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Fig. 1. Research framework of nonlinear photonic platforms integrated with two-dimensional materials.
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Fig. 2. Typical energy diagrams of frequency conversion
process in nonlinear optical processes, including SHG (a)
and SFG (b) in second-order nonlinear process and THG (c)
and FWM (d) in third-order nonlinear process.

3 ETHBTEHENER S
kT R

3.1 ZHIE& M IEIEEA T HE MR R
tE

T HERRI R I AR e R (A

& SHG il SFG i #8) fEiF 2 & s firig + n H

Vi 0 A €0 55, iR R R R AR

PRI FR IR 1 B T A M A — SR A RO

S5H (WIRIT | FRIMAF BROT A ORI 2F) B K
RO R, K e RS BT a4
B, #EEDOLS T AE R EAE TR SRE (W 3.1.1
); IR AR S AT BT SR A
SEASE R, T S T AR AH LA IR R
IS5 AR A E AR (WL 3.1.2 7).

311 AE M4 EAE R SR B R
EFE
3.1.1.1 4R hpRIEsER SHG T 12

R SRR LAY (transition metal
chalcogenides, TMDCs) A B %71 B2 K, 7 B
a5 A DGR LU AN B, AR S R
P, AR AR TR T TP BRAR ) —Fif
THER L PS8 T AR R A Bl O SR,
B PG 1B P B 5 540 T S8 SHG 1 1 3%
B, 2016 4F, Yi 4 O BT MALE Rt T —
Tl Al 3 (0 B A LI (F-P) SR I, @ ad
OSSR AT LAV F-P R B B T R A i
PRAE. KR RALE] (MoS,) B T H (K 3(a)),
SCBLT SHG {55 3300 f5AU45E; 2016 4F, Day 45169
HE)Z MoS, ¥ 28 i oA AT HiAs SURTEE (distri-
buted Bragg reflector, DBR) #4519 F-P iz H (1]
(11 3(b)), 38 1G5 s N G R 5 e AR AR
HAERISRBE S SHG (5.

SR, RPN TAEH A F-P EERR oK 2L,
TRMEMEN  EARRL, HERM BT (quality factor,
QH) Ny, SHG B fil A& 75 B4 w8 1 D) R 2 Ak
K, 2017 4F, Fryett 55 061 X ALAR 25 1Y 2R 2 6l
b (WSey) 5 Si T i IRIEER (B 3(c)),
AT AR R A, (R E TS
JEASE 2 (B AR A RN SEEL T SHG 24 200 £5 43
sy SR, LRI R R Y SHG 3 Rl FH 1) 28
TH TR 2 I o s, 75 288 m e ) 2. 5 8)
GaSe M HE = 19 — B AE L6 Pk 071 DL A i s
o SR R 2 IR, 2018 4, Gan 55 55 4 — 2k
b8 (GaSe) 5 Si T iniRgEn (K 3(d)), SHT
TE 4k GaSe H IR 3 3% B PO G A 2 2% T
HE5 SHG i3 .

2020 4, Han & O $2 1 T —Fh g oK WO & T
B EAIRSE (8 3(e)), 244K i il 2 1 25 5 3k
JCHARIE K 5 2B (WS,) 1 KIS B K
R HEHARAT, AT ASEEL SHG A9 i B350, 2022 4,

174202-3



Y] 32 2 3R Acta Phys. Sin. Vol. 72, No. 17 (2023) 174202

Ag film

WS,
Off cavity

3 YRR PSR R SHG S BIFTERE R () Z4ERPE D SHG BOEHLAMIE 32 B9 (b) —4E MoS, i i) SHGO; (c) H
JZ WSe, o D) K (d) J2 4R GaSel®® H Si o 7 i 4 i 38 58 19 SHG; (e) B)2 WSy-Ag 44K i of i1 Ik 38 4k 34 58 (9 SHGIY; (f) 1 )2

WS, B F Si 2§ F S SHG 115 70

Fig. 3. Research progress on cavity-enhanced SHG process in 2D materials: (a) Optomechanical enhancement of SHG in 2D material(®!;

(b) microcavity enhanced SHG in 2D MoS,/%); silicon photonic crystal cavity enhanced SHG from monolayer WSe,l%! (c¢) and

layered GaSel®™ (d); (e) harmonic resonance enhanced SHG in a monolayer WS,-Ag nanocavityl®; (f) enhancement of SHG from

monolayer WS, on Si substrate(™.
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Fig. 4. Research progress on plasmonic-enhanced SHG process in 2D materials: (a) Plasmon-enhanced SHG from monolayer WS, on

flexible substrates™; (b) plasmonic enhancement of optical nonlinearity in monolayer WS,[™l; (c) WS,~Au nanohole hybrid metasur-

face for nonlinear metalenses in the visible region(™); (d) enhanced SHG in monolayer MoS, on suspended metallic nanostructures by

plasmonic resonances!™.
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Fig. 5. Research progress on SHG process enhanced by dielectric metasurface in 2D materials: (a) SHG and SFG from a Si metasur-
face integrated with 2D GaSel™”; (b) quasi-BIC resonant enhancement of SHG in WS, Monolayers™; (c) enhancement of SHG in
monolayer MoS, by a Si;N, subwavelength grating!™; (d) hybrid dielectric metasurfaces for enhancing SHG in MoS, monolayers®.
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Fig. 6. (a) Enhanced SHG in hybrid WS,-optical-fiber-nanowire structureprepared by transfer method®. (b)-(e) Research progress
on enhancement of second-order nonlinear process of 2D material-optical fiber integrated structures prepared by solution methods:
(b) High-efficiency second-order nonlinear processes in an optical microfibre assisted by few-layer GaSel*?; (c) continuous-wave
pumped frequency upconversions in an InSe-integrated microfiber®!; (d) schematic of a HCF filled with GaSe nanosheets*; (e) SCF
with embedded GaSe nanosheets for SHGF0,
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Fig. 7. Research progress on enhanced second-order nonlinear process enabled by integrated 2D material - on-chip integrated plat-

forms prepared by transfer methods: (a) Enhanced SHG from two-dimensional MoSe, on a Si waveguidel*”; (b) enhancement of

SHG in a TiO, nanowire integrated with monolayer MoS,*; (c) high-efficiency SHG and SFG in a SisN, microring integrated with
few-layer GaSel®”); (d) a schematic of the SHG-assisted SnPySe; photodetector!”Vl.
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Fig. 8. 2D material-optical fiber integrated platforms with enhanced third-order nonlinear process based on transfer methods:
(a) Generation of cascaded FWM with GCM!'"); (b) schematic of a MoS,-coated SMF[11,
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Fig. 9. Ultra-fast pulse propagation in nonlinear graphene/Si ridge waveguidel'™: (a) Schematic of ultra-fast pulse propagation
along the hybrid graphene/silicon ridge waveguide; schematic of a Si ridge waveguide (b-i), a graphene/Si ridge waveguide (c-i) and
a graphene/Si slot-like ridge waveguide (d-i); experimentally measured and numerically calculated output spectra of the femto-
second pulses propagating along the Si ridge waveguide (b-ii), the graphene/Si ridge waveguide (c-ii), and the graphene/Si slot-like
ridge waveguide (d-ii).
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Fig. 10. Research progress on third-order nonlinear enhancement of on-chip integrated 2D materials based on transfer methods:
(a) Enhanced FWM in a Si-graphene microring resonator!'''l; (b) enhanced SPM of graphene/Si hybrid waveguide!''”; (c) enhanced
FWM in GO/hydex hybrid waveguidel'*”; (d) enhanced SPM in Si nanowires integrated with 2D GO Films(>; (e) enhanced optical
Kerr nonlinearity of MoS, on Si waveguides!'®; (f) enhancing SisN, waveguide nonlinearity with heterogeneous integration of few-

layer WS,/132,
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Fig. 11. 2D material-optical fiber integrated platforms with enhanced second-order nonlinear process based on direct growth methods:
(a) Schematic of the two-step growth method!"®”; (b) in-fiber SHG with embedded 2D materials!'?®.
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Fig. 12. Enhanced second-order nonlinear process in 2D material-waveguides integrated platforms based on direct growth methods:
(a) Schematic diagram of SHG enhancement of the SizN, waveguides with directly grown WS,147: (b) concept schematic of Si wave-

guides with directly grown monolayer MoS,/l.
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Fig. 13. 2D material-fiber integrated platforms with enhanced third-order nonlinear process based on direct growth methods: (a) sche-
matics of SHG and THG in MoS,-embedded HCF!¥7; (b) scalable functionalization of optical fibers using atomically thin semicon-

ductors!'; (c) schematic of harmonic generations in graphene-PCF15,
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Abstract

Photonic platforms with excellent nonlinear optical characteristics are very important to improve the
devices' performance parameters such as integration, modulation speeds and working bandwidths for all-optical
signal processing. The traditional processing technology of photonic platforms based on silicon, silicon nitride
and silicon oxide is mature, but the nonlinear function of these optical platforms is limited due to the
characteristics of materials; Although two-dimensional (2D) materials possess excellent nonlinear optical
properties, their nonlinear potentials cannot be fully utilized because of their atomic layer thickness. Integrating
2D materials with mature photonic platforms can significantly improve the interaction between light and
matter, give full play to the potentials of 2D materials in the field of nonlinear optics, and improve the
nonlinear optical performances of the integrated platforms on the basis of fully utilizing the mature processing
technology of the photonic platforms. Based on the above ideas, starting from the basic principle of nonlinear
optics (Section 2), this review combs the research progress of various nonlinear photonic platforms (resonators,
metasurfaces, optical fibers, on-chip waveguides, etc.) heterogeneously integrated with 2D materials, realized by
traditional transfer methods (Section 3) and emerging direct-growth methods (Section 4) in recent years, and
the introduction is divided into second-order and third-order nonlinearity. Comparing with the transfer
methods, the advantages of using direct-growth methods to realize the heterogeneous integration of 2D
materials and photonic platforms for the study of nonlinear optics are expounded, and the technical difficulties
to be overcome in preparing the actual devices are also pointed. In the future, we can try to grow 2D materials
directly onto the surfaces of various cavities to study the enhancement of second-order nonlinearity; we can also
try to grow 2D materials directly onto the on-chip waveguides or microrings to study the enhancement of third-
order nonlinearity. Generally speaking, the research on integrated nonlinearity by directly growing 2D materials
onto various photonic structures has aroused great interest of researchers in this field. As time goes on,
breakthrough progress will be made in this field, and technical problems such as continuous growth of high-
quality 2D materials onto photonic structures and wafer-level large-scale preparation will be broken through,
further improving the performance parameters of chips and laying a good foundation for optical communication,

signal processing, optical sensing, all-optical computing, quantum technology and so on.

Keywords: silicon/silicon nitride photonic platforms, two-dimensional materials, photonic integration,

nonlinearity enhancement, growth of material
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