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Fig. 1. Schematic of optical imaging configuration.
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Fig. 2. Limit of Airy disk, Rayleigh diffraction and Abbe diffraction!"?l.
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Fig. 3. (a) Ideal image; (b) reconstructed image by fluctu-

ation correlation; (c) reconstructed image by differential
ghost imaging.
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Fig. 5. Schematic diagram of ghost imaging based on pseudo-thermal light.
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Fig. 6. Comparison of image quality between two imaging

method: (a) Traditional non-correlated imaging; (b) ghost

imaging.
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Fig. 7. Comparison of images between two imaging method in
different weather: (a) Clear; (b) cloudy; (c) light rain; (d) mo-
derately foggy; (e) night. Where (1) scenes of field experi-

mental, (2) traditional imaging, (3) ghost imaging, (4) ghost

imaging by TV (total variation)®.
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Fig. 8. Imaging results of a double slit achieved with both methods. From set (a) to (f), the strength of scattering is increasing, 3 =
100%, 33.26%, 12.14%, 6.44%, 3.16%, 1.28%, where [ shows the transmission ratio of the scattering media as a measure of

strength of scattering. For each set, the left one is the result of ghost imaging and the right one is that of traditional non-correlated

imagingl®®l.
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Fig. 9. Obtained images of letter “A” under different strength atmospheric turbulence: (a)—(c) Images of convention ghost imaging

at turbulence coefficient of 2.0, 3.2 and 6.8, respectively; (d)— (f) images of adaptive optical ghost imaging at turbulence coefficient

2.0, 3.2 and 6.8, respectivelyl6!.
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Fig. 10. Images reconstructed by different algorithms6®!,
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Fig. 11. Images reconstructed by GI and PGI®:7,
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Fig. 12. Results of CBGI with moving object37..
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Fig. 13. Results of GI based on low-order moments with moving object*.
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Fig. 14. Experimental results of GI based on four-quadrant detector!!!: (a) Results of imaging; (b) trajectory of the moving object;

(¢) quality of reconstructed images over time.
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Abstract

Image, as a method of information acquisition, is indispensable for human beings, and it plays an
irreplaceable role in military and civilian fields, such as detection and scouting, precision guidance,
transportation, and industrial production. In the outdoor environment, the resolution, signal-to-noise ratio, and
working distance of optical imaging are limited as result of the influence of background light, stray light, and
atmospheric medium. In recent years, with the development of muti-discipline such as optics, physics,
information theory, and computer science, the new optical imaging technologies continue to emerge, thus
bringing new opportunities for outdoor optical imaging towards long-distance, large field of view and high
information flux. As one of the new active imaging technologies, correlation imaging has the potential
applications of robustness against turbulence and noise, and the possibility of beating the Rayleigh limit. It can
deal with the problems better, such as sharp attenuation of optical power caused by long distances, detection of
interference signals from environmental noise, and influence of turbulence. Based on the principle of optical
imaging, this paper analyzes the factors affecting optical imaging, in terms of resolution, signal-to-noise ratio,
spatial bandwidth product, and imaging distance under outdoor environment, focusing on the research progress
of outdoor correlation imaging including imaging systems, signal-to-noise screening technology and imaging
algorithm. In addition, we analyze the requirements of optical imaging for longer distances and broader field of

view, and consider the fundamental problems and the key technologies.
Keywords: quantum correlation imaging, quantum optics, outdoor environment, imaging system
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Fig. 1. Schematic picture of BDMFT. In BDMFT, the
many-body lattice problem is reduced to a single lattice
problem coupling with normal Bosonic reservoir and reser-

voir of Bose-Einstein condensate (BEC)“9.
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Fig. 2. Schematic picture of BDMFT loop in Anderson im-
purity model. For an initial value of Anderson parameters,
physical quantities and self-energy are obtained by solving
the Anderson impurity model. After obtain lattice Green
function through self-energy, impurity functions are at-
tained. Finally, the loop is complete by fetched new Ander-

son parameters from impurity functions.
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Fig. 3. Zero-temperature phase diagram for spin-1 ultracold bosons in a 3D cubic lattice

119 for different antiferromagnetic interactions

Uz/Uy = 0.01, 0.04 (*Na), 0.3, and 2.0, respectively, obtained via BDMFT (black circle), Gutzwiller (red cross) and in Ref. [117]

(blue dashed). There are four different phases in these diagrams: superfluid (SF), nematic insulator (NI), spin-singlet insulator (SSI)

and spin-singlet condensate (SSC).

183701-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 72, No. 18 (2023) 183701

A=t 3 (6 by + 5,00

(i,3),0

U A
+702i:”i(”i—1)

+ OIS (8720, 498

+q)  0hig—p Y i, (30)

IR W TN S EGER NS (me =1,0,-1)
BEIFAZE RN, b p=(E_1 - E1)/2, ¢=
(By + E_1 — 2Ey) /2, Uo NIEFRIKAHEAER], Uy
NHBEAHEAEN]. TEX — KR, ESMELEHS
AR AR s 4 23 I BARH Z AR AH. X T
S8t B AR AR, L)L %Na (Us /U = 0.037 152)
], TR R B Z AR IR, R AT ) 51 4 2%
FHERRIEAH . 1 E SRS A8 Z0MH RIS ] 25 250 1) i A
TR W] R FE 8 U A5 L1 HO 800 DX
BT SN, 1 2E 2 RE AR ORI, A R B
Fro % X SE AL T I S SERFAE AR X TRk RE A e
FEAE B, LATLI(Us /Uy ~ —0.7112)) FISTRb
(Usz/Uqy =~ —0.005 ) SRy il 254l 1 Bk i) 51) 4
R R TLAAAEAR R, AR R I B FE 2 Ak
ISR, LA S Y X 0T E 1] 5] 4 G RH HL
AN, FRATABISE T X L A X ik v 1
SETE, 152 T BRI T AR,

[l X AR B o AP BER IEAT T OESE, 4
TR ZESH TR IE FEERIRIE T, 5 ) B AL
FERRZR. AR, TR AR R FATI
LR T HABANZS me = —1 21231011 FLIELE Bl 25 90
) AL SR E A AR ZE S Ak B N v A B )3
T, I S 1 SRR R 0, SR B K B —
B RAB G P 05 % T BREEA FAE T,
KEAAS me = 0 BYIG SFEBERIRIE T, 2378 S/ 3
— W IMELAL, SRF I B RO, FRJFI8/NE] 0.
TS T g SRR AV B (0 AR A AR R I

3.3 BREEEESHEIERERESHERINEME

=

TR S RS R HEARN, i
T 2R RGPS 5 RIPLE— B2 ST A S
WFFERY A Rilr, VR TR B O 7 1 SR B )
LTS RSB, AN i m I T i S TR
Py 11500 i < R R 4 S TR 5y (911820,

SR AE G ARG P 8 AT S i 4 A - 42
JEFIRA RIS, 16 3.1 1R 3.2 T iFse 1
FE-1 B TR R A FESARIEL, LSRR SR AP ER
Gy BIPET. AT EZWTTE =GRS b A TiE-1 65
GBI EE-0 BRI TR A R RS
AR 1331, (R 25 A U i phy SR A DL A (-
UEN (SRR SNk puck

H=- Y t, (l}j%l}j,y(, + Hec. )

(ig),v,0

+ > Utablg,b] 1, bi1, iz,

1,0

1 1 N
+ Z |:2U17AL7;51 (ﬁi,l — 1) + §U{ (Sil — 27%@1)

+ %UQﬁiQ (Ri2 — 1) — i1 — Hzﬁm] " (a)
SR, G (b, ) S A TR AL o 9
v MR R A (K B, f, = ZU vy s
iy =0, b, WRCFEOEAE, S0 =) bl
Loorbiy,, S FUE-1RETFH) FBERAE. Lo R Y
FBE-1 HERE, p, F7R v PR F B fL2E 3, ¢,
MT A% SR B 25 IR, Uy Ry L JE-1 R 8] A AR
YER, U] b AT EAE, HAMNEH FE-0 R +[8]
B AR Us LA K B Tié-1 F1E BE-0 4[] (1 46 B
YEF Ung . FRATTA I 53 35 22 161 28 A Bl i ] A9 4H B
VERIRIE, I TR R ES AR, niEl 403 iR,

T SCHEFERP R A BAEF Uro XAH RSS20 . X%
THRANFAMEAER Uio < VOLUs , PIFP R 2
HOAHIR A . B X T B R A B a) A 5 AR
Urs > VU Uz, KRR S BUAH ST B8, SR ] AH BAE
FHUUINEE, no= 1R XIS, T n = 2 19 X2y
K. XRERNIE U < Uipg AT, n=21
X IR 25 Zp B A e A A X TR (B AH B
YEH U /UL = 2, FATMEBMA R LT 5.
X HAEE] T HE-1 SRb JLFRME. 7R R,
WH Gutzwiller “FXFHHSTHE T AlE-1 A JE-0
TR R ELS AT, dn ] 4050 v 1 27 28 R
Gutzwiller 118 45 5% &/NTF BDMFT 1115 45
R, XIESEH T BDMET A5 T & Fikik.

T B A A STRD A1 S IR G IR R, B
fIHESRb MPEATE |, #23Sr MYEATE] . T15AERM,
AR n = ngy + 1 = 1 (nrp = nsy =0.5)
WA IEFR RN, Mo #0, MITEHFTEH n =2

183701-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 18 (2023) 183701
MIs;+SFry MIg, +SFry
| () (b)
1.0 12}
) Ul (n=2) ) UI (n=2)
T o5} I
: 0.6 ¢
FM (n =1) 2SF FM (n=1) 2SF
o . Uiz/Uy = 0.2 o : U2/Uy = 0.5
0 0.015 0.030 0 0.015 0.030
t/U, t/U,
MIs;+SFRrp
(c) (d)
1.4}
Ul (n=2) Lir gM (n=2)
3 Uia/U 7029S31; ) Usa/U. ,S};
E 12/ 1=0. E 12/ 1=
0.7 0.7+
FM (n = 1) FM (n=1)
0 . . 0 ) .
0 0.015 0.030 0 0.015 0.030
t/Uy t/Us

B4 =468 F i BDMET S84 2119 A iE-1 Rb( U} /Ur = —0.0046 ) Hl A JiE-0 34Sr S A% 3% (718 & 1K 2 78 A 5] b [l A
YER] U12/U1 = 0.2,0.5,0.935 F1 2 1 1 B 25 HH [ 1990, A% i BoRFIIFERON LI, RGEACTESRREAL G . 4% 5 R TR ECh 2
M, 1A ZR Oy JC 7 A0 2 AR A1 Bt 5 B 2 4R W 9 1 O 2 s B R O [] A0 R84 H v B R R AR Y =415 H -1 SRb R T
WAL TERRBEAN . T, S AP A EAE R K (Ur2/Ur = 2) I, Rgeh RA HE L BEE T /BRI, 406452 Gutzwiller
RGBSR LR S HO ¢t = 1, = 09Ty, , U2/U1 = 1.26

Fig. 4. Phase diagrams of heteronuclear mixtures of ultracold spin-1 $Rb (spin-dependent interaction Uj/U; = —0.0046 ) and spin-0
8Sr bosons in a three dimensional (3D) cubic lattice for different interspecies interactions Ui2/U; = 0.2,0.5,0.935 and 2, ob-
tained by BDMFT['3]. The system favors ferromagnetic insulating phase (FM) at filling n = 1, unorder insulating phase (UI) at
n =2, and two types of superfluid ( MIg; + SFgp, , and 2SF), where the three-components of spin-1 ’Rb demonstrate ferromagnetic
order as a result of ferromagnetic interactions. Note here that the system favors phase separation for Ui2/U; =2, and here we

only show the phase diagram of spin-1 bosons. For comparisons, the red cross is obtained by Gutzwiller mean-field theory. The oth-

er parameters t = t1, ~ 0.97t20 , and Uz/U; = 1.26.
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Fig. 5. (a) Two electronic ground states |b) (blue) and |d)
(red) and a Rydberg state |r) are considered. An off-reson-
ant laser (with Rabi frequency (2 and detuning A) weakly
couples the state |d) to |r). (b) The soft-core shape inter-
action potential V;; (red) between atoms in the Rydberg
dressed state |d). The soft-core radius R can be larger
than the lattice spacing a. Here, R¢ = 2a is shown. (c) SS
of the bare state when dressed atoms are in an ordered
density wave (DW). (d) Roton instability of the bare spe-
cies. The Bogoliubov dispersion relation (along the ks ax-
is) of phonons is significantly modified by the interspecies
interaction. A rotonlike instability emerges when the inter-
species interaction Upq is increased, indicating that the
groundstate phase changes from a homogeneous superfluid
to supersolid. We show Upg/U = 0 (dotted line), Upq/U =
0.45 (dashed line), and U,q/U =1 (solid line). Other
parameters are ky =0,V /U = 0.4, and t/U = 0.04 151,
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Fig. 6. Populating higher-orbital states with ultracold
atoms in an optical cavity!'l: (a) Atoms are prepared in an
opticalcavity, pumped by a blue-detuned laser in the trans-
verse direction with an imbalance parameter n = E_/E .
(b) Brillouin zone of the square lattice, where atoms are
scattered from the quasimomentum state k = (0,0) to the
excite state (m,7), with quasimomentum distributions for
the p- and d-orbital bands shown in right upper and lower
panels, respectively; (c), (d) dominating scattering pro-
cesses of atoms induced by cavity, leading to higher-orbital
excitations. By controlling 7, atoms can be selectively
scattered into the even-parity dgzy -orbital state with a
single node in both z and y directions for n =1 (c¢), or in-
to the odd-parity p-orbital state with a single node only in

one direction for n <1 (d). Here, J:‘f , Jgipy , Jszpjm , and
ng 4 denote cavity induced orbital-flip hoppings between

sites ¢ and j for the s- and dgy -orbitals, pz - and py -orbit-
als, s- and pg -orbitals, and py - and dzy -orbitals, respect-

ively.
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Abstract

With the development of atomic cooling technology and optical lattice technology, the quantum system
composed of optical lattice and ultracold atomic gas has become a powerful tool for quantum simulation. The
purity and highly controllable nature of the optical lattice give it a strong regulatory capability. Therefore,
more complex and interesting physical phenomena can be simulated, which deepens the understanding of
quantum many-body physics. In recent years, we have studied different Bose systems with strong correlations in
optical lattice based on the bosonic dynamical mean-field theory, including multi-component system, high- orbit
bosonic system, and long-range interaction system. In this review, we introduce the research progress of the
above mentioned. Through the calculation by using bosonic dynamical mean-field theory which has been
generalized to multi-component and real space versions, a variety of physical phenomena of optical crystal
lattice Bose system in weak interaction intervals to strong interaction intervals can be simulated. The phase
diagram of spin-1 ultracold bosons in a cubic optical lattice at zero temperature and finite temperature are
drawn. A spin-singlet condensate phase is found, and it is observed that the superfluid can be heated into a
Mott insulator with even (odd) filling through the first (second) phase transition. In the presence of a magnetic
field, the ground state degeneracy is broken, and there are very rich quantum phases in the system, such as
nematic phase, ferromagnetic phase, spin-singlet insulating phase, polar superfluid, and broken-axisymmetry
superfluid. In addition, multistep condensations are also observed. Further, we calculate the zero-temperature
phase diagram of the mixed system of spin-1 alkali metal atoms and spin-0 alkali earth metal atoms, and find
that the system exhibits a non-zero magnetic ordering, which shows a second-order Mott insulation-superfluid
phase transition when the filling number is n =1, and a first-order Mott insulation-superfluid phase transition
when the filling number is n=2. The two-step Mott-insulating-superfluid phase transition due to mass
imbalance is also observed. In the study of long-range interactions, we first use Rydberg atoms to find two
distinctive types of supersolids, and then realize the superradiant phase coupled to different orbits by
controlling the reflection of the pump laser in the system coupled to the high-finesse cavity. Finally, we study
the high-orbit Bose system. We propose a new mechanism of spin angular-momentum coupling with spinor
atomic Bosons based on many-body correlation and spontaneous symmetry breaking in a two-dimensional
optical lattice, and then study the orbital frustration in a hexagonal lattice. We find that the interaction
between orbital frustration and the strong interaction results in exotic Mott and superfluid phases with spin-

orbital intertwined orders.

Keywords: quantum simulation of ultracold atoms, bosonic dynamical mean-field theory, quantum phase

transition
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Fig. 1. Schematic of Sr atom space optical clock system.
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Fig. 2. Lasers at six wavelengths in Sr atom optical clock

system.
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Fig. 3. Exploded view of Littman-configuration ECDL with

synchronous-tuning-like scheme.
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Littman Z5¥DEHE ECDL i TAEE IR K 4n & 4
i, A S S TR AT T S K2R 58 A5
S AETIE TR i Q , FESOCE S AR G i 8% T
BB LT, AR BRI LA BRI, A0
PRFE SRS AP AR S5 A [ 20283, R
SR 7 R 5 A B A5 X BLE ke A PZT
SRS R T A PR B A R R R 2R TR
RRE SR, AR BRI RCR.

Y 13
14— /
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mll/

Kl 4 Littman £5#456t ECDL B9 TR (P, R %
PEFIAR 6, LS5 o, Jetl— ATt s R, FRAEBE S ¢
185 Ly, SEBRHERE AR b, IR AS Y HIRTEEIERS; Q, 141
SCR)

Fig. 4. Functional schematic of Littman-configuration
ECDL. (P, PZT action point; 6, grating incident angle; ¢,
first order diffraction angle of grating; R, ideal rotation ra-
dius; L, actual rotation radius; h, the distance between the

pivot point and the Y coordinate axis; @, pivot point).
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Fig. 5. Assembly view of seed laser.
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Fig. 6. Assembly view of injection locked laser.
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FE 7(c) W22 e 58 A B S5 44 151, 384~ TA K
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AIGETCIF AR AR A 1T /N T,
5 JE 225 [R5l A% R PR R RN T 2R . RO AR
128 548 mmx 380 mm x 85 mm.

JEHPEOE R G0 T A RO A BT SR P AH (]
(R ZEAE, PEREAHIE. F %t Hh Y 689 nm O #E H
A2 4T I R A s R R R 62T T I, 4
K9 s, A2 EUZEOEE A Bas RS T s,
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PHTEE AR B ARG — g 22501, ZETCRT ) %%
3% A 3—5 GHz, ARG Al 35 20 GHz.
AR A S, B 689 nm BOLERPUE 31—
5 RO S TS R A 2551, i B R
B 50 MHz, £13#i#H7 9% 10 MHz, 9i5E JFHAAL 56/
F 1 Hz. Sl SR 5GTE, B #OGa T RE Y i e 25
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FEMAIE 5 .

B 7 TABORAR S5 F 2 e 15
Fig. 7. Assembly view of tapered amplifier.

813 nm TA 813 nm seed laser

689 nm seed laser 461 nm seed laser

679 nm laser

689 nm seed laser

707 nm laser

461 nm slave laser

s WOLRZIYIE

Fig. 8. Pictures of laser system.
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Fig. 9. Beating signals of 689 nm lasers before (left) and after (right) frequency offset locking.
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Fig. 10. Schematic of electronic control unit of space optical clock.
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Fig. 11. Pictures of electronic control unit (left) and main control modules (right).
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Abstract

The world's first space optical clock (SOC) developed in China, which is composed of five subsystems, i.e.
an optical unit, a physics unit, an electronic control unit, a space optical frequency comb, and an ultrastable
laser, was successfully launched with the Mengtian space laboratory on October 31, 2022, and entered into the
China Space Station (CSS). Compact and stable laser is a key element for the operation of the SOC. The
optical unit consists of 5 lasers with wavelengths of 461, 679, 689, 707 and 813 nm, respectively. With a
synchronous-tuning-like scheme, high-quality external cavity diode lasers (ECDLs) are developed as the seeds.
The linewidths of the lasers are all reduced to approximately 100 kHz, and their tuning ranges, free from mode
hopping, are capable of reaching 20 GHz, satisfying the requirements for the SOC. With careful mechanical and
thermal design, the stability of the laser against vibration and temperature fluctuation is sufficiently promoted
to confront the challenge of rocket launching. While the power from the ECDL is sufficient for 679-nm repump
laser and 707-nm repump laser, additional injection lock is utilized for the 461-nm laser and 689-nm laser to
amplify the power of the seeds to more than 600 mW, so that effective first and second stage Doppler cooling
can be achieved. To generate an optical lattice with deep enough potential well, over 800-mW 813-nm lasers are
required. Therefore, a semiconductor tapered amplifier is adopted to amplify the seed to more than 2 W, so as
to cope with various losses of the coupling optics. The wavelengths and output power values of the 5 lasers are
monitored and feedback is controlled by the electronic control unit. All the modules are designed and prepared
as orbital replaceable units, which can be easily replaced by astronauts in case failure occurs. Now the lasers are
all turned on and operate normally in CSS. More data of the SOC will be obtained in the near future. At
present stage, according to our evaluation, the continuous operation time of the SOC is limited by the injection
locked lasers, which are relatively vulnerable to mode hopping. Hopefully, this problem can be solved by
improving the laser diode preparing technology, or developing fiber lasers with compact frequency conversion

modules.
Keywords: cold atom optical clock, China Space Station, laser system, control system

PACS: 42.55.Px, 07.60.j DOI: 10.7498 /aps.72.20230412
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Fig. 1. Typical flowchart of GA and its application in on-chip photonic devices design: (a) A typical GA flowchart; (b) mode-extens-

ible crossing waveguide designed by GA[™; (c¢) ultra-compact polarization rotator designed by GA[™; (d) wavelength router de-

signed by GA[™.
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MBI i GA DR AL AL B G
4. B 1(d) 25t Tz Bl as iy 4 e
8% (scanning electron microscopy, SEM) i, 14
I 172,

BT BEL AL (particle swarm optimization,
PSO) e —Fi i TRHAR B Po AL, HA
ASERUR AL S/ | B SRR A AT R,
T S AN TR R R R AL, LAk B A R
H AN FAM. PSO Bl Kennedy 1 Eberhart/™!
T 1995 4R 4, HEEAOR AL I B AN 4] 2(a) Frs.
PSO Fk A FEfR s i, 255 S5, IAE G 14
P B AR B Tz R T
2020 4, Chen ™ F|H PSO BIRBAL T R HETE
ARG, Wit —Fh i ERIR g, Fogh i
WE 2(b) fs. A AR KA RESTE 5 pm 1Y
KRS TEM AT TM, B 43R, 2021 48,
Qin 55 M1 H PSO Bk ik it 7 —Fp g 28
I P GE, A LATE RIS 0 RUBE B S G IBA,
IR, B SEMBRIE AN 2(c) Fizs. 2022 4,

Chen %5 6] X FIH PSO Hiki@ T b & 4%
SRt T —Fh BT R. Z AR
YR ASBERS LX) TE,—TE, 4t 5 M=y 3 dB
Do, HebfganiE 2(d) iz,

HIE SR (direct binary search, DBS)
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Fig. 2. Flowchart of PSO algorithm and its application in photonic devices design: (a) Flowchart of PSO algorithm; (b) on-chip po-

larization beam splitter designed by PSO algorithm[™; (c) SEM image of single-layer supercritical lens optimized by PSO algorithm(™};

(d) on-chip multi-mode power beam splitter designed by PSO algorithm!(7.
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Fig. 3. Flowchart of DBS algorithm and its application in photonic device design: (a) Flowchart of DBS algorithm; (b) structure

diagram of the polarization beam splitter designed by DBS algorithm, and the light field diagram of TE and TM with a wavelength

of 1550 nm passing through the device™; (c) side view of the discretized nanostructures designed by the improved DBS algorithm/®’};

(d) dual-channel wavelength demultiplexer designed by DBS algorithm, and the optical field diagram when light of different

wavelengths passing through the devicel*!l.
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Fig. 4. Application of AM in photonic device design: (a) Power splitter designed by AMBI: (b), (c) two nonlinear photonic devices

designed by AMB; (d) vertical grating couplers optimized by AMISS.
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Fig. 5. Application of neural network in photonic device design: (a) Bragg grating based on ANN architecturel''¥; (b) grating

couplers designed using DNN[7l; (¢) PNN architecture for predicting meta-atom light responses in metasurfaces/!!.
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Fig. 6. Neural network architectures used to solve some specific technical problems: (a) Schematic of the “forward and backward
series” neural network and the multilayer structure designed by this network''; (b) GA-based DNNI!!¥); (¢) two-dimensional pro-
grammable chiral metamaterial optimized by data enhanced iterative few-sample algorithm9); (d) training and design process of an

inverse design framework based on global deep learning!'2.
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Fig. 7. Several power splitters designed by different methods and their comparison: (a) Wavelength insensitive single-mode power

splitter designed by PSO algorithm("?!; (b) wavelength insensitive single-mode power splitter based on S-shaped curved ridge wave-
guide designed by conventional methods!®”; (c¢) schematic of dual-mode power splitter designed by conventional method (left) and
dual-mode power splitter designed by symmetric-optimize-DBS algorithm (right)[%; (d) dual-mode power splitter suitable for ultra-
wide band optimized by multiple algorithms!'?7; (e) schematic of the power splitter with arbitrary split ratio designed by conven-

tional methods!'®; (f) power splitters with different split ratios designed by QPSO algorithm[!?9].
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Table 1. Size comparison of power beam splitters de-
signed by intelligent and conventional design methods with

the same function.
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Fig. 8. Several mode (de)multiplexers designed by different methods and their comparison: (a) Two-mode multiplexer based on the
DBS algorithm!"*; (b) two-mode multiplexer based on conical directional coupler!; (c), (d) two kinds of four-mode (de)multiplex-

ers designed by the DBS algorithm['3>13; (e) optical microscope image of the eight-mode/polarization (de)multiplexers!'>4.
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Table 2.
signed by intelligent and traditional design methods with

Size comparison of mode (de)multiplexers de-

the same (like) function.
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Fig. 9. Comparison of several single- and multi-mode bending waveguides designed by different methods: (a) Single-mode 90° bend-

ing waveguide designed by DBS algorithm!!3); (b) four-mode 90° bending waveguide based on modified Euler curve designed by con-

ventional methods!'*¥; (c) two-mode 90° bending waveguide designed by DBS algorithm!"*7; (d) three-mode 90° bending waveguide

based on TO using grayscale etching technology!’®); (e) three-mode 90° bending waveguide designed by the DBS algorithml!

139)

)

(f) schematic of simulated light field distribution of the three-mode 90° bending waveguide in (e).
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Table 3.
intelligent and traditional design methods with the

Size comparison of bendings designed by

same (like) function.
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Fig. 10. Several results obtained by using intelligent design methods to optimize conventional optical interconnect devices, and their
comparison devices: (a) On-chip polarization beam splitter designed by using the PSO algorithm to optimize the anti-conical coupler(™};
(b) polarization beam splitters designed by conventional methods!'”); (c) several polarization beam splitters designed for different
wavelength conditions using the AM to optimize the coupling region gap, and their simulated electromagnetic field density distribu-
tions!"U; (d) power splitter designed using a level set method with manufacturing constraints, and the simulated electromagnetic

field density distribution in it*2.
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Fig. 11. Typical phase change process of phase change materials and their application in the field of controllable optical devices:
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(a) Diagram of a typical phase change process; (b) all-optical synaptic networks based on phase change materials; (¢) phase-change

memory cell based on phasechange material; (d) controllable metasurface based on phase change material.
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Fig. 12. Controllable on-chip optical interconnection devices designed by traditional methods: (a) Optical microscope images of sev-

eral controllable directional coupling switches and the SEM images of their details!"®”; (b) structural and performance of the optical

switch with a high ERI7,
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Fig. 13. Controllable on-chip optical interconnection devices designed by intelligent methods: (a) Controllable mode converter based
on the DBS algorithm!'®); (b) controllable three-mode nanophotonic waveguide switch based on the DBS algorithm!'®; (c) power
splitter with arbitrary split ratio based on pixelated phase change materiall'™); (d) power splitter with arbitrary split ratio based on
the DBS algorithm/7!],
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Fig. 14. Multi-purpose integrated optical interconnection devices designed by intelligent methods: (a) SEM image of the wavelength

demultiplexing grating couplerl'™; (b) working principle of the wavelength demultiplexing grating coupler; (¢) SEM image of the

mode-switching polarization beam splitter™); (d) the density distribution of the simulated electromagnetic field in the devicel™.
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Fig. 15. Modular integrated optical interconnect devices designed by intelligent methods: (a) Modular integrated tunable mode gen-
erator('™l; (b) modular integrated polarization converters!'™; (c¢) modular integrated focusing wavelength demultiplexer!™; (d) mod-

ular integrated polarization beam-splitting converter!",

184204-21


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

W) 3B =% R Acta Phys. Sin.

Vol. 72, No. 18 (2023) 184204

(bi-level shape adjoint method) Fil #i b f: b 1
(topology adjoint method) 15 1 ¥ fhi #i% 73 o 5% #e
#% (polarization splitter-rotator), 4547 5 & U
15 (d) BT . A1 i SUZ S8R 1) D i e 46 25 F1
B i 2 8 ELHEAR % 1T A, 3 I e R I i
Rk o S R TM, A TE, P AR i 4% 25 1
RGO AW TE, il

FEHACEE B A 8 1T Lk s 221> D RE 4R B 2
— A T TR BT T A R, A R
A RO B PO I R G U ) S

RN OTHERL R B EERH
FIRG, REZHOT EOCHIE RGBT R ZF
& b, YR 177 2. B X R G AR R
(R, BN R GUAE G A Jey 255 TR 1A i SR
RAGIRME. TR Z I T ARG AR J IR, Ol E
BRGNS T 5 558
7, AT RGEHRUL S THE AR 52, i
TECH IR G GIA T B R ASFERT R 19,
F—AT7 I, BEE NG 8 I RETR K 3%

5.3

(a) SigNy core
+ 3X0.09 pm guide
+ 0.5x0.09 pm guide

PECVD
Si0,

Thermal
SiO2

Si

() (d)

Silicon substrate

K16 FReLiit M2 2 EE RS

W2, 7 " HE =S M A A PRI B R SoBoR AT
2% 1 BE S 2R A A R A BT IR A 1 I — 28 IR X
R AL AR AR I 2R FOR. BN, ZiEiE
BRI R 2 & D B Al SE AT AT B, i
BRARSK, X 203l T PR R IR S T 75 K 123
s FU U, g 2, T A GBIk, Wang 45 (134
A [ A5 8 6 B 5 1) A 5 e Sk 2 A 1
8 1t 3 AR ORI PR S s R 2 T AR XERRE 18]
FAE DB, AT BA 07T B3t 1 10 8 #Y XU ik
B I AR SR SO TR B A 2 7F o5 M
BUECR, AFFE KRS oK. BUR Xie 25 (152
K DBS Sk et 7l R R 4 B 2 H]
i, (R AR RE BT I vk h R it A
bR, FEANEHEACAE 8 GHE A 10 38 15 AAR i
PR MG, AU FEALIL A RN, Jf HZ
HARILAL T B2 T Elar M iR A B PERE AN IS BIAE.
=Y TR A KL PIC (B ok
TARBFAY IR A 080 AT R i BT 2 )= PIC 5k
figt e LRI, 2 230t AR HLREE PIC 75 22
KA 2 DEH % R G pe B 5. SCZ e Y

(b) y\I—Z" Metallic
4 @ mirror
, N C Si0,
== Bulk Si
. @ SN
‘ Device Si

2"
\a‘]e’ e
» W S22
Silicon substrate l:l Top layer: a-Si 90“0&, \wei o \)“)\1t ? or® 2 TE
| §o
- Bottom layer: Si e p-
54.7° Si waveguide | } Gap
Si waveguid 54.7° H

(a) F T R ALRE BT 7Y )2 12 RS &% 15Y; (b) FIHT GA BEiHAYJZ HDEHES G #2182 (c) JE

T A D Y 2 ) B B 085 () SR IR RE T O B BT B R 2 (] Dl i s
Fig. 16. Multi-layer optical interconnection systems designed by intelligent methods: (a) Interlayer vertical coupler based on silicon
nitride waveguidel's!]; (b) interlayer grating coupler designed by the GAI32; (c) interlayer reflectors based on silicon waveguides!!$?;

(d) silicon interlayer optical channel designed by intelligent method(*$4.

184204-22


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 18 (2023) 184204

KA AR 2 BDE E % S, A4 2 s A
v CHHRE G 2% RO AT, SmLeAk, AT TAL
GERETH AR BB i, et T AR Z 1 )2 [H]HS
Gtk BN, TR AR T, Moreira 45 181 1%
THFIN T T —AN 2 A EA A A%, ARG XK B
2000 pm, SEF T AE 1550 nm P KA 0.2 dB )
FREWIFE, WA 16(a) Fi7s. Sodagar 48 52 FIH GA
h Si/Si0,/SIN ZEMERE- BB T HA B/ &R
T SPF A5 00 2 (OGRS & 2%, Qi 16(b) F 7. Zheng
S U35 3 BRI T 2.5 dB M A HRE R
VT8 {5 (optical proximity communication), i i
— X AT R B, PR — NPT RE SO
T 8 Mo AL 4 3] 55— eE AT B, anlE 16(c)
JiR. X ARG i 2R R G A F, BAREE

MG SCBUR B HI%E , (B AKIRAME LIk G SR EA L |

M DATE I fe 4 B A B . A T R — A E, Yu
A USSR PR RE R TT kB E T T 4 )2 D 3%
Al (REZRDEAEE), HRSFUCR 2.8 pmx
2.8 um, 7E 1550 nm ¥ K B9 46 A H#IFE R 0.55 dB,
FE 14511712 nm B 98 0 [ 94l A AR/ T
1 dB, & 16(d) 7.

H AT, B 22 Mg T HAR 5 B 8, 2
[ B % RGN R — A REUE P T R G iR 2E
BUEE R EOR, © A RS AR H B | IR FE | 1%
AL R BB B A 2 2 PIC R
ZAEM.

6 REMmEZL
6.1 AR

B B M A 3 A TR BURE A
1%\ BEREAR . PHLRE THR S0, BW A T ok
S A 135 RIS 5 A F B A A T BTt T
RS, TR LR BRSO TR BN T, HATH Dk
H RO GRS TR SR L, RSk
JRAG 2T B R, Ay T S B T
A R SRR, ASCER T E TR URR A
O R R R R, AT T L
Vi B TUAN T 1 R e

ARSI AL T LR (ORI F O %
PR R, A HE LR T2 M Rk
(928 B AR T v AL T 22 I 48 PR R VT 1.

L8R O HE AR F IR RE BT T IR A AR R
I BB AR BRI . A T A RER
TR LA, IEREN T2 D C I H &1, [ A
ICRERL I TOCHIE, I RENH TOLH T
P 2% | 175 5 R T S5 Y P A A L8
REBCHT IR B N, R Bt Ml 755
FRHA A SCOUEHEIT IR T VR AR

ARISCASTR 877 HiAr 48 18 sefb st my b
G H A — A H O RO A R
. —Jr i, BFFEE AT LA R Rt O ik Bk
THH R P A bR A, T AL
TR RS 53— T5 1, P58l LA 0
BREBOT I I ME GE v RO L A AT A,
MR IR I/ NI o i AR, $ T 55 28 . AR S it
AT IREAIR (i) R BEL BT AR E S gt
THEERIXTLE, s TR RO i O E AR
PFEE AR TR AT

AR AT Z T RRH R REAL BT )
PR R FOCEERR . SCBDE TR R AT P
SCARJL, AMUBE R F e R G D BE RN R, if
RE I i 22 7 D) BE A 52 BLOR R MR D/ o B R S 1Y)
TR, AR GE RSB T AR ] PR I A
B2 ik, CUNRERRHIT S AR A SR JE R | 5 2
FREEfILRESE. MIASHERHE A T O RAL LT K
REIEZ) R M RRRPE IEAE W AT 2 1 2
A ZAP R R, B REAL BT AR A BB EE
P TREF R 2R, i 1 eI 2
P By DR AR SR 20710, WoR
AN S - 9 W Rl IV i g 7 S ) P S BRI K R S
FTE.

ARSCN =TT AATE S Bt S s
IOUHE SRR T LG % R G R A R A
Xt PIC A Jeyidi B EE Y %5 ). —J2 Bt 2 s AR
JCH AR, IR Z R REAR A D RELR I —
AT RE B Z2 0 IR AR O G T AR L, SRR 2
THEAN ST RGMEINE. M2 IRes T %
EHES, Bt 2 R MR AL AR F. XA AT LA
SR S L T RELE B — A LI AE R A L3
MESE . = JE BT R BALZ D E ST, N T f# ik
FERZE R ESCHUR MR PIC I 38 21 iy 4 2 %
JE G AT R AT, AT o K i 22 T2 R AL
PIC. it 2K 1R DL L R A 4.

184204-23


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 18 (2023)

184204

B AR M) E 3% S PR — R L BLUR [HDE %
(2508 PIC AU RS THE TARK TRk

BREAL BT N LG AT A AR B T
BT B S BRI IE R B, AEARE R SR T b
B ZIRBOT A BT B B T, B e
T A EOCH AR A R I AT ) R i AR 4R

23 [H].
6.2 FRMIZITH LXEESREFNARLRE

HBERE

BREA BT EOCE A — A%
(BT, HORA A A T 18] | e S Rk A il L2
AR AR R SRS S A, B LR LA
e

HRAE R E . B, JLT ARk, &l
R BV B a3 B AT B 1) 2 A 1L
M, B B R —Le BRI B S R Bt 148
PRI R VB ECREAN R, A — S5 A A
LN A AR AR W, DR e )
BRSK B 21 i LOe e BT Ul 1
SRAY . PEREDD R AR, 28—, M 254 g —Fb
SRR AL T R E R AN R4 Tr
T — PR 1 Gl N PEAIEE Sy AR AL
BRMHE— L A 8, EInseit iy M 45 2t b2
HEL. SRR, 2 ARk S 2 M4 Y2 &
L2 AT E AR TG SR BT I R o =, B
SRR T A Re— 2R Rl K ARSI Y, Bl
Fr ECTa RO R 2k, SR RL Rk
SRt AR ME B 2 B IO DA, SRR
JURSRE R LE Sk, FHILA IR G
He— D REAS I BRIV DURF 22 B 8 22 i B AT
R AT

HORAEAREIIRETT . 25—, AHAS AP 5L
PEREC TR S| T RIFTEH AR, ARokn]
VATRUILAG S, 25T AR n IR0 Ta s 2
JEHRANGE . R, 3R RE B ik XA R A
J izl R, R REBETH R B ] R B g
Tl FRE 20 i DT ARG e JR A Ak
RTHR. 55—, BIRZ IR BOL B AR F Ry S B
MEBEARI, (HE & BB A AR AR AR S 136K
FTE . AT AR, R R REBETT ik /Y
AWk, ZIfE . Z G T L HE RS 2
SR AL

AR R GMERETT . 2 —, IEA0 H FT/Er T
AU AT LU BIRIREE, A ATXE B g PR i s
JE | RGUBARBY R B R SRR B LAY, AR
REF RNV AZET], fIn L IRR Bt 5
LT ANBRE, A LG RS KR —
SRR, B, OGEE RGN
Fr TE) R AL PR 42, HGl A 9 L1 R AR
ARAGIRTCRERITEE N TR, FEREE P2
HAR AR LA SR AR 2 435
PR SE e AR AT A AT, Al LA ER 1
I, RS EOCH I ARG (51 SERAS Bk — 20
FER, A AR B — PR .

S 3k

[1] Zhou Z P 2021 Silicon-based Optoelectronics (Beijing:
Science Press) p361 (in Chinese) [E1AF 2021 fE3oE AL F4#
(AL3T: Bl RRAL) 5 361 11

2] ZhouP J,LiZY,YuY D, YuJ Z 2014 Acta Phys. Sin. 63
104211 (in Chinese) [EIX5%E, ZEH B, MH M, A4 2014 9
2R 63 104211)

[3] Arumugam M 2001 Pramana J. Phys. 57 849

[4] Han L S, Kuo B P P, Alic N, Radic S 2018 Opt. Express 26
14800

[5] Wang Y, Gao S T, Wang K, Skafidas E 2016 Opt. Lett. 41
2053

[6] Sia J X B, Wang W J, Guo X, Zhou J, Zhang Z C, Rouifed
M S, Li X, Qiao Z L, Liu C Y, Littlejohns C, Reed G T,
Wang H 2019 IEEE Photonics J. 11 1

[7] Nguyen V H, Kim I K, Seok T J 2020 Appl. Sci. 10 4507

[8] XuHN, ShiY C 2016 Opt. Lett. 41 5047

[9] Chung K K, Chan H P, Chu P L 2006 Opt. Commun. 267
367

[10] Tao S H, Fang Q, Song J F, Yu M B, Lo G Q, Kwong D L
2008 Opt. Express 16 21456

[11] Zhang Y, Qin X J, Wang J D, Yu Y F, Wei Z J, Zhang Z M
2022 Chin. Opt. Lett. 20 122701

[12] Wu Q, Zhu Y X, Zhuge Q B, Hu W S 2022 J. Lightwave
Technol. 40 7297

[13] Wang X W, Chen Z W, Yin M Z, Wang W, Li Z B, Ni W
H, Li F 2022 J. Lightwave Technol. 41 2323

(14] Zhai W L, Wen A J, Gao Y S, Shan D J, Fan Y Y 2022
IEEE T. Microw. Theory 70 1821

[15] Zhu SY, Liu B, Ren J X, Wu X Y, Mao Y Y, Bai Y, Zhang
H J, Yuan L Z, Zhang M T, Zhu X 2022 J. Lightwave
Technol. 40 4599

[16] LiuY, Ding R, Li Q, Xuan Z, Li Y C, Yang Y S, Lim A E
J, Lo P G Q, Bergman K, Bachr-Jones T, Hochberg M 2014
Optical Fiber Communications Conference and Ezhibition
San Francisco, USA, March 09—13, 2014 pTh4G.6

[17] Yu Y, Chen G Y, Sima C T, Zhang X L 2017 Opt. Express
25 28330

[18] Sun C L, Wu W H, Yu Y, Chen G Y, Zhang X L, Chen X,
Thomson D J, Reed G T 2018 Nanophotonics 7 1571

[19] Zhou D, Sun C L, Lai Y X, Yu Y, Zhang X L 2019 Opt.
Express 27 10798

184204-24


https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.7498/aps.63.104211
https://doi.org/10.1007/s12043-001-0003-2
https://doi.org/10.1007/s12043-001-0003-2
https://doi.org/10.1007/s12043-001-0003-2
https://doi.org/10.1007/s12043-001-0003-2
https://doi.org/10.1007/s12043-001-0003-2
https://doi.org/10.1007/s12043-001-0003-2
https://doi.org/10.1007/s12043-001-0003-2
https://doi.org/10.1364/OE.26.014800
https://doi.org/10.1364/OE.26.014800
https://doi.org/10.1364/OE.26.014800
https://doi.org/10.1364/OE.26.014800
https://doi.org/10.1364/OE.26.014800
https://doi.org/10.1364/OE.26.014800
https://doi.org/10.1364/OL.41.002053
https://doi.org/10.1364/OL.41.002053
https://doi.org/10.1364/OL.41.002053
https://doi.org/10.1364/OL.41.002053
https://doi.org/10.1364/OL.41.002053
https://doi.org/10.1364/OL.41.002053
https://doi.org/10.1109/JPHOT.2019.2907788
https://doi.org/10.1109/JPHOT.2019.2907788
https://doi.org/10.1109/JPHOT.2019.2907788
https://doi.org/10.1109/JPHOT.2019.2907788
https://doi.org/10.1109/JPHOT.2019.2907788
https://doi.org/10.1109/JPHOT.2019.2907788
https://doi.org/10.1109/JPHOT.2019.2907788
https://doi.org/10.3390/app10134507
https://doi.org/10.3390/app10134507
https://doi.org/10.3390/app10134507
https://doi.org/10.3390/app10134507
https://doi.org/10.3390/app10134507
https://doi.org/10.3390/app10134507
https://doi.org/10.3390/app10134507
https://doi.org/10.1364/OL.41.005047
https://doi.org/10.1364/OL.41.005047
https://doi.org/10.1364/OL.41.005047
https://doi.org/10.1364/OL.41.005047
https://doi.org/10.1364/OL.41.005047
https://doi.org/10.1364/OL.41.005047
https://doi.org/10.1364/OL.41.005047
https://doi.org/10.1016/j.optcom.2006.06.048
https://doi.org/10.1016/j.optcom.2006.06.048
https://doi.org/10.1016/j.optcom.2006.06.048
https://doi.org/10.1016/j.optcom.2006.06.048
https://doi.org/10.1016/j.optcom.2006.06.048
https://doi.org/10.1016/j.optcom.2006.06.048
https://doi.org/10.1364/OE.16.021456
https://doi.org/10.1364/OE.16.021456
https://doi.org/10.1364/OE.16.021456
https://doi.org/10.1364/OE.16.021456
https://doi.org/10.1364/OE.16.021456
https://doi.org/10.1364/OE.16.021456
https://doi.org/10.1364/OE.16.021456
https://doi.org/10.3788/COL202220.122701
https://doi.org/10.3788/COL202220.122701
https://doi.org/10.3788/COL202220.122701
https://doi.org/10.3788/COL202220.122701
https://doi.org/10.3788/COL202220.122701
https://doi.org/10.3788/COL202220.122701
https://doi.org/10.3788/COL202220.122701
https://doi.org/10.1109/JLT.2022.3202570
https://doi.org/10.1109/JLT.2022.3202570
https://doi.org/10.1109/JLT.2022.3202570
https://doi.org/10.1109/JLT.2022.3202570
https://doi.org/10.1109/JLT.2022.3202570
https://doi.org/10.1109/JLT.2022.3202570
https://doi.org/10.1109/JLT.2022.3202570
https://doi.org/10.1109/JLT.2022.3202570
https://doi.org/10.1109/JLT.2022.3231247
https://doi.org/10.1109/JLT.2022.3231247
https://doi.org/10.1109/JLT.2022.3231247
https://doi.org/10.1109/JLT.2022.3231247
https://doi.org/10.1109/JLT.2022.3231247
https://doi.org/10.1109/JLT.2022.3231247
https://doi.org/10.1109/JLT.2022.3231247
https://doi.org/10.1109/TMTT.2021.3127877
https://doi.org/10.1109/TMTT.2021.3127877
https://doi.org/10.1109/TMTT.2021.3127877
https://doi.org/10.1109/TMTT.2021.3127877
https://doi.org/10.1109/TMTT.2021.3127877
https://doi.org/10.1109/TMTT.2021.3127877
https://doi.org/10.1109/JLT.2022.3168056
https://doi.org/10.1109/JLT.2022.3168056
https://doi.org/10.1109/JLT.2022.3168056
https://doi.org/10.1109/JLT.2022.3168056
https://doi.org/10.1109/JLT.2022.3168056
https://doi.org/10.1109/JLT.2022.3168056
https://doi.org/10.1109/JLT.2022.3168056
https://doi.org/10.1109/JLT.2022.3168056
https://doi.org/10.1364/OFC.2014.Th4G.6
https://doi.org/10.1364/OFC.2014.Th4G.6
https://doi.org/10.1364/OFC.2014.Th4G.6
https://doi.org/10.1364/OFC.2014.Th4G.6
https://doi.org/10.1364/OFC.2014.Th4G.6
https://doi.org/10.1364/OE.25.028330
https://doi.org/10.1364/OE.25.028330
https://doi.org/10.1364/OE.25.028330
https://doi.org/10.1364/OE.25.028330
https://doi.org/10.1364/OE.25.028330
https://doi.org/10.1364/OE.25.028330
https://doi.org/10.1515/nanoph-2018-0053
https://doi.org/10.1515/nanoph-2018-0053
https://doi.org/10.1515/nanoph-2018-0053
https://doi.org/10.1515/nanoph-2018-0053
https://doi.org/10.1515/nanoph-2018-0053
https://doi.org/10.1515/nanoph-2018-0053
https://doi.org/10.1515/nanoph-2018-0053
https://doi.org/10.1364/OE.27.010798
https://doi.org/10.1364/OE.27.010798
https://doi.org/10.1364/OE.27.010798
https://doi.org/10.1364/OE.27.010798
https://doi.org/10.1364/OE.27.010798
https://doi.org/10.1364/OE.27.010798
https://doi.org/10.1364/OE.27.010798
https://doi.org/10.1364/OE.27.010798
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 18 (2023)

184204

20]

(21]

33]
(34]
35]
(36]

37]

38]
39]
(40]

[41]

[42]

[43]
j44]
j45]
f46]

[47]

Xu L, Leijtens X J M, Docter B, de Vries T, Smalbrugge E,
Karouta F, Smit M K 2009 35th European Conference on
Optical Communication Vienna, Austria, September 20—24,
2009 p24

Ou K, Yu F L, Li G H, Wang W J, Miroshnichenko A E,
Huang L J, Wang P, Li T X, Li Z F, Chen X S, Lu W 2020
Sci. Adv. 6 eabc0711

Tian Sh N, Guo H M, Hu J B, Zhuang S L 2019 Opt.
Express 27 680

Sakamoto J, Goh T, Katayose S, Kasahara R, Hashimoto T
2019 Opt. Commaun. 433 221

Dong F X, Liu A J, Ma P J, Zheng W H 2018 J. Phys. D:
Appl. Phys. 51 495101

Michinel H, Costa M F, Frazao O, Pant B, Zhang W W,
Tran D, Banakar M, Du H, Yan X Z, Littlejohns C G, Reed
G T, Thomson D J 2020 EPJ Web of Conferences 238 1007
Chen H B, He Z J, Wang W 2018 Prog. Electromagn. Res.
Lett. 75 47

Dai D X, Wang J 2014 IEEE Photonics Soc. Newslett. 28 8
Dai D X, Bowers J E 2011 Opt. Ezpress 19 10940

Dai D X, Wang J, Shi Y C 2013 Opt. Lett. 38 1422

Chesca B, John D, Cantor R 2021 Appl. Phys. Lett. 118
42601

Nath J P, Dhingra N, Saxena G J, Sharma E K 2020 [EEE
Photonics Technol. Lett. 32 595

Jiang X P, Yuan H, He X, Du T, Ma H S, Li X, Luo M Y,
Zhang Z J, Huan C, Yu Y, Zhu G Y, Yan P G, Wu J G,
Zhang Z F, Yang J B 2023 Nanophotonics 12 1891
Maidment P, Sorel M 2022 Conference on Lasers and
FElectro-Optics (CLEO) San Jose, USA, May 15—20, 2022 pl
Jiang X P, Yuan H, Chen D B, Zhang Z J, Du T, Ma H S,
Yang J B 2021 Adv. Opt. Mater. 9 2100575

Jiang X P, Zhang Z J, Ma H S, Du T, Luo M Y, Liu D Q,
Yang J B 2022 Opt. Express 30 18250

Chang W J, Xu S 'Y, Cheng M F, Liu D M, Zhang M M
2020 Opt. Express 28 28343

Shastri B J, Tait A N, Ferreira D L T, Pernice W H P,
Bhaskaran H, Wright C D, Prucnal P R 2021 Nat.
Photonics 15 102

Li G HY, Sekine R, Nehra R, Gray R M, Ledezma L, Guo
Q S, Marandi A 2023 Nanophotonics 12 847

Yeung C, Pham B, Tsai R, Fountaine K T, Raman A P
2022 ACS Photonics 10 8384

Jiang L, Li X Z, Wu Q X, Wang L H, Gao L 2021 Opt.
Express 29 2521

Meng C, Qiu J F, Tian Y, Ye Z, Wu J 2016 15th
International Conference on Optical Communications and
Networks (ICOCN) Hangzhou, China, September 24—27,
2016 pl

An S S, Fowler C, Zheng B W, Shalaginov M Y, Tang H, Li
H, Zhou L, Ding J, Agarwal A M, Rivero-Baleine C,
Richardson K A, Gu T, Hu J J, Zhang H L 2019 ACS
Photonics 6 3196

Aocad A, Simsek M, Aydin Z 2017 Int. J. Numer. Model. 30
2129

Ma L F, Li J, Liu Z H, Zhang Y X, Zhang N E, Zheng S Q,
Lu C C 2021 Chin. Opt. Lett. 19 11301

Liu Y J, Sun W Z, Xie H C, Zhang N, Xu K, Yao Y, Xiao S
M, Song Q H 2018 Opt. Lett. 43 2482

An X P, Cao Y, Wei Y X, Zhou Z H, Hu T, Feng X, He G
Q, Zhao M, Yang Z Y 2021 Opt. Lett. 46 3881

Wiecha P R, Arbouet A, Girard C, Muskens O L 2021
Photonics Res. 9 182

(48]
[49]

[50]
[51]

/52]
53]
[54]
55)

[56]

[57]

[58]

[59]

[60]

[61]

(62]
(63]
[64]
[65]
[66]

(67]

[68]
[69]
[70]
(71]
[72]
(73]

(74]

[75]

184204-25

Zeng 7Z S, Lu L H, He P X, Liu D M, Zhang M M 2021
IEEE Photonics Technol. Lett. 33 1289

Yeung C, Ho D, Zhang Z, Raman A P, Pham B, Fountaine
K T, Levy K 2022 ACS Photonics 9 1577

Yu Z J, Cui HR, Sun X K 2017 Photonics Res. 5 15

Ma T G, Tobah M, Wang H Z, Guo L J 2022 Opto-
Electronic Science 1 210011

Schubert M F, Cheung A, Williamson I, Spyra A, Alexander
D H 2022 ACS Photonics 9 2327

Hodge J A, Mishra K V, Zaghloul A I 2021 arXiv:
2101.09131 [physics. app-ph]

Campbell S D, Werner D H, Werner P L 2021 Proc. SPIE
11769 117690N

Deotare P B 2012 Ph. D. Dissertation (Boston: Harvard
University)

Urban P J, Pluk E G C, Kleln E J, Koonen A M J, Khoe G
D, de Waardt H 2006 2nd Institution of Engineering and
Technology International Conference Osaka, Japan, June
21—22, 2006 p93

Shen Y C, Harris N C, Skirlo S, Prabhu M, Baehr-Jones T,
Hochberg M, Sun X, Zhao S, Larochelle H, Englund D,
Solja¢i¢ M 2017 Nat. Photonics 11 441

Yu T, Ma X, Pastor E, George J K, Wall S, Miscuglio M,
Simpson R E, Sorger V J 2021 arXiv: 2102.10398 [physics.
optics]

Wu C M, Yu H S, Lee S, Peng R M, Takeuchi I, Li M 2021
Nat. Commun. 12 96

Chen H, Li J T, Shang Z Y, Wang G Q, Zhang Z M, Zhao Z
X, Zhang M Y, Yin J D, Wang J Z, Guo K, Yang J B, Yan
P G 2022 Laser Photonics Rev. 16 2200254

Yang K Y, Skarda J, Cotrufo M, Dutt A, Ahn G H, Sawaby
M, Vercruysse D, Arbabian A, Fan S H, Ala A, Vuékovi¢ J
2020 Nat. Photonics 14 369

Wu Y T, Shi Y C, Zhao Y, Li L Y, Wu P H, Dai P, Fang
T, Chen X F 2019 Opt. Express 27 38541

Huang L C, Whitehead J, Colburn S, Majumdar A 2020
Photonics Res. 8 1613

GuoLH,HuZL, Wan R Q, Long L Y, Li T, Yan J C, Lin
Y, Zhang L, Zhu W H, Wang L. C 2018 Nanophotonics 8 171
Ossiander M, Meretska M L, Hampel H K, Lim S W D, K
N, Jauk T, Capasso F, Schultze M 2023 Science 380 59
LiTY,XuXH, FuBY, Wang S M, Li B J, Wang Z L,
Zhu S N 2021 Photonics Res. 9 1062

Guo W P, Liang W Y, Cheng C W, Wu W L, Wang Y T,
Sun Q, Zu S, Misawa H, Cheng P J, Chang S W, Ahn H,
Lin M, Gwo S 2020 Nano Lett. 20 2857

Ollanik A J, Smith J A, Belue M J, Escarra M D 2018 ACS
Photonics 5 1351

Huang J, Ma H S, Chen D B, Yuan H, Zhang J P, Li Z K,
Han J M, Wu J G, Yang J B 2021 Nanophotonics 10 1011
Sanchis P, Villalba P, Cuesta F, Hakansson A, Griol A,
Galan J V, Brimont A, Marti J 2009 Opt. Lett. 34 2760

Yu Z J, Cui H R, Sun X K 2017 Opt. Lett. 42 3093

Liu Z H, Liu X H, Xiao Z Y, Lu C C, Wang H Q, Wu Y, Hu
XY, LiuY C, Zhang HY, Zhang X D 2019 Optica 6 1367
Kennedy J, Eberhart R 1995 I[ICNN95-International
Conference on Neural Networks Perth, WA, Australia,
November 27—December 1, 1995 p1942

Chen W W, Zhang B H, Wang P J, Dai S X, Liang W, Li H
X, FuQ,LiJ LY, Dai T G, Yu H, Yang J Y 2020 Opt.
Express 28 30701

Qin F, Liu B Q, Zhu L W, Lei J, Fang W, Hu D J, Zhu Y,
Ma W D, Wang B W, Shi T, Cao Y Y, Guan B O, Qiu C


https://ieeexplore.ieee.org/document/5287354
https://ieeexplore.ieee.org/document/5287354
https://ieeexplore.ieee.org/document/5287354
https://ieeexplore.ieee.org/document/5287354
https://ieeexplore.ieee.org/document/5287354
https://ieeexplore.ieee.org/document/5287354
https://ieeexplore.ieee.org/document/5287354
https://ieeexplore.ieee.org/document/5287354
https://ieeexplore.ieee.org/document/5287354
https://doi.org/10.1126/sciadv.abc0711
https://doi.org/10.1126/sciadv.abc0711
https://doi.org/10.1126/sciadv.abc0711
https://doi.org/10.1126/sciadv.abc0711
https://doi.org/10.1126/sciadv.abc0711
https://doi.org/10.1126/sciadv.abc0711
https://doi.org/10.1364/OE.27.000680
https://doi.org/10.1364/OE.27.000680
https://doi.org/10.1364/OE.27.000680
https://doi.org/10.1364/OE.27.000680
https://doi.org/10.1364/OE.27.000680
https://doi.org/10.1364/OE.27.000680
https://doi.org/10.1364/OE.27.000680
https://doi.org/10.1364/OE.27.000680
https://doi.org/10.1016/j.optcom.2018.09.068
https://doi.org/10.1016/j.optcom.2018.09.068
https://doi.org/10.1016/j.optcom.2018.09.068
https://doi.org/10.1016/j.optcom.2018.09.068
https://doi.org/10.1016/j.optcom.2018.09.068
https://doi.org/10.1016/j.optcom.2018.09.068
https://doi.org/10.1016/j.optcom.2018.09.068
https://doi.org/10.1088/1361-6463/aae335
https://doi.org/10.1088/1361-6463/aae335
https://doi.org/10.1088/1361-6463/aae335
https://doi.org/10.1088/1361-6463/aae335
https://doi.org/10.1088/1361-6463/aae335
https://doi.org/10.1088/1361-6463/aae335
https://doi.org/10.1088/1361-6463/aae335
https://doi.org/10.1088/1361-6463/aae335
https://doi.org/10.1051/epjconf/202023801007
https://doi.org/10.1051/epjconf/202023801007
https://doi.org/10.1051/epjconf/202023801007
https://doi.org/10.1051/epjconf/202023801007
https://doi.org/10.1051/epjconf/202023801007
https://doi.org/10.1051/epjconf/202023801007
https://doi.org/10.1051/epjconf/202023801007
https://doi.org/10.2528/PIERL18012902
https://doi.org/10.2528/PIERL18012902
https://doi.org/10.2528/PIERL18012902
https://doi.org/10.2528/PIERL18012902
https://doi.org/10.2528/PIERL18012902
https://doi.org/10.2528/PIERL18012902
https://doi.org/10.2528/PIERL18012902
https://doi.org/10.2528/PIERL18012902
https://www.researchgate.net/publication/284652901_Multi-channel_silicon_mode_demultiplexer_based_on_asymmetrical_directional_couplers_for_on-chip_optical_interconnects
https://www.researchgate.net/publication/284652901_Multi-channel_silicon_mode_demultiplexer_based_on_asymmetrical_directional_couplers_for_on-chip_optical_interconnects
https://www.researchgate.net/publication/284652901_Multi-channel_silicon_mode_demultiplexer_based_on_asymmetrical_directional_couplers_for_on-chip_optical_interconnects
https://www.researchgate.net/publication/284652901_Multi-channel_silicon_mode_demultiplexer_based_on_asymmetrical_directional_couplers_for_on-chip_optical_interconnects
https://www.researchgate.net/publication/284652901_Multi-channel_silicon_mode_demultiplexer_based_on_asymmetrical_directional_couplers_for_on-chip_optical_interconnects
https://www.researchgate.net/publication/284652901_Multi-channel_silicon_mode_demultiplexer_based_on_asymmetrical_directional_couplers_for_on-chip_optical_interconnects
https://www.researchgate.net/publication/284652901_Multi-channel_silicon_mode_demultiplexer_based_on_asymmetrical_directional_couplers_for_on-chip_optical_interconnects
https://doi.org/10.1364/OE.19.010940
https://doi.org/10.1364/OE.19.010940
https://doi.org/10.1364/OE.19.010940
https://doi.org/10.1364/OE.19.010940
https://doi.org/10.1364/OE.19.010940
https://doi.org/10.1364/OE.19.010940
https://doi.org/10.1364/OE.19.010940
https://doi.org/10.1364/OL.38.001422
https://doi.org/10.1364/OL.38.001422
https://doi.org/10.1364/OL.38.001422
https://doi.org/10.1364/OL.38.001422
https://doi.org/10.1364/OL.38.001422
https://doi.org/10.1364/OL.38.001422
https://doi.org/10.1364/OL.38.001422
https://doi.org/10.1063/5.0032645
https://doi.org/10.1063/5.0032645
https://doi.org/10.1063/5.0032645
https://doi.org/10.1063/5.0032645
https://doi.org/10.1063/5.0032645
https://doi.org/10.1063/5.0032645
https://doi.org/10.1109/LPT.2020.2985959
https://doi.org/10.1109/LPT.2020.2985959
https://doi.org/10.1109/LPT.2020.2985959
https://doi.org/10.1109/LPT.2020.2985959
https://doi.org/10.1109/LPT.2020.2985959
https://doi.org/10.1109/LPT.2020.2985959
https://doi.org/10.1109/LPT.2020.2985959
https://doi.org/10.1109/LPT.2020.2985959
https://doi.org/10.1515/nanoph-2023-0067
https://doi.org/10.1515/nanoph-2023-0067
https://doi.org/10.1515/nanoph-2023-0067
https://doi.org/10.1515/nanoph-2023-0067
https://doi.org/10.1515/nanoph-2023-0067
https://doi.org/10.1515/nanoph-2023-0067
https://doi.org/10.1515/nanoph-2023-0067
https://ieeexplore.ieee.org/document/9890525/
https://ieeexplore.ieee.org/document/9890525/
https://ieeexplore.ieee.org/document/9890525/
https://ieeexplore.ieee.org/document/9890525/
https://ieeexplore.ieee.org/document/9890525/
https://ieeexplore.ieee.org/document/9890525/
https://ieeexplore.ieee.org/document/9890525/
https://ieeexplore.ieee.org/document/9890525/
https://ieeexplore.ieee.org/document/9890525/
https://ieeexplore.ieee.org/document/9890525/
https://doi.org/10.1002/adom.202100575
https://doi.org/10.1002/adom.202100575
https://doi.org/10.1002/adom.202100575
https://doi.org/10.1002/adom.202100575
https://doi.org/10.1002/adom.202100575
https://doi.org/10.1002/adom.202100575
https://doi.org/10.1002/adom.202100575
https://doi.org/10.1364/OE.456791
https://doi.org/10.1364/OE.456791
https://doi.org/10.1364/OE.456791
https://doi.org/10.1364/OE.456791
https://doi.org/10.1364/OE.456791
https://doi.org/10.1364/OE.456791
https://doi.org/10.1364/OE.456791
https://doi.org/10.1364/OE.399052
https://doi.org/10.1364/OE.399052
https://doi.org/10.1364/OE.399052
https://doi.org/10.1364/OE.399052
https://doi.org/10.1364/OE.399052
https://doi.org/10.1364/OE.399052
https://doi.org/10.1364/OE.399052
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1515/nanoph-2022-0137
https://doi.org/10.1515/nanoph-2022-0137
https://doi.org/10.1515/nanoph-2022-0137
https://doi.org/10.1515/nanoph-2022-0137
https://doi.org/10.1515/nanoph-2022-0137
https://doi.org/10.1515/nanoph-2022-0137
https://doi.org/10.1515/nanoph-2022-0137
https://doi.org/10.1021/acsphotonics.2c00968
https://doi.org/10.1021/acsphotonics.2c00968
https://doi.org/10.1021/acsphotonics.2c00968
https://doi.org/10.1021/acsphotonics.2c00968
https://doi.org/10.1021/acsphotonics.2c00968
https://doi.org/10.1021/acsphotonics.2c00968
https://doi.org/10.1021/acsphotonics.2c00968
https://doi.org/10.1364/OE.413079
https://doi.org/10.1364/OE.413079
https://doi.org/10.1364/OE.413079
https://doi.org/10.1364/OE.413079
https://doi.org/10.1364/OE.413079
https://doi.org/10.1364/OE.413079
https://doi.org/10.1364/OE.413079
https://doi.org/10.1364/OE.413079
https://ieeexplore.ieee.org/document/7875589
https://ieeexplore.ieee.org/document/7875589
https://ieeexplore.ieee.org/document/7875589
https://ieeexplore.ieee.org/document/7875589
https://ieeexplore.ieee.org/document/7875589
https://ieeexplore.ieee.org/document/7875589
https://ieeexplore.ieee.org/document/7875589
https://ieeexplore.ieee.org/document/7875589
https://ieeexplore.ieee.org/document/7875589
https://ieeexplore.ieee.org/document/7875589
https://doi.org/10.1021/acsphotonics.9b00966
https://doi.org/10.1021/acsphotonics.9b00966
https://doi.org/10.1021/acsphotonics.9b00966
https://doi.org/10.1021/acsphotonics.9b00966
https://doi.org/10.1021/acsphotonics.9b00966
https://doi.org/10.1021/acsphotonics.9b00966
https://doi.org/10.1021/acsphotonics.9b00966
https://doi.org/10.1021/acsphotonics.9b00966
https://doi.org/10.1002/jnm.2129
https://doi.org/10.1002/jnm.2129
https://doi.org/10.1002/jnm.2129
https://doi.org/10.1002/jnm.2129
https://doi.org/10.1002/jnm.2129
https://doi.org/10.1002/jnm.2129
https://doi.org/10.3788/COL202119.011301
https://doi.org/10.3788/COL202119.011301
https://doi.org/10.3788/COL202119.011301
https://doi.org/10.3788/COL202119.011301
https://doi.org/10.3788/COL202119.011301
https://doi.org/10.3788/COL202119.011301
https://doi.org/10.3788/COL202119.011301
https://doi.org/10.1364/OL.43.002482
https://doi.org/10.1364/OL.43.002482
https://doi.org/10.1364/OL.43.002482
https://doi.org/10.1364/OL.43.002482
https://doi.org/10.1364/OL.43.002482
https://doi.org/10.1364/OL.43.002482
https://doi.org/10.1364/OL.43.002482
https://doi.org/10.1364/OL.427221
https://doi.org/10.1364/OL.427221
https://doi.org/10.1364/OL.427221
https://doi.org/10.1364/OL.427221
https://doi.org/10.1364/OL.427221
https://doi.org/10.1364/OL.427221
https://doi.org/10.1364/OL.427221
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.1109/LPT.2021.3116765
https://doi.org/10.1109/LPT.2021.3116765
https://doi.org/10.1109/LPT.2021.3116765
https://doi.org/10.1109/LPT.2021.3116765
https://doi.org/10.1109/LPT.2021.3116765
https://doi.org/10.1109/LPT.2021.3116765
https://doi.org/10.1021/acsphotonics.1c01636
https://doi.org/10.1021/acsphotonics.1c01636
https://doi.org/10.1021/acsphotonics.1c01636
https://doi.org/10.1021/acsphotonics.1c01636
https://doi.org/10.1021/acsphotonics.1c01636
https://doi.org/10.1021/acsphotonics.1c01636
https://doi.org/10.1021/acsphotonics.1c01636
https://doi.org/10.1364/PRJ.5.000015
https://doi.org/10.1364/PRJ.5.000015
https://doi.org/10.1364/PRJ.5.000015
https://doi.org/10.1364/PRJ.5.000015
https://doi.org/10.1364/PRJ.5.000015
https://doi.org/10.1364/PRJ.5.000015
https://doi.org/10.1364/PRJ.5.000015
https://doi.org/10.29026/oes.2022.210011
https://doi.org/10.29026/oes.2022.210011
https://doi.org/10.29026/oes.2022.210011
https://doi.org/10.29026/oes.2022.210011
https://doi.org/10.29026/oes.2022.210011
https://doi.org/10.29026/oes.2022.210011
https://doi.org/10.29026/oes.2022.210011
https://doi.org/10.29026/oes.2022.210011
https://doi.org/10.29026/oes.2022.210011
https://doi.org/10.1021/acsphotonics.2c00313
https://doi.org/10.1021/acsphotonics.2c00313
https://doi.org/10.1021/acsphotonics.2c00313
https://doi.org/10.1021/acsphotonics.2c00313
https://doi.org/10.1021/acsphotonics.2c00313
https://doi.org/10.1021/acsphotonics.2c00313
https://doi.org/10.1021/acsphotonics.2c00313
https://www.doi.org/10.48550/arXiv.2101.09131
https://www.doi.org/10.48550/arXiv.2101.09131
https://www.doi.org/10.48550/arXiv.2101.09131
https://www.doi.org/10.48550/arXiv.2101.09131
https://doi.org/10.1117/12.2589333
https://doi.org/10.1117/12.2589333
https://doi.org/10.1117/12.2589333
https://doi.org/10.1117/12.2589333
https://doi.org/10.1117/12.2589333
https://doi.org/10.1117/12.2589333
https://www.doi.org/10.1049/cp:20060334
https://www.doi.org/10.1049/cp:20060334
https://www.doi.org/10.1049/cp:20060334
https://www.doi.org/10.1049/cp:20060334
https://www.doi.org/10.1049/cp:20060334
https://www.doi.org/10.1049/cp:20060334
https://www.doi.org/10.1049/cp:20060334
https://www.doi.org/10.1049/cp:20060334
https://www.doi.org/10.1049/cp:20060334
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1038/nphoton.2017.93
https://www.doi.org/10.48550/arXiv.2102.10398
https://www.doi.org/10.48550/arXiv.2102.10398
https://doi.org/10.1038/s41467-020-20365-z
https://doi.org/10.1038/s41467-020-20365-z
https://doi.org/10.1038/s41467-020-20365-z
https://doi.org/10.1038/s41467-020-20365-z
https://doi.org/10.1038/s41467-020-20365-z
https://doi.org/10.1038/s41467-020-20365-z
https://doi.org/10.1002/lpor.202200254
https://doi.org/10.1002/lpor.202200254
https://doi.org/10.1002/lpor.202200254
https://doi.org/10.1002/lpor.202200254
https://doi.org/10.1002/lpor.202200254
https://doi.org/10.1002/lpor.202200254
https://doi.org/10.1002/lpor.202200254
https://doi.org/10.1038/s41566-020-0606-0
https://doi.org/10.1038/s41566-020-0606-0
https://doi.org/10.1038/s41566-020-0606-0
https://doi.org/10.1038/s41566-020-0606-0
https://doi.org/10.1038/s41566-020-0606-0
https://doi.org/10.1038/s41566-020-0606-0
https://doi.org/10.1038/s41566-020-0606-0
https://doi.org/10.1364/OE.27.038541
https://doi.org/10.1364/OE.27.038541
https://doi.org/10.1364/OE.27.038541
https://doi.org/10.1364/OE.27.038541
https://doi.org/10.1364/OE.27.038541
https://doi.org/10.1364/OE.27.038541
https://doi.org/10.1364/OE.27.038541
https://doi.org/10.1364/PRJ.396839
https://doi.org/10.1364/PRJ.396839
https://doi.org/10.1364/PRJ.396839
https://doi.org/10.1364/PRJ.396839
https://doi.org/10.1364/PRJ.396839
https://doi.org/10.1364/PRJ.396839
https://doi.org/10.1515/nanoph-2018-0151
https://doi.org/10.1515/nanoph-2018-0151
https://doi.org/10.1515/nanoph-2018-0151
https://doi.org/10.1515/nanoph-2018-0151
https://doi.org/10.1515/nanoph-2018-0151
https://doi.org/10.1515/nanoph-2018-0151
https://doi.org/10.1515/nanoph-2018-0151
https://doi.org/10.1126/science.adg6881
https://doi.org/10.1126/science.adg6881
https://doi.org/10.1126/science.adg6881
https://doi.org/10.1126/science.adg6881
https://doi.org/10.1126/science.adg6881
https://doi.org/10.1126/science.adg6881
https://doi.org/10.1126/science.adg6881
https://doi.org/10.1364/PRJ.421121
https://doi.org/10.1364/PRJ.421121
https://doi.org/10.1364/PRJ.421121
https://doi.org/10.1364/PRJ.421121
https://doi.org/10.1364/PRJ.421121
https://doi.org/10.1364/PRJ.421121
https://doi.org/10.1364/PRJ.421121
https://doi.org/10.1021/acs.nanolett.0c00645
https://doi.org/10.1021/acs.nanolett.0c00645
https://doi.org/10.1021/acs.nanolett.0c00645
https://doi.org/10.1021/acs.nanolett.0c00645
https://doi.org/10.1021/acs.nanolett.0c00645
https://doi.org/10.1021/acs.nanolett.0c00645
https://doi.org/10.1021/acs.nanolett.0c00645
https://doi.org/10.1021/acsphotonics.7b01368
https://doi.org/10.1021/acsphotonics.7b01368
https://doi.org/10.1021/acsphotonics.7b01368
https://doi.org/10.1021/acsphotonics.7b01368
https://doi.org/10.1021/acsphotonics.7b01368
https://doi.org/10.1021/acsphotonics.7b01368
https://doi.org/10.1021/acsphotonics.7b01368
https://doi.org/10.1021/acsphotonics.7b01368
https://doi.org/10.1515/nanoph-2020-0494
https://doi.org/10.1515/nanoph-2020-0494
https://doi.org/10.1515/nanoph-2020-0494
https://doi.org/10.1515/nanoph-2020-0494
https://doi.org/10.1515/nanoph-2020-0494
https://doi.org/10.1515/nanoph-2020-0494
https://doi.org/10.1515/nanoph-2020-0494
https://doi.org/10.1364/OL.34.002760
https://doi.org/10.1364/OL.34.002760
https://doi.org/10.1364/OL.34.002760
https://doi.org/10.1364/OL.34.002760
https://doi.org/10.1364/OL.34.002760
https://doi.org/10.1364/OL.34.002760
https://doi.org/10.1364/OL.34.002760
https://doi.org/10.1364/OL.42.003093
https://doi.org/10.1364/OL.42.003093
https://doi.org/10.1364/OL.42.003093
https://doi.org/10.1364/OL.42.003093
https://doi.org/10.1364/OL.42.003093
https://doi.org/10.1364/OL.42.003093
https://doi.org/10.1364/OL.42.003093
https://doi.org/10.1364/OPTICA.6.001367
https://doi.org/10.1364/OPTICA.6.001367
https://doi.org/10.1364/OPTICA.6.001367
https://doi.org/10.1364/OPTICA.6.001367
https://doi.org/10.1364/OPTICA.6.001367
https://doi.org/10.1364/OPTICA.6.001367
https://doi.org/10.1364/OPTICA.6.001367
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://www.doi.org/10.1109/ICNN.1995.488968
https://doi.org/10.1364/OE.408432
https://doi.org/10.1364/OE.408432
https://doi.org/10.1364/OE.408432
https://doi.org/10.1364/OE.408432
https://doi.org/10.1364/OE.408432
https://doi.org/10.1364/OE.408432
https://doi.org/10.1364/OE.408432
https://doi.org/10.1364/OE.408432
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 18 (2023)

184204

[76]

[77)
78]
[79]
80]
81]
82]
83]
84]

(85]

(86]
(87]
(88
(89]
[90]
[91]
(92]
93]

(94]

[95]
[96]

[97]

98]
[99]
[100]

[101]
[102]

[103)

[104]

W, LuY R, Li X P 2021 Nat. Commun. 12 32

Chen W W, Lin J, Li H X, Wang P J, Dai S X, Liu Y X,
Yao R K, Li J, Fu Q, Dai T G, Yang J Y 2022 Opt. Ezpress
30 46236

Seldowitz M A, Allebach J P, Sweeney D W 1987 Appl.
Optics 26 2788

Shen B, Wang P, Polson R, Menon R 2014 Opt. Ezpress 22
27175

Shen B, Wang P, Polson R, Menon R 2015 Nat. Photonics 9
378

Wen X, Xu K, Song Q H 2016 Photonics Res. 4 209

Zhou F Y, Lu L L Z, Zhang M M, Chang W J, Li D Y,
Deng L, Liu D M 2017 Conference on Lasers and Electro-
Optics (CLEO) San Jose, USA, May 14—19, 2017 pl

Cao Y, Li S T, Petzold L, Serban R 2003 SIAM J. Sci.
Comput. 24 1076

Jameson A 2003 Aerodynamic Shape Optimization Using the
Adjoint Method (Brussels: Von Karman Institute)
McNamara A, Treuille A, PopovicZ 2004 ACM
Transactions On Graphics (TOG) 3 449

Pedersen C B W, Allinger P 2006 IUTAM Symposium on
Topological Design Optimization of Structures, Machines
and Materials, Copenhagen, Denmark, 2006 p229
Lalau-Keraly C M, Bhargava S, Miller O D, Yablonovitch E
2013 Opt. Express 21 21693

Hughes T W, Minkov M, Williamson I A D, Fan S H 2018
ACS Photonics 5 4781

Michaels A, Yablonovitch E 2018 Opt. Express 26 4766

Dai Y H 2002 SIAM J. Optimiz. 13 693

Rumelhart D E, Hinton G E, Williams R J 1986 Nature 323
533

Sermanet P, Eigen D, Zhang X, Mathieu M, Fergus R,
LeCun Y 2013 arXiv: 1312.6229 [cs.CV]

Girshick R, Donahue J, Darrell T, Malik J 2016 [EEE T.
Pattern Anal. 38 142

Ren S Q, He K M, Girshick R, Sun J 2017 IEEE T. Pattern
Anal. 39 1137

Redmon J, Divvala S, Girshick R, Farhadi A 2016 [EEE
Conference on Computer Vision and Pattern Recognition
(CVPR) Las Vegas, USA, June 27—30, 2016 p779

Wang S, Fei S 2019 Industrial Control Computer 32 103 (in
Chinese) [JEAR, #HHIR 2019 Tl 5 hli34 41 32 103]

Lin T Y, Dollar P, Girshick R, He K, Hariharan B, Belongie
S 2016 arXiv: 1612.03144 [cs.CV]

Joseph R A F 2017 IEEE Conference on Computer Vision
and Pattern Recognition (CVPR) Honolulu, USA, July
21—26, 2017 p6517

Lin T 'Y, Goyal P, Girshick R, He K M, Dollar P 2020 I[FEE
Trans. Pattern Anal. 42 318

Redmon J, Farhadi A 2018 arXiv: 1804.02767v1 [cs.CV]

Tan M X, Pang R M, Le Q V 2020 [EEE/CVF Conference
on Computer Vision and Pattern Recognition (CVPR)
Seattle, USA, June 13—19, 2020 p10778

Bahdanau D, Cho K, Bengio Y 2014 Statistics 3 1467
Nguyen H Q, Nguyen T M, Vu H H, Nguyen V V, Nguyen
P T, Dao T N M, Tran K H, Dinh K Q 2019 6th
NAFOSTED Conference on Information and Computer
Science (NICS) Hanoi, Vietnam, December 12—13, 2019
p240

Wu Y H, Schuster M, Chen Z F, Le Q V, Norouzi M 2016
arXiv: 1609.08144 [cs.CL]

Cho K, van Merrienboer B, Bahdanau D, Bengio Y 2014
Statistics 2 1467

[105)

[106]

[107]
[108]
[109]

[110]

[111]

[112]

[113]

[114]
[115)

[116]

[125]

[126]
[127]

[128]

[129]

[130)

184204-26

Sennrich R, Haddow B, Birch A 2015 arXiv: 1511.06709
[cs.CL]

Johnson M, Schuster M, Le Q V, Krikun M, Wu Y H, Chen
Z F, Thorat N, Viégas F, Wattenberg M, Corrado G, Dean
M H 2017 T. Assoc. Comput. Ling. 5 339

Jean S, Cho K, Memisevic R, Bengio Y 2014 arXiv:
1412.2007 [cs.CL]

Tu Z P, Lu Z D, Liu Y, Liu X H, Li H 2016 arXiv:
1601.04811 [cs.CL]

Gao L, Mi H B, Zhu B Q, Feng D W, Li Y C, Peng Y X
2019 IEEE Access 7 105319

LiY C, Feng D W, Lu M L, Li D S 2019 In Knowledge
Science, Engineering and Management: 12th International
Conference, KSEM Athens, Greece, August 28—30, 2019
p37

LiYC,Chen HX, Sun X G,Sun Z C, Li L, Cui L Z, Yu P
S, Xu G D 2021 CIKM '21: Proceedings of the 30th ACM
& Knowledge
Management Queensland Australia, November 1—5, 2021
p988

LiYC,Chen HX, Li YL, LiL, Yu P S, Xu G D 2023
IEEE T. Knowl. Data En. (early access) DOIL: 10.1109/TK
DE.2023.3237741

Chen HX, LiY C, Sun X G, Xu G D, Yin H Z 2021 WSDM
'21: Proceedings of the 14th ACM International Conference
on Web Search and Data Mining Virtual Event Israel,
March 8—12, 2021 p1056

Hammond A M, Camacho R M 2019 Opt. Express 27 29620
Tu X, Xie W S, Chen Z M, Ge M F, Huang T Y, Song C L,
FuHY 2021 J. Lightwave Technol. 39 2790

An S S, Zheng B W, Shalaginov M Y, Tang H, Li H, Zhou
L, Dong Y X, Haerinia M, Agarwal A M, Rivero B C, Kang
M, Richardson K A, Gu T, Hu J J, Fowler C, Zhang H L
2022 Adv. Opt. Mater. 10 2102113

Liu D J, Tan Y X, Khoram E F, Yu Z F 2018 ACS
Photonics 5 1365

Ren Y M, Zhang L. X, Wang W Q, Wang X Y, Lei Y F, Xue
Y L, Sun X C, Zhang W F 2021 Photonics Res. 9 B247

Zhao Z Y, You J, Zhang J, Du S Y, Tao Z L, Tang Y H,
Jiang T 2022 Nanophotonics 11 4465

Yeung C, Tsai R, Pham B, King B, Kawagoe Y, Ho D,
Liang J, Knight M W, Raman A P 2021 Adv. Opt. Mater 9
2100548

Meindl J D 2003 Comput. Sci. Eng. 5 20

Mack C A. 2011 [EEE T. Semiconduct. M. 24 202

Schaller R R 1997 IEEE Spectrum 34 52

Zhang Y, Yang S Y, Lim A E J, Lo G Q, Galland C, Bachr-
Jones T, Hochberg M 2013 Opt. Express 21 1310

Kumari S, Prince S 2022 International Conference on

International Conference on Information

Wireless Communications Signal Processing and Networking
(WiSPNET) Chennai, India, March 24—26, 2022 p231
Chang W J, Ren X S, Ao Y Q, Lu LL H, Cheng M F, Deng
L, Liu D M, Zhang M M 2018 Opt. Express 26 24135

Xu J F, Liu Y J, Guo X Y, Song Q H, Xu K 2022 Opt.
Ezxpress 30 26266

Zhu J B, Chao Q, Huang H Y, Zhao Y X, Li Y, Tao L, She
X J, Liao H, Huang R, Zhu Z J, Liu X, Sheng Z, Gan F W
2021 Appl. Opt. 60 413

Sheng J C, Liu Y J, Xu K 2019 The International Photonics
and Optoelectronics Meeting Wuhan China,
11—14, 2019 paper OW3D.6

Chang W J, Lu L L Z, Ren X S, Li D Y, Pan Z P, Cheng M
F, Liu D M, Zhang M M 2018 Opt. Express 26 8162

November


https://doi.org/10.1038/s41467-020-20278-x
https://doi.org/10.1038/s41467-020-20278-x
https://doi.org/10.1038/s41467-020-20278-x
https://doi.org/10.1038/s41467-020-20278-x
https://doi.org/10.1038/s41467-020-20278-x
https://doi.org/10.1038/s41467-020-20278-x
https://doi.org/10.1038/s41467-020-20278-x
https://doi.org/10.1364/OE.471397
https://doi.org/10.1364/OE.471397
https://doi.org/10.1364/OE.471397
https://doi.org/10.1364/OE.471397
https://doi.org/10.1364/OE.471397
https://doi.org/10.1364/OE.471397
https://doi.org/10.1364/AO.26.002788
https://doi.org/10.1364/AO.26.002788
https://doi.org/10.1364/AO.26.002788
https://doi.org/10.1364/AO.26.002788
https://doi.org/10.1364/AO.26.002788
https://doi.org/10.1364/AO.26.002788
https://doi.org/10.1364/AO.26.002788
https://doi.org/10.1364/AO.26.002788
https://doi.org/10.1364/OE.22.027175
https://doi.org/10.1364/OE.22.027175
https://doi.org/10.1364/OE.22.027175
https://doi.org/10.1364/OE.22.027175
https://doi.org/10.1364/OE.22.027175
https://doi.org/10.1364/OE.22.027175
https://doi.org/10.1038/nphoton.2015.80
https://doi.org/10.1038/nphoton.2015.80
https://doi.org/10.1038/nphoton.2015.80
https://doi.org/10.1038/nphoton.2015.80
https://doi.org/10.1038/nphoton.2015.80
https://doi.org/10.1038/nphoton.2015.80
https://doi.org/10.1364/PRJ.4.000209
https://doi.org/10.1364/PRJ.4.000209
https://doi.org/10.1364/PRJ.4.000209
https://doi.org/10.1364/PRJ.4.000209
https://doi.org/10.1364/PRJ.4.000209
https://doi.org/10.1364/PRJ.4.000209
https://doi.org/10.1364/PRJ.4.000209
https://ieeexplore.ieee.org/document/8083520
https://ieeexplore.ieee.org/document/8083520
https://ieeexplore.ieee.org/document/8083520
https://ieeexplore.ieee.org/document/8083520
https://ieeexplore.ieee.org/document/8083520
https://ieeexplore.ieee.org/document/8083520
https://ieeexplore.ieee.org/document/8083520
https://ieeexplore.ieee.org/document/8083520
https://ieeexplore.ieee.org/document/8083520
https://doi.org/10.1137/S1064827501380630
https://doi.org/10.1137/S1064827501380630
https://doi.org/10.1137/S1064827501380630
https://doi.org/10.1137/S1064827501380630
https://doi.org/10.1137/S1064827501380630
https://doi.org/10.1137/S1064827501380630
https://doi.org/10.1137/S1064827501380630
https://doi.org/10.1137/S1064827501380630
https://www.researchgate.net/publication/311885528_Aerodynamic_shape_optimization_using_the_adjoint_method
https://www.researchgate.net/publication/311885528_Aerodynamic_shape_optimization_using_the_adjoint_method
https://www.researchgate.net/publication/311885528_Aerodynamic_shape_optimization_using_the_adjoint_method
https://www.researchgate.net/publication/311885528_Aerodynamic_shape_optimization_using_the_adjoint_method
https://www.researchgate.net/publication/311885528_Aerodynamic_shape_optimization_using_the_adjoint_method
https://www.researchgate.net/publication/311885528_Aerodynamic_shape_optimization_using_the_adjoint_method
https://doi.org/10.1145/1015706.1015744
https://doi.org/10.1145/1015706.1015744
https://doi.org/10.1145/1015706.1015744
https://doi.org/10.1145/1015706.1015744
https://doi.org/10.1145/1015706.1015744
https://doi.org/10.1145/1015706.1015744
https://doi.org/10.1145/1015706.1015744
https://doi.org/10.1145/1015706.1015744
https://link.springer.com/chapter/10.1007/1-4020-4752-5_23
https://link.springer.com/chapter/10.1007/1-4020-4752-5_23
https://link.springer.com/chapter/10.1007/1-4020-4752-5_23
https://link.springer.com/chapter/10.1007/1-4020-4752-5_23
https://link.springer.com/chapter/10.1007/1-4020-4752-5_23
https://link.springer.com/chapter/10.1007/1-4020-4752-5_23
https://doi.org/10.1364/OE.21.021693
https://doi.org/10.1364/OE.21.021693
https://doi.org/10.1364/OE.21.021693
https://doi.org/10.1364/OE.21.021693
https://doi.org/10.1364/OE.21.021693
https://doi.org/10.1364/OE.21.021693
https://doi.org/10.1364/OE.21.021693
https://doi.org/10.1021/acsphotonics.8b01522
https://doi.org/10.1021/acsphotonics.8b01522
https://doi.org/10.1021/acsphotonics.8b01522
https://doi.org/10.1021/acsphotonics.8b01522
https://doi.org/10.1021/acsphotonics.8b01522
https://doi.org/10.1021/acsphotonics.8b01522
https://doi.org/10.1364/OE.26.004766
https://doi.org/10.1364/OE.26.004766
https://doi.org/10.1364/OE.26.004766
https://doi.org/10.1364/OE.26.004766
https://doi.org/10.1364/OE.26.004766
https://doi.org/10.1364/OE.26.004766
https://doi.org/10.1364/OE.26.004766
https://doi.org/10.1137/S1052623401383455
https://doi.org/10.1137/S1052623401383455
https://doi.org/10.1137/S1052623401383455
https://doi.org/10.1137/S1052623401383455
https://doi.org/10.1137/S1052623401383455
https://doi.org/10.1137/S1052623401383455
https://doi.org/10.1137/S1052623401383455
https://doi.org/10.1038/323533a0
https://doi.org/10.1038/323533a0
https://doi.org/10.1038/323533a0
https://doi.org/10.1038/323533a0
https://doi.org/10.1038/323533a0
https://doi.org/10.1038/323533a0
https://www.doi.org/10.48550/arXiv.1312.6229
https://doi.org/10.1109/TPAMI.2015.2437384
https://doi.org/10.1109/TPAMI.2015.2437384
https://doi.org/10.1109/TPAMI.2015.2437384
https://doi.org/10.1109/TPAMI.2015.2437384
https://doi.org/10.1109/TPAMI.2015.2437384
https://doi.org/10.1109/TPAMI.2015.2437384
https://doi.org/10.1109/TPAMI.2015.2437384
https://doi.org/10.1109/TPAMI.2015.2437384
https://doi.org/10.1109/TPAMI.2016.2577031
https://doi.org/10.1109/TPAMI.2016.2577031
https://doi.org/10.1109/TPAMI.2016.2577031
https://doi.org/10.1109/TPAMI.2016.2577031
https://doi.org/10.1109/TPAMI.2016.2577031
https://doi.org/10.1109/TPAMI.2016.2577031
https://doi.org/10.1109/TPAMI.2016.2577031
https://doi.org/10.1109/TPAMI.2016.2577031
https://www.doi.org/10.1109/CVPR.2016.91
https://www.doi.org/10.1109/CVPR.2016.91
https://www.doi.org/10.1109/CVPR.2016.91
https://www.doi.org/10.1109/CVPR.2016.91
https://www.doi.org/10.1109/CVPR.2016.91
https://www.doi.org/10.1109/CVPR.2016.91
https://www.doi.org/10.1109/CVPR.2016.91
https://www.doi.org/10.1109/CVPR.2016.91
https://www.doi.org/10.1109/CVPR.2016.91
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/http://qikan.cqvip.com/Qikan/Article/Detail?id=7001769990
https://doi.org/10.48550/arXiv.1612.03144
https://www.doi.org/10.48550/arXiv.1612.08242
https://www.doi.org/10.48550/arXiv.1612.08242
https://www.doi.org/10.48550/arXiv.1612.08242
https://www.doi.org/10.48550/arXiv.1612.08242
https://www.doi.org/10.48550/arXiv.1612.08242
https://www.doi.org/10.48550/arXiv.1612.08242
https://www.doi.org/10.48550/arXiv.1612.08242
https://www.doi.org/10.48550/arXiv.1612.08242
https://www.doi.org/10.48550/arXiv.1612.08242
https://doi.org/10.1109/TPAMI.2018.2858826
https://doi.org/10.1109/TPAMI.2018.2858826
https://doi.org/10.1109/TPAMI.2018.2858826
https://doi.org/10.1109/TPAMI.2018.2858826
https://doi.org/10.1109/TPAMI.2018.2858826
https://doi.org/10.1109/TPAMI.2018.2858826
https://doi.org/10.1109/TPAMI.2018.2858826
https://doi.org/10.1109/TPAMI.2018.2858826
https://www.doi.org/10.48550/arXiv.1804.02767
https://ieeexplore.ieee.org/document/9156454
https://ieeexplore.ieee.org/document/9156454
https://ieeexplore.ieee.org/document/9156454
https://ieeexplore.ieee.org/document/9156454
https://ieeexplore.ieee.org/document/9156454
https://ieeexplore.ieee.org/document/9156454
https://ieeexplore.ieee.org/document/9156454
https://doi.org/10.48550/arXiv.1409.0473
https://doi.org/10.48550/arXiv.1409.0473
https://doi.org/10.48550/arXiv.1409.0473
https://doi.org/10.48550/arXiv.1409.0473
https://doi.org/10.48550/arXiv.1409.0473
https://doi.org/10.48550/arXiv.1409.0473
https://doi.org/10.48550/arXiv.1409.0473
https://ieeexplore.ieee.org/document/9023793
https://ieeexplore.ieee.org/document/9023793
https://ieeexplore.ieee.org/document/9023793
https://ieeexplore.ieee.org/document/9023793
https://ieeexplore.ieee.org/document/9023793
https://ieeexplore.ieee.org/document/9023793
https://ieeexplore.ieee.org/document/9023793
https://ieeexplore.ieee.org/document/9023793
https://ieeexplore.ieee.org/document/9023793
https://ieeexplore.ieee.org/document/9023793
https://www.doi.org/10.48550/arXiv.1609.08144
https://www.doi.org/10.48550/arXiv.1609.08144
https://doi.org/10.48550/arXiv.1409.1259
https://doi.org/10.48550/arXiv.1409.1259
https://doi.org/10.48550/arXiv.1409.1259
https://doi.org/10.48550/arXiv.1409.1259
https://doi.org/10.48550/arXiv.1409.1259
https://doi.org/10.48550/arXiv.1409.1259
https://www.doi.org/10.48550/arXiv.1511.06709
https://www.doi.org/10.48550/arXiv.1511.06709
https://doi.org/10.1162/tacl_a_00065
https://doi.org/10.1162/tacl_a_00065
https://doi.org/10.1162/tacl_a_00065
https://doi.org/10.1162/tacl_a_00065
https://doi.org/10.1162/tacl_a_00065
https://doi.org/10.1162/tacl_a_00065
https://doi.org/10.1162/tacl_a_00065
https://www.doi.org/10.48550/arXiv.1412.2007
https://www.doi.org/10.48550/arXiv.1412.2007
https://www.doi.org/10.48550/arXiv.1601.04811
https://www.doi.org/10.48550/arXiv.1601.04811
https://doi.org/10.1109/ACCESS.2019.2931656
https://doi.org/10.1109/ACCESS.2019.2931656
https://doi.org/10.1109/ACCESS.2019.2931656
https://doi.org/10.1109/ACCESS.2019.2931656
https://doi.org/10.1109/ACCESS.2019.2931656
https://doi.org/10.1109/ACCESS.2019.2931656
https://doi.org/10.1109/ACCESS.2019.2931656
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://link.springer.com/chapter/10.1007/978-3-030-29563-9_4
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1145/3459637.3482351
https://www.doi.org/10.1109/TKDE.2023.3237741
https://www.doi.org/10.1109/TKDE.2023.3237741
https://www.doi.org/10.1109/TKDE.2023.3237741
https://www.doi.org/10.1109/TKDE.2023.3237741
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1145/3437963.3441762
https://doi.org/10.1364/OE.27.029620
https://doi.org/10.1364/OE.27.029620
https://doi.org/10.1364/OE.27.029620
https://doi.org/10.1364/OE.27.029620
https://doi.org/10.1364/OE.27.029620
https://doi.org/10.1364/OE.27.029620
https://doi.org/10.1364/OE.27.029620
https://doi.org/10.1109/JLT.2021.3057473
https://doi.org/10.1109/JLT.2021.3057473
https://doi.org/10.1109/JLT.2021.3057473
https://doi.org/10.1109/JLT.2021.3057473
https://doi.org/10.1109/JLT.2021.3057473
https://doi.org/10.1109/JLT.2021.3057473
https://doi.org/10.1109/JLT.2021.3057473
https://doi.org/10.1002/adom.202102113
https://doi.org/10.1002/adom.202102113
https://doi.org/10.1002/adom.202102113
https://doi.org/10.1002/adom.202102113
https://doi.org/10.1002/adom.202102113
https://doi.org/10.1002/adom.202102113
https://doi.org/10.1002/adom.202102113
https://doi.org/10.1021/acsphotonics.7b01377
https://doi.org/10.1021/acsphotonics.7b01377
https://doi.org/10.1021/acsphotonics.7b01377
https://doi.org/10.1021/acsphotonics.7b01377
https://doi.org/10.1021/acsphotonics.7b01377
https://doi.org/10.1021/acsphotonics.7b01377
https://doi.org/10.1021/acsphotonics.7b01377
https://doi.org/10.1021/acsphotonics.7b01377
https://doi.org/10.1364/PRJ.416294
https://doi.org/10.1364/PRJ.416294
https://doi.org/10.1364/PRJ.416294
https://doi.org/10.1364/PRJ.416294
https://doi.org/10.1364/PRJ.416294
https://doi.org/10.1364/PRJ.416294
https://doi.org/10.1364/PRJ.416294
https://doi.org/10.1515/nanoph-2022-0310
https://doi.org/10.1515/nanoph-2022-0310
https://doi.org/10.1515/nanoph-2022-0310
https://doi.org/10.1515/nanoph-2022-0310
https://doi.org/10.1515/nanoph-2022-0310
https://doi.org/10.1515/nanoph-2022-0310
https://doi.org/10.1515/nanoph-2022-0310
https://doi.org/10.1002/adom.202100548
https://doi.org/10.1002/adom.202100548
https://doi.org/10.1002/adom.202100548
https://doi.org/10.1002/adom.202100548
https://doi.org/10.1002/adom.202100548
https://doi.org/10.1002/adom.202100548
https://doi.org/10.1109/MCISE.2003.1166548
https://doi.org/10.1109/MCISE.2003.1166548
https://doi.org/10.1109/MCISE.2003.1166548
https://doi.org/10.1109/MCISE.2003.1166548
https://doi.org/10.1109/MCISE.2003.1166548
https://doi.org/10.1109/MCISE.2003.1166548
https://doi.org/10.1109/MCISE.2003.1166548
https://doi.org/10.1109/TSM.2010.2096437
https://doi.org/10.1109/TSM.2010.2096437
https://doi.org/10.1109/TSM.2010.2096437
https://doi.org/10.1109/TSM.2010.2096437
https://doi.org/10.1109/TSM.2010.2096437
https://doi.org/10.1109/TSM.2010.2096437
https://doi.org/10.1109/TSM.2010.2096437
https://doi.org/10.1109/6.591665
https://doi.org/10.1109/6.591665
https://doi.org/10.1109/6.591665
https://doi.org/10.1109/6.591665
https://doi.org/10.1109/6.591665
https://doi.org/10.1109/6.591665
https://doi.org/10.1109/6.591665
https://doi.org/10.1364/OE.21.001310
https://doi.org/10.1364/OE.21.001310
https://doi.org/10.1364/OE.21.001310
https://doi.org/10.1364/OE.21.001310
https://doi.org/10.1364/OE.21.001310
https://doi.org/10.1364/OE.21.001310
https://doi.org/10.1364/OE.21.001310
https://www.doi.org/10.1109/WiSPNET54241.2022.9767169
https://www.doi.org/10.1109/WiSPNET54241.2022.9767169
https://www.doi.org/10.1109/WiSPNET54241.2022.9767169
https://www.doi.org/10.1109/WiSPNET54241.2022.9767169
https://www.doi.org/10.1109/WiSPNET54241.2022.9767169
https://www.doi.org/10.1109/WiSPNET54241.2022.9767169
https://www.doi.org/10.1109/WiSPNET54241.2022.9767169
https://www.doi.org/10.1109/WiSPNET54241.2022.9767169
https://www.doi.org/10.1109/WiSPNET54241.2022.9767169
https://doi.org/10.1364/OE.26.024135
https://doi.org/10.1364/OE.26.024135
https://doi.org/10.1364/OE.26.024135
https://doi.org/10.1364/OE.26.024135
https://doi.org/10.1364/OE.26.024135
https://doi.org/10.1364/OE.26.024135
https://doi.org/10.1364/OE.26.024135
https://doi.org/10.1364/OE.463274
https://doi.org/10.1364/OE.463274
https://doi.org/10.1364/OE.463274
https://doi.org/10.1364/OE.463274
https://doi.org/10.1364/OE.463274
https://doi.org/10.1364/OE.463274
https://doi.org/10.1364/OE.463274
https://doi.org/10.1364/OE.463274
https://doi.org/10.1364/AO.413949
https://doi.org/10.1364/AO.413949
https://doi.org/10.1364/AO.413949
https://doi.org/10.1364/AO.413949
https://doi.org/10.1364/AO.413949
https://doi.org/10.1364/AO.413949
https://doi.org/10.1364/AO.413949
https://doi.org/10.1364/OEDI.2019.OW3D.6
https://doi.org/10.1364/OEDI.2019.OW3D.6
https://doi.org/10.1364/OEDI.2019.OW3D.6
https://doi.org/10.1364/OEDI.2019.OW3D.6
https://doi.org/10.1364/OEDI.2019.OW3D.6
https://doi.org/10.1364/OEDI.2019.OW3D.6
https://doi.org/10.1364/OEDI.2019.OW3D.6
https://doi.org/10.1364/OEDI.2019.OW3D.6
https://doi.org/10.1364/OEDI.2019.OW3D.6
https://doi.org/10.1364/OE.26.008162
https://doi.org/10.1364/OE.26.008162
https://doi.org/10.1364/OE.26.008162
https://doi.org/10.1364/OE.26.008162
https://doi.org/10.1364/OE.26.008162
https://doi.org/10.1364/OE.26.008162
https://doi.org/10.1364/OE.26.008162
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 18 (2023)

184204

[131]

(132]

[140]
[141)

[142]
[143]

[144]
[145)

[146]
[147]
[148]
[149]
[150]
[151]

[152]

[153]
[154]
[155]
[156]
[157]
[158]

[159]

Ding Y H, Xu J, Da R F, Huang B, Ou H Y, Peucheret C
2013 Opt. Express 21 10376

Xie H C, Liu Y J, Wang S, Wang Y J, Yao Y, Song Q H,
Du J B, He Z 'Y, Xu K 2020 /EEE Photonics Technol. Lett.
32 166

Zhou H L, Wang Y L, Gao X Y, Gao D S, Dong J J, Huang
D M, Li F, Alexander W P K, Zhang X L 2022 Laser
Photonics Rev. 16 2100521

Wang J, He S L, Dai D X 2014 Laser Photonics Rev. 8 L18
Li CL, Liu D J, Dai D X 2019 Nanophotonics 8 227

Jiang X H, Wu H, Dai D X 2018 Opt. Express 26 17680
Chang W J, Lu L L Z, Liu D M, Zhang M M 2018 Optical
Fiber Communication (OFC) Conference San Diego, USA,
March 11—15, 2018 pl

Gabrielli L H, Liu D, Johnson S G, Lipson M 2012 Nat.
Commun. 3 1217

Liu Y J, Xu K, Wang S, Shen W H, Xie H C, Wang Y J,
Xiao S M, Yao Y, Du J B, He Z Y, Song Q H 2019 Nat.
Commaun. 10 3263

Wu H, Tan Y, Dai D X 2017 Opt. Ezxpress 25 6069

Huang J, Yang J B, Chen D B, He X, Han Y X, Zhang J J,
Zhang Z J 2018 Photonics Res. 6 574

Piggott A Y, Petykiewicz J, Su L, Vuckovi¢ J 2017 Sci. Rep.
7 1786

YuLH,Yin YL, ShiY C, Dai D X, He S L. 2016 J. Operat.
Theo. 3 159

Gentry C M, Zeng X, Popovi¢ M A 2014 Opt. Lett. 39 5689
Wuttig M, Bhaskaran H, Taubner T 2017 Nat. Photonics 11
465

Sherwood-Droz N, Wang H, Chen L, Lee B G, Lipson M
2008 Opt. Express 16 15915

Ono M, Hata M, Tsunekawa M, Nozaki K, Sumikura H,
Chiba H, Notomi M 2020 Nat. Photonics 14 37

Gong Z L, Yang F Y, Wang L T, Chen R, Wu J Q,
Grigoropoulos C P, Yao J 2021 J. Appl. Phys. 129 30902
Fang Z R, Chen R, Tara V, Majumdar A 2023 Sci. Bull. 68
783

Xu P P, Zheng J J, Doylend J K. ; Majumdar A 2019 ACS
Photonics 6 553

Wang Q, Rogers E T F, Gholipour B, Wang C M, Yuan G
H, Teng J H, Zheludev N I 2016 Nat. Photonics 10 60

Zhang Y F, Fowler C, Liang J H, Azhar B, Shalaginov M Y,
Deckoff-Jones S, An S S, Chou J B, Roberts C M, Liberman
V, Kang M, Rios C, Richardson K A, Rivero-Baleine C, Gu
T, Zhang H L, Hu J J 2021 Nat. Nanotechnol. 16 661
Shportko K, Kremers S, Woda M, Lencer D, Robertson J,
Wuttig M 2008 Nat. Mater. 7 653

Kim S, Burr G W, Nam W K Sung W 2019 MRS Bull. 44
710

Loke D, Lee T H, Wang W J, Zhao R, Shi L P, Yeo Y C,
Chong T C, Elliott S R 2012 Science 336 1566

Orava J, Greer A L, Gholipour B, Hewak D W, Smith C E
2012 Nat. Mater. 11 279

Li WF, Cao X Y, Song SN, Wu L S, Wang R B, Jin Y,
Song Z T, Wu A M 2022 Laser Photonics Rev. 16 2100717
Stegmaier M, Iacute C R, Bhaskaran H, Wright C D,
Pernice W H P 2016 Adv. Opt. Mater. 5 1600346

Feldmann J, Youngblood N, Wright C D, Bhaskaran H,

[160]

[161]

[162]
[163]

[164]
[165]
[166]
[167)
[168]
[169]
[170]
[171]
[172]
[173]
[174]
[175]
[176]
[177]
[178]
[179]

[180]
[181]

[182)

[183)

[184]

184204-27

Pernice W H P 2019 Nature 569 208

Feldmann J, Youngblood N, Karpov M, Gehring H, Li X,
Stappers M, Le Gallo M, Fu X, Lukashchuk A, Raja A. S,
Liu J, Wright C D, Sebastian A, Kippenberg T J, Pernice W
H P, Bhaskaran H 2021 Nature 589 52

Pernice W H P, Bhaskaran H 2012 Appl. Phys. Lett. 101
171101

Raoux S, Xiong F, Wuttig M, Pop E 2014 MRS Bull. 39 703
Zhang Y F, Chou J B, Li J Y, Li H S, Du Q Y, Yadav A,
Zhou Si, Shalaginov M Y, Fang Z R, Zhong H K, Roberts C,
Robinson P, Bohlin B, Rios C, Lin H T, Kang M, Gu T,
Warner J, Liberman V, Richardson K, Hu J J 2019 Nat.
Commun. 10 4279

Fang Z R, Zheng J J, Saxena A, Whitehead J, Chen Y Y,
Majumdar A 2021 Adv. Opt. Mater. 9 2002049

Delaney M, Zeimpekis I, Lawson D, Hewak D W, Muskens
O L 2020 Adv. Funct. Mater. 30 2002447

Yang S, Shamim A, Vaseem M 2019 Adv. Mater. Technol. 4
11

Wang NN, Li T T, Sun B S, Wang Z, Zhou L J, Gu TY
2021 Opt. Lett. 46 4088

Chen H X, Jia H, Wang T, Tian Y H, Yang J H 2020 J.
Lightwave Technol. 38 1874

Ma H S, Yang J B, Huang J, Zhang Z J, Zhang K W 2021
Results Phys. 26 104384

Delaney M, Zeimpekis I, Du H, Yan X Z, Banakar M,
Thomson D J, Hewak D W, Muskens O L 2021 Sci. Adv. 7
Yuan H, Wu J G, Zhang J P, Pu X, Zhang Z F, Yu Y,
Yang J B 2022 Nanomaterials 12 669

Piggott A Y, Lu J, Babinec T M, Lagoudakis K G,
Petykiewicz J, Vuckovi¢ J 2014 Sci. Rep. 4 7210

Ma H S, Luo M Y, He J, Du T, Zhang Z J, Jiang X P, He
X, Fang L, Yang J B 2022 J. Lightwave Technol. 40 7869
Ma H S, Du T, Zhang Z J, Jiang X P, Fang L, Yang J B
2023 Opt. Commaun. 526 128912

Dai D X, Wu H 2016 Opt. Lett. 41 2346

Huang J, Yang J B, Chen D B, Bai W, Han J M, Zhang Z
J, Zhang J J, He X, Han Y X, Liang L. M 2020 Nanophotonics
9 159

Ruan X K, Li H, Chu T 2022 J. Lightwave Technol. 40 7142
Li C L, Zhang M, Xu H N, Tan Y, Shi Y C, Dai D X 2021
PhotoniX 2 1991

Dai D X, Li C L, Wang S P, Wu H, Shi Y C, Wu Z H, Gao
S M, Dai T G, Yu H, Tsang H K 2018 Laser Photonics Rev.
12 1700109

Shen W W, Chen K N 2017 Nanoscale Res. Lett. 12 56
Moreira R, Barton J, Belt M, Huffman T, Blumenthal D
2013 Advanced Photonics
Research, Silicon and Nanophotonics Rio Grande, USA, July
14—17, 2013 paper 1T2A 4

Sodagar M, Pourabolghasem R, Eftekhar A A, Adibi A 2014
Opt. Express 22 16767

Zheng X, Cunningham J E, Shubin I, Simons J, Asghari M,
Feng D, Lei H, Zheng D, Liang H, Kung C C, Luff J, Sze T,
Cohen D, Krishnamoorthy A V 2008 Opt. Express 16 15052
Yu Z X, Qiu J F, Dong Z L, Zheng L, Guo H X, Wu J 2018
Asia  Communications and Photonics Conference (ACP)
Hangzhou, China, October 26—29, 2018 pl

Congressintegrated Photonics


https://doi.org/10.1364/OE.21.010376
https://doi.org/10.1364/OE.21.010376
https://doi.org/10.1364/OE.21.010376
https://doi.org/10.1364/OE.21.010376
https://doi.org/10.1364/OE.21.010376
https://doi.org/10.1364/OE.21.010376
https://doi.org/10.1364/OE.21.010376
https://doi.org/10.1109/LPT.2020.2964308
https://doi.org/10.1109/LPT.2020.2964308
https://doi.org/10.1109/LPT.2020.2964308
https://doi.org/10.1109/LPT.2020.2964308
https://doi.org/10.1109/LPT.2020.2964308
https://doi.org/10.1109/LPT.2020.2964308
https://doi.org/10.1002/lpor.202100521
https://doi.org/10.1002/lpor.202100521
https://doi.org/10.1002/lpor.202100521
https://doi.org/10.1002/lpor.202100521
https://doi.org/10.1002/lpor.202100521
https://doi.org/10.1002/lpor.202100521
https://doi.org/10.1002/lpor.202100521
https://doi.org/10.1002/lpor.202100521
https://doi.org/10.1002/lpor.201300157
https://doi.org/10.1002/lpor.201300157
https://doi.org/10.1002/lpor.201300157
https://doi.org/10.1002/lpor.201300157
https://doi.org/10.1002/lpor.201300157
https://doi.org/10.1002/lpor.201300157
https://doi.org/10.1002/lpor.201300157
https://doi.org/10.1515/nanoph-2018-0161
https://doi.org/10.1515/nanoph-2018-0161
https://doi.org/10.1515/nanoph-2018-0161
https://doi.org/10.1515/nanoph-2018-0161
https://doi.org/10.1515/nanoph-2018-0161
https://doi.org/10.1515/nanoph-2018-0161
https://doi.org/10.1515/nanoph-2018-0161
https://doi.org/10.1364/OE.26.017680
https://doi.org/10.1364/OE.26.017680
https://doi.org/10.1364/OE.26.017680
https://doi.org/10.1364/OE.26.017680
https://doi.org/10.1364/OE.26.017680
https://doi.org/10.1364/OE.26.017680
https://doi.org/10.1364/OE.26.017680
https://ieeexplore.ieee.org/document/8385929
https://ieeexplore.ieee.org/document/8385929
https://ieeexplore.ieee.org/document/8385929
https://ieeexplore.ieee.org/document/8385929
https://ieeexplore.ieee.org/document/8385929
https://ieeexplore.ieee.org/document/8385929
https://ieeexplore.ieee.org/document/8385929
https://ieeexplore.ieee.org/document/8385929
https://ieeexplore.ieee.org/document/8385929
https://doi.org/10.1038/ncomms2232
https://doi.org/10.1038/ncomms2232
https://doi.org/10.1038/ncomms2232
https://doi.org/10.1038/ncomms2232
https://doi.org/10.1038/ncomms2232
https://doi.org/10.1038/ncomms2232
https://doi.org/10.1038/ncomms2232
https://doi.org/10.1038/ncomms2232
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1038/s41467-019-11196-8
https://doi.org/10.1364/OE.25.006069
https://doi.org/10.1364/OE.25.006069
https://doi.org/10.1364/OE.25.006069
https://doi.org/10.1364/OE.25.006069
https://doi.org/10.1364/OE.25.006069
https://doi.org/10.1364/OE.25.006069
https://doi.org/10.1364/OE.25.006069
https://doi.org/10.1364/PRJ.6.000574
https://doi.org/10.1364/PRJ.6.000574
https://doi.org/10.1364/PRJ.6.000574
https://doi.org/10.1364/PRJ.6.000574
https://doi.org/10.1364/PRJ.6.000574
https://doi.org/10.1364/PRJ.6.000574
https://doi.org/10.1364/PRJ.6.000574
https://doi.org/10.1038/s41598-017-01939-2
https://doi.org/10.1038/s41598-017-01939-2
https://doi.org/10.1038/s41598-017-01939-2
https://doi.org/10.1038/s41598-017-01939-2
https://doi.org/10.1038/s41598-017-01939-2
https://doi.org/10.1038/s41598-017-01939-2
https://doi.org/10.1364/OPTICA.3.000159
https://doi.org/10.1364/OPTICA.3.000159
https://doi.org/10.1364/OPTICA.3.000159
https://doi.org/10.1364/OPTICA.3.000159
https://doi.org/10.1364/OPTICA.3.000159
https://doi.org/10.1364/OPTICA.3.000159
https://doi.org/10.1364/OPTICA.3.000159
https://doi.org/10.1364/OPTICA.3.000159
https://doi.org/10.1364/OL.39.005689
https://doi.org/10.1364/OL.39.005689
https://doi.org/10.1364/OL.39.005689
https://doi.org/10.1364/OL.39.005689
https://doi.org/10.1364/OL.39.005689
https://doi.org/10.1364/OL.39.005689
https://doi.org/10.1364/OL.39.005689
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1364/OE.16.015915
https://doi.org/10.1364/OE.16.015915
https://doi.org/10.1364/OE.16.015915
https://doi.org/10.1364/OE.16.015915
https://doi.org/10.1364/OE.16.015915
https://doi.org/10.1364/OE.16.015915
https://doi.org/10.1364/OE.16.015915
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1038/s41566-019-0547-7
https://doi.org/10.1063/5.0027868
https://doi.org/10.1063/5.0027868
https://doi.org/10.1063/5.0027868
https://doi.org/10.1063/5.0027868
https://doi.org/10.1063/5.0027868
https://doi.org/10.1063/5.0027868
https://doi.org/10.1063/5.0027868
https://doi.org/10.1016/j.scib.2023.03.034
https://doi.org/10.1016/j.scib.2023.03.034
https://doi.org/10.1016/j.scib.2023.03.034
https://doi.org/10.1016/j.scib.2023.03.034
https://doi.org/10.1016/j.scib.2023.03.034
https://doi.org/10.1016/j.scib.2023.03.034
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1038/nphoton.2015.247
https://doi.org/10.1038/nphoton.2015.247
https://doi.org/10.1038/nphoton.2015.247
https://doi.org/10.1038/nphoton.2015.247
https://doi.org/10.1038/nphoton.2015.247
https://doi.org/10.1038/nphoton.2015.247
https://doi.org/10.1038/nphoton.2015.247
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1038/nmat2226
https://doi.org/10.1038/nmat2226
https://doi.org/10.1038/nmat2226
https://doi.org/10.1038/nmat2226
https://doi.org/10.1038/nmat2226
https://doi.org/10.1038/nmat2226
https://doi.org/10.1038/nmat2226
https://doi.org/10.1557/mrs.2019.205
https://doi.org/10.1557/mrs.2019.205
https://doi.org/10.1557/mrs.2019.205
https://doi.org/10.1557/mrs.2019.205
https://doi.org/10.1557/mrs.2019.205
https://doi.org/10.1557/mrs.2019.205
https://doi.org/10.1126/science.1221561
https://doi.org/10.1126/science.1221561
https://doi.org/10.1126/science.1221561
https://doi.org/10.1126/science.1221561
https://doi.org/10.1126/science.1221561
https://doi.org/10.1126/science.1221561
https://doi.org/10.1126/science.1221561
https://doi.org/10.1038/nmat3275
https://doi.org/10.1038/nmat3275
https://doi.org/10.1038/nmat3275
https://doi.org/10.1038/nmat3275
https://doi.org/10.1038/nmat3275
https://doi.org/10.1038/nmat3275
https://doi.org/10.1038/nmat3275
https://doi.org/10.1002/lpor.202100717
https://doi.org/10.1002/lpor.202100717
https://doi.org/10.1002/lpor.202100717
https://doi.org/10.1002/lpor.202100717
https://doi.org/10.1002/lpor.202100717
https://doi.org/10.1002/lpor.202100717
https://doi.org/10.1002/lpor.202100717
https://doi.org/10.1002/adom.201600346
https://doi.org/10.1002/adom.201600346
https://doi.org/10.1002/adom.201600346
https://doi.org/10.1002/adom.201600346
https://doi.org/10.1002/adom.201600346
https://doi.org/10.1002/adom.201600346
https://doi.org/10.1002/adom.201600346
https://doi.org/10.1038/s41586-019-1157-8
https://doi.org/10.1038/s41586-019-1157-8
https://doi.org/10.1038/s41586-019-1157-8
https://doi.org/10.1038/s41586-019-1157-8
https://doi.org/10.1038/s41586-019-1157-8
https://doi.org/10.1038/s41586-019-1157-8
https://doi.org/10.1038/s41586-019-1157-8
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1063/1.4758996
https://doi.org/10.1063/1.4758996
https://doi.org/10.1063/1.4758996
https://doi.org/10.1063/1.4758996
https://doi.org/10.1063/1.4758996
https://doi.org/10.1063/1.4758996
https://doi.org/10.1557/mrs.2014.139
https://doi.org/10.1557/mrs.2014.139
https://doi.org/10.1557/mrs.2014.139
https://doi.org/10.1557/mrs.2014.139
https://doi.org/10.1557/mrs.2014.139
https://doi.org/10.1557/mrs.2014.139
https://doi.org/10.1557/mrs.2014.139
https://doi.org/10.1038/s41467-019-12196-4
https://doi.org/10.1038/s41467-019-12196-4
https://doi.org/10.1038/s41467-019-12196-4
https://doi.org/10.1038/s41467-019-12196-4
https://doi.org/10.1038/s41467-019-12196-4
https://doi.org/10.1038/s41467-019-12196-4
https://doi.org/10.1038/s41467-019-12196-4
https://doi.org/10.1038/s41467-019-12196-4
https://doi.org/10.1002/adom.202002049
https://doi.org/10.1002/adom.202002049
https://doi.org/10.1002/adom.202002049
https://doi.org/10.1002/adom.202002049
https://doi.org/10.1002/adom.202002049
https://doi.org/10.1002/adom.202002049
https://doi.org/10.1002/adom.202002049
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/admt.201800276
https://doi.org/10.1002/admt.201800276
https://doi.org/10.1002/admt.201800276
https://doi.org/10.1002/admt.201800276
https://doi.org/10.1002/admt.201800276
https://doi.org/10.1002/admt.201800276
https://doi.org/10.1364/OL.427386
https://doi.org/10.1364/OL.427386
https://doi.org/10.1364/OL.427386
https://doi.org/10.1364/OL.427386
https://doi.org/10.1364/OL.427386
https://doi.org/10.1364/OL.427386
https://doi.org/10.1364/OL.427386
https://doi.org/10.1109/JLT.2020.2968565
https://doi.org/10.1109/JLT.2020.2968565
https://doi.org/10.1109/JLT.2020.2968565
https://doi.org/10.1109/JLT.2020.2968565
https://doi.org/10.1109/JLT.2020.2968565
https://doi.org/10.1109/JLT.2020.2968565
https://doi.org/10.1109/JLT.2020.2968565
https://doi.org/10.1109/JLT.2020.2968565
https://doi.org/10.1016/j.rinp.2021.104384
https://doi.org/10.1016/j.rinp.2021.104384
https://doi.org/10.1016/j.rinp.2021.104384
https://doi.org/10.1016/j.rinp.2021.104384
https://doi.org/10.1016/j.rinp.2021.104384
https://doi.org/10.1016/j.rinp.2021.104384
https://doi.org/10.3390/nano12040669
https://doi.org/10.3390/nano12040669
https://doi.org/10.3390/nano12040669
https://doi.org/10.3390/nano12040669
https://doi.org/10.3390/nano12040669
https://doi.org/10.3390/nano12040669
https://doi.org/10.3390/nano12040669
https://doi.org/10.1038/srep07210
https://doi.org/10.1038/srep07210
https://doi.org/10.1038/srep07210
https://doi.org/10.1038/srep07210
https://doi.org/10.1038/srep07210
https://doi.org/10.1038/srep07210
https://doi.org/10.1038/srep07210
https://doi.org/10.1109/JLT.2022.3206430
https://doi.org/10.1109/JLT.2022.3206430
https://doi.org/10.1109/JLT.2022.3206430
https://doi.org/10.1109/JLT.2022.3206430
https://doi.org/10.1109/JLT.2022.3206430
https://doi.org/10.1109/JLT.2022.3206430
https://doi.org/10.1109/JLT.2022.3206430
https://doi.org/10.1016/j.optcom.2022.128912
https://doi.org/10.1016/j.optcom.2022.128912
https://doi.org/10.1016/j.optcom.2022.128912
https://doi.org/10.1016/j.optcom.2022.128912
https://doi.org/10.1016/j.optcom.2022.128912
https://doi.org/10.1016/j.optcom.2022.128912
https://doi.org/10.1016/j.optcom.2022.128912
https://doi.org/10.1364/OL.41.002346
https://doi.org/10.1364/OL.41.002346
https://doi.org/10.1364/OL.41.002346
https://doi.org/10.1364/OL.41.002346
https://doi.org/10.1364/OL.41.002346
https://doi.org/10.1364/OL.41.002346
https://doi.org/10.1364/OL.41.002346
https://doi.org/10.1515/nanoph-2019-0368
https://doi.org/10.1515/nanoph-2019-0368
https://doi.org/10.1515/nanoph-2019-0368
https://doi.org/10.1515/nanoph-2019-0368
https://doi.org/10.1515/nanoph-2019-0368
https://doi.org/10.1515/nanoph-2019-0368
https://doi.org/10.1109/JLT.2022.3199427
https://doi.org/10.1109/JLT.2022.3199427
https://doi.org/10.1109/JLT.2022.3199427
https://doi.org/10.1109/JLT.2022.3199427
https://doi.org/10.1109/JLT.2022.3199427
https://doi.org/10.1109/JLT.2022.3199427
https://doi.org/10.1109/JLT.2022.3199427
https://doi.org/10.1186/s43074-021-00032-2
https://doi.org/10.1186/s43074-021-00032-2
https://doi.org/10.1186/s43074-021-00032-2
https://doi.org/10.1186/s43074-021-00032-2
https://doi.org/10.1186/s43074-021-00032-2
https://doi.org/10.1186/s43074-021-00032-2
https://doi.org/10.1002/lpor.201700109
https://doi.org/10.1002/lpor.201700109
https://doi.org/10.1002/lpor.201700109
https://doi.org/10.1002/lpor.201700109
https://doi.org/10.1002/lpor.201700109
https://doi.org/10.1002/lpor.201700109
https://doi.org/10.1186/s11671-017-1831-4
https://doi.org/10.1186/s11671-017-1831-4
https://doi.org/10.1186/s11671-017-1831-4
https://doi.org/10.1186/s11671-017-1831-4
https://doi.org/10.1186/s11671-017-1831-4
https://doi.org/10.1186/s11671-017-1831-4
https://doi.org/10.1186/s11671-017-1831-4
https://doi.org/10.1364/IPRSN.2013.IT2A.4
https://doi.org/10.1364/IPRSN.2013.IT2A.4
https://doi.org/10.1364/IPRSN.2013.IT2A.4
https://doi.org/10.1364/IPRSN.2013.IT2A.4
https://doi.org/10.1364/IPRSN.2013.IT2A.4
https://doi.org/10.1364/IPRSN.2013.IT2A.4
https://doi.org/10.1364/IPRSN.2013.IT2A.4
https://doi.org/10.1364/IPRSN.2013.IT2A.4
https://doi.org/10.1364/IPRSN.2013.IT2A.4
https://doi.org/10.1364/OE.22.016767
https://doi.org/10.1364/OE.22.016767
https://doi.org/10.1364/OE.22.016767
https://doi.org/10.1364/OE.22.016767
https://doi.org/10.1364/OE.22.016767
https://doi.org/10.1364/OE.22.016767
https://doi.org/10.1364/OE.16.015052
https://doi.org/10.1364/OE.16.015052
https://doi.org/10.1364/OE.16.015052
https://doi.org/10.1364/OE.16.015052
https://doi.org/10.1364/OE.16.015052
https://doi.org/10.1364/OE.16.015052
https://doi.org/10.1364/OE.16.015052
https://ieeexplore.ieee.org/document/8596189
https://ieeexplore.ieee.org/document/8596189
https://ieeexplore.ieee.org/document/8596189
https://ieeexplore.ieee.org/document/8596189
https://ieeexplore.ieee.org/document/8596189
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 18 (2023) 184204

SPECIAL TOPIC—The 70th anniversary of National University of Defense Technology

Research progress of intelligent design of on-chip optical
interconnection devices”

Du Te! Ma Han-Si%?  Jiang Xin-Peng!)  Zhao Fen'?  Zhang Zhao-JianV
Wang Zhi-Cheng V%  Peng Zheng "%  Zhang Yi-Yi!%  Zhang Yu-Qing "%
Luo Ming-Yu'  Zou Hong-Xin? Wu Jia-Gui*  Yan Pei-Guang?

Zhu Gang-Yi”?  Yu Yang! He Xin!? Chen Huan!
Zhang Zhen-Fu'’  Yang Jun-Bo Df

1) (College of Science, National University of Defense Technology, Changsha 410073, China)
2) (College of Computer, National University of Defense Technology, Changsha 410073, China)
3) (School of Artificial Intelligence, Chongging University of Technology, Chongging 400054, China)
4) (College of Artificial Intelligence, Southwest University, Chongging 400715, China)

5) (School of Computer, Electronic and Information, Guangzi University, Nanning 530004, China)
6) (College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China)
7) (School of Communication and Information Engineering, Nanjing University of Posts and
Telecommunications, Nanjing 210023, China)

( Received 30 April 2023; revised manuscript received 1 August 2023 )

Abstract

Compared with traditional communication technologies such as electrical interconnection, optical
interconnection technology has the advantages of large bandwidth, low energy consumption, anti-interference,
etc. Therefore, optical interconnection is becoming an important approach and development trend of short
distance and very short distance data terminal communication. As the chip level optical interconnection is
implemented, silicon on insulator (SOI) based on-chip optical interconnection has been widely utilized with the
support of a series of multiplexing technologies. In recent decades, many on-chip optical interconnection devices
have been developed by using conventional design methods such as coupled-mode, multimode interference, and
transmission line theories. However, when used in device design, these conventional methods often face the
problems such as complex theoretical calculations and high labor costs. Many of the designed devices also
encounter the problems of insufficient compactness and integration, and single function.

Intelligent design method has the advantages such as pellucid principle, high freedom of optimization, and
good material compatibility, which can solve the problems of conventional design methods to a large extent.
With the widespread use of intelligent design methods in the design of on-chip optical interconnection devices,

three main trends have emerged. Firstly, the size of on-chip optical interconnect device is gradually developing
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towards ultra compact size. Secondly, the number of intelligently designed controllable on-chip optical
interconnect devices is increasing. Thirdly, on-chip optical interconnect devices are gradually developing
towards integration and systematization. This paper summarizes the most commonly used intelligent design
methods of photonic devices, including intelligent algorithms based intelligent design methods and neural
networks based intelligent design methods. Then, the above three important research advances and trends of
intelligently designed on-chip optical interconnection devices are analyzed in detail. At the same time, the
applications of phase change materials in the design of controllable photonic devices are also reviewed. Finally,

the future development of intelligently designed on-chip optical interconnection devices is discussed.

Keywords: on-chip optical interconnection device, intelligent design method, phase change material,

integrated photonic circuit

PACS: 42.82.Ds, 42.79.Ta, 42.30.-d, 42.82.Bq DOI: 10.7498 /aps.72.20230705
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Fig. 2. Crystal structure in MBT'5?): (a) Atomic structure of MBT consists of two SLs, whose magnetic states are ferromagnetic

within each SL and antiferromagnetic between adjacent SLs!'”l. The red arrows represent the spin moment of Mn atom. The green

arrow denotes for the half translation operator 7,y (b) cross-sectional HAADF-STEM image of a 5 SLs MBT films grown on a
Si(111) substratel?”; (c) intensity distribution of HAADF-STEM along Cut 1 in panel (b)2%; (d) XRD pattern of MBT films grown

on Si(111)P9.
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Fig. 3. Magnetic phase diagram of MBT: (a) Layer number-temperature phase diagram of the MBT flakel!; PM denotes the region

where the flake is paramagnetic; A-type AFM denotes the region where adjacent ferromagnetic SLs couple antiferromagnetically

with each other; (b) spin configuration of 12 SLs MBT/Pt bilayer as functions of temperature and external magnetic field®’);
(c) temperature-field phase diagram of 2 SLs MBT!7; (d) temperature-field phase diagram of 3 SLs MBT!Y7; the white circles and

triangles represent the calculated spin-flop field uoH, and spin-flip field yoH,, respectively, at various temperatures, showing the

boundaries of the A-type AFM/CAFM phase and CAFM/FM phase; the experimental data points are represented using grey

spheres and triangles with corresponding error bars.
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Fig. 4. Energy band structure of MBT with surface state: (a) The Dirac surface state is gapless due to the S symmetry!“?; (b) the
surface state on MBT(011) with S symmetry!'>*?; (c) the Dirac surface state is fully gapped due to the S symmetry broken!?;
(d) the surface state on MBT(111) without S symmetryl!5*2,
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Fig. 5. Rich MBT topological quantum states. (a) MBT thin films (2D) and bulk (3D) have rich topological quantum states in dif-
ferent magnetic states. QAH, quantum anomalous Hall state; Al, axion insulator; QSH, quantum spin Hall state; T1T, topological in-
sulator; WSM, Weyl semimetal; DSM, Dirac semimetall'08l. (b) Surface states of the MBT (110) and (111) surfaces, which are gap-

less and gapped, respectively[16:48],
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Fig. 6. Quantum anomalous Hall effect of MBT: (a) Schematic diagram of the energy band structure with a band gap in the sur-

face state in a magnetic topological insulator?!; (b) illustration of intrinsic QAH insulators in odd layers!'?; (c¢) quantum anomalous

Hall effect under zero magnetic field in 5 SLs MBTBY,
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Fig. 7. High Chern number of Chern insulator MBT. (a) Anomalous Hall effect of 5 SLs MBT by gate voltage!l. (b) Schematic
band diagrams for the top and bottom surface states of this fivelayer samplel!l. (c) Temperature and magnetic field dependence of
Ry, and R,, in high-Chern-number Chern insulator states with C'= 2 in 10 SLs MBT deviceP. (d) Schematic of high-Chern-num-

ber Chern insulator states with two chiral edge states across the band gap; gray and green indicate adjacent MBT SLsP.

(e) Schematic diagram of band structure of the ferromagnetic MBT, which is a magnetic Weyl semimetal®. (f) Chern number as a

function of film thickness in MBT®3,
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Fig. 9. Majorana characteristics in MBT. (a) Sketch of Kitaev one-dimensional p-wave superconducting tight binding chain without

spin®l. (b) The topological p + ip superconductor on an annulus supports chiral Majorana edge modes at its inner and outer

boundaries/™. (c) Spin free two-dimensional p + ip superconductors™. When the three-dimensional topological insulator is close to

the ferromagnet (M ) and superconductor (S), the chiral Majorana mode appears along the edge mode superconductor and ferro-

magnet. (d) Majorana hinge modes (blue and red arrows) at the interface edge (gray) between an AFM TI and an s-wave supercon-

ducting SCMM.. (e) The MBT thin film is coupled to s-wave superconducting SC on the top surfacel’!.
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Fig. 10. Atomic structure of (a) MnBi,Tey(BiyTes),/*”! and (b) MnBi,Tey(MnTe),, % .
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Fig. 11. Rich topological phase in (MnBi,Te,),,(Bi,Te;), system: (a) Topological phase diagram in (MnBi,Te,),,(Bi;Te;), system!!!4.

Gray, yellow, and blue represent normal insulators, quantum spin Hall states, and quantum anomalous Hall states, respectively;

(b) phase diagram of the multilayer topological heterostructure Mn-Bi-Te systems in terms of relative spacing and magnetization
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Abstract

The interaction between non-trivial topological states and the magnetic order of intrinsic magnetic
topological insulators gives rise to various exotic physical properties, including the quantum anomalous Hall
effect and axion insulator. These materials possess great potential applications in low-power topological
spintronic devices and topological quantum computation. Since the first intrinsic magnetic topological insulator,
MnBi,Tey, was discovered in 2019, this material system has received significant attention from researchers and
sparked a research boom. This paper begins with discussing the fundamental properties of MnBi,Te, and then
turns to important research findings related to this intrinsic magnetic topological insulator. Specifically, it
focuses on the quantum anomalous Hall effect, axion insulating state, and Majorana zero energy mode exhibited
by the MnBi,Te, series. Furthermore, this paper highlights other research directions and current challenges
associated with this material system. Finally, this paper provides a summary and outlook for future research on

MnBi,Te,, aiming to offer valuable references for researchers in related fields.
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Fig. 1. Radial wavefunctions of 4s, 4p, 4d and 4f belonging to (a) Sn®F , (b) Sn®t | (c) Sn!* and (d) Sn'3+.
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Fig. 2. Bound configurations of Sn't  Each bar repres-
ents the energy range of fine-structure levels belonging to
the corresponding configuration. The dashed line represents

ionization threshold.
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M. 5ARSCHIEL, Torretti 45 29 i CILiHE L35
TEL BRI = H O ALAS, BARKS A BEIEH 35
T 3007, HETEHE R GIA THRESE,
B TR TR AR R BUE. BR T TE LA
CLIME & MARS, —Lhe 5 & 1Y B
=, U0 4s%4pf4d3nl (n > 5) Fl 4s?4p°4d*nl (n > 5)
X RSN 375 B BE IR AT TR, A LB R SIS SRR
(30 eV, 0.01 g/cm?), M b TEESFRMAD, X

F 1 SnlOF B 4s24ptad! MAELIRELL (BANL: V), RESUAT 5 P IE T i

4o B %ﬂéiuﬁimﬁj‘f 175 WA B2 1) BT BRAE XT3N [
I, 3ok 26 B P 2 B TR OS2 A A
Y frg EF' FHOC IR AR SR S ECR FH 1A 1Y 7 vk
A%, BIFETHE T RS R BRI AR A
KA, PALES 2OV AR A Re g = 1] B 412
HHEAE % IETEN.
YERR B, 42 1 501 T8 T Sn' 0T JEAHZS 4s5%4pS

4d* 1Y 34 MELIRELL, REFT 5 HCR (9) Kbt

FTJZHY 4s N 4p BiE.

Table 1.  Fine-structure levels belonging to the ground configuration 4s?4p®4d* of Snlo+ (Unit: eV), where the fully occu-
pied 4s and 4p orbitals are omitted.
ek J A3 (MCDF) SLg 1 CI+MBPT [

1 4d3 ), 0 0.00 0.00 0.00
2 (4d3 5)3/24d5 /2 1 0.36 0.38 0.39
3 (4d2/2)2 (4d§/2) 2 0.79 0.82 0.83
4 (4d2/2)2(4d§/2) 3 1.22 1.25 1.27
5 4dz 5 (4d3 5)9 /2 4 1.64 1.65 1.68
6 (4d2/2)2 (4d§/2) 0 3.48 3.32 3.28
7 (4d3 5)3/24d5/2 4 3.98 3.67 3.60
8 (4d3 /)2 (4d2 )2 3 4.58 4.33 4.29
9 4dz /5 (4d3 5)g /2 5 4.61 4.36 4.30
10 (4d2 /2)2 (4d2 /2)2 1 4.68 4.39 4.39
11 (4d3 5)3/24d5 2 2 4.80 4.55 4.54
12 (4d2/2)2 (4d5/2) 6 5.09 4.74 4.67
13 4dz )5 (4d? )5)0/2 4 5.29 5.02 4.99
14 (4d3 /)2 (4d2 )2 2 5.61 5.38 5.40
15 (4d2/2)2 (4d0/2) 4 5.72 5.43 5.40
16 4dz /5 (4d3 5)3/2 3 5.87 5.60 5.60
17 (4d2/2)2 (4d5/2) 3 6.27 5.99 5.99
18 (4d35)2(4d2 5)4 5 6.36 6.06 6.03
19 4dz )5 (4d? )5)s2 2 6.69 6.42 6.43
20 4dz /5 (4d3 5)s /2 1 6.81 6.55 6.56
21 4(13/2(4d§/2)9/2 6 7.15 6.68 6.60
22 4dz 4 7.72 7.40 7.38
23 4d3)2(4d3 )5)3/2 0 7.77 7.55 7.57
24 4d3 ), 2 8.41 8.01 8.00
25 4ds 5 (4d3 5)s /2 3 8.89 8.43 8.42
26 (4d3 /)0 (4d2 )2 2 9.86 — 9.40
27 (4d2 /2)0(4d§ 2)4 4 10.27 9.77 9.78
28 (4d3 /)2 (442 5)o 2 10.48 9.97 9.98
29 4dz 5 (4d3 5)5/2 3 10.66 10.15 10.16
30 4dz5(4d3 5)5 /2 1 10.77 — 10.30
31 4d3 0 11.23 — 10.77
32 4dz /5 (4d3 5)5 /2 4 11.79 — 11.11
33 4ds o (4d3 /2)5/2 2 14.70 — 13.95
34 (4d2 /2)0(4d§ /2)0 0 18.87 — 17.98
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FER KRB A, ME NI, BT EBIT 525
Bt A A S 25 R —IF 5 M. AT LU, AR
ARSI AT bR T8 7 RRBHA L,
R T 2 8.5% A, HATREGAR X L4045
R ZE AR T 8%. #E 8 At KRG B W R
MR, LR BB A 1R 25 XD 0 A FIHR 5 R
T BB 052 M AR /Y . 3RS CI+-MBPT ) %
5 SO B A I M, 5 32 B PR ORI R R AN
EEXTHEAAAS 4s24pS4dt AT AL T

6 S R i 5 P AR S AN 3 BH B R
SIE AR SR, SCIR AT T L A B AR 2D
BRI T, PR R R 3 PR A5 28] ) e
FHAEY, T SEBR A P 25 R T R e O R, [
Ui A 2 55 0, lE R BRI B SRR 25 7
AT NG L. K] 3 L Sn'OF Ry, A3 S R
PR Fom B A0 B4 0. 18] 3(a) 45 T IR Tom
KT 0.01 BRI E LRI LR X/hT 0.1 1)
PeFom B, PUAPRIR BARAT T 0 Wik o 8 22 S A
K, AEEEAR b AT, XFRT 0.1 B4R T,
PIFPFRFF A ARGY. Ak L, WIFp 3R A A A4,
FU] T A SCR FUA A A0 BAE TR 0 mT A5 B
Kl 3(b) 45 th THRF IR KT 0.01, HERE WK AE
1120 nm i Bl P 4 4 75 5 PR P 2R 5 5 9 e

Velocity form

Length form

fr/f,

O11 1.2 1‘3 1.4 1‘5 1.6 1.7 1.8 1‘9 20
Wavelength /nm

3 SnlOTIRTFIREE  (a) IRTIREE A BRI FOR,
EBEMFER 1 (b) B 11—20 nm MR 58 B K B
FIHBE R B LA, T AR AL (0 i 4R 43 ) 3R LM D 1
0.8

Fig. 3. Oscillator strengths of Sn'%* : (a) Length and velo-
city forms of oscillator strengths; the slope of the red
dashed line is 1; (b) ratio of length form to velocity form.
The upper and lower red dashed lines represent 1 and 0.8,

respectively.

H, XEEERIFL R 13.5 nm MR S AS S B 2 /&
SIS FETTER. BT P AR LL R £ A | 2RO LU IE
9 1A 0.8. FTLAE Y, PARN RS A X 15 22 A
7E 20%—30% VAW, 3X R T A S5 S A
TSRO HA TSR

4 HERFoi

PAFREH AR 5 2805, (4 DLA
BT R AT A5 B R 54T Sn SF B 1K EUV 4R
SERBIARE, NE 4 Fis. SFEFRIEEN 30 eV, %
FE4 0.01 g/cm?, FHR I FEEREL 5.5 x 102 cm—3,
FEWEFIAIE Sn” ) Sn'%T | Sn''t AT Sn'?t
FREEHIN 5.4%, 26.0%, 41.6% 1 22.4%. 1EKR
PP RFEREN (11.5—15 nm), HA-RAIKT I 4E
SEAN I B B 1) 2 ZE DUk, SRAE- A AT A B- H R
I Y TRk AT LA 2RI, X e sm g gk 2k B
4d-4f F1 4p-4d BRIF. Sn®T - Sn' T #pE R TAEHE
eITELREE. Sn®F UYL YE (12—14 nm),
TELEEMAEE F 5, T T S R4, 7E
WAL BB AN T B 2RI, 7 T2 13.8 nm [ff
T 1 i R R AU S R [ Ad-4f R BRAE. Bl L
YR A, T LT 55 1Y IR B Ok b A . X
Sn'?t B L AEPTE 126134 nm. LT
Snt | HLAT A S S A T A TR AR
BN, B 4(e) T BRI A B E (B
£k), I LIRSS R 4E TR AE 13 nm FfHIT, FE AR T —
AR LSS, AL &N T 3 & 8ok

LTS Sn B RO PLE M 453N A3 2 i T
WOE A ASMSREREES (E 2 PR), BT B4R
SFPAN I B E 1) DRk R R AR ST 1), 3O BR A I 245
FRRRIE A 25 0. TR BIFEAS SO KRB A5 AH
HAERTHRE S, BRBOR AR, AR P —
K ANRE R AWM. ik, T AN E T
PR RIS R — M sE R
A RANMP A FREAE G A); 2T
A TSRS o E X TR A (182 B). 4l
T A RN B PR SR AR B R I BRAE 24K, 1
AR T ARG E R, 43 anlEl 4(e) ML LA
SRR, BT IBORTE, B AR 750 3 K/
A IR AR, A T8 F R RT3 R Y 245
(L) L, AR B AT SR a K e RS
T 0.1 nm. HHAEH, M RAFERA S AE T
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HELEE 30 eV, B FE 0.01 g/cm?® 2514 T Sn A58 1 p AR ] H i 25 et 569 AS 325 B B 179 3 ik

Wavelength/nm

(a) Sn%t; (b) Sni0t: (¢) Snlt;

(d) Sn'2F; (e) BAEWIEE, 212480 N & SIS A TR AU OS5, BN ALHE T BR4LZS | Sl 7 XU TR 4135 o 45 5
Fig. 4. Radiative opacity of Sn at a temperature of 30 eV and a density of 0.01 g/cm?® contributed by different ionization stages:

(a) Sn%t; (b) Sn'0*: (c) Snllt; (d) Sn'2T; (e) total opacity. The red line represents the result including only ground and singly

excited configurations. The green line represents the result including ground, singly and doubly excited configurations.

WOR AR (LT4k), Seom i) 45 12.8 nm
Ab, FEOR A RS R T REAAN 4d-4f F 4p-
Ad B, FEREIN T OB TR A S E (SR,
12.8 nmAb A 5R WS IESE i T 25 50%. [RIES, 13—
13.5 nm 30 [ W B o, X Bem i 2ok A
HL Ik AL 1) Ad-4f F1 dp-4d B ERAE. 78 3T
KM, AT RS E L AR, LY
PA S/ BRI FE R a4, BT
A RS ANREECH 2, LT b 4l i Bc S5 sR L
B K, DT X A A AN 37 B RE Y mT kAR K. DA
Sn'Ot R3], FELH A5 TR AY BC 4 PR AL L L A0 bR
B 17.4%, B FMAEAS S 73.1%, WHE T
KA 9.5%, AT LB TR S BRI
HETHL. S-S TR EEEASE
(FRZR), LI B K, il g, 3%
HHR 35 i A A5 R SR AN 35 B B AR B R Dk
Fujioka % 22 3l i O A 9 X Sk Sn
B, MR T Sn AF R FARAR ST ASE IR BRI A
BTN 77 X SR E Y 1 ns, Sn % &+
REEEIEEE 30 eV, SEHEE 0.01 g/cm?, 1%
JE 2.04 x 107 g/cm?. BRISHFISLI 135 S LA an
Kl 5 fis, Hilt ATOMIC PR IR AR
RIS RE, RN 2 1 B R AN B RE 2 1
IR, PR E AT SR ISR 1Tk B34 A 5(a)
AL UL, PR SIS AR EAR AL G, B
FAEW 255 78 11—13.5 nm PRI [, 28645

RERT — NN EE W) T RS mmF eI
AR T AR BEWE 0 R R 5 ATOMIC AL,
ARSCH A R TR R IR, LRSI i) 5
FETTTE. AN, BRSNS 1) 25 58 e BUAE IR i e
(A7 B RN ER AR L — R S I ) i s e Wi
{7 F 13.5 nm 247, TMELE T a9 07 B 2w AK; —
JETE ETHT, SCEGAE 16 A1 18 nm AbSrBIZA 1 T P
AN B RAR SCTHN T 16 nm AR FR IR i, {H
J2 T B 44 A N 18 nm &b A TE IR Wig g TT
DUEF], 78 13 nm T A9 S5com W o s, BRSO g
ORI, X S SRR Y. 8 THRITEE
LS 22 SR T RE IR I, AR SO TRE 430 Ry
25, 27 Fl1 32 eV MBS, W& 5(b)is. Ko F
TR R R P T R A L R I S0 1Y)
T R T B AN AEURR T TP L B e A R
TR ARG, 1420 nm P TE B A3 B R o). X
S DR Ay F 2 L AR T 8 /), LA 2 A3 A A1
FL 8 3 T IR R, R L 178 IR A 06 [ K D 31 RS
X385 i b TS AT DL A PR AN IR I EE S (2 16
18 nm), A H A Sn'OF (1) 4d-5p BRIT, J5 &K A
Sn®* 1y 4d-5p BRAT (PSR E L 17.6 nm).
FERLEE RS 25 eV B (FREEZR), SIS T 14X
AR MU 235 KA 7 BT P DL (L2 L o P T 0 114035
RIS AE R O 2 AR, X TS RIS 2 [A]
(255, FTREMPIELIE NG — R TFSHUNREE.
P 5 B B KD R A SR obiE M PeE R R .
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Pl 5 TR, BRS04 o W A 0 )43 B M5 2 4%
5SIRANAT, $ e TSRO B T LA Bas BIE FSE
BAFE . RS TR T R R A
BIHY, FUSESLER AR T, AT RE A A — e P A
R, SRS TINS5

1.0 F(a) 7
PN
g o8| ¢
%
é 0.6 |l
@ \
g 04t ) |
© Y% —— This work | |
& -—— ATOMIC ||
0.2} \
Expt. \
0 1 1 1 1 \L /I 1 1 1 1 1
8 9 10 11 12 13 14 15 16 17 18 19 20
Wavelength /nm
1.0 F(b) ——-25 eV
¥\ — 27 eV
§ 08r — 30 eV
wn
é) 0.6 L 32 eV
2
3 0.4
=
0.2
II

08 é 1I0 1I1 1I2 1I3 f4 1I5 1I6 1I7 1I8 1I9 20
Wavelength /nm

Bl 5 Sn4EEFABHHE  (a) IE 30 eV, %JF 0.01 g/cm?
A SCHH 5 . ATOMICES 55 528 P 45 215 (b) A SCHHIE Y
B 0.01 g/cm®, I K 25, 27, 30 Fl 32 eV HY Sn 458 T4k
BRI ASCGH IR TE N 0.5 eV

Fig. 5. Transmission spectra of Sn plasmas: (a) Present cal-
culation, ATOMICP® and experimental results®? of Sn at a
temperature of 30 eV and a density of 0.01 g/cm?; (b) pre-
sent calculated transmission spectra of Sn at a density of
0.01 g/cm?® and temperatures of 25, 27, 30 and 32 eV. The
instrumental broadening in the present calculation is set to
be 0.5 eV.
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4 Sn S B T AKRE SR AN 5 W BE RO I 25 1 1 & 5
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Fig. 6. EUV Radiative opacity (left) and emissivity (right)
of Sn plasmas at a temperature of 20 eV and densities of
(a) 0.0001, (b) 0.001, (c) 0.01 and (d) 0.1 g/cm?®. The aver-
age ionization is 10.96, 9.63, 8.36 and 7.16, respectively.
The free electron density is 5.56 x 10'%, 4.89 x 10%, 4.24 x
1020 and 3.63 x 102! cm~3, respectively. The red-dashed lines

represent the 2% wavelength region centered at 13.5 nm.
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2%) nm wavelength region at a variety of temperat-

ure and density. a(b) represents a x 10°.
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Fig. 7. EUV Radiative opacity (left panel) and emissivity
(right panel) of Sn plasmas at a temperature of 23 ¢V and
densities of (a) 0.001, (b) 0.005, (c) 0.01 and (d) 0.1 g/cm?.
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(right panel) of Sn plasmas at a temperature of 27 ¢V and
densities of (a) 0.001, (b) 0.005, (c) 0.01 and (d) 0.1 g/cm?.

183101-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 18 (2023) 183101

T AL, S 2R Bl 2 1) 2 Y B RS . A IR
23 eV B, EEAYEFIALE Sn T R 1
ZRTE 13 nm BT, A 13.5 nm A0 A% W2 Wi s st A
XEARES T . B 10—12 5 9 2L, B8 5 4500 R
0.001, 0.01 F1 0.1 g/cm?. XF T E B, BEE IR

0.2

40.2
10

|
|
]
! 0.1
| } T
L
@
(-
o >
‘ ©
& T
£ <
o |
E g
= (c) 0.8 =
> 15.0F o
= o
g 100Ff 04 T
o) ~
o 5.0 F 2
bl =
0F pdbde 402
! 2
150} ; 1.5 E
10.0 1.0
5.0 F 0.5
0 e ()
125 135 145 125 13.5 145

Wavelength/nm

B9 R 0.0001 g/cm?, WEH (a) 16, (b) 18, (c) 20 Al
(d) 23 eV B Sn 25 % Tk EUV 48 5f A % W (£ &) ik
SERE (HH)

Fig. 9. EUV radiative opacity (left panel) and emissivity
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Fig. 10. EUV radiative opacity (left panel) and emissivity
(right panel) of Sn plasmas at a density of 0.001 g/cm® and
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(right panel) of Sn plasmas at a density of 0.01 g/cm® and
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Abstract

Sn is the material for an extreme ultraviolet (EUV) light source working at 13.5 nm, therefore the radiative
properties of Sn plasma are of great importance in designing light source. The radiative opacity and emissivity
of Sn plasma at local thermodynamic equilibrium are investigated by using a detailed-level-accounting model. In
order to obtain precise atomic data, a multi-configuration Dirac-Fock method is used to calculate energy levels
and oscillator strengths of Sn®"-Sn'** . The electronic correlation effects of 4d™-4f™ (m =1,2,3,4) and 4p™-4d"
(n=1,2,3) are mainly considered, which dominate the radiation near 13.5 nm. The number of fine-structure
levels reaches about 200000 for each ionization stage in the present large-scale configuration interaction
calculations. For the large oscillator strengths (> 0.01), the length form is in accord with the velocity form and
their relative difference is about 20%—30%. The calculated transmission spectra of Sn plasma at 30 eV and
0.01 g/cm?® are compared with the experimental result, respectively, showing that they have both good
consistency. The radiative opacity and emissivity of Sn plasma at the temperature in a range of 16—30 eV and
density in a scope of of 0.0001—0.1 g/cm? are investigated systematically. The effects of the plasma temperature
and plasma density on radiation characteristics are studied. The results show that the radiative properties near
13.5 nm are broadened with the increase of density at a specific temperature, while it is narrowed with the
increase of temperature for a specific density. The present investigation should be helpful in designing and

studying EUV light source in the future.
Keywords: extreme ultraviolet light source, detailed-level-accounting model, configuration interaction
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FH. UL RO AR 20 A s - s ML) A 5 S
M (radiation pressure acceleration, RPA)I01 ¥l
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PR B o5, 5T IR s s e a7 5 R T S (1)
RS O RAFFERCR RN, I, A7 2 FHBTY
95 2 e LR G T BE. ST JLAR N, R0 T 55080
2 2] P 28 X 4 Bk 25:26) s e 1 T AE R,
BIANFE I~ B v 2 v g g A LA BT B 2
TROER A S B 245 B S0 S RO U BT Y 28
T B 1Y A sh N 5 2 PR AR S IR T
DA 1 H, - BB T A 25 M g A 1500 80 IR - fn 3
PR AR ) A 2 ] A 3 BY 45 FEAR A
()P 28 P 28 Sk rh ) B AR 42 4% (convolutional
neural network, CNN) == 2 [ [n] — 455 B 2098 11
AR PR, FE UG AL BTN S5 s iz B0 B2
AU PR ZE 45 (self-organizing map, SOM) Il
/NN oy WA = Ok G S NS U 3 £ I R Ed (2 €O 3
OB 29 AN T2 M 25 (fully conne-
cted neural network, FCNN) AJ DL g 37 i £ 4~ 48
TG T — B o A R AR | 6 TS Il )2k
I 23 ) S 73 HT . Djordjevieds B2 LT FCNN #ii
25 W28 TNSA AL ) 2 4E S 80T T
LT, 52 B L B R A LB I
25 th TNSA ML 2 BE f 3 K R A0 % 2 it
fi 3],

ARSCHTFFE R HB-RPA HLII T A2 50 i b
SN EE MHE S R, SR FONN i 28 0 24 43¢
G KA BR A B A AT S, R A R A
i A FONN, RS fEBd LA f v, i ph e
JUAEE Y A%, L ERS R C T A S RIS
AR AR T SR 7 i 28 I 28 v ) DT 745 381) 142 252 Bk S A
AU 3K — TS A AT A hg s e B 4 223 ] v BT 4R
it L WS 2 SR I PR B S A T4, i
% B BBl A% 45 SR R AT Bl . A SCHRH FCNN
H7 T HB-RPA B T8 1 i (EAE R Ak AE i
KTWOCTRBE | FUR R | SRR F it i 4
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IR R A LI TEIE, RN 1 #ukbe
2K, ST X HB-RPA AU T B 1k
(B RE AL e B 1 T AR

2 WEAEA
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Fig. 1. At ¢t =707y, (a) the z-v phase space diagram of He?*, (b) the energy spectrum of He?t, (c¢) the x-v phase space diagram
of C*, (d) the energy spectrum of C®, with d = 25Ag, n = 25n. and a = 100. The red dashed box circles the ions with peak en-

ergy, and the blue dashed box circles the ions with cutoff energy.
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Fig. 2. Scatter plot depiction of ion peak energy data ensembles as a function of input parameters d, n and a: (a) Proton case; (b) He?*,

(c) C5+; (d) O3+,
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Table 1.

network training.

Simulation datasets prepared for neural

BIFRZE BAE d/ho n/ne a
Proton 231 [7.5,35] [12.5,40] [63.2, 173.2]
He?+ 49 15,25  [10,30] [77.5, 173.2]
(elis 50 15,25  [10,30] [77.5, 173.2]
O+ 50 15,25  [10,30] [77.5,173.2]
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Fig. 3. Neural network architecture used in the following

training.
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Fig. 4. Two-dimensional continuous mapping of peak energy Ep (a) and cutoff energy FEm (b) for He?* over 63.2 < a < 173.2 and

10n. < n < 40n. with d =15\ .
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Fig. 5. (a) Parameter scan of He?* peak energy E, over target density n with d = 15Xg, a =100; (b) parameter scan of He**
peak energy Ep over laser intensity a with d = 15)\g, n = 20nc; (c) parameter scan of He?" peak energy Ej, over target thick-
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Abstract

Laser-driven ion acceleration has potential applications in high energy density matter, ion beam-driven fast
ignition, beam target neutron source, warm dense matter heating, etc. Ultrashort relativistic laser interacting
with solid target can generate ion beam with several hundreds of MeV in energy, and the quality of the ion
beam depends strongly on the interaction parameters between the laser and the target. Development in deep
learning can provide new method of analyzing the relationship between parameters in physics system, which can
significantly reduce the computational and experimental cost. In this paper, a continuous mapping model of ion
peak and cutoff energy is developed based on a fully connected neural network (FCNN). In the model, the
dataset is composed of nearly 400 sets of particle simulations of laser-driven solid targets, and the input
parameters are laser intensity, target density, target thickness, and ion mass. The model uses sparse parameter
values to obtain the analysis results in a large range of parameters, which greatly reduces the computational
amount of multi-dimensional parameters sweeping in a wide range. Based on the results of this model mapping,
the correction formula for the ion peak energy is obtained. Furthermore, the ratio of ion cutoff energy to peak
energy of each set of particle simulation is calculated. Repeating the same training process of ion peak energy
and cutoff energy, the continuous mapping model of energy ratio is developed. According to the energy ratio
model mapping results, the quantitative description of the relationship between ion cutoff energy and peak
energy is realized, and the fitting formula for the cutoff energy of the hole-boring radiation pressure acceleration
(HB-RPA) mechanism is obtained, which can provide an important reference for designing the laser-driven ion

acceleration experiments.
Keywords: laser-driven ion acceleration, neural Networks
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Fig. 1. Schematic diagram of two counter-propagating circularly polarized laser pulses interacting with ultrathin deuterium target:
(a)—(d) The cases of a left-rotating light and a right-rotating light (RCP+LCP); (e)—(h) the cases of two right-rotating light
(RCP+RCP). From left to right, the initial relative phase difference A¢ is 0, 0.5n, m, 1.5, respectively. Here, red and blue

curves represent the right- and left-rotating light and k is Poynting vector.
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Fig. 3. Spectral distributions of (a), (b) electrons and (c), (d) ions for the cases of different rotation direction of the electric fields

E; of two counter-propagating laser pulses and their initial relative phase (A¢ =0, 0.57, n, 1.51) at t = 507y : (a), (c) RCP+

LCP; (b), (d) RCP+RCP.
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Fig. 4. Spatial distributions of (a)—(h) neutron production rate P, at t = 32Ty and (i)—(p) total neutron yield Ny at t = 50Ty

in the cases of different rotation direction of electric fields E; of two counter-propagating laser pulses and their initial relative

phase Ag.
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Abstract

Neutron production via D(d, n)*He nuclear reaction during the interaction of two counter-propagating
circularly polarized laser pulses with ultra-thin deuterium target is investigated by particle-in-cell simulation
and Monte Carlo method. It is found that the rotation direction and initial relative phase difference of laser
electric field vector have important effects on deuterium foil compression and neutron characteristics. The
reason is attributed to the net light pressure and the difference in transverse instability development. The
highest neutron yield can be obtained by choosing two laser pulses with a relative phase difference of 0 and the
same rotation direction of the electric field vector. When the relative phase difference is 0.5m or 1.5n and the
rotation direction of electric field vector is different, the neutrons have a directional spatial distribution and the
neutron yield only slightly decreases. For left-handed circularly polarized laser pulse and right-handed circularly
polarized laser pulse, each with an intensity of 1.23 x 10' W/cm?, a pulse width of 33 fs and a relative phase
difference of 0.5m, it is possible to produce a pulsed neutron source with a yield of 8.5 x 10* n, production rate
of 1.2 x 10" n/s, pulse width of 23 fs and good forward direction as well as tunable spatial distribution.
Comparing with photonuclear neutron source and beam target neutron source driven by ultraintense laser
pulses, the duration of neutron source in our scheme decreases significantly, thereby possessing many potential
applications such as neutron nuclear data measurement. Our scheme offers a possible method to obtain a

compact neutron source with short pulse width, high production rate and good forward direction.

Keywords: two counter-propagating laser pulses, relative phase difference, rotation direction of electric-field

vector, pulsed neutron source
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(2023 4E 8 H 2 Hig#; 2023 4£ 9 A 9 HUREMERH)

WS BN N 2 AT B2 PRI T A R0 , A v i i PR 2 0 T A ) 2 | as S sl Jy s vk ot o, kit
PR AT B A A 6 B S B AR A A W A SR AT A IR E L2 I T B B, 17 B B0 3)
S i P TR I IR A R EE % 0L R, B R BRI T 3 5 YA AR L AR DA S IR e o 1
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KR T, MEMas, Wm st s

PACS: 71.15.Pd, 07.05.Mh

1 5

AT AR U N4 8 I S kR E: &
R g e 1. DAk A 11, HbA% 3 A A%
HEANZWAE Sy, gk G4 T F2 U, M
B R 5% 15% 0. HIFRERASIMZ G T
R BRI 96%, B51 PN #E 2900—5150 km ¥
JEE T B i R 0, R R T R 135—
330 GPa, REVLHEITE 35006500 K23, Xf HiAZ 1)
WE5E, A F T B4 T 2 N AR A Y1 2 100, 045
R AR IR R . HbAZ R A 5 T R s | AT A
MG A A DRI, AR R A = 2 o, B
LB RAR R AEN I 55 T s -8, — |

ail%
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[ EE ST T, (ER 32 BR TR B W ME R 45

KSR 5T, 2 LA Bz sREEE (density func-
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8712 (ab initio molecular dynamics, AIMD), H:

Pl AIESK I 2 f T RORERE T AR (EARAS TH
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FXEFWFHGZE, TUASOHRE R
1.0 Jyk s, RS BT RAE MGt CHAE
B, 7 Kohn-Sham DFT RIHELEH, ZHFREH
FEAS L B RSN T4 8 A T B RGN 5L
AHATRE, T AR ICHIZ R, i
RIS RZE I B S A B SR R
FEEAG A AT RE. (02 DFT ki) B E T4
£ Kohn-Sham J7 #2 /9 A G Sk AOR AR L, Hat5E
RIS B MRS BAE L, B O(N?) | X fd
PRBAUFIEEZ RT3 07, 1A REAE a0k i 5%
HF RS A RN RS

BRI, 253180 J1%# (classic molecular
dynamics, CMD) i 2 56 50 F1 AL 3 55 1 ] 55 2%
FHE SRR B AT RIA K, Bl TR ARk
filf, AT R B AR TR MERR . 456 ik
REIFATIHAR, BT 7 9 2 LAC)SE T SO B A
JATRE, FATAT LA F R H A&, LbtsE sh e
FL R R R L (B2, T #aE
TR ERA PR A2 PR TR A Z BE ) (1145 CMD FEHfA
R R YME DR AR, A T A B
AR ZHIAE | 20 R GG IR R MY
4t K Bh 12

AR, HLER2: T BRI Kk e s 4 |k
LMER SRR B TR A 2007 4F, Behler Al
Parrinellol"% & ek A T4 22 24 FH T3V AE i A
[P, PR T R R BRI IR AT LA
Tl 2 A RE T AT ) e | X R BRI S
SRR B T STl # (Gaussian approximation
potential, GAP)M | 3T 28 43 Hr #¢ (spectral neig-
hbor analysis potential, SNAP)"2  ZREEFHEE (deep
potential, DP)3 &5 — Z B g% 7 > B AL 1 1Y
I, A R 7 38 19 22 5 78 Jmy 3 BR 5 B 4
L PLEHAR T SRR Z I AE AR L. 7F Behler-
Parrinello 2% H, Jaydal i1 PR B R A7 A 1 7 2L
FEXIASREI AT BHA R A Ay A 1 R E BRORH I8 1 1)
J X B pR AR, BRI T 12007 1k i 3k PR R A
DP 5 N4 1 o 3 s O 3R 107 58 14 M ek
A W28 LIRS Z= 0 Jey bl i PR A5 ol 22 D 2%
SRRTH T U OV 2 4 Jm o L IR R | B AR
ANFBEA AR A% TP R R, BEE AWk E,
FETALAS 2% > W SRE I 7 138 4 27 2] 5 — 1 J 2
AR AP AR AR (BB, 52 01 . N Ik a), &
N Z A | 2R REIEA R | %%
A EAE A RO 2 1510, FE R A B

(AT, Ao 22 Do 245 S T L A3 DS i B L
SE 1 )7 RERE AL I 28 I 28 AR AR T, A ke 1
TR G P 208 RN TR T X ) L, A A 5 RO RUBE
KR]3R 3l g 2 iy w] g =21,

ASOETFHERGE 8 /1% (deep potential
molecular dynamics, DPMD), 85 T # & 2|1
NREAF (p = 136 GPa, T = 4100 K) T4k
3 12 S s v, IS X AR SR R U 52
oy 2220 HEATRE G A A — B A DA S g 3 B
W IAESL T AR, A R e i 5%
PN B AR R AL R BT AT RE.

2 K %

TESrF BN 1A Rh, KRR Y A 3 22
B BT, S AR EAE T R ARE T V S, ATLA
5 AR Az s, B

B oy )
Hrpb MR Fife, R FREF AR, 15
FE ARG, M- Z B ECHEERNS
3 HE I . FEAE 40 KS-DFT HE4E
A & T 2L o SR % Kohn-Sham 5 2 2K 245
TEL M2 127 B HESR b AR i i T XY
J1 R L BRI AHELZ T, 7 DPMD i,
AR TR ML M FHaem, & A TR
R RE ) Sz AL TERE.

TRBE BVRE S S BB T A4 3 $2 1R 17 i 28] o 140 %6 R
PECRFFITZE, 38 i A 284 R Jmy B R B 1)
fiE, A R38R | B3NSR R A 1.
A 73 B U o LU/ N =V 11 b S | L N o 951
F4EIC R, HASTRI ek oy 1

E= ZiNai (Da, (ri, {75} jen)) (2)
Hr, Do, FoR58 i N EF OCRERN o) ()53
WA A, N, 738 I 28 W 48k 3887 e F
JRI IR B AR B R T RE R EL, R RIS
A TR SRR, BT R4 E
M F(R) = F € RV*3H1 3 x 310 4 HL5k & (Virial
tensor) Z(R) = = € R¥3:

F =-VRE (Fij = -V, E), (3)

N
Z =tu[R® F| <Eij = Zsz‘fk]) . (4)

k=1
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TER 22 B TR itz s i R, B AR I
FAEHAWE AR A T R T A A, T

%77 Y Bk, IR R — 2R TR E

e, R ENE T E SR ({(n), {pi))
J&, SERT LIRS RGERAT R 2R A(r, p) . iS58
TS AT LIRS R GE R B ST 2405 .
ARSI RS GRS, WG S5 &
54 AN EF Y TC PS5 . B el VASP Ffd 129
FE—E IR R AE T RIEN 2 ps 11
S — VRS 30 G, BHRP R 1 s
50 A — AL, AR BRI ER N ZRAE . Al 1 R,
TEVIR ISR I 45 A TR %, [
5 A ANWIIRBEHLECR TS ) DP AL Vi3 2R
IR R, Mp =0CPa, T= 1873 K %] p =
136 GPa, T = 4250 K, MIRAEET 1280 A
T[] v B, 52 2R Sl Morard 25 1260 B 52 1 AH 31 5L
Tt KS-DFT 35, SR T Perdew-Burke-
Ernzerhof (PBE) 3 5B IZ oA P71, i $4 U] 2R H

5000
% 4000
g
3
8
g 3000 |=
5
IS

2000 |- DPGEN (liq222)

1 1 1 1 1
0 25 50 75 100 125 150
Pressure/GPa

1 S SRmINGR AR R FIE, 5620 B B R R TR

% (p, T) F&MF T RAFBRAS S, B AL Morard 4529
1l 5 A 5

Fig. 1. Atomic configurations sampling in P-T' space, where
the black solid line denotes the experimental measured
phase boundaries by Morard et al?d.

T B INF ¥ (projector augmented-wave,
PAW) JEA PS5 T 16 M HL T (3s23p©3d04s?).
KT 900 eV (U BIRE#EHT. Brillouin XY & SR
FERIAS R 2 x 2 x 2. BLAb, 25 5B 308k 0 il 778
d PRS2 PR, IR 5 8T B ek
fb. HA % B A AR, WSS E S B
AR AT R AR 29901,

FER PR BN LR D IR, R TF IR (TR BT 2 2] 3
£, DeePMD-kit 3132, |22, #i ARI#% (embe-
dding net) @7 =222, B2 ZIT
439 A 25, 50 A1 100 4. 814 /%% (fitting net) o
& =202, BZEH T 240 MRZoT S,
FER A2 2% K Re s . J7 gk LAY I A
WA Z1% & K 0.02, 1000 F1 0.02, ZEIZ G %
WA AL 1.0, 1.0 £ 1.0. YIZRAUE FEI 25 A4 58
A8 T2 E A R 2 X 8 A 2R O e
277, BISABETH AR B, IR SRS, 52l
FRRE N BT 5 T RE s A AR DL R4k L (5 8. FE
YIZR I I B2 203 T e o L 4k FLO A AR, 75
= HAMF AL, DR IIE 28 X 48 %] T 6E
L ESRAYLA R R IR S AR E 6.0 A,
WGAROE R 40 TT . BB IS RS Z K
HHEAE B L A R — D BUE RS TR
PRZEZE | ik A ZS | FULE 254 Hh A 28 TT AR
P, FE IR id i S 1) A2 36 A AR B 784 ik
TS Tl Sl iz 45 O B i I A4 46 4
T, D TRE R . 32 0 4E A HEWT. anlEl 2 TR,
DI 32 5 AR IR 22 (root mean squared error,
RMSE) SR ITAb A B fERf Ve, 57 1Y e Tt
i 7%/ 7.36 meV /atom , 2 J1 {24 0.36 eV/A | &
254 0.41 GPa , 25 R I KA — 2k

B 2

Fig. 2. DP-predicted energy per atom, force, and pressures versus the true KS-DFT calculations in the testing dataset: (a) og =

WSR2 01 5 A I ZRAE b o T30 i 22

7.36 meV /atom ; (b) o5 =0.36 eV/A; (c) op =0.41 GPa.

a) o = 7.36 meV/atom; (b) o;=0.36eV/A; (¢) 0, =0.41 GPa
f 2
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3 4 K

3.1 FRAS4E

WIAAVE NSNS T 24, HIET7E bR 7
A LI S S AR 0] S04 R g (r) , B RS GG
P (static structure factor, SSF) S(q) HKefHiid.
T HON R R, SRR TR RO B 2
[ SCIRAE B il i TR & ] Dl it X i
B (X-ray diffraction, XRD) il f& H#%3K75. IT4F
>k, Kuwayama 55 23 il & 1 M H B0 0 A 5%
PF ISR ARG N, R RiE e A i
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Fig. 3. Static structure factor of liquid iron: (a) p = 0 GPa, T = 1873 K; (b) p = 21 GPa, T = 2600 K; (c) p = 40 GPa, T = 3000 K;
(d) p =53 GPa, T = 3300 K; (e) p =74 GPa, T = 3600 K; (f) p = 106 GPa, T = 4250 K. Colored circles indicate the results from
DPMD simulation, the gray square denotes the experimental measurements by Inui et al.?! and Kuwayaka et al.?l, the gray
dashed line denotes the results from CMD simulation with EAM potential.
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Fig. 4. Dynamic structure factor of liquid iron under (a) ambient pressure condition and (b) core-mantle boundary condition.

Colored lines indicate the results from DPMD simulation, the black circles denote the experimental measurements by Hosokawa et
al.?2 the black dashed lines denote the CMD simulation with EAM potential developed by Sun et all®.
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Abstract

Liquid iron is the major component of planetary cores. Its structure and dynamics under high pressure and
temperature is of great significance in studying geophysics and planetary science. However, for experimental
techniques, it is still difficult to generate and probe such a state of matter under extreme conditions, while for
theoretical method like molecular dynamics simulation, the reliable estimation of dynamic properties requires
both large simulation size and ab initio accuracy, resulting in unaffordable computational costs for traditional
method. Owing to the technical limitation, the understanding of such matters remains limited. In this work,
combining molecular dynamics simulation, we establish a neural network potential energy surface model to
study the static and dynamic properties of liquid iron at its extreme thermodynamic state close to core-mantle
boundary. The implementation of deep neural network extends the simulation scales from one hundred atoms to
millions of atoms within quantum accuracy. The estimated static and dynamic structure factor show good
consistency with all available X-ray diffraction and inelastic X-ray scattering experimental observations, while
the empirical potential based on embedding-atom-method fails to give a unified description of liquid iron across
a wide range of thermodynamic conditions. We also demonstrate that the transport property like diffusion
coefficient exhibits a strong size effect, which requires more than at least ten thousands of atoms to give a
converged value. Our results show that the combination of deep learning technology and molecular modelling

provides a way to describe matter realistically under extreme conditions.
Keywords: molecular dynamics, neural network, extreme condition, dynamic properties
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Fig. 1. Coincidence spectrum of the time of flight of three
correlated fragmentation ions for CO, gas breakup using
intense femtosecond laser field, namely, photoion-photoion-
photoion coincidence plot. The X axis is the time of flight
for the second ion, whereas the Y axis is the sum of the
time of flight for the first and third ions.
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Fig. 2. Kinetic energy correlation diagram of COt and Ot
ions generated by three-body Coulomb explosion. We di-
vide the data into two parts, which can be used as the con-
ditions for channel selecting. The data in the red trapezoid
is denoted as channel 1, which is sequential dissociation;
and the data in the red circle is denoted as channel 1I,

which is non-sequential dissociation.
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Abstract
We study experimentally the three-body Coulomb explosion dynamics of carbon dioxide dimer (CO,)3"
ions produced by intense femtosecond laser field. The three-dimensional momentum vectors as well as kinetic
energy are measured for the correlated fragmental ions in a cold-target recoil-ion momentum spectrometer
(COLTRIMS). Carbon dioxide dimer is produced during the supersonic expansion of (CO:) gas from a 30 pm
nozzle with 10 bar backing pressure. The linearly polarized laser pulses with a pulse duration (full width at half
maximum of the peak intensity) of 25 fs, a central wavelength of 790 nm, a repetition rate of 10 kHz, and peak
laser intensities on the order of 8 x 10'* W/cm?> are produced by a femtosecond Ti:sapphire multipass
amplification system. We concentrate on the three-particle breakup channel (C0,);" — CO3" + CO* 4+ O . The
two-particle breakup channels, (CO,);" — CO3" 4+ CO”" and CO;" — COT + 0", are selected as well for
reference. The fragmental ions are guided by a homogenous electric field of 60 V/cm toward microchannel plates
position-sensitive detector. The time of flight (TOF) and position of the fragmental ions are recorded to
reconstruct their three-dimensional momenta. By designing some constraints to filter the experimental data, we
select the data from different dissociative channels. The results demonstrate that the three-body Coulomb
explosion of (CO,)3" ions break into CO3" +COT 4+ OF through two mechanisms: sequential fragmentation and
non-sequential fragmentation, in which the sequential fragmentation channel is dominant. These three
fragmental ions are produced almost instantaneously in a single dynamic process for the non-sequential
fragmentation channel but stepwise for the sequential fragmentation. In the first step, the weak van der Waals
bond breaks, (C0,);" dissociates into two CO3" ions; and then one of the C=O covalent bonds of COZ"
breaks up, the CO3T ion breaks into COT and O'. The time interval between the two steps is longer than the
rotational period of the intermediate CO2% ions, which is demonstrated by the circle structure exhibited in the
Newton diagram. We find that the sequential fragmentation channel plays a dominant role in the three-body

Coulomb explosion of (CO,)3" ions in comparison of the event ratio of the two fragmentation channels.

Keywords: dimer, Coulomb explosion, sequential breakup, nonsequential fragmentation
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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.
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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,
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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(™.

Shi 45 [ AR WS, BT Si fFLIRFES 7, 15
Bl F-P i PN L 37 A 338 5 ) B B 2s — A AL T
V% R B SR, SCPL T SHG 24 600 175 44 55 ;
IR R T T — R 2 ) SIS SR
7, B MoS,/ WS, 5 B4 iy 2s B T HAT LI 45
FHY Si0,/Si #HiE L, 7E 355—470 nm PG FIN
SEPLT AL SHG a2 71

3.1.1.2 MR ERHITIEERN SHG 312

R T R A RO 22 S 5RO 5 e R BB AR
HAEFSRIEAN, tnT U2 1 45 B ot s T
2 17 52 IR S 6 3 1 SR e B B A, DT S B
SHG A5,

] 4 i ok R -4 I 2 1 55 B P OT 3
Zhkh SHG RIS HERE. 2018 4F, Wang 55 (™
B2 WSe, HER RN A YKV R) 4 (Au) AR
F (F 4(a)), 15 Bhya T SN 1 Jey b s A

FH, 52807 AT WOGIEB SHG 15524 7000 153845
Z&{Hb, 2018 4, Shi %5 B HAE WS, 5 KR
(Ag) GIRAESCAAE Ak, 88 3k 1818 2% 1T 4 B Yoot
K5 WS, B ISR IR, S0 T )2 WS,
th SHG £ 400 % 18438 : 2018 4F, Chen 25 M
AR FARIK ERZE WS, 58 2 fil e il f 1
Au BRI (Bl 4(c)), LT AT WG B AT AL
AR M0 R e s AN R)F AR GE 19 4 8 S 25
4, 2021 4F Leng 5 P & T —Fh L2 MoS, BT
B Ag MR AR BUEE Y. O TR G
PRS2 4 Jm Wi LS AR B 15 4, AT
IWTE LAY Ag WA — 2Rl g B ab it T
SigNy (RIS EE R (18] 4(d)). MR EOER RO
KGR RR R B R 55 B OB IR, =R %%
PR IZIR A5 SHG 58 A B 3 MR
K.
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‘WS, monolayer

Quartz substrate

B4 Z4ebpR e SE RSOt SR Y SHG i PR 5T HE

WSy
Al,O3

MEHN,

(a) Mt K Lo 2 WS, S B ot SR 1 SHGI; (b) H1 2 WS, H %

BT ISR AL AR AL (¢) WSy A 4K AL 4R AU 25 I 7E 7T WO I B S BRARZe e B # B2 (; (d) B2 MoS, B TR &

JE K EE A 3 3 S5 B OTIE IR A SE B SHG 1Y 1 5 (79

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!™.

3.1.1.3 “#MEH N REBREEERN SHG 318

AR T S M I iy i)
gEfaBGEsE —AEMR E SHG i BRBAE T Z T
5. 54 )RR MAF EWOTH L, A BT 3R T 4511
A RRERRFE, A 5 S RO A, SO AT LSS
IR AR R SHG 3 DL R Rk R i) R
TE R 1, 2018 4F, Gan 45 %% gk 7F — 4k GaSe-
Si T rm AR S AR G SE B T IR ) R S
TSI A T AR SHG 12, 2019 4, it
NG —HER) GaSe Gk 5 Si MR (B 5(a)),
SEEL T AR L R (SHG A SFG)I;
2020 4F, Bernhardt 55 ™) 5% 71 7 —Fi 9 (59 18 4
AKEFRA HL B R AT, 1R R T S — P Q E Y
Tk, BIE L2 R4 (bound states in the
continuum, BIC). 4 H)JZ WS, 5 I i 5 1fi 4 i
(K 5(b)), AR NI T )23 WS, i SHG M 3
AN B R IETR ;2020 4F, Zhang 55 M) &3 T —
FREET SigNy G5B EIZEH), = MoS,
FIZWBA A (B 5(c)), @t FEHOE
AL SIS, SE T HUZ MoS,

o SHG 24 170 f5 i3G5, S 1 —4EpPR-
BRI AL 45, 2021 4, Lochner %5 B0 K5
A2 SAHUTRR (chemical vapor deposition, CVD)
AR HZE MoS, 5 4Rtk i Si 3k
AR A (] 5(d)), FESEH PS8 T SHG 3T 40 1%
PR3 5.

3.1.2 kB A EAE R KE 08
)

311 7 R G A S 7 2 ) R R 45 F S
BT S OC 0 Rk, dE TR S T 4EAr R
AHEAE FH 5 22 S8 AR W & b Z AR gt i 2
SBT3 € A R )
LR, 18 Bh s 5 — 4E AR A B, AT DLAE
K5 bR A BAE R, el B it:
TSR .
3.1.2.1  "HEMB-LAERFEE PR SHG 3R

2019 4, Chen 55 BU F| H 56 88 i 7 2o 5 )22
WS, 5HOGEF (microfiber) 5 (I 6(a)), B
JeeF ki 5 g WS, A EAER, SEE T
WS- OEEF RS SHG 20 53554
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(®) w w 2w
SHG; SFG SHG-

3} T

GaSe

Silicon

(d)

Glass

Bl 5 HERRN A B SR T SR Y SHG A B SRIESE  (a) SiMEERTE S5 4k GaSe £ S SHG M SFGI; (b) WS, H1)23
#E BIC i ¥R 1G58 114 SHGI™; (c) i B SigNy S 3 4 S 45 44 S5 B JZ MoS, H SHG Hy 33 [7); (d) TR & /B R 1 1 MoS, Bz
SHG (1} 35 5 50

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®.

(a) ~ hw_[“ (b)
haw PL T-k| sua . t H H‘”ﬁw?
- 2wy

W1 56,07 SHG SFG ,\N\N\mﬁk

i\ - Y

GaSe layer S 2w

(c) InSe coating
w1 /‘ 2w wy
—L, W %/WW. — | L
Microfiber

(d) SMF HCF  MMF
I 1 1 ]
I T T 1

Optical adhesive with GaSe
nanosheets

K6 (a) BETHA I EH A M2 WS, 7“64%*@2‘?52 Z5H I SHG Mg s B (b)—(e) T W 2 45 19 4k 4 RL-6 27
B8 IS AL T2 B I S 2k M o R Y i ) IF Y (b) V)2 GaSe i Bt 2# OB LF 2 S AR Z W JEZe i 72 57 (c) 1% 2 20
Y InSe £ 1A OB LR HP AR 1 55 3 54 (d) iE}Eﬁ GaSe 40K F (1) HCF Z5 #4978 7 18] B9, (e) GaSe 94K Fr 4 i iy SCF s2 ¥ SHG i
i I8l

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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B 7 HZE TMDCs HA L5 19 —Brdk et
SERRVESR, AR GaSe MPBHE Z HrdlE Ze i ity
AEIZHINHL. 2020 48, Jiang 45 B2 I FE A 42
AAHG AR GaSe AR i SHOELF N (K 6(b)), 1H
B GaSe AR = ) B AE Sk S B T AL A
T SHG A9 225 158 U, 2021 4R IR A
FHPOCTTRR B By Bt B B R et 25801
filifb 8 (InSe) SHOGLF LM (K 6(c)), TEIEZENL
WOLTR EM AT S8 T 2 45 h s —
R R4 i A 84

iR 3 AN TAER A H B ROLE, (B&m T
WOCLF LR, SR RE —4Eph R e B R R
EZ R, AR 5 52 2N B R R ksl Kb
DL A RCAER . DR TR AR e A O
5. 2022 FIZBBA R DR GaSe 5A5EOLER
(hollow-core fiber, HCF) (& 6(d))®! Lk fz &S
£F (suspended core fiber, SCF) (& 6(e)) 4E i,
[FIAESEEE T PR 2F 5 B A v = 200 — By
Lt .
3.1.2.2 MR- EAERF AR SHG 1558

e —HEMELS i S EOME IR IE S AL, R

(a)

For 00t Y-

a-Si

BOX (SiO»)

SHG

A A KSR A B R, S B
LR PRI GR . 2017 4F, Chen %5 7K B 2 A AL 41
(MoSe,) 5 Si I FHEM (K 7(a)), B SiFAR kS
T S g R A BEAE R, SCELT R
MoSe, H1 SHG [ 5 f5i5; ArHAER (TiO,) 9KEk
FE AT WG B A 5 i AT S R R IR B e, 2 |
FERCT- G h— R AR AR -5 2019 4F, Li 556
W BZ MoS, 5 MR TIONZN KL, (K] 7(b)), 528
T MoS, /MK & SHG 521 2 Mg
1o, 20224F, Wang 58 K/D2 GaSe 40KR 1 SigN,
O EIRIEEE R (K] 7(c)), fE ) GaSe M RHYHE = —
RS R L) AR I T IR I SRR, RS
PO RS S 1 5 1R SEB T R A e AR
Bt B 2023 4RI JRIE Tl K2 () S5k Be T
REEAVE, AR — AR ERZIR SnP,Se; 5
SisN, R IR IR s 4 A (181 7(d)), SEBL T SHG 3
58U N SHG Hff B A3 15 i B i VE RED G HLARTIN 25 V).

3.2 Z=RriFZ M IR R A — 4EAT AR R

(Y APAN
A

FERHE LT 5 58 mo S WA RE = B AR Lk

/
SiN waveguide

Substrate

Bl 7 BETRR Tk A i) T AR R B CE B T AR L M B O T Y R

(a) i 95 I —4E MoSe, th SHG f9 %8 7,

(b) PAJZ MoS, 5 Ti0, 444 £ 5 i 52 P SHG Ay 358 59; (c) )2 GaSe 5 SigN, SR 4 1l 52 30 5 200 SHG 1 SFG T #2 89); (d) SHG

B BT SnPySeq It HL AR & 0

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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MRS —, AIESRCAIE T, ROt T2
BT S AR AL, ARG S RO . AREAEAT
G ng 15 = B AR AL x ) B G

deng?eg |

ny = 3Re { (4)

Hor, e e, no WERMESTES R, o WE A
L.

4L (closed-aperture, CA) Z 43 (Z-scan) J&
— P AR e R E L T S AR A AR ik 1
W —4EbrRBHE T A Dk P OGO G- D3
e, B sh “HEMPRIIOALE (T Z %) 15 3E LY
HINFE M RLTAL 2 AP EROCR. SRIE A R3
8 it 2R AT 4B T LAAS B AR —4E bR AR L
PEYTIT AR, 3R 1 MITAERIE T ZHM T RS R
L T AEMRE (7 M AT SR04 L TMDCs,
WES) MARZAPEST . AT LUE B R W) —Fh —
HERPRL, TEA )Y IR BE B AN Y S B A5 1 T AR
I SEIR 25 RAG AR AT R A — & B

[F]. Si, SiOy LA SigN, M BHFE 8 17 I B A E e 1k
PrifHAE 101101 K, £ 1 PHIH AR
A bR AR St AT 3T R E L B R =R S
28 MG I, B2 R0 4EpPRL S B
TR, TEABIRE TGO L A oA D
KOCEAAR R LR L 38 mT AR5 AL
1) =B AE et Rt
321 ZEMF-RFERFEFH =03
2%k 38 0%

18 W A7 S50 T B D T R PN A v — AR 2
PE, 2015 4F Wu 55 100 75 7 55 4 00 7 1 IO 2F
(graphene-coated microfiber, GCM) &% ¥4 H1 52 L
TR FWM 72, &l 8(a) A GCM L5 7R
BB, H A ROE 26 R b i R A
(single-mode fiber, SMF) {2l 7E & 2 Hh £ 1k
0 B AR e W R T Bl
CVD K ayA S5 ROCA M EEE. 43R0t
2F A A SR, TERS R SR D 25 T

R1OIET Z N IR AR AT R ny

Table 1.  Nonlinear refractive index n, of different 2D materials measured by Z-scan method.
ey JEE FidA /nm ny /(m*>W) SHEH RREE
LY 1550 ~101 [92] 2012
SHA R A BRI ‘
572 11502400 (0.55-2.5) x 1013 [93] 2016
2 um 800 7.5 x 1013 [94] 2014
PG L A AT 2205
1 pm 1550 4.5 x 101 [95] 2017
SRR AL 25 um 1064 (1.88 £ 0.48) x 1016 [96] 2016
SR MBS 0.75 nm 1040 (1.28 + 0.03) x 1014 o)
97 2016
SRIAE R AL 11.4 nm 1040 (-1.87 & 0.47) x 101
HIUAHR] 5 Y B 15 nm 1030 1.64 x 1012 [98] 2018
AR KR 20 )2 800 ~1.33x10 15 [99] 2020

Microfiber SMF

Sectional view Microfiber

P8 LT HAS T ki 4 10 = B AR SRR ) RO T &

A8 BRI £ 7 7 ] 1101

(a) GOM 552 B R J56 DU 35 TR A A2 (00 (b) MoS, # 3

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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FTERTFEHOCET PRS2 DU IR AT S . (H 2 7EAH ]
PRI, GCM ik LIfE 1546—1558 nm
B NS 3] (1) IR DU B TR ATT N 2.

2018 4F:, Zhang 5 MU 42 T & 8(b) iR 1Y
—Fh 3T /D)2 MoS, B 35 Ml e Y625 /Y = Bk
LRI G, o T & iR R E
Y (polymer) FH T 5 48l REWRT Be
SR AR e AN FHPE R RSN, 80T LU
YRR A R R T SRS B S A =
B AR A 5 S T X A S Y R

3.2.2 Z#MF-H EERFSE TN
L PE 3 0%

T SiARHE A BRI 5E /R Rk R 107,
JIrLATE St B OB AT A B = B gk
MOBHE — & AR A T ] UL E] THG
L = B AR LM F0N 1031, HeAh, i AR
REILEFE5H, WotF Al S 104100]) 7 i e
W T 20 Bz I Si MO IR s 100 &5t mT DASE B
=B AR PR .

AR TR RBCE L Si K 5—6 MR
G0 NGRS ST S 10510 SRR TR
Jis 0 4R ji, AT DASE B SPM B FWM 45 = Firdk
LRPESION (3G SR LR 2015 4F, S5 T TE A A SR

(2)

FTHERS T RS T A SR /ST T AR L A
AR PR R R 3 5 108 [ 9(a) SN TREMIEOL
Jik ot A 20 /ST AR U S PR R R KL Y
SiHEW T F A EEEEN (K 9(b), R
Si HA B E I ve RARL A, (BAER R D 3 554
T ARMER R B B AR R TEACR (B 9(b-ii)); #4
PR R RS R ST s 2R (K] 9(c-i)), ATRA
ML 9(c-ii) B i, FEMFIZEE R, h LR
T =B ARGtk py 3G, R bk b s BEBA S s R
ST HE A SR E R 0.34 nm, KA B0
HBE Stk Sm EREE, S gk L BB
TR R RN A, A EAE R AZ R 002 S
R e R AR L R AT B TR 40 A R 28 5 AT AR
A AR E ST LR, FRITRR Sio, 1 SigN,
e A AR E P R EE . R 9(d-ii) el
PLE X F AR DR 2 TM B, DUEBA Sio, Ml
SigNy ff1 884 /ST R A I T oG R TE AU R i —
AT

BEAb, Ji 45 0 78 2015 4F K B2 A1 B 5 2k
010 pm 1Y SiEREIREE R (K 10(a)), 3
T FWM HHein Kk 6.8 dB FHGE; 2019 4F Feng
A 1004 P LA BRA 5 Si I AR R (8] 10(b)), 52
LT A B0 /ST A T SPM U A3 5.
(c-i)

(d-i)

Graphene SisN4

SiO, SiO, Si0,
1.0 }— Experimental (b-ii) 1.0 t— Experimental, (c-ii) 1.0 }— Experimental (d-ii)

2 results (TE) 2 results X 2 results
5 0.8 f— Experimental 5 0.8 Numerical 5 0.8 Numerical | _}
4 results (TM) 4 results 2 results /
= 0.6 Numerical H 0.6 5 0.6
> It >~ ~
Zoap OUE 204 Z 04l
g & g
o2 302 o2
5 = &

0 0 ———r” - 0

1530 1540 1550 1560 1570 1580 1530 1540 1550 1560 1570 1580 1530 1540 1550 1560 1570 1580

Wavelength/nm Wavelength /nm Wavelength /nm
P9 180 /St AR R RN A R oh A2 35 008 (a) MEDRIK h7E A7 3895 /ST IR & BRI P A 75 975 IR St RIS

(b-1), ABIE/SUBR IS (c-i) LA 8B /S BBess il S (d-1) MR BER, W IkohEE Si B IES (b-i), A8 /SiE RS
(c-ii) LA KeA7 280 /S ZEMe 58 I (d-ii) 235 5 19 S 3o A5 iy DA KB 50 it i 1 Dl s

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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(b) (c) GO film

i

-------- High-index doped
silica glass

(d)

(0

SOI nanowire

40 pm

K10 BETHRBEIESHA EER AR = AR MR R BRI (a) Si-f 8800 R 1 4R 15 22 B S B FWM (19 34 5 (111);
(b) Si/A SBIFEIRA I IE SPM Y38 1Y (¢) GO/Hydex IR A1 T 528 FWM HY3E58 122; (d) —2 GO MR Si 9ok 4E iy 52
SPM [y 38 121; (e) MoS, B T Si bl 3 SEBGS S /RAEL MR A HE 3R 190, (£) 222 WS, 55 SigNy -5 57 J5T 4R A 52 BU AR 2 4y g i 1921
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,

5ABEHIL, A5 (graphene oxide,
GO) 3-8 B )47 1Y 2 P AR Ze ot 2 e ik
H A EAR A ISR FE . KA AT I8 B [116) AT AR
A AR M AL, AEAR AR M A
E}““\?ZE{J@FH [118—121]. ﬁﬁzﬂé’ MOSS % [122—129] E):I:
KT —MEEBCF SR EATREERER GO i
P ZE TR, ¥ GO M5 mir g R E ik
FE (hydex)2212 (] 10(c)). Sil24123) (18 10(d)) LA
Je SigN, 2612 TRANSER BE R, 0B T AR O
ERUYANVEN |5 i P R SR e

A, A Bl TMDCs0-133] (8] 10(e), (f)). Bi
R (GaS)I34 ALY 59 b kLS B Eidah 2t
OSSR BT E 2 R Y et oS I e 7
PEFREE.

4 ETHEEKRTEHENER %
FORHE SO T A

41  ZHrIELME G RA 4RI AL

P4
=
411 ZZEMA- R R R 6 P ey =HrdF
BRI IR
K] 6 I 8 BT o 7 3 THERS 7 kbl 411 —

AEMRL-ICEF R O 6 rh SE AR L M3 5 I 53 3
. B, TEK —4up R 2O i B, T
RSB e 0 3 e O 1 o R g S I 9 =K e 3D 9l |
PP 25 5 ) TR SR 4R S A
SE G R AL SR TSR S B | AT, B IOGAL
b R T TR RN SO FE ; A, SRR 1 5 1
TCIR S AR YGER 1N A MEE I 5 S22 514 7
HAER I 75 S T s s, ok scsik
FUAR I %

BE WG G0 3 T B J7 14 — 4 b RL 5O EF 4R
JRAFAE ) bR Bk AT NG T AR $ Hhil FH Ee
KA LTI AR S5 LR AR L. Chen 45 130
1E 2019 42 7E T SR 64T (photonic crystal
fibre, PCF) 1 4 KA 850, 7649 1100 C 1Y
HEREMT, IR T 7 PCF N /4 eEh
2y 50 e HLE A BRIR IELR Y SRR, SEEL T O
55 A AR A B S 1G5 X TMDCs, 2020
IR R T —F i 11(a) Fis w1k
SARTIRRE 197 15 S5 B HCF B4t fi R HITE
FCEF P BE 0 5 A I U 4 JE T R WSV A N e
SeAE KSR Y ; SR FERRA R N AR RET N BEAE
£ TMDCs. 57 EiR ik, 58 AN/ HCFH A=
K TREAN 25 cm BI5)IELLHZ MoS,, MoS,/
HOF S ROEer 3 B AR R 1) 35 1.

174202-10



¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 17 (2023)

174202

(a) Fibre
¥ ‘ O Na,MoOy, S
I B P W G
>
| B R &R
N32M004
Step 1: capillary
pre-deposition and drying
— - o- f—
o () o, ©
— —uo [E—— -

Step 2: high-temperature growth

(b)

SHG emission

MoS; monolayer

- ECF
; Excitation near-

infrared laser

Bl1r BET E A A TR AR L MR A T AR DR RICE B (a) PO RO R IR T (b) SEEF A A

BB SHG!S

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!'?®.

SR, B3R TAE i F A HCOF YA h FAs
K, W5 gk Z M L E S 2 IR
2022 4F, Ngo 45 1381 4 (i AN &l 11(b) Fros 4
BIEEF (exposed-core fibre, ECF) 1E &M F-5,
FIH—FhE IE AL 24 AR DTR I 199 (R iR E T
XA IRIEIX (200 °C), ¥4 @& (R
BEH, MoO3) & T4 X X &R IX (770 °C),
TETRIAEE NS RR ER A48 B E A K
2 MoS,), SEHL T 4 M BB 41 45 s S5 4 v )
L SHG 172

41.2 ZthEMH-B LERFES P _MIE
&P 3G %

B 7. 9 R 10 BAES T A TR RS O vk
B iR B AR BCE B T SR LR R Y
gt . SETHERE ik Sl — i mb kS i e
LERREE R, EEAFAELL N ) Fead b &
AN st G b B AR T, s SRS L N
J1. BAaE iR RIET A, BRI PE
AE N RE, TAEAarde i 14040 b) R ft vh /5 22
B2 B i, ANk il i 2 B PDMS
GBI RL, TBIA T ELAE B 7, 548 50 iU 18
HOTE MR S GRS S LA S I A 24 T
FAE R AL AR Hh B R S RE | S B T e K (1420,
c) MR ) HEA R — M R BB TENSTE QK 454 3R
10T, Joik el ee S fy B S e, SR AR ot s
YRR AR BEAE R AZBR 14 ) R AR dE
WA B Tk A RS 9K S5 R B K
TSR RO A A R rh— et F L T 2K

N2, #ERIE R 2 B W] B AR T ek 1
e) R i Rl w2 AR IR R 00 4R
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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.
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