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Many breakthroughs in technologies are closely associated with the deep understanding and development of new material plat-
forms. As the main material used in microelectronics, Si also plays a leading role in the development of integrated photonics.
The indirect bandgap, absence of y'® nonlinearity and the parasitic nonlinear absorptions at the telecom band of Si imposed
technological bottlenecks for further improving the performances and expanding the functionalities of Si microcavities in which
the circulating light intensity is dramatically amplified. The past two decades have witnessed the burgeoning of the novel material
platforms that are compatible with the complementary metal-oxide-semiconductor (COMS) process. In particular, the unprece-
dented optical properties of the emerging materials in the thin film form have resulted in revolutionary progress in microcavity
photonics. In this review article, we summarize the recently developed material platforms for integrated photonics with the
focus on chip-scale microcavity devices. The material characteristics, fabrication processes and device applications have been
thoroughly discussed for the most widely used new material platforms. We also discuss open challenges and opportunities in
microcavity photonics, such as heterogeneous integrated devices, and provide an outlook for the future development of integrated
microcavities.
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1 Introduction

Optical microcavities can confine light to the sub-wavelength
scale, thus dramatically enhancing light field intensity and
significantly prolonging photon lifetime [1-4]. The strongly
enhanced strength of light matter interactions in optical mi-
crocavities has been widely exploited for both exploring
fundamental optical physics and developing functional pho-
tonic devices. The concept of spontaneous symmetry break-
ing, widely explored in high energy and condensed matter
physics [5-8], has been established in optics, which brings
new insights into the chaotic behavior of light transporta-
tion in asymmetric microcavities. Microcavities made of III-
V compound semiconductors enable compact laser devices
with low-power consumption for long-distance data transport
over optical fiber networks. In the quantum regime, optical
microcavities can enhance the emission rates of isolated two-
level-systems, e.g., quantum dots and atoms for generating
highly efficient non-classical light sources in the weak cou-
pling regime, and even enable single-photon manipulations
and quantum logic gates when reaching the strong coupling
regime [9-12].

The realization of on-chip, integrated microcavities is par-
ticularly appealing due to the compatibility with the com-
plementary metal-oxide semiconductor (CMOS) processes,
the ability of mass production, the compact device sizes,
and the low power consumption. A representative exam-
ple is the microcavity fabricated on the silicon on insula-
tor (SOI) platform. Thanks to the high-quality factors and
the small mode volumes of the silicon (Si) microcavities,
high-performance functional devices operating at the tele-
com band such as Raman lasers [13, 14], high-speed mod-
ulator [15, 16] and large bandwidth detectors [17-19] have
been realized on integrated photonic chips. Si-based micro-
cavities also have their own limitations that are intrinsically
associated with the material properties. The indirect bandgap
of Si severely limits the light emission efficiency, prevent-
ing the development of highly-efficient light sources on-chip.
The centro-symmetric crystalline structure of Si results in
the absence of the even-order optical nonlinearities, which
makes it difficult to harness the most efficient second-order
nonlinear optical processes such as cavity-enhanced second
harmonic generations. Moreover, the parasitic free carrier
absorption and two-photon absorption at the telecom band
prevent high-optical power handling which is essential for
achieving appreciable third-order nonlinear optical processes
in Si. In addition, other desirable optical properties for more

advanced integrated photonic devices, e.g., piezoelectric ef-
fect and transparency in the visible wavelength ranges, are
highly desirable yet not available in Si. Therefore, tremen-
dous efforts have been made during the past two decades to
develop new material platforms for integrated microcavities
with improved device performances and expanded function-
alities.

The implementations of large bandgap materials in the
thin film geometry, such as doped silica, silicon nitride (SiN),
aluminum nitride (AIN), silicon carbide (SiC), diamond, and
lithium niobite (LN), have successfully extended the spec-
trum of microcavity photonics into the visible wavelength
ranges. In addition, the strong electro-optic effect in LN
and the piezoelectric effect in AIN enable the realization
of functional devices, e.g., fast electro-optic modulators and
acoustic wave transducers that are not achievable in Si. The
ultra-low optical loss and engineerable dispersion provided
by SiN microresonators make the soliton microcombs rou-
tinely accessible without high-power pumping with optical
amplifiers. The development of aluminum gallium arsenide
(AlGaAs) on insulator (AlGaAsOI) platform simultaneously
brings optical gain and large optical nonlinearities into the
integrated photonics while avoiding the two-photon absorp-
tion at C-band that limits the high-power operations in Si mi-
crocavities. As a highly-efficient gain material, halide per-
oviskite is becoming increasingly important when making
photovoltaic and light emitting devices due to the low-cost
synthesis and high quantum yield. Last but not least, in-
troducing atomically thin materials such a two-dimensional
(2D) layered material and single layers of molecules on the
surfaces of microcavities provides exciting opportunities of
expanding the functionalities and improving the device per-
formances of the existing Si microcavities. This review
mainly covers the recently emerging material platforms for
planar microcavities, while many other promising materials
are not discussed here, including plasma materials, IT1I-V ma-
terials such as GaAs and InP, rare-earth ions implanted into
various substrates, and silicate glasses.

In this review, we summarize the recently developed thin
film material platforms for integrated photonics with the fo-
cus on microcavity devices, covering doped silica, SiN, AIN,
SiC, diamond, LN, AlGaAs, halide perovskite, and 2D mate-
rials and organic molecules. For each of these materials, we
start with an introduction of its basic optical properties, fol-
lowed by a discussion of the scalable fabrication techniques
of high-quality planar microcavities, and highlight the unique
device applications with the focus on on-chip light sources
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and nonlinear photonics. Finally, we discuss the opportu-
nities and on-going progress on hybrid integrated platforms
that take advantage of different material systems for future
advanced microcavity devices as a whole.

2 Doped silica

High-index doped silica (refractive index range of n=1.5-1.9)
is particularly promising due to its low linear loss (propaga-
tion loss of 1-6 dB/m), relatively large nonlinearities (n, =
1.15 x 107" m?> W~!, approximately 4.5 times higher than
silica and half of SiN), and negligible nonlinear loss in tele-
com band (without multi-photon absorption) [20-23]. Many
studies based on this material platform have been explored
due to its favorable optical performance, CMOS-compatible
fabrication process and high material stability. Early inves-
tigations mainly focused on linear waveguides and micror-
ing resonators (MRRs) for large-scale photonic integrated
circuits such as Mux/Demux wavelength division multiplex-
ing (WDM) filters using MRR arrays [24]. In last decade,
high-index doped silica has achieved considerable success in
the area of nonlinear optics as well, such as supercontinuum
generation [25] , pulse compression [26] using a long spi-
ral waveguide, and especially microcombs (or Kerr combs)
generated by high-Q MRRs [27].

Typical fabrication processes of doped silica microcavi-
ties contain thin film deposition using chemical vapor de-
position (CVD), circuit print in photoresist with projection
stepper lithography and pattern transfer by reactive ion etch-
ing (RIE). Figure 1(a) and (b) show scanning electron mi-
croscope (SEM) images of a single waveguide for external
input/output and coupled waveguides for energy exchange,
respectively, where the waveguide cores are usually with 1-
3 wm both of width and height. Figure 1(c) shows a spi-
ral waveguide over 1 m length which has been used for the
stimulated Brillouin scattering experiment [28]. Figure 1(d)
shows a four-port doped silica MRR with a typical quality
factor (Q-factor) of 2-4 million. Figure 1(e) and (f) exhibit
a sample pigtailed with a standard fiber array at low cou-
pling loss and butterfly packaged with a commercial thermo-
electric cooler, respectively. Taking advantages of the ma-
ture developing process of doped silica material, thousands
of MRRs can be fabricated simultaneously in a 6-inch wafer
as depicted in Figure 1(g).

After the first demonstration of optical parametric oscil-
lation [29], this type of MRR has fully manifest itself as
an attractive competitor for nonlinear optics, including all-
optical wavelength conversion [30], narrow-bandwidth pulse
mode-locking [31], third-harmonic generation [32] and Ra-
man self-frequency-shift [33]. Especially in the field of mi-
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crocombs (Figure 1(h)) other than the soliton crystal state
[33,34], the single dissipative Kerr soliton (DKS) generation
is considered as a long-lasting challenge towards wide appli-
cations [35], due to the difficulty to overcome system thermal
instability, however, has been achieved by high-O MRRs,
benefitting from its easy controllability on operation tem-
perature. By introducing an auxiliary laser counter-coupled
to the pump, deterministic DKS generation and switching
was successfully obtained [36]. Furthermore, through adopt-
ing the microcomb power as the criteria for state discrimi-
nation, program-controlled single soliton microcomb source
with one-button start capacity has also been realized [37].
Other remarkable progress includes self-locked dual-comb
generation [38], soliton burst and bi-directional switching
[39], repetition-rate control assisted by temporal Talbot ef-
fect [40], and synthesized soliton crystal with ordered tem-
poral distribution [41].

Until now, the high-index doped silica glass MRR-based
microcombs have been utilized as proof-of-concept in vari-
ous applications. Representative examples, including Hilbert
transformers [42], adaptive photonic RF filters [43], and ar-
bitrary waveform generators [44], have been demonstrated
for applications in microwave photonics. Regarding to the
precision measurement, high-speed long-distance (~ 1179 m)
ranging through the dispersive interferometry method based
on soliton microcomb was achieved with a minimum Allan
deviation of 27 nm [45]. For applications in optical com-
munications, ultra-high data transmission (bit rate of 44.2
Tbps) over a 75 km standard fiber was obtained using soliton

Figure 1  (Color online) High-index doped silica glass MRRs and their
applications. (a) SEM image of a single waveguide and (b) coupling region
between the bus and microring waveguide; (c) optical microscope image of
spiral waveguide over 1 m; (d) four-port high-Q MRRs; (e) directional cou-
pling of MRRs with single-mode fiber array; (f) butterfly-packaged MRR
with thermoelectric cooler [45]; (g) optical image of a wafer containing thou-
sands of MRRs; (f) concept image of soliton microcomb by doped silica
MRR.
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crystals [46]. In quantum optics, by using coherent micro-
comb lines as the light source for a quantum key distribu-
tion system, a secure key rate of ~ 200 kbps for one channel,
with the potential of reaching Gbps via multiplexing tech-
nique, was demonstrated [47]. Additionally, these doped sil-
ica MRRs were verified to be capable of generating multi-
photon and high-dimensional entangled quantum states, as
well as the d-level cluster state for one-way quantum pro-
cessing [48]. They can even find important role in a univer-
sal vector convolutional accelerator operating at a 11 Tops for
optical neural networks [49]. All these achievements indicate
that high-index doped silica glass MRRs are powerful candi-
dates for practical and future-oriented applications across the
classic and non-classic optics, thanks to their unique compat-
ibility and excellent robustness.

3 SiN

Among various material platforms developed in the past
decade, SiN has become the most attractive platform par-
ticularly for integrated nonlinear photonics, due to its large
transparent window, absence of two-photon absorption in
the telecommunication band, strong Kerr nonlinearity, high
power handling capability and especially ultra-low optical
losses (1 dB/m) [50].

Soliton microcomb is one of the most popular fields for
integrated nonlinear photonics in recent years. SiN has
emerged as the leading platform for soliton microcomb due
to its ultra-low linear and nonlinear losses (Figure 2(a)) [51].
Many phenomena such as dissipative Kerr soliton [52-54],
dispersive wave [55], breathing solitons [56, 57] and soli-
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ton crystals [58] and applications such as optical clock [59],
ultrafast ranging [60] and microwave generation [61] have
been demonstrated based on SiN microresonators. Benefiting
from recent advances in fabrication process of SiN photonic
integrated circuits (PICs), intrinsic quality factor for on-chip
SiN microresonators has exceeded 3 x 107, which reduces the
on-chip pump power required for soliton generation to a few
milliwatts [62]. With such low pump power for soliton gener-
ation, recent studies have demonstrated that the turnkey soli-
ton microcomb can be generated by the hybrid (Figure 2(b))
or heterogeneous (Figure 2(c)) integrated system of indium
phosphide (InP) laser and SiN microresonators by using the
self-injection locking technique [63, 64], which greatly sim-
plifies the soliton microcomb system and reveals the viability
of fully chip-based soliton microcombs.

Besides the soliton microcomb, SiN also shows its advan-
tages of ultra-low linear and nonlinear losses and strong Kerr
nonlinearity in other nonlinear photonic devices. Figure 2(d)
shows the optical amplifiers which are essential in numer-
ous photonic applications. Based on the 1.42-m-long SiN
waveguide with the propagation loss of 1.4dB/m, the first
on-chip continuous-wave parametric amplification with the
gain of 9.5dB was achieved [65]. Moreover, by appropri-
ate dispersion engineering, the SiN waveguide can be used to
generate the supercontinuum to extend the spectrum into the
mid-infrared band, which is significant for molecular spec-
troscopy [66]. Furthermore, delicately engineered SiN non-
linear photonic devices are also required for quantum system.
The generation of quantum random number and the strongly
squeezed light are realized by two groups in 2021, respec-
tively [67, 68], showing that the significant control can be
achieved over quantum nonlinear optical processes by inte-

Figure 2 (Color online) Integrated photonics with silicon nitride. (a)-(c) Soliton microcomb based on silicon nitride platform [51,63,64]; (d) integrated SiN
nonlinear photonic devices [65]; (e), (f) passive and active elements based on SiN [69,71]; (g), (h) integrated SiN photonic devices with other materials [73,75].
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grated photonic platforms.

Since SiN is becoming an increasingly important platform
for integrated photonics, plenty of active and passive ele-
ments based on SiN have been proposed and demonstrated in
recent years, such as the ultra-narrow linewidth laser based
on self-injection locking (Figure 2(f)) [69], the tunable pho-
tonic delay line [70], dichroic filters, tunable ring filters, mul-
timode interferometers (Figure 2(e)) [71], and the thermo-
optic phase modulator [72]. Moreover, by integrating with
other materials, SiN PICs are endowed with extra features,
for example, the high-performance coherent light resource
composed of perovskite nanocrystals and the SiN nanobeam
cavity (Figure 2(g)) [73], the magnetic-free optical isolator
based on aluminium nitride (AIN) piezoelectric modulators
and the SiN microring resonator [74], and the visible light
detector consisting of the graphene/MoS, heterostructure and
the SiN waveguide (Figure 2(h)) [75]. As more and more
functions of bulk free-space and fiber-optic components can
be replaced by PICs, fully integrated miniaturized optical
systems based on SiN are expected to be realized.

4 AIN

AIN has been widely applied in microelectromechanical
(MEMS) devices, due to its excellent mechanical proper-
ties and mature micro-/nano-fabrication technologies. AIN
is also a wide bandgap (~6eV) semiconductor, thus being
optically transparent over a wide range of wavelengths from
violet to infrared [76]. In addition, AIN possesses intrinsic
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second-order optical nonlinear susceptibilities. Therefore,
AIN provides a versatile material platform for studying the
light-matter interactions [77], including the nonlinear mix-
ing between photon-photon, photon-microwave photon, and
photon-phonon. Benefiting from the tight light field confine-
ment and high optical Q, these interactions are greatly en-
hanced in AIN microcavities, and the potential of AIN in pho-
tonics beyond the limitations of conventional silicon-based
materials have been revealed.

Figure 3 summarizes the various photonics devices based
on AIN microcavities that have been demonstrated experi-
mentally. First of all, the AIN is appealing for its nonlin-
earity (Figure 3(a)). By engineering the AIN microring that
provides high-Q simultaneously at visible and telecom wave-
lengths, the high-efficient second-harmonic generation [78],
optical parametric oscillation [79], and visible-to-telecom
quantum frequency conversion [80] have been demonstrated.
AIN also offers the nonlinearity for realizing the cascaded
four-wave mixing and thus enables the mode-locked fre-
quency comb generation with a beyond-octave spectral span
[81,82] (Figure 3(b)). Utilizing the electro-optics effect, the
high-speed control and reconfiguration of AIN photonic de-
vices, as well as the coherent three-wave mixing effect be-
yond the optical frequencies are enabled [83] (Figure 3(c)).
Its excellent mechanical properties also allow the optome-
chanical devices at ultrahigh (~10GHz) mechanical fre-
quencies [84] (Figure 3(d)). In single-crystalline AIN,
even the optical phonon has narrow linewidth, and thus
low-threshold Raman lasing and cascaded Raman lasers are
achieved [85] (Figure 3(e)).
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Figure 3 (Color online) Various photonic devices based on AIN microcavities. (a) The phase-matched three-wave mixing between 780 and 1550 nm optical
modes in AIN microring [78]; (b) the beyond-octave optical soliton generation [81]; (c) the superconducting electro-optics device for optics-to-microwave
frequency conversion [83]; (d) the high-frequency optomechanical microdisk cavity, with the mechanical mode frequencies as high as 10 GHz [84]; (e) the

cascaded Raman lasing in AIN microring [85].
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As the distinct nonlinear optics processes have been
demonstrated in AIN, it is anticipated that novel functional
photonic devices could be realized by hybridizing these pro-
cesses within a single AIN microcavity. For instance, the cas-
caded and nonlinearities enable the generation of optical soli-
ton comb at visible and telecom wavelengths simultaneously,
by either pump by visible laser or telecom laser [86,87]. Itis
also demonstrated that a single AIN microring could simul-
taneously convert and amplify the optical signal from visible
wavelength to telecom band [80]. Combining the optome-
chanical and piezo-mechanical effects [88,89], a new archi-
tecture of the hybrid superconducting-AIN photonic chip is
demonstrated, which offers a useful approach for realizing
the interfacing between the superconducting quantum chips
and holds great potential for the quantum network and dis-
tributed quantum processing. AIN microcavities are also of
great theoretical interests by providing a unique model in-
volving various nonlinear processes and the multiple travel-
ing wave modes, which provides a network of nonlinearly
coupled modes and is potential for machine learning based
on reservoir computing.

In addition to the hybrid AIN devices that worth further
explorations, the integration of different devices on a single
AIN chip might play important role in the long-term devel-
opment of photonics. Especially, AIN is very important from
the following two aspects: (1) the chip for stabilized optical
sources. It is possible to utilize the second-harmonic genera-
tion and electro-optic modulation in AIN microring to realize
the self-referenced or atom-referenced frequency comb [81],
which would be useful for optical communciations and sens-
ing. (2) The quantum photonic chip. In addition to passive
devices, and also the quantum frequency converter and mod-
ulators, the AIN platform also provides single emitters [90]
for the essential quantum resources of single-photon nonlin-
earity. Additionally, the AIN waveguide is also compatible
with near-unity-efficiency superconducting single-photon de-
tectors [91,92]. Therefore, AIN is unique for the potential
monolithic integration of full-functional quantum photonic
circuits.

5 SiC

SiC is gaining much attention as a viable platform for the
photonics application. It exhibits a wide bandgap (3.26 eV
for 4H polytype), a high refractive index (2.6 at 1550 nm),
a wide transparent window (0.37-5.6 um) [93], a Pockels ef-
fect, and strong second- and third-order optical nonlinearities
[94]. Besides, SiC is also a CMOS-compatible semiconduc-
tor material and hosts a variety of spin qubits [95-97], which
promises to achieve monolithic integration of quantum pho-
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tonics and electronics with low costs. The above compre-
hensive properties may make SiC a strong competitor for a
promising photonics platform.

For this purpose, tremendous efforts have been attracted to
develop SiC photonic microresonators over the past decades
[95, 98-100]. As a semiconducting polymorphic material
with abundant polytypes, there exist 250 different polytypes
but only 3C, 4H and 6H-SiC can be stably grown and com-
mercially available for applying in optoelectronic devices.
Pioneering photonic microresonators research mainly fo-
cused on epitaxial 3C-SiC or deposited SiC on Si [101]. At
that period, the photonic microresonators were generally fab-
ricated by undercutting the beneath substrate. With this con-
figuration, the structures usually require a sophisticated pro-
cess, which makes the fabrication inconvenient. Compared
with the epitaxial or deposition technique, a practically fa-
vorable solution is to use the SiC-on-insulator (SiCOI). Akin
to SOI, SiCOI structure contains a thin SiC layer isolated by
a low-index substrate, so that waveguides and resonators can
be patterned on the thin layer to confine light and control
its propagation. The first SiCOI for photonics applications
made by ion-cutting method were demonstrated by Song et
al. [102]. As shown in Figure 4(a), a L3 photonic crystal cav-
ity was fabricated and Q factor of 4500 was measured. Later,
4H-SiCOI was optimized on a wafer-scale, and demonstrated
the possibility for mass fabrication by using the CMOS com-
patible process [103]. The Q value of the microring resonator
[104] based on 4H-SiCOI was measured up to 7.3 X 10%.
The lower Q factor on the ion-cutting SiCOI platform is due
to the ion-implantation-induced defects, which dominate the
optical absorption loss [104]. Another approach to prepare
SiCOI was formed by wafer bonding of crystalline 3C-SiC

Figure 4  (Color online) SiCOI microresonator. (a) 2D photonic crystal
cavity in 6H-SiCOI [102]; (b) microdonut resonators on 3C-SiCOI platform
[105]. (c) Microdisk resonator for second-order frequency conversion. The
red emission of the image shows the second-harmonic coupled out [98]. (d)
Microdisk resonators in 4H-SiCOI. The inset image is the broadband fre-
quency comb spectrum generated from microresonator [98]. (e) The CCD
image of the second-harmonic generation under the 1502.58 nm excitation.
The inset shows the simulated near-field pattern of the second-harmonic
emission [106]. (f) The 4H-SiC photonic crystal nanobeam cavities. The
inset is a lattice representation of divacancy defect [99,106]. (g) Waveguide-
coupled microdisk resonators in 4H-SiCOI. The inset is the schematic image
of Manipulating a pair of emitters implanted in the microdisk [107].
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to a silicon oxide-on-Si substrate, which enables high QO of
142000 in 40 um radius SiC microring resonators [105], as
shown in Figure 4(b). However, the Q factor in this platform
is still limited by material absorption. In 2019, the grinding
and polishing approach was introduced to prepare 4H-SiCOI
[95, 106]. In contrast with the previous approaches, this
grinding and polishing approach enables 4H-SiC thin films
with the same crystalline quality as its pristine crystal, thus
high Q microresonators with state-of-the-art reaching the 3-7
million range were achieved [98]. The high Q SiC microres-
onator stimulates a renewed interest in SiC photonic devices,
for example, nonlinear and quantum photonics [107-109].

Figure 4(c) shows a microdisk resonator designed for
second-order frequency conversion. The red emission of the
image clearly shows the second-harmonic generation [98].
The higher conversion efficiency of 1900% was achieved in
a photonic crystal cavity [106], as the photonic crystal cavity
shows a smaller modal volume. Such a high conversion ef-
ficiency in SiC microresonator holds promises for pumping
color center only by telecom wavelength input. Given the
record-high Q factors in a SiC microdisk resonator, as shown
in Figure 4(d), Wang et al. [98] demonstrated broadband fre-
quency comb generation , which represented a milestone in
the development of SiC nonlinear photonic devices. Since
SiC hosts a variety of qubits, the SiC microresonator is an
ideal platform for a coupled defects zero phonon line (ZPL)
emission. Figure 4(f) shows the 4H-SiC photonic crystal
nanobeam integrated with a single divacancy color center
[99], Purcell enhancement of the ZPL emission with a Pur-
cell factor of ~50 was observed. A clearly increase in the
Debye-Waller factor from ~5% to ~70%-75% reveals that
the cavity-defect system improves the quantum properties of
the color center in SiC. Very recently, the cavity-defect sys-
tem was used to demonstrate super-radiant emission of the
spin emitters [107], as shown in Figure 4(g), this work pro-
vides a clear route towards monolithic integration of quantum
emitter and nonlinear photonic in 4H-SiCOI.

6 LN

Due to the combination of the excellent photoelectric charac-
teristics of LN crystal and the ability to tightly confine light,
LNOI microcavities brings new vitality to LN integrated pho-
tonics [110-114]. As a result, they have been a competitive
platform for applications ranging from nonlinear frequency
conversion and electro-optic modulation, optical frequency
combs to laser sources in recent years.

In 2007, the first LNOI microring cavity, as shown in
Figure 5(a) [115], was prepared by using benzocyclobutene
bonding and photolithographic techniques. Subsequently, the
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research on the preparation of LNOI microcavity was car-
ried out based on various micro-nano techniques [116-118].
LNOI microcavities (Figure 5(b)) with a quality factor up to
107 were obtained by using electron beam exposure-argon
ion etching [117] and photolithography-assist-ed chemo-
mechanical etching [118], respectively. Thanks to the high
nonlinear coefficient of LN, researches on realizing sum-
frequency generation (SFG) [119], second-harmonic gener-
ation (SHG) [120-124], and cascading second-order nonlin-
ear processes [125] in LNOI microcavity have been reported
successively. Among them, to effectively improve the con-
version efficiency, Z-cut and X-cut periodically poled lithium
niobate (PPLN) microcavities (Figure 5(c)-(e)) were fabri-
cated for the realization of quasi-phase matching [120, 122-
124]. In PPLN microcavities, SHG efficiency was optimized
up to 52m W~! [124], which was 3 orders of magnitude
higher than monocrystalline LN microcavities [121]. Such
an SHG efficiency is also the highest one in all integrated-
photonic platforms. Furthermore, spontaneous parametric
down-conversion in LNOI microcavities enables the prepa-
ration of entangled photon pairs and heralded single-photon
sources. A photon-pair generation rate of 36.3 MHz and
coincidence-to-accidental ratio of 14682 + 4427 had been
achieved in the LNOI microcavity shown in Figure 5(f)
[126].

Micro combs have applications in precision spectroscopy,
optical clock, and coherent optical communication due to
their compact structure, low noise, and high coherence. Be-
cause the rich nonlinear optical characteristics of LN can
effectively expand the functionality and application scenar-
10s of micro combs, the research on Kerr micro comb based
on LNOI has attracted much attention of researchers. Self-
starting soliton micro comb has been realized based on Kerr
effect in LNOI microcavity, as shown in Figure 5(g) [127].
Besides, an electro-optic frequency comb based on the LNOI
racetrack cavity has also been reported, as shown in Fig-
ure S(h) [128]. Compared with Kerr micro combs, the
electro-optical frequency comb has the advantages of no
threshold, easy modulation, and low noise.

As an essential part of integrated photonics, laser sources
on LNOI platform have also attracted the attention of re-
searchers. Recently, several research groups have succes-
sively carried out the research on microcavity lasers based on
rare-earth-ions doped LNOI. Erbium-doped and ytterbium-
doped microcavity lasers operating at 1550-nm band and
1060-nm band have been demonstrated, respectively [129-
132]. In addition, to improve the practicability of the laser,
researchers have carried out the research of LNOI single-
mode laser through modulation mode loss or Vernier effect
[133, 134]. For example, Figure 5(i) shows a single-mode
laser with a side-mode suppression ratio of 26.3 dB based on
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(Color online) Microcavities based on thin-film lithium niobate and its applications. (a) Z-cut microring based on thin-film LN [115]; (b) LNOI

microdisk resonator [118]; (c) Z-cut PPLN microdisk [120]; (d) Z-cut PPLN microring [122]; (e) X-cut PPLN microring [123]; (f) sketch and SEM images
of LNOI microring for photon-pair generation [126]; (g) self-starting soliton microcomb on Z-cut microring [127]; (h) electro-optic frequency comb on X-cut
racetrack microring; (i) single-mode lasers based on LNOI photonic molecule [134].

the Vernier effect [134].

In the future, with the continuous optimization of device
preparation and structural design, high-quality LNOI micro-
cavity will become the core part of the integrated photonic
chip and play a more critical role in the fields of frequency
conversion, light source generation, and on-chip regulation.

7 AlGaAs

AlGaAs and its alloys are among the most widely used III-
V semiconductors in integrated photonics for building ac-
tive devices, such as lasers, modulators and photodetectors.
Over the last decade, the value of this group of materials for
nonlinear photonics has been discovered and therefore at-
tracted great interests. The most appealing property of Al-
GaAs is the giant nonlinear effects in both (180 pm/V) and
(2.6 x 10713 ¢cm?/V) [135], which can significantly enhance
the efficiency of nonlinear process. Importantly, by adjust-
ing the material concentrations in the alloys, the bandgap
energy can be engineered over broad range (574-872 nm
for Al,Ga;_,As). As a result, the two photon absorption
(TPA) problem can be avoided at telecom bands (1550 and
1310 nm), which is usually a big concern for many III-V ma-
terials when performing high power pumping.

To harness these desirable properties for nonlinear appli-

cations, one essential requirement is to build the waveguide
with high index contrast for flexible geometry engineering.
For AlGaAs, previously this was a very challenging task,
since the material film has to be grown on native substrate,
where the surrounding layers usually have very similar index
contrast. To solve this problem, several strategies have been
applied over the last two decades. One is to grow the target
layer upon aluminum arsenide (AlAs) that is later oxidized
to form the aluminum oxid (Al,O3) as bottom claddings
[136]. This strategy has enabled the demonstration of Al-
GaAs resonator for optical parametric oscillation [137] and
low threshold laser [138]. However, the limitation of these
devices is the relative high waveguide loss, which is usually
higher than a few dB/cm. Meanwhile, the oxidation process
is usually combined with high temperature, which might not
be detrimental to the active medium of laser or surface rough-
ness of the waveguide.

Another widely used strategy for building high index-
contrast AlGaAs waveguide is to undercut the underneath
layer [139, 140], as shown in Figure 6(a)-(c). Similar as
the above mentioned structure where the AlGaAs layer sits
on AlAs, here the underneath layer is removed by hydrogen
fluoride (HF) selectively. The advantage of this approach,
compared with the oxidization one, is the room temperature
process and the preservation of the surface roughness of the
waveguide. As a result, the quality factor of these suspended
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whisper-gallery resonators can be significantly improved up
to 6x 10° with the surface passivation treatment [140]. More-
over, since the geometry of waveguide defined by selective
etch can be more precisely controlled, the quasi-phase match
condition can be satisfied in these resonators, leading to sec-
ond harmonic generation (SHG) [141].

However, despite the demonstration of individual devices
in the last two approaches, the evolving applications in non-
linear photonics demand a more scalable and robust solution
to build AlGaAsOI platforms, as shown in Figure 6(d)-(g).
Therefore, in last a few years, the heterogeneous integration
is introduced to transfer AlGaAs film from native substrate
onto oxidized silicon wafer [142-144]. In this way, high-
index-contrast, high-material-quality waveguide can be pro-
cessed in a scalable, repeatable manner [145]. Leveraging
advanced lithography, etching and passivation process, high
quality microresonator with Q beyond 3.5 x 10° is demon-
strated on this platform with much smaller mode volume
than those of previous AlGaAsOI waveguide [146]. Such
high-Q resonator provides an effective tool to explore the
high nonlinearities of AlGaAs alloys: a record low threshold
frequency comb generation is enabled in optical frequency
generation [143], and a coherent soliton state can be readily
achieved under sub-milliwatt pump power [147]; by pump-
ing these microresonator below the threshold, a record high
entangled photon generation rate greater than 20 x 10° pairs
s mW~2 has been realized [148]; by using InGaP layer
which is lattice-matched to AlGaAs, high quality factor can
be achieved at visible, leading to a record high SHG effi-
ciency of 1.5% single photon nonlinearity [149]. Moreover,
due to the great advantage in integration level, it is expected
that these microresonators will be implemented in PICs along
with other photonic components, including lasers, amplifiers,
modulators, photoreactors and passives [150].

Figure 6 (Color online) AlGaAsOI microresonator. (a)-(c) Suspended Al-
GaAs structure [139-141]; (d)-(g) AlGaAs/InGaP on SiO, [142, 143, 148,
149].
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8 Halide perovskite

Halide perovskites, as an emerging class of photovoltaic ma-
terials, have attracted considerable attention owing to the out-
standing properties, e.g., simple and low-cost synthesis, large
optical absorption, long and balanced carrier diffusion length,
high carrier mobility, nice defect tolerance, high photolumi-
nescence (PL) quantum yield, and bandgap tunability span-
ning from visible to near infrared regime [151, 152]. Dur-
ing the past decade, perovskite based devices have undergone
substantial progress and become game changer in solar cells
[153] and light emitting diodes (LEDs) [154]. Besides, the
intrinsic optical merits, including large nonlinearities, rela-
tively high refractive index and high optical gain coeficient,
have triggered research interest in perovskite based optical
microcavities. Due to the large absorption loss above the ma-
terial bandgap, perovskites typically function as active pho-
tonic devices under optical excitation.

Initial attempt to construct resonant nanostructured per-
ovskite is to integrate perovskite layer with external micro-
cavities by taking advantage of flexible and versatile syn-
thesis methods for perovskites, e.g., spin coating [155],
chemical vapor deposition [156] and atomic layer deposition
[157]. Later on, direct patterning on perovskite is realized
based on the recent development in the modified micro- and
nanofabrication techniques, such as focused-ion beam etch-
ing, nanoimprinting, laser direct writing. Up to now, diverse
resonant structures ranging from microdisk, microring, de-
formed microcavity, nanograting, to photonic crystal, have
been implemented on perovskite and the resonance enhanced
device performance confirms the structure-function relation
[158].

The highest quality factor of organic-inorganic hybrid per-
ovskite microlasers is achieved by Zhang et al. [159] based
on a COMS-compatible manufacturing procedure for per-
ovskite. As shown in Figure 7(a), a circular microdisk with
smooth surface is fabricated on a single-crystal perovskite
microplate. In addition to circular microdisk, deformed mi-
crocavity has also been realized for unidirectional emission
(see Figure 7(b)). To address the out-coupling deficiency
in circular microdisk, a bus waveguide made of SizN4 or
perovskite evanescently coupled to the microdisk has been
proposed and demonstrated [160, 161]. Benefiting from the
relatively high refractive index, Figure 7(c) shows the per-
ovskite metasurface composed of nanograting for color dis-
play [162]. Color variation from different parts, as shown
in Figure 7(d), originates from the structure dependent res-
onant reflection peaks. Furthermore, the perovskite meta-
surface has been designed to enhance the excitation light
resonantly and thereby boosted the three-photon lumines-
cence by a factor of 60 [163]. Based on perovskite mi-
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(d)

(Color online) Perovskite microcavities and applications. (a), (b) High-quality circular microdisk based on single-crystal perovskite microplate

and fluorescence microscope image of a deformed microcavity exhibiting unidirectional emission where inset shows the SEM image [159]. (c), (d) SEM and
microscope image of the perovskite metasurface composed of nanograting [162]; (e), (f) SEM image of perovskite photonic crystal and optical switching from
vortex beam to linearly polarized beam [164]; (g), (h) SEM image of perovskite metasurface with periodic triangular array and the corresponding degree of

circular polarization of PL in the back focal plane [165].

crocavities, Huang et al. [164] have realized vortex micro-
laser and demonstrated ultrafast all-optical switching. As
shown in Figure 7(e), planar photonic crystal with in-plane
rotation symmetry is composed of square array of circular
holes and affords topologically protected optical bound state
in the continuum. By exploiting mode symmetry and far field
properties, ultrafast and dynamic optical switching between
vortex beam and linearly polarized beam has been achieved
(see Figure 7(f)). Interestingly, Tian et al. [165] employed
the broken in-plane inversion symmetry to study the optical
Rashba effect in monolithic perovskite metasurface, which
consists of periodic triangular array as shown in Figure 7(g).
Consequently, highly chiral photoluminescence (PL) with
six-fold increase in the degree of circular polarization has
been demonstrated (see Figure 7(h)), expanding the poten-
tial application of perovskite based light-emitting devices
to holograph, biosensing and multidimensional multiplexing
technologies.

To conclude, resonant microcavities have been widely in-
troduced to perovskite based photovoltaic and optoelectronic
devices. The light management involving localization, wave
guiding, resonant enhancement and mode conversion in mi-
crocavities not only improves the device performance sig-
nificantly, but also brings novel future applications to per-
ovskites.

9 2D material

Introducing graphene and its derived 2D material into mi-
crocavity photonics brings unprecedented opportunities, e.g.,
broadband optoelectronic tunability and high optical non-
linearity, to engineer the cavity properties for improving

the device performances [166-169]. Thanks to their atom-
ically flexible nature, 2D materials are convenient to incor-
porate into types of microcavity platforms, ranging from on-
chip microrings [170], fiber based microresonators [171] and
WGM microcavities [172]. In practice, there are a number
of strategies for the installation of 2D material-microcavity
structures, such as dry transfer, wet transfer and direct va-
por/liquid deposition [173-175].

Such implementations diversify the material combinations
for microcavity photonics, enabling appealing functions and
performances in nanoscale. For instance, by integrating
graphene heterostructure in silicon nitride microrings (Fig-
ure 8(a)), Phare et al. [176] obtained the spectral shift of
resonances can be electrical tuned, thus realized ultrafast
electro-optic modulation with 30 GHz bandwidth. Further-
more, in 2018, leveraging the similar geometry, Yao et al.
[177] reported that the group velocity dispersion and third-
order dispersion intracavity is remarkably gate controllable,
from positive to negative. Such a property was successfully
applied for delivery diverse Kerr comb outputs in one single
device. Recently, via depositing a monolayer of crystalline
MosTeys in a 1-THz free spectral range (FSR) Si3N4 micro-
cavity, He et al. [178] achieved a quality factors more than
3 x 10° in the O to E bands, and demonstrated that such a
2D material enhanced microcavity can have third order non-
linear susceptibility y® = 107'8-107!3, potential to ultralow
threshold frequency conversion applications.

Figure 8(b) illustrates several examples. Related to on-
chip microrings, the material-incorporation in WGM micro-
cavities is simpler, in which cladding-etching is not in-need.
By inner-depositing pr-GO in microfluidic cavities, Brillouin
opto-mechnical oscillation and fluorescence resonance en-
ergy transfer (FRET) were observed, and applied in ultrasen-
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(Color online) 2D material based microresonators. (a) 2D material deposited in silicon based microrings on-chip, from left to right: [177, 178].

(b) 2D material incorporated WGM microcavities, from left to right: [181, 182]. (c) 2D material functionalized fiber microresonators, from left to right:

[180, 186, 187].

sitive biochemical tracing [179, 180]. In a silica microdisk,
Javerzac-Galy et al. [181] demonstrated that excitonic emis-
sion is achieved by in the evanescent oscillation; Tan et al.
[182] deposited graphene monolayer in an over-modal sil-
ica microsphere, enabling modal-selective control of Stokes
solitons, thus enabled multi-channel detections in radio fre-
quency band. Recently, researches also shew that the 2D ma-
terial with a bandgap (e.g., Tungsten Disulfide (WS,)), can
be macroscopically configured via lithography to be the core
of a microcavity, serving as the gain material and realize las-
ing excitation [183, 184].

Besides the aforementioned two geometries, in 2D mate-
rial can also functionalize fiber microcavities, when covering
on the end or side face of a fiber section intracavity (Fig-
ure 8(c)). In a graphene bipolar-junction integrated Fabry-
Perot fiber microcavity with 10 GHz repetition, Martinez and
Yamashita [185] reported the first passive mode-locked laser
in millimeter scale. Beyond that, Qin et al. [186] demon-
strated electrically dynamical control and active feedback of
laser frequency combs, with 2f-3f span and fully-suppressed
phase noise down to —120dBc/Hz@10kHz. By covering
graphene in a D-shape fiber based Distributed Bragg Mir-
ror (DBR) microlaser cavity with repetition 2.5 GHz, Guo
et al. [187] realized the Q-switching cavity-oscillation dual
mode excitation, these two modes are independently sensi-
tive to external alteration, enabling dual-species gas detection
in mixture. With the development of large-scale industrial
preparation of 2D materials, it is expectable that 2D material
based microresonators are going towards to wide practical
potentials in devices and systems out of lab.

10 Organic molecules

Organic molecules with extended n-electron conjugation can
have large electric dipole elements for optical transition. The
nonlinear optical responses of organic molecules are domi-
nated by their electronic states, making their off-resonant re-
sponse instantaneously. The strong electronic nonlinearities
and fast optical response of organic materials, make them
very attractive as active materials to incorporate into vari-
ous integrated optical configurations for advanced photonic
applications [188]. For instance, organic-hybrid, chip-scale
silicon slot waveguides and photonic crystal microcavities
have made great progress in high speed electro-optic modu-
lations [189, 190] and all-optical signal processing [191-193]
over two decades. Recently, nonlinear optical molecules
were adapted to hybrid with ultra-high Q microcavity de-
vices, bringing new opportunities to enable novel function-
alities and enhanced performance for nonlinear photonics
[194,195].

Strategies to incorporate organic materials into photonics
platforms are flexible for different purposes (Figure 9). Or-
ganic molecules doped in polymers can be easily spin-coated
on various photonic substrates to form the desired dense solid
state assembles [196, 197] (Figure 9(a) and (b)). Polymers
can also be direct-casted on the surface of whispering gallery
mode microcavities (Figure 9(c)), or lithographed from thin
films on silicon substrates to form high Q hybrid devices
[198-200] (Figure 9(d)). Recently, a very low-loss, chemi-
cal vapor deposition method is utilized to covalently incor-
porate single nanolayers of organic molecules on silica mi-
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Figure 9 (Color online) Organic-hybrid microcavities. (a) An organic-hybrid silicon-on-insulator device fabricated by physical vapor deposition [191]; (b) a
hybrid two dimensional photonic cavity filled with an organic dye-doped polymer [192]; (c) a polymer microbottle resonator by directly drop-casting a polymer
solution on a silica fiber [198]; (d) on-chip conical polymer microresonators by direct lithographing polymethyl methacrylate (PMMA) film on silicon substrate
[200]. (e) Schematic on an ultrahigh Q organic-hybrid microsphere for frequency comb generation [194]. The microsphere is grated with a smooth single
layer of molecules via chemical vapor deposition. Inset is a fluorescent image of a hybrid microsphere. (f) Bright multi-color images of third-order harmonic
emissions from an ultrahigh Q organic-hybrid microsphere [195]; (g) an on-chip ultrahigh Q toroidal microresonator grafted with a self-constrained single

molecular layer for surface Raman lasing [203].

crosonators [194,201]. Thanks to the precision of the mono-
layer formation, ultrahigh Q values of above 5 x 107 were
achieved. The ultrahigh Q organic-hybrid techniques have
great potential to enable radically new devices which can
boost the efficiencies of various nonlinear processes dramat-
ically [202].

For examples, Shen et al. [194] successfully demon-
strated an organic molecule-driven strategy to generate low-
threshopd frequency combs in ultrahigh Q organic-hybrid
microcavities (Figure 9(e)). An organic nonlinear opti-
cal molecule named 4-[4-diethylamino(styryl)] pyridinium
(DSP) was grafted on the surface of a silica spherical mi-
crocavity to form a single molecular layer. The large Kerr
coefficient of the surface molecular layer significantly in-
creases the overall Kerr nonlinearity of the hybrid microcav-
ity, which subsequently help suppress the common, parasitic
Raman effect. The effective parametric gain bandwidth of
the hybrid microsphere was approximately one order of mag-
nitude larger than silica microsphere, leading to leading an
efficiency improvement of three orders of magnitude in op-
tical parametric oscillation. By further leveraging the third-
order nonlinearities of the organic layer, the organic-hybrid
microcavity was studied for enhanced third harmonic gen-
eration (THG) through dynamic phase matching [195]. A
record conversion efficiency of ~ 1680%/W? was achieved
for THG, which is about four-order of magnitude higher
compared with a nonfunctional silica microcavity. As shown
in (Figure 9(f)), bright multi-color images of third-order har-
monic and sum frequency emissions from an ultrahigh Q
organic-hybrid microsphere. More recently, by using ultra-
high Q organic-hybrid techniques, Shen et al. [203] demon-
strated a distinct nonlinear Raman behavior called surface

stimulated Raman scattering (SSRS) on an integrated pho-
tonic device. By creating a self-constrained, oriented silox-
ane monolayer on the surface of integrated toroidal microres-
onators (Figure 9(g)), the TE/TM dependent SSRS was ob-
served with low threshold powers (200 uW). Owing to the
ordered organic monolayer, improvement in the Raman las-
ing efficiency from 5% to 40% was demonstrated.

While the high Q organic hybrid techniques have showed
immediate impact on nonlinear optics, it is still in the infant
stage. So far, most of the demonstrated microcavity non-
linear behaviors are based on third-order nonlinearities of
molecules. It would be of great promise to further lever-
age the large second-order hyperpolarizabilities of asym-
metric organic molecules to enable the generation of on-
chip second-order nonlinear frequency conversions, such as
second-order harmonic generation, three-wave mixing and
oscillation, and Pockels frequency combs. Optical or elec-
trical modulation of microcombs could also be enabled via
controlling the surface organic molecules. Benefiting from
the large optical nonlinearities and rich chemical and physi-
cal functionalities, ultrahigh Q organic-hybrid microcavities
would have bright future in integrated photonics, for not only
enhanced efficiencies but also novel functions.

11 Diamond membrane

Advancement of diamond based photonic circuitry requires
robust fabrication protocols of key components including di-
amond resonators and cavities [204-206]. The advent of
commercially available, high-quality single crystal diamonds
boosted a decade of research rendering diamond as one of
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the most studied platforms for novel quantum technologies
[207]. The availability of diamond colour centres (e.g., ni-
trogen [208] silicon [209], or germanium [210-215] vacan-
cies) that can be utilised as solid state qubits motivated the
advance of diamond nanofabrication processes.

For many applications, including integration with fibre
cavities [216-219] and on chip devices [220-222], planar ge-
ometries are required to satisfy the requirement of optical iso-
lation of the diamond device through refractive index contrast
while minimising the size of the diamond components, which
is challenging with bulk diamond fabrication methods. Of
particular interest is engineering of thin diamond membranes
and consequently photonic resonators including PCC, micro-
rings and waveguides [212,215,217,222-228], Figure 10(a)
demonstrates such a diamond membrane, with characteris-
tic SiV and GeV emission. These devices are needed for
both integrated diamond photonics on a single chip, and an
improved collection efficiency of photons emitted from the
embedded emitters [229-234].

Figure 10(c) and (d) show one such example of a 128-
channel photonic integrated artificial atom chip containing
diamond quantum emitters with high coupling efficiencies,
optical coherences near the lifetime limit and tuneable opti-
cal frequencies to compensate for spectral inhomogeneities
on chip [235]. Coupling the emitters to photonic crystal
cavities also constitutes the realisation of a Purcell enhance-
ment that is needed to enhance the emission rate of photons
into the zero photon line (ZPL), thus achieving a coherent
photon emission [236-239]. Examples of membrane-based
structures are demonstrated in Figure 10(e) and (f), show-
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ing a nanobeam cavity and photonic crystal cavity respec-
tively. Figure 10(g) demonstrates a manual transferring tech-
nique which has been demonstrated allowing the transfer of
fabricated diamond membrane cavities between substrates,
allowing photonic components to be generates as modular
components for wider photonic circuitry as in Figure 10(c)
and (d). In extension to this capability, the lack of fabrica-
tion constraints and imposition of triangular cross section of-
ten seen in bulk undercutting techniques allow membranes
to act as ideal candidates for advanced designs for photonic
cavities. Figure 10(h) demonstrates an inverse design tech-
nique resulting in a vertical coupling nodule at the end of a
membrane based suspended waveguide, the red colourisation
indicating the field intensities in the z direction [240]. Fig-
ure 10(i) shows the optimisation of structure as it approaches
a fabrication limited structure.

Several nanofabrication approaches to create photonic
cavities from diamond membranes have been established
which cater to challenges in thin film fabrication [241-248].
Of these, notably the use of transferrable hard masks, fabri-
cated from silicon materials, have been employed as making
materials, utilising the superior fabrication processing power
of the silicon industry to bare on diamond [249]. HSQ mask-
ing is one of the more common patterning and etching tech-
niques, taking advantage of the opposing dry etch chemistries
of diamond and silicon dioxide to achieve high selectivity
under oxygen plasma etching along side the convenience of
direct write masking [212,215,228,250]. Metal masking, in-
cluding tungsten, has been shown to address the need for re-
liable nanoscale masking for the generation of feature sizes
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(Color online) Sub micron single crystal diamond membranes and their applications. (a) SEM image of diamond membrane with inset optical

image; (b) characteristic spectrum of SiV and GeV emission from. (c) An AIN-on-sapphire integrated photonics module that interfaces with the diamond
quantum microchiplet placed in the chiplet socket [235]. (d) Close-up SEM of the diamond quantum microchiplet and AIN photonic interfaces. SEM image
of membrane fabricated (¢) nanobeam cavity and (f) photonic crystal cavity [247]. (g) Representation of transfer process of fabricated cavities [247]; (h) SEM
image of inverse-designed vertical coupler with simulated fields superimposed in red. (i) In-coupling efficiency during design optimization; insets illustrate
different optimization phases. The small performance drop beyond 200 iterations of optimization occurs when fabrication constraints are imposed [240].
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Table 1 List of key properties of some commonly used materials in photonics
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Optical refractive

Second-order nonlinear Nonlinear refractive index, Quality factor

Material index Bandgap (eV) coefficient (pm/V) 1> (m2/W) (million)
Doped silica 1.44 [50] 0 0 2.2 x10729 @1550 nm [135] 270 [23]
SiN 1.98 [50] 5 [50] 0 2.5 %1071 @1550 nm [135] 30 [62]
AIN 2.12(0) [77] 6.2[77] d33 = 4.7 @1550 nm [77] 2.3 x1071 @1550 nm [76] 1[78]
SiC 2.6 [93] 3.26 for 4H polytype [93] ds3 = 30 @1550 nm [93] 10718 @1550 nm [93] 7[93]
LN 2.2(0) [110] 3.11[111] d33 =27 @1064 nm [110] 1.8 107" @1550 nm [110] 50 [112]
AlGaAs 3.3[93] 1.63 [93] dzs = 180 @1550 nm [135] 2.6 x10~'7 @1550 nm [135] 6 [140]
Halide perovskite 8.36 x10™15 @1064 nm
~1.9 (X=Br) [163] 2.32 (X=Br) [163] 0 0.01 [73]
(such as MAPbX3) X =Cl)[151]
2D material 15
~2.8 @730 [168] 1.1[178] 0 ~ 107 @1550 nm [178] 3[178]
(such as 1L — MoTe»)
Organic molecules
(such as 1.8 [204] 1.77 [204] d3z = 12400 @1064 nm [205]  2.54 x10717 @1550 nm [195] 24 [195]
DASP molecules)
Diamond 2.4 [206] 5.5 [206] 0 8.2 x1072° @1550 nm [206] 1 [206]

on membranes at the scale requires of photonic components
[247]. The development of robust diamond fabrication tech-
niques pave to way toward realisation of diamond based pho-
tonic circuitry and modular photonic components.

12 Outlook

Recent developments of new material platforms for chip-
based microcavities have radically impacted the ways in
which we tailor the light-matter interactions in nanoscale. We
have witnessed a whole new generation of microcavity de-
vices with unprecedented performances and expanded func-
tionalities. Table 1 presents an overview for the material pa-
rameters and typical Q factors of the optical microresonators
made from the integrated material platforms discussed in this
review. Despite of the variation of the material properties in
terms of the refractive index, bandgap, and optical nonlinear-
ity, Q factors above 1 million are reproducible achievable in
all of the planar microresonators. In particular, microcavties
with Q-factors up to a few tens of million can be readily fabri-
cated in a whole wafer thanks to the development of the ultra-
low loss SiN material and its fabrication process [62]. The
turnkey performance of microcomb soliton devices could im-
mediately and commercial applications such as LiDARs in
self-driving cars [251]. The SiN and doped silica appear to
be very promising for the emerging applications based on the
microcomb technology. III-V compound materials, such as
AlGaAs are more favorable when direct bandgap is required
for light emission processes. LN currently exhibits superior
device performances as ultra-fast modulators with low-power
consumption. In the quantum regime, the spin states in the
defects of SiC and diamond could serve as spin-photon inter-

faces for future quantum networks. However, it is extremely
challenging for any one of these material platforms to meet
the stringent demands for all the applications simultaneously.
Hybrid platforms that combine different photonic materials
on a single chip provide a viable path to overcome the limi-
tations of single material systems. One of the representative
examples is to fast actuate soliton microcomb in SiN by using
integrated piezoelectric components made of AIN [251]. Yet,
the design and fabrication of hybrid integrated microcavities
are at large a very challenging engineering task. There are a
variety of heterogeneous integration methods including het-
eroepitaxy, wafer bonding, transfer-print. These techniques
have been demonstrated to be very successful for the hetero-
geneous integration for some of the materials we discussed in
this review. Yet, it is still challenging to build hybrid mate-
rial platforms that combine very specific materials with very
different properties. In addition, the pursuit of the new gen-
eration of photonic functional devices usually requests opti-
cal materials with extreme properties, e.g., transparent ferro-
electric crystals with ultrahigh piezoelectricity [252], which
keeps on driving the community to explore new material plat-
forms, and novel fabrication processes. Moving forward,
both developments in new material platforms and hybrid in-
tegration of existing systems are crucial for advancing the
microcavity devices in the future.
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