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The heterogeneous integration of photonic integrated circuits (PICs) with a diverse range of optoelectronic materials has
emerged as a transformative approach, propelling photonic chips toward larger scales, superior performance, and
advanced integration levels. Notably, two-dimensional (2D) materials, such as graphene, transition metal dichalcogenides
(TMDCs), black phosphorus (BP), and hexagonal boron nitride (hBN), exhibit remarkable device performance and integration
capabilities, offering promising potential for large-scale implementation in PICs. In this paper, we first present a compre-
hensive review of recent progress, systematically categorizing the integration of photonic circuits with 2D materials based
on their types while also emphasizing their unique advantages. Then, we discuss the integration approaches of 2D materials
with PICs. We also summarize the technical challenges in the heterogeneous integration of 2D materials in photonics and
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1. Introduction

The growth of the information industry demands higher
communication bandwidth while also requiring significant
advancements in computing power. Over the past half-century,
microelectronics technology has rapidly evolved following
Moore’s Law, continuously enhancing information communica-
tion and computing capabilities. However, the continued use of
Moore’s Law becomes challenging when entering the sub-10-
nm node era. In addition, power consumption and bandwidth
have also become notable bottlenecks for microelectronics tech-
nology to overcome!'), Photonics possesses characteristics such
as high speed, high bandwidth, low loss, low latency, and paral-
lelism, granting it unparalleled advantages in the future era of
massive information exchange. Photonics exhibits significant
advantages in massive information processing due to its high
speed, high bandwidth, low loss, low latency, and parallelism
characteristics’>™*). Therefore, photonic integrated circuits
(PICs) with high-performance photonic devices serve as prom-
ising engines for supporting advanced computing and broad-
band networks.

Silicon photonics has leveraged the mature complementary
metal-oxide-semiconductor (CMOS) infrastructure and design
ecosystem, satisfying the modern information industry’s
demand for PICs in terms of cost and integration scale. As a
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envision their immense potential for future applications in PICs.
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result, silicon photonics has already played a significant role in
high-speed data centers and coherent communications, and it
is also driving advancements in applications, such as high-
performance computing, artificial intelligence (AI), automotive
industry, and biomedical sensing!.. It is worth noting that sil-
icon photonics still faces significant challenges. As an indirect
bandgap material, it is difficult to achieve laser and semiconduc-
tor optical amplifiers (SOAs) based on silicon'®. Furthermore,
modulators in silicon photonics, which rely on carrier injection
effects, have limitations in the modulation bandwidth!”), The
detectors in silicon photonics are currently implemented by
introducing germanium (Ge) in foundries, but the device perfor-
mance is not optimal >°!. Additionally, as the applications diver-
sify and the integration scale expands, silicon photonics also
encounter propagation loss and power handling issues.

To address these challenges, a widely recognized approach is
the heterogeneous integration of various optoelectronic materi-
als with silicon photonics, allowing each material to leverage its
unique advantages and to realize a high-performance PIC. By
heterogeneously integrating III-V materials with silicon pho-
tonics, it is possible to achieve optical transceivers with on-chip
light sources, which are already employed in data centers in
the industry!’*"?. Due to its exceptional modulation perfor-
mance, thin-film lithium niobate (TFLN) material has been suc-
cessfully integrated into silicon photonics!'*~*¢!. Heterogeneous
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integration of silicon photonics with other materials, such as
barium titanate (BTO)!"”'®), electro-optic polymers!***, two-
dimensional (2D) materials’*"*?!, and magneto-optic thin
films?*! has also been demonstrated to realize light sources,
modulators, detectors, and isolators in PICs. Among these, 2D
materials with novel properties have emerged as a viable alter-
native to facilitate extraordinary progress in improving photonic
devices with a smaller footprint and higher performance!**,
Since the first finding of graphene in 2004!**!, 2D materials
have attracted tremendous attention on integrated photonics.
Booming research on 2D materials, such as graphene, transition
metal dichalcogenides (TMDCs)®!, black phosphorus (BP)1”)
and hexagonal boron nitride (hBN)?®! has been published
during the last decades. Compared with traditional bulk materi-
als for integrated photonics, 2D materials exhibit extraordinary
properties, including broadband absorption, ultrafast carrier
mobility, and strong nonlinear effects, which benefit from their
unique optical, electronic, thermal, and mechanical fea-
tures”>***%! Graphene is a gapless semi-metallic material with
a carrier mobility of up to ~2 X 10°cm? V™'s7!, 100 times
higher than silicon (S))PY. The ultrafast electron transition
can fulfill the request of high-speed modulation and detection.
Although the zero-bandgap characteristic makes graphene an
alternative candidate for broad bandwidth device, it limits the
realization of an efficient graphene-based laser. In contrast,
monolayer TMDCs are direct-bandgap semiconductors with
an ~1.0-2.5eV bandgap?®>**!. BP is also a kind of direct
bandgap of around ~0.3-2¢eV from bulk form to monolayer,
covering a wide spectral range from the visible to the infra-
red®**], These emerge as encouraging light-emitting and pho-
todetecting properties, owing to the direct bandgap and
quantum confinement in the direction perpendicular to the
2D plane. In addition to graphene, TMDCs, and BP, 2D hBN,
an isomorph of graphene with a very similar layered structure,
is another promising functional material. Although by itself it is
an insulator, hBN can be integrated with other 2D materials by
tuning their carrier mobility and protecting them from contami-
nation, oxidation, and thermally/electrically induced degrada-
tion®**]. Thus, 2D materials exhibit broad applications in
optoelectronic devices and could probably pave the way for
future PICs desiring higher capability and higher integration.
Despite the fact that 2D materials have demonstrated out-
standing characteristics, there are still some problems that need
to be addressed before large-scale application. First, the Si-based
CMOS compatible fabrication process of the 2D material is one
of the key challenges. High quality single-layer or multi-layer 2D
materials can be easily obtained by micromechanical exfoliation.
But this method of following a transferring process cannot be
compatible with a Si-based or a silicon-on-insulator (SOI)-based
platform. So far, chemical vapor deposition (CVD) is the most
widely used approach for synthesizing large-scale growth
with precise control of layer numbers and morphology>"~**.. To
obtain high quality materials directly on Si or on SOI, the
precursor, the deposition window, and the substrate prepara-
tion need to be rigorously investigated, as well as methods
that include thermal CVDM"*** plasma enhanced CVD
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(PECVD)*** atomic layer deposition (ALD)*>*%! and metal
organic CVD (MOCVD)!”]. Second, because of the 2D nature,
the surface status is much active and sensitive to atmosphere and
interface. That means 2D material is easy to be oxidized and
induce absorption or doping, which will affect the bandgap or
downgrade the carrier mobility, and further impact the device
performance.

In this review, the advantages and applications of the four
state-of-the-art 2D materials, including graphene, TMDCs,
BP, and hBN, on photonics devices are systematically discussed
in the first three sections. In detail, we summarize and analyze
their individual electronic and optical properties and determine
which are better available for device construction. In the next
section, we introduce recent progress and challenges, as well
as the opportunities of using Si-based and SOI-based hetero-
geneous integration of 2D material. Finally, the last section con-
cludes with the future challenges and perspectives on the
development of photonic integration based on 2D materials.

2. Graphene-Integrated PICs

2.1. Optoelectronic basics of graphene

Graphene quickly gained prominence following its discovery in
2004 and has since consistently attracted significant attention in
the field of photonic devices and PICs, due to its exceptional
optoelectronic properties**~*"). Graphene is a single carbon
atomic layer with a hexagonal honeycomb lattice [Fig. 1(a)], in
which 7 (valence band) and z* (conduction band) states are
noninteracting and form into the Dirac cone-shaped band struc-
ture of graphene [Figs. 1(b) and 1(c)] (51 The Fermi level (Ef) in
this band structure can be tuned by electrical or chemical meth-
ods, which means the optoelectronic properties of graphene
can be conveniently tailored for extensive applications'>>~>*.,
Additionally, graphene exhibits ultrafast carrier transports with
a carrier mobility as high as ~2 x 10° cm? V=1 s711°°], The fast
electronic transmission in carbon lattices guarantees the
requirements of high speed and high bandwidth optoelectronic
devices in PICs. These lay theoretical fundamentals for gra-
phene-integrated modulators and detectors. Moreover, the tun-
able Ey also affects the mechanism of the carrier transitions in
the graphene band structures under optical excitation. The
interband optical stimulated transition is dominant when the
Ey is at the central Dirac point, leading to the maximization
of light absorption for graphene [corresponding to minimum
transmission in Fig. 1(d)]"®®. In the meantime, the gapless
bandgap structure enables graphene in the ultrabroad light
absorption spectrum ranging from the visible (VIS) to the tera-
hertz (THz) [Fig. 1(f)]®”**), making graphene an auspicious
material candidate for use in broadband photodetections.

2.2. Graphene-integrated modulators

Typically, electrical signals are converted into optical signals via
integrated modulators, enabling the loading of information onto
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Fig. 1. (a) Hexagonal honenycomb lattice of graphene with two atoms (A and B) per unit cell. (b) 3D band structure of graphene. (c) Approximation of the low
energy band structure as two cones touching at the Dirac paint. (a)-(c) Reproduced with permission®®. (d) Transmission of a graphene modulator at different

drive voltages and Ex Reproduced with permission[55]. (e) Graphene absorption as a function of the wavelength. Reproduced with permission

the PICs. The optical signals are encoded in the form of ampli-
tude, phase, polarization, etc. Based on the working principles,
modulators can be classified into electro-optical (EO), thermal-
optical (TO), and all-optical (AO) categories, among which EO
modulators can be further divided into electro-absorption (EA)
and electro-refractive (ER) modulators. For modulator devices
integrated in PICs, key attributes include modulation band-
width, modulation depth, insertion loss, power consumption,
modulation linearity, and so on. These factors collectively deter-
mine the performance of the modulator.

Benefiting from the atomic layer thickness and the large ther-
mal conductivity, graphene can be fabricated into efficient nano-
heaters for TO modulators, which have been intensively
employed in Si-based PICs®*=®*, The working mechanism of
TO modulators relies on the change in the refractive index of
the Si materials with the temperature variation induced by the
modification of phases and amplitudes in the light propagation.
As early as 2014, Yu et al. investigated the graphene-integrated
TO modulators.®°!. As illustrated in Figs. 1(a) and 1(b),
two typical Si photonic structures, Mach—Zehnder interferom-
eters (MZIs) and microdisks, were proposed to integrate with
CVD-grown graphene via the fabrication processes of wet-
transferring and patterning for the graphene, respectively. In
their devices, graphene conducts heat from traditional metal
heaters to Si-waveguides with a high thermal efficiency of up
to 8.20 Kpum® mW™"! as well as a response time in the range
of tens of ps.

Using monolayer graphene nanoheaters instead of traditional
metal heaters in PICs has prominent benefits. First, the
thermal conductivity of graphene is around 4840 W mK™' to
5300 W mK~'[**!, which is one order of magnitude higher than
that of representative copper (Cu). Second, graphene is almost
optically transparent. Negligible excess loss (< 0.0002 dB/pm in

58]

Yu’s work) can be obtained when the optimized graphene makes
contact with the Si-waveguides without the complex cladding
layer design, which is essential for metal heaters to avoid serious
metal absorption loss and the decelerating thermal diffusion
speed. Moreover, the flexible characteristics of graphene enable
it to be hybrid with a series of photonic structures for TO mod-
ulators, including waveguide MZIsP?,  cavities®!, and
resonators' "),

Another special kind of modulators is optical switches, whose
superiority is its large modulation depth. More recently,
Nakamura et al. showed their work of placing graphene local
heaters on racetrack resonators to fabricate the first graphene-
integrated TO optical switch [Fig. 2(c)] [92] The device exhibited
a high wavelength tuning efficiency of 0.24 nm/mW and a high
heating efficiency of 7.66 K pm®> mW™". In addition, a high-
speed modulator at 100 kHz with a rise and fall response time
of 1.2 ps and 3.6 ps, respectively, was also achieved on this device
[Fig. 2(d)]. In contrast to the response time of a typical metal
heater resonator (~100 ps), graphene nanoheaters display enor-
mous advantages in high thermal modulation efficiency origi-
nating from its atomic thermal conductive thickness and large
thermal conductivity.

Furthermore, graphene, with its high thermal-optical effi-
ciency, is ideally suited for emerging non-volatile switches or
modulators!®>*>®*! These devices typically operate with ultra-
low programming energy consumption and can serve as funda-
mental building blocks for neuromorphic computing. In 2022,
Fang et al. demonstrated a non-volatile electrically reconfigur-
able Si-based photonic platform [Figs. 2(e) and 2(f)], leveraging
a monolayer graphene heater with high energy efficiency and
endurance!®. The graphene-assisted photonic switches exhib-
ited an endurance of over 1000 cycles and a programming
energy density of 8.7 + 1.4a] nm™>. It is graphene that promises
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Fig. 2. (a) Schematic of a graphene TO modulator integrated in a Si MZI. Reproduced with permission““”. (b) Schematic of a graphene TO modulator integrated in a
Si microdisk. Reproduced with permission[ﬁ‘”. (c) Schematic and optical microscope images of the resonant optical switch device integrated with a graphene

nanoheater. (d) Normalized output intensity from the through port to the graphene. (c) and (d) Reproduced with permission
structure of a graphene-phase-change material reconfigurable silicon photonic device structure. (e) and (f) Reproduced with permission

at least a twenty-fold reduction in switching energy consump-
tion compared with traditional ones.

Although graphene offers an ultrashort and efficient thermal
conductive path, the operation speed of graphene-integrated TO
modulators is still limited by the relative slow heat dissipation,
with a relaxation time in the order of the magnitude of ms to ps,
corresponding to the device modulation bandwidth ranging
from kHz to MHz. It encourages us to explore the possibility
of using the exceptional optoelectronic properties of graphene,
such as its tunable E; and ultrafast carrier mobility, in an alter-
native approach to EO modulators in order to improve the
modulation speed. As aforementioned, the Ey of graphene sig-
nificantly impacts its optical absorption and consequently
influences the light-matter interactions in PICs. It is also well
known that the Ef of semiconductors can be adjusted in different
charge states (charge carriers accumulate or deplete) in the
classical metal-oxide-semiconductor (MOS) models by control-
ling the gating voltage. Inspired by that, the graphene-oxide-Si
waveguide (GOS) capacitor structure is commonly constructed
in graphene-integrated EA modulators for tuning the E; of gra-
phene and therefore modulating the light absorption in devices.
In 2011, Liu et al. reported the first graphene Si-based EA modu-
lator by means of the single-layer GOS structure (SLG)*). As
shown in Fig. 3(a), graphene, dielectric aluminum oxide
(AL,O3), and Si-waveguide form into a local capacitor, while
graphene and the doped Si-waveguide are connected to side
electrodes separately. Under ambient conditions, the working
spectrum covers a broadband from 1.35 pm to 1.6 pm, and the
bandwidth reaches 1 GHz at that time [Fig. 3(b)]. Subsequently,
several improvements have been made, aiming at a higher
modulation bandwidth!®*~"°), For example, by optimizing both

521 (g) Schematic and (f] layered

[64]

the graphene and Si-waveguide doping to reduce the contact
resistance and resistance-capacitance (RC) hysteresis in the
circuits, the highest EA bandwidth beyond 15 GHz in a 25-
pm-length SLG modulator was experimentally demonstrated
[Fig. 3(0)]'”). However, the Si doping methods will also have
side effects on the photonic devices such as the ion implant-
induced excess optical loss and the degraded modulation depth.
To eliminate these issues, the concept of double-layer GOS
(DLG) structure was raised by exploiting the semi-metallic
property of graphene!””?!. As shown in Fig. 3(d), the prototype
of the GOS structure comprises two coupled graphene nano-
sheets separated by a dielectric layer, in which the top layer of
graphene serves as the gate electrode, whereas the underearth
graphene connected with the waveguides, is being charged for
absorption modulation'”"). Despite the fact that the proof-of-
concept is only operated at 1 GHz, the DLG model achieved con-
tinuous development on diverse platforms, such as SOI),
Si;N,7*7 and polymer-waveguides”®””), because of its easy
processing, reduced capacitive RC constant, and resultant higher
modulation speed”>”*75%%1 Among these, the highest band-
width of 35 GHz in Si-based PICs, 30 GHz in SizNy-
based PICs, and 42 GHz in polymer-waveguide PICs were
achieved”*5),

Graphene-integrated EA modulators exhibit superior modu-
lation bandwidth. However, the intrinsic low absorption of gra-
phene (2.3%) constrains their EA modulation depth***'], which
is crucial for the performance of the modulators. Moreover, EA
modulators often involve a trade-off between operational speed
and modulation depth. This occurs because a thicker dielectric
layer can reduce RC delays in the GOS structures, but it also
results in a diminished gating effect and, consequently, a weaker
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modulation depth. Several strategies have been employed tomit- ~ shapes, some other intriguing plasmonic structures, such as pat-
igate this trade-off. For instance, microring resonance structures  tern graphene!®” and suspended graphene!®”’, have also been
incorporated with graphene have been realized to acquire the  investigated in EA modulators to boost the device performance.
high modulation depth (> 10dB) as well as maintaining the The tunable Ef of the graphene in the GOS structures can be
large bandwidth [Fig. 3(e)] [7582.83] 'This is because the light capable of exhibiting either EA or ER effects when it is incorpo-
transmission in a ring resonance is susceptible to the optical loss  rated with waveguides. Based on this, ER modulators enabled by
induced by the graphene absorption. Other approaches to  the integration of GOS and MZI structures were proposed and
enhance the graphene-light interaction directly by capturing  evolved rapidly with the benefits of quadrature amplitude
light within graphene and a photonic-crystal waveguide  modulation (QAM), which can be implemented in long-haul
(PhCW) via slow-light effects'*>”*! and using surface plasmons  optical communication'®*“®). Among them an optimized gra-
to amplify light absorption at the graphene/dielectric inter-  phene-integrated MZI configuration with the maximum extinc-
face® I have been put forward. tion ratio of 35 dB, a bandwidth of 5 GHz, and a modulation
Surface plasmons are important physical behavior that repre- efficiency of 0.28 V cm at 1550 nm [Figs. 4(a)-4(c)] has been
sents free electrons in metal/semi-metal oscillating with external ~ accomplished®!,
electromagnetic fields and result in intense light-matter inter- The last modulators to be reviewed are the AO types, whose
actions, which have been widely studied in optoelectronic devi-  inputs and outputs are all in the optical domain, which might be
ces in the past years'® " Graphene itself, is an active promising for ultrafast operations at ultralow energy consump-
plasmonic material, supporting graphene surface plasmons  tions!”*™'%!. The working mechanism of AO modulators is
(GSPs) with longer propagation lengths due to a low electron  based on the variety of graphene extinction coefficients induced
scattering rate!”'. In 2022, Liu ef al. proposed a dual-layer gra- by photogenerated carriers in coupled semiconductor-wave-
phene-assisted EA modulator with orthogonal T-shaped metal ~ guides. In 2019, Ono et al. proposed using graphene-loaded
slot hybrid plasmonic waveguides [Fig. 3()]"®), allowinga 3dB  deep-subwavelength plasmonic waveguides [Figs. 4(d) and 4(c)]
bandwidth of ~127 GHz at the waveguide length of 20 um, a  to fabricate the ultrafast AO switch with a switching energy of
modulation depth of ~0.5 dB/jm as well as the power consump- 35 ] and a switching time of 260 fs''**, The ultralow graphene
tion of 72 f]/bit. In addition to the innovation in the waveguide saturation energy of 12 fJ [Fig. 4(e)], realized by the small
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Fig. 3. (a) Schematic and (b) dynamic EO response of the graphene-integrated optical waveguide modulator. (a) and (b) Reproduced with permission!®. () Top:
cross-sectional schematic of the SLG EA modulator. Bottom: equivalent electrical circuit of the device. Reproduced with permission[sﬂ. (d) Schematic of the DLG
modulator. Top: perspective view. Bottom: cross-sectional view. Reproduced with permission””. (e] Schematic (top) and transmission spectra (bottom) of the
graphene-integrated ring resonator modulator. Reproduced with permission[m. (f) 3D (top) and 2D cross-sectional (bottom) schematic of graphene modulator
based on metal slot waveguide. Reproduced with permission[%].
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volume light propagation mode and the local field enhancement
in graphene, is the decision factor to extraordinary switching
performances in this work. Although AO modulators show
remarkable potential in ultralow power and highspeed PICs,
their large insertion loss, caused by metal absorption, should
not be ignored in applications.

2.3. Graphene-integrated photodetectors

Photodetectors are essential components of PICs. Different
from free-space photodetectors working individually for the
applications of sensing, detecting, and imaging'®*'*""*%°), photo-
detectors in PICs are mostly integrated with waveguides in co-
operation with other on-chip phonic devices for the realization
of PIC functionalities such as optical communication and com-
puting. There are several advantages in waveguide-integrated
photodetectors. For example, they have high light confinement
in the waveguides for saving footprints, a low signal-to-noise
ratio (SNR) due to small detection volumes, and, last but not
the least, the opportunity to realize wavelength division multi-
plexing (WDM) in PICs enabled by broadband modulation and
detection within one structurel”®!. Photodetectors can be sorted
into photovoltaic (PV), photoconductive (PC), photogating
(PG), photothermoelectric (PTE), and photobolometric (PBE)
types based on their operation principles.

PV photodetectors depend on the built-in electrical potential
in the p-n/p-i-n/Schottky junctions to separate photogenerated
carriers and drive them to the opposite direction to be collected
by electrodes. They can operate under zero bias and also feature
the metrics of high speed, low dark current, and low noise. PC

photodetectors leverage the variation in semiconductor conduc-
tivity induced by excess free photogenerated carriers to generate
photocurrents. These excess free carriers come from their unbal-
anced lifetime. Usually, the mobility (lifetime) of holes is larger
than that of the electrons, resulting in electron accumulation/
photoconductive gain in semiconductors at an external voltage.
PG effects can be regarded as a special case of PC. The un-bond-
ing surface or defects introduce trap states in the band structure
of the semiconductors, and trapped carriers will have a longer
lifetime and thus give rise to a higher photocurrent gain. As
an expense, the response time and speed of the PC and the
PG photodetectors are limited in an order of ms and s.

PTE and PBE photodetectors are associated with thermal
effects. PTE effect is also called the Seebeck effect. The Seebeck
coefficient might be different within the doping and thickness
variance in semiconductors, leading to a temperature gradient
AT under light illuminations and thereby a carrier-orientated
movement-caused voltage Vprg (also called photo-thermoelec-
tric voltage). PTE photodetectors can work without a bias. The
PBE effect refers to the semiconductors’ resistance change when
they are heated by light illuminations. PBE photodetectors are
superior in ultrabroad optical responses, ranging from
middle-infrared (MIR) to far-infrared (FIR). The key character-
istic parameters of photodetectors contain a response spectrum,
quantum efficiency, photoresponsivity, response speed, and
noise equivalent power (NEP). In the following review, we will
start with the graphene properties and subsequently explain the
role that graphene plays in different types of photodetectors.

With its unmatched properties in photodetection, such as
broad-spectrum absorption, ultrafast responses, and strong
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electron-electron interactions, graphene was the pioneering 2D engineering at the graphene/Si-waveguide interface [Fig. 5(e)],
material employed in photodetectors as early as 2009 the device reached a responsivity of 240 AW™ at 1550 nm
However, the intrinsic light absorption of a single-layer gra-  wavelength. Constrained by inherent operating mechanisms
phene is low (2.3%)**!]. The integration of graphene with  of PC and PG, these devices exhibit inferior response speeds
waveguide structures enhances its light absorption through [Fig. 5(f)], which may not be suitable for high-speed PICs
evanescent field coupling. Following this approach, graphene-  applications.

integrated waveguide photodetectors were first introduced in The strong electron—electron interactions facilitate the hot
2013"""M3) Gan et al. demonstrated a graphene-integrated  carriers’ multiplication and result in a large Seebeck coefficient
waveguide photodetector with the structure schematically in the graphene!''®). In addition, the large optical phonon energy
shown in Fig. 5(a)"'"). Using a metal-doped graphene junction ~ (~0.2eV) and the low scattering rate via acoustic phonons give
coupled evanescently to the waveguide [Fig. 5(b)], the detector rise to an increased temperature of hot carriers within picosec-
was working under the PV mode and achieved a responsivity ~ onds!"'”"'*", making the PTE effect an important role in gra-
above 0.1 AW~ across 1450 to 1590 nm spectra, as well as an ~ phene-integrated photodetectors with the potential for high
over 20 GHz response rate and a 12 Gbit/s optical data link at ~ responsivity and high-speed performance!’'*'*"), In 2016,
zero bias. Simultaneously, Wang et al. reported an NIR to MIR  Schuler et al. presented a PTE graphene photodetector inte-
responding photodiode with a similar graphene-integrated Si  grated on a silicon slot waveguide, which acts as a dual gate to
waveguide structure [Fig, 5(c)]!"'?. The evanescent light absorp-  create a p—n junction in the optical absorption region of the
tion in graphene, together with bias control in a graphene/  device [Fig. 6(a)]!"*!. Extrinsic responsivities of 35 mA/W at
silicon-heterostructure, contributed to a high responsivity of  zero bias and 76 mA/W at 300 mV bias voltage were achieved.
0.13 AW~! for 2750 nm light at room temperature. Obviously, = The 3 dB bandwidth of the device is 65 GHz. Later, in 2021,
the abundant electronic properties of graphene make it possible ~ Schuler et al. improved the PTE graphene photodetector by inte-
to be easily doped by the metal contacting and can form the het-  grating graphene with Si microring resonators!'??), as shown in
erostructures with waveguide semiconductors, which lay the Fig. 6(b), achieving > 90% light absorption [Fig. 6(c)] in ~6 pm
structural foundations for PV devices. Since then, graphene-  SLG and a voltage responsivity of ~90 V/W. In addition to the
integrated PV photodetectors developed rapidly, and a 3 dB ~ PTE effect, graphene has a small electron heat capacity and weak
bandwidth exceeding 40 GHz and data rates up to 50 Gbit/swere electron-lattice coupling!'**~'?*!, leading to a large light-induced
achieved”®"'*, PC and PG photodetectors, with their charac-  change in the electron temperature, and thus giving graphene
teristics of high photoconductive gains and high responsivity, ~ the capacity to achieve the PBE effect!’**'*"'2%1 In 2020,
are another important direction. In 2022, Jiang et al. proposed  Gosciniak et al. proposed a graphene PBE detector based on a
a graphene-integrated PG detector [Fig. 5(d)]""'*). With the  hybrid waveguide that allows for a high responsivity on the scale
enhanced photogating effect established by potential fluctuation ~ of hundreds of A/W and high-speed on the scale of hundreds of
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Fig. 5. (a) Schematic of the waveguide-integrated graphene photodetector. (b) Potential profile (black solid line) across the graphene channel. (a) and
(b) Reproduced with permission[””. (c) Schematic of graphene/silicon-heterostructure waveguide photodetector. Reproduced with permission“m.
(d) Schematic of the graphene-integrated PG detector. (e] Schematic diagram of the enhanced electric field on the separation of photogenerated carriers
in the graphene. (f) Phatoswitching characteristics of the device. (d)-(f) Reproduced with permission™.
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GHz!"**.. The realization of high response speeds beyond hun-  structure supporting a high-performance photodetection of
dreds of GHz can be attributed to the fast response time of the 603.92 mA/W and a large bandwidth of 78 GHz [Fig. 6(e)] (132]
hot carriers in the graphene. It also needs to be emphasized that Finally, we would like to emphasize the adaptability of gra-
the response mechanisms may be complex in some situations. ~ phene integration in Si;N,"**), thin-film lithium niobate

Guo et al’s devices showed the PTE effect dominating the  (TFLN) platforms!"**'*”), as well as the scalability to large-area
photoresponse under zero bias, while the PBE/PC effects  PICs”>'*>!*%] In 2019, Giambra et al. demonstrated the first
become dominant when bias voltage is applied [Fig. 6(d)]®®).  graphene-integrated Si-waveguide modulators with a 29 GHz
These works pave the way toward the wide use of PTE and = EO bandwidth and a 50 Gbit/s modulation speed, relying on
PBE graphene-integrated photodetectors in PICs for high-  wafer-scale seeded array fabrication methods and CMOS com-
speed applications by leveraging the hot carrier properties of  patible processes'’>.. In 2021, they extended the scope of wafer-
graphene. scale graphene integration on a 150 mm Si;N, platform!*),

While there have been significant achievements in graphene- ~ Updated in 2023, Wu et al. developed the wafer-scale integration
integrated photodetectors, there are still some shortcomings that ~ process for realizing graphene-based photonic devices in a
need to be addressed and optimized before their broader adop- 300 nm CMOS pilot line"**!. By using Fab-level integration
tion in PICs. First, the gapless band structure of graphene causes ~ and process optimization, they achieved the modulation depth
side effects of the relative larger dark current and the NEP. Some ~ of 50 + 4dB mm™! and the EO bandwidth of 15.1 + 1.8 GHz on

strategies have been put forward to suppress the dark current, 400 device measurements. The high reproducibility, high-vol-
such as tuning the E; of graphene at the Dirac point for ~ ume, and low-cost manufacturing enabled by Fab technologies
increasing the graphene series resistance, simultaneously boost- ~ paved the way for graphene-integrated PICs mass production

ing the interband optical absorption of the graphene to enhance  and practical applications to the market!'*®!,

the device responsivity!®*l. Incorporating graphene with other

semiconductors, such as BP and hBN in the heterojunctions,

is also a good solution to reducing dark currents"**"*!),

Second, the insufficient light absorption in graphene also 9. TMDC-Integrated PICs
impedes the promotion of responsivities in the PV/PTE
photodetectors. Graphene plasmon effects have also been
exploited(88124126:127:132133134] 'Ror example, Vangelidis et al. ~ TMDCs are an emerging class of 2D materials in a chemical for-
raised the plasmonic-assisted light absorption in graphenebased =~ mula of MX,, where M represents the transition metal (Mo, W,
on the traditional asymmetrical metal contact graphene/  etc.), and X is the chalcogen atom (S, Se, and Te). Four repre-
Si-waveguide architecture [Fig. 6(H]"*. Yan et al. demon- sentative TMDCs have been sufficiently studied and imple-
strated a novel graphene integrated double slot plasmonic ~ mented in PICs applications: molybdenum disulfide (MoS,),

3.1. Optoelectronic basics of TMDCs
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Fig. 6. (a) Measured frequency response of the graphene photodetector based on a slot waveguide plotted in the inset. Reproduced with permissionm”.
(b) Sketch of the Si microring resonator integrated graphene photodetector and (c) its transmission spectra. (b) and (c) Reproduced with permission?.
(d) Schematic of the Si-graphene hybrid plasmonic waveguide photodetector. Reproduced with permission[ga]. (e) Schematic of the plasmonic device configu-
ration with graphene and the Si waveguide. Reproduced with permission“m. (f) Schematic of the plasmonic photodetector based on graphene and the double-
slot structure. Reproduced with permission®.
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molybdenum diselenide (MoSe,), tungsten disulfide (WS,),and ~ (PL) properties [Fig. 7(d)]"**. The PL lifetime is ultrashort

tungsten diselenide (WSe;,). (ps), making TMDCs outstanding candidates in laser applica-
In 2017, Manzeli et al. reviewed the structures and electronic ~ tions for optical communication. Lastly, the lack of inversion
properties of TMDCs[*®!. Generally, in terms of different stack-  symmetry structures enables TMDCs potential in nonlinear

ing orders (chalcogen-metal-chalcogen), TMDCs have two  optical applications!**~**7],

structural phases: trigonal prismatic (2H) and octahedral (1T)
[Fig. 7(a)]. The four common TMDCs are thermodynamically .
stalg)le at the 2H phase. Take MoS, as an example; its calculated 3.2. TMDC-integrated lasers

electronic band structure is given in Fig. 7(b). The indirect  Laser sources are essential components in PICs for providing
bandgap in the bulk material turns into a direct bandgap semi-  light but generating on-chip lasers in Si is challenging due to
conductor monolayer. The bandgaps of these four monolayer  the indirect bandgap, which hinders efficient light emission.
TMDCs are in a range of 1.0 to 2.5 eV!"*\. In addition tovarying ~ Heterogeneous integration offers a solution. In particular, the
atomic layers, introducing element defects and constructing van  recent emergence of 2D materials integration has tremendous
der Waals connection with other 2D materials are other poten-  potential for enabling efficient on-chip lasers at the nanoscale.
tial approaches to TMDCs bandgap engineering*>'**'*!). The  TMDCs with excitonic characteristics and resultant remarkable
electronic mobility in TMDC:s is not as high as graphene, in the  light emission properties have been extensively explored as gain
range of tens to hundreds of cm? V~! s7!, which might be owing ~ media for laser applications in PICs.

to the remote optical phonons and Coulomb scattering from the The conditions for realizing lasers are much stricter than
interfacial charge traps in the TMDC atomical thin layers'*®.  other light sources, such as light-emitting diodes (LEDs).
The direct bandgap transition gives the monolayer TMDCs  First, lasers typically operate based on stimulated emission

greater optical absorption (> 10%) and emission in the spec-  rather than spontaneous emission, as seen in LEDs. Second,
trum region from the VIS to the NIR, as well as stronger  the population reversion in gain materials is the perquisition
light-matter interactions than Si and Ge*®'*!. Because mono-  for producing lasers, i.e., the probability of stimulated transi-
layer TMDC absorption is stronger than graphene, it promisesa  tion should be higher than that of the spontaneous emission.
higher responsivity in photodetectors [Fig. 7(c)]"*>'*!).  Last but not the least, a resonant cavity is essential to consolidate
Moreover, monolayer TMDCs exhibit large excitonic bonding  the frequencies and phases of emitted light, ultimately amplify-
energies"*>'*?), resulting in distinguished photoluminescence  ing it into coherent light. In this situation, the Q-factor of the
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Fig. 7. (a) Atomic structure of the single layers of the TMDCs. (b) Evolution of the band structure of 2H-MoS, calculated for samples of decreasing thickness.
(a) and (b) Reproduced with permission’?®. (c) Absorption and (d) photoluminescence spectra of the MoS, thin films with average thicknesses ranging from 1.3 to
7.6 nm. (c) and (d) Reproduced with permission™!
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resonant cavities is important for acquiring the gain for the ~ monolayer WS,!"*"), but the emission wavelength is still in
lasers. The other specifications of a laser include the lasing  the VIS region. As an alternative to PCCs, the resonant micro-
threshold, the full-width at half-maximum (FWHM), and the = disk that works in the whispering gallery mode with a high
beta factor (). Q-value and strong optical confinement is appealing for use
In 2015, Wu et al. reported the first nanoscale laser system as light sources in PICs.
based on 2D monolayer WSe,!"**), whose structure is illumi- In 2015, Ye et al. reported a monolayer WS, excitonic laser in
nated in Fig. 8(a). The monolayer is directly transferred and ~ a microdisk resonator [Fig. 8(c)]"'*"\. They embedded the
coupled to an L3 type PCC on a gallium phosphide (GaP) thin ~ monolayer between two dielectric microdisks [Si;N4/WS,/
membrane. The holes in the L3 PCC is specially designed so that ~ hydrogen silsesquioxane (HSQ)], leading to a visible emission
the highest Q-value mode is resonant with the monolayer PL  at 612.2 nm [Fig. 8(d)] with a Q-value of ~2604. This unique
peak at ~740 nm [Fig. 8(b)]. They recorded an optical pumping  sandwich structure also produced a relatively low-lasing thresh-
threshold of 27 nW at 130 K with a linewidth of 0.3 nm. Geetal.  old of ~5-8 MW cm™ pump intensity. Similarly, Salehzadeh
proffered a room-temperature laterally confined photonic- et al. demonstrated SiO, sphere/multilayer MoS,/SiO, disk-
crystal surface-emitting laser (PCSEL) incorporated with the  structured lasers!'®"), exhibiting multiple lasing peaks in the
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Fig. 8. (a) Schematic of the hybrid monolayer WSe,-PCC nanolasers and (b) their PL spectrum. Reproduced with permission™®. (c) Schematic image of a
manolayer WS, microdisk laser and (d) its PL spectrum. (c) and (d) Reproduced with permission™®. (e) 3D schematic image of an optically pumped WS, disk
nanolaser and (f] its emission spectrum. Inset: emission image. Reproduced with permission[15"]. (g) Type-Il band alignment and carrier dynamics of the
heterobilayer. Reproduced with permission“m‘ (h) 3D schematic image of the heterobilayer-PhCC nanolaser. (i) Cavity lasing emission as compared to the
heterobilayer PL background. (h) and (i) Reproduced with permission™®.

110007-10



Chinese Optics Letters Vol. 21, No. 11| November 2023

wavelength range of ~600 to 800 nm and line width of 0.36 and ~ that compliment graphene-integrated photodetectors ascribed
0.26 nm. The threshold is measured to be ~5pW. Reed et al.  to the strong light absorption (> 10%), the intensive light-mat-
creatively designed a spatial notch on the SiO, microdisk  ter interactions, and the reasonable bandgaps of TMDCs.
covered by the bilayer MoS,, which enables easy out-coupling ~ TMDCs were first carried out on space light phototransis-
of emission"*?). In 2018, Duong et al. transplanted the WSe,  tors!'®>"', Then, they were eagerly incorporated with wave-
monolayers and integrated them on the Si;N, circular Bragg  guide-integrated photodetectors for the use in PICs. In 2017,
grating structures!'*), producing a record high contrast of the  Bie et al. fabricated a versatile MoTe,-integrated Si PhACW-based
spin valley readout (> 40%). Recently, in 2022, Sung et al. pub- device!'™®), which allows for both functionalities of LEDs and PV
lished an interesting work about the observation of unexpected  photodetectors. This ingenious device structure is illustrated in
indirect-bandgap transition lasing in a 50-nm-thick WS, disk  Figs. 9(a) and 9(b). The p-n junction in the bilayer MoTe, is
[Figs. 8(e) and 8(f)]"**. The whispering gallery modes in the electrostatically induced by the split graphite gates at the top,
WS, disk resonators offer sufficient optical gain for lasing  then is encapsulated by the hBN, and evanescently coupled to
action, breaking prerequisite limits of direct-bandgap transition the modes of the PhCW at the bottom. This prototype exhibited
semiconductors for lasers. a responsivity of 4.8 mAW~! and an external quantum effi-

However, the abovementioned works have all resulted in ciency (EQE) of 0.5% at a wavelength of 1160 nm in the photo-
lasers with wavelengths in the VIS region and are limited by  detection mode. In 2018, Ma et al. presented a graphene/
the bandgap of the selected TMDC:s. It is important to extend the  p\foTe, /hBN waveguide-integrated photodetector for a more
wavelength of the TMDCs-integrated lasers into the NIR spec- particular usel'®. The device was operable across the entire
trum, which would be highly valuable for applications in PICs, optical telecommunication O-band, with a responsivity of

especially optical communication. The first option is to exploit 53 1 A W-1 and a bandwidth approaching 1 GHz. In 2020
the MoTe, with a relatively smaller bandgap of ~1.1 eV for on-

chip lasers!*>*”). Much research has been conducted to inte-
grate the monolayer, the bilayer, and the multilayer MoTe, with
the photonic PCC or nanobeam structures to achieve infrared
lasers with wavelengths of up to 1305 nm. These lasers can be
applied in the O-band datacom and offer room temperature
operation, making them compatible with photonic integrated
circuits (PICs) for practical applications!">>~'*”). Moreover, it
has been demonstrated that the energies of the interlayer exci-
tonic emissions in the TMDCs heterojunctions (Type-II band
alignment) are lower than those of the intralayer excitonic emis-
sions [Fig. 8(g)][158], providing opportunities to achieve a red
shift in the emitted wavelength in the TMDCs heterojunctions.
Liu et al. reported an interlayer exciton laser at 1122.5 nm with
MoS,/WSe, heterostructures [Figs. 8(h) and 8(i)] (159 paik et al.
demonstrated infrared lasing based on WSe,/MoSe, hetero-
structures"*®). It is worth mentioning that the longer lifetime
of the interlayer excitons also expedites a higher probability
of population reversion in stimulated emission.

Although tremendous progress has been made in TMDCs
and 2D material-integrated optical-pumped lasers, electrically
pumped lasers based on 2D materials have not been achieved
yet, which is more vital and urgent in PICs applications.
Moreover, while TMDCs-integrated on-chip lasers have dem-
onstrated prominence in the spectrum range from VIS to of 90 pW Hz™"%.
approximately 1.3 um, extending the operating wavelength to Even great progress has been made in TMDC-integrated pho-
cover other datacom and telecom regions remains a challenge. todetectors. They are far from being perfect enough to boast
Nevertheless, we remain confident that with the advancement ~ about their use in PICs. First, the light absorption of TMDCs
of nanotechnologies, such as bandgap engineering!’® and  drops dramatically with the red shift of the wavelength

van der Waals heterojunctions of 2D materials!"®"), these gaps [Fig. 7(c)], leading to a relatively low infrared responsivity com-
could be adequately addressed. pared with their performance in the VIS. Forming TMDC het-

erostructures with other low bandgap 2D materials such as BP
. might be a good solution. Second, the mobility of the monolayer
3.3. TMDC-integrated photodetectors TMDCs is highly sensitive to environmental factors and
TMDC-integrated photodetectors that exhibit a high responsiv-  degrades significantly without protections**.. 2D insulators,
ity and alow dark current can be considered important branches ~ such as hBN and hafnium oxide (HfO,), can be excellent options

Flory et al. demonstrated a vertical MoTe,/graphene hetero-
structure photodetector integrated with planar Si-wave-
guides“66] [Fig. 9(c)]. The use of a vertical heterostructure
and an electrical field remedies the long transit times of carriers
in the TMDCs, leading to a high speed (extrapolated 3 dB roll-
off frequency ~50 GHz) and a high responsivity [200 mA W™! at
1300 nm, Fig. 9(d)].

TMDCs and their heterojunctions can also be compatible for
other PIC platforms!'*”~'!, For example, the monolayer MoS,
and graphene/hBN /graphene/MoS, heterojunctions''*”! have
been integrated on Si3N, photonic platforms with high on/off
current ratios larger than 10%, a responsivity of ~0.24 AW,
and a bandwidth of 28 GHz. In 2020, Maiti et al. reported an
intriguing  strain-engineered photodetector that hetero-
geneously integrated a multilayer 2H-MoTe, crystal flake atop
a Simicroring resonator (MRR) [Fig. 9(e)] (1601 The strong local-
ized strain introduced by the waveguide step resulted in a graded
bandgap of MoTe, to below 1 eV, making TMDC-integrated
photodetectors workable in the telecom C-band for the first
time. Additionally, this device is outstanding, as it has features
such as a strong responsivity of 0.5 AW~! [Fig. 9(f)] and a
hundred-fold reduction in dark current compared with gra-
phene-integrated photodetectors and results in a low NEP
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Fig. 9. (a) Design of the waveguide-integrated LED and photodetector. (b) Cross-sectional schematic of the encapsulated bilayer MoTe, p-n junction on top of a
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of the bias voltage of the device. (e) and (f) Reproduced with permission!™’.

to encapsulate TMDCs for propelling TMDC-integrated devices
into a real use.

4. Black Phosphorous-Integrated PICs

4.1. Optoelectronic basics of BPs

Black phosphorus (BP), an emerging 2D material with a small
bandgap and the VIS to MIR operation, is considered to bridge
the wavelength gap between graphene and TMDCs!"”°). BP has
an orthorhombic crystalline structure similar to graphene,
where phosphorus atoms are arranged in a honeycomb lattice
[Fig. 10(a)]. Different from graphene and other 2D nanomate-
rials with flat atomic planes, BP is formed by buckled double
layers, which determine a series of anisotropic physical proper-
ties of BPI'”!, Electrically, BP has a varied direct bandgap of
~0.3 eV in bulk and ~2 eV for the monolayer!”*'”?, The pre-
served direct bandgap, regardless of layer numbers, is distinct
from indirect-direct transitions of TMDCs [Fig. 10(b)], facilitat-
ing light-matter interactions of BP. In addition to changing
layer thickness!'”?), electrical control!’”*!, chemical tailoring/
doping!"”>'7®!, and strain engineering!"””'”®! are also effective
ways to tune the bandgap of BP. Moreover, BP presents a high
carrier mobility of over 1000 cm? V= s7!7117%] Bp is not com-
parable to graphene, but it outperforms TMDCs in PICs appli-
cations with larger current on/off ratios. BP displays strong
doping and thickness-dependent optical properties [Fig. 10(c)].
The absorption edge of BP is layer thickness dependent, ranging

between 0.3 and 0.6 eV with decreasing thickness attributed to
the quantum confinement enlarged energy gap!'’'). The PL
spectra follow the same phenomenon [Fig. 10(d)]. The PL peak
red shifts as the BP layer thickness is reduced"*>'®!), In sum-
mary, the tunable electronics and ultrabroad (VIS-MIR) optics
of BP make them excellent choices for potential use in photonic
applications!'827184],

4.2. BP-integrated photodetectors

In 2015, Youngblood et al. exfoliated multilayer black phospho-
rus from bulk crystal and transferred it onto one of the optical
arms of the MZI to fabricate photodetectors [Fig. 11(a)]"3%,
which can be operating in the NIR telecom band. Graphene,
on top of BP with an Al,O; dielectric interlayer, serves as a gate
to control the conductance of the BP and forms a PV-type pho-
totransistor evanescently coupled with the underearth Si-wave-
guide. Unlike graphene-integrated photodetectors, which suffer
from high dark current, BP devices presented very low dark cur-
rent under bias while attaining an intrinsic responsivity of up to
657 mA W~ (100-nm-thick device) and a bandwidth exceeding
3 GHz [Fig. 11(b)]. Subsequently, their group proposed a PC
effect-dominated BP photodetector integrated on the Si pho-
tonic platform®*), showing a responsivity 10 A W~! afforded
by internal gain mechanisms, and a 3 dB roll-off frequency of
150 MHz. Similar to TMDCs, 2D BP is susceptible to the atmos-
phere and should be carefully encapsulated for the practical use.
Oxide dielectric layers!*”), polymer cladding"*®, and 2D
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insulators hBN and HfO,"*”) are common media used in device
structures to protect BP from moisture.

Although the small bandgap of BP enables the operation of
photodetectors in a broadband from VIS to MIR, the intrinsic
weakened light absorption of BP in the infrared region
[Fig. 10(c)] diminishes the device’s responsivity. Diverse pho-
tonic structures, benefiting from the flexibility of optical designs
in PICs, have been explored for integration with BP for device
performance breakthrough!'®*'%), For instance, Ma et al. pro-
posed a PC-dominated BP photodetector on a 10 pm-long
PhCW by using slow-light effects [Fig. 11(c)], achieving a
1131 AW™! responsivity and a 0.012nW Hz /2 NEP!'®¢],
Tian et al. reported the integration of a BP photodetector with
the planar PCC to strengthen the BP light-matter interaction
lengths [Fig. 11(d)]"®". Recently, metasurfaces that boost light
absorption through resonant or plasmonic effects, have become
attractive for use in infrared photodetection. In 2022, Lien et al.
used resonant metal-insulator-metal (MIM) metasurface gra-
tings to increase MIR absorption and responsivity when inte-
grating them with a thin-film BP photodetector'*”), Yadav
et al. designed an Au disk-based plasmonic metasurface inte-
grated into BP photodetectors [Fig. 11(e)] (1911 t6 achieve a peak
responsivity of 495.85mA W~! and an ultrahigh operation
speed (> 10 MHz) at the power of 8.55 pW under a 3.7 pm inci-
dent wavelength. Improving the MIR responsivity is challenging
due to the intrinsic material optical properties constrain in the

infrared. It is believed that new resonant structures and metasur-
face designs in PICs offer new path toward high-responsivity BP
MIR photodetecting.

Lastly, we want to emphasize the compatibility of BP integra-
tion to diverse PIC platforms by an example!'**'°?, BP photo-
detectors based on TFLN have been reported with a high
extrinsic responsivity of 148 mA W~! measured at 1550 nm
wavelength under a low bias of 0.3 V [Fig. 11(H]1%,

5. hBN-Integrated PICs

5.1. Optoelectronic basics of hBN

hBN plays a crucial role in the 2D materials family due to its
exceptional optoelectronic, mechanical, and thermal properties.
It serves various functions in 2D material-based devices, such as
insulators, dielectric interlayers, and encapsulations'>"'9*94],
The atomic structure of hBN is quite similar to graphene
[Fig. 12(a)], in which boron and nitrogen atoms are alternately
arranged, leading to some resemblances to the properties of gra-
phene, such as the moiré superlattice in the twisted bilayer
hBN'?>~198] Noticeably, hBN has an atomically smooth surface,
is relatively free of dangling bonds, and also has chemical and
thermal stability. It is well suited for 2D material heterogeneous
substrates'*®19®19%2%] There is also solid evidence that hBN is
a better dielectric choice than traditional SiO,. Compared to
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Fig. 11. (a) Schematic and (b) frequency response of the BP photodetector integrated in a Si PIC. Reproduced with permission™. (c) Schematic of the BP

photodetector integrated in Si PhCWs. Reproduced with permission!™®®. (

permission(®®

ridge LN waveguide. Reproduced with permission™®.

devices fabricated directly onto SiO, /Si, hBN provides graphene
devices with almost one order of magnitude higher carrier
mobilities because it reduces Coulomb scattering®®*°"). hBN
has a relatively wide bandgap of ~6 eV to ensure its insulativity
[Fig. 12(b)]. Corresponding to its large bandgap, the optical win-
dow of hBN is located at the ultraviolet (UV) region [Fig. 12(c)],
with a PL emission at ~230 nm and a bandwidth around 300-
400 meV [Fig. 12(d)] (2021 making hBN a promising material for
applications in UV optoelectronics!**2**24,

5.2. hBN-integrated heterostructure devices

hBN is typically used in the form of heterostructures with other
2D materials when it is integrated into PICs. The discussions
above highlight that a single 2D material and its properties
can hardly satisfy all the functionalities required from PICs.
For example, TMDCs excel at VIS to NIR photodetection,
and we may expect that BP can be integrated with TMDCs
for a broadband from VIS to MIR photodetection. 2D material
heterostructures, which combine different 2D materials via
van der Waals connections, open a new avenue for hetero-
geneous integration in PICs and performance break-
through!!9¢-198:199:205-207] " Bjrst 2D materials with their
special layered atomic structures and absence of dangling bonds,
can be vertically stacked and bonded using the van der Waals
force, avoiding the influence of lattice mismatch that is troubling
in conventional epitaxial heterogeneous integration. Second, the
vertical heterostructures provide shorter carrier transport chan-
nels than lateral structures, from which carriers can be quickly

(b)

Plasmonic Metasurface

(e) (f)

d) Schematic of the BP photodetector integrated on a PPC cavity. Reproduced with
| (e) Schematic of Au disk-based plasmonic metasurface. Reproduced with permission“gﬂ. (f) Schematic of the BP photodetector integrated in a

separated and collected. Lastly, in contrast to bulk junctions, 2D
material heterostructures are constructed in the atomic thick-
ness level, and carrier confinement makes a sharp built-in filed
distribution, which is beneficial for the realization of a high-
speed operation. From Sections 3.2, 3.3, and 4.2, we have seen
the characteristics of hBN in heterostructures with other 2D
materials. Here, we just review several typical works based on
PICs and emphasize the roles hBN heterostructures play in these
structures.

In 2015, Shiue et al. exhibited an hBN/graphene/hBN sand-
wiched PTE-type photodetector based on Si PICs using van
der Waals assembly!"*!). The device architecture is depicted in
Fig. 13(a). Graphene is encapsulated by the hBN while coupling
to the optical mode of a Si-waveguide. The mobility of hBN-
encapsulated graphene can be reserved to 80,000 cm® V™' 57!
by reducing scattering rates, which exceeds that of traditional
semiconductors, such as Ge, by 1-3 orders of magnitude.
Additionally, the one-dimensional contacts to the hBN/SLG/
hBN stack combined with a wide channel design reduced the
device resistance to as low as ~77 Q. Both the reserved high
mobility of the graphene and the lower device resistance ben-
efited from the hBN/graphene heterostructures, which yielded
a photodetector with the maximum responsivity of 0.36 A/W
and a high-speed operation of 3 dB cutoff at 42 GHz
[Fig. 13(b)]1**Y. In particular, capacitor structures are basic
units in PICs for tuning the Ey of the graphene and other 2D
materials. An hBN insulator can be an excellent partner for
replacing SiO, in such structures. In this regard, the hBN/gra-
phene heterostructures have been implemented in modulating
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Fig. 12. (a) Schematic of the structure of the hBN. Reproduced with permission“g7]. (b] Band structures of the monolayer hBN. Reproduced with permission
(c) Absorption and (d) PL spectra in the hBN grown on sapphire. Reproduced with permission

directions [Figs. 13(c) and 13(d)]1208:2091, Fascinatingly, the
magic twist angle and moiré superlattice reappear in hBN/
graphene heterostructures, which creates new, finite-energy
Dirac points in the graphene band structure and leads to the
novel Hofstadter butterfly spectrum[l%]. In 2021, Kuzmina et al.
demonstrated twist-controlled resonant light emission from
graphene/hBN/graphene tunnel junctions [Fig. 13(e)]"*'".
The emission peak lies in the NIR spectral region and can be
tuned to over 0.2 eV [Fig. 13(f)], providing the zero-bandgap
graphene with the capacity to act as a potential candidate for
on-chip optoelectronics light sources. hBN is also used in other
2D material heterostructures, such as TMDCs and BP applied in
PICs, as shown in examples in Sections 3.3 and 4.2, respectively.
It should be noted that the van der Waals heterostructure is a
broad concept and has a variety of choice materials, not limited
to hBN, other 2D materials, 0D and 1D materials, and bulk sub-
strates, which could be mixed for interacting and shaping into
heterostructures!2°°~272!1],

6. Other 2D Material-Integrated PICs

Benefiting from rapid advances in nanotechnologies, a number
of novel 2D materials have been discovered to address the
increasingly diverse demands for enhanced hardware perfor-
mance in fields, such as computing, sensing, and communica-
tion. In this section, we introduce some impressive 2D materials,

: ey
50 52 54 56 58 6.0
Energy (eV)

(d)

Photoluminescence intensity

[31]
[202]

such as few-layered indium selenide (In,Se;), perovskite 2D
structures, 2D metal carbides and nitrides (MXene), and
graphdiyne. These materials exhibit fascinating optoelectronic
properties and hold immense potential for applications
in PICs.

Few-layered In,Se; has emerged as an unconventional phase-
change material (PCM) to be studied in electronic memory devi-
ces?'?l. Compared to conventional antimony (Sb)-based chal-
cogenides and chalcogenide alloys and PCMs, few-layered
In,Se; exhibits ultrafast and energy-efficient phase-change char-
acteristics®'?\. Li et al. systemically analyzed the structure of
two-layered In,Se; [Fig. 14(a)] and their underlying atomistic
transition pathways**. They found that the interlayer “shear
glide” and isosymmetric phase transition between the a- and
p-structural states contain low reconfigurational entropy
[Fig. 14(b)], which can account for the reversible switching
between the layered structures in a timescale of ns and a rela-
tively lower phase transition temperature of 220°C (that of
Sb-based PCMs is beyond 600°C). Finally, reversible all-optical
switching was demonstrated in a In,Se;-integrated Si-MRR
[Fig. 14(c)]. These results provided few-layered In,Se; with
larger potential use in large-scale memory devices and energy-
efficient all-optical neurocomputing applications. Perovskites
belong to a class of ionic semiconductors with remarkable opto-
electronic properties, such as appropriate bandgaps, strong light
absorptions, long photocarrier lifetimes, and high fluorescence
yields, and have been intensively studied for applications in solar
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Fig. 13. (a) Schematic and (b) high-speed response of the hBN/SLG/hBN photodetector on a buried silicon waveguide. Reproduced with permission™".
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(e) Schematic of a twist-controlled Gr/hBN/Gr light-emitting tunnel junction. (f) Evolution of the spectral response for different twist angles 0. () and
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cells, photodetectors, and LEDs?'*?'*]. The ease of chemical
processing of perovskites enables the creation of various 2D
forms, making them suitable for different application scenarios
in PICs. For example, perovskite nanosheets revealing intrinsic
nonlinear optical properties, can be used as an effective saturable
absorber for the stable mode-locked pulse generation®'*.
Perovskite microdisks integrated with Si;N, PICs were fabri-
cated into an on-chip laser [Fig. 14(d)]2%) 1t is interesting to
investigate the combination of outstanding perovskite 2D mate-
rials with mature PIC platforms?'”). In addition, MXene and
graphdiyne with their distinguished nonlinear saturable absorp-
tion effects'*'®*'*) have also been implemented in versatile PICs
applications, such as saturable absorbers®*”, AO modula-
tors!??!), and on-chip photonic deep neural networks***.

7. Integration Methods of 2D Materials with PICs

Despite the fact that 2D materials with their remarkable opto-
electronic properties have made striking progress in PIC appli-
cations, their inherent mechanical fragility determines that
caution should be used in the manipulation of 2D materials inte-
grated with PICs and they may be difficult to mass production.
The preparation methods of 2D materials have continued to
evolve since their discovery, with mechanical exfoliation, liquid
exfoliation, and chemical vapor deposition (CVD) growth being
the most extensively investigated and matured techniques. Here,
we provide an overview of these three major 2D materials, their

preparation approaches, and their subsequent integration meth-
ods in PICs.

It is well known that the initial discovery of graphene origi-
nated from tape mechanical exfoliation'*”). Subsequently,
mechanical exfoliation has been established as a straightforward
and versatile method for isolating 2D materials from their bulk
crystals'**>?**] 2D materials are held together with neighboring
atomic layers using weak van der Waals interactions, making
them amenable to detachment from bulk crystals. Metal-assisted
mechanical exfoliation is progressively supplanting tape-based
methods, as it allows for higher throughput and can be adapted
for wafer-scale production by harnessing the tensile stress-
induced spalling between metal films and 2D materials!**>**¢],
Taking advantage of the different interfacial binding energy of
the metals, graphene, TMDCs, BP, and hBN can be isolated
by using selective metals'*****”!, Huang et al. developed a uni-
versal Au-assisted mechanical exfoliation method that can be
applicable in 40 types of single-crystalline monolayers?**,
The mechanically exfoliated 2D materials with metal contacts
can be directly transferred to wafers or other PIC substrates
[take graphene as an example in Fig. 15(a)] to complete the tar-
get device fabrication”**). While mechanically exfoliated 2D
materials exhibit high quality, the precise control of their uni-
formity and shape on a large scale remains a challenge. This
issue can significantly affect the subsequent integration process
with PICs, especially when aiming at a standardized industrial
process flow.
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Fig. 14. (a) Atomic structure of a-/B-In,Sez and (b) their transition process at room temperature. Left: normalized transmission spectra for the hybrid resonator
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The next method for preparing 2D materials involves liquid
exfoliation of bulk crystals. In addition to the mechanical shear
forces, liquid exfoliation introduces a chemical fact that ions in
liquids can be absorbed or exchanged into layer spacing for
facilitating the isolation [Fig. 15(b)] (2281 A ssisted by sonication,
a solvent containing 2D nanosheets is produced [Fig. 15(c)] (2291
Meanwhile, graphene, TMDCs, BP, and hBN dispersed nano-
sheet solvents have been successfully realized by liquid exfolia-
tion from their layered crystals’®*°!. Liquid exfoliation has some
obvious advantages, including the ease of synthesizing a large
quantity of nanosheets and straightforward size sorting through
centrifugation, and most importantly, it facilitates the integra-
tion of 2D materials into PICs using well-established solu-
tion-based techniques, such as inkjet printing and roll-to-roll
coating®*’!. Inkjet printing is a promising process toward
large-area integration with superiorities in material conserva-
tion, good controllability, and scalability. Noticeably, various
2D material heterostructures can be obtained using this tech-
nique!*'~2**!_ It is also worth mentioning that inkjet printing
is free of post patterning processes, which are essential in con-
ventional 2D materials transfer methods. The nanosheets ink
can be accurately printed on PIC chips without further mask
preparations [Fig. 15(d)] (2331 Pioneering work has been carried

out in the inkjet printing of graphene and MoS, nanosheets onto
an SOI substrate with a resolution of ~80 pm'***!. However, sev-
eral challenges must be addressed through further efforts to
transition 2D materials inkjet printing into mass production,
including solution concentration, patterning dimensions, jetting
accuracy, and reliability in PIC applications.

In contrast to the exfoliation methods mentioned earlier,
CVD growth is a bottom-up approach to preparing 2D materi-
als. The process of CVD growth is not complex. Taking gra-
phene as an example, a mixture of methane and hydrogen
goes through Cu or Ni substrates at a temperature up to
1000°C in the furnace. Carbon atoms begin to seed on the sub-
strates and then assemble into graphene readily. By adjusting gas
species and reaction conditions, TMDCs and hBN are syn-
thesized in the same manner'******!, It should be noted that
the CVD method provides an approach to directly growing
2D materials on desired PICs structures'?*”); as well as in situ
deposition of 2D material heterojunctions®*®). This holds sig-
nificant value in simplifying the process of heterogeneous inte-
gration of 2D materials with PICs. While the CVD method may
not yield 2D materials with the same surface area and mobility as
those produced through mechanical exfoliation, it still excels in
terms of layer and morphology control, which are critical factors
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that influence device performance in PICs. It is important to
note that CVD-grown 2D materials require metal substrates,
necessitating a wet-chemical etching step to remove the metal.

Meanwhile, a polymer medium, such as poly(methyl methac-
rylate) (PMMA), is commonly employed to facilitate the transfer
of 2D materials from a solvent onto the desired target substrates.
The final but crucial step involves patterning the transferred 2D
materials with the aid of lithography and dry etching. This proc-
ess is essential for preserving the core area covered by 2D mate-
rials and removing excess portions to prevent optical losses [as
illustrated with graphene in Fig. 15(e)]. An alternative transfer
approach is using the polydimethylsiloxane (PDMS) stamp
[Fig. 15(f)]**?\. 1t allows patterning 2D materials before they
are transferred to substrates. Additionally, some new techniques
such as singular sheet etching?**!, thermal annealing'***], EBL-
direct-etching!**), and laser deposition'**®! have been proposed
for handling the integration of 2D materials into PICs more flex-
ibly and carefully. Currently, enhanced by the innovation of
synthetic methodologies and the optimization of integration
processes, wafer-scale graphene®”’), TMDCs!***), hBN[**°|

[242]

and centimeter-scale BP***! with high quality have been

acquired, accelerating their applications in PICs.

8. Future Perspectives and Challenges

In the past two decades we have witnessed the emergence of 2D
materials and their successful role in diversifying and boosting
the performance of PICs. The integration of 2D materials with
PICs has enticing and bright perspectives for embracing the era
of “More than Moore’s Law.” First, it is foreseeable that the
abundant physical, mechanical, and thermal properties of 2D
materials would bring more sophisticated and “beyond tradi-
tional” functionalities into PICs to meet future application chal-
lenges, especially in the fields of next-generation computing and
high-speed optical interconnection. Some frontier works have
been reported. Graphene nanoheaters with highly efficient ther-
mal conductive paths have shown great potential in ultralow
energy consumption non-volatile devices®. MXene exhibiting
nonlinear saturable absorption effects promises the realization
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. These works materials are sensitive to environmental factors and contamina-

pave the way toward photonic and all-optical neuromorphic  tion. This ultimately impacts the working performance and reli-
computing, which is widely regarded as the alternative approach ability of PICs.

to circumvent the von Neumann bottleneck?*!. Obviously, the
potential of 2D materials has not been fully dug out. For exam-

ple, from the above review, one can perceive that most of the 2D 9. Conclusions

materials integrated into PICs handle light in the form of inten-
sities and phases. There is plenty of room for introducing spin
and linear light polarization manipulation into PICs to add their
working capacities and degrees of freedom. Although some
interesting works have shown polarization-sensitive photore-

In this work, we have reviewed recent achievements in 2D mate-
rials integrated with PICs, with a focus on the four representative
materials including graphene, TMDCs, BP, and hBN. Their
unique properties, such as broadband absorption, ultrafast car-

sponse by integrating TMDCs with LiNbO,"®%!) this func- 1T mobility, strong light-matter interaction, and nonlinear

tional novelty mainly comes from the spontaneous polarization

effects, make them promising candidates for next-generation

structure of LiNbOj itself. In fact, 2D materials like TMDCs that PICs. The ability to tune their band gaps, mechanical strength,

present significant structural symmetry and electronic valley
polarized exciton states could be adequately explored in combi-
nation with PICs to create more functionality highlights for the
emerging application directions.

Next, the current deployment of 2D materials is laid on indi-
vidual photonic devices. How to consolidate their role within
PIC systems is an exciting topic, yet it is also full of challenges.
There is excellent research that has realized light emission and
photodetection within one waveguide structure!”®), showing
large advantages in functionalities integration and fabrication
simplification. It can be expected that with the advance of three
denominational monolithic heterogeneous integration and co-
packaged optics technologies, 2D materials and optoelectronic

and surface chemistry will further enhance their applicability in
communications, computing sensing, and so on. Nevertheless,
there are still challenges to be addressed for practical implemen-
tation, including wafer-level material preparation, reliable fabri-
cation processes, and large-scale integration. These challenges
point the way to future research endeavors. We anticipate that
in the future, 2D materials will be integrated with PICs in an
even more tightly-knit and scalable way, which will further pro-
mote the convergence of photonics and electronics and continu-
ally bring new opportunities for advancing photonic and
optoelectronic applications.

devices would be integrated on-chip to form a complete scheme References

with high coupling efficiency and elaborate features. Light
sources assisted by 2D materials generating different wavelength
laser emissions, multichannel waveguides, an array of modula-
tors, multiplexers, and 2D materials enabled broadband photo-
detectors, making up a WDM system to serve as building blocks
for optical communication and computing. But in this mode, we
may face challenges in the synergy fabrication of various 2D
materials on complicated photonic circuits structures.

The last point we foresee is that wafer-scale 2D material inte-
gration with PICs will be a trend in the future. 2D materials inte-
gration promotes fabrication convenience in contrast to
conventional epitaxial growth and heterogeneous integration
[such as indium phosphide (InP), gallium arsenide (GaAs),

Ge, and LiNbOj;]. By leveraging CMOS technologies, the Si-
based PICs are evolving rapidly and are gradually maturing
because of foundry manufacturing. Simultaneously, tremendous
efforts have been taken on wafer-scale 2D materials prepara-
tion!***2*) The following insights will be focused on combin-
ing these two fabrication flows into one industrial pilot line. It
can be predicted that the integration level of 2D materials with
unit cells in PICs will be dramatically promoted. However, inte-
grating 2D materials into heterostructures and large-scale PICs
remains challenging due to the difficulties in synthesizing uni-
form, high quality, and single crystalline materials. The cracks,
wrinkles, or inhomogeneity of 2D materials when incorporated
with the undulating surface of photonic architectures are also
problems. Moreover, the development of packaging techniques
for 2D materials within PICs is of equal importance, as many 2D
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