating efficiency is

improved to as high as ∼1.67 nm/mW. Later, Yan et al.

demonstrated a slow-light silicon photonic-crystal wave-

guide with graphene microheater [124], as shown in

Figure 3C, in which the tuning efficiency is about 1.07 nm/

mWand the rise time is about 750 ns. In 2017, the graphene

microheater was also used for silicon nanobeam cavity

[125] and the heating efficiency is as high as 1.5 nm/mW in

experiment because of the shrunk heating volume. For

these thermally tunable optical cavities with graphene

nano-heaters, one can realize an efficient thermo-optic

switch for a fixedwavelength around the resonance, which

is useful for low power-consumption reconfigurable silicon

photonics in the future.

3.2 High-speed optical modulators with 2D
materials on silicon

As one of the most important devices in optical commu-

nication systems, high-speed optical modulators have

attracted intensive attention in the past years. Among

various mechanisms for realizing fast optical modulation,

the utilization of 2D materials is emerged as a new option.

In particular, graphene has been very attractive because

of its complex refractive index can be modulated

Figure 3: Graphene heaters on silicon
waveguides. (A) A thermally-switchable MZI
with a graphene transparent beat conductor
and a non-local traditionalmetal heater.With
the heating power varies from 0 to 110 mW,
the spectral response has a red shift of
∼7 nm. Reproduced with permission from
[120]. Copyright 2014, AIP Publishing. (B) A
thermally-switchable microdisk resonator
with transparent graphene nano-heater. The
spectral response has a redshift of ∼5 nm
withaheatingpower of 10.5mW.Reproduced
with permission from [123]. Copyright 2016,
The Optical Society. (C) A slow-light-
enhanced graphene microheater. The driving
electrical signal (yellow) and corresponding

temporal signal (blue) are shown in the right. Reproduced with permission from [124]. Copyright 2017, Springer Nature.
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conveniently by tuning its electrical conductivity (or Fermi

level) [126]. More importantly, graphene-based optical

modulators can work in a very broad wavelength-band

from the visible to the longwave infrared (even terahertz)

range [46, 126, 127], which is extremely useful for many

applications.

In Ref. [128], terahertz-wave modulation was demon-

strated by electrically tuning the density of states available

for intraband transitions in graphene, as shown in

Figure 4A, and the intensity modulation depth is about

15%. Since graphene is atomically thin, the light–matter

interaction is usually tooweak to achieve largemodulation

depth. In order to enhance the interaction strength, various

resonant and plasmonic structures [126] have been intro-

duced, such as plasmonic antenna arrays [129–132], Fano

resonant structures [133], metasurfaces [134], photonic-

crystal cavities [135], and reflectors [136]. For example, the

modulation depth is increased to 64% by adding a reflector

under the graphene and optimizing substrate thickness so

that the intensity of the terahertz-wave interference in

graphene layer is at the maxima [136]. When using plas-

monic structures fabricated on graphene, the interaction of

the incident optical field with the graphene sheet can be

enhanced by localizing the optical fields strongly [137].

Several graphene modulators have been demonstrated by

electrically controlling the damping of plasmonic reso-

nances in the MIR [129–131] and terahertz ranges [132]. Not

only the intensity but also the phase of the lightwave canbe

modulated by using graphene-assisted metamaterials with

strong resonances [134]. As shown in Figure 4B, a silicon

air-slot photonic-crystal cavity, enabling strong interaction

between the graphene sheet and the resonant field, pro-

vides the modulation of the cavity reflection for a swing

voltage of only 1.5 V [135].

As a simple approach to enhance the light–matter

interaction, utilizing hybrid silicon-graphene waveguides

is also popular for the realization of efficient optical mod-

ulators on silicon, as summarized in Table 3. In 2011, Liu

et al. demonstrated the first GHz-level electrical-optical

amplitude modulator with a hybrid silicon-graphene

waveguide [17]. As shown in Figure 4C, the graphene sheet

is placed on top of the silicon core, and there is a graphene-

oxide-silicon (GOS) capacitance structure. When an

external voltage is applied, the Fermi-level of graphene is

Figure 4: High-speed optical modulators
with 2Dmaterials on silicon. (A) A graphene
free-space modulator at terahertz
wavelength. By applying a voltage Vg, one
can tune the density of states available for
intraband transitions (red arrows), thus
terahertz transmission. Reproduced with
permission from [128]. Copyright 2012,
Springer Nature. (B) A electrically controlled
graphene-photonic crystal nanocavity
modulator. Reproduced with permission
from [135]. Copyright 2013, American
Chemical Society. (C) First demonstrated
broadband graphene-silicon waveguide
integrated electrical-optical amplitude
modulator. When the Fermi level (EF) is
lower than half the photon energy (−hν/2),
there are no electrons available for the
interband transition, and when the Fermi
level (EF) is higher than half the photon
energy (hν/2), all electron states in
resonance with incident photons (hν) are
occupied, thus the transition is forbidden.
Reproduced with permission from [17].
Copyright 2011, Springer Nature. (D) A high-
speed GOG type graphene ring modulator
based on Si3N4 waveguide. The open

22 Gbps non-return-to-zero (NRZ) eye diagram is realized. Reproduced with permission from [141]. Copyright 2015, Springer Nature. (E) A
graphene-silicon integrated phase modulator with MZI structure. The top arm has a 400 μm graphene on silicon, while the bottom arm has
300 μm graphene on silicon. Reproduced with permission from [144]. Copyright 2018, Springer Nature. (F) Mid-infrared electro-optic
modulator realized by using BP. Left figure shows energy band diagrams for 5 nm thick BP as electricfield or carrier density varies. Reproduced
with permission from [145]. Copyright 2016, American Chemical Society.
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tuned and the interband graphene absorption can be

modulated accordingly. The modulation depth can be

enhanced significantly by using an improved design with

graphene-oxide-graphene (GOG) capacitor [138]. Unfortu-

nately, in this design the 3-dB-bandwidth is still limited to

be about 1 GHz. In order to improve the modulation speed,

Hu et al. proposed an improved structure design by intro-

ducing a doped silicon region to decrease the contact

resistance and the silicon resistance [139]. In this way, a

high-speed modulation of 10 Gbit/s was demonstrated. In

[140], another high-speed GOG-type graphene modulator

was demonstrated by introducing a 120-nm-thick Al2O3

insulation layer and the measured 3 dB bandwidth is as

high as 35 GHz when operating at a high drive voltage of

25 V. As it is well known,micro-resonators are often used to

enhance light–matter interaction and thus the active re-

gion can be shrunk [141, 142]. For example, Figure 4D

shows a high-speed graphenemodulator based on a silicon

ring-resonator [141], which shows a 3 dB bandwidth of

30 GHz and a modulation depth of 15 dB when operating

with a 10 V swing. When introducing plasmonic nano-slot

waveguides, it is possible to enhance the light–matter

interaction strongly due to the optical filed localization. As

shown in [143], an efficient electro-optic modulation with

an ultra-compact footprint was demonstrated.

Note that graphene can be also used to realize phase

modulators because the real part of its complex refractive

index can be tuned. In [144], a 10 Gbit/s graphene phase

modulator integrated in an MZI was demonstrated, as

shown in Figure 4E. This phase modulator exhibits an

enhanced modulation efficiency of 0.28 V·cm, which is 5-

fold improvement compared to the silicon MZI modulators

based on p–n junctions. This paves a way for realization of

complex modulation formats by using graphene phase

modulators. More recently, BP has also been used for

realizing optical modulation, as shown in Figure 4F [145].

In this case, when a positive gate bias is applied, the out-of-

plane electric field leads to band-bending across the

quantum well (QW), and thus the bandgap Eg is effectively

reduced [201]. Such bandgap shrinkage can be described

by the quantum-confined Franz-Keldysh (QCFK) effect

[202] and leads to red-shift [145, 146], which is useful for

MIR applications [147].

3.3 Low-threshold all-optical modulators
with 2D materials on silicon

Graphene is a unique material with strong nonlinear opti-

cal effects, such as saturable absorption, and has attracted

lots of intention in many applications of nonlinear pho-

tonics. As it is well known, graphene has one order of

magnitude lower saturation intensity and 2–3 times higher

modulation depth than single-walled carbon nanotubes

(SWNTs) [148–150] and semiconductor saturable absorber

mirrors (SESAMs) [151]. Thus, it is very promising to use

graphene for realizing pulse lasers. Currently various fiber

pulse lasers have been demonstrated [152–156]. For

example, in [152] a graphene saturable absorber for ultra-

fast pulsed lasers was generated with an ultrashort pulse

(∼756 fs) in the communication band, as shown in

Figure 5A. In the experiment, the optical intensity for

saturable absorption is 0.61–0.71MW/cm2 for the graphene

sheets with different layers. The wavelength-band of the

mode-locked lasers can be extended to e. g., 1.94 μm [156].

Some other 2D materials have also been used as the satu-

rable absorber. A mode-locked Er:ZBLAN fiber laser

working at 2.8 μm was realized by using mechanically-

exfoliated BP saturable absorber [157], and a MoS2 mode-

locked fiber laser was demonstrated under all-anomalous,

Table : Summary of high-speed optical modulators with D materials on silicon.

Year Material WG Type MD (dB) Optical

BW (nm)

Electrical

BW (GHz)

PC (fJ/bit) Footprint

(um)

Drive

Voltage (V)

Ref.

 Graphene Straight .      []
 Graphene Straight .      []
 Graphene Ring Reso-

nator
. . / /  . []

 Graphene Ring Reso-
nator

 .     []

 Graphene Straight       []
 Graphene Straight . > .  . . []
 Graphene Plasmonic WG . > 

− / . . []
 Graphene MZI  /    . []
 Graphene PhC .   /   []

MD-modulation depth; PC-power consumption.
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near-zero, and all-normal cavity dispersion around

1600 nm [155].

In addition, all-opticalmodulatorswith graphene have

also been realized. In [158], an ultra-fast all-optical

modulator was demonstrated by using a graphene-cladded

nano-fiber, which shows a very short response time of

∼2 ps. Definitely, it is very attractive to realize on-chip all-

optical modulation with 2D materials. Among various 2D

materials used for all-optical modulation on silicon, gra-

phene is one of the most popular materials. As shown in

Figure 5B, efficient all-optical amplitude modulation of

terahertzwave can be realized by using a controlled light to

photodoping graphene [159]. Moreover, it is possible to

achieve a modulation depth as high as 99% [160]. Shi et al.

proposed a graphene-cladded silicon photonic-crystal

cavity and realized all-optical tuning effectively [161]. In

the experiment, a 3.5 nm shift of the resonance wavelength

and a 20% quality factor change were observed for the

graphene/silicon photonic–crystal cavity by focusing the

control laser on the cavity. In particular, the laser power for

the saturation absorption is nearly two orders ofmagnitude

lower than that for monolayer graphene on silica [161].

Efficient all-optical modulator can also be realized by

using a hybrid silicon-graphene waveguide because the

light-graphene interaction can be enhanced strongly. In

[162], local and nonlocal all-optical modulations are

demonstrated with the optically-induced transparency

(OIT) effect in a graphene-silicon hybrid waveguide, as

shown in Figure 5C. In this structure, the graphene sheet

contactswith the silicon core directly.When themodulated

635 nm laser illuminates the waveguide on the top, the

transmission of the probe light (λ = 1560 nm) can be

modulated accordingly. In this case, photo-carriers are

generated in the silicon core by the 635 nm laser illumi-

nation and then transport to the graphene sheet through

the silicon-graphene junction. As a result, the carrier con-

centration in graphene is varied, which introduces the

change of the complex refractive index of graphene. In

particular, the required power density for the OIT effect is

about 2 W/cm2, which is five orders of magnitudes lower

than the traditional saturated absorption in graphene.

Such an OIT effect is promising to realize low power all-

optical modulations in silicon photonics. Recently, an all-

optical switch with a graphene-loaded plasmonic wave-

guides on silicon was demonstrated with an ultra-low

switching energy of 35 fJ and ultra-fast switching time of

260 fs [163], which is attributed to the enhanced nonlinear

absorption in graphene induced by the extremely strong

light confinement in the plasmonic waveguide. The light-

emitting properties of 2D TMDs were also modulated and

enhanced when combined with silicon photonic wave-

guides. In [164], the directions and intensity of the photo-

luminescence emission in a monolayer WSe2 was

demonstrated by using a silicon photonic waveguide-

grating structure. The second-harmonic generation from

monolayer MoSe2was also enhanced dramatically with the

assistance of an optical waveguide [165], as shown in

Figure 5D, which paves the way for on-chip light modula-

tion. When exciting the monolayer MoSe2, a five times

enhancement of the emission signal at 1.6 eV is achievedby

using an evanescent waveguide mode, as compared to the

free-space excitation. In 2017, an all-optical modulation

within a monolayer WS2-cladded waveguide was realized,

which shows the signal transmitting along the waveguide

can be amplified and modulated by a co-propagated

pumped laser [166]. It is expected more and more on-chip

Figure 5: 2D material all-optical modulators.
(A) An ultrafast pulsed laser with a
graphene saturable absorber. Reproduced
with permission from [152]. Copyright 2009,
John Wiley and Sons. (B) An all-optical
spatial terahertz modulator with a
monolayer graphene sheet. The normalized
THz transmission is given in right figure for
both Ge substrate and graphene on Ge
(GOG) structure. Reproduced with
permission from [159]. Copyright 2014,
Springer Nature. (C) A silicon-graphene all-
optical modulator with optically induced
transparency effects. The generated
photocarriers is separated by the Schottky
diode junction and the Fermi level in the

graphene moves down, thus absorption in graphene is suppressed. Reproduced with permission from [162]. Copyright 2014, American
Chemical Society. (D) A silicon waveguide grating withMoSe2 for second-harmonic generation. The normalized emission spectra measured in
the free space and in the waveguide are shown in the right. Reproduced with permission from [165]. Copyright 2017, Springer Nature.
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all-optical modulators using novel silicon photonic wave-

guides with 2D materials will be achieved in the future.

4 Conclusion and outlook

In this paper, we have given a review on recent progresses

of hybrid silicon photonic devices with 2D materials for

photodetection and optical modulation for the wave-

length-bands fromUV toMIR. As demonstrated previously,

2D materials provide new opportunities for realizing

various active photonic devices on silicon owing to their

extraordinary optoelectronic properties. In particular, the

light–matter interaction can be enhanced greatly and

easily when merging 2D materials with silicon photonic

waveguides and cavities. In thisway, the interaction length

between the 2D materials and the lightwave propagating

along the waveguide can be extended very effectively,

which is really important for realizing high-performance

silicon photonic devices.

Currently, numerous high-responsivity and high-

speed silicon/2D materials photodetectors have been

demonstrated benefiting from high carrier mobility and

broad wavelength band with high light absorption. On the

other hand, more efforts are desired to improve the pho-

todetectors further. For example, the photodetectors with

2D materials (e. g., graphene) usually have a large dark

current, limiting the detection sensitivity. Alternatively,

some other 2D materials with a finite bandgap and strong

light–matter interaction are available, such as BP and MoS2.

However, their relatively low carrier mobility greatly limits

their response speed. So far, the highest bandwidth of the

reported TMD waveguide photodetectors is still below 1 GHz

[189, 190]. A potential solution is stacking multiple 2D ma-

terial sheets together by van der Waasls (vdW) integration.

The vdW integration could enable artificial heterostructures

and superlattices with atomically-clean and electronically-

sharp interfaces between highly disparate materials [191].

Recently, Nicolaus et al. demonstrated a waveguide inte-

grated MoTe2-graphene vdW heterostructure photodetector

[192], for which the responsivity is about 0.2 A/W at 1300 nm

and the normalized photo-dark-current (NPDR) ratio is

almost an order of magnitude than pure-graphene photo-

detectors due to thebandgap inMoTe2.Moreover, the vertical

MoTe2-graphene heterostructure design minimizes the car-

rier transit path length in TMDs and enables a record

measured bandwidth of >24 GHz. In addition to using 2D

materials with finite bandgaps to suppress the dark current,

another way is to introduce some tunneling barrier layer

based on e. g., hBN. A graphene/BN/graphene hetero-

structure tunneling photodiode on a silicon nitride

waveguidewasdemonstratedwithahighon/off current ratio

of >104 at the telecom wavelength [167]. The device also ex-

hibits a large bandwidth of 28 GHz. In addition, 2D/2D vdW

heterostructures can provide a smooth surface that is rela-

tively free of dangling bonds and charge traps [193]. Previ-

ously, the mobility of transferred graphene is about only a

few thousandcm2V−1 s−1. By encapsulating graphene inaBN/

graphene/BN vdW heterostructure, an ultrahigh carrier

mobility of 140,000 cm2V−1 s−1 and up to 1,000,000 cm2V−1 s−1

can be achieved at room temperature and cryogenic tem-

perature, respectively [194–196]. The 2D materials vdW

integration could also enable creation of a designed poten-

tial landscape for electrons to live in, i. e. quantum wells

(QWs). Withers et al. described LEDs made by stacking

metallic graphene, insulating h-BN, and various TMD

monolayers into complex but carefully designed sequences

[197]. Currently the ability to physically assemble 2D mate-

rials into vdW heterostructure has offered vast flexibility for

heterogeneous material integration and has considerably

accelerated both fundamental studies and proof-of-concept

demonstrations. It is still challenging to achieve scalable

vdW integration of heterostructure-device arrays with high

yield and throughput [191].

In the past years, high-speed optical modulators with

2D materials have also been developed successfully.

However, it is still very hard to improve the modulation

speed further to 100 Gbps, which is desired for the future

high-capacity optical interconnects. Furthermore, the

insertion loss for these optical modulators is usually high,

which is a big challenge for the real applications. 2D ma-

terials might also be useful for transparent nano-heaters in

the switchable/tunable silicon photonic devices because of

the transparency and high thermal/electrical conductivity.

In particular, transparent graphene nano-heaters have

been developed successfully for silicon photonic cavities,

while the challenge is to further reduce the material ab-

sorption as well as the power consumption for switching/

tuning. In addition to these optoelectronic devices, 2D

materials all-optical devices on silicon are also attractive

because many 2D materials also show strong optical

nonlinearity. The saturable absorption in 2D materials

(such as graphene, MoS2, MoSe2, WS2, and WSe2) is

promising for realizing Q-switched lasers [168] or mode

lock lasers [169, 170]. It is also possible to realize optical

power limiters [171], frequency conversion [172, 173], and

single-photon emitters [174] by using 2D materials.

Even though 2D materials work well in the long-wave-

length region, another challenge for hybrid silicon photonic

devices with 2D materials is that the SOI platform is not

suitable for the applications beyond 3.5 μm due to the high

absorption loss in silica [198]. One of the possible solutions
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is using Ge-on-Si waveguide to achieve low-loss light

transmission in MIR [199, 200] because Ge is an ideal ma-

terial exhibiting high transparencyover the entireMIR range

(up to ∼14 μm) almost [198]. Definitely, 2D materials are

usually flexible and can be transferred to an arbitrary sub-

strate by using the wet-transfer method [65] or the imprint

transfer method [66]. Therefore, it is promising to develop

photodetection and optical modulation in the MIR range by

merging the Ge-on-Si waveguide with 2D materials.

As a summary, currently it is becoming very promising

to develop silicon photonics by introducing 2Dmaterials, so

that the drawbacks of silicon itself can be compensated.

More importantly, there is no lattice-mismatching and

mode-mismatching when combining 2D materials with sil-

icon photonics. Thus, the compatibility of the fabrication

process and the structural design is very excellent for hybrid

silicon photonic devices. More efforts to realize improved

active silicon photonic devices with large-scale photonic

integrated circuits on silicon can be expected in the future.
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