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Perspectives of 2D Materials for Optoelectronic Integration
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2D materials show wide-ranging physical properties with their electronic
bandgaps varying from zero to several electronvolts, offering a rich platform
to explore novel electronic and optoelectronic functions. Notably, atomically
thin 2D materials are well suited for integration in optoelectronic circuits,
because of their ultrathin body, strong light-matter interactions, and
compatibility with the current silicon photonic technology. In this paper,

an overview of the state of the art of using 2D materials in optoelectronic
devices and integration is provided. The optoelectronic properties of 2D
materials and their typical electronic and optoelectronic applications
including light sources, optical modulators, photodetectors, field-effect
transistors, and logic circuits are summarized. The device configurations,
operation mechanisms, and device figures-of-merit are introduced and
discussed. By discussing the recent advances, future trends, and existing
challenges of 2D materials and their optoelectronic devices, this review has
provided an insight into the perspectives of 2D materials for optoelectronic
integration and may guide the development of this field within the

research community.

has been developed for many years, it
remains a great challenge to fabricate all
components in an optoelectronic system
using silicon. III-V compound semi-
conductors (GaAs, GaN, InAs, etc.) have
demonstrated very high carrier mobili-
ties (9000 to 40 000 cm? V! s7Y), and they
have excellent performances in a variety
of optoelectronic devices, such as high
power electronic devices, light-emitting
devices (LEDs), photodetectors, and so
on. Optoelectronic integration based on
III-V compound semiconductors was
proposed in the 1980s, but due to its
incompatibility with the current comple-
mentary metal-oxide-semiconductor tran-
sistor (CMOS) fabrication process, it has
not been rapidly implemented in large-
scale applications. Inspired by the photo-
synthesis in nature, the optoelectronic
devices based on photosynthetic proteins
and biomolecules, which can harvest
solar energy, store it in chemical form,

1. Introduction

Optoelectronic integration is beneficial for future mass data
transmission, because the synergetic integration of elec-
tronic and optoelectronic components can achieve high band-
width and high density 1/O capabilities.' With the dramatic
increased demand of optoelectronic technology in recent years,
achieving low cost, high speed, low energy consumption, and
miniaturized optoelectronic devices is of great commercial and
scientific interest. Although silicon optoelectronic technology

and carry out the photochemical reactions with a quantum
efficiency close to 100%, have also attracted much attention.>0l
The applications of these materials in optoelectronic devices
have been demonstrated in solar cells, bio-sensors, photode-
tectors, etc.’1%) However, the limited lifetime of biomolecules
and low overall efficiency of the reported devices have hindered
their further development.

Recently, there have emerged many novel nanomaterials
based optoelectronic devices with different functionalities,
including LEDs, lasers, optical modulators, photodetectors,
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Figure 1. Number of papers published per year on various optoelectronic applications based on 2D materials in the past decade (data taken from ISI
Web of Science). Solid lines are a guide for the eye illustrating the growth experienced by the volume of the literature.

field effect transistors (FETS), and so on.""" Among them, 2D

materials have garnered enormous interest in optoelectronic
integration due to their ultrathin body, strong light-matter
interactions, and compatibility with the current silicon
photonic technology. Their rich optoelectronic characteristics
span light emission, optical modulation, saturable absorption,
and electrically modulated field effect characteristics. Benefiting
from these properties, substantial efforts have been devoted
into 2D materials-based optoelectronic applications including
light sources, optical modulators, photodetectors, FETs, and
logic circuits. The number of publications per year in these
fields increased dramatically in the past decade, as illustrated
in Figure 1. A future goal is that these optoelectronic devices of
different functional components move to the on-chip integra-
tion. To this end, integrating these devices with silicon becomes
a viable solution, which means that existing CMOS fabrication
process can be used to achieve low-cost manufacturing.
Vertical quantum confinement gets involved when the thick-
ness of a material decreases down to the atomic-length scale,
known as the 2D form of a material. Such transformation of
a material from bulk to 2D planar leads to significant change
in electronic or optical properties and also makes it possible to
realize optoelectronic devices that can be scaled down to ultr-
asmall sizes. A stable planar 2D material were realized since
the discovery of one-atomic-thick graphite (i.e., graphene) in
2004.51 The micromechanical exfoliation route was developed
to exfoliate graphene from graphite and this approach was
later found applicable to produce other 2D materials from their
bulk counterparts.l®l The fascinating properties of graphene
has been revealed since then, including ballistic transport,
tunable interband transition, linear dispersion of the Dirac
electrons, frequency-independent light absorption across the
spectrum, highly flexibility, and environmental stability."”18]
In addition to graphene, more 2D materials have been discov-
ered afterward, such as layered transition metal dichalcoge-
nides (TMDCs), black phosphorus (BP), 2D transition metal
carbides, carbonitrides, nitrides (MXenes), and so on. Notably,
2D materials exhibit unique photoelectric properties, large
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mechanical flexibility, and good compatibility with CMOS fab-
rication process, perfectly suited to the needs of optoelectronic
integration. For instance, FETs and photodetectors based on
different 2D materials have already been studied and shown
good potential for applications.!?% Meanwhile, 2D materials
also demonstrate tunable optical response from the visible-
to-infrared telecommunication band and mid-infrared (MIR)
regions, demonstrating prospect in optoelectronic integration.
Taking BP and PtSe, which have narrow bandgap as examples,
they have been designed for infrared photonic devices such as
photodetectors and optical modulators and exhibited impres-
sive performances.?'23] Optical modulators based on gra-
phene which has zero or gapless bandgap have been used for
visible, infrared, and terahertz range successfully.l?*?’! Despite
the atomic level of thickness, 2D TMDCs also show high light
absorption, high carrier mobility at room temperature, and effi-
cient light emission, providing a new platform for fabricating
on-chip light sources.??®! Especially, 2D materials represented
by van der Waals-stacked heterojunctions and homojunctions
possess small sizes, ultrathin thicknesses, easy processing,
and novel physical phenomena for exploring optoelectronic
applications.”’~? More importantly, optoelectronic devices
based on 2D materials have been reported comparable per-
formance at room temperature to devices based on traditional
bulk semiconductors.*!

For optoelectronic integration, its basic functional units
include light emission, optical modulation, light detection
and reception, signal processing, and so on. In terms of these
applications, 2D materials based integrated light sources, mod-
ulators, photodetectors, FETS, and logic circuits have all been
realized.’3% The introduction of 2D materials into integrated
optoelectronics is not only the potential route to break through
the limitations of existing silicon semiconductor technology,
but also helpful to exploit novel applications in the future.

In this paper, we review the status and development of 2D
materials based devices integrated with silicon. First, we begin
with a brief introduction on the synthesis and optoelectronic
properties of 2D materials and their heterostructures. Then,
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we exemplify typical optoelectronic devices including 2D mate-
rials based light sources, optical modulators, and photodetec-
tors, we also discuss the electronic properties of 2D materials,
and review the development of 2D FETs and logic circuits.
Following that, we summarize the development of integrated
nonlinear photonics based on 2D materials before putting an
emphasis on the integration of 2D materials with silicon planar
photonics. Finally, the future opportunity and challenges in the
optoelectronic integration are discussed.

2. Synthesis and Optoelectronic Properties of 2D
Materials and Their Heterostructures

The integration of 2D materials into silicon optoelectronics will
require the fabrication of large-scale, uniform, and highly crys-
talline 2D films, which is an on-going hotspot in the research
field. Nowadays, there are generally two major methods of syn-
thesizing and preparing 2D materials for optoelectronic devices,
i.e., top-down methods and bottom-up methods. More spe-
cifically, top-down methods mainly include micromechanical
exfoliation and liquid phase exfoliation methods,>33* while
bottom-up methods generally include chemical vapor deposi-
tion (CVD) and hydrothermal/solvothermal methods. >3

In earlier studies of 2D material, the preparation of 2D
nanosheets for fundamental property investigation and func-
tional device fabrication is highly relied on the microme-
chanical exfoliation.! Because the in-plane chemical bonds
in 2D materials are much stronger than the interlayer bonds,
it is possible to exfoliating their bulk materials down to mon-
olayer limits. Nevertheless, there are many variations using
this method.l?*l The size and quality are limited by the dimen-
sions and crystallinity of the source crystals. Furthermore, the
low yield and poor throughput are big obstacles to real appli-
cations. Liquid phase exfoliation can be generally divided into
“chemical exfoliation” and “direct liquid exfoliation” based on
whether chemical reactions play a major role.*® Direct exfo-
liation methods can retain the original physical and electronic
properties of the 2D materials. Generally, liquid phase exfolia-
tion has low cost and relatively high yield in comparison with
micromechanical exfoliation. Along with these, the produced
2D materials usually suffer from relatively small flake size. The
hydrothermal/solvothermal method is another bottom-up way
to synthesize 2D materials from heterogeneous/solvothermal
reactions in aqueous media.l’¥l But the generation of defects
and formation of side products hinders its further application
in electronic and optical devices.

Among the various methods for synthesizing 2D materials,
CVD method has been successful used in large-scale fabrica-
tion of several representative 2D materials, such as graphene,
hexagonal boron nitride (h-BN), and TMDCs.[3=>*7] For the
growth of graphene and h-BN, metals like Cu and Ni, are often
used as promising catalyst, epitaxial substrate, or dissolution
source of the reaction atoms.***! For the growth of TMDCs,
precursors like transition metals (e.g., Mo, W, Pt, etc.), transi-
tion metal oxides (e.g., MoO3;, WO;, etc.),®*)1 or other com-
pounds like K;Mo0S,°® can be applied during the synthesis pro-
cess. The yield of fabrication by using CVD method is much
higher than that of micromechanical exfoliation, and the quality
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control is easier than that of liquid-based methods. However,
due to the defect density inevitable during growth, the crystal
quality is not as good as that by micromechanical exfoliation.
In addition, the harsh growth conditions during CVD fabrica-
tion process, including high temperature and chemically active
growth precursors, often limit the direct growth of 2D mate-
rials on specific substrates.’"l Thereby, the follow-up steps that
are used to transfer the 2D materials to arbitrary substrates is
necessary.’*?l Whereas, the additional transfer steps are time-
consuming and may introduce residues or defects which will
deteriorate the material properties. On all accounts, synthesis
of high-quality 2D material is essential for their optoelectronic
applications, which needs continuous efforts in the near future.

As mentioned above, graphene was first obtained by
micromechanical exfoliation as 2D materials.’ Graphene
has attracted tremendous interest for optoelectronic appli-
cations due to its tunable interband transition, broadband
light absorption ability (2.3% per layer), high thermal con-
ductivity (5300 W m™ K7, and ultrahigh carrier mobility
(=10° cm? V! §71).5961 The available value of energy bandgap
in intrinsic graphene is zero, which can be tuned from tens
to hundreds of millielectronvolts through electrical gating,®?
chemical doping,®3% strain engineering,®®%! or in stacked-
layer graphenel®7"l and graphene nanoribbons (GNRs).”73!
Through pressure, trilayer graphene transforms from semi-
metal to semiconductor, obtaining a bandgap of 2.5 + 0.3 eV."4
Recent advance in bottom-up synthesis of ultra-narrow GNRs
make it possible to further tune the bandgap of graphene by
changing the ribbon width and edge structure.”>”’ The arm-
chair GNRs with five carbons across the width synthesized on
Au (111) surfaces is shown to have an unexpected large bandgap
of 2.8 £ 0.1 eV.®% Nevertheless, for a practical implementation
using GNRs, the influence of the line edge on the bandgap and
the transport properties must be considered. It remains a great
challenge to find ways of fabricating large size graphene with a
sizable bandgap experimentally. These restrictions have led to
the search for other 2D materials with sizable bandgap.

Beyond graphene, a multitude of 2D materials with various
optoelectronic properties have been explored, including insu-
lators (for instance, h-BNB82)) semiconductors (for instance,
TMDCs, 8385 BP,[86-88] silicene and germanium,®% arsenene
and antimonene,®*?! etc.), and superconductors (for instance,
Mo,C,”* atomically thin Ga,® etc.). Their bandgaps vary from
zero in superconductors to several electronvolts in insulators.
The bandgap distributions of typical 2D materials are shown
in Figure 2. Among them, h-BN has a graphite-like structure,
a large electrical bandgap (=5.5 eV), a high chemical stability,
excellent mechanical properties, as well as good thermal con-
ductivity.”>%! Layered h-BN is an appealing dielectric and elec-
trically insulating substrate because it has an atomically smooth
surface that is relatively free of dangling bonds and charge
traps.l”] TMDCs, such as MoS,, MoSe,, WS,, and WSe,, have
moderate bandgaps (1-2 eV) that change from indirect in bulk
to direct in monolayer.?l A sphere diameter engineering tech-
nique has been designed to tune the bandgap of TMDCs within
a continuous range of 360 meV.*® These materials show many
interesting properties, including thickness-dependent band-
gaps, relatively high carrier mobilities, and high optical absorp-
tion coefficients, holding great potential for nanoelectronic and
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Figure 2. Bandgap distributions of typical 2D materials.

optoelectronic applications.[*>1%% BP is the most stable allotrope

of the phosphorus element in standard conditions. This mate-
rial has a tunable direct bandgap from bulk (0.3 eV) to mon-
olayer (1.5-1.8 eV), which benefits the light-matter interactions
in BP in infrared band.'Y Along with its thickness-dependent
bandgap, BP also displays high carrier mobility in the order of
10 000 cm? V' st in bulk 89 and 1000 cm? V! s7! in flakes,
signifying that BP is a very promising 2D material for opto-
electronic applications, especially in infrared band.'>1%2 On
the other hand, monolayer arsenene and antimonene are pre-
dicted to be indirect semiconductors with bandgaps of 2.49 and
2.28 eV, posing potential for optoelectronic devices working in
blue or ultraviolet (UV) range.'3] More recently, 2D perovskites
have received increasing attention mainly due to their tun-
ability of optical and electronic properties through quantum-
size effects (particularly when the thickness is lower than their
exciton Bohr radius), sizeable bandgap (1.2-2.4 eV), strong
optical absorption, low nonradiative recombination rate, long
carrier diffusion length, and solution processability.1+10%)
Furthermore, layered 2D materials with atomically uniform
thicknesses can be stacked on top of each other, where adja-
cent layers are held together by van der Waals (vdW) forces in
the stack with atomically sharp interfaces.%! Such vdW het-
erostructures can be composed of a variety of 2D materials
in different combinations, thereby an unprecedented degree
of control of their electronic and optical properties is achiev-
able.[?8197.108] Notably, vdW heterostructures also have tunable
band alignment, lack of lattice mismatching, atomically steep
carrier gradient, fast charge transport, strong light—excitons
interactions, and magnetic properties, which can be used for
electronic, optoelectronic, spintronic, valleytronic, and electro-
magnetic devices.'"l The optoelectronic properties of vdW
heterostructures can be tuned by gate voltage, strain, and its
twisted angel.2133] The diversity of 2D materials offers many
possibilities to design advanced heterostructures. These prop-
erties differ the vdW heterostructures from traditional hetero-
structures, and bring about some novel physical phenomena.['l
For instance, resonant tunneling can be realized by the proper
alignment of two 2D layers.">11l Moiré patterns are observed
due to the enhanced electron orbitals coupling in the adjacent
2D materials."7118] So far, 2D heterostructure have been used
in optoelectronic applications including LEDs, photodetectors,
photovoltaic devices, and so on.199119120] Notably, vdW hetero-
structures have atomically thin charge transport path, which
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can be used to realize ultrafast switching speed in optoelec-
tronic devices.[12!

3. Light Sources Based on 2D Materials

In the optoelectronic circuits, the light source provides the
energy and information for photonic devices handling.
Thereby, light source is one of the vital components of inte-
grated optoelectronics. However, it is difficult to realize on-
chip light source in silicon based integrated optoelectronics.
Common approaches for light sources are using one or few
off-chip or wafer-bonded lasers based on II1I-V materials, which
is limited to implement on-chip integration. Light sources with
high efficiency, spectral tunability, and device integrability are
of great significance for display, lighting, optical interconnect,
and sensing applications. Specially, on-chip light source which
allows high-density integration greatly exceed the off-chip light
source in terms of energy efficiency and scalability. Low prepa-
ration cost and easy integration with silicon make 2D materials
better candidate in the application of on-chip light source. In
addition, tunability of the bandgaps of 2D materials implies
that devices on based 2D materials can cover a tunable spectral
range.

The lack of a bandgap in graphene makes the electron-hole
recombination inefficient to emit light due to the rapid energy
dissipation. But graphene can be used as thermal light emitter
due to its superior thermal conductivity and high-temperature
stability. Graphene heated by an electrical current can emit
near-infrared light though the efficiency is extremely low.l??]
Bright visible light emission can be observed in the suspended
graphene under an electrical bias, and the emission spectrum
can be tuned by adjusting the distance between the graphene
and substrate due to the strong optical interference between
them.'?%] Figure 3a shows the schematic illustration of an
electrically biased suspended graphene device. In this device,
spatially localized hot electrons (=2800 K) at the center of the
graphene layer led to a 1000-fold enhancement in thermal radi-
ation efficiency, providing an alternative way towards atomically
thin, flexible, and transparent light emitters. An electrically
driven graphene-based light emitter can generate pulses up to
10 GHz from visible to near-infrared./'4

TMDCs with appropriate bandgap are attractive materials
for light emission. Like graphene, devices based on MoS, can
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Figure 3. Light sources based on 2D materials. a) Schematic of electrically biased suspended graphene thermal emitter.'”®l b) Schematic of the WSe,/

MoS, vertical heterojunction LED.['?8] ¢) Schematic of an infrared LED that uses multiple layers of narrow-bandgap BP and larger-bandgap TMDCs.

LD}

d) Schematic of a vdW heterostructures light emitting tunneling diodes integrated with a nanocavity.'®? e) Schematic of an optical-pumped contin-
uous-wave laser based on monolayer WSe, integrated with photonic crystal cavity." f) Schematic of an optical-pumped laser based on MoS,/WSe,

heterostructures on silicon photonic-crystal cavity.]

also work in thermal light emission benefiting from its large
Seebeck coefficient. A free-standing monolayer MoS, sheet
can emit visible light as a result of Joule heating.l TMDCs
own large exciton binding energies which also bring them high
exciton radiative rate. Electroluminescence of monolayer MoS,
has been realized.['?°l Typically, an efficient LED requires the for-
mation of a p-n junction, which facilitates the effective recombi-
nation of injected electrons and holes. Lateral p-n junctions in a
TMDC layer can be realized by applying a sufficiently large bias
to locally invert the potential of the TMDC channel with respect
to the gate. A silicon waveguide-integrated LED based on
bilayer MoTe, lateral p-n junction was realized, providing a new
option for on-chip light sources.”! In addition to the lateral
p-n junctions, the creation of vertical p-n junctions also leads
to efficient light-emitting from TMDCs. Instead of selectively
doping TMDCs into p-type or n-type semiconductors, Figure 3b
shows an atomically thin and sharp heterojunction p-n diode by
vertically stacking p-type monolayer WSe, and n-type MoS,.[18]
The electroluminescence studies showed prominent band edge
excitonic emission and strikingly enhanced hot-electron lumi-
nescence with distinct layer-number dependent emission char-
acteristics due to electron—orbital interaction in TMDCs.
Recent reports also show that defects in 2D materials favor
single photon emission. Electrically driven single photon emis-
sion from 2D TMDCs (e.g., WSe,, WS,) has been demonstrated
by using vdW heterostructures. A single photon emitter based
on the vertical heterojunction structure with the electrostatically
defined graphene-h-BN-WSe, p-i-n junction was constructed.'2’]
The light emission mainly relies on optical excitation of single
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defects in isolated WSe, monolayers, while graphene is used
as the electrodes and h-BN as the dielectric spacer layers. Sim-
ilar to optically excited defect bound excitons, narrow spectral
lines and a doublet in the electroluminescence spectrum were
observed at low current densities and low temperatures (=5 K),
arising from spatially localized defect regions of the WSe,. An
electrically driven single photon-emitting device consisting of
graphene, h-BN, WS, was also fabricated, showing the pros-
pect of 2D materials as a new platform for single photon emit-
ters.3% These findings are consistent with other single photon
emitters based on electrically driven 2D TMDCs, together
paving the way for on-chip and electrically driven single photon
sources for quantum technology applications.

To boost the external quantum efficiency (EQE) of TMDCs
based LEDs, 2D quantum well (QW) structure was developed by
Novoselov and co-workers.'?) A high EQE of >8% was achieved
by band-structure engineering with one atomic layer preci-
sion. The creation of multiple QW heterostructures also allows
fine-tuning of the emission spectra by combining 2D semi-
conductors of different bandgaps. The compatibility of these
QW-based heterostructures was further verified on elastic and
transparent substrates, promising to yield high quantum effi-
ciency LEDs based on 2D materials. As an important member
of 2D materials family, BP is also promising in constructing
infrared LEDs. Figure 3c shows a potential LED using multiple
layers of narrow-bandgap BP and larger-bandgap TMDCs.['3!
The BP, which has a tunable direct-bandgap by varying the
layer numbers, can be used as an active semiconductor for light
emission, while p-type WSe, and n-type MoS, can facilitate the
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injection of holes and electrons, respectively. Therefore, the
band-offset at the BP-TMDCs interface enables the recombina-
tion of injected carriers within BP for efficient light emission.
A nanocavity integrated vdW heterostructures, comprising of
graphene/h-BN as top and bottom tunneling contacts and mon-
olayer WSe, as an active light emitter, was also fabricated as
light-emitting tunneling diodes, as shown in Figure 3d.132 By
integrating a photonic crystal nanocavity on top of the vdW het-
erostructure, the device emitted single-mode light with a high
degree of linear polarization (84%), and the single mode emis-
sion can be modulated at a speed of =MHz, further proving
that the vdW heterostructures hold great potential for on-chip
optical information technologies. An enhanced light emission
was also achieved through coupling of WSe, monolayers with
circular Bragg grating structures, which suggests the potential
for on-chip light sources by integrating monolayer TMDC and
optical resonator.[133]

In addition, large binding energy and the absence of dan-
gling bonds make 2D materials, especially TMDCs, to be effec-
tive gain materials for generating lasers. An optical-pumped
continuous-wave laser with ultralow thresholds was achieved
by introducing monolayer WSe, as a gain medium which con-
fines direct-gap excitons to surface of photonic crystal cavity
(Figure 3e).34 The fabrication of the device shows the fea-
sibility of using 2D materials as the gain medium to realize
on-chip nanolasers. A MoS, lasers made by coating MoS,
between SiO, microdisk and microsphere exhibited attractive
performance like room-temperature operation, low threshold of
5 uW, and large output power, facilitating the development of
2D materials based lasers on silicon.®*l A vertical cavity sur-
face-emitting laser, consisting of dielectric oxides as distributed
Bragg reflectors and WS, as a gain medium, was reported oper-
ation at room temperature with a low threshold of 5 nW.[13¢
Recently, silicon photonic-crystal cavity was combined with
TMDCs to produce laser operation at room-temperature.'3”) A
1305 nm infrared laser based on few-layered MoTe, and silicon
photonic-crystal cavity was achieved.!®¥ Besides, vdW hetero-
structures can also generate lasers. Figure 3f demonstrates an
optical-pumped laser based on MoS,/WSe, heterostructures on
silicon photonic-crystal cavity.®”! The device works in infrared
range with a threshold of 33 uW, opening up a new prospect
for the development of coherent light sources with customized
optical properties on silicon photonic platforms.

Beyond TMDCs, perovskite-based LED was first reported in
2014, bringing breakthroughs to low-cost, solution-processible,
high-performance LEDs.'] Perovskite LEDs exhibit high
defect tolerance and high color purity. The light-emitting prop-
erties can be easily tuned via compositional and structural engi-
neering of perovskite.'1] The solution-processed perovskites
with spontaneously formed sub-micrometer-scale structures
can effectively extract light from the device and retain wave-
length- and viewing-angle-independent electroluminescence,
achieving peak external quantum efficiencies of 20.7%.1* Vis-
ible light emitting perovskite LED with over 20% quantum
efficiency can be achieved using a CsPbBr;/CH;NH;Br quasi-
core/shell structure.! The structure simultaneously provides
high luminescence and balanced charge injection. In addition,
perovskite is an important candidate for low-cost laser applica-
tions due to its high optical gain, balanced carrier mobility, and
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low-temperature solution-processability. The optically pumped
perovskite lasers have been developed. But the development of
electrically pumped perovskite laser is still in its infancy. Fur-
thermore, the stability of perovskites under electric stress and a
large efficiency roll-off under high current injection level is the
major obstacles to its further development.

4. Optical Modulation Based on 2D Materials

Optical modulation is one of the main required functionali-
ties for integrated optical interconnects. An optical modulator
is a device that can change one or few attributes of light, such
as its intensity, amplitude, frequency, phase, or polarization.
Depending on the change of material property that is used
to modulate light, optical modulators can be categorized into
absorptive modulators and refractive modulators. In the former
ones, absorption coefficient of the material is changed, while
in the latter ones, refractive index of the material is changed,
which in turn changes the behavior of light propagation. A set
of figures of merit are used to characterize an optical modulator,
including modulation speed, modulation depth, bandwidth,
insertion loss, footprint, and power consumption. Details on
the definitions of modulator figures of merit can be found in
ref. [14]. Optical modulators with fast modulation speed, high
modulation depth, broad bandwidth, low insertion loss, small
footprint, and low power consumption are preferred for optical
interconnects in future integrated optoelectronic systems. In
the past few decades, semiconductor optical modulators based
on Si, GeSi, and III-IV semiconductor compounds have been
intensively studied. However, they suffer from large footprint,
non-compatibility with CMOS technology or narrow band-
width. In contrast, graphene holds a great potential to be used
for optical modulators owing to its tunable absorption property
and refractive index by external disturbance (such as applying
an electric field), compatibility with CMOS technology, and
broad bandwidth.

Absorptive modulators with graphene have been dem-
onstrated covering the visible, ¥ infrared,?**¥ and THz
range.¥1% Optical response of these devices at visible and
near-infrared frequencies is dominated by interband transi-
tion of graphene, while dominated by intraband transition
of graphene in far-infrared and THz frequencies.?l A typical
graphene electro-optic modulator has been fabricated where
graphene was placed adjacent to a silicon optical waveguide, as
shown in Figure 4a.>!l The silicon waveguide also acts as a back
gate to electrically tune the Fermi level of the graphene sheet,
thereby modulating its light absorption property through Pauli
blocking. Optical absorption happens only when the Fermi
level falls between the thresholds of thaw/2 (h is the reduced
Planck constant, @ is the light angular frequency), otherwise
graphene is quite transparent. Consequently, this modula-
tion of optical absorption changes the intensity of light trave-
ling through the silicon waveguide. The device shows good
modulation performance, including a broad infrared opera-
tion spectrum (1.35-1.6 um), low operation voltage, and small
footprint in the order of um? and a 3 dB modulation speed
of 1.2 GHz. Optical modulators should feature low insertion
loss for modern telecommunication links. The insertion loss
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Figure 4. Optical modulators based on graphene. a) Schematic of a graphene-based waveguide-integrated optical modulator.?l b) Schematic of a
graphene/ion-gel heterostructure incorporated with a silicon nitride microresonator for frequency modulation.> c) Schematic of a thermo-optic
modulator based on graphene.[>> d) Schematic of an electro-optic modulator integrated with plasmonic patch array and graphene.®0l

caused by graphene when the device is at “on” state is negli-
gible as the intraband absorption of graphene is extremely low
at near-infrared wavelengths. A graphene/graphene capacitor
consisting of two sheets of monolayer graphene and an inter-
layer dielectric is integrated to a segment of a silicon nitride
ring resonator to realize effective electro-optic modulation.!>!
The device exhibits 30 GHz bandwidth. The speed of the device
could be further improved by decreasing capacitor load, the gra-
phene sheet resistance, and graphene/metal contact resistance.
A graphene-sandwiched modulator was further proposed, in
which two graphene layers are placed inside the silicon wave-
guide to increase the overlap between graphene and the optical
mode.>?] Graphene was placed at the location where maximum
optical field occurs, separated the waveguide into two parts. The
predicted bandwidth of this modulator is up to 55 GHz. How-
ever, this structure requires complicated processing and a very
high standard of fabrication technology, thereby would be dif-
ficult to implement.

Another type of modulator is refractive modulator. A model
of graphene-based ring resonator has been proposed in 2011.118!
A minor variation of the effective refractive index in the ring
resonator induced by the carrier plasma effect or the thermal
effect, would shift the resonant peaks or change their inten-
sities, consequently changing the behavior of light propa-
gation in the device. By electrically tuning the Fermi level of
graphene, both the quality factor and resonance wavelength
of the silicon resonator were changed, which in turn modu-
late the amplitude of light in the silicon resonator. This kind
of device configuration is supposed to deliver reduced dimen-
sion and high extinction ratio. Strong amplitude modulation
~40% at 1.55 pm wavelength was achieved in a graphene based
modulator coupled with a silicon resonator.®3 Furthermore,
a graphene/ion-gel heterostructure was incorporated with a
silicon nitride microresonator for frequency comb generation,
as demonstrated in Figure 4b, where an ion-gel capacitor is
implemented on top of the graphene.'> The graphene optical
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group velocity dispersion can be gate-tuned from anomalous to
normal dispersion and back to anomalous, rendering the pos-
sibility of frequency comb generation in the graphene-based
microresonator. However, the modulation speed of this device
is limited to hundreds of kilohertz because of the large ion-gel
capacitance and slow ion diffusion. The speed may be further
improved by adopting a high-x gate dielectric.

It is noteworthy that the thermal conductivity of graphene
is very high (5300 W m™ K7!), enabling efficient and fast
heat transfer. Graphene can induce a fast temperature varia-
tion of about 100 °C when 12 mW electrical power is applied.
Figure 4c shows a thermo-optic modulator consisting of mon-
olayer graphene on a silicon mirroring resonator.> The effec-
tive refractive index of the mirroring can be efficiently tuned
via graphene heating on top of it, thereby, the resonant wave-
length and strength will be modified. The device demonstrated
a modulation depth of 7 dB, operation power of 28 mW, and
a small footprint of 10 um? Compared with the state-of-the-
art silicon based thermo-optic ring modulators, the operation
power and modulation depth fall almost on the same level, but
the response speed is improved from typical microseconds to
nanoseconds. It is expected that the proposed device has the
potential for operation at tens of MHz by further reducing the
resistance-contact constant.

For future optical data processing, a modulation rate larger
than 100 GHz is needed. An all-optical approach is an optical
solution to ultrafast signal processing beyond 100 GHz and
the fiber-compatible scheme is one of the potential strategies
for future on-chip optical interconnects.>®l It was reported
that graphene all-optical modulation can operate at a modu-
lation bandwidth of 200 GHz.'*”) The bandwidth is limited
only by the intrinsic graphene response time, since there is
no need for electrical contact and circuitry drive. Surface plas-
monic polariton (SPP) have also been exploited to realize
ultracompact optical modulation with small footprint and
fast modulation speed.®®15% A localized plasmonic enhanced
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waveguide modulator, where silicon waveguide is integrated
with plasmonic metal patch array and a layer of graphene,
is reported as shown in Figure 4d.1%0 A voltage is applied to
graphene in order to modify the resonance of the plasmonic
metal patch. When the plasmons are tuned on- and off-
resonance by the gated graphene sheet, a 400 GHz modula-
tion rate can be achieved, which can meet the requirement
of optical data processing. However, the loss associated with
metal surface plasma is unacceptably large. The recent studies
of vdW materials offer a new solution to achieve low-loss
plasmons. For example, graphene SPPs have the potential
to bypass major hurdles associated with plasmons in metals,
such as the narrow spectral ranges and high optical losses,
because graphene plasmons are electrically tunable and have
a high degree of electromagnetic confinement.l'®"162 Tnvesti-
gating high-quality graphene based plasmonic waveguide may
reveal low optical losses and other unanticipated optical prop-
erties, providing a basis for realizing low-loss plasma-assisted
modulators.

Except for the graphene-based modulators, optical modu-
lators using different kinds of 2D materials, such as TMDCs
(WSe,,[1631 WS, 164 MoS,[1%%)), BP,1¢ and Tel'”l have been
reported. A CVD-grown WSe, covered microfiber knot reso-
nator (MKR) realized all-optical power modulation due to
their resonance strong absorption.['®3] BP is also integrated to
realize all-optical modulator due to the high carrier mobility,
strong light-matter interactions and tunable bandgap.l*%l
The modulator exhibited large bandwidth (3 dB bandwidth
of =2.5 MHz) and a low-loss. In addition, 2D Te can be used
for extremely fast and low energy Pockels effect modulators
because of its broken structural inversion symmetry and giant
electrooptic activity.l1”]

(a) (b)

Graphene

ALLO, Graphene

Figure 5. Representative photodetectors based on 2D materials. a) Schematic of a photodetector based on gold-patched graphene nanostripes.

www.afm-journal.de

5. Photodetectors Based on 2D Materials and
Their Hybrids

Photodetectors can convert incident light into a measurable
photocurrent or photovoltage for further processing. Commer-
cialized photodetectors based on IV and III-V semiconductor
compounds (e.g., Si, Ge, GaAs, GaN, InGaAs) cannot response
to photons with energy lower than the material's bandgap. In
contrast, graphene photodetectors are advantageous especially
in terms of the spectral bandwidth. Its linear and gapless band
structure ensures that its optical absorption coefficient is essen-
tially constant from the visible to the MIR band.'®l Because
of this spectrally flat absorption, graphene photodetectors can
convert light into electrical signal over a broad electromagnetic
spectrum. A typical graphene photodetector with interdigital
electrodes is shown in Figure 5a. Because of its ultrafast car-
rier mobility (up to 10° cm? V™! s7!) and fast exciton relaxation
time (<150 fs), graphene photodetectors have shown ultrafast
photoresponse with the operation frequency predicted to be
=500 GHz.l!%®l However, the performance of graphene pho-
todetectors is strongly limited by the large dark current that
dominates under nonzero bias operation. The responsivity of
pure graphene-based photodetectors is limited to =102 A W,
owing to its finite light absorption in such a thin body (one
atomic layer thick) and ultrafast interband and intraband
recombination rate of the photo-excited carriers.'*%17% For com-
parison, the responsivity of commercial Si and Ge photodiodes
lies in the range of 0.5-1 A WL To bridge this gap, tremen-
dous efforts have been devoted to enhance the light absorption
in graphene, such as coupling graphene with plasmonic nano-
structures,!”"72] microcavity,7>"74 as well as other gain mate-
rials (e.g., PbS quantum dots")), as shown in Figure 5b,c.

()

Quantum dots

Graphene

Perovskites

Graphene

n72)

b) Schematic of a microcavity-integrated graphene photodetector.”?l c) Schematic of a hybrid graphene-quantum dot photodetector.["3! d) Schematic
of a photodetector with ferroelectric polarization-induced electrostatic field.®® e) Schematic of a vertical heterojunction photodetector.?*!l f) Schematic
of a vdW heterostructure photodetector made of multiple kinds of 2D materials.[?"]
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TMDCs have also shown intriguing potential for photodetec-
tion, because Van Hove singularities in the electronic density
of states of TMDCs guarantees enhanced light-matter inter-
actions.l”®l As the most explored member from the family of
TMDCs, MoS, has a tunable bandgap that varies with thick-
ness, i.e., bulk MoS, has an indirect bandgap of 1.29 eV, and
monolayer MoS, has a direct bandgap of 1.8 eV due to quantum
confinement effect. Atomically thin films of MoS, have excel-
lent photoactive properties in terms of strong resonant light
absorption (>20%) which makes this material ideal for use in
photodetectors.”7-78] The responsivity of exfoliated monolayer
MoS, can reach 880 A W17 Photodetectors based on mul-
tilayer MoS, films can achieve comparable responsivity and
wider spectrum response than the monolayer MoS, photode-
tector due to the decreased bandgap of multilayer TMDCs.[8!
Apart from MoS,, other TMDCs have also been explored for
photodetection, including WS,,[180.181 W Se, [182183] MoSe, [184185]
PtSe,, 123189 etc. Alike the case for graphene photodetectors, the
approaches used to improve the device performance is also
applicable to TMDCs photodetectors. For instance, when incor-
porating graphene quantum dots (GQDs) onto MoS, to form
an n-n type heterostructures, the device shows significantly
improved photoresponsivity =10* A W' and a photogain =10’
electrons per photon.'®”l The improved photodetection perfor-
mance is attributed to the enhanced light-matter interactions
resulting from the tunneling of photoexcited carriers from the
GQDs to MoS, and the reabsorption of emitted photons from
the GQDs by MoS,, which is different from the aforemen-
tioned ones in graphene/PbS hybrid structure,”! in which
PbS QDs do not emit photons. However, the photodetection of
MoS, photodetectors mainly lie in UV to visible wavelengths
range induced by the relatively large bandgap (1-2 eV). The
energy gap engineering of a 2D material system can be used to
broaden this range. Under an ultrahigh ferroelectric polariza-
tion-induced electrostatic field (Figure 5d), the photoresponse
wavelength range of a MoS, phototransistor was extended
from the visible to the near-infrared range (0.85-1.55 pm).[88l
Additionally, the response speed of TMDCs based devices is
relatively slower than that of graphene, on the timescale of mil-
liseconds, due to the much smaller carrier mobility of TMDCs,
and the relative long relaxation of the photocarriers in TMDCs.

BP has also emerged as an attractive candidate for optoelec-
tronic applications.! The bandgap of BP fits well into the gap
between zero bandgap graphene and large bandgap TMDCs.
BP photodetectors exhibit good photoresponse in a broad
spectral range from visible to MIR wavelengths, and can also
acquire high-contrast images both in the visible and infrared
waveband, signifying that BP is a very promising 2D material
for infrared photodetection.®*1°1 Additionally, BP has intrinsic
in-plane electric and optical anisotropy.'®? The hexagonally dis-
tributed phosphorus atoms in BP are arranged in a puckered
structure. Due to this property, BP photodetectors are polariza-
tion sensitive.1>1% Higher photocurrents are generally found
in the armchair direction than that in the zigzag direction
because the interband transitions for polarization along the
armchair direction are predominant over the zigzag direction,
which thereby allows determination of the crystalline orienta-
tion. Other in-plane anisotropic 2D materials, for instance,
Asyg3Po 17,11 GaSe, 1% GeAs, 7] PdSe, %81 GeP,1%] ReS,,1200]
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ReSe,?0 TiS3,2% TiSe, 2l Te, % TalrTe,”® MoTe,,l*%
WTe,,%! etc., also demonstrate polarization sensitive photore-
sponse. Recent report showed that an anisotropic Te photode-
tector with photoresponsivity anisotropic ratio reaching up to
~8 under 2.3 um illumination can realize polarized infrared
imaging under scattering.[2%8l

The successful production of 2D organo-metal halide perov-
skite promises novel device applications due to their high
surface-to-volume ratio, sizeable bandgap, and high sensitivity
to visible light. Organo-metal halide perovskite are materials
described by AMX; formula, in which A is organic cation, M is
metal cation, and X is halogen anion. Different halogen anions
in perovskite materials affect optical bandgap which determine
response spectra of photodetectors.l?%’] Photodetectors based on
single-unit-cell thick CH3;NH;PbI; perovskite nanosheet shows
a responsivity of 22 A W~ under a 405 nm laser, relative fast rise
(20 ms) and delay (40 ms) times due to the reduced dimension-
ality.?1% The 2D perovskite sandwiching between two graphene
layers is used to enhance the device performance.?!Y) Owing to
the high mobility of graphene layers, the charge carriers would
transmit very fast which in turn results in a high responsivity
of 950 A WL However, stability in ambient condition is still a
major concern when considering the use of 2D organo-metal
halide perovskite based photodetectors. Alternatively, 2D all
inorganic perovskites (such as CsPbXj, X is halogen anion),
which show comparable performance in terms of light absorp-
tion to that of the organo-metal halide perovskites, seem to be
potential candidates for stable and efficient photodetection.[?'?!
A photodetector based on atomically thin CsPbBr; nanosheets,
demonstrated reasonable responsibility, high stability as well
as outstanding flexibility.?'¥ The simple solution process-
ability of large-area, crack-free, high-quality 2D perovskites
films makes it potential candidates for the fabrication of large
area, ultrathin, and flexible optoelectronics. Other emerging 2D
materials, including MXenes (Mo,CP?"! MoCT,,[?%] Ti;C,T,[219)),
multielement 2D layered material (Bi,0,Se,?”! EuSbTe;'®l),
2D Sel?™l and its composites (MoSe,?2% GaSe,[?2!l SnSe, 222
PdSe,,??l GaSe,”?l GaggsdngSel??¥), and 2D Bil?»! have
also been explored for photodetection with intriguing device
performance.

Beyond above, vdW heterostructures include but not limited
to graphene-h-BN, graphene-TMDCs, TMDC-TMDC combina-
tions, have been intensively investigated for photodetection.
A typical 2D heterostructure based photodetector is shown in
Figure Se. Heterostructures can combine the merits of different
2D materials, enabling good performance of the devices. The
built-in electric field in the heterostructures accelerates the sep-
aration of photoexcited carriers, yielding a large photocurrent
and a high quantum efficiency. Moreover, novel physical and
optical properties inside vdW heterostructures may be achieved
due to strong layer-layer coupling.??! The combinations of
MoS,/WSe,,[272281 MoS,/WS,,22% WSe,/ReS,,23% etc., have
been used in fabricating high-performance photodetectors. The
I-V characteristics of these heterostructures behave promi-
nent rectification effect, like the cases of traditional p-n diodes.
Notable, the polarity of the photocurrent can be altered, and is
quantitatively explained by the gate-tunable charge exchange
between the heterostructure layers. Large-scale, periodic
array of vdW heterojunctions can be produced recently.?31-233]
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Photodetectors using the heterojunction arrays were also dem-
onstrated with reasonable performance. Additionally, as shown
in Figure 5f, vdW heterostructures made of multiple kinds of
2D materials can also be explored for photodetection, demon-
strating gate-tunable photodiode behavior.?'!l In the future, 2D
vdW heterostructures promise to accomplish high performance
optoelectronic devices which have fast operation speed, high
absorption cross-section and small feature size. In Table 1 of
this part, we summarize the device figures-of-merit of photode-
tectors based on different 2D materials.

6. Electronic Circuits Based on 2D Materials

Electronic circuit is one of the indispensable parts in opto-
electronic integration. FET is the basic unit cell of electronic
circuits, as the functions of switch, amplifier, and so on. The
development of FETs promotes the development of integrated
optoelectronic circuits to a certain extent. 2D semiconductors
are ideal candidates for FETs application which is expected to
hold several merits including switchable conductance at atomic
scale, high carrier mobility, free of surface dangling bond, and

Table 1. Comparison of device performances of photodetectors based on different 2D materials.

Thickness Ve Vg [V] Spectral EQE [%)] Responsivity Gain Detectivity Response Ref.
range [nm] (AW [em HZ'/2 W] speed/rise time
G2 1 layer -15,0.4 1550 0.1-0.2 6.1x1073 - - 16 GHz, 10 Gbit s~ [234]
G/Au 1 layer 0,0 514 1.5 6.1x1073 - - 532 kHz [235]
G/Microcavity 1 layer 0,2 864.5 21x1073 - - - [236]
G/PbS 1 layer -20,5 600 532, 950, 25 =107 (@600 nm) =108 7% 10" 10 ms 175
1450
G/Perovskite 1 layer 0,3 250-700 - 6.0 X 10° (@405 nm) 10° - 120 ms [237]
MosS, 1 layer 50,1 400-670 - 7.5 %107 (@550 nm) - - 50 ms [238]
MoS, Trilayer 0,10 <660 10 0.57 (@532nm) 13.3 101 70 us [239]
MoS, 30 nm -3,1 UV=900 - 0.1 (@633 nm) - 3% 10" - [240]
MoS, 1 layer -70, 8 400-680 - 880 (@561 nm) - - 4s [179]
MoS, Trilayer 0,5 Vis® = 1550 - 2570 (@635 nm) - 2.2x10" 1.8 ms [188]
MoS,/GQD Trilayer 80,1 <635 - 10* (@405 nm) 107 - 70 ms n87]
WS, 60 nm 0,9 370-1064 101 0.51 (@635 nm) - 1.93 x 10° 41s [247]
MoSe, 1 layer 0,10 532 - 13x1073 - - 60 ms [242]
MoSe, 1 layer 0,1 650 - - 5% 107 - <25ms [184]
BP 3-8 nm 0,02 Vis = 940 - 4.8 1073 (@640 nm) - - Tms [19]
BP 120 nm 0,0 Vis-NIR9 - 20x 1073 (@532 nm) - - =0.25 ms [197]
5x107 (@1550 nm)
Perovskite 1 unit cell 0,1 405 532 - 22(@453 nm) - - <20 ms [105]
12(@532 nm)
G/Waveguide 1 layer 0,-1.5 NIR-MIR - 0.13 (@2750 nm) - - - [243]
G/Waveguide Bilayer 0,1 1450-1590 <3.8 0.108 - - 20 GHz [244]
12 Gbits™
G/Waveguide Trilayer 0,0 1310-1630 <10 0.05 - - 18 GHz [245]
(@1550 nm)
BP/Waveguide 1.5 nm 0.4, -8 1550 <10 0.135 - - 2.8 GHz [246]
3 Gbit s
MoS,/WS, Multilayer 0,1 633 278 1.42 - - Thousands [229]
(@633 nm) of seconds
G/MoS, 1 layer/5 layer -50, 0.1 635 =32 5x 108 5x 101~ - - [247]
10 x 10'°
G/MoS,/G 1 layer/ -60,0 458-633 27 - - - 50 s [248]
50 nm/1 layer (@514 nm)
G/MoS,/Metal 1 layer/50 nm -1,0 458-633 55 0.22 - - - [248]
(@488 nm) (@488 nm)
G/WSe, 0,1 532 800 0.35 10" 50 us [249]
G/Perovskite/G 1 layer/ 0,1 532 - 950 2200 - 22 ms [21M]

95-150 nm/layer

AG: graphene; P)Vis: visible; INIR: near-infrared.
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Figure 6. Characterization of FETs based on 2D materials: a) Cross sectional view of a dual-gate bilayer graphene FET.®”) b) The room temperature
transfer characteristics of a dual-gate bilayer graphene FET.®’l ¢) Cross-sectional view of a dual-gate monolayer MoS, FET.2® d) Typical transfer char-
acteristic for n-type MoS, FET.[?%8 ) Schematic of a top-gate WSe, FET with chemically p-doped metal contacts by NO, exposure. Here, the top-gate

acts as the mask for protecting the active channel from NO, doping.?*% f) Typical transfer characteristics of a p-type WSe, FET.

compatibility with the current CMOS technology. In particular,
their 2D feature, as the most significant advantage, enables
the entire thickness of the active channel in close proximity to
the gate electrode, thereby enhancing the gate control of the
channel and reducing short-channel effect.

Graphene FETs offer advantages as they show extremely high
mobility, high operation frequency, and good transparency. A
graphene FET is demonstrated in Figure 6a,b. The graphene
FET shows gate-tunable operation mode changing from n- to
p-type mode as sweeping the gate voltages.[®” However, in the
context of electronic applications, the energy bandgap is one of
the pivotal properties. An obstacle to use graphene has been the
low on/off ratios (typically lower than 10?), resulting from the
absence of an energy gap between its conduction and valence
band. Such low on/off ratios are considered insufficient for
digital electronic applications, which require at least four orders
of magnitude current on/off ratios. Semiconducting TMDCs
FETs offer many benefits including high on/off ratios, steep
subthreshold swing, reduced short-channel effect, smaller die-
lectric constant than silicon, intrinsically low density of surface
traps, and correspondingly low threshold voltage. The reported
magnitude of the carrier mobility in TMDCs FETs ranges from
10 to around 700 cm? V! 571, the on/off ratios are typically from
10% to 108. Notably, small subthreshold swing of 60 mV dec™
is achievable in 2D TMDCs FETs, which outperforms silicon
metal-oxide-semiconductor FETs (*MOSFETs).2% A MoS,
FET with sub-10 nm channel length was demonstrated, which
exhibits high on/off current ratio (=10°~10”) and no obvious
short-channel effects.>>'-2>] A 2D transistor with a 1 nm phys-
ical gate was constructed with a MoS, bilayer channel and a
single-walled carbon nanotube as the gate electrode, signifying
the potential of TMDCs to solve the problems of silicon transis-
tors scaling in the future.?>’]
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[250]

The demonstration of n- and p-type transistors on the same
substrate is needed to enable low-power logic circuits. Notably,
TMDCs FETs can operate in n- or p-type mode, as seen in
Figure 6¢c—f. Monolayer and few-layered MoS, has shown the
potential use for high performance n-FETs, due to their low
conduction band edge position and Fermi level pinning near
the conduction band edge at the metal-TMDCs interfaces.
Single-layer MoS, FET was reported to exhibit a high current
on/off ratio of 10® at room temperature, an electron mobility
of over 200 cm? V! s71.[2%8] The reported values of on/off ratio
and achievable mobility in a double layer MoS, FET are 10°
and 300 cm? V7' s, respectively.?>” The field-effect mobility
of a 10-nm thick multilayer MoS, FET was reported to be
184 cm? V! 57112601 MoS, FET built from all 2D materials, using
a MoS, channel, h-BN gate dielectric, and graphene source/
drain and gate contacts, demonstrates an on/off current ratio
of >10° and an electron mobility of =33 cm? V! 711261 On the
other hand, WSe, and MoSe, are generally used for the explo-
ration of high performance p-FETS, due to their high valence
band edge position. Monolayer WSe, FET was reported with a
high effective hole mobility of 250 cm? V! s7, a subthreshold
swing of 60 mV dec), and on/off ratio of >10° at room
temperature.[?>%

Integrated circuit based on 2D materials has been reported
with two n-type MoS, FETS, this configuration shows higher
power dissipation than for circuits based on MOSFETs.[262
Interestingly, in a single 2D material based Schottky-type FETS,
the device transport polarity depends on the Schottky barrier
height for electrons and holes, respectively.?®¥! Layered WS,
and WSe, are found to display ambipolar behavior, and this
ambipolar operation is rarely observed in traditional FETs. By
leveraging on the ambipolar transport behavior of TMDCs,
complementary logic inverter can be realized. The operation
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Figure 7. Characterization of FETs based on 2D materials. a) Schematic of an inverter based on WSe, complementary FETs, depicting the n- and p-FET
components.?% b) Voltage transfer characteristics of a WSe, inverter at different supply voltages.?¥ ¢) Schematic of an ambipolar digital inverter

based on BP transistor.?5’] d) Input pulse oscillates and output pulse of the inverte

of n- and p-type FETs on the same WSe, flake was realized,
and a complementary logic inverter has been demonstrated
(Figure 7a,b).2% The peak direct current voltage gain is meas-
ured to be >12 and the noise margin for high input was 1.05 V
at a small bias voltage of 3.0 V. Alike WSe,, BP also demon-
strates ambipolar conduction.l?652%] A complementary inverter
based on ambipolar BP FETs has been realized (Figure 7c,d).2¢"]
BP shows much higher carrier mobility of =1000 cm? V! g7
for the hole transport than that of TMDCs, allowing BP FETs
to reach high-frequency operation up to 20 GHz.[2%81 A carbon-
doped BP (b-PC) FET achieved a higher p-type mobility of over
1995 cm? V' 71269 A flexible BP FET has shown a device
mobility of =310 cm? V™! s and field-effect current modula-
tion exceeding 10327 Based on this, flexible BP inverters, fre-
quency doublers, analog amplifiers, and amplitude-modulated
demodulators have been demonstrated. Following this, the
radio frequency BP FETs on highly bendable polyimide sub-
strate was reported for GHz nanoelectronic applications./?’%
The above results indicate that BP holds an important metric
for high-speed electronics.

Table 2 summarizes typical device performances of FETs
based on different 2D materials. For further application, sev-
eral scenarios in the emerging 2D electronic circuits have to be
carefully considered including interface traps, contact resist-
ances, and device passivation. Though 2D semiconductors
are deemed to be free of surface defects, a small but nonzero
threshold voltage for 2D FETs is evidence of intrinsically low
density of surface traps. A better 2D semiconductor/dielectric
interface can be achieved if substituting the currently used
SiO, with a state-of-art high-x dielectric or h-BN. The second
issue is the contact resistance at the TMDCs/metal junction,
which is much larger than contacts of graphene/metal due
to the enlarged Schottky barrier height induced by the wide
bandgaps of TMDCs. Lowering the metal contact resistance is
essential to harvest the intrinsic material properties, thereby it
is important to choose contact metals with suitable work func-
tion.[250:260271 Tower work function metals like Sc are prior
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1 [267]

to form improved contacts with n-type TMDCs,2° whereas
higher work function metals like Pd are easier to form good
contacts with p-type TMDCs.>" The third issue is isolating
the 2D semiconductor from atmosphere because they are
much more sensitive to introduced contaminants due to their
ultrathin body thickness. Transistors passivated by a 20-nm-
thick HfO, layer demonstrated a dramatic improvement in the
field-effect mobility from 10 to 15 cm? V! s7! (before depos-
iting HfO,) to exceeding 300 cm? V-! s™! (after passivation).[*>’]
Moreover, a significant enhancement in the field-effect
mobility from 184 to 700 cm? V! s7! was achieved by covering
the top of a MoS, transistor with a thin layer of 15-nm-thick
Al,0,.[260]

7. Nonlinear Photonics Based on 2D Materials

Nonlinear optics, which is a branch of optics investigating
the light behavior in nonlinear media, plays an increasingly
important role in optoelectronic applications. According to the
fundamentals of nonlinear optics, the response of materials
may cease to be linear under certain high optical field, and
nonlinear optical effects could occur, where the higher-order
(n 2 2) terms appear at frequencies different from the fre-
quency of the incident light.?”7:#8] Compared with traditional
bulk ITI-IV materials, 2D materials have comparable nonlinear
susceptibility, ultrafast response, broadband and tunable optical
absorption, and can be integrated to arbitrary substrates via
vdW force avoiding the lattice-matching issue.?%-282 Thus,
the ease of integration and hybridization with other materials
makes 2D materials a potential nonlinear optical platform
for integrated nonlinear devices. The second-order nonlinear
effects and third-order nonlinear effects are the mostly investi-
gated processes recently. To date, the integration of these effects
with integrated photonics is highly attractive for optoelectronic
applications such as photon generation, manipulation, detec-
tion, imaging, and so on.[?83-286]
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Table 2. Typical device performances of FETs based on different 2D materials.

Thickness Device Polarity Mobility On/off ratio Subthresh-old swing Output current Ref.
[nm] structure [em? Vs [at 300 K] [mV dec™] LA um™
Graphene 1 layer Bottom-gate p-type 10* <30 - >108 A cm™ [15]
Graphene Bilayer Dual-gate p-type - 100 - - [69]
Graphene 1 layer Top-gate p-type 104 <5 - - [272]
GNRs 1.5 Bottom-gate p-type 100-200 107 - 200 [273]
MoS, 1 layer Top-gate n-type 200 108 74 2.5 [258]
MoS, 15 Dual-gate n-type 517 108 140 6.4 [274]
MoS, Bilayer Top-gate n-type 300 107 88 23 [259]
MosS, 10 Bottom-gate n-type 700 107 - 240 [260]
MoS, 10 Bottom-gate n-type 33 >107 - - [267]
WSe, 1 layer Top-gate p-type 250 106 60 10 [250]
MoSe, 7 Bottom-gate Ambipolar 150-200 108 - 1 [263]
WSe, 10 Top-gate Ambipolar - >10* - 0.1-0.2 [264]
WSe, 8 Bottom-gate p-type 350 100 250 - [275]
BP 10 Bottom-gate p-type 1000 (upa)) 10° 3700-13 300 =1 [102]
BP 1 layer bottom-gate p-type 286 (1) 10 - 194 [276]
BP 18.7 Bottom-gate Ambipolar 170.5(up) 10? - 93.3 [265]
BP 15 Bottom-gate Ambipolar 310(up) 10%-10* - - [267)
89(t")

2, hole mobility; )p,: electron mobility.

As to the second-order nonlinear effects, the second har-
monic generation (SHG) in 2D materials is one of the mostly
studied nonlinear process for integrated optoelectronic
applications.[?”?28% The second-order optical effects are allowed
due to their broken inversion symmetry in odd number of
layers of TMDCs crystals such as MoS,, MoSe,, MoTe,, WS,,
WSe,, TiS,, etc.l?¥72% The SHG in monolayer MoS, is orders
of magnitude larger than that of bulk MoS,.?*! A monolayer
MoS, was proved with strong optical nonlinear effects,”®”] and
the second harmonic can be generated with a nonlinear sus-
ceptibility on the order of 107 mV~. The wavelength depend-
ence of the SHG in monolayer MoS, was demonstrated with
tunable excitation wavelengths from 680 to 1080 nm.[2%8] Alike
MoS, monolayer WS, also has large second order nonlinear
susceptibility with an estimated value of =4.5 X 10~ mV~! which
is nearly three orders of magnitude larger than other common
nonlinear crystals such as BBO.?* In monolayer MoSe,, the
second-order susceptibility was calculated to be =5 x 107 mV~"
at the second harmonic wavelength =810 nm.[?°?! Furthermore,
the MoSe, monolayer exhibits a strong laser-induced damage
threshold under picosecond-pulse excitation, which means
MoSe, will be a promising candidate for high-power, thin-film-
based nonlinear optical applications.

For optoelectronic applications based on SHG in 2D mate-
rials, a monolayer WSe, FET was demonstrated by electrical
controlling of SHG intensity.?%®l The tunable SHG arises from
the resonant responses of neutral and charged excitons under
electrostatically controlled charging effects, which represent
a new class of electrically tunable nonlinear optical devices.
These CMOS compatible SHG transistors (Figure 8a) may
enable novel applications in optical signal processing, on-chip
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nonlinear optical sources, and integrated photonic circuits. By
integration with waveguide, the length of the nonlinear inter-
action with light could be increased, and thus overcome the
limitation of the monolayer thickness of TMDCs. As shown in
Figure 8b, an atomically thin MoSe,/Si-waveguide integrated
platform was developed and demonstrated fivefold enhance-
ment of the SHG in comparison to free-space SHG in bare
MoSe,.?*Yl Integrating 2D crystals with microcavity can also
achieve enhanced nonlinear output. A monolayer WSe, inte-
grated with a planar silicon photonic crystal was reported for
the improvement of SHG.?%! By incorporating with the silicon
photonic crystal, which has a high quality factor and small
volume, the enhanced SHG (=200-fold enhancement compared
to a bare monolayer on silicon) was observed when the excita-
tion wavelength matched the cavity resonance wavelength. Fur-
thermore, the enhancement of SHG by coupling a monolayer
MoS, to the guided-mode resonances of a one-dimensional
photonic crystal was demonstrated, and showing a 170-fold
enhancement of the generated signal relative to a bare mon-
olayer. This provides a way toward silicon chip-integrated non-
linear devices based on 2D materials.2%

As to the third-order nonlinear effects, the third-harmonic
generation (THG) and four-wave mixing (FWM) are the mostly
studied process in integrated optoelectronic applications.[27%28%
In contrast to SHG, THG can be possibly generated in mate-
rials regardless of whether they are inversion symmetry or
not. The third-order nonlinear optical interactions in gra-
phene have been extensively studied in experiments.[226-2%]
Graphene has ultrafast nonlinear optics responses and displays
a large third-order nonlinearity. A graphene layer integrated
with a designed resonant cavity for THG was demonstrated
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Figure 8. Nonlinear photonics based on 2D materials. a) Schematic of a monolayer WSe, transistor for SHG.[2?l b) Schematic of the hybrid integration
of MoSe, onto a Si-waveguide for SHG.[?!l ¢) Schematic of the graphene integrated photonic crystal cavity for FWM.B%1 d) Schematic of graphene

oxide films integrated with micro-ring resonators for FWM.3%¢l

and the conversion efficiency approached 107*12%’! Compared
with the signal at nonresonant wavelength, a 117-fold enhance-
ment of THG signal at resonant wavelengths was achieved
from graphene integrated with the resonant cavity. The value
of third-order susceptibility of graphene is deduced to be 4 x
1077 m? V=2, TMDCs including MoS,, MoSe,, WSe,, WS,, and
ReS, have also demonstrated THG effects.?0-392] In monolayer
MoS,, the third harmonic was reported to be around 30 times
stronger than the second harmonic, and the THG efficiency
for monolayer MoS; can reach three times higher than that of
graphene.’% Interestingly, in ReS,, the anisotropic THG was
observed and the third-order susceptibility is on the order of
1078 m? V=239l This large nonlinear optical response suggests
potential applications of this material in optoelectronic devices
involving third-order nonlinear processes.

FWM is one of a third-order nonlinear optical effects, in
which light beams with different wavelengths interact with each
other and produce new wavelengths.%282] FWM in 2D mate-
rials is also employed for optoelectronic applications. In gra-
phene and MoS, thin films, FWM was obtained by introducing
pump probe laser beams with different wavelengths.393304 Ag
shown in Figure 8c, a graphene integrated with a wavelength-
scale localized photonic crystal cavity was demonstrated for
the high third-order nonlinear response.’® The chip-scale
optoelectronic platform shows the exceptional third-order non-
linearity with ultralow-power optical bistable switching, self-
induced regenerative oscillations, and enhanced coherent FWM
at femtojoule cavity energies. The conversion efficiencies were
observed up to 107 at a cavity Q-value of 7500 with low pump
power of 600 uUW. Layered 2D graphene oxide (GO) films inte-
grated with CMOS-compatible doped silica micro-ring resona-
tors (MRRs), as shown in Figure 8d, was also demonstrated for
FWM generation.?%! Due to the strong light-matter interac-
tions between MRRs and GO film, a significant improvement
was achieved in the FWM conversion efficiency for an MRR
uniformly coated with one layer of GO and a patterned device
with 50 layers of GO, respectively. Based on the above investiga-
tions, the integration of photonic resonators with 2D materials
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has been proved to be an effective way to improve the perfor-
mance of nonlinear optical processes.

8. Integration in Planar Silicon Photonics Based
on 2D Materials

Layered 2D materials are well suited for integration in planar
silicon photonics, because of their ultrathin body and compat-
ibility with the current CMOS technology. The monolithic inte-
gration of a CMOS integrated circuit with graphene, operating
as a broadband image sensor has been realized, in which the
graphene and the read-out circuit were connected with a ver-
tical metal interconnect.?”l The image sensor consists of a
388 x 288 array of graphene-quantum dot photodetectors and
shows high sensitivity at visible and short-wave infrared band.
Besides, in optoelectronic circuits, coupling 2D materials with
in-plane evanescent field in an optical waveguide offers a new
platform for exploring their potential use in optoelectronic inte-
gration. Photodetection in a 2D material/waveguide configura-
tion has shown substantial advantages, especially in terms of
low dark current and high responsivity.?%-3% [n these struc-
tures, the incident light is restricted and transmitted in the
waveguide. The increase of the interaction length through
light coupling between the 2D material and evanescent field
in the optical waveguide, and a naturally formed 2D material/
waveguide heterojunction affords a low dark current and signif-
icantly enhanced photoresponsivity. A graphene slot waveguide
device features with compact footprint and enhanced light—
matter interactions with the top graphene layer.’' A relatively
high responsivity of 0.273 A W~! was demonstrated at 1.55 um
wavelengths. A gated multilayer BP transistor integrated on a
silicon waveguide was also demonstrated in the infrared tele-
communication band.?*! In a significant advantage over gra-
phene/waveguide devices, this device can operate with lower
dark current. And the device demontrated responsivities of
657 mA W using a 100 nm-thick BP, and a high bandwidth
exceeding 3 GHz. A TMDCs based waveguide device was
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Figure 9. 2D materials integrated with silicon planar optoelectronics. a) schematics of the photodetector with monolayer MoS, directly integrated on
top of the waveguide.'? b) Schematic diagram of integrating graphene/MoS, heterostructure with SiN, waveguide.? ¢) Schematic of the waveguide-

integrated MoTe, LED and photodetector.'”’] d) Schematic diagram of the proposed graphene-based optical coherent receiver.

also realized employing few-layer MoTe, as light absorption
layer.2%! Due to the strong light-matter interaction and siz-
able bandgap of MoTe,, a very low dark current at nanoampere
level and high-speed operation were achieved with no need of
electrostatic gating, which simplifies the future integration of
2D materials with silicon photonics. The device demonstrated a
photoresponse speed exceeding 500 MHz and optical data rates
of 1 Gbits™, holding great potential for optical communication
applications. The results provide a potential platform for inte-
gration of TMDCs with silicon photonic structures.

More recently, MoS, photodetector integrated with silicon
photonic circuits was demonstrated, where MoS, can act as
light absorption layer on silicon nitride waveguide, as demon-
strated in Figure 9a.’12l Efficient light absorption and photo-
current generation on integrated optical circuits was achieved in
MoS,. The light incident on the grating coupler can be directed
to the waveguide and interact with the MoS, attached on top
of the waveguide, leading to a large responsivity in MoS, for
lateral illumination at wavelengths close to the optical bandgap.
Besides, a TMDCs heterostructure integrated waveguide device
was also realized by employing graphene and MoS, as light
absorption layer (Figure 9b).3"¥] The waveguide overlaps with
the absorption layer and enhances the light-matter interac-
tions with graphene/MoS$, heterostructure. The photogenerated
electron-hole pairs are produced at MoS, monolayer, and then
rapidly separated at the heterostructure interface. The fermi
energy of graphene could be tuned by the back-gate voltage to
get better performance at visible spectrum range. Furthermore,
by realizing more complex structures, the use of TMDCs as a
platform for integrated optoelectronic circuits, which combines
light emission, optical interconnects and detection, was real-
ized, as shown in Figure 9c."”’l A p-n junction made of bilayer
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MoTe, was integrated with silicon photonic-crystal waveguide
and a grating coupler. The bilayer MoTe, on top of the wave-
guide works as both light emission source and photodetection
layer. A layer of h-BN was used to protect the MoTe, from oxida-
tion and separate it from the top gate electrodes. When the p-n
junction works as light emitter, the light will propagate along
the waveguide and emit at the grating coupler, while, when the
device functions as a photodetector, the incident light couples
into the waveguide and transforms into the electrical signal.
This architecture shows that the active optical components for
point-to-point interconnects are possible with 2D materials
transferred onto otherwise passive photonic integrated circuits.

A chalcogenide glass (ChG), which has exceptional optical
properties like broadband transparency, high and continuously
tunable refractive indices and large Kerr nonlinearity, as the
backbone optical material was present for photonic integra-
tion.? The giant optical anisotropy of graphene and modal
symmetry in graphene-sandwiched chalcogenide glass wave-
guides was expolied and demonstrated for integrated fabri-
cation of ultra-broadband on-chip polarization isolation and
thermo-optic switching. The devices show the record energy
efficiency of a low switching energy of 0.11 mW, a 10-90% rise
time of 14 us, and a figure of merit of 0.65 mW ps™ which is
among the highest values reported in an on-chip thermo-optic
switch. Moreover, MIR graphene ChG waveguide-integrated
broadband MIR detectors and modulators were realized by
leveraging the zero-gap nature of graphene, where the multi-
functional ChG material serves simultaneously as the wave-
guide and as a gate dielectric to electrostatically modulate the
Fermi level in graphene. The devices exhibit a broadband pho-
toresponse over the entire scanning range (2.0-2.55 um) with
a peak responsivity of 250 mA W' at a wavelength of 2.03 um
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and a broadband optical modulation for the transverse elec-
tric (TE) mode across the 2.05-2.45 um band with modulation
depth up to 8 dB mm™. The versatile glass-on-2D-material plat-
form will significantly expedite and expand integration of 2D
materials to enable new photonic functionalities.

An integrated coherent light receiever chip composed of
graphene photodetector and four channel-plasmonic slot
waveguide was realized with ultrahigh-speed and high-quality
reception for detecting advanced modulation formats that
encode information on both the amplitude and phase of the
light (Figure 9d).P™ A 4 x 4 multimode interference coupler
was used as a 90° optical hybrid, and it can realize the phase
relationship of four channel output ports required by coherent
optical receiver without the need of additional phase con-
trol unit. By using the graphene photodetector on the surface
plasmon slot waveguide, the effective detection area of the gra-
phene coherent light receiving chip is only 4 um x 15 um X
100 nm with a responsivity of 0.1 A W~ and a response band-
width larger than 67 GHz. Combined with the balanced detec-
tion, 90 Gbits! binary phase-shift keying signal is received
with a promoted signal-to-noise ratio. Moreover, receptions
of 200 Gbits™ quadrature phase-shift keying and 240 Gbits™
16 quadrature amplitude modulation signals on a single-polar-
ization carrier are realized with a low additional power con-
sumption below 14 f]bit ™. This graphene-based optical coherent
receiver will promise potential applications in 400-Gigabit
Ethernet and 800-Gigabit Ethernet technology, paving another
route for future high-speed coherent optical communication
networks.

9. Conclusion and Perspectives

In conclusion, tremendous efforts have been devoted on
research of 2D materials, which has accelerated successful dem-
onstrations of prototype optoelectronic devices based on them.
The ultrathin body of 2D materials facilitates their integration

with silicon photonics which may revolutionize the future
semiconductor technology. To date, the 2D material based
optoelectronic devices including light sources, optical modula-
tors, photodetectors, and transistors have been fabricated, and
a few prototype structures of these devices with silicon pho-
tonics have been successfully demonstrated. Figure 10 depicts
a potential scheme of 2D materials in the optoelectronic inte-
gration. Despite that they have shown many intriguing perfor-
mance and advantages, the 2D materials based optoelectronic
devices still have some challenges to resolve for the future use
in optoelectronic integration.

For on-chip light emission, electrically pumped laser is
preferred for on-chip integration. So far, most of the reported
2D materials based lasers are optically pumped despite that
electrically pumped LEDs based on 2D materials have been
realized. Lower threshold and higher output power may be
achieved by optimizing the structure of the device, for instance,
by integrated with photonic crystal cavity. The diversity of
heterostructures which differs by stacking orientations, layer
combinations, and tunable band alignment opens up more pos-
sibilities for constructing on-chip light sources in the future.

For optical modulation, despite of the successful dem-
onstration of graphene-based electro-optic modulators, the
modulation bandwidth was, however, generally limited by
the response time of the bias circuit to =1 GHz. The main
obstacle is arising from the resistance constant and limitation
of the velocity speed of electrons. In comparison, thermo-optic
modulator usually has narrower bandwidth and slower opera-
tion speed. Therefore, thermo-optic modulators are suitable for
applications not requiring high speed, such as short-distance
optical communication, optical routing, and switching. For
future optical data processing, a modulation rate larger than
100 GHz is needed. Other high performance optical modula-
tors based on 2D materials beyond graphene remain elusive so
far and need further exploration.

For light detection, photodetectors based on 2D materials
are extremely attractive in terms of their utility in photonic

Figure 10. A representative diagram of 2D materials based optoelectronic integration.
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technology, especially at infrared band, overcoming the diffi-
culty of integrating silicon with traditional I1I-V semiconductor
photodetectors. The use of graphene based photodetectors is
strongly limited by the large dark currents when working in
the photoconduction mode, or by the low responsivity when
working in photovoltaic mode. Both of these situations mean
the device could not response at low levels of light inten-
sity. The TMDCs based photodetectors suffer from narrow
photoresponse range, and trap states that will greatly slow down
its operation speed. In the future, the exploration of novel 2D
materials and thus the creation of vdW heterostructures offers
many possibilities to obtain unprecedented optoelectronic func-
tionality and a novel platform for realizing high-performance
photodetectors.

For energy-efficient integrated circuits application, in the
future, exploration of high-quality dielectric layer is needed
to achieve good interface features in 2D materials based elec-
tronic devices. Additionally, future work also involves thickness
scaling of individual device down to a monolayer and the device
channel length scaling down to the molecular-scale dimensions
in order to obtain smaller device size and increase the integra-
tion of the devices. In silicon MOSFETS, compensating doping
of a single active channel to form n-type and p-type regions is
used to realize complementary logic circuits and reduce device
power dissipation, but it is difficult to achieve in 2D materials,
thereby vdW stacking could become a feasible solution to con-
struct 2D complementary logic circuits.

Based on above discussions, 2D materials still face challenges
in terms of practical application. These challenges may in turn
present great opportunities in the research field. The large-scale
production of high-quality 2D semiconducting materials is an
important step toward its practical application. The develop-
ment of wafer-scale fabrication technologies of vdW stacks of
2D materials is important in future. Although considerable pro-
gress has been made in the synthesis of ultrathin 2D materials
and their related heterojunctions, a common problem for their
synthesizing and processing technologies is the difficulty in
fabricating continuous and homogeneous 2D crystals reproduc-
ibly at the wafer scale. The lateral dimensions of the products
need to meet the current standards for mature semiconductor
technologies, which are on a scale of centimeters. Even if large-
area materials can be synthesized, the complete transfer to
the substrate is still difficult, such as transferring wafer-scale
h-BN on copper to silicon substrate. Besides, precise align-
ment between layers is also a great challenge especially when
being moved from single device to on-chip integration. Modi-
fication is another important aspect of the development of 2D
materials. Through doping, chemical modification, electrostatic
control may resolve this problem. One more thing, the device
stability must be addressed to achieve real applications. Due to
their ultrathin characteristics, 2D materials are more suscep-
tible to environmental circumstances. Thereby, how to protect
2D materials while reducing the influence on charge transport
and optical properties is an important issue on the way toward
real applications. For further optimization of device perfor-
mances, the properties of existing 2D materials, especially het-
erojunctions, also can be further explored. With the continuous
development of 2D materials and the improvement of experi-
mental accuracy and controllability, researchers can explore and

Adv. Funct. Mater. 2022, 32, 2110119 2110119

develop new functionalities by regulating atomic composition
and structure of 2D materials.
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