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Two-Dimensional Materials for Integrated Photonics:
Recent Advances and Future Challenges

Jianghong Wu, Hui Ma, Peng Yin, Yangi Ge, Yupeng Zhang, Lan Li,* Han Zhang,*

and Hongtao Lin*

With the development of novel optoelectronic materials and nanofabrication
technologies, integrated photonics is a rapidly developing field that will promote
the development and application of next-generation photonic devices. In recent
years, emerging two-dimensional materials (2DMs) including graphene, transi-
tion metal dichalcogenides (TMDCs), black phosphorus (BP), and ternary
compounds show many complementarities and unique characteristics over those
of traditional optoelectronic materials including broadband absorption, ultrafast
carrier mobility, strong nonlinear effects, and compatibility for monolithic inte-
gration. Herein, the recent progress on waveguide-integrated active devices for a
full photonic circuit based on 2DMs is reviewed. Both the development of
nanofabrication techniques and the working mechanism of active photonic
components based on 2DMs containing integrated light sources, waveguide-
integrated modulators, photodetectors, as well as some advanced 2DMs-based
optoelectronic devices are illustrated in detail. In the end, the existing challenges

consumption, and costs of optical systems.
It has been recognized as an advanced tech-
nology for communication, sensing, imag-
ing, etc. Over the past decade, therefore,
corresponding optoelectronic devices in
integrated photonic systems based on Si,
Ge, glass, LiNbO3, and III-V semiconduc-
tors (such as GaAs, InP, InGaAs) including
lasers,' ! couplers,*® Bragg gratings,* "
waveguides,'®l  ring  resonators,’’ 72!
modulators,”**! and photodetectors!**>*!
have been systematically explored and
continuously optimized. Silicon and I1I-V
photonics have been commercialized and
are the backbone of current communication
technology.?** However, with the rapid
development of integration technology,

and perspectives on novel 2DMs-integrated photonics are summarized and

discussed.

1. Introduction

Integrated photonics, which relies on semiconductor technology
to shrink fiber or free-space bulky optic circuits into on-chip
photonic devices, can significantly decrease the size, energy

the performance of each basic unit device
gradually approached its fundamental limit.
It is quite a challenge to propose novel
device architectures and operational
mechanisms to further boost the device
components’ capabilities based on the current optoelectronic
materials platform. For instance, 3dB modulation bandwidth
of the modulator based on bulk materials such as Si, III-V semi-
conductors, and LiNOj is usually less than 200 GHz at the current
telecommunication band.****3¢! Free-carrier dispersion is the

J. Wu, H. Ma, Prof. H. Lin

Key Lab. of Advanced Micro/Nano Electronic Devices & Smart Systems of
Zhejiang

College of Information Science & Electronic Engineering

Zhejiang University

Hangzhou 310027, China

E-mail: hometown@zju.edu.cn

J. Wu, Prof. L. Li

Key Laboratory of 3D Micro/Nano Fabrication and Characterization of
Zhejiang Province

School of Engineering

Westlake University

Hangzhou 310024, China

E-mail: lanli@westlake.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smsc.202000053.

© 2021 The Authors. Small Science published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited.

DOI: 10.1002/smsc.202000053

Small Sci. 2021, 1, 2000053 2000053 (1 of 29)

J. Wu, Prof. L. Li

Institute of Advanced Technology

Westlake Institute for Advanced Study

18 Shilongshan Road, Hangzhou 310024, China

Prof. P. Yin, Prof. Y. Ge, Prof. Y. Zhang, Prof. H. Zhang

Institute of Microscale Optoelectronics

Collaborative Innovation Centre for Optoelectronic Science & Technology
International Collaborative Laboratory of 2D Materials for Optoelectronics
Science and Technology of Ministry of Education

Key Laboratory of Optoelectronic Devices and Systems of Ministry of
Education and Guangdong Province

College of Physics and Optoelectronic Engineering

Shenzhen Key Laboratory of Micro-Nano Photonic Information
Technology

Guangdong Laboratory of Artificial Intelligence and Digital Economy (SZ)
Shenzhen University

Shenzhen 518060, P. R. China

E-mail: hzhang@szu.edu.cn

© 2021 The Authors. Small Science published by Wiley-VCH GmbH


mailto:hometown@zju.edu.cn
mailto:lanli@westlake.edu.cn
https://doi.org/10.1002/smsc.202000053
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:hzhang@szu.edu.cn
http://www.small-science-journal.com

ADVANCED
SCIENCE NEWS

small
science

www.advancedsciencenews.com

primary mechanism of Si and I1I-V-based optical modulators in
which free-carrier-induced absorption is inevitable, resulting in
degrading the optical modulation amplitude and even signal dis-
tortion in some applications. Since the discovery of graphene in
2004, 2DMs have attracted much attention in integrated photon-
ics.B*% For example, the ultrafast graphene-loaded modulator
has been obtained with a switching energy of 35 {] and a switch-
ing time of 260 fs, which corresponded to 1.35 THz bandwidth.*”
2D WS, has demonstrated a significantly higher carrier-induced
phase change relative to the absorption change than that in Siand
I1I-V semiconductors, as substantially the insertion loss of the
device can be reduced to a very low level.*Y Thus, the seamless
integration of 2DMs with ultracompact integrated photonic struc-
tures could probably pave the way for next-generation on-chip
optoelectronic devices desiring higher device densities, lower
power consumption, and faster response.[*>*%43]

In addition, emerging integrated photonic applications such
as flexible photonics,”“ﬂ mid-infrared (MIR) photonics,[“g’5 0
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terahertz technology,”'* quantum optics,>*>° microwave

photonics,®” % etc. request more advanced material properties
such as the novel and unique optoelectronic characteristics, large
mechanical flexibility, and wide compatibility with nanofabrica-
tion processing technologies. 2DMs containing insulator (h-
BN),[°%¢! semiconductors with various bandgaps (TMDCs, black
phosphorous [BP)),!**** semimetal (graphene, WTe,),[>"*) and
metal (Crl3)/®7% could provide a wide range of options for
optoelectronic devices and fulfill the request of emerging pho-
tonic applications (Figure 1)!**71# because of their unique opti-
cal, electronic, thermal, and mechanical features.®*°” First,
2DMs usually show better mechanical flexibility than their bulk
counterparts due to the atomic-level thickness; thereby, 2DMs
are good choices for flexible photonics. For instance, flexible pho-
todetectors based on different 2DMs have already been studied
and exhibited good performance.”'~** Second, these 2DMs with
zero and narrow bandgap, such as graphene, BP, and PtSe,, are
good candidates for MIR photonics,*>** which plays an
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Figure 1. Some emerging photonic applications based on 2DMs have been demonstrated, including flexible photonics [flexible emitter (Reproduced with
permission.”>) Copyright 2012, Springer Nature), flexible detector (Reproduced with permission.’* Copyright 2014, American Chemical Society), and
image sensor (Reproduced under the terms of the CC-BY 4.0 license.’® Copyright 2017, The Authors, published by Springer Nature.)], MIR photonics
[MIR emitter (Reproduced with permission.®% Copyright 2019, American Chemical Society), MIR modulator (Reproduced with permission.®" Copyright
2019, American Chemical Society), and MIR detector (Reproduced with permission.®! Copyright 2017, Springer Nature)], terahertz technology [terahertz
generation (Reproduced with permission.”® Copyright 2017, Springer Nature), terahertz modulator (Reproduced with permission.®? Copyright 2012,
Springer Nature), and terahertz detector (Reproduced with permission.l"®®! Copyright 2012, Springer Nature)], microwave [frequency combs (Reproduced
with permission.””! Copyright 2018, Springer Nature), and four-wave mixing (Reproduced with permission.”® Copyright 2018, Chinese Laser Press)],
quantum optics [quantum emitter (Reproduced with permission.”?! Copyright 2018, Optical Society of America) and moire exciton (Reproduced with
permission.l”?l Copyright 2019, Springer Nature)], and other photonic applications [synaptic devices (Reproduced with permission.’®2 Copyright 2020,
American Chemical Society.), metamaterials (Reproduced with permission.®3! Copyright 2012, Springer Nature), and photothermal therapy (Reproduced
with permission.®*l Copyright 2010, American Chemical Society)].
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important role in thermal imaging, infrared homing, and spec-
troscopic sensing.””! Up to now, several 2DMs MIR devices such
as mode-locked pulses,'® modulators,®” and photodetec-
tors!"®" have been designed. Third, 2DMs such as graphene with
a gapless bandgap are good choices to promote terahertz technol-
ogy that is significant for noninvasive and nondestructive detec-
tion. Some representative devices have been fabricated to
demonstrate the generation,”®'%? modulation,*? and detec-
tion!'%*1%4 of terahertz signal based on graphene. Fourth, the
strong optical response of 2DMs is another advantage.['*>~1%%!
Till now, nonlinear phenomena of 2DMs including ultrafast non-
linear absorption,!"” """l thermo—optic (TO) nonlinearities,!"'”]
second-harmonic generation (SHG),!**"*** and third-order non-
linear optical response!’’®''”) have been observed, which are
important for next-generation nonlinear photonic circuits.
Fifth, quantum emitters based on 2DMs,'*®8! moire excitons
in van der Waals’ heterojunctions of 2DMs,"'*'?%! and gate-tun-
able frequency combs based on graphene/Si3N, microresona-
tor””) have been realized, which bring about a new possibility
for quantum optics. Sixth, despite being atomically thin, many
2D materials show large light absorption over a broad wavelength
range,®®'2! which is partially due to the strong quantum con-
finement in the direction perpendicular to the 2D plane.
Seventh, 2DMs, exhibiting high carrier mobﬂity,[lzzl can be
applied to photodetectors and modulators with fast response
speed.?”12*124 Taking graphene as an example, it possesses
ultrafast carrier mobility (2 x 10*cm?Vs™! at room tempera-
ture).l'*! Last but not least, van der Waals-stacked heterojunctions
and homojunctions of 2DMs obtained by direct transfer can bring
about novel physical phenomena for the devices’ excellent perfor-
mance."**7%% Taking graphene as an example, bilayer graphene
with magic-angle superlattices can work as both a superconductor
and an insulator at a different angle.3>**2

In the past few years, integrated light sources,**! waveguide-
integrated modulators®”**'** and photodetectors**'**! based
on 2DMs, have been realized, benefiting from the properties
mentioned earlier. Based on the current research status and
potential applications of 2DMs, therefore, the rapid development
of integrated photonic technology promotes the demand for
exceptional optoelectronic 2D materials. The introduction of
them would lead to the unconventional tuning and detuning
mechanism in integrated photonic devices, which could not only
be the key to break the theoretical limits of current device archi-
tectures but also facilitate some creative applications of inte-
grated photonics.

Although 2DMs have emerged as a rising star in the field of
integrated photonics, there are still some challenges to resolve for
the practical use of 2DMs-based devices. For example, the elec-
trically pumped laser is essential in practical applications, but
currently reported lasers based on TMDCs are all optically
pumped, whereas most of them emit the laser beam perpendic-
ular to the surface and cannot be easily coupled into the planar
photonic circuits. Moreover, only a limited number of studies
focus on novel waveguide-integrated optoelectronic devices such
as isolators, modulators, and single-photon detectors based on
2DMs exhibiting excellent performance.

In this Review, the recent progress in on-chip integrated
optoelectronic devices based on 2DMs has been summarized.
First of all, different photonic integration technologies with
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2DMs for rapid prototyping and wafer-scale manufacturing
are discussed and compared. The latest advances in the develop-
ment of design principles and functionalities for novel 2DMs-
based active optoelectronic devices, including integrated light
sources, waveguide-integrated modulators, and photodetectors,
are reviewed in the next three sections. Also, some advanced inte-
grated optoelectronic devices based on quantum, phase-change,
and magneto-optical 2DMs are introduced in the following sec-
tion. Finally, the last section concludes the remaining challenges
and provides perspectives on the further development of novel
2DMs-based integrated devices.

2. Fabrication Strategy

The fabrication process has a severe impact on the performance
of optoelectronic devices based on 2DMs because those ultrathin
2DMs are fragile. To fabricate devices based on 2DMs with less
damage, one solution is transferring 2DMs onto a prepatterned
substrate. Different types of waveguide-integrated photodetec-
tors and modulators have been designed and optimized through
this method. In 2011, Si waveguide-integrated graphene modu-
lators were reported.’”) Although transferring 2DMs onto a pre-
patterned waveguide is a commonly used method, there do exist
some limitations. On the one hand, 2DMs are ultrathin, thereby
the out-of-plane stress induced by uneven prepatterned optical
waveguides can disrupt the integration of 2DMs, resulting in
degradation in device performance.'*®! To prevent 2DMs from
rupturing at the waveguide edge on an uneven substrate,
researchers have to take additional fabrication procedures. For
example, backfilling of the prepatterned substrate with SiO,
has been proven to be necessary for high-performance photode-
tectors.*® On the other hand, the overlap between the optical
field in a waveguide with 2DMs is limited if 2DMs are on top
of the waveguide structure.’*”) Moreover, it's challenging to
transfer complicated structures such as heterojunction and pre-
patterned structures onto the substrates with waveguides, limit-
ing the capability to achieve more functional devices.

Limited by the problems as described earlier, depositing opti-
cal dielectric films onto 2DMs seems to be a good solution, and
some research groups have tried this approach. However, this
technique presents some problems as well. On the one hand,
it is difficult to initiate the nucleation and deposition of dielectric
films with their optical thickness on the chemically inert 2DM
surface by atomic layer deposition (ALD),[**®! a pretty mild tech-
nique for thin-film deposition. On the other hand, direct damage
to 2DMs is inevitable if adopting other thin-film deposition tech-
niques including plasma-enhanced chemical vapor deposition
(PECVD), magnetron sputtering, and electron beam evaporation,
in which 2DMs might be bombarded by the generated plasma
and high-energy atoms and ions. For example, the defectpeak
at 1350 cm™ " appears in Raman spectrum after the deposition
of TiO, and SiO, onto graphene by electron beam evaporation,
leading to a decrease in carrier mobility in grapheme.**!

To develop a less-destructive fabrication technology, some
research groups have been trying to explore new approaches.
One such method is to pattern spin-coated polymers directly
upon 2DMs, but the device performance and functionality might
be limited by polymers’ low refractive index.'**! Recently,
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chalcogenide glass (ChG), an optical dielectric material consist-
ing of S, Se, and/or Te, provides several significant advantages
for nondestructive photonic integration with 2DMs. First, ChG
possesses unique optical characteristics including broadband
transparency, a tunable high refractive index ranging from 2
to 3.5 and large Kerr nonlinearity!****** and can be a good mate-
rial candidate for integrated photonics. Second, the thermal
deposition temperature of ChG is usually below 600 K in vacuum
with the substrate temperature at room temperature,**? causing
minimal damage to 2DMs. It has been proved by Raman spectra
that ChG has had little impact on MoS,, InSe, BP, and h-BN.#3!
Benefitting from this fabrication technology, 2DMs can be placed
at the location where device performance will be maximized,
more complicated devices can be designed, such as wave-
guide-integrated photodetectors and modulators based on heter-
ojunctions. Apparently, ChG photonic structures can be
monolithically integrated with 2DMs on flat substrates, without
having the chance to introduce cracks in 2DMs at the waveguide
edge. In addition, for 2DMs with in-plane anisotropy, it would be
easier to achieve high-performance devices by monolithically
defining the photonic structures and thereby, aligning well with
the desired crystal orientation in 2D materials. However, a short-
coming is that this fabrication is not compatible with current
complementary metal-oxide semiconductor (CMOS) technology.
Notably, Ge,Sb,Tes, a kind of ChG, is a basic material for phase-
change switch,['*! which may provide the possibility for ChG
being compatible with COMS backend integration technology
in the future.

3. Light Sources

Integrated light sources are vital components of integrated pho-
tonics. The light emission is mainly induced by the recombina-
tion of free electron-hole pairs in semiconductors. Electrons in
semiconductors can transit from the ground state to the high-
level energy band through effective optical, electrical, or thermal
excitation. Those excited free electrons in the high-level energy
band in semiconductors, with ultrashort lifetime, can recombine
with those unstable holes in the ground state, leading to emitting
photons. Generally, integrated light sources including light-emit-
ting diodes (LEDs) and lasers can be categorized by different radi-
ation types. An LED is usually excited electrically based on
spontaneous emission, whereas a laser is induced by stimulated
emission which is typically more difficult to achieve.'**~*7] First,
the population inversion in gain materials is essential under exci-
tation. For example, the condition for population inversion in a
three-level system can be expressed as

Wi > Ay (1)

where W3 is the probability of stimulated transition and A, is
the probability of spontaneous emission, which mainly depends
on gain materials. Second, a resonant cavity is necessary to unify
the phase and direction of the emitted photons, and the number
of generated photons in a cavity must be larger than that of the
photon loss due to the cavity decay. Light power (P,onq) that
propagates in the cavity after a round trip can be given as

Pround = Po - eXP[z . (G L. — 6)} (2)
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where P is the initial power, G is the gain factor, L, is the length
of the cavity, and § is the total loss. One condition for lasing is
G > §/ L., which is mostly influenced by the optical resonator cav-
ity. In the following paragraphs, light sources based on 2DMs are
presented in detail. Several parameters including the lasing
threshold, full width at half maximum (FWHM), quality factor
(Q) (the quotient between the stored energy and the lost energy
in unit time in the cavity), and beta factor (§) (the percentage of
spontaneous emission coupled to the resonant mode) that charac-
terize the device performance are discussed and compared.

Light sources based on 2DMs have drawn much attention
because of their intriguing features, such as a large exciton bind-
ing energy. Figure 2a shows the energy band diagram of mono-
layer MoSe,, where E,, E,yy, and E, are electronic bandgap (the
difference between the minimum conduction band and maximal
valence band), optical bandgap (the least bandgap for exciton
emission), and exciton binding energy (EY = E; — E,y), respec-
tively.'"*¥ The exciton binding energy is greater than 0.5 eV for
most monolayer TMDCs,["*! which partially results from strong
Coulomb screening and weak screening effect. Therefore, stable
exciton-enhanced emissions can be obtained at room tempera-
ture, and excitonic emission of 2D TMDCs plays an important
role in their emission spectra. More concrete processes of tran-
sition and relaxation pathways of photoinduced carriers are
shown in Figure 2b."*” Usually, electrons that are bound at
the ground state can be excited to the high-level energy band
by several pathways in TMDCs and go back to the ground state
by recombination with holes. Before recombination, intermedi-
ate relaxation and coulombic screening usually occur, leading to
the lower energy of emission spectra. Among these relaxation
pathways, exciton emission (A) contributes to the primary photo-
luminescence (PL) signal of monolayer TMDCs. Besides intra-
layer excitons of monolayer TMDCs, interlayer exciton in a
heterojunction is an intriguing phenomenon. A type-II energy
band consisting of WSe, and MoSe, is shown in
Figure 2¢."*" In such a structure, photoinduced electrons’ relax-
ation from the high-level conduction band to the low-level con-
duction band occurs because of the energy difference between
the conduction bands of two different 2DMs. For example,
the energy of the bottom conduction band of WSe, (Ecwse2)
is higher than that of MoSe, (Ecmosez); thereby, photoinduced
electrons’ relaxation from Ecwsez t0 Ecmosez OCCUIS.
Moreover, radiative recombination of electrons at Ec yose2 and
holes at the top valence band of WSe, (Ey wse2) occurs, leading
to emitting photons with a lower energy than that of intralayer
excitons of both WSe, and MoSe,. In addition, the PN homojunc-
tion of 2DMs is another structure for light sources. As for light
sources based on 2DMs, exciton—exciton annihilation that is
about two orders of magnitude higher than that in bulk semicon-
ductors is a significant factor to assess quantum efficiency.">% As
shown in Figure 2d, excitons recombination and dissociation
relating to exciton—exciton annihilation of monolayer WSe,
PN junction were studied, indicating that excitons dissociation
could be explained by 2D Wannier-Mott exciton model."**
This result is important for both the design of light sources
and photodetectors.

Optical materials are critical for light sources, and a part of 2D
gain materials used for light sources is shown in Figure 3.
Among the discovered 2DMs, monolayer TMDCs have shown

© 2021 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 2. a) The band structure of monolayer MoSe,. Reproduced with permission.['*8 Copyright 2014, Springer Nature. b) The schematic level picture
demonstrating the generation—relaxation—-recombination of photoinduced carriers, where A, B, C are excitons with a different energy, DX is the defect-
bound exciton. Reproduced with permission.'*® Copyright 2017, American Physical Society. c) The illustration of the energy band of WSe,/MoSe,
heterojunction. Reproduced with permission.I''! Copyright 2019, Springer Nature. d) The concrete process of excitons recombination and dissociation
in the WSe, PN junction under the in-plane electrical field. Reproduced under the terms of the CC-BY 4.0 license.l"*®! Copyright 2018, The Authors,

published by Springer Nature.

great potential in the application of lasers and LEDs.!>*'%]
These TMDCs’ bandgaps transform from a direct (monolayer)
to indirect one (multilayer), and most monolayer TMDCs have
a direct bandgap ranging from 1 and 2eV. For example, the
bandgaps of monolayer MoS,, MoSe,, WS,, and WSe, are
1.89, 1.64, 1.96, and 1.6 eV, respectively.'>®! In 2015, three dif-
ferent light sources based on monolayer WSe,, WS,, and four-
layer MoS, were demonstrated, and the emitting wavelength
(shown in Figure 4) ranges from 600 to 800 nm.[>1°7-158]
Notably, four-layer MoS, after oxygen-plasma treatment exhibit-
ing direct bandgap!**®' possesses a weaker effect in Auger recom-
bination, leading to a higher quantum efficiency at a high carrier

WS, (612~684 nm) | wse, (740 nm)

f 2DMs
heterostructure

concentration. Recently, microscopic gain calculations of MoS,,
WS,, and WSe, theoretically verified the availability of 2DMs-
based light sources.[*® The emission wavelength of light sources
based on MoTe, can be up to 1132'%" and 1305 nm!**? because
monolayer MoTe, has a relatively small direct bandgap of
~1.1eV. About 1305 nm so far is the longest lasing wavelength
based on monolayer TMDCs, which is in the center of optical
communications “O band.” In addition to TMDCs, graphene,
demonstrating a high saturation current density, good stability
at a high temperature, and ultrafast heating and cooling speed,
is an ideal material for thermal emitters. A recent study showed
that narrow near-infrared (NIR) emission (telecommunication

my

WSe,/MoS,
heterostructure
(1122.5 nm)

Graphene (1555 nm)

Wavelength (nm)

MoSe,
; Mos, (600-800 nm) . MoTe, (1052-1305 nm) BP (1550, 3765 nm)
P {,’a’f’ . 2DMs with direct N,
P St bandgap W %;tf::rfa:fﬁt,

Figure 3. 2D gain materials and their corresponding emitting wavelength reported in the literature. Dotted lines and red words represent potential gain

materials.
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Figure 4. a) The emission spectrum of a WS,-based VCSEL and b) the corresponding device schematic and electric field distribution. a,b) Reproduced
under the terms of the CC-BY 4.0 license.'”®! Copyright 2017, The Authors, published by Springer Nature. c) The emission spectrum of WSe, on a
photonic crystal cavity and d) the corresponding device structure and electric field distribution. ¢,d) Reproduced with permission.'**! Copyright
2015, Springer Nature. e) The emission spectrum of WS,-based whispering gallery modes (WGMs) cavity laser, the inset shows the electric field distri-
bution in the cavity, and f) the corresponding device diagram (Si;N,/WS,/HSQ structure). e,f) Reproduced with permission.'>”) Copyright 2015,
Springer Nature. g) The emission spectrum of MoS,-based WGM cavity laser, the inset shows the electric field distribution in the cavity, and
h) the corresponding device schematic (SiO, nanodisk/MoS,/SiO, nanosphere sandwich structure). gh) Reproduced with permission.l'*®

Copyright 2015, American Chemical Society.

band) could be observed in graphene/photonic-crystal nanocavity
structure, and the emission wavelength is tunable by an exter-
nally applied voltage."®®) Under 2000 K, those heated carriers
could first reach equilibrium with optical phonons and dissipate
to the planar silicon photonic-crystal nanocavity substrate (at a
lower temperature) because of the weaker interaction of acoustic
phonon scattering in graphene.[164‘165] In addition, thin-film BP,
possessing the direct and moderate bandgap (=0.33 eV), can be
used for NIR and even MIR light sources.®®'%! Although BP is
unstable in the ambient condition, surface passivation or chemi-
cal modification can effectively prevent BP from degradation.!"®”)
Recently, a surface-emitting MIR laser (~3765 nm) based on BP
at room temperature was reported.[SO]

Comparing with monolayer 2DMs, van der Waals-stacked het-
erojunctions constructed by different types of 2DMs have drawn
much attention in recent years because of their advantages as
alternative light-emitting materials.”>%%=171 First, the energy
of interlayer excitons in heterojunctions (type-II band alignment)
can be smaller than that of intralayer excitons, leading to a red-
shift in emission. Recent work showed that the emission wave-
length of MoS,/WSe, heterojunction was up to 1122.5 nm!*”?
that is longer than that of the intralayer excitons’ emission wave-
length. Second, interlayer excitons (type-II band alignment) pos-
sess a longer lifetime than intralayer excitons that promote
population inversion. A recent interesting study showed spatially
coherent NIR lasing emission based on WSe,/MoSe, heterojunc-
tion,"*! in which moiré lattices in the heterojunction"”* proba-
bly enhanced phase space density and decreased nonradiative
loss due to localization of interlayer excitons. Third, a high
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quantum efficiency can be obtained in type-III heterojunc-
tions.'”# Last but not the least, studying light sources based
on van der Waals heterojunctions could bring about new oppor-
tunities, because PN junction is an essential structure for the
electrically pumped laser.

A low-loss optical resonator cavity with a high Purcell factor is
another critical factor for lasing. Up to now, several structures,
including 1D and 2D photonic-crystal nanocavities, microdisks
and microsphere cavities, and distributed Bragg reflectors
(DBRs) cavity, have been applied for lasers based on 2DMs.
Among these cavities, DBRs are the essential structures for ver-
tical-cavity surface-emitting lasers (VCSELSs)"”*) that possess sev-
eral advantages such as low energy consumption, high-yield
fabrication, and fast modulation capability. VCSELs based on
2DMs were first reported in 2017. This WS,-based VCSEL
through optical pumping was reported (Figure 4b), and the ver-
tical cavity with a quality factor (Q) of 1800 was achieved, but Q
was reduced to 640 after introducing WS,."”®! This dramatic
reduction of Q, usually observed in other 2DMs-based laser, is
mainly due to the absorption from 2DMs."*%! Usually, a signifi-
cant difference of refractive indices between 2DMs and an upper
dielectric layer is necessary to obtain strong optical confinement,
and surface passivation is also critical before depositing the
dielectric layer. In commercial applications, VCSEL technology
is not feasible for MIR emission, but recent literature reported
a BP-based MIR VCSEL under optical pumping.®”) Comparing
with traditional VCSELs, 2DMs can be transferred onto various
dielectric mirrors without worrying too much about the lattice
mismatch.
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Photonic-crystal cavity is another optical resonator cavity that
can capture light in the defect of the photonic crystal when the
periodicity is broken, playing a significant role in enhancing
light-matter interaction.”””?”# The thickness of the cavity has
a severe influence on Q, leading to the different emission char-
acteristics of semiconductors. For example, TMDCs on a pho-
tonic-crystal cavity with a thickness of 180nm can emit
enhanced PL, but the lasing emission can be induced when
the thickness decreases from 180 to 125 nm because of the better
thickness-to-lattice-constant ratio and enhanced sidewall vertical-
ity."*>7°1 Up to now, the photonic crystal cavity is the most com-
monly used structure for 2DMs-based lasers,[1>>161:172180] 54
several different photonic-crystal surface-emitting lasers based
on 2DMs have already been achieved through optimizing the
device structures.

WGM resonators have also drawn much attention in high-per-
formance lasers in the past few decades."®"¥2 WWGM resonators
can confine the incident light in the circular boundary of the cav-
ities by continuous internal reflection. Up to now, several micro-
structures with different morphologies such as microdisks,
microrings, microtoroids, microbottles, and hemispheres have
been demonstrated as resonant cavities for lasing emission.!"®’]
In recent years, several lasers based on 2DMs, integrating with
WGM microcavities, have been realized. WS, was embedded
between the Si3N, microdisk and hydrogen silsesquioxane
(HSQ), achieving the lasing emission at a low temperature
(Figure 4f).!">”! As shown in Figure 4e, this WGM cavity with
a Q of ~2604 not only possessed strong optical confinement
within the two microdisks but also prevented 2DMs from reac-
tion and contamination. Mode competition was avoided by the
separation of the resonance mode in a small volume, resulting
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in a low threshold. By inserting four-layer MoS, into two differ-
ent WGMs (SiO, microsphere and microdisks), lasing emission
has been observed at room temperature, which is the first room-
temperature laser based on 2DMs (Figure 4h). Optical intensity
is trapped within the boundary of the microsphere and micro-
disk; thereby, the most vigorous optical emission can be observed
in the contact area between two different WGMs. Because of the
improved electrical field distribution in this asymmetric cavity
(the highest Q of 3300), the derived mode volume decreases.!*®!

Moreover, the ultimate goal for integrated light sources is that
it can be electrically pumped. Up to now, electrically driven LEDs
based on 2DMs have been demonstrated,'#*#°! but electrically
pumped lasers based on 2DMs have not been achieved yet. As for
in-plane LEDs, the lateral monolayer WS, PN junction emitting
electroluminescence (EL) at the red spectral region has been
demonstrated.!"®® The vertical PN junction consisting of n-type
few-layer MoS, and p-type monolayer WSe, worked as an elec-
trically pumped broadband light emitter with an external quan-
tum efficiency (EQE) of 12%.1"®”) To realize a complete optical
link, both the light source and detector should be integrated
on the same platform. Recently, Bie et al. from MIT showed
the waveguide-integrated NIR light emission and detection based
on a PN junction of bilayer MoTe, (Figure 5a,b)."**! Another lit-
erature reported van der Waals heterojunctions consisting of gra-
phene, h-BN, and WSe,, and coupling with a photonic crystal
cavity on top of the device exhibited some intriguing light emis-
sion phenomena (Figure 5¢)."*® For instance, EL intensity was
increased by four-fold with a broadband emission wavelength
region and a modulation speed of ~1 MHz after introducing
the photonic crystal cavity. Single-mode and highly linear polar-
ized (84%) EL was achieved as well (Figure 5d).
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Figure 5. a) The Si waveguide-integrated MoTe,-based LED and photodetector. b) Electroluminescence (EL) and PL spectrum of the Si waveguide-cou-
pled device under different temperatures. a,b) Reproduced with permission.!"**! Copyright 2017, Springer Nature. c) Device architecture of cavity-coupled
LED. d) EL spectrum showing on and off nanocavity. ¢,d) Reproduced with permission.'® Copyright 2016, American Chemical Society.
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Table 1. Figures of merit in typical 2DMs-based light sources. (NR: not reported, CW: continuous wave).

Material and device structure Lasing wavelength [nm] Pump source  Pump power ~ FWHM [nm]  Beta factor Operational Ref
N4 cm’z] temperature

WSe;, on a photonic-crystal cavity ~740 cw ~1 0.30 0.19 80-160 K [155]
WS, in a microdisk resonator ~612, ~634, ~658, ~684 Pulse 0.02 0.24~0.28 0.5 10K [157]
MoS, between the microdisk 600-800 (muiltiple lasing peak) cw >1000 <0.30 NR Room temperature  [158]
and microsphere cavity

WS, in a half-wavelength-thick cavity ~637 W 0.44 ~0.7 NR Room temperature  [176]
MoTe, on a Si photonic-crystal cavity ~1052, ~1132 cw 6.6 ~0.20 0.1 Room temperature  [161]
MoTe, on a Si photonic-crystal cavity ~1250, 1305 cw 1500 ~0.49 0.5 Room temperature  [162]
WSe,/MoS, heterojunction on ~1122.5 cw ~54 uW 2.65-2.85 0.27 Room temperature  [172]

a photonic-crystal cavity

Light sources based on 2DMs have made significant progress
in the past decade, which is shown in Table 1. Although on-chip
integrated light sources based on 2DMs showed several advan-
tages, there are many critical challenges for practical implemen-
tation in integrated photonics. As for LEDs, most LEDs based on
2DMs usually possess an EQE that is below 10%, which is much
lower than those LEDs based on traditional III-V materials.
Another challenge is that the emission wavelengths of LEDs were
limited to the range from orange to NIR, and LEDs emitting
other wavelengths are still waiting for further exploration. As
for lasers, first, the electrically pumped laser based on 2DMs
has not been demonstrated. Second, to obtain a low lasing
threshold, photonic cavities with a high Purcell factor are neces-
sary but difficult to fabricate without causing damage to 2DMs.
Third, population inversion, an essential condition for lasers, is a
challenge for TMDCs. For example, because of the high densities
of states attributed to the large effective mass of carriers in
MoS,,"81%% 3 high carrier concentration up to 5 x 10" cm ™3
was required to tune the quasi-Er so that population inversion
can be realized."*® Last but not the least, the inhomogeneous
broadening of 2DMs partially induced by surface defect states
could also reduce the gain and influence the device performance.

4. Waveguide-Integrated Modulators

Optical modulators that operate due to the change of materials’
complex refractive indices play a significant role in integrated
photonic circuits. In Si-integrated photonic circuits, electric field
(E) and power (P) of the optical signal that propagate in a wave-
guide along z-direction changes exponentially as

E(z) = Egexp(—jko - Negr -2 — a, - 2) 3)

“)

where E, and P, are the electric field and power at z = 0, k, is the
wavenumber, a, is the absorption coefficient, and n.g is the
effective refractive index. Refractive index and absorption coeffi-
cient are affected by carrier concentration (Si), which can be
given by*?!

P(2) = Py - exp(—a, - 2)

n(4) = —3.64-1071°. 2. N — 3.51.10-6. 42 . P8 5)

a(2) =3.52:107%-A2. N+ 2.4.10°%. 2. Plem ] (6)
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where n and a are refractive index variation and absorption coef-
ficient variation, P and N are holes and electrons concentration,
and 1 is the wavelength (m) of the incident light. From these two
formulas, the output optical signal can be modulated by tuning n
and « in Si-integrated photonic circuits. According to different
external fields that tune the complex refractive index of optoelec-
tronic materials, optical modulators can be classified into all-opti-
cal (AO), electro-optic (EO), acousto-optic, TO, mechano-optic
modulators, etc. Among these external fields, electric, optical,
and thermal fields have been used for modulators based on
2DMs. Electric and optical fields have an impact on both the
imaginary and real parts of the refractive indices, which can
be tuned by the carrier concentration and nonlinear optical
effects of 2DMs (Figure 6).'°2 Generally, the thermal energy
generated from 2DMs in a TO modulator can lead to the change
of the refractive index of Si waveguide, which can reconfigure the
optical light path or modulate the light intensity. However, heat
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Figure 6. The tunable refractive indices of 2DMs induced by the excitation
of electric, optical, and thermal fields. The response time of 2DM modu-
lators modulated by thermal, electrical, and optical signals is plotted in

red, orange, and green, respectively, based on representative experimental
results (1,5481 2,2191 3 13491 4 137) 5 [227]  [350] 7 [213] g [40] g3s1})
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dissipation is a relatively slow process; thus, the response time of
TO modulators is usually in the range of microseconds. EO and
electro-absorptive (EA) modulators are based on the tunable com-
plex refractive index induced by the change of carrier concentra-
tion and energy band. The switching time of EO and EA
modulators is limited by the resistor—capacitor (RC) delay which
is typically in the range from nanoseconds to a few picoseconds.
In addition, taking advantage of the ultrafast saturable absorp-
tion, AO modulators can achieve a response time ranging from
picoseconds to femtoseconds.

Optical modulators based on 2DMs have attracted much atten-
tion because of their unique properties such as nonlinear optical
response, broadband operation, and ultrafast carrier dynam-
ics.'*7197) In the past few years, optical modulators based on
2DMs have been an extensive research topic and great progress
has been made."®*2°% Specifically, 2DMs optical modulators
such as modelocked fiber lasers,203204 Q-switching
lasers,2%52%! saturable absorbers,**”%! polarization control-
lers,'?°! and wavelength converters?!% have already been dem-
onstrated. For example, graphene mode-locked fiber lasers
that generated pulse light with an ultrashort duration were
achieved. In this passive self-amplitude modulator, a hybrid
structure of graphene and polymer was assembled between
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two fiber connectors with a fiber adaptor, which worked at
the wavelength of 1559 nm, with a spectral bandwidth and pulse
duration of 5.24nm and =460 fs, respectively.*'!! Replacing
graphene with TMDCs, a visible fiber laser was modulated.l?*?!
In addition, AO phase shifters were proposed by coating gra-
phene,?**! few-layer WS,'*' or phosphorene!*** onto an opti-
cal fiber. Indeed, those optical modulators based on the optical
fiber are not compatible with CMOS technology and it is diffi-
cult to realize on-chip integrated photonic applications with
these; thereby, waveguide-integrated optical modulators are
necessary. Up to now, most of the waveguide-integrated
2DMs optical modulators are based on graphene (Figure 7),
which may be partially attributed to the fact that density of states
near the Dirac point is ultralow and Fermi level (Eg) can be eas-
ily tuned. In the following sections, the development of wave-
guide-integrated optical modulators based on 2DMs will be
introduced in detail according to different modulation
mechanisms.

4.1. Thermo-Optic Modulator

TO effect is the thermal modulation of the refractive index of
optoelectronic materials. 2DMs play a significant role in
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Figure 7. The development of a part of waveguide-integrated modulators based on 2DMs. Graphene EA modulator (Reproduced with permission.?” Copyright
2011, Springer Nature). Graphene capacitor on Si waveguide (Reproduced with permission.”?*! Copyright 2012, American Chemical Society). Graphene AO
modulator (Reproduced with permission.”>? Copyright 2014, American Chemical Society). Graphene TO modulator (Reproduced with permission.**?
Copyright 2014, AIP Publishing). Graphene plasmonic waveguide modulator (Reproduced under the terms of the CC-BY 4.0 license.?** Copyright 2015,
The Authors, published by Springer Nature). Graphene capacitor on a ring resonator (Reproduced with permission.”?”! Copyright 2015, Springer Nature).
BP modulator (Reproduced with permission.?%) Copyright 2016, American Chemical Society). Graphene on PhCW waveguide (Reproduced under the terms
of the CC-BY 4.0 license.??” Copyright 2017, The Authors, published by Springer Nature). Graphene polarizer in ChG waveguide (Reproduced with permis-
sion.[*®l Copyright 2017, Springer Nature). Graphene on MZI (Reproduced with permission.'®® Copyright 2017, Springer Nature). Graphene on polymer
waveguide (Reproduced with permission.®>*! Copyright 2019, Optical Society of America). Graphene plasmonic AO modulator (Reproduced with permission. ")
Copyright 2019, Springer Nature). WS, on ring resonator (Reproduced with permission.®!! Copyright 2020, Springer Nature). Graphene on PhC waveguide
(Reproduced under the terms of the CC-BY 4.0 license.>”! Copyright 2020, The Authors, published by de Gruyter).
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generating the thermal energy in a TO modulator, in which the
generated heating power can be expressed as

Pheating =P Riot (7)

where R, is the total resistance including resistance of 2DMs
and contact resistance. Refractive index variation can be induced
by the temperature change, leading to an optical phase shift
(¢ =2x-(L/2)-(dn/dT)-AT), where dn/dT (TO coefficient) of
Si is about 1.86 x 10~*K™' of at 1550 nm. So far, metal wires
working as heaters are the primary material to control the tem-
perature in the waveguide-integrated TO modulator, in which a
SiO, gap is needed between the heater and waveguide to decrease
parasitic loss due to strong light-metal interaction. Limited by
the low thermal conductivity of SiO, (1.44 W mK™1),*'% heat
conduction and dissipation can be hindered. In that case,
2DMs such as graphene working as the transparent heaters
can be a better material choice for the TO modulator.
Monolayer graphene possesses high thermal conductivity rang-
ing from 4840 to 5300 W mK ',*’”] which is one magnitude
higher than Cu, and thereby it is suitable for thermal applications
such as heaters and heat conductors. Although thermal diffusiv-
ity is not fast, limiting the modulation speed of the TO modula-
tor, the modification of the refractive index is usually much
higher than the carrier dispersion effect and the Pockels effect,
leading to devices with a high extinction ratio (ER) and modula-
tion depth (MD), low insertion loss, and small footprint.
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There are three common structures for TO modulators based
on 2DMs up to now. First, a waveguide-integrated resonator is a
typical structure, partially resulting from the tunable resonant
condition of the resonator with temperature. For example, a gra-
phene heater directly coupled with a Si microring resonator has
been designed for a TO modulator (Figure 8a), in which the res-
onant wavelength shifts under different driving voltage.”'® In
this modulator, excess graphene on the straight waveguide gen-
erates an additional optical loss, leading to a large insertion loss.
The optimization in device design for high-Q cavities and effi-
cient heaters is quite necessary to enhance the performance of
TO modulators based on a resonator. For instance, a TO mod-
ulator based on a graphene heater on the microdisk resonator
was designed (Figure 8b), and the higher heating efficiency
was obtained, resulting from an optimal resistance of the nano-
heater on the microdisk resonator. The temperature change
induced by the graphene heater modified the resonant condition
of the microdisk resonator (Figure 8c).'”! Second, Mach—
Zehnder interferometer (MZI) is another structure for TO mod-
ulators, and the photonic-crystal waveguide was designed in this
unbalanced MZI (Figure 8d).**%) Compared with the free-stand-
ing waveguide, this slow-light photonic-crystal waveguide had a
large group index, which can boost phase accumulation in a short
waveguide; thereby, power consumption per free spectral range
of 3.99 mW and response time of 525 ns were realized. In addi-
tion, TO modulator has been achieved by the photonic-crystal
cavity in which a graphene heater was placed in the middle of
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Figure 8. Waveguide-integrated TO modulators. a) The illustration of a TO microring modulator. Reproduced with permission.”'® Copyright 2015,
The Royal Society of Chemistry. b) The schematic diagram of a microdisk modulator thermally tunable by a graphene nanoheater. c) The shift of
the resonant wavelength under different heating energies. b,c) Reproduced with permission.”'® Copyright 2016, Optical Society of America. d) The
schematic diagram of the slow light-enhanced graphene TO modulator. Reproduced under the terms of the CC-BY 4.0 license.”?% Copyright 2017,
The Authors, published by Springer Nature. e) A TO switch with graphene integrated with a photonic-crystal cavity. f) The transmission spectra of
the waveguide-integrated graphene optical switch under various input powers. e,f) Reproduced with permission.[**! Copyright 2017, Springer Nature.
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the waveguide (Figure 8e).[*’! Figure 8f shows the transmission
spectra of the waveguide-integrated graphene optical switch
under various input powers.[*’ Moreover, the energy efficiency
of this device was up to 10 nm mW ™", which was the highest
value reported. Such a high performance mainly results from
the large spatial overlap between the heating zone and cavity
mode as well as the strong thermal confinement. Actually, gra-
phene possesses optical absorption in the telecommunication
band, leading to degrading the optical modulation amplitude.
Therefore, other 2DMs with a broad bandgap and high thermal
conductivity may provide a possibility to realize a high-perfor-
mance TO modulators as well.

4.2. EA Modulator

EA modulators can tune the intensity of light via an electric volt-
age. Graphene, with a Dirac cone-shaped band structure, tunable
property, and broadband optical absorption, is promising for the
EA modulator. As shown in Figure 9a, interband and intraband
optical absorption are the main ways of graphene’s optical
absorption. Intraband optical absorption requiring a phonon-
assisted process is usually excited by a low-energy photon such
as MIR. Profound understanding of this process would promote
developing the MIR modulator. At telecom wavelengths, inter-
band absorption plays an important role. Electron transition from
the valence band to the conduction band occurs under the exci-
tation of photons whose energy is greater than 2. In a capacitor,
carrier concentration can be changed with charge accumulation
and depletion, leading to the change of Eg as?®*"

www.small-science-journal.com

Ep = p. = sgn(ng)hog V |y (8)

where ny is the graphene surface carrier density, and vy is the
Fermi velocity. Carrier change and Er shift are affected directly
by applied voltage (V)*?%

q-ns |Mc| q ."‘g |ﬂc|

+ el + 9
Coo T g Comlhu? ' g ®)

|V - VDiracl =

where V., is the flat-band voltage depending on charge-neutral
Dirac point, C,, is the oxide capacitance per unit area. Usually,
CVD graphene is lightly p-doped and possesses an almost fixed
charge-neutral Dirac point. Therefore, the oxide capacitance per
unit area and applied voltage are decisive factors to adjust Ex of
graphene.

The first graphene EA modulator was reported in 2011, in
which CVD graphene was coated on a Si waveguide, and
AlLO; layer (7 nm) working as the dielectric layer was between
graphene and Si waveguide.*”! As shown in Figure 9b, graphene
was transparent when |u,| > v/2 and it was a light active mate-
rial when |u.| < fw/2; thereby, an EA modulator (graphene-
Al,05-Si) was realized by tuning graphene’s Eg. The operational
wavelength of this device ranged from 1.35 to 1.60 pm, covering
E to L band in telecommunication. Graphene—Al,O;—graphene
was another structure for the EA modulator. As shown in
Figure 9c¢, one layer of graphene was doped by injected holes
(electrons), and the other graphene layer was doped by electrons
(holes).”*! The ridge waveguide is necessary for the former mod-
ulator (graphene—insulator—Si), and a heavily doped process is
necessary to ensure Ohmic contact between Si and electrode.
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Figure 9. Waveguide-integrated EA modulators. a) Interband and intraband optical absorption of graphene, . is the chemical potential of graphene.
b) The transmission curve of the graphene modulator under different external drive voltages. Reproduced with permission.’”! Copyright 2011, Springer
Nature. ) The schematic diagram of a double-layer graphene modulator. Reproduced with permission.??! Copyright 2012, American Chemical Society.
d) The schematic diagram of the novel EA modulator with doped silicon waveguide as gate electrode. Reproduced with permission.[??*! Copyright 2016,
Wiley-VCH. e) The illustration of the waveguide-integrated graphene modulator coupled with a ring resonator. f) The measured frequency response of this
ring-resonator graphene modulator. e,f) Reproduced with permission.??”] Copyright 2015, Springer Nature.
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In contrast, both strip waveguide and ridge waveguide are suit-
able for the latter modulator (graphene-insulator-graphene), and
a heavily doped process can be avoided, which reduces fabrica-
tion cost. Moreover, RC-limited bandwidth in such a device

depends on the series resistance and capacitance as***!
fun =5 (10
3BT 0 1 Ry Cpy

where R; is the series resistance, and C,, is the total capacitor.
Cp contains series connection of quantum capacitance (Cq) of
each layer of graphene and Al,O; capacitance per unit area (C,),
which can be expressed as#*

05:Cq-Cy

= "R A wo. 11
= o5y Wl (1)

where W,,, and L, are the width and length of modulator. In a
practical modulator, series resistance is mainly attributed to the
sum of contact resistance (Rc) and sheet resistance (Rg);
thereby, f45 can be expressed approximately as?®**

1 2-Ca+Cq
'”'(RC+Rsh(Wm+We)'Lm CA'CQ'Wm'Lm
(12)

Fan 5

where W, is the sum width between electrode and waveguide
edge.

Reducing resistance and capacitance of devices brings about
high-performance modulators. An effective approach was pro-
posed to reduce device resistance while maintaining low-free-car-
rier absorption from silicon waveguide by controlling different
doping levels of Si at different locations (Figure 9d).
Benefitting from this optimal structure, therefore, modulation

()

Metal

www.small-science-journal.com

speed reached up to 10Gbs™" at the wavelength from 1530 to
1565 nm.*** Recently, a theoretical investigation showed an
EA modulator based on the suspended self-biasing graphene
waveguide, which could not only increase light-matter interac-
tion but also decreased resistance and capacity of the device
because of strong light confinement in graphene.”?®
Although a faster speed can be obtained with a thicker gate oxide,
a lower capacitance results in the weaker gating effect and weaker
capability to tune the carrier concentration in graphene. The
trade-off between response time and modulation efficiency
has been overcome by integrating with a microring resonator
(Figure 9¢).*?”] As the transmission at resonance is susceptible
to the optical loss within the microring, the modulation area for
the micro-ring modulator could be kept with a small footprint
whereas the MD could maintain a very high on/off ratio.
Thus the fabricated devices could achieve a 3 dB bandwidth as
high as 30 GHz (Figure 9f).

Enhancing optical absorption is another practical approach to
improve the performance of EA modulators, especially for low
power consumption, a high ER, and MD, which are expressed as

ER = 10-log(Pyay — Prnin) (13)
MD = 10-10g@ (14)

where P, and P, are maximal and minimal output power of
modulator, which are influenced by the absorption coefficient, as
shown in Equation (4). Usually, a larger absorption coefficient
brings about a device with a smaller volume, and thereby it
can reduce resistance and improve response speed as well.
First, numerical analysis indicated that light intensity is maxi-
mum in the middle of a waveguide (Figure 10a); thereby, placing
optical materials in this region can enhance the light-matter

Graphene
-
7 Metal

Buried oxide

Graph
rapl ene Dielectric
Z1 | AT \
BP
- Oxide
Si

Figure 10. Waveguide-integrated EA modulator. a) Simulated field distribution for TE and TM modes in a waveguide—graphene-waveguide structure.
Reproduced with permission.! Copyright 2017, Springer Nature. b) A novel modulator where graphene is located in the middle of waveguide.
Reproduced with permission.I"*”! Copyright 2011, Springer Nature. c¢) Graphene-based modulator on a photonic-crystal waveguide. Reproduced under
the terms of the CC-BY 4.0 license.”*® Copyright 2020, The Authors, published by de Gruyter. d) MIR modulator based on BP and Ge waveguide.

Reproduced with permission.?*'l Copyright 2019, Springer Nature.
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interaction. Based on this device configuration (Figure 10b), both
MD and operational speed could be improved, and the intrinsic
bandwidth of the graphene modulator was predicted to be
55 GHz.™7 Although this is an intriguing phenomenon to
enhance optical absorption, it's challenging to fabricate such a
device in the SOI platform as we mentioned in the introduction.
The optical waveguide made from new materials such as ChG
possesses obvious advantages for fabrication.[*”*%22% Second,
the photonic-crystal waveguide is a typically used structure for
improving the performance of the EA modulator because of
the slow light effect. Integrating graphene with the Si pho-
tonic-crystal waveguide, high-performance EA modulators can
be obtained (Figure 10c).*% Third, surface plasmon induced
by the collective oscillation of electrons is another light-trapping
structure that can enhance light-matter interaction,?*'~2**
which has been widely used to improve the performance of
EA modulators in the past few years.?**?3% For instance, Ag
nanocylinders were coated onto graphene on the Si waveguide;
the numerical investigation indicated that MD and modulation
speed were 4 dB pm ™~ (2.6 dB loss) and 39 GHz, respectively.[?*®!
The surface plasmon is an effective way to improve optical
absorption; thereby, the device length has to be minimized to
reduce the large insertion loss. In addition, patterning gra-
phene,**”) adding reflective structure,'®® taking advantage of
interference improvement,**® and coupling with evanescent
mode!®*! are possible approaches to enhance light-matter
interaction.

Besides graphene, other 2DMs have also shown unique advan-
tages for EA modulators as well. A theoretical study demon-
strated that a waveguide-integrated EA modulator based on
multilayer BP could play a significant role in optical modulation
in the MIR region.*”! The optical bandgap of BP can be tunable
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©
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with an external gate voltage because of the quantum-confined
Stark effect and Burstein—-Moss shift. Integrating BP with germa-
nium waveguide (Figure 10d),**" a modulator could be designed
to operate at a broadband ranging from 4 to 12 pm, thanks to the
large tuning range of bandgap energy of BP sandwiched between
the dielectric layers, which could be tuned from 0.33eV to
0.075 eV.**l In addition, free-space EA modulators based on
multilayer BP have also been demonstrated.*'%?*3 Although
the operational wavelength of modulators has been extended
to the MIR region, high-performance waveguide-integrated EA
modulators based on BP have rarely been achieved.

4.3. EO Modulator

Compared with the EA modulator, the EO modulator is mainly
based on tuning the real part of the refractive index induced by
external electric fields. Thus the phase, amplitude, and polariza-
tion of the light can be modulated. Most of EO modulators are
based on the MZI that consists of a couple of multimode inter-
ferometers (MMI) and waveguides. As shown in Figure 11a, we
assume that the left MMI divides input power into two equal
parts without phase difference, the electric fields in two arms
in the input of the right MMI can be expressed as

E\ = /05 a- Py, -exp(—jkonaLs — axLs) (13)
Ey = \/05-a- Py -exp(—jkotip Ly — ap L) (1e)

where a is the loss factor of the left MMI, P;, is the input power,
na (ng), La (Lp), and a, (ap) are refractive index, length, and opti-
cal absorption of arm A (B), respectively. Thus, the output power
can be expressed as

(b) Lightin [|

E S
—.—.—

]
A

1

Graphene
on Si phase
modulators ~_

———]

Bar-port || [[Cross-port

o Output

Monolayer WS,

Input

Figure 11. Waveguide-integrated EO modulators. a) Schematic diagram of unbalanced MZI. b) The illustration of graphene EO phase modulator based
on unbalanced MZI. ¢) The ER (1550 nm) of graphene MZI phase modulator under different applied voltages. b,c) Reproduced with permission.!'®®!
Copyright 2017, Springer Nature. d) An EO phase modulator based on WS,. Reproduced with permission.I*'l Copyright 2020, Springer Nature.
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Py = a-f- Py -{0.5- exp(—2a,-Lp) + 0.5+ exp(—2ag - Lg)
+ exp(—ap-Ly — ag-Lg)-cos[ky- (ng- Ly — na-La)]}
(17)

where f is the loss factor of the right MMI. According to this
equation, the output power is maximal when ng-Lg — np-Ly =
0 or 2kz (k is an integer), whereas it is minimal when
ng-Ly — np-Ly = 2kx — 1. Phase modulator has already been
realized by the graphene and Si spiral waveguide hybrid plat-
form, in which z/3 phase shift has be achieved with a device area
of 32.252pum? under the applied voltage of 1.1-2.3V.***
Recently, a compact and high-speed waveguide-integrated gra-
phene phase modulator integrating with MZI was reported
(Figure 11b)."*® The basic structure of this device was a gra-
phene-insulator-silicon capacitor, which was similar to the mod-
ulator based on the metal-oxide semiconductor capacitor in Si
photonics. Carriers accumulate at the graphene-SiO, and Si-
SiO, interface under a gate voltage, leading to the change of
the refractive index and optical absorption coefficient, which is
induced by the plasma dispersion effect as follows!2*>*46]

n=-54.10"2.N"01 _153.10718. pos3s

Si(1550 nm): { o= 8.88~10_21 -N1'167 +5.84. 10—20 . P1.109

(18)
n=./eu
Graphene: { 1+ wi(-féz)?h (19)

where ¢ and p are the in-plane dielectric constant and permeabil-
ity of graphene, h is the thickness of graphene, w is the radian
frequency, and o(w) is the complex surface conductivity of gra-
phene. N, P, and o(w) are affected by an applied voltage. When
applying 4.1V to the shorter arm and 7.25V to the longer arm,
the phase difference of light signal between the two arms was =,
leading to minimal output power (Figure 11c). This modulator
possessed a modulation efficiency of 0.28 Vcm at 1550 nm
and a 3 dB bandwidth of 5 GHz with a phase-shifter length of
300 pm. The modulation efficiency of this modulator is better
than that observed in the conventional Si PN junction.**72*8]
Si does not show Pockels effect [limited] by symmetric atom
structure, and most of the EO modulators (Si) are based on
the plasma dispersion effect. Combining Si with 2DMs, the fab-
rication for a 2DM-insulator—Si capacitor is simpler than that of
a traditional Si modulator based on plasma dispersion effect as
2DM-insulator-Si capacitor avoids several different doping pro-
cesses. Very recently, WS, and MoS, also showed their ability to
realize the EO modulator based on the plasma dispersion effect
(Figure 11d), which results in a modulator with a lower insertion
loss and higher MD. Taking full advantage of 2DMs, a high-
performance phase modulator with increased modulation effi-
ciency, reduced optical loss, and miniaturized footprint would be
realized in the future, which is significant for integrated photonics.

4.4, AO Modulator

The AO modulator, avoiding conversion between optical and
electrical signals, has been extensively studied in the past few
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years.***=2U 1t can not only eliminate the bandwidth limitation
of traditional modulators but also meets the requirement of ultra-
fast operational speed and ultralow energy consumption, which
may lead to the development of ultrafast optical communication
and computation.**? Till now, several different mechanisms for
the AO modulator based on graphene/waveguide have been
demonstrated. On the one hand, Er of graphene can be changed
with the injection of photoinduced carriers from semiconductor
waveguide to graphene; thereby, graphene extinction coefficient
can be tunable.*** Based on this principle, the optically induced
transparency effects were realized by graphene/Si nanophotonic
integrated circuits (Figure 12a), where pump power was
~2Wcem™?, and dynamic responses in various positions were
different.”>*! Although this type of modulator is excited by the
optical signal, avoiding electrical-to-optical conversion, advan-
tages of AO modulators such as fast speed are limited by the car-
rier transit time. Moreover, photogenerated carriers are excited
by pump light at the wavelength of 532 nm in this Article. In
integrated photonic circuits, however, pump light and probe light
are supposed to be coupled into the same waveguide; thereby, the
wavelength of pump light better be at the transparent window of
Si as well. On the other hand, light absorbed by graphene or BP
could generate heat energy which modifies the temperature and
the refractive index of the waveguide.[*>**®! The response speed
of those modulators based on optical-induced TO effect could be
a few nanoseconds. Limited by the speed of carrier transfer and
thermal dissipation, it is difficult to obtain an ultrafast response.
Recently, plasmonic slot waveguide has shown its advantages in
realizing a 2DM AO modulation because of local field enhance-
ment induced by surface plasmon polariton (SPP). An AO mod-
ulator based on graphene plasmonic slot waveguide was
proposed (Figure 12b) with the modulation efficiency of
0.21 dB pm 1.7 Once pump light is propagated along this plas-
monic slot waveguide (Figure 12c), light—graphene interaction
could be enhanced dramatically (Figure 12d). Benefiting from
a small volume of light propagation mode and local field
enhancement, the saturation energy of graphene is measured
to be 12 1] (Figure 12e), which is much smaller than graphene
onto a Si slot waveguide. This AO modulation showed an ultra-
fast switching time of 260 fs due to the fast response speed of
graphene saturable absorption,*”! which indicated that saturable
absorption could be applied for designing novel ultrafast, ultra-
low-power AO modulators. Although a fast AO modulator can be
realized by plasmonic slot waveguide, insertion loss is an inevi-
table disadvantage induced by metal absorption.

4.5. Conclusion

In the past decade, waveguide-integrated optical modulators
based on 2DMs have made a series of progress in both theoretical
and experimental aspects. Figures of merit of state-of-the-art
waveguide-integrated 2DM modulators are shown in Table 2.
Although these modulators based on 2DMs with high perfor-
mance have shown great potential for integrated photonic cir-
cuits, there are some remaining challenges. First, most of the
devices demonstrated today were operating at telecom wave-
lengths, extended optical modulation to the visible and MIR
could pave for more fascinating applications for chemical/
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Figure 12. Waveguide-integrated AO modulator. a) Illustration of waveguide-integrated local and nonlocal AO graphene modulator. Reproduced with
permission.’**l Copyright 2014, American Chemical Society. b) Schematic of the graphene-plasmonic slot waveguide AO modulator. Reproduced with
permission.?*”] Copyright 2019, The Japan Society of Applied Physics. c) Schematic of the graphene-plasmonic slot waveguide AO modulator and pump-
probe measurement. d) Calculated field profile (|E|?) of graphene AO modulator. ) Saturable absorption of the monolayer, bilayer graphene, and Si wire
with excitation of picosecond laser pulses. c—e) Reproduced with permission.[*”! Copyright 2019, Springer Nature.

Table 2. Figures of merit in typical waveguide-integrated modulators based on 2DMs.

Material and device structure Type Bandwidth Footprint MD Insertion loss Ref
Graphene on a silicon microring resonator TO 0.23 MHz 10 um? 7dB NR [218]
Graphene on Si;N4 microring resonator TO 1.38 MHz 3600 pm? NR NR [256]
CVD graphene on Si waveguide with Al,O; layer EA 1.2GHz 25 um? 4dB NR [37]
Double-layer graphene on Si waveguide EA ~1GHz 80 pm? 6.5dB ~4dB [223]
Si waveguide on double-layer graphene EA 35GHz 18 pm? 2dB 0.9dB [134]
Graphene on Si waveguide EA 670 MHz NR 16 dB 3.3dB [360]
Graphene-SiO,—Si waveguide EA 5.9 GHz 500 pm? 5dB 3.8dB [225]
Double graphene on a ring SisN4 waveguide EA 30GHz 3600 pm? 22dB ~12.5dB [227]
Graphene on MZI| EO 5GHz NR 35dB NR [198]
Graphene on microfiber AO 159 GHz NR 1.4dB NR [213]
BP on a silicon microring resonator AO 2.5 MHz 200 pm? NR NR [255]
Graphene on plasmonic waveguide AO 1.35THz 600 nm? NR 19dB [40]

biosensing and visual reality. TMDCs and narrow-bandgap
MXene would be great material candidates. Second, pursuing
lower power consumption and ultrafast modulation speed is a
goal for integrated photonic circuits. Embedding 2DMs into
the photonic structure and taking advantage of resonance or plas-
monic enhancement could significantly reduce the device foot-
print. Thus the thermal mass or the parasitic capacitance
could be minimized to achieve unprecedented low power con-
sumption. Last but not least, more modulation approaches
including acoustic, strain-induced, ferroelectric modulation
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based on 2DMs are still waiting for exploration, which could pro-
vide new research opportunities in the near future.

5. Waveguide-Integrated Photodetectors

In the past decade, free-space photodetectors based on 2DMs
have attracted a lot of attention'”® %! and the related work
has been summarized in several Review Articles.!'?*2¢97273] Ag
for integrated photonic circuits, waveguide-integrated
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photodetectors based on 2DMs are vital components, which pos-
sess several specific advantages.”” First, the waveguide-inte-
grated design promises on-chip detectors with a minimized
dimension, enabling seamless planar integration with other pho-
tonic devices. Second, the signal-to-noise ratio (SNR) of photode-
tectors can be significantly improved, benefiting from the
reduced detection volume. In addition, both the broad bandwidth
and high quantum efficiency can be achieved simultaneously in
waveguide-integrated photodetectors, for the carrier collection
path and light propagation direction are orthogonal, and there
is no trade-off between them. Up to now, lots of intriguing phe-
nomena and optimal device structures have been proposed to
design waveguide-integrated photodetectors which are partially
concluded in Figure 13.

The operational mechanisms of the photodetectors are shown
in Figure 14. Among these five mechanisms, photodetectors
based on the photovoltaic (PV) effect and PTE can work well with-
out an external bias, which is, however, necessary for the opera-
tion of PC, PBE, and PE photodetectors. For PV photodetectors, a
PN or heterojunction junction is necessary, in which the built-in
electric field drives the separation of photogenerated carriers,
generating photovoltage and photocurrent without external bias.
As for 2DM PV detectors, junctions can be constructed via

Lateral graphene Graphene photoconductor
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homojunctions or heterojunctions, local chemical doping,*”*

as well as the modulation of the split-gate electrode.””>! PTE
detectors could also operate without external bias, and photocur-
rent is directly related to the thermal gradient of 2DMs under
light illumination. Besides graphene that has been used for high-
speed PTE photodetectors with broadband operation,?”=27%)
2DMs such as MoS,, SnS,, and BP have also been proved
to be promising candidates for thermoelectric photodetec-
tors.?8%282 The other types of photodetectors are based on
measuring the change of conductance, whose mechanism could
be classified into PBE, PC, and PG effects. Among these three
effects, PBE results from the change of carrier mobility (u)
due to the local temperature variation, PC and PG arise from
the changes in the number of carriers (n). Trap states inside
2DMs could generate a large gain for PC and PG photodetectors,
a large gain would result in high responsivity but sacrificing the
response speed. Usually, PTE and PBE photodetectors do not
have gain.

The performance metrics characterizing photodetectors, such
as operational wavelength, responsivity, noise equivalent power
(NEP), and response speed, are directly related to the optoelec-
tronic materials. The operational wavelength mainly depends
on the bandgap of materials. As reported, 2DMs offer a wide
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Figure 13. The development of a part of waveguide-integrated photodetectors based on 2DMs. Graphene photoconductor (Reproduced with permis-
sion.**! Copyright 2013, Springer Nature). Graphene/Si waveguide photodiode (Reproduced with permission.?**! Copyright 2013, Springer Nature).
Graphene phototransistor and modulator (Reproduced with permission.?*®! Copyright 2014, American Chemical Society). BP phototransistor
(Reproduced with permission.??®) Copyright 2015, Springer Nature). Lateral graphene junction photodetector (Reproduced with permission.?*”!
Copyright 2016, American Chemical Society). Graphene photoconductor on slot waveguide (Reproduced with permission.?¢l Copyright 2016, The
Royal Society of Chemistry). Plasmonic BP phototransistor (Reproduced with permission.*% Copyright 2017, American Chemical Society). MoTe, pho-
totransistor and LED (Reproduced with permission.l"**! Copyright 2017, Springer Nature). Graphene photoconductor on ChG waveguide (Reproduced
with permission.!**) Copyright 2017, Springer Nature). Graphene phototransistor on PhC waveguide (Reproduced with permission.?3”) Copyright 2018,
American Chemical Society). Plasmonic Graphene pn junction photodetector (Reproduced with permission.?*®! Copyright 2019, American Chemical
Society). MoS, phototransistor at visible wavelengths (Reproduced with permission under the terms of the CC-BY 4.0 license.**®) Copyright 2019,
The Authors, published by Springer Nature). MoTe,/graphene junction photodetector (Reproduced with permission.[*?) Copyright 2020, Springer
Nature). Suspended MoTe, photoconductor (Reproduced with permission.?®?! Copyright 2020, Springer Nature).
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Figure 14. Characteristics of 2DM photodetectors based on different
operational mechanisms that consist of the PV effect, photoconductive
(PC) effect, photothermoelectric effect (PTE), photobolometric effect
(PBE), and photogating effect (PG).

range of bandgap selection, suitable for photodetectors working
under various wavelengths. Specifically, wide-bandgap 2DMs
such as h-BN are suitable for ultraviolet detection.”®” TMDCs
and 2D perovskites are preferred materials for visible light detec-
tion.”®* When detection wavelength ranges from 1300 to
4000nm, narrow-bandgap semiconductors such as BP,
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As; P, and PtSe, can be ideal candidates.[*®285-28¢ gp, present-
ing high carrier mobility over 1000cm®V 's™! and a direct
bandgap ranging from 0.3 to 2.1eV with different layers,**!
is an attractive 2DM for photodetectors. Graphene, being a gap-
less semimetal material, can be utilized for ultra-broadband
detection with spectral response from ultraviolet to tera-
hertz,*5%%87288] which is unrivaled by other 2DMs and is attrac-
tive for on-chip optical communication in which data can be
multiplexed and transmitted at a very high speed over a broad
wavelength range.

Benefitting from ultrafast carrier mobility and optical absorp-
tion in a wide energy spectrum, graphene was the first 2DM to be
applied for waveguide-integrated photodetection. Usually, the
total bandwidth is influenced by RC response and carrier transit
timel'?!

1 1 —1/2
fiap = <[2— + fz—)
RC transit

where frc and f,.. are the bandwidth limited by RC and
transit time limitations, respectively. The transit time (tyangic)
is given by**%

(20)

LZ

Ttransit = Z/J—V (21)
where p is the carrier mobility and L is the device length.
Ultrafast carrier mobility leads to improving f ... thereby,
the intrinsic bandwidth of a graphene photodetector in free space
was up to 262 GHz.?* As shown in Figure 15a, coupling with a
Si waveguide, the responsivity of graphene photodetector with
asymmetric electrodes could be 100mAW ' over a broad
wavelength range from 1450 to 1590 nm. Responsivity (Re) is
given by'*!
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Figure 15. a) The schematic of waveguide-integrated graphene photodetectors. b) Spatially resolved photocurrent mapping of the photodetector under
zero external bias. a,b) Reproduced with permission.*®! Copyright 2013, Springer Nature. c) The resistance variation of graphene under different gate
voltages. Reproduced with permission.??®! Copyright 2014, American Chemical Society. d) The schematic and photoresponse of the gate-controlled
graphene PN junction photodetector. Reproduced with permission.””! Copyright 2016, American Chemical Society.
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(22)

where Ip is the photocurrent, Py, is the input power, and 4 is the
wavelength of the incident light. Without external bias, a
response rate exceeding 20 GHz at the telecommunication wave-
length was achieved by a Si waveguide-integrated photodetector
based on graphene. The photocurrent mapping indicated the
built-in electric field between bulk graphene and metal-doped
graphene, and the photodetector worked under the PV mode
(Figure 15b).?® By further minimizing the active region of gra-
phene device, a waveguide-integrated photodetector showed a
bandwidth of 41 GHz at the wavelength of 1550 nm and could
operate at a data rate of 50 Gbits™".*>!l Recently, the data rate
of integrated graphene photodetectors could be up to
180 Gbits™,[29%2%3] exceeding the performance of the wave-
guide-integrated germanium photodetector.***]

Although graphene photodetectors have many advantages
including fast speed and broad optical bandwidth, the gapless
character limits their capability to measure small signals.
Graphene photodetectors possessed larger dark currents than
those photodetectors based on semiconductors, resulting in a
big shot noise. Furthermore, the photocurrent of the graphene
photoconductor under weak illumination would be smaller
than dark current, leading to a small on—off ratio. At optical
frequencies, complex surface conductivity of graphene is

given by?*”)
_ 0 o+ 2 p. h-w—2-p.
o(w) = 2 {tanh( Tk T )+tanh< Tk T
. )2
.00 (h w+22 He) i (23)
2.z (hw—2-p)*—2-(kg-T)
. 4"60 He
T Rt iAr

where ¢, = ¢q*/(4-#) is the universal conductivity of monolayer
graphene, I' is the phenomenological scattering rate induced by
different scattering mechanisms, kg is Boltzmann’s constant,
and T is the temperature. As we mentioned before, . can be
tuned by carrier accumulation, and ¢ minimizes when . locates
at the charge-neutral point (Figure 9a). To suppress dark current,
one method was applied on the external electric field to tune Er of
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graphene. In a graphene—Al,0;—graphene capacitor, the top gra-
phene layer served as a gate electrode to tune Ey of the bottom
graphene layer, leading to a change in resistance from about 30 to
110Q (Figure 15¢).”*) When Ep of graphene is tuned to the
Dirac point, dark current minimizes. Furthermore, when Er
locates at the charge-neutral point (the maximal resistance),
the absorption coefficient maximizes because of strong inter-
band absorption, leading to a higher responsivity. In 2016, gra-
phene was integrated with slot waveguides whose separated
silicon waveguides could serve as two bottom-gate electrodes
to dope graphene, forming a PN junction laterally, as shown
in Figure 15d,**”) leading to smaller dark current and other opti-
mal performances such as a 3 dB bandwidth of 65 GHz. There
are several technical difficulties to realize photodetectors based
on a slot waveguide with two gate electrodes. For example,
stair-stepping-doped Si is necessary to not only obtain Ohmic
contact between electrode and Si, but also reduce optical loss
induced by free-carrier absorption, which is costly during the fab-
rication process. In addition, 2D h-BN has also been demon-
strated as a better dielectric than SiO, for improving carrier
mobility of 2DMs because of the reduced Coulomb scattering.
For example, a waveguide-integrated h-BN/graphene/h-BN pho-
todetector showed both smaller dark current and a 3 dB band-
width of 42 GHz.**®

Another direction to decrease the dark current and improve
the NEP is integrating other 2DM semiconductors with a suitable
bandgap. Unlike graphene, BP has a direct bandgap at any thick-
ness and its dark current could be tuned to nanoamperes via elec-
trical gating. The first gate-controlled waveguide-integrated BP
photodetector was reported in 2015, and graphene was used
as the transparent gate electrode.”® When BP was tuned to
the charge-neutral point, the waveguide-integrated photodetector
operated in the PV mode with high responsivity (657 mAW ™),
low dark current (220 nA), broad bandwidth (3 GHz), and high
internal quantum efficiency (50%). Otherwise, when BP was
heavily doped, the photodetector operated in the BE mode and
the responsivity and 3 dB bandwidth would be much lower
(Figure 16a), which is limited by low in-plane lattice thermal con-
ductivity of BP. Instability is an obvious disadvantage of the pho-
todetector based on BP, leading to a strict limitation to device
fabrication and applications. Recently, multilayer MoTe, showed
its advantage to realize the waveguide-integrated photodetector at
the wavelength of 1550nm with a dark current of 13nA
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Figure 16. a) The photoresponse of the BP photodetector under different doping conditions. Reproduced with permission.?*®! Copyright 2015, Springer
Nature. b) I-V curves of waveguide-integrated photodetectors based on MoTe,. c) The band structure of pristine and strained MoTe, that is calculated by
first-principles density functional theory. b,c) Reproduced with permission.”®?l Copyright 2020, Springer Nature.
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(Figure 16b). The bandgap of MoTe,, without strain, is about
1.04eV, and it shifts to 0.8eV under 4% tensile strain
(Figure 16¢),**”! which provides a good solution to realize photo-
detectors at telecom wavelengths. In this Article, multilayer MoTe,
was transferred onto a nonplanarized waveguide with a height of
220 nm to realize strain engineering. This fabrication seems not to
be suitable for high-density integrated devices and could probably
result in cracks in MoTe, during the transfer. More ingenious
designs for strain engineering are required in the future.

Van der Waals heterojunction can be used to suppress dark
current and improve the device performance of 2DM photode-
tectors as well. In a 2DM/bulk semiconductor heterojunction
device, the relationship between current and applied voltage
can be expressed as?**”

I:kam(i%%igﬁﬁ)—ﬂ

where I is the reverse saturation current, 7 is the ideality factor.
As shown in Figure 17a, the I-V curve of graphene/Si waveguide
shows obvious rectification property. At the same reverse bias,
dark current is much lower than that of the graphene photocon-
ductor, which is attributed to the energy band (Figure 17b). At a
reverse bias, the length of the space—charge region becomes lon-
ger, leading to bigger resistance. Benefitting from the fast speed
of carrier drift, the response time (t) is up to a few nanoseconds
for a graphene/Si heterojunction photodetector, which can be fit-
ted asP%%

(24)
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where eg; is the relative dielectric constant of Si, C is the struc-
tural capacitance, Vy; is the built-in potential of the heterojunc-
tion, and A is the device area. A heterojunction consisting of
several different 2DMs has shown advantages for photodetectors.
For example, a waveguide-integrated photodetector based on gra-
phene/MoTe,/h-BN heterojunction was realized, where the bot-
tom graphene was used as an electrode, and top h-BN was used
for passivation. Benefitting from the ingenious device structure,
this photodetector with a low dark current exhibited a responsiv-
ity of 23mA W™ at the wavelength of 1310nm over a large
dynamic range, a bandwidth of 2GHz, and a data rate of
1 Gbit s~ 1% The bandwidth more than 50 GHz has been real-
ized with the decreasing channel length, resulting from a fast
transit time,*? which provides a good solution to design high-
speed photodetectors. A waveguide-integrated photodetector
based on the MoS,/graphene/multilayer h-BN/graphene tunnel-
ing heterojunction was proposed (Figure 17c). In this device,
MoS, worked as both the passivation layer and the doped layer
to bottom n-doped graphene. Photoinduced carriers could be
separated by the built-in electric field at the junction between
n-doped and p-doped regions of graphene. Multilayer h-BN, in
the middle of top and bottom graphene, served as a tunneling
barrier, leading to a decrease of dark current (several nA).*%
Besides tuning detection materials and device structures, the
optimization of photonic structures is also critical for improving
the performance of 2DM photodetectors. As we discussed in the
modulator section, total absorption (A, ) of photoactive materi-
als is given by
Atotal = Pin- (1 - exp(fap l)) (26)

where | is the photodetector length along the waveguide, Py, is
the input power, and a, is the absorption coefficient of
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Figure 17. a) The |-V curve of a graphene/Si waveguide photodetector. Reproduced with permission.?%% Copyright 2016, AIP Publishing. b) lllustration of
the energy band of graphene/Si heterojunction in the dark. Reproduced with permission.?**! Copyright 2013, Springer Nature. c¢) Schematic of a wave-
guide-integrated photodetector based on van der Waals heterojunction. Reproduced with permission.*°4 Copyright 2019, Optical Society of America.
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photoactive materials for photodetectors. Therefore, enhancing
a, is an effective approach to improve photon-to-electron
transition. First, microcavity resonator is a structure to capture
light energy and improve optical absorption. However, an intrin-
sic characteristic for the resonator is its narrow optical band-
width. Compared with the Si waveguide, photonic-crystal
waveguide serving as a medium to guide light can improve
optical absorption as we mentioned earlier.*®® Third, plas-
monics, an effective light-trapping structure, has been used to
enhance the optical absorption of photodetectors based on
2DMs in the past few years.?9%3%*3%] A photodetector based
on the Schottky junction consisting of a Si waveguide and gra-
phene/Au contact was reported.?**! SPPs can be excited at the
Au/Si waveguide interface,**® which showed locally improved
electric fields perpendicular to the graphene and Schottky
interface, leading to an improved responsivity of 370 mA W'
at the wavelength of 1550 nm. Another SPP-enhanced integrated
photodetector was realized by depositing a bowtie-shaped
nanostructure metal upon waveguide and graphene.
Benefitting from eight-fold enhanced local fields, the responsiv-
ity of this device was up to 500mA W~ at the wavelength of
1550 nm and the response rate was more than 110 GHz.**%
Device length reduces with the enhancement of «,, leading
to lower resistance and a higher f3;5. Although a, can be
enhanced by SPP, optical loss is inevitable because of metal
absorption.

Photodetectors based on 2DMs have been systematically stud-
ied, ranging from basic physical mechanisms to methodologies
in the past few years. In this section, waveguide-integrated photo-
detectors based on 2DMs were discussed, and figures of merit of
some typical waveguide-integrated photodetectors are shown in
Table 3. In the past five years, waveguide-integrated photodetec-
tors based on 2DMs have made tremendous progress, but there
are still many theoretical and engineering challenges to over-
come. First, high-speed light detection is a significant function-
ality for integrated photonic circuits. 2DMs including graphene
and BP with ultrafast carrier mobility, being compatible with

www.small-science-journal.com

existing CMOS backend technology, are promising for high-
speed light detection. Limited by 2DMs and nanofabrication
technologies, however, large-scale high-speed waveguide-inte-
grated photodetectors have not been demonstrated vyet.
Second, highly sensitive light detection with low noise is neces-
sary for integrated photonics and many other commercial appli-
cations such as biomedical imaging. Thus integrating with light-
trapping structures and improving the ability of carrier extraction
are essential and necessary. Third, flexible light detection is a sig-
nificant advantage of photodetectors based on 2DMs because of
its inherent mechanical flexibility for conformal integration, but
integrated flexible photodetectors based on 2DMs have rarely
been demonstrated. Last but not the least, narrow-bandgap
2DMs are attractive for light detection in MIR integrated pho-
tonic applications.

6. Advanced Integrated Optoelectronic Devices

2DMs have already shown advantages for designing essential
devices for on-chip integrated photonics, including light sources,
optical modulators, and photodetectors. With the increasing
exploration of 2DMs, recently, more fundamental physics has
been investigated by exploiting 2DMs’ novel properties such
as quantum character, phase transformation, magnetism, and
superconductivity, promoting the development of some
advanced optoelectronic devices. For example, magnetic 2DMs
such as Cr,Ge,Teg?"”! and CrI;*” that largely decouple from
substrates and allow to be tuned by electrical field**®! have been
discovered, which can be used to design magneto-optic and mag-
neto-electric devices for integrated photonics. Phase-change
2DMs could provide the possibility to design phase-change
switch for integrated photonics.?**'*! Bilayer graphene with
a magic angle has proved to be a superconductor and would
be a good choice to design single-photon detection. More discus-
sions on these advanced integrated optoelectronic devices are
described in detail below.

Table 3. Figures of merit in typical waveguide-integrated photodetectors based on 2DMs.

Material and device structure Operational Responsivity 3 dB Bandwidth Optical data Ref
wavelength [um] [mAW™] [GHz] links [GBits™]
Graphene on Si waveguide 1.45-1.59 108 >20 12 [38]
Graphene on Si waveguide 1.31-1.65 50 ~18 NR [355]
Graphene/Si waveguide heterojunction 1.55-2.75 130 NR NR [356]
Graphene on Si waveguide 1.55 16 41 50 [297]
Graphene PN junction on Si waveguide 1.56 76 65 NR [297]
Graphene on ChG waveguide 2.00-2.55 250 NR NR [43]
Graphene on Si waveguide and enhanced by SP 1.48-1.62 500 110 100 [292]
Multilayer BP on Si waveguide and tuned by a gate electrode 1.55 657 3 NR [299]
BP on ChG waveguide 2.18 40 NR NR [361]
BP on Si grating and tuned by a gate electrode 3.68-4.03 2000-23000 NR NR [362]
Multilayer BP on Si waveguide 2 306.7 1.33 4 [363]
MoTe, PN junction on Si waveguide 1.06-1.24 ~5 0.2 NR [133]
Multilayer MoTe, on Si waveguide 1.31 23 1 1 [3071]
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6.1. Quantum Emitters

Quantum emitters, playing a significant role in emerging quan-
tum technologies such as photonic quantum computing and
quantum key distribution, depended previously on wide-bandgap
semiconductors, single molecules, quantum dots, and recently
on 2DMs. Among different 2DMs, quantum emitters were
observed in TMDCs previously.*’**'” For example, monolayer
WSe, was found to possess excellent emitting characteristics,
exhibiting a narrow line width of 130 p eV.?*®! On-chip quantum
emitters based on WSe, integrated with the metal waveguide
were also demonstrated.*'*'¥] However, the majority of quan-
tum emitters based on TMDCs are only working at cryogenic
temperatures. Recent studies indicated that h-BN was an alterna-
tive material for room-temperature quantum emitters.?'**2% To
improve the performance of quantum emitters, not only materi-
als themselves but also the device design and fabrication technol-
ogies have to be continuously explored and optimized.

6.2. Phase-Change Switch

Phase-change switch that can dynamically tune light transmis-
sion is an essential component for integrated photonic cir-
cuits,*21*#2 which usually relies on phase-change materials
(PCMs) such as sulfur compounds (S, Se, Te). PCMs possessed
reversible structural changes that tune the electrical, optical,
magnetic, and thermal properties, under external excitation.
Recently, a reversible structural change has been observed in
2DMs, which can be obtained by several approaches including
stress induction, electron doping besides electrostatic doping
and electron transfer, and laser illumination.??¥! For example,
the transition in monolayer MoS, from metal to the insulator
could be observed, which was attributed to strong electron—elec-
tron interaction achieved by high levels of doping.***! In a latter
study, a transient reversible semiconducting trigonal prismatic
(2H) to metallic octahedral (1T) transition occurred because of
the plasmonic hot-electron transfer.*””! Besides MoS,, other
TMDCs such as MoTe, and CoSe, have shown phase change
already. For instance, monolayer MoTe, has exhibited a revers-
ible structural phase transition by electrostatic doping, which was
the first experimental result by this approach.*** Recently, elec-
tronic devices such as nonvolatile phase-change transistor,**”!
resistive memories,**! and devices for neuromorphic comput-
ingP®*”! have been demonstrated. Exploring these electronic devi-
ces based on 2D PCMs would promote the development of
optical phase-change switching.

6.3. Magneto-Optic Isolator

Magneto-optic isolators that can block back-reflected light trans-
porting and thus decrease the bit error rate in integrated pho-
tonic circuits are significant components for integrated
photonics.?**34 An ideal optical isolator is supposed to possess
several parameters including monolithic integration, low inser-
tion loss, large isolation bandwidth, and high isolation ratio,
which have been achieved by several approaches such as nonlin-
ear effect®! and active refractive index modulation.”**! Among
these different optical isolation approaches, the magneto-optic
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effect seems to be the most attractive way. With the effort of
the integrated photonics community, considerable progress on
the magneto-optic isolator has been made.?*>**’! For instance,
an on-chip magneto-optic isolator was reported recently, which
operated both the transverse electric (TE) and transverse mag-
netic (TM) mode with high performance.?*® As the aforemen-
tioned description, 2DMs possess distinct advantages in
monolithic integration, which probably provide new develop-
ments for a magneto-optic isolator in the future. Except for
these devices discussed earlier, 2DMs also offer the possibility
to realize other single photodetection devices by 2D
superconductors.[*33)

7. Conclusion and Outlook

Plenty of 2DMs have been widely investigated since the discovery
of graphene. Based on these 2DMs, many proof-of-concept
optoelectronic devices have already been demonstrated after
more than a decade from the efforts all over the world. Up to
now, 2DMs-based light sources with laser operating wavelengths
spanning from the visible to MIR regime,®"1°%17434] the
graphene modulator with a switching time of 260 fs,**! and
the photodetector with a response time faster than 50 fs®*! have
been gradually demonstrated, as well as some novel advanced
integrated devices including, but not limited to, isolators;
phase-change switches may be realized in the near future, mak-
ing it possible to construct a complete photonic circuit
(Figure 18) through a combination of the state-of-art devices with
different functions.

However, there remain difficulties in practical implementa-
tion limited by the currently unresolved theoretical and engineer-
ing problems associated with 2DM integrated devices. The first
one is to synthesize a variety of large-area, high-quality, and sin-
gle-crystalline 2DMs for different functional devices. Recent
studies on graphene and h-BN show significant progress,**>**!
but the synthesis of large-area, high-quality uniform 2DMs with
superior and unique optical, electrical, and magnetic properties
is, however, still lacking. Meanwhile, it is profoundly meaningful
to devise material synthesis strategies, so large-area lateral and
vertical heterojunctions in 2DMs can be achieved in situ directly,
considering the importance of heterojunctions in both funda-
mental physics and device applications. The second challenge
involves transferring 2DMs onto target substrates without pro-
ducing any cracks, wrinkles, or contamination, which is crucial
for device performance as the properties of the 2DMs are very
sensitive to surface defects and contamination. Therefore, on
the one hand, more optimal transfer approaches are supposed
to be developed.?****! On the other hand, synthesizing 2DMs
directly onto the target substrate may provide an alternative
way®**® to avoid the transfer step. Despite that, only a few
2DMs have been applied to waveguide-integrated photonic devi-
ces exhibiting excellent performance. The current challenge lies
in how to maintain the 2DM properties during the whole fabri-
cation process; otherwise, the ultimate device performance could
be severely degraded. As previously discussed, most of the devi-
ces rely on 2DM transfer on prepatterned substrates, and the
abrupt change in step height could probably damage the integrity
of 2DMs. In addition, it is hard to exempt from surface

© 2021 The Authors. Small Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-science-journal.com

ADVANCED
SCIENCE NEWS

small
science

www.advancedsciencenews.com

Gyly'aphene, EP

)Y
: / “‘il" &

www.small-science-journal.com

N Switch
% e

A

2
Graphene '\

Modulator

Graphene, MoTe,

Figure 18. A basic schematic of an integrated photonic circuit with active optoelectronic devices including a light source, isolator, switch, modulator,

photodetector.

contamination and damage induced by nanofabrication techni-
ques involving plasma etching, sputter, and ion beam-assisted
deposition and high-temperature annealing in the process,
which would lead to a decrease in electrical and optical properties
of 2DMs. Ongoing improvements include monolithic integration
of devices on 2DMs and the insertion of dielectric polymer,
glasses, and self-assembled monolayer molecular regions at
the 2DM/substrate interface to ensure 2DMs with preserved
carrier mobility and lifetime through minimizing the
Coulomb scattering®®*”) from surface defects and contamination.
Apparently, besides nondestructive fabrication approaches, new
and innovative photonic designs are also necessary and critical to
expand the application of 2DM integrated devices. Especially for
some emerging materials possessing unique optical, electrical,
and magnetic properties, various device functions can be
achieved utilizing creative and rational structure designs and
be thus applied in emerging fields such as flexible and MIR inte-
grated photonics.

Overall, benefiting from their exceptional material properties,
2DMs have attracted increasing attention in both traditional and
emerging applications of integrated photonics.
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