£ 43% £ 16 H1/2023 £ 8 B/ FZFHR

i
Rig
N
4
B5F

U AR R 5% o e Y R T

U E R B L ORS8RI Y BT A B R R A [ T SE R, B 200050
S E R A R AR R 2 SO L R B BE L AEET 100049

E R BRSO B R 5 = AR R —— B AL T bR AR S O T AUk R I AR T e . T

TR AL R B4 RL IE 2 i % B R T 45 CMOS T 238/ I e T2 MR &

3Z g T AR Ltk R BRI 2 BURE R 1, i Ak

RERTRECL T2 BT T 22 by b Al Pl 2 2000 A4 2 B, 300 e 28— I I R HL D R R I Tl A AR AR A A L T I
5 BRI 2L, i AL fek AR AT PR RE DL 52 (9 — RE R 44 AR €00, 6 T i A ik (00 55 0 IR S 9 M 1 #3802 800 A T
AERWARRNTIZOI o SEa AT TLAR R [E N AME B AL ik 06 127 1 BRI IR, A 48 A ik 7 2 AR R PRl 2 A Al i 1
I AU A d BT R R B A DG 2 Y RO A R S R A T R R AN I8

REA TR BLEE: AP TE T
RESKS 0437 XWMEEB A

1 5 7

AN W BRI 2 AR 47 A% i AN Ak B R B &
RIEHE IR G5, M 1966 4F i HiE 42 Hh % 02 6
JCLF B S BT S LR KA T L A OB LTl
fEBARTE R BRIE BN R K . AT, R8T ol T
R A B AR ) R g o E 3K B R OR AT Y 3
IR RN, Bl KR =33 N T RE R T
TR — AU BBOR B 2R, AN ATXHE B A% i A kb
FRAE T ) BORTEA W TE o B RSO EE o 5 B AR A
it VA DRl 2 SR A0 A 4R AR FRL B RS A G Ak B e R 1 A
E 2 LI 4k, 7R Z B AR 7 R i

TE“Ja BE IR AR T 1 A 22 22 S AL A J e 2k, 4R
WO T R A BN — AR BOR o il T TR R
o MR A5 ) B A L R UG T O A R Ak B
AR DL T BRI 5 A 5 Ll B G e
AT POk 7 B AT R B3, A B R A TXE TR
— OB E AR PEREZER . A 1969 4F £ O 7 #Y AH
KA POk R BOE B HUS T R 2D, 52
6 B R AR G 1 T R L AR Ak AR Y R
JOG 2 B AR 55 4 O B B R B R R B AT I 22 5
OG- 4 R R 10 552 IS A RLF 15 R A A B R Y
WL, B TV 2 MR B aE " -V RS 9
T ARE R R B A I BRI AR AR B ) AR, R

O

DOI: 10.3788/A0S230960

LAV T LR TF B R PERE

S B O 1 A8 1R B R R 65 2 R A RE AN
HI-VEAEYT . A SR SO T 83 R4k R T OLr
A D0 RS B AT B AEC A O  BRE R IR G B R
P ERAEHE— B R R, A RE AR g B
S5 AR BB 22 P 1 R AR P e 2 T 3 28 WA AN 1 T
RIUBE T4 S 7 BT REJZ b o 4 AT, AR R
AT 85 R RO A eI T 2 FA R, At fiE 22
Vet e G 2N T8 BOL T aefF b o -V A&
Yool BT B SR B B A BOROLROR o
II-V AL 5 9 1 4 19 2 5 RO 28 756 12 TR
EEATRMRBER " 3R 1R -V LG
BA I HE R R A = B AR L S AT, B L —
LR TV E A& P A1 o 5 Ot 7 F & & 32 B
AP S OG-V R A B T R
LG 2 A2 4 10 RE A Xt 52 R R U8 T I IR A 5 1
AR I 2 MR AT ) 75 D B 10 2650 7 RIS g 2 i 7 R B
(19 s AL 3 T A S BRI FH 1 — SRR

3% g T AR R P SO B I T 2 e T R B R
AR BOE T e Rk = HE R E R R T4 B8O
I EEMRE A A RGE i A
A R B (SOD RSB, SOTH JIE AT LLFE A
&M AI ISCAS 14 R T SRR e B A B R i T
Z(RPCMOS He A ) , 15 ik 3 't 127 BE 0% B B 42 i

K BAHE: 2023-05-10; fEEHHE: 2023-06-18; KA AHI: 2023-06-27; MEHEZBH: 2023-07-12

BEEWH.: ERFESMEZI(2022YFA1404601) (EH R H R FH# I 4 (62293520, 62293521, 12074400, 62205363) 1 [ 2%
Bt B2 2 45 B At F 5 B 7 AT T BRI (YSBR-69) . Fifg i “ BB A 17 33 ) " B il iF 55 9l 3t H (207C 1416200, 227C1403300)

BE1EHE . ouxin@mail.sim.ac.cn; “jiaxiang.zhang@mail.sim.ac.cn

e - . . . .. 1623017-1 . .
(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



£ 435 £ 16 H1/2023 £ 8 A/ RFFH

F1 MR TR NCE B B EEERES AT 1

Table 1 Comparison of main performance parameters between typical photonic integrated platforms

Parameter Si SIN LN SiC GaAs
Transparent window /pm 1.1-5.5 0.3-4.6 0.35-5.5 0.37-5.6 0.9-17.3
Refractive index 3.5 1.98 2.2 2.6 3.4
K d;/(pmV ') N.A. N. A. dy=25.2 dy=—13-—24 d,,=105
Electro-optical effect /(pm Carrier plasma NA. r;;=—30. 8, r,—1.8, N.A.
v Pockels Pockels
/(1077 em™*GW ) 450 24 18 60-80 1590
Propagation loss /(dBecm ™) 1 0.01 0.027 0.15 4
Probabilistic ¥,  Probabilistic ¥,  Probabilistic ',  Color centers, Quantum dot,

Single photon source
meep o RT RT

RT RT cryogenic
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1 T 5 BUAME | i [54 6  AE I Dol 4 A T & 3C-SICOT™ ™ (a) il & i B2 5 (b) 3C-SICOT 45 J2 19 SEM 8] ; (¢) SEM [t A IX
B TEM [, 7650 FE ) b 518 Ab 7R A7 5 22 (1 S A Bl B (d) SEMLIE i B K9 TEM (&), 755 & 54 11 Ak 12 7 &t 4 58 4

Fig. 1 Fabrication of 3C-SiCOI based on heteroepitaxy, wafer bonding, and grinding thinning methods™ . (a) Preparation process;

(b) SEM image of each layer of 3C-SiCOI; (¢) TEM image of area A in the SEM image, showing more lattice defects at the

initial epitaxial interface; (d) TEM image of region B in the SEM image, showing that the lattice is intact at the bonding interface
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K2 BETEFEAHESEBHEARNE AH-SICOI™Y () Hil 4 F R ; (b) BTl £ 19 AH-SiCOT Ay B 5 (o) R HTR T 200 itk ik )2
1 ff R FEA TR BB 5 (d)4H-SICOT 4 21 SEM K ; (e)4H-SiCOI ) TEM
Fig. 2 Fabrication of 4H-SiCOI based on ion implantation and transfer method””. (a) Preparation process; (b) photo of the prepared
4H-SiCOT; (c) lattice recovery of the SiC layer through the annealing process; (d) SEM image of each layer of 4H-SiCOI; (e)
TEM image of 4H-SiCOI

I3 BT BB 0l AR ] 45 AH-SICOT™ . (a) il & WL 5 (b) B il £ 9 AH-SICOT Y M8 A 5 (¢) 4H-SICOTMER 2 2] ¥ A 5 (d) T il 45
1 LA 10 mm < 12 mm 9 4H-SiCOT #E A
Fig. 3 Fabrication of 4H-SiCOI based on grinding and thining method™. (a) Preparation process; (b) photo of the prepared 4H-SiCOI;
(¢) uniformity characterization of the 4H-SiCOI film; (d) photo of the prepared 4H-SiCOI with an area of 10 mm X 12 mm
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Table 2 Optical loss comparison between several SiCOI photonic platform

Material Preparation method LossorQ Reference
4H-SiCOI ion-cutting 7dB/cm (2360 nm) [34]
3C-SiCO1 epitaxy, bonding, and thinning 1.42X10° (1561. 3 nm) [43]
3C-SiCOI epitaxy, bonding, and thinning 1.39X10° (1561. 3 nm) [44]
4H-SiCOI ion-cutting 7.3X10" (1549 nm) [45]
4H-SiCOl1 bonding and thinning 7.8%X10° (1523 nm);2.8% 10" (924 nm) [46-47]
3C-SiCOI epitaxy, bonding, and thinning ~ 2.42X10° (1550 nm); 1. 12X 10° (770 nm); 8. 3X 10" (650 nm) [36]
4H-SiCOI bonding and thinning 1. 1X10°(1550 nm) [48]
4H-SiCOI bonding and thinning 5.61x10°(1550 nm) [49]
4H-SiCOI bonding and thinning 7.1X10°(1550 nm) [39]
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Fig. 4 Second harmonic generation in SiCOI™ *. (a) Schematic of a two-dimensional silicon carbide photonic crystal used for second

harmonic generation; (b) photonic crystal taken by an optical microscope, the above picture is the fundamental mode at

1502. 58 nm taken by an InGaAs camera, the below picture shows the second harmonic generation at 751. 3 nm captured by Si

CCD; (c) relationship between the output second harmonic power and the pump light power in the photonic crystal; (d) SEM

image of silicon carbide microring resonant cavity; (e) phase matching design in the microring; (f) relationship between the output

second harmonic power and the pump light power in the microring resonator
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Fig. 5 Integrated electro-optic modulator in SiCOI"*™. (a) Schematic of the structure of 4H-SiCOI electro-optic modulator; (b) Q

value of the microring cavity and the tuning change of the resonance peak with the applied voltage; (c) schematic of the structure

of 3H-SICOI electro-optic modulator; (d) SEM image of the racetrack cavity structure and the tuning variation of the resonance

peak with the applied voltage; (e) 3C-SiCOI electro-optic modulator structure; (f) high power operation characterization of 3C-

SiCOI electro-optic modulator
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Fig. 6 Generation of optical frequency combs in 4H-SiCOI™ #**#1 " (2) SEM image of 4H-SiCOI microring cavity; (b) generation of

silicon carbide soliton optical frequency comb, whose spectrum corresponds to single soliton; (¢) SEM image of 4H-SiCOI

micro-disk cavity, double soliton and single soliton spectra, and analysis of its noise characteristics; (d) SEM image of 4H-

S1COI microring cavity used for frequency doubling optical frequency comb generation and spectrum of frequency doubling

optical frequency comb
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Fig. 7 Frequency conversion in 4H-SiCOT mid-infrared frequency comb to visible light frequency comb™

. (a) Optical microscope
photo and schematic of the conversion principle when the visible light frequency comb is generated; (b) Q value analysis of
silicon carbide in the visible light band; (¢) specific process of frequency conversion from infrared frequency comb to visible light

frequency comb
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Fig. 8 Schematic of the atomic structure of Vg, DV, and NV color centers in 4H-SiC"
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Table 3 Main performance comparison of several color centers in 4H-SiC

Defect ZPL /nm Max. counts for SPS /(10°s™") Spin Spin coherence time T2 /ms DWF /%
Vg 858-917 10 3/2 0.6-20 40
DV 1078-1130 150 1 1 5

CAV 648.7-676.5 2000 1/2 N.A. N. A.
NV 1180-1240 17.4 1 0.017 N. A.
AN 1279, 1335 N. A. 1/2 0.0002 <50

Notes: ZPL is zero-phonon line; DWF is Debye-Waller factor.
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Fig. 9 Integration of color centers and microcavities in 4H-SiC** ™. (a) SEM image of 4H-SiC one-dimensional photonic crystal;
(b) tuning process of cavity mode by nitrogen condensation; (c) life test of V; color center luminescence in cavity mode; (d) SEM
image of 4H-SiC one-dimensional photonic crystal and schematic of its DV color center; (e) spectral comparison between DV
luminescence and cavity mode coupling and no coupling; (f) ODMR measurement of DV color center in the microcavity, the

picture shows the degeneration in the Rabi oscillation coherent process
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Fig. 10 Properties of Vg centers and control over nuclear spin qubits in 4H-SiC triangle waveguide ™. (a) Schematic of color center
produced by He-ion implantation; (b) SEM image of 4H-SiC suspended waveguide, the inset shows the simulation result of the
mode distribution of the waveguide; (c) spin coherence of Vy implanted in the waveguide; (d) schematic of coupled electron-
nuclear spin triplet state in the waveguide; (e) CPMG sequence testing the modulation and resonance effect of nuclear spin on

electron spin; (f) manipulation demonstration of nuclear spin N, in Bloch sphere
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Fig. 11

Color centers of UV pulse laser in silicon carbide nanophotonic cavities”™. (a) Schematic of photonic crystal microcavity and

spectra before and after UV pulse irradiation; (b) spatial intensity distribution of color centers produced by irradiation
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Fig. 12 Prospects for the application of SiCOI in integrated nonlinear and quantum photonics

[12.59-71 " (a) Using multiple color center

light sources for quantum state measurement, and using microring resonators for frequency conversion and regulation of color

center light sources; (b) single-chip photonic network implementation scheme based on silicon carbide
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Abstract

Significance The industrialization in the fields of telecommunications, artificial intelligence, and the Internet of Things
has steadily progressed. With the increasing demand for information transmission and data processing in these fields, it is
not sustainable anymore to optimize processing speed only via increase in integration density and miniaturization of
transistors, which are limited by the laws of physics, design complexity, and cost. Therefore, complementing the current
lack of processing speed by other novel technologies is being widely discussed. Integrated photonics, which uses photons
as information carriers, can be an alternative to meet the aforementioned requirements. Compared with traditional
electrical circuits, photon integrated circuits leverage micro and nanoscale optical components to realize light transmission,
which offer several prominent features such as high bandwidth, low power consumption, and ultrahigh transmission speed.
Specifically, on-chip photonic systems can be used to host high-Q resonant cavities for enhancing light-matter interaction
owing to the unique physical characteristics of photons and advanced manufacturing techniques. This in turn paves the way
for applications in nonlinear photonics and quantum photonics.

Thus far, many manufacturing processes have been established for integrated photonics on various material platforms
such as silica, [l -V compound semiconductors, silicon, silicon nitride, and lithium niobate. Of these platforms, silicon-
integrated photonics has remarkably progressed owing to mature manufacturing techniques for Si-based integrated circuits,
whereas the absence of photoelectric characteristics and the high propagation loss are not beneficial for establishment of
configurable photonic systems. Lithium niobate, which is considered a promising platform for integrated photonics, has
been applied in ultrafast optical modulation and microwave photonics because of its remarkable attributes of second- and
third-order nonlinearities and low optical loss; however, one must consider that its incompatibility with complementary
metal-oxide-semiconductor (CMOS) and its photorefractive effect impede the commercialization of lithium niobate
photonics. As direct bandgap semiconductors, the high-efficiency electroluminescence of [ll -V materials makes on-chip
laser a plausible technique for large-scale photonic circuits; however, the relatively high propagation loss and narrow
transparency window are still detrimental factors.

The development of silicon carbide-integrated photonics is in its infancy stage. Silicon carbide has attracted
considerable research interest in the recent years owing to its remarkable material and optical properties, and it has
gradually emerged as a candidate for industrialization of integrated photonics on account of its CMOS compatibility.
Benefiting from the high nonlinear coefficients and low optical loss, silicon carbide has been extensively used to realize
many nonlinear optical effects for fabrication of compact and scalable integrated photonic circuits. These effects include
efficient second-harmonic generation, rapid electro-optical modulation, and silicon optical frequency comb generation,
among others. Meanwhile, similar to diamond, there exist numerous spin defects in silicon carbide materials, and they

have been proven to be impressive quantum light sources in optical resonators for study of cavity quantum electrodynamics
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effects.

Currently, novel research works have confirmed the potential of silicon carbide photonics as an ideal candidate, but
they are still plagued by several problems related to micromachining limitation and inefficient modulation. To further
explore the industrial feasibility of photonics chips, the extra innovations in fabrication and device design are still required
to attain a monolithic photonic system based on silicon carbide with linear modulating methods and configurable nonlinear
effects. Therefore, one must comprehensively present the latest research progress on silicon carbide-integrated photonics,
while relevant prominent performance should be indicated to emphasize the prospective of silicon carbide as a universal

platform for integrated photonics.

Progress For achieving sufficient reliability and high density of integration, silicon-carbide-on-insulator (SiCOI)
structures can be used to confine a light field within the functional layer without suspension. Preparations, including thin
film preparation for 3C-SiCOI (see Fig. 1), smart-cut technology (see Fig. 2), and grinding thinning (see Fig. 3) for 4H-
SiCOI, are introduced with specific process flow and material characterization. Among them, the research groups from
Columbia University, Shanghai Institute of Microsystems and Information Technology, Stanford University,
respectively, have prepared SiCOI with low surface roughness and low cost. The SiCOI platforms prepared using the
aforementioned methods exhibit relatively low optical loss (see Table 2), which enable different nonlinear frequency
conversions to be implemented on high-Q microcavities based on SiCOI. In terms of second-harmonic generation (see
Fig. 4) and electro-optical modulation (Fig. 5), various devices such as waveguides, photonic crystals, and microrings in
SiCOIs, as well as their fundamental principles and performance merits, are listed. Considering the generation of wide
optical frequency combs, a comb spectrum with stable silicon states based on high-Q microcavities has been yielded in 4H-
SiCOI (see Fig. 6); additionally, second-harmonic generation is favorable for broadening the comb spectrum by
accomplishing the frequency conversion between the midinfrared and visible bands (see Fig. 7). Abundant color centers
with attractive properties in silicon carbide allow for integration of color centers and microcavities (see Fig. 9) and coherent
manipulation over nuclear spin qubits (see Fig. 10). Additionally, issues regarding precisely locating the color centers in
4H-SiCOI are considered vis-a-vis some recent studies (see Fig. 11). The challenges and prospects of silicon carbide
photonics are discussed, including its commercialization requirements, application in quantum networks, heterogeneous

integration for monolithic all-optical systems, and on-chip multiphysical field coupling.

Conclusions and Prospects  Silicon carbide-integrated photonics has attracted considerable research interest in the recent
years. On account of its salient nonlinearity and CMOS compatibility, silicon carbide has gradually emerged as a candidate
material for integrated photonic circuits. With a view to fully benefiting from the impressive material and optical properties
of silicon carbide, advanced fabrication methods and on-chip device designs must be explored for large-scale application of
integrated photonics based on SiCOI. Moreover, in conjunction with CMOS electronic devices and acoustic devices,
integrated photonics based on SiCOI will be capable of making silicon carbide as a promising material platform for

achieving multiphysical field coupling in monolithically integrated photonics.
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