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Abstract: As we enter the post-Moore era, heterogeneous optoelectronic integrated circuits (OEICs) are attracting significant
attention as an alternative approach to scaling to smaller-sized transistors. Two-dimensional (2D) materials, offering a range of
intriguing optoelectronic properties as semiconductors, semimetals, and insulators, provide great potential for developing next-
generation heterogeneous OEICs. For instance, Fermi levels of 2D materials can be tuned by applying electrical voltages, while
their atomically thin geometries are inherently suited for the fabrication of planar devices without suffering from lattice
mismatch. Since the first graphene-on-silicon OEICs were demonstrated in 2011, 2D-material heterogeneous OEICs have
significantly progressed. To date, researchers have a better understanding of the importance of interface states on the optical
properties of chip-integrated 2D materials. Moreover, there has been impressive progress towards the use of 2D materials for
waveguide-integrated lasers, modulators, and photodetectors. In this review, we summarize the history, status, and trend of
integrated optoelectronics with 2D materials.
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Introduction

With entering the post-Moore era, information and communications technology (ICT) cannot enjoy the free
ride of the fast growth of performance through simply shrinking transistor footprints, such that the optoe-
lectronic integration starts to receive much more attention for building up new chip architectures [1]. By
elaborately designing and integrating photonic and electronic devices monolithically on a chip, optoelec-
tronic integrated circuits (OEICs) are expected to enable high-speed and stable signal sensing [2,3], pro-
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cessing [4–6], and communications [7,8] in many application scenarios with the merits of small device
footprints, inexpensive unit costs, and low energy dissipation. Since the concept of integrated optics was first
proposed by Miller [9] in 1964, integrated optoelectronics undergoes expeditious evolution for more than
half a century together with the rapid development of the semiconductor industry. Nowadays numerous
material platforms, such as silicon and its compounds [10,11], germanium [12,13], gallium arsenide [14],
indium phosphide (InP) [15], and lithium niobate (LiNbO3) [16,17], have been widely explored to develop
OEICs. Different from microelectronic integrated circuits (ICs), which are typically built on silicon wafers, it
is challenging to achieve diverse optoelectronic functions, such as light generation, guidance, modulation,
and photodetection, in a single material platform, due to intrinsic limitations of materials’ energy band
structures. Consequently, heterogeneous integration [18–22] has been known as a feasible strategy for
promoting the advancement of OEICs in the past decades.
Among current semiconducting materials, two-dimensional (2D) materials, a type of emerging atomically

thin materials, have drawn intense research interest in the development of heterogeneous integration in recent
years. Compared with bulk materials, 2D materials have superior advantages of electrical tunability of Fermi
levels due to their low carrier densities [23], intrinsic compatibility to the fabrication of planar devices, and
moderate requirements of the lattice match for heterostructure integration due to the weak van der Waals
interaction between adjacent layers [24]. After the first 2D material, namely graphene, was experimentally
isolated from bulk graphite [23] and epitaxially grown on silicon carbide substrates [25], the 2D material
family has rapidly expanded to hundreds of examples [26], such as hexagonal boron nitride [27], transition
metal dichalcogenides (TMDs) [28], black phosphorus (BP) [29], and Xenes [30], with an extensive range of
intriguing optoelectronic properties. Until 2011, the first waveguide-integrated electro-optical modulator
with a 1-GHz bandwidth was experimentally demonstrated based on graphene-on-silicon OEICs [31]. In this
study, the waveguide-integrated device structure significantly enhances graphene’s absorption of the pro-
pagating light in the silicon waveguide via the in-plane evanescent-field coupling configuration without
modifying graphene’s energy band structure, which overcomes the limitation of the moderate light-matter
interaction in 2D-material devices [23]. Since then, the work has opened a new avenue toward the study of
2D-material heterogeneous integrated optoelectronics. To date, OEICs have been extensively investigated
with the versatile combination of optical waveguide devices and 2D materials, as schematically shown in
Figure 1, to boost the performance of conventional optoelectronic devices.
In this review, we comprehensively review the history, status, and trend of integrated optoelectronics with

2D materials. Specifically, in Section “Optoelectronic properties of 2D materials with IR photon responses”,
we discuss optoelectronic properties of the 2D materials whose photon responses cover the infrared (IR)
wavelength region including graphene, BP, MoTe2, PtSe2, and PdSe2. In Section “Fabrication of 2D-material
heterogeneous OEICs”, we introduce fabrication methods of 2D-material heterogeneous OEICs. In Section
“Light-matter interaction in 2D-material hybrid optical waveguides”, we focus on the studies of the light-
matter interaction in waveguide-integrated 2D-material devices. In Sections “On-chip 2D-material lasers”,
“On-chip 2D-material electro-optical modulators”, and “On-chip 2D-material photodetectors”, we review
the studies of waveguide-integrated 2D-material optoelectronic devices, namely, on-chip lasers, electro-
optical modulators, and photodetectors. In Section “Summary and prospect”, we summarize the review and
discuss the prospect. Readers can gain basic knowledge, state-of-the-art techniques, and cutting-edge ad-
vances in integrated optoelectronics with 2D materials through reading this review.
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Optoelectronic properties of 2D materials with IR photon responses

Due to the incomparable advantages of IR photonics, on-chip IR optoelectronic applications have attracted
great attention, which may be divided into distinct spectral ranges, namely near-IR (0.75–1 μm), short/mid/
long-wave IR (1–15 μm), and far-IR (15–100 μm) wavelengths. Among the discovered 2D materials, gra-
phene, BP, and a portion of TMDs (e.g., MoTe2, PtSe2, and PdSe2) have excellent photon responsivity at IR
wavelengths. Therefore, in this section, we mainly focus on the discussion of optoelectronic properties of the
above 2D materials.
Graphene, which consists of a single layer of carbon atoms arranged in a honeycomb lattice, is the first

discovered 2D material. Even though the theoretical investigation of graphene began as early as 1947 [32], it
was experimentally discovered until 2004 [23,25]. As the conduction and valence bands of graphene touch
each other at six points, known as Dirac points, in the momentum space, graphene, thus, exhibits an ultrawide
spectral response region covering from visible light to terahertz frequencies. Previous studies show that there
is a linear relation between the number of layers and the transmittance of a graphene sheet, with about 2.3%
absorption of the vertically incident illumination for the single-layer material [33]. Nowadays, the carrier
mobility of graphene could be as high as 200,000 cm2/(V s) [34] at room temperature, which is more than 100
times higher than that of silicon. Besides, graphene was measured to possess a giant nonlinear refractive
index (RI) of ~10−11 m2/W, almost nine orders of magnitude larger than bulk dielectrics [35]. As a result, it is
promising to develop ultra-fast optoelectronic devices and nonlinear optical devices based on graphene.
However, the lack of a bandgap seriously affects graphene’s applications to some extent since some devices
are required to have high on/off ratios, namely field-effect transistors (FETs). Therefore, many studies focus
on the bandgap engineering of graphene by using various approaches, such as multilayer stacking [36],
chemical doping [37], or morphological tailoring [38].
Similar to graphene, BP is another type of 2D materials, which is composed of sheets with phosphorus

Figure 1 Schematic of the proposed 2D-material heterogeneous OEICs. By integrating 2D materials on optical waveguides, innovative
optoelectronic devices, namely, lasers, modulators, and photodetectors, with high performance and low power consumption, can be developed
monolithically on a chip, serving as a powerful platform for the ICT development in the post-Moore era.
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atoms arranged in a puckered honeycomb lattice. In 2014, Li et al. [29] demonstrated the first FET based on
few-layer BP crystals with a carrier mobility as high as 1000 cm2/(V s) and a high on/off ratio of 105.
Compared with graphene, the bandgap of BP varies from 0.3 eV for bulk materials to 2.0 eV for monolayer
BP sheets [39], indicating that the material can absorb light ranging from visible light to mid-IR wavelengths
by adjusting the number of stacking BP layers. Later, Long et al. [40] demonstrated the impressive hole
mobility of around 45,000 cm2/(V s) of BP at cryogenic temperatures, making it suitable for developing
ultrafast optoelectronic devices. Besides, the previous study also revealed a range of anisotropic behaviors of
BP [41], which could be used for detecting polarized light [42]. Moreover, the nonlinear RI of BP nano-
platelets was measured as ~6.8 × 10−13 m2/W by a Z-scanning method [43]. Although BP exhibits the above
intriguing optoelectronic and nonlinear optical characteristics, it normally suffers from poor chemical and
physical stability [44]. Consequently, the material has to be protected to avoid degradation during practical
applications [45].
Different from graphene and BP, TMDs refer to a branch of 2D materials with the chemical composition

formula of MX2, where M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Pt, Pd, and X = S, Se, Te [46]. Among the
current TMDs, MoTe2, PtSe2, and PdSe2 were demonstrated to have the potential to develop IR optoelectronic
and nonlinear optical devices. As for MoTe2, the material can exist in two crystal phases, namely, tripartite
cylindrical and octahedral structures, which could be transformed between each other under certain condi-
tions [47]. In 2017, Wang et al. [48] demonstrated the structural phase transition in a monolayer MoTe2 sheet
for the first time. Also, by varying the thickness of MoTe2, the bandgap of MoTe2 could gradually change due
to the existence of the quantum constraint effect [47]. With the monolayer thickness, MoTe2 converts into a
direct bandgap semiconductor with a bandgap of around 1.1 eV. On the other hand, layered PtSe2 and PdSe2
have been recently investigated for developing optoelectronic devices for long wavelengths. In 2015, Wang
et al. [49] fabricated high-quality, single-crystalline, monolayer-thickness PtSe2 films in which the first-
principle theoretic calculations revealed that the bandgap of the material is 1.2 eV. While, Sun et al. [50]
investigated optoelectronic properties of monolayer PdSe2 by using first-principle calculations, indicating
that PdSe2 exhibits typical semiconductor properties with an indirect bandgap of 0.03 eV for bulk and
1.43 eV for monolayer. Later, a monolayer PdSe2 sheet was experimentally demonstrated [51], which opened
a door to the development of IR optoelectronic devices based on PdSe2. It is worth noting that the carrier
scattering and heavy effective mass normally make the carrier mobility of TMDs relatively low, which may
be improved by using chemical doping approaches [52]. Besides the excellent optoelectronic properties,
TMDs also have strong Kerr nonlinearity, namely, a nonlinear RI of ~10−15 m2/W for PdSe2 [53], which is
about two orders of magnitude larger than bulk silicon. The comparison of the 2D materials with IR photon
responses is summarized in Table 1.

Fabrication of 2D-material heterogeneous OEICs

Since graphene was mechanically exfoliated from graphite in 2004 [23], various methods have been de-
veloped to prepare low-dimensional materials with atomic monolayer or multiple-layer thicknesses, such as
chemical vapor deposition (CVD) growth [62], epitaxial growth [63], mechanically or chemically exfoliating
[64], solution assembly [65], and chemical synthesis [66] methods. Taking the graphene preparation as an
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example, three main approaches have been previously utilized for developing 2D-material heterogeneous
OEICs, namely mechanical exfoliation from graphite [23], CVD growth by using a hydrocarbon gas on a
nickel (Ni) or copper (Cu) substrate [67], and epitaxial growth on a silicon carbide substrate [68]. As for the
mechanical exfoliation method, it is not suitable for large-scale OEICs production, although it has great
potential to provide ultra-high-quality graphene crystals for scientific research. While the CVD and epitaxial
growth methods are suitable for mass production. Normally, the CVD method requires some processes to
eliminate the catalyst particles (e.g., Ni or Cu) and transfer graphene to other dielectric substrates for
developing optoelectronic devices. The graphene epitaxial growth on silicon carbide is known as an ideal
material for high-end electronics that might surpass silicon in terms of speed, size, and power consumption,
but still suffers from a moderate production rate. As for other 2D materials, numerous excellent papers have
been published to review 2D-material preparation for readers’ reference [63,66]. To concentrate on the scope
of the review, we do not go into details herein.

Table 1 Comparison of the 2D materials with IR photon responses

Material Structure schematic Material bandgap
(eV)

Carrier mobility
(cm2/Vs)

Material thickness
(nm)

Optical absorption
(%)

Nonlinear RI
(m2/W)

Graphene 0
[23]

2.0×105

[34]
0.34
[54]

2.3
[23]

10−11

[35]

BP 0.30–2.0
[39]

4.50×104

[40]
1.0
[29]

2.8
[55]

10−13

[44]

MoTe2
1.1
[56]

1.78×102

[52]
0.90
[57]

3.0
[56] /

PtSe2
0.21–1.2
[49]

2.10×102

[58]
0.72
[59]

2.4
[59] /

PdSe2
0.03–1.4
[50]

2.16×102

[60]
0.77
[60]

2.0
[61]

10−15

[53]
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Due to the planar nature, 2D materials are intrinsically compatible with the fabrication process of OEICs.
After developing photonic integrated circuits, 2D materials could be transferred [69,70] or directly grown
[71] on the surface of optical waveguides. Different from mechanically exfoliating 2D materials [69], the
precise alignment between 2D-material sheets and photonic devices is not required for CVD-growth 2D
materials [70], while patterning processes of 2D materials by using lithography facilities are typically
necessary to accurately control light-matter interaction in 2D-material hybrid optical waveguides. It is
worthwhile to note that researchers also developed a hybrid 2D-material photonic waveguide with bound
states in the continuum [72], which transfers nanostructure fabrication from 2D materials to photonic
devices, probably avoiding the potential damage to 2D materials during 2D-material patterning processes.

Light-matter interaction in 2D-material hybrid optical waveguides

Due to the weak light-matter interaction in 2D materials, namely graphene’s ~2.3% absorption to the
vertically incident light, several approaches including in-plane evanescent-field light coupling devices
[73,74], nanoribbon devices [75], and vertical cavity devices [76], have been explored to overcome the
limitation. Among them, the combination of 2D materials and optical waveguides, especially silicon pho-
tonic waveguides, is known as a platform of choice for building next-generation optoelectronic devices. On
the one hand, the aforementioned 2D materials exhibit unprecedented IR optoelectronic properties in terms
of carrier mobility, spectral region, and electrical tunability of Fermi levels, which are expected to break
through the fundamental bottlenecks of previous optoelectronic materials. On the other hand, since it was
proposed in 1987 [77], silicon photonics provides a revolutionized improvement for integrated optics,
making the development of photonic ICs fully compatible not only with microelectronic ICs but also with
micro-electro-mechanical systems (MEMS). Consequently, 2D-material heterogeneous optical integration is
expected to bring us innovative OEICs with extraordinarily high performances and low costs. In this section,
we focus on the previous exploration of the light-matter interaction and the development of passive wave-
guide devices based on the 2D-material hybrid platforms.
The limitation of the moderate absorption of atomic-layer thick 2D materials to normally incident light

could be overcome by using optical waveguide devices. By integrating 2D materials on the surfaces of
optical waveguides, the propagating light in the hybrid waveguides can be absorbed by the top-cladding 2D
materials through the evanescent-field light coupling configuration. In 2012, Li et al. [78] experimentally
demonstrated that the graphene-induced absorption coefficient could be as high as 0.2 dB/μm when graphene
was located directly on the surface of a silicon waveguide which was measured by using an on-chip Mach-
Zehnder interferometer (MZI) device [78], as shown in Figure 2A. Later, the study of developing 2D-
material hybrid optical devices was widely extended to silicon nitride [79–81], polymer [82], zinc oxide [83],
and chalcogenide glass [84] waveguides with graphene [85] or TMDs [86,87] sheets integrated on top, as
shown in Figure 2B. Furthermore, the in-plane interaction between 2D materials and on-chip propagating
light can be enhanced by utilizing chip-integrated micro/nanocavities [80,88–92] or light nanoconfinement
structures [93]. For example, in 2015, Wang et al. [80] experimentally studied graphene-integrated silicon
nitride microring resonators, showing that there should be a trade-off between the increased graphene length
and sacrificed quality (Q) factor of the microring resonators for the development of cavity-enhanced
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optoelectronic devices, as shown in Figure 2C. In the same year, Cheng et al. [93] demonstrated that, with the
strong light confinement, the silicon slot waveguide could improve graphene’s absorption of the propagating
light by a factor of about two compared with that of the conventional stripe waveguide, as shown in Figure
2D. In short, the waveguide-enhanced optical absorption brings us great opportunities to develop on-chip 2D-
material hybrid photonic devices.
Besides the linear optical absorption, researchers also extensively explored nonlinear optical absorption

characteristics, namely saturable absorption [73,94–98], spectral hole burning [99], and optically induced
transparency effects [100], based on 2D-material hybrid optical waveguide devices. Compared with the
device configurations with the normal light incidence, the waveguide-integrated platforms provide larger
flexibility to tailor the characteristics of the graphene’s nonlinearity through adjusting in-plane interaction
lengths. Moreover, photon-generated free carriers and heat in graphene play a significant role in the ma-
nipulation of the propagating light in optical waveguides, enabling all-optical modulation applications
[73,100–106]. As early as 2013, Cheng et al. [73] demonstrated the all-optical modulation based on a
graphene-on-silicon waveguide. Due to the limited free-carrier lifetime in silicon devices, the all-optical
modulation speed was just around the 100-kHz frequency. Later, in 2020, Ono et al. [103] demonstrated
ultrafast all-optical switching with a switching time of only 260 fs in a plasmonic-waveguide-integrated
suspended graphene device based on the nonlinear saturable absorption effect. The all-optical modulation/
switching paves the way towards on-chip photonic signal processing with low energy consumption. More
nonlinear optical effects, such as nonlinear frequency conversion, reflecting nonlinear interaction between
propagating light and on-chip 2D materials are discussed in Section “On-chip 2D-material lasers”.

Figure 2 Studies of the optical absorption and the development of the passive devices based on 2D-material hybrid waveguides.
(A) Schematic of the graphene-on-silicon optical device for measuring the graphene-introduced optical absorption coefficient [78].
(B) Optical image of a device with the ring covered by a monolayer MoS2 over a circumference corresponding to Φ=π/4 [87]. (C) Measured
Q-factor of the graphene-on-silicon nitride microring resonator as a function of the graphene length [80]. (D) Scanning electron microscope
(SEM) image of the graphene-on-silicon slot waveguide [93]. The inset is the electric-field distribution of the silicon slot waveguide.
(E) Measurement of the polarization-dependent transmission of the graphene-on-silicon waveguide [69] coupled by using the polarization-
insensitive focusing subwavelength gratings [112]. The insets are the electric-field distributions of the TE0 and TM0-mode waveguides.
(F) Schematic of the on-chip TE2 mode filter based on the graphene-on-silicon multimode waveguide [109].
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Based on 2D-material hybrid waveguides, various on-chip functional devices, such as polarizers [107,108],
mode filters [109], and grating couplers [110], have been developed by exploring the spatial overlap between
electric-field distributions in the waveguides and graphene sheets. For example, in 2013, Cheng et al. [107]
demonstrated that optical absorption coefficients of graphene-on-silicon waveguides depended on the pro-
pagating light polarization, namely fundamental transverse-electric (TE0) and transverse-magnetic (TM0)
modes, due to the different modal energy distributions around the graphene sheet, as shown in Figure 2E. In
2018, Xing et al. [111] designed an on-chip polarizer based on a graphene-on-silicon nanowire. They
obtained a polarization extinction ratio of 20.1 dB and a low optical loss of 0.68 dB for the TE0 mode via a
150-μm-long nanowire. Later, by integrating graphene nanoribbons on multimode silicon waveguides, the
same group further studied the on-chip graphene-based TE1-mode-pass and TE2-mode-pass filters which
could be used for mode-division multiplexing applications [109], as shown in Figure 2F. In summary, the
studies of the in-plane interaction between propagating light in optical waveguides and waveguide-integrated
2D-material sheets lay a foundation for exploring advanced OEICs.

On-chip 2D-material lasers

Due to the indirect bandgap, silicon is not a natural creator of light, while 2D materials have several
advantages for the development of waveguide-integrated lasers. First, some 2D materials, such as TMDs,
have strong photoluminescence characteristics because their energy band structures can transform from
indirect to direct features when the materials are reduced to monolayer thicknesses. As a result, the 2D
materials could be used as gain media for lasing development [113]. Second, the saturable absorption
properties of 2D materials make them suitable for developing on-chip Q-switching or mode-switching lasers
[114,115]. Moreover, with the enhanced light-matter interaction on a chip, 2D-material lasers could have low
thresholds and large waveguide-coupled powers [116]. Generally, on-chip 2D-material lasers may be divided
into two types: lasers based on electron transitions and lasers based on optical nonlinearities. Compared with
2D-material modulators and photodetectors, few studies of on-chip 2D-material lasers have been reported.
Consequently, in this section, we discuss the advances of the two types of on-chip 2D-material lasers with the
spectral range covering from visible light to IR wavelengths.
As for the development of on-chip 2D-material lasers based on electron transitions, monolayer TMDs were

selected as the main gain media integrated on high Q-factor micro-resonators. After pumping by high-power
lasers, the devices could emit coherent light with spectra covering from visible light to IR wavelengths. In
2015, Wu et al. [113] demonstrated the on-chip TMD laser at the wavelength of 740 nm by integrating a
monolayer WSe2 sheet on a photonic crystal (PhC) cavity. It is worthwhile to note that the laser has to be
operated at cryogenic temperatures. When the temperature increased to about 250 K, the laser diminished
into the background spontaneous emission. In the same year, Ye et al. [117] demonstrated the on-chip WS2
lasers also at cryogenic temperatures by integrating a monolayer WS2 on a microdisk resonator. To develop
on-chip 2D-material lasers at room temperature, cavities with higher Q-factors are necessary. In 2015,
Salehzadeh et al. [118] studied the on-chip MoS2 laser at room temperature. The laser was fabricated based
on a SiO2 microdisk resonator with a Q factor of 3300. The laser’s center wavelength and threshold were
measured as 664 nm and 30 μW, as shown in Figure 3A. In 2017, Li et al. [119] further extended the
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wavelength of room-temperature on-chip TMDs lasers to IR wavelengths based on MoTe2. Besides TMDs,
graphene is also studied for developing on-chip lasers. In 2019, Li et al. [116] demonstrated a graphene
plasmonic nanolaser based on a Fabry-Perot (F-P) cavity, as shown in Figure 3B. In this work, graphene
enhances the electron density at the metal surface, resulting in a blue-shift of the metal plasmon frequency.
Later, Li et al. [114] demonstrated that the threshold of the graphene laser could be modulated by external
currents. In Table 2, we summarized the experimental results of the on-chip 2D-material lasers based on
electron transitions.
Besides, on-chip nonlinear lasers based on 2D materials, especially graphene and graphene oxide, have

attracted great attention in the past decade. Due to the giant Kerr nonlinearity of graphene and graphene oxide
[121–124], the hybrid waveguides exhibit stronger four-wave mixing than those of the waveguide without
graphene [125–127]. In 2012, Gu et al. [128] demonstrated that a monolayer graphene sheet could improve
the conversion efficiency of the four-wave mixing in a silicon PhC cavity by a factor of around 30 dB,

Figure 3 Studies of the on-chip 2D-material lasers. (A) Schematic of the MoS2 laser based on the SiO2 microdisk cavity [118].
(B) Schematic of the graphene surface plasmon polariton nanolaser [116]. (C) Optical image of the graphene-on-silicon nitride waveguide for
the four-wave mixing generation [120]. (D) Schematic of the graphene-enabled dual-mode Kerr frequency comb generation [115].

Table 2 Comparison of the demonstrated on-chip 2D-material lasers

Material Cavity type Gain medium Q factor Operation
temperature (K) Lasing threshold Lasing

wavelength (nm) Ref.

WSe2 PhC waveguide WSe2 2465 80–160 27 (nW) 740 [113]
WS2 Microdisk resonator WS2 2604 10 5 (mW/cm2) 612 [117]
MoS2 Microdisk resonator MoS2 3300 300 30 (μW) 664 [118]
MoTe2 PhC waveguide MoTe2 5603 300 97 (μW) 1132 [119]

Graphene F-P cavity ZnO / 77 77 (μW) 373 [114]
Graphene F-P cavity ZnO / 77–300 18.5 (mW/cm2) 373 [116]
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opening an avenue to develop highly nonlinear devices based on 2D-material hybrid waveguides. In 2015, Ji
et al. [129] demonstrated the graphene-enhanced parametric frequency conversion based on a silicon mi-
croring resonator. In this work, the maximum enhancement factor of 6.8 dB in the conversion efficiency was
observed experimentally. To further increase the frequency conversion bandwidth, Yang et al. [130] opti-
mized the interaction length between propagating light and graphene, and demonstrated that the four-wave
mixing conversion bandwidth could be increased to 35 nm. Later, Alexander et al. [120] experimentally
showed that the four-wave mixing conversion efficiency strongly depended on the Fermi level of the
graphene. The optical microscope image of the devices is presented in Figure 3C. In 2018, Yao et al. [131]
demonstrated a tunable graphene-on-silicon-nitride-waveguide-integrated Kerr frequency comb. The free
spectral range of the comb could be tuned within 2.36–7.17 THz by an external electric field that was applied
to the graphene sheets. The authors explained that the phenomenon is attributed to the variation of the
graphene’s Fermi level that results in the dispersion change of the hybrid micro-resonator. In 2022, Chen et
al. [115] theoretically studied a dual-mode Kerr frequency comb based on a graphene-on-silicon microring
resonator, as shown in Figure 3D. By carefully designing the graphene nanoribbons on the multi-mode
silicon waveguide, TE0-mode and TE1-mode Kerr frequency combs could be selectively activated via
modulating the Fermi level of the graphene nanoribbons, which is expected to provide a key technique for
developing advanced multiplexing light sources for optical communications and interconnects. In brief, the
development of on-chip 2D-material lasers is still in its infancy nowadays in terms of energy conversion
efficiency and spectral bandwidth, especially for IR wavelengths, although the above great efforts have been
made in the past decade.

On-chip 2D-material electro-optical modulators

Due to the low carrier densities of 2D materials, their Fermi levels could be easily tuned by using external
electric fields, seriously influencing the intensity and phase of the propagating light in optical waveguides
after integrating 2D materials on the surface of devices. Therefore, it provides the promising potential for
developing on-chip electro-optical modulators for wide applications in optical communications, inter-
connects, and switching. Compared with previous on-chip electro-optical modulation techniques with the
capability of modulating light at frequencies of up to 100 GHz, such as silicon or III-V modulators based on
the free-carrier-induced RI and absorption variations [132,133], organic polymer or LiNbO3 modulators
based on the Pockels effect [134,135], and semiconductor modulators based on the quantum-confined Stark
effect [136], 2D-material modulators may have the merits of higher modulation speeds due to the high carrier
mobilities, low power consumptions resulting from the low carrier densities, small device footprints due to
the strong on-chip light-matter interaction, environment-friendly material preparation process, as well as
potentially complementary metal-oxide-semiconductor (CMOS)-compatible device fabrication. Moreover,
for efficiently modulating the carrier densities of 2D materials, one crucial technical issue that needs to be
considered is to properly engineer the interfaces between 2D materials and substrates or metal contacts. For
the underneath substrates, the tunability of Fermi levels might be weakened due to the Fermi level pinning
(FLP) effect caused by 2D materials-semiconductor interface states [137]. An ultraclean transfer process
[138] or a passivation layer, such as an hBn [139] or atomic-layer-deposition Al2O3 [140] layer, is usually
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required before transferring 2D materials on waveguides. Besides, large metal contact resistance may also
reduce the modulation efficiency of 2D materials-based devices. Several approaches have been demonstrated
to reduce the 2Dmaterials’ contact resistance including edge contact [141], using semimetals to achieve Ohm
contact [142], or inducing traps at the contact area. Since most experimental results of the waveguide-
integrated 2D-material electro-optical modulators are developed based on graphene, in this section, we only
focus on the study of waveguide-integrated graphene electro-optical modulators.
The intensity modulation is the main approach to developing graphene electro-optical modulators, which

were studied by integrating a graphene FET on a silicon rib waveguide in 2011 [31]. In such modulators, the
graphene absorption to propagating light in optical waveguides can be electrically modulated by alternating
the Fermi level below and beyond the half photon energy of the propagating light. After the first modulator
demonstration, the same group reported another dual-layer graphene modulator with GHz frequencies on the
silicon waveguide [143], as shown in Figure 4A. Compared with the first graphene modulator in their
previous study [31], the improved device could break the limitations of the modulation speed caused by the
carrier injection in the silicon waveguide, and further improved the modulation depth by using the dual-layer
graphene sheets. Since then, various studies of on-chip graphene intensity modulators [144–151] have been
widely demonstrated by improving graphene absorption strength to the propagating light and device op-
eration bandwidth. For example, microring resonators are employed to integrate with graphene for devel-
oping modulators [140,152–154], as shown in Figure 4B. Through tuning the round-trip attenuation, it is
possible to change the transmission of the graphene hybrid microring at the resonant wavelengths [153].
Although the microring configuration greatly reduces the footprints of the modulator, it usually suffers from

Figure 4 Studies of the waveguide-integrated graphene electro-optical modulators. (A) Schematic of the dual-layer graphene intensity
modulator [143]. (B) Schematic of the graphene-on-silicon microring intensity modulator [154]. (C) Schematic of the graphene-on-silicon
slot waveguide intensity modulator [155]. (D) Schematic of the graphene phase modulator based on the MZI structure [160]. (E) Schematic of
the graphene modulator based on the MZI structure. The intensity and phase modulation modes can be switched by using different driving
voltages [161]. (F) Schematic of the dual-mode modulator based on the graphene-nanoribbon-on-silicon waveguide [163].
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limited operation wavelengths. Moreover, optical waveguides with light confinement at the nanoscale, such
as silicon slot waveguides [155], and plasmonic waveguides [156–158], have been proposed for studying
compact graphene modulators. For instance, in 2016, Phatak et al. [155] proposed and theoretically studied
graphene-on-silicon slot waveguide modulators as shown in Figure 4C. With the merits of the nanostructured
waveguide and suspended graphene sheet, it is much easier to tune the graphene’s Fermi level compared with
the graphene-integrated TM0-mode waveguide, reducing the device length by a factor of two with the same
modulation depth.
The research progress of graphene phase modulators is still far behind that of the graphene intensity

modulators. For graphene phase modulators, the Fermi level of graphene is tuned beyond half of the photon
energy of propagating light, which mainly changes the real part of the relative permittivity of graphene,
modulating the phase of propagating light in optical waveguides. Nowadays, several groups experimentally
demonstrated waveguide-integrated graphene phase modulators [159–162]. As shown in Figures 4D and E,
the on-chip MZI devices are commonly employed. It is worthwhile to note that the phase variations induced
by the top-layer graphene sheets are usually weak, while it is easy to break down the graphene capacitance
devices under extremely high bias voltages (BVs). Consequently, phase changes of the propagating light in
optical waveguides are typically weak in graphene phase modulators, resulting in large device footprints. It is
important to enhance the light-matter interaction by using high-quality and ultra-thin isolated layers between
graphene sheets and waveguides, as well as nanostructured waveguides, such as slot waveguides [155] and
PhC waveguides [162]. Moreover, it is promising to develop graphene phase modulators with diverse
modulation formats and multiplexing techniques. For example, in 2020, the researchers proposed and the-
oretically studied binary phase-shift keying (BPSK) graphene modulators with the TE0-mode and TE1-mode
operation based on the dual-layer graphene nanoribbons integrated waveguide microring [163] and MZI
[164] configurations, as shown in Figure 4F. Besides Fermi level tuning, graphene could also be worked as an
excellent thermal heater to change the RIs of silicon waveguides for developing thermo-optical modulators
[165,166]. In Table 3, we summarized the performance of the experimentally demonstrated waveguide-
integrated graphene electro-optical modulators.

On-chip 2D-material photodetectors

Various 2D-material photodetectors have been extensively studied [167,168] since graphene was reported in
2004 [23]. Integrating 2D materials on optical waveguides not only helps improve the photodetection
responsivity of 2D materials compared with the device configurations with normally incident light but also
brings us significant advances in the development of on-chip optoelectronic systems. According to previous
studies, several photodetection mechanisms, such as the photovoltaic (PV) effect [169], photothermoelectric
(PTE) effect [170], and bolometric (BOL) effect [171], have been proposed to explain photo-electron
conversion processes in waveguide-integrated 2D-material photodetectors. As for the PV effect, photo-
currents generate from electron-hole pairs driven by built-in or applied electric fields. On the other hand, PTE
and BOL currents are both driven by the thermal mechanism. The difference between the PTE and BOL
effects lies in that the PTE currents are typically induced by the ultrafast heating of carriers in 2D materials,
while the BOL currents are normally induced by the transport conductance change of 2D materials due to

Natl Sci Open, 2022, Vol.1, 20220022

Page 12 of 28 https://engine.scichina.com/doi/10.1360/nso/20220022



temperature variations associated with incident photons. Due to the different photodetection mechanisms,
waveguide-integrated 2D-material photodetectors exhibit distinct performances in terms of responsivity,
detectivity, dark current, operation wavelength, and bandwidth. In this section, we discuss the experimental
results of waveguide-integrated 2D-material photodetectors.
Waveguide-integrated 2D-material photodetectors were reported based on graphene in 2013 [69,172,173],

in which mechanically exfoliated graphene sheets were used as photosensitive materials. In the tele-
communication band, a maximum responsivity of 0.1 A/W with an operating bandwidth of 20 GHz was
demonstrated [172] based on the PV effect. Apart from forming the built-in electric field in the graphene
channel which overlapped with the evanescent field of the propagating light, researchers also utilized a
graphene/silicon Schottky diode by directly integrating a graphene sheet on a silicon suspended membrane
waveguide [174] to detect photocurrents [69] (Figure 5A). With the improvement of graphene synthesis
techniques based on the CVD-growth process [175,176], researchers demonstrated numerous waveguide-
integrated CVD-growth graphene photodetectors [177–181] with a maximum operation bandwidth of
41 GHz [177], providing the possibility of fabricating scalable systems on a chip. To further enhance the
graphene’s optical absorption, various waveguides have been utilized to develop photodetectors, such as slot
waveguides [70,182], ultra-thin waveguides [183], PhC waveguides [184,185], and plasmonic waveguides
[186–188]. For example, Wang et al. [70] demonstrated a graphene-on-silicon slot waveguide photodetector
in 2016 which is based on the PTE effect, as shown in Figure 5B. With the enhanced optical absorption
caused by the nanoconfinement of light in the slot waveguide, a maximum responsivity of 0.273 A/W was
obtained with only a 20-μm-long active region. Besides the SOI platform, researchers explored other

Table 3 Summary of the demonstrated 2D-material electro-optical modulators

Material
Operation
wavelength

(μm)

3-dB
bandwidth
(GHz)

Modulation
type

Device
structure

Modulation
depth

Device
footprint
(mm2)

Ref.

Graphene 1.35–1.60 1 Intensity SOI waveguide 0.1 (dB/μm) 2.5×10−5 [31]
Dual-layer graphene 1.55 1 Intensity SOI waveguide 0.16 (dB/μm) 10−5 [143]
Dual-layer graphene 1.54–1.64 35 Intensity SOI waveguide 0.067 (dB/μm) 1.8×10−5 [144]

Graphene 1.55 5.9 Intensity SOI waveguide 0.05 (dB/μm) 5×10−4 [145]
Graphene 1.55 10 Intensity SOI waveguide 0.055 (dB/μm) / [146]

Dual-layer graphene 1.55 0.67 Intensity SOI waveguide 0.053 (dB/μm) 10−3 [147]
Dual-layer graphene 1.55 2.5 Intensity SOI waveguide 4.437 (dB) 10−4 [148]

Graphene 429–2000 5 Intensity SOI waveguide 10 (dB) 1 [149]
Dual-layer graphene 1.55 12 Intensity PhC waveguide 0.055 (dB/μm) 10–5 [150]

Graphene 1.55 / Phase PhC waveguide 8 (dB) / [165]
Dual-layer graphene 1.55 29 Intensity SOI waveguide 0.025 (dB/μm) 10–2 [151]

Graphene 1.55 30 Intensity Si3N4 microring 28 (dB) / [140]
Dual-layer graphene 1.59 14.7 Intensity Si3N4 microring 7 (dB) 10–5 [152]

Graphene 1.55 / Intensity SOI microring 12.5 (dB) 10–2 [153]
Graphene 1.55 / Intensity SOI microring 2.3 (dB) 10–5 [154]
Graphene 1.55 774 Phase SOI microring 7 (dB) 10–5 [166]
Graphene 1.5 / Intensity Plasmonic waveguide 0.03 (dB/μm) 10–5 [156]

Dual-layer graphene 1.55 / Intensity Slot waveguide 0.13 (dB/μm) 10–5 [157]
Dual-layer graphene 1.53–1.57 / Intensity Slot waveguide 0.036 (dB/μm) 10–4 [158]

Graphene 1.55 5 Phase SOI MZI 35 (dB) 10–1 [159]
Dual-layer graphene 1.53–1.57 / Phase SOI MZI 15 (dB) 10–1 [160]

Graphene 1.55 / Intensity & Phase SOI MZI 25 (dB) 10–1 [161]
Graphene 1.55 67 Phase PhC MZI / 10–3 [162]
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integrated platforms for developing on-chip graphene photodetectors, such as silicon dioxide [189] and
silicon nitride [180,190,191]. For instance, in 2015, Wang et al. [192] demonstrated a graphene-on-silicon
nitride waveguide photodetector based on the BOL effect. A microring resonator with a length-optimized
graphene sheet was developed to achieve a responsivity of 1.31 mA/W at 1.55 μm wavelengths. It is
worthwhile to note that graphene integration provides great potential for developing low-cost optoelectronic
devices on silicon nitride waveguides, which exhibit ultra-low optical losses but lack the capability of
modulation and photodetection due to the isolator nature. After years of device development, on-chip
graphene photodetectors have been developed to construct on-chip optical coherent receivers with the
receptions of 90 Gbit/s BPSK, 200 Gbit/s quadrature phase-shift keying, and 240 Gbit/s 16 quadrature
amplitude modulation signals [193] (Figure 5C). Although the speed of graphene photodetectors is still
slower than germanium (up to 265 GHz) [194] and InP diodes (up to 170 GHz) [195] at the tele-
communication band, the merits of ultrahigh carrier mobility and moderate requirements of the lattice match
for heterostructure integration make graphene as a promising candidate to explore high-performance on-chip
photodetection.
Besides the above on-chip graphene photodetectors at 1.55-μm wavelengths, waveguide-integrated 2D-

material photodetectors have been explored with longer wavelengths and multiply materials. For example,
Guo et al. [187] demonstrated a waveguide-integrated graphene photodetector at 2-μm wavelengths (Figure
5D). By integrating a graphene sheet on a plasmonic waveguide, the authors demonstrated a responsivity of
70 mA/W and an operating bandwidth of 20 GHz. On the other hand, although graphene photodetectors have
the merits of broad spectral operation band and high speed, the gapless band structure usually results in large
dark currents. To overcome this problem, other 2D materials with bandgap structures, such as BP, PtSe2, and

Figure 5 Study of the waveguide-integrated 2D-material photodetectors. (A) Schematic of the graphene-on-silicon heterostructure pho-
todetector [69]. (B) False-color SEM image of the graphene-on-silicon slot waveguide photodetector [70]. (C) Schematic of the on-chip
graphene optical coherent receiver based on the plasmonic waveguide [193]. (D) Schematic of the graphene-on-silicon photodetector at 2-μm
wavelengths [187]. (E) False-color SEM image of the PtSe2 photodetector with the bound-states-in-continuum waveguide integration [200].
(F) Schematic and image of the Ti3C2Tx/p-Si waveguide-integrated photodetector [201]. The inset is the false-color optical image of the
photodetector.

Natl Sci Open, 2022, Vol.1, 20220022

Page 14 of 28 https://engine.scichina.com/doi/10.1360/nso/20220022



MXene, have been investigated to develop on-chip photodetectors. Nowadays, silicon-waveguide-integrated
BP photodetectors at 1.55-μm wavelengths with the GHz-frequency operating bandwidth at the tele-
communication band [196,197] and high responsivities at mid-IR wavelengths [198,199] have been de-
monstrated. While Wang et al. [200] demonstrated a PtSe2 photodetector with bound-states-in-continuum
waveguide integration on a silicon nitride wafer (Figure 5F), with a responsivity of 12 mA/W and an
operating bandwidth of 35 GHz at 1.55-μm wavelengths. Compared with the BP photodetectors, the on-chip
PtSe2 photodetector may have better environmental stability due to the material’s superiority in oxidation
resistance. Furthermore, Yang et al. [201] demonstrated a p-doped silicon waveguide-integrated Ti3C2Tx
photodetector with a responsivity of 40 μA/W in the telecommunication band, shown in Figure 5F. By using a
vacuum annealing method, the barrier of the Ti3C2Tx/p-Si Schottky photodetector could be adjusted from
0.64 to 0.72 eV, leading to a 215-nm blue-shift of working wavelength. Besides, couples of vertical van der
Waals heterostructures, namely graphene/MoS2 [202], MoTe2/graphene [203], graphene/boron nitride (BN)
[204], and graphene/multilayer BN/graphene/MoS2 [205] heterostructures, have been also demonstrated to
attain a large responsivity, high operation bandwidth, and minimized dark current with the integration of
waveguide devices. In Table 4, we summarized the performance of the experimentally demonstrated 2D-
material photodetectors.

Summary and prospect

In this review, we summarize the optoelectronic properties of 2D materials and their applications in het-
erogeneous optoelectronic integration. Specifically, we first compare five types of the currently discovered
2D materials that can be employed to develop IR optoelectronic devices and introduce the fabrication of 2D-
material heterogeneous OEICs. We then summarize leading-edge advances in 2D-material waveguide-
integrated devices including the on-chip functional passive devices, lasers, electro-optical modulators, and
photodetectors. Although the aforementioned optoelectronic devices have experienced prosperous devel-
opment in the past decade, integrated optoelectronics with 2Dmaterials is still a sunrise direction for research
and development. There is plenty of room for the improvement of 2D-material heterogeneous OEICs in the
future, shown in Figure 6.
(1) It will be interesting to tailor the optoelectronic properties of 2D materials by engineering electronic

bands or exploring heterostructures on a chip. On the one hand, electronic bands of 2D materials can be
optimized by patterning 2D materials to nanostructures [208], or selecting suitable electrostatic gating or
doping methods [209]. On the other hand, by taking the advantage of 2D-material heterostructures, namely
lateral 2D monolayer heterostructure and vertical 2D stacking multilayer heterostructure, it can not only
elaborately engineer the energy bandgaps of van der Waals 2Dmaterial [210] to improve the photocurrent on/
off ratios in 2D-material transistors but also significantly modify the energy band diagram of 2D materials,
namely through controlling twisted magic angles [211] between adjacent 2D-material layers. Moreover,
mixture heterostructures consisting of 2D materials with 0D/1D materials, namely lead sulphide-cadmium
sulphide quantum dots [212] and mercury telluride quantum dots [213], are promising approaches to increase
photon capture capabilities in materials for improving their responsivities and extending spectral bandwidths
[214,215]. By integrating the band-engineered 2D materials or 2D-material heterostructures on optical
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Table 4 Summary of the demonstrated 2D-material photodetectors

2D material
Operation
wavelength

(μm)

Operation
bandwidth
(GHz)

Detection
mechanism

Device
structure

Detection
responsivity

Dark
current
(nA)

Ref.

Graphene 1.55 20 PV SOI waveguide 0.108 (A/W) / [172]
Graphene 1.55 42 PV SOI waveguide 0.016 (A/W) / [177]
Graphene 1.55 / PV SOI waveguide 0.37 (A/W) 20 (BV: 1 V) [178]
Graphene 1.55 18 PV SOI waveguide 0.05 (A/W) / [173]
Graphene 1.55 / PV Glass waveguide 0.72 (A/W) / [189]
Graphene 0.53 / PV Si3N4 waveguide 0.44 (A/W) / [202]
Graphene 1.55 17 PV SOI waveguide 0.025 (A/W) / [183]
Graphene 1.55 5 PV SOI waveguide 0.0008 (A/W) / [184]
Graphene 1.55/2.75 / PV SOI waveguide 0.0001/0.13 (A/W) 10 (BV: −1.5 V) [69]
Graphene 1.55 38 PV Si3N4 waveguide 0.013 (A/W) 105 (BV: 0.1 V) [206]
Graphene 1.55 70 PV Plasmonic waveguide 0.1 (A/W) / [186]
Graphene 1.55 30 PV SOI waveguide 0.015 (A/W) / [179]
Graphene 1.55 28 PV Si3N4 waveguide 0.24 (A/W) 13 (BV: 10 V) [205]
PtSe2 1.55 35 PV Si3N4 waveguide 0.012 (A/W) 317 (BV: 8 V) [200]

MoTe2/graphene 1.55 50 PV SOI waveguide 0.2 (A/W) 0 (BV: 0 V) [203]
BP 1.55 3 PV SOI waveguide 0.657 (A/W) 220 (BV: –0.4 V) [196]
BP 1.55 0.15 PV SOI waveguide 10 (A/W) / [197]
BP 3.68–4.03 / PV SOI waveguide 23 (A/W) 100 (BV: 0 V) [198]
BP 2.0 1.33 PV SOI waveguide 0.3067 (A/W) / [199]

Ti3C2Tx 1.55 / PV SOI waveguide 4×10−5 (A/W) 10−4 (BV: 0 V) [201]
Graphene 1.55 / PTE Slot waveguide 0.273 (A/W) / [70]
Graphene 1.55 18 PTE PhC waveguide 0.17 (A/W) / [185]
Graphene 1.55 20 PTE SOI waveguide 0.4 (A/W) 3×106 (BV: –0.3 V) [187]
Graphene 1.55 70 PTE SOI waveguide 3.5 (V/W) 0 [170]
Graphene 1.55 67 PTE Si3N4 waveguide 6 (V/W) 0 [191]
Graphene 1.55 65 PTE Slot waveguide 0.076 (A/W) / [182]
Graphene 1.55 33 PTE Si3N4 waveguide 2.36 (A/W) / [180]
Graphene 1.55 42 PTE SOI waveguide 0.36 (A/W) 0 [204]
Graphene 1.55 / PTE Si3N4 waveguide 0.126 (A/W) / [190]
Graphene 1.55 76 BOL SOI waveguide 0.001 (A/W) / [181]
Graphene 1.55 110 BOL SOI waveguide 0.5 (A/W) 6×106 (BV: 0.6 V) [188]
Graphene 1.31 / BOL Plasmonic waveguide 0.67 (A/W) 2.3×104 (BV: –1 V) [207]
Graphene 1.55 / BOL SOI waveguide 0.11 (A/W) 1.45×106 (BV: 1 V) [171]

Figure 6 Potential areas deserving to explore for developing 2D-material heterogeneous OEICs in the future.
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waveguides, it is expected to explore novel optoelectronic devices with unprecedented performances.
(2) 2D materials are promising to develop novel waveguide-integrated light sources. For example, strain

engineering techniques could be utilized on 2D materials even during material growth [216,217]. Therefore,
it may be possible to develop electrically pumped on-chip single-photon light emitters for quantum com-
puting, unconditional quantum cryptography, and quantum communications. Besides, waveguide-integrated
light sources based on optical nonlinearity, such as on-chip Kerr frequency combs, may also play an
important role in this area, due to giant nonlinear RIs of 2D materials. Moreover, some nonlinear optical
effects [218,219] which have been observed in graphene-covered optical fiber devices have not been studied
on 2D-material heterogeneous OEICs.
(3) Nanostructured devices are expected to bring more opportunities to improve the performances of

OEICs with 2D materials. On the one hand, photonic/plasmonic waveguide devices with excellent capability
to confine light at the nanoscale could be studied by using the plasmonic [220] or subwavelength devices
[221]. On the other hand, patterned 2D-material nanostructures [222] could also be developed on the surface
of waveguide devices for improving the strength and manner of the on-chip light confinement in 2Dmaterials
[223,224]. Based on innovative designs of 2D-material-integrated nanostructured photonic devices, it is
possible to further minimize optoelectronic devices’ footprints as well as improve the operating speeds.
Furthermore, since plasmons could be excited at the mid-IR even near-IR spectral region in 2D materials
(e.g., graphene) [225,226], it opens an avenue to develop atomic-layer thickness plasmonic integrated
circuits with ultracompact footprints and flexible electric-gate tunability for optical interconnects and sen-
sing.
(4) It is necessary to develop complex systems on a chip (SoC) by integrating multiple 2D-material

optoelectronic devices with high density and large volumes. Although the single functional devices, such as
modulators and photodetectors, have been developed to achieve state-of-the-art performances, on-chip
transceivers with advanced modulation formats and their applications still lag far behind the status in silicon
photonics [227]. Also, it is worthwhile to note that on-chip SoC with high density and large volumes are
inseparable from the direct synthesis and characterization of 2D materials on optical waveguide devices,
which are also waiting for a technical breakthrough [228]. With the development of complex SoC, 2D-
material OEICs could find more applications in optical communications, optical interconnects, super-
computers, quantum technology, and brain-like chips, serving as a powerful candidate for ICT development
in the post-Moore era.
(5) 2D-material optoelectronic devices towards mid-IR and far-IR spectral regions are promising to ex-

plore. Compared with the visible light and telecommunication band, the development of mid-IR optoelec-
tronic devices is still in its infancy. For example, current mid-IR photodetectors, namely, HgCdTe [229],
intersubband transitions in quantum wells [230], and heterojunction superlattices [231], usually suffer from
the limitations of low device operating temperature, high dark currents, and difficulties of integrating with
optical waveguides. The flexible tunability of energy band gaps of 2D materials provides a broad space for
improving IR device performances in this area. By integrating 2D materials with novel long-wavelength
photonic integrated circuits, namely silicon/germanium suspended membrane waveguide [232–237], it is
expected to bring us tremendous applications in free-space communications, imaging, remote sensing, and
spectroscopy [238–240].
(6) It is promising to develop innovative sensors based on 2D-material hybrid waveguides. Besides
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working as photosensitive materials, many great efforts have been made to demonstrate that 2D materials
could be outstanding heat-sensitive materials [241] and gas-sensitive materials [224,242,243]. Moreover,
due to the unique advantages in exciting surface plasmon polaritons in mid-IR wavelengths and THz
frequencies [220,244], selective molecular adsorption and Fermi level doping features [245], and fluores-
cence quenching [246], 2D materials are also used for the biochemical sensitization, enabling single-mo-
lecule detection based on optical methods [247]. Consequently, 2D-material heterogeneous OEICs are
potential great candidates to develop high-performance biochemical sensors.
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