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Abstract: In recent years, chalcogenide glasses have attracted much attention in the field of integrated photonic
devices because of their ultra-wide infrared transmission spectrum, high linear refractive index, extremely high
optical nonlinearity, and ultrafast nonlinear response. Firstly, the fabrication of chalcogenide glass integrated
optical waveguides was reviewed, the progress of chalcogenide integrated photonic devices in infrared sensing
and high-performance nonlinear applications was summarized. Then, the chalcogenide phase-change photonic
devices in optical switching, optical storage, and optical computing were introduced. Finally, the current problems
in chalcogenide glass photonic devices were summarized, and the future research directions were prospected.
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B 1 (a) 4 pmx2.6 um (9 AsyS; METE AR M85 BT (b) AsySs B FAER T FIEHI APM P, (0) AsyoSgo MUBLIERME 1T 5L
AR, (d) AsygSgo PR IE IR TETAIEE R, (o) SiO, VA 454 _LUTRR As,S; I T2 L K SIH ) SEM [E]
Fig.1 (a) Optical micrograph of 4 umx2.6 pum As,S; snakes strip waveguide™; (b) AFM picture of As,S; waveguide sidewall roughness after thermal

annealing®; (c) Scanning Electron Microscopy (SEM) and cross-section of As,(Sg, disk resonator®; (d) SEM and cross-section of Asy;Sgo

microring resonator””; (¢) Depositing the As,S; core material on the SiO, platform structure, and SEM of cleaved cross-section of waveguide™
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Fig.2 (a) SEM cross-sectional view image of GeAsSe waveguide’;

(b) SEM image of a GeSbS microresonator™®; (c) SEM image of a
Ge,gSb,Seq, microdisk resonator®”; (d) SEM image of a
Ge,gSb,Seq, microring™; (e) SEM top-view image of a
suspended GeAsSe microdisk resonator™; (f) Lorentzian fit to the
resonance dip”?; (g) Lorentzian fit to the resonance dip at

1559.657 nm®"; (h) Lorentzian fit to the resonance dip®®

Y Luo 55 T 940 nmx400 nm F¥] Ge,,Sb,¢Seq A il
P, ARAR T 1.55 pm Ab A B AE Dl 4.0 dB/em, Jf
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ZI 5 (Y GeygSbyySego I T i TR J Ab FH, 7 H 3% 3
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Tab.1 Current several typical chalcogenide waveguides at 1.55 pm

Materials Refractive index Types of waveguides Dimension/pm* Loss/dB-cm™ Reference

As,S; 243 Ring 10x1.3 0.03 [28]

As,Ses 2.81 Waveguide 6.0x1.9 <0.78 [41-42]

Ge1.5A8245645 2.30 Waveguide 1.55%0.7 0.25 [43—44]
Gey1 5AsySegy s 2.55 Waveguide 2.0x1.0 0.48 [33]
Ge,3Sb,S7, 222 Ring 0.75x0.63 0.84 [45]
GeysSbSes 2.2 Ring 2.4x0.8 0.19 [46]
Ge,Sby,Seqo 2.50 Waveguide 0.75x0.33 1.0 [40]
Ge,SbypSeqo 2.80 Ring 0.8x0.3 13 [38]

W 5 L 7R 3 3 B IO IR A T 5 R R R A i,
WEFE N G R BT J8 T i 2D AR B (2~20 pm) (87 &
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WK Ak 2x10° 1 5 i 5 B, A N A% B RE Ry
0.7 dB/em, 411& 3(a). (b) FrmPl, [FAE, KK
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PR, 4N 3(c) FiR .

2015 4%, Ma 45 X HR3E T AT 7E 5.2 pm B KA T AR
1) Gey) 5AsyqSegy s Hil1H B IO IR I, FL25 M 242
180 pm, AME QO fH A F] 1.45%10°, I35 15 2 44 iy 4
FEM 0.84 dB/em™, 3 2 45 T HATJLFh & WLyt
ML FR IR AR UG S A AT

)i'mtlﬂél%ﬁ%iﬁﬁ%%ﬁiﬁ%iﬂz%mﬁﬁaééﬁx
T S R, (R R AR B R A LA, R —
A5 ) LB 2R 35 38 1) Ol B AN AR 1) B B e T TR K
J U T BT T2, DA A I 0 R (1 R R [

Geu 5A524se64 5!

Geu 5A524se64 s

& 3 (a) 45 200 um AT IR IS ; (b) SAEEHR IV P SR A3 A3 A2 (o) I bR v 9 R - S Al e P )

Fig.3 (a) 200 um radius microdisk resonator; (b) Simulated field intensity profile of the fundamental mode of the microdisk resonator™; (c) SEM image

of the cross-section of waveguide'**!
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Tab.2 Recent research progress of chalcogenide optical waveguide performance in mid-infrared band

Materials Types of waveguides Dimension/um’ Wavelength/um Loss/dB-cm’ Reference
As,S; Waveguide 4.0x%x2.5 3.6 0.75 [47]
As,S; Waveguide 1.2x0.6 2.0 1.447 [50]
As,Ses Microdisk 25x%x1.1 5.2 0.7 [22]
As,Se; Waveguide 3.0 x 1.35 527 2+4 [51]

Gepp5A5245€64.5 Waveguide 4.0x1.25 5.0 0.3 [48]
Geqg5A8245€64 5 Ring 2.5%x225 52 0.84 [49]
Gepp5A5245€64.5 Waveguide 40x%x2.2 3.8-5.0 ~0.6 [52]
Ge,3Sb,S5 Microdisk 3.0x1.8 52 0.21 [53]
Gey3Sb-S7g Waveguide 20%12 331 7.0 [54]
Gey3Sb-Smg Waveguide 20%1.0 331 8.0 [55]
Ge,gSby,Seq Waveguide 2.8x1.0 4.319 5.1 [56]
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Mittal %5 A 42 H 341 4 T ZnSe B IS, WA 4(c) FF
N, 3 85 A AT R, 7 2.6~3.7 pm B B LA
D 7 7S AN [F] 9 B2 S I B (C5HO, TPA) 7K 5 W 11
W T35 OGS, IF 5 B AR B R — B0

20220152-6



i E ok A2

www.irla.cn

(b)

w

~ Se6 |
=10\ n,=277

Se2 n;=2.44

Free-

SPacc sumay  Gas cell
Det$770

Inlet L ‘LOutlet

Ih

5 pm

Taper

m Fiber

ey sttt rsns s e e

_e

Pipette ﬁ (c)
Cover slip
L] ”

,@ ' P 07
Filter .

5 pm

|

Free-
space

Ag island film

— 100 nm
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7R T

Fig.4 (a) Schematic diagram and SEM image of the Ge,3Sb;S, spiral waveguide®®; (b) Cross-sectional view and the corresponding SEM image of the

ridge waveguide comprising two different compositions of GeSeSe glasses'®; (c) Schematic diagram and cross-sectional SEM image of the the

ZnSe rib waveguide!®!; (d) Cross-sectional SEM image of the Ge,gSb;,Seg strip waveguide and schematic diagram of the waveguide integrated

with a PDMS gas cell®); (e) Schematic diagram of the Ge,5Sb;,Seq, waveguide sensor using the silver island film™®"
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3.0~4.4 pm PTG P, T RE & o5 LA AE 90% L)
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HHRE RIS 1 (1553 390 A 93.81%., 0.4578 FI 18.17 ppm;
MTAE KN 3.291 um I, 7 fE & b e RAE
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0.2 s I, A I Ky 4.11%,
212 EHERBE

TR 5 0T R AR TR 22 08 AR AR AR Ol BIURR, A T A
Y R T 43 W PR 45 D PR o D A6 34 4 25 () N B 4T
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Ik
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JiEs o M TAER K R 1.55 um i, 9% 4% 5 i ke N
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40 dB. 3 i A W 43 A A ) ok BE 1 S B (NaCl) ¥
T, SRR AR I 14 5359 4 123 nm/RIU Al 3.24%
107 RIU™, Zhang 5542 H Il 4 T — 1> GegSbiaSego
T PR IS IR S5 4, A S(c) Frm, 18 X R 2 X
14 % 34 37 il 2 7 L 3R 36.3% Il 56.7%, 24 TAE I
K 1.55 pm B, OERMER & A AT TR 1% 10%, 1E
PR 60 pm (A T T, JH 52 A0 ARSI 0 16 501y
471 nm/RIU 1 3.3 x 10 RIUMY, R T i — B2 7415
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030 035 040 045 0.50
Kx/2m-a™

SRR, RIE R A ORI B R RN R O = e
ARG, 2018 47, Du 4R T —Fh i L E S
TG EE O AL A S5, anI&] 6(a) T o Horh,
Ge,SbygSeqo I T FI T i i 8 4 L 315 A 10 A 1% JE ke
I, AT 523N 1.38~2.05 pm I SEETEHEINCY . 2019 4F,
Su ZERIE T —Ff GeyySb;Syo MRE DL G2 15 e as 4k
B PbTe JEHLARIIAE, WA 6(b) Fim . M TAEH KR
3.291 pm i, X F B OBE SO, % R R ML R R AE
0.078 Hz F) M 47 58 T Rzl Al FR 47 1.0 vol.%, AJ i iz
B il A AR BRI 3R P B MR R K R
353 330 ppmvt,

BLARBEIS T B O5E, YT RaE, T2
P RAELLAME R A BT 2N . BT, 6
TR AP T A RLSME R R O A I 2 iR,
Horb RIOGTE e iR i m A% 2 2 B9 05 1], 3 3ot 3

©

5 () 2T GeyysAsySeqy s 90T BG4k 4% S8 2 U B ) L o 33 20 A1 L RE T 1T (b) GeeysSbyoSego TR 41k 14 12 4 Y SEM 4] 7%

(C) Geznglzseﬁo *ﬁﬂ(};‘z’%&ﬁ%t%ﬁ%@%ﬁ% SEM [z][ﬂ]

Fig.5 (a) Schematic, electric field distribution and band diagram of the GejjsAsy,Seqys grating resonance sensor ' (b) SEM images of the

Ge,4Sby,Seq, waveguide sensor using micro-ring resonance "; (c) SEM images of the Ge,gSb;,Seq slot waveguide and the Ge,gSb;,Se slot

micro-ring sensor !

(a) Femtosecond
fiber laser

Device under test

. Alignment arm
(b) *Schematics not to scale

Top view -
MMI
PDMS gas splitter
chamber
wall Integrated
. detector arm Chamber!
Spiral
Cross waveguide
sections POT
3 e
—t5 300 nm 6 um
1 pm I

El6 (a) i LEESERDEIRAE BOGERER 1 0UR BE ) (b) SRHEIRBE FOLAE AR HE A PoTe S AL ARIIER 7 8 I R P>

Fig.6 (a) Schematic diagram of on-chip SC integrated with optical sensor **); (b) Schematic diagram and cross-sectional view of the optical sensor using

spiral waveguide integrated with PbTe photodetector ©*°
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JR AL )2, H SC i T LA —F R 5 & 6~8 uml*7,
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() 7R . 2021 4F, Zhang S5 1E GeAsSeTe i H1 iR
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HIETR I BR AR ARAS e 2 S BG 25 5L (R SR T BT
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P Te S R BIEME N F L SC %=L ik S 56 IR, iF
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Fig.7 (a) Typical waveguide cross section under SEM inspection®; (b) The simulation of supercontinuum spectrum broadening®; (c) Experimental

results of supercontinuum spectrum generation in TM mode®; (d) Typical waveguide cross section under SEM inspection®”; (e) Experimental SC

evolution with increasing powers at a pump wavelength of 4.184 um™™

®3I MRENFH LI SC B MR RE

Tab.3 Research progress of on-chip mid-infrared SC output in chalcogenide waveguides

Materials Pump condition Length/cm SC spectrum band width/um Reference
As,S; 3.26 um/7.5 ps/1.5 MHz 6.6 2.9-4.2 [47]
Geyy5A594S€64 5 5.0 um/250 fs 7.0 2.5-10 [76]
Gey; sAsySeqys 4.0 pm/320 fs/21 MHz 1.0 1.8-7.5 [77]
Geqy5A54S€64 5 4.184 pm/330 fs/21 MHz 1.8 2-10 [52]
Ge,pAsypSesTeys 5.8um/120 fs 0.5 2-13 [78]

R s 308 P 4565 1 2R 3 B A 4 mT o011 28 0 1 ke 8 5
Wi R U S R BUBO B M RE, S8R OGS SC ik
JEUE A T8 . AR TR AR S T 3RS M AR AN T B e, L
RS E
222 ZHA RN

2 WA UL (SBS) /E b —Fh i WL AR Ltk
GO, F 3R T A BT S A T Z A B A EAE
51 A R R T R B TR EE AL . YA ST
=Y NN S e R A LE T AR S Y
AL T o) A2 405 PR P 08, NS D P I R i 7 A U )
FEOGUE, FRA Stokes i1, OB 2 15 I I i A
2E— AP BEOIR, WA 8(a) iR

AR/ AT 5 AR T OO0 AR =Y R 1
A5, HET R A ELAE R AR B A A PR 25 R
BUN, S SBS WA ST K — R E LR TR

ALK SBS Kl 25, X (AT A LI BN E
Z, AHFIF R /NEE AN B o AT RE T AR
N S 3 R BN 5 2 1) 7R 2 A R, (AR R D 5 1Y
Aii BRI 25 R BRI, E A7 He0 2 BT 40K R i
AR AR T, A A AR T, R S
1) SBS %N A5 21 T M K 1 5w U070 i 2R B B b )
P T A B SO R B (RERRHAY 10 £35) DA B HL A
75 W 2B YRR T, AR ZOLIE S R A B K
SBS #3529 HIT SBS SEMUET-RHMAHIAIT

2011 4§, Pant % R FH 8 BIUR R 5 F0 S0 -0 4
AR, ERKE R 7 em, B K 4 pmx850 nm 1) As,S; H
T S S BT SBS AL, A5 A A B UK A RS Ry
7.7 GHz, i BLIHZE 55 h 34 MHZ®", [FIR, 3@ 3155k
Bl 5 LA 15 20 A0 LUK 25 RECH 0.715%107° m/W,
I T A 300 mW B, 4R13 T 16 dB AYf5 5ot
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Fig.8 (a) Overview of SBS: A pump wave () scatters from and re-enforces an acoustic phonon () and is downshifted to a Stokes wave (w,), the
result is a narrow Stokes peak separated at a distance of GHz from the pump, this configuration shows backward Brillouin scattering™; (b)
Schematic of a BL based on photonic chip®®; (c) Schematic of the hybrid As,S; ring resonator structure, concept figure for the lasing

conditions™; (d) SBS-based integrated microwave photonic filter, stopband center frequency tuning!™!
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Fig.9 (a) Lorentzian fit to the resonance dip of As,S; microsphere!’’’; (b) Raman emission power versus coupled pump power”"); (c) Image of a typical
packaged As,S; microsphere®”; (d) Lorentzian fit to the resonance dip of typical packaged As,S; microsphere®; (e) Spectrum of a 5 Raman
orders cascaded SRS emission of an As,S; microsphere®; (f) Experimental spectrum of four-cascade Raman lasing™; (g) Measured Raman

spectrum when increasing the pump power to ~30 mW"*

3 mMARBEEERETFHRG

3.1 BEBETERLIFX
FALL T S B35 AT G AR 1] B 51 (FPGA),

A5 A B )8 R HLAR ] EE R A O
e, A T T HAG B O B EARREAE L BRI Y
JeT A PE I, IF BA AR IR AASURE HURS Bl 2 1

20220152-12



i E ok A2

s

%34

www.irla.cn

1RSI 38 IR M T35 . 5 R I ORI 5
HLOGRON, BRI g ROSE R, BEARE & o B 3R B B A A
MRLEAAES e iR R 22 B R, /Nl
b ARTIHE AT A G TR A SR AL T —NMRA R
SRR S, AR SZ B Tz e,

2014 4F, Rios S 7EEE 48 4 Ak I SisNy F- 5 ik
THIFSCEL T 2 T GST WERE 7 35 1Y B3 PR IR 25 16
FEOU0 Mg A Sk BT PR R A 0 LR I K
A LIARYE GST (1 AH 24 52 -5 B PR PR 2540 A b
Bo M GST JARBIAEIE A AH B, B I8 4R #4581 B B
SRR, S A M PR PR AL RE A 22 2]
GST M2 . BLET, BRI T 15 AGTE &0 B
TE BRI PR A5 B 2 I SRR A, DR AT ) A
B T (FH07) o AR bRHE 4 3 B B FE Y
s R B, B PN A AT 1 e il R B R I, ek A
T AR IR IR A 1, Wk, B S AR
P H A JEASBE R A 21 B S R 25 1 50 2 1% 1)

LR T4 s T (B A1) o

2018 4, Zheng %53 i F4 Bi 22 AHAZ A4 KL GST Sk
SRR A, FERE T & RSl T kIS SEY
e 5 J MG TF IS f & 10(b) Fron . 8 1 B AR ) K
JEE A 25 FH AR R R 55 7E RE ORI S I, T AR S Bk
Nt iol R i EE S LN/ S S ORI A
I3 e A B B K R - AR AR AR AR A D
FBFEM K ERS . 6T GST fyakE bl #2, fih
TR BB 298 620 pd B9k #h . XF T GST Y
mn bl B, T — R BRI 218 220 pl Rk
i 3 B AR O bk b A B A RE B, GST W] AR R R S
T b 25 2 e A g D)4, SRR TG L2 R 33 dB AU
HESEHPDETF

2019 4F, Xu 253 5K GST S AEXFFR & 10 #4528
SR, FEREE T 1S BE T B R RE A KA 56 10
B AE S R E 1x2 F0 2x2 6 IF U i 10(c) F
TRo RT 2x2 56TF 56, HIF SCH5AE 32 SO Tk i =

135
115
09
o Sl
£55
H
235
5 5

25
25
45

- 10 pm
| i L "EF‘I_"l_".'“ 5pm
4 um
3 um

2 um

1 um
0 pm

1525 1535 1545 1555 1565
Wavelength/nm

1592 1594 1596

Wavelength/nm

1598 1600 10

5
4 -40
i . aGST/expt. §3 F E
A& . cGST/expt. = ] 3
... aGST/fit =2 O 3 50
cGST/fit 2] / ' aGST/expt. &
1 1l A GSTlexpt. | &
/ g aGST/fit Initia
L g ok cGST/fit —60 3
0 2 4 6 8 10 0 2 4 6 8 10 3
Length of GST/pum Length of GST/pm H
1

535 1545 1555 1565
‘Wavelength/nm

Coupler

5 um

@ 0 @ 0

2 ~

E 5(5) —— Cross %: 5 oy
5 pm % s —— Bar 210 —Bar

22 Z-15

£-25 2=

& 30 asT E g LeGST

1510 1520 1530 1540
Wavelength/nm

1510 1520 1530 1540
Wavelength/nm

B 10 B RAASEOGTF . () F&T SN 3 AHAE GST MR AF AR BN, (b) RERMOP IR E 3 GST MIRAE G ENS (o) T
GST (e RIRFERE (IR A AL 51

Fig.10 Integrated photonic chalcogenide phase-change switching. (a) Schematic of the integrated photonic SiN-on insulator platform for broadband
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switching operation'”; (b) Spectral shift and loss characterization of GST using silicon microring resonators''”); (c) Low-loss broadband

directional coupler switches based on GST!'*!

20220152-13



ISk A2

%34

www.irla.cn % 51 %

H5RAW S (LZE 5 A MR GST WREE S 2
Tei] F9 AR 57 DE FiE 25 125 o 24 GST AR S A i, 3 1 %3t
A O ERY AR 2 G e A R s 1) s el [ B P Y2
VG A o OB, A0 AR DT L A0, o6 g A
TEE TR B0 P YR A U, IS PR A 2 4 S
S, A2 W 1 R AT R, Y GST #4853
J&, TR A S A ST B R R R T E R AR L,
W ATENE S S5 IR AN TR PR A A DA
AT 1R A TR]— g 5 i, EE i O R R i
R R S S BSRTh E A NS, 2
A AR AR . 28Rl ) FH AR Rk U 5 SR A ik
FATDASEEE 12 G, 28, 76 200 °C F X
PEAT PR PR S, AT LS EUARAS R 86 IE S 25 2
A A ARG B0 R AR, e TR B B S T OB R %
(~30 pum). {KHIFE (~1 dB) FIKHF 5% (>30 nm) [ B A
3E 5 2R 1k (A B Z2 AR AR 5 R a1 R 5 6 T G
32 HMAETEREH

MH I TG T K S 40 B T SRS A S
FEfits . b g b BB TT RN 1/O 4, 8445 I BT R
BB T R TAE, CPU Al 7R OB s 2 /N T
FEREFE AR I BUdE &, 30T 3 4 0 i R =
UL B R A AR RO T AR AR B O | T AL AR
P T DA b 3Rt B R ) e A A R — A7

2012 4, Pernice %5 1 K #2 H T 5 F 6 & 4148 44
B GST M &2 H AT 2, QI 11(a) FIR o
T3t A 2 o — ORI PR A8 4 AT, RS S5
B TSI TS, RO A —/NB B TR

(b) Wri

L- ©

T GST Wil 4 GST &b TR A AN, IR g T AL
JUF UG SRR A, FEX AR SR, o7 RAFE T 28 11 RS
PR . T GST HA B KM S5 AR 4
SPEXT I, — B R AARAR R A LR S5 R #0 2  A:
Ak P GST B9 fh Ak B, W] LLAR 22 % 2%
PERFE SRR AT VR o X A% il 2 15 R (L, T A
X o 2 AR R AL RE BE 9 GST, T S BRAE i
T 2 RAEARERAT

2015 4, Rios L HGUEIH T — el . TR 1
EHE R AT R T AR, AT s
FUnE 1) Fizs, T GST ¥t 53 Sk 4,
GST HYARALARAS T LA & A 5 5 25, DA o e 2ok
W S0 R, A6 S ociE o S5 S
LRG0 G I TR B ZE AR RPIRAS Z M8, F 25 1Y
PEIURS AR AT LU P Ak bk 28R, I HAE R
SF EAZATER PR A5 . 24 GST M A2t I 2k
A A Ja , ARIFERY GST Mot A 2 WM I 5 v A5
E’J;‘t AR R R F<17). 2 GST &b F5¢
S8 ORI, WA GST K2 S B ot ro 5
ﬁ”ﬁ{ﬂz X A5 i SR O R 07) BRI, AR A
GST (R A A LUK 75 ZEAEA6 I N 25 04T 4w (0
s, “17 AR, R, 22X B GST A4t BT
A AL 0 3 R 3B R FH — R 91 B B AR [RIE & B R [
Rk 5, GST 3 AR Ik ivh i) e 42t 1 & A AN [ R i
(45 &, B A] P2 A TFe0m~< 1 Z A 2 AR, it

LAENATERS I 8 PAFE T fE
— 5 T 43 2 ] (WDM) H AR SRR 2% K

L L L L
156321 563.31 563.41 563.5
Wavelength/nm

/ ““ ‘o Geisb 5
Te

\/EB

Level
© - v W Rua

Opticaltransmission

=Y

e % ——

Readout (norm.)
—o

T

1
|
|
|
%
1
i
}
r,z T
I

P:PsPiPo P Ris Rey Ps R

K11 (a) 25T SigN, AEMEIRE LAY AL 2 RAFRAS B IRERIE Y, (b) 2 28R b 2RI TAR R (o) 2RZ AT

Fig.11 (a) Schematic of all-optical multi-level memory based on Si;N, microring resonator!'®; (b) Operation principle of an all-optical fully integrated

on-chip multilevel memory; (c) A multibit and multiwavelength architecture®

20220152-14



i E ok A2
% 34 www.irla.cn % 51 %

FEfg 7 %8 (N 11() BTz )o. Atk T AI A T #E5 T P 5 A ) DR R R R R S A O
F LW T L0 A IRIE ISR B B P R, X ‘*%Tﬁkﬁ’ﬂlﬁlﬁﬁﬁ'ﬁﬁﬂTﬁi?J\frﬁﬂ‘JIﬁﬁ“m] T TR
SRR =N A BRI K (FF 1550 nm B3] AR R R ARG T2 S DGR
Fa29 1 nm), T HAEIRE KA BB A 20 R Feldmann 55 J& 7~ T —Ff i FH G+ 17 2R T 1451
i, X SN BT AT DA B S TR A Bt R g T A, GST A AE BT A B 7E NxN I
PEBR A UG PR . AT R o S TR 2 4 - SRS SR, AR 12(a) B, 22 904% w5 5]
hE$E AR, Feldmann %5 A i SCR R T 256 DA Boer 0dE M A) F1 10 ). I BBk ok,
JCI Tk, DLSCERAE— 16316 F7-6if FROTFES ] Hh A7t O AT AT A I AR IZ B, A8 I e, 3 BRAY
23k 512 A ER I A1 AR 5 R A 2 IEH L AT UE R T R A8 A b AR AR
33 MEETERAITE R SR OB b 53/ 7 %8, I VT TE 5 A~ Bk o 119 380 38 B
JUE T St 45 FhVRE 22 1 HL 1 1153 3R 8 R R P ], AT AE 3% 3 3 v S R s B2 D 27 B AILAE L
TG B Ak B, SR, A% GE TSR SRR BT R Y 2 B S N AT S R RN, RN DL R

(b) SisNg  GSTery GSTan
I
P x T, =
C -4 b ]
e o, / a GST . i
’ Por. g~ & = Pw T i
i < P : i A & Sosl =
o " 3 Pou Yo
lition: 6+6=12 S
—PCMecell 1: 10° Level definition ) 1 o N ?
=PCM-cell 2; 10" = —rON—— [ | —=] Ei Gy PGy PGn @, il 2 B
“laser  Waveguide  Detector . . F
5 20% T — (P'GirtPy'Go)/2 B| L L L L
y 0 02 04 06 08 10
-l | P— | | Exactaxb
T = o0 koL L | L~ (PrGutPyGR2 ,, (PSGutPrGo)2 (P5GutPsGu)l2 (PrGWHPr G2, (PYGIHPGh)2  , (PSGirtPeGla)2
LR o — o
iy St = E = 207+ — — — Exact
5 ! \ g.gg r q ;' [ ( | : Measured
sl 2 il A AR i NA 5
= 5030 ] i | [ £ F i r| i
20 0 5 10 15 20 25 30 EOar | b | | . L P P ; g ik
Timels z O'(l) L s L) | i | | L! \
(ii) Kernel matrix Input oupue  (iii) Photonic implementaion
(c) @ - x A Si3N4 waveguides
On-chip X Y, 1 p ,
| an an a, PCM
|1 ll matrix multiplication i ' ' ' . aff @] - any
IR ] @ an T ay X Y X
On-chi [ L7 ™ —— H : Wi o
lamp (L L S X, Y, X2y
chi | NLF - 'y an iy
On-chip . | | Kernel 1 Kernel n ﬁll u\l 1
comb generation | » -~ -~ -
J/ Y= Xitt+ Koty + -+ + Xl b
(lV) Input layer Convolution + ReLU Flatten Fully connected
Fast (GHz)
modulation 1 4 Channell Softmax
-mmbion | A4 - |
Label 2916 x1 10 %1 Result
=~ 1--d,, 0012345678900123456789 10 Mean 0.002
& l Channel " ! 1 1 08 andard deviation 0.008
& 2 2 9
- g3 3 206
g1 4 z
S5 5 304
26 6
=7 7 02
k channels > I wavelengths H 8 8 0 ed
x
dyarrays of K x 1 dixd 9 9 0 02 04 06 08 1.0
Calculated Experiment Expected

P12 BRRAAE R RO AR SR (VMM) FIZE 28 (a) 2T AR AR RUALRET- £ B0 i At (b) B RARAE R RO T
PAFHHBOR b bk - b e SRR AN A 1) 1 TR () — R OBHIUR BN A A R B TT 81 S B AR OB sk B AZ L0 Y

Fig.12 PCM based optical VMM and neural networks: (a) A chip-scale all-optical abacus based on GST on SisN,'®) (b) Photonic in-memory
computing demonstrating optical scalar-scalar multiplication and matrix-vector multiplication!"'”’; (c) An integrated photonic tensor core enabled

by an optical frequency comb and in-memory computing cell arrays!''"!

20220152-15



ISk A2

%34

www.irla.cn

o

%51 %

Wi R AR AR B 5 PR N R, IR R T
bt - i R R Ok AR PSR (VMM), W&l 12(b) B
N o 33X S22 A FH A Jhk i A A [ R A Sl 2 B
1, B PR AR — BT R BT . o, S ko
Al e T OC B DL 5 R AR AR 4 L 254 AR 1k, 55—
A A PR AR RN T BERE AL . Y5 ko D Z
b — 7 A YR, K D R 5 AR T bR R ek
KFR o XM -bR I TE axb BT a FIECT
b ] LA B HE e B AN DR R A DR, SR TS
fift BT 2 — A Y o S HEE R, TR 1}2 FE B R
2x1 [ Z 8] 52 VMM,

R 2 AN HIT A IE B 58 LS
1, Feldmann 45 3 — 20 S0 T — R LA e ik i
LU I ] 4 BB 22 ) 2% (CNIN) $RUFT 18144 4k 338
B o AT 55 o 3k 3 B A B R N
SIN o B S08 F 2E B 118 6 B 5 2R IR A3 238 A 1) A 1 52
P A R o ) Ay, SR I L & 26 31 ph U 38 LA
FE L T7 ARG 2SR A B T EE A GST N80 = 41 Al
(9 F VMM B8 (18] 12 (c)-(i))o SR AN 8 a4 B
B GST 2 i ki e, ERA T, 5a
Iy HE B ERES BN 4R GST B P, e 485 HH R
(G BT, A 5 5 B S R AT AN )RR B ) o802, DA 5
BRIk BB B, I HL e 8 F il S A e i A
SRR, ZEFESN IR (8] 12 (o)-(iil)), m it e
TEE T S [ il D) [ Tl == i L
(%1 12 (c)-(ii)), e & R OGS 5 16 A kAT 4
25 (DeMux) I 4 BL RS 5, 58 B0 B 19 3fe n#54E
454 WDM(H 7 &2 ) IR HAR BOGAE K %0 R
— A Ab T (AN FERE) BV AT R TR 2 A VMM,
JER T R Y /i N B AT R B AR ). B
J&, BT Tk A% O T —> CNN, I/ 10000
SR G AT TR, BR T 95.3% M9 SE 56 43 2K
B2 (K 12 (0)-(iv))»

4 BES5REE

i R PO BA GBI VL R AT AT R AL
T 55 3R LR PR A A 2 P e L N 8], AR 2R B
S AR SO | AT LN PR SR A 5 T
SR NN )z ST R, B AR B SR A P
1A 4 1 125 1o 905 L e A5 B RO 3 A R £ A1 g

BRI A R RPN g 5. SOh EE R
85 T AL AR R B R OG I T AR AT A0 B i PR B R AR AN IR
LA Ty T 4 BIF T 3 R LA KB R AR AR B OG- Y
RN, (HJE, B R P E RO F IR AR Z
J7 I RFF R -

(1) B 2 B3 4 OG5 1R 1Y P B T B4k 2 4R
Fho R BT WAL SRR AR T /A A (SIN i 245
FEZ9 1 dB/m) i LA, v o & I A i 2R B 0
144 400 T2 R 2R B ) TR T 20 D0 B AT R S 1) A
AEASIAE, [R) IS D0 Ak & 4 1) i 4 T 2R ARAS M EE S 3 1Y
WM. Bk, B TELH 1 Si0, 451 1 It
As,Ss M A5 ARAT 1B T A (0>107) i R 3
FE U , AE R 206 T AR T LLS LS SiN F- 5 [\
— BB S IFE . AR, AT DATERIR LA £
W Tl A B 255 B AR B R A A iR T
bR THIR R BT A O E R, SR g
PR LD AME R AR Lt Ty TH B I H

(2) BHTHRL R G F A AR LA N B 2 R
TEIT LT AN B, T LS 3000 D) BB A B —, R 1) %o
2L AN AR LM I O T R AL T B 7 LB B, 52
5 TAEAX R o AT DL i i 58 D 3R R AT U7
RV YRR B | S o TN € e S K i L S L B Gi/ Bi
Trildl, SEIERIFI 2 R, BRI vty | i AH
A I e A PR SC G R A R TR LD A R
JGUET SC G I 5, MLLAME R Lg%

(3) IRABIFEARAZ ALK 2 A AR B2 O F 2B 5T
MY . BEE I FIFEAR D) O nl SRR AR S X,
BAICTF G B3 AIFEZ i R, e LA TS B FE
KRG TCER A o AR AR bR 1 1 A A2
B BUOGTF R IT R ASFEREME] 0.1 dB LATR, AT
CINDRT: PN 5/ 1 I 8 3 O € A [ 0
R, Sb,Ses!" )| Sb,S;!' ! Fll GeSbSeTe(GSST)! >0
HI TR . 2L A B rARASRE R P T T 5 AT
R OGTE o X ST AR AR AH 78 B4R 5 AL fi 5 T
DA it GST AHAZ BRI D RE A (4N D - 15 12
IRTVEARIT, Ay o) A5 ) JOR HE AT B AL, O
A BTG C OGTHR L BOL T IR N UL E
KAEH o 53—, 3o DA 2R 3 5 A A8 A RHA R
AAT AT WG R P 375 B A R 28 A RRE R — S Y
TR, IXOH i — 2D 40 AR S M RHE AR i Ol AR

2022015216



s Gk A2

%34 www.irla.cn

Vs

Sy R AR L B TR,

(4) Bt X R AR OB A9 3K, A A B 2
T IR I R AR B O - # PFIF ST 9 55 — R ST
FL BRI AR B2 OG5 T DA R B 51 LB R 5 A
(LI iy A2 2% AL, SR BE FHB ARRE IAA E 2UE ] T
RARAE . R BERL Y L BAR G 1T R 120, SRR A7 A
ARG R UIHs BEAG | IR TR EE /N | (PR U
IR 45 1) i, o e AT BRI TS A S0 (nads W) S AL
PrRgr 82 0) v — SR T AR SR BOETF I fE

S 3k

[1] Miller S E. Integrated optics: An introduction [J]. The Bell
System Technical Journal, 1969, 48(7): 2059-2069.

[2] Jenkins A. The road to nanophotonics [J]. Nature Photonics,
2008, 2(5): 258-260.

[3] Jalali B, Fathpour S. Silicon photonics [J]. Journal of
Lightwave Technology, 2006, 24(12): 4600-4615.

[4] Hunsperger R G, Meyer-Arendt J R. Integrated optics: Theory
and technology [J]. Applied Optics, 1992, 31(3): 298.

[5] Eldada L, Shacklette L W. Advances in polymer integrated
optics [J]. IEEE Journal of Selected Topics in Quantum
Electronics, 2000, 6(1): 54-68.

[6] Boes A, Corcoran B, Chang L, et al. Status and potential of
lithium niobate on insulator (LNOI) for photonic integrated
circuits [J]. Laser & Photonics Reviews, 2018, 12(4): 1700256.

[7] Ma H, Jen A Y, Dalton L R. Polymer - based optical
waveguides: Materials, processing, and devices [J]. Advanced
Materials, 2002, 14(19): 1339-1365.

[8] Kawachi M. Silica waveguides on silicon and their application
to integrated-optic components [J]. Optical and Quantum
Electronics, 1990, 22(5): 391-416.

91 Roelkens G, Liu L, Liang D, et al. III-V/silicon photonics for
on - chip and intra-chip optical interconnects [J]. Laser &
Photonics Reviews, 2010, 4(6): 751-779.

[10]  Chrostowski L, Hochberg M. Silicon Photonics Design: From
Devices to Systems [M]. Cambridge: Cambridge University
Press, 2015.

[11] Wang C, Zhang M, Chen X, et al. Integrated lithium niobate
electro-optic modulators operating at CMOS-compatible
voltages [J]. Nature, 2018, 562(7725): 101-104.

[12] Hida Y, Onose H, Imamura S. Polymer waveguide thermooptic
switch with low electric power consumption at 1.3 pm [J].

IEEE Photonics Technology Letters, 1993, 5(7): 782-784.

[13]

[15]

[16]

[17]

[18]

[19]

[20]

[22]

[23]

[24]

[25]

[26]

20220152-17

He Sailing, Dai Daoxin. Micro-Nano Photonic Integration [M].
Beijing: Science Press, 2010. (in Chinese)

Cai Chun. Study on iii- v group semiconductor MQW planar
waveguide optical device[D]. Nanjing: Southeast University,
2004. (in Chinese)

Leuthold J, Koos C, Freude W. Nonlinear silicon photonics [J].
Nature Photonics, 2010, 4(8): 535-544.

Liu Q, Ramirez J] M, Vakarin V, et al. On-chip Bragg grating
waveguides and Fabry-Perot resonators for long-wave infrared
operation up to 8.4 um [J]. Optics Express, 2018, 26(26):
34366-34372.

Long M, Gao A, Wang P, et al. Room temperature high-
detectivity mid-infrared photodetectors based on black arsenic
phosphorus [J]. Science Advances, 2017, 3(6): €1700589.

Jian Jialing, Ye Yuting, Li Junying, et al. Recent progress of
micro/nano photonic devices based on chalcogenide glasses[J].
Journal of The Chinese Ceramic Society, 2021, 49(12): 2676.
(in Chinese)

Viens J F, Meneghini C, Villeneuve A, et al. Fabrication and
characterization of integrated optical waveguides in sulfide
chalcogenide glasses [J]. Journal of Lightwave Technology,
1999, 17(7): 1184.

Krogstad M R, Ahn S, Park W, et al. Optical characterization
of chalcogenide Ge—Sb—Se waveguides at telecom wavelengths
[J]. IEEE Photonics Technology Letters, 2016, 28(23): 2720-
2723.

Han T, Madden S, Bulla D, et al. Low loss Chalcogenide glass
waveguides by thermal nano-imprint lithography [J]. Optics
Express, 2010, 18(18): 19286-19291.

Lin H, Li L, Zou Y, et al. Demonstration of high-Q mid-
infrared chalcogenide glass-on-silicon resonators [J]. Optics
Letters, 2013, 38(9): 1470-1472.

Sabapathy T, Ayiriveetil A, Kar A K, et al. Direct ultrafast
laser written C-band waveguide amplifier in Er-doped
chalcogenide glass [J]. Optical Materials Express, 2012, 2(11):
1556-1561.

Madden S, Choi D Y, Bulla D, et al. Long, low loss etched
As,S; chalcogenide waveguides for all-optical signal
regeneration [J]. Optics Express, 2007, 15(22): 14414-14421.
Hu J, Feng N N, Carlie N, et al. Optical loss reduction in high-
index-contrast chalcogenide glass waveguides via thermal
reflow [J]. Optics Express, 2010, 18(2): 1469-1478.

Jean P, Douaud A, Michaud-Belleau V, et al. Etchless
chalcogenide microresonators monolithically coupled to silicon

photonic waveguides [J]. Optics Letters, 2020, 45(10): 2830-


https://doi.org/10.1002/j.1538-7305.1969.tb01165.x
https://doi.org/10.1002/j.1538-7305.1969.tb01165.x
https://doi.org/10.1038/nphoton.2008.64
https://doi.org/10.1109/JLT.2006.885782
https://doi.org/10.1109/JLT.2006.885782
https://doi.org/10.1364/AO.31.000298
https://doi.org/10.1109/2944.826873
https://doi.org/10.1109/2944.826873
https://doi.org/10.1002/1521-4095(20021002)14:19&lt;1339::AID-ADMA1339&gt;3.0.CO;2-O
https://doi.org/10.1002/1521-4095(20021002)14:19&lt;1339::AID-ADMA1339&gt;3.0.CO;2-O
https://doi.org/10.1007/BF02113964
https://doi.org/10.1007/BF02113964
https://doi.org/10.1038/s41586-018-0551-y
https://doi.org/10.1109/68.229805
https://doi.org/10.1038/nphoton.2010.185
https://doi.org/10.1364/OE.26.034366
https://doi.org/10.1126/sciadv.1700589
https://doi.org/10.1109/50.774252
https://doi.org/10.1109/LPT.2016.2615189
https://doi.org/10.1364/OE.18.019286
https://doi.org/10.1364/OE.18.019286
https://doi.org/10.1364/OL.38.001470
https://doi.org/10.1364/OL.38.001470
https://doi.org/10.1364/OME.2.001556
https://doi.org/10.1364/OE.15.014414
https://doi.org/10.1364/OE.18.001469
https://doi.org/10.1364/OL.392879
https://doi.org/10.1002/j.1538-7305.1969.tb01165.x
https://doi.org/10.1002/j.1538-7305.1969.tb01165.x
https://doi.org/10.1038/nphoton.2008.64
https://doi.org/10.1109/JLT.2006.885782
https://doi.org/10.1109/JLT.2006.885782
https://doi.org/10.1364/AO.31.000298
https://doi.org/10.1109/2944.826873
https://doi.org/10.1109/2944.826873
https://doi.org/10.1002/1521-4095(20021002)14:19&lt;1339::AID-ADMA1339&gt;3.0.CO;2-O
https://doi.org/10.1002/1521-4095(20021002)14:19&lt;1339::AID-ADMA1339&gt;3.0.CO;2-O
https://doi.org/10.1007/BF02113964
https://doi.org/10.1007/BF02113964
https://doi.org/10.1038/s41586-018-0551-y
https://doi.org/10.1109/68.229805
https://doi.org/10.1038/nphoton.2010.185
https://doi.org/10.1364/OE.26.034366
https://doi.org/10.1126/sciadv.1700589
https://doi.org/10.1109/50.774252
https://doi.org/10.1109/LPT.2016.2615189
https://doi.org/10.1364/OE.18.019286
https://doi.org/10.1364/OE.18.019286
https://doi.org/10.1364/OL.38.001470
https://doi.org/10.1364/OL.38.001470
https://doi.org/10.1364/OME.2.001556
https://doi.org/10.1364/OE.15.014414
https://doi.org/10.1364/OE.18.001469
https://doi.org/10.1364/OL.392879

ISk A2

www.irla.cn

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

2833.

Jean P, Douaud A, Bah S T, et al. Universal micro-trench
resonators for monolithic integration with silicon waveguides
[J]. Optical Materials Express, 2021, 11(9): 2753-2767.

Kim D G, Han S, Hwang J, et al. Universal light-guiding
geometry for on-chip resonators having extremely high Q-
factor [J]. Nature Communications, 2020, 11(1): 1-7.

Hwang J, Kim D-G, Han S, et al. Supercontinuum generation in
As,S; waveguides fabricated without direct etching [J]. Optics
Letters, 2021, 46(10): 2413-2416.

Zhang B, Zeng P, Yang Z, et al. On-chip chalcogenide
microresonators with low-threshold parametric oscillation [J].
Photonics Research, 2021, 9(7): 1272-1279.

Gai X, Madden S, Choi D Y, et al. Dispersion engineered
Ge;; sAsySegy s nanowires with a nonlinear parameter of
136 W'm™"at 1550 nm [J]. Optics Express, 2010, 18(18):
18866-18874.

Gai X, Choi D Y, Madden S, et al. Polarization-independent
chalcogenide glass nanowires with anomalous dispersion for
all-optical processing [J]. Optics Express, 2012, 20(12): 13513-
13521.

Zhu Y, Wan L, Chen Z, et al. Effects of shallow suspension in
low-loss ~ waveguide-integrated  chalcogenide = microdisk
resonators [J]. Journal of Lightwave Technology, 2020,
38(17): 4817-4823.

Hu J, Tarasov V, Carlie N, et al. Exploration of waveguide
fabrication from thermally evaporated Ge—Sb—S glass films [J].
Optical Materials, 2008, 30(10): 1560-1566.

Du Q, Huang Y, Li J, et al. Low-loss photonic device in
Ge—Sb-S chalcogenide glass [J]. Optics Letters, 2016, 41(13):
3090-3093.

Huang Y, Xia D, Zeng P, et al. Engineered raman lasing in
photonic integrated chalcogenide microresonators [J]. arXiv
preprint arXiv, 2021: 210711719.

Zhang R, Yang Z, Zhao M, et al. High quality, high index-
contrast chalcogenide microdisk resonators [J]. Optics Express,
2021, 29(12): 17775-17783.

Yang Z, Zhang R, Wang Z, et al. High-Q, submicron-confined
chalcogenide microring resonators [J]. Optics Express, 2021,
29(21): 33225-33233.

Du Q, Luo Z, Zhong H, et al. Chip-scale broadband
spectroscopic  chemical sensing using an integrated
supercontinuum source in a chalcogenide glass waveguide [J].
Photonics Research, 2018, 6(6): 506-510.

Grayson M, Zohrabi M, Bae K, et al. Enhancement of third-

[41]

[42]

[43]

[44]

[43]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

20220152-18

order nonlinearity of thermally evaporated GeSbSe waveguides
through annealing [J]. Optics Express, 2019, 27(23): 33606.
Abdel-Moneim N S, Mellor C J, Benson T M, et al. Fabrication
of stable, low optical loss rib-waveguides via embossing of
sputtered chalcogenide glass-film on glass-chip [J]. Optical and
Quantum Electronics, 2015, 47(2): 351-361.

Gaeta A L, Lipson M, Kippenberg T J. Photonic-chip-based
frequency combs [J]. Nature Photonics, 2019, 13(3): 158-169.
Shang H, Zhang M, Sun D, et al. Optical characterization of
Ge,;5A84Ses5 glass for an on-chip supercontinuum [J].
Applied Optics, 2021, 60(18): 5451-5455.

Zeng P, Xia D, Yang Z, et al. High-QO Ge-As-S Microring
Resonators based on improved fabrication process for optical
parametric amplifier [C]/Proceedings of the CLEO:
Applications and Technology, 2020.

Chiles J, Malinowski M, Rao A, et al. Low-loss, submicron
chalcogenide integrated photonics with chlorine plasma
etching[J]. Applied Physics Letters, 2015, 106(11): 111110.
Xia D, Huang Y, Zhang B, et al. Engineered Raman lasing in
photonic integrated chalcogenide microresonators [J]. Laser &
Photonics Reviews, 2022: 2100443,

Gai X, Choi D Y, Madden S, et al. Supercontinuum generation
in the mid-infrared from a dispersion-engineered As 2 S 3 glass
rib waveguide [J]. Optics Letters, 2012, 37(18): 3870-3872.

Ma P, Choi D Y, Yu Y, et al. Low-loss chalcogenide
waveguides for chemical sensing in the mid-infrared [J]. Optics
Express, 2013, 21(24): 29927-29937.

Ma P, Choi D Y, Yu, et al. High Q factor chalcogenide ring
resonators for cavity-enhanced MIR spectroscopic sensing [J].
Optics Express, 2015, 23(15): 19969-19979.

Shen W, Zeng P, Yang Z, et al. Chalcogenide glass photonic
integration for improved 2 pum optical interconnection [J].
Photonics Research, 2020, 8(9): 1484-1490.

Lin H, Zou Y, Danto S, et al. Mid-infrared As,Se;
chalcogenide glass-on-silicon waveguides [C]//Proceedings of
the The 9th International Conference on Group IV Photonics
(GFP), IEEE, 2012.

Yu Y, Gai X, Ma P, et al. Experimental demonstration of
linearly polarized 2 -10 pm supercontinuum generation in a
chalcogenide rib waveguide [J]. Optics Letters, 2016, 41(5):
958-961.

Lin H, Xiang Y, Li L, et al. High-Q mid-infrared chalcogenide
glass resonators for chemical sensing [C]//Proceedings of the

2014 IEEE Photonics Society Summer Topical Meeting Series,
IEEE, 2014.


https://doi.org/10.1364/OME.434233
https://doi.org/10.1038/s41467-019-13993-7
https://doi.org/10.1364/OL.422606
https://doi.org/10.1364/OL.422606
https://doi.org/10.1364/PRJ.422435
https://doi.org/10.1364/OE.18.018866
https://doi.org/10.1364/OE.20.013513
https://doi.org/10.1016/j.optmat.2007.10.002
https://doi.org/10.1364/OL.41.003090
https://doi.org/10.1364/OE.427054
https://doi.org/10.1364/OE.434808
https://doi.org/10.1364/PRJ.6.000506
https://doi.org/10.1364/OE.27.033606
https://doi.org/10.1007/s11082-014-9917-z
https://doi.org/10.1007/s11082-014-9917-z
https://doi.org/10.1038/s41566-019-0358-x
https://doi.org/10.1364/AO.426456
https://doi.org/10.1364/OL.37.003870
https://doi.org/10.1364/OE.21.029927
https://doi.org/10.1364/OE.21.029927
https://doi.org/10.1364/OE.23.019969
https://doi.org/10.1364/PRJ.398957
https://doi.org/10.1364/OL.41.000958
https://doi.org/10.1364/OME.434233
https://doi.org/10.1038/s41467-019-13993-7
https://doi.org/10.1364/OL.422606
https://doi.org/10.1364/OL.422606
https://doi.org/10.1364/PRJ.422435
https://doi.org/10.1364/OE.18.018866
https://doi.org/10.1364/OE.20.013513
https://doi.org/10.1016/j.optmat.2007.10.002
https://doi.org/10.1364/OL.41.003090
https://doi.org/10.1364/OE.427054
https://doi.org/10.1364/OE.434808
https://doi.org/10.1364/PRJ.6.000506
https://doi.org/10.1364/OE.27.033606
https://doi.org/10.1007/s11082-014-9917-z
https://doi.org/10.1007/s11082-014-9917-z
https://doi.org/10.1038/s41566-019-0358-x
https://doi.org/10.1364/AO.426456
https://doi.org/10.1364/OL.37.003870
https://doi.org/10.1364/OE.21.029927
https://doi.org/10.1364/OE.21.029927
https://doi.org/10.1364/OE.23.019969
https://doi.org/10.1364/PRJ.398957
https://doi.org/10.1364/OL.41.000958

s Gk A2

% 3 4 www.irla.cn % 51 %
[54] Han Z, Lin P, Singh V, et al. On-chip mid-infrared gas [67] Wang Y, Chen W, Wang P, et al. Ultra-high-power-
detection using chalcogenide glass waveguide [J]. Applied confinement-factor integrated mid-infrared gas sensor based on
Physics Letters, 2016, 108(14): 141106. the suspended slot chalcogenide glass waveguide [J]. Sensors

[55] SuP, Han Z, Kita D, et al. Monolithic on-chip mid-IR methane and Actuators B: Chemical, 2021, 347: 130466.
gas sensor with waveguide-integrated detector [J]. Applied [68] Xu P, Yu Z, Shen X, et al. High quality factor and high
Physics Letters, 2019, 114(5): 051103. sensitivity chalcogenide 1D photonic crystal microbridge cavity

[56] Pi M, Zheng C, Zhao H, et al. Mid-infrared ChG-on- for mid-infrared sensing [J]. Optics Communications, 2017,
MgF, waveguide gas sensor based on wavelength modulation 382:361-365.
spectroscopy [J]. Optics Letters, 2021, 46(19): 4797-4800. [69] Nalivaiko V, Ponomareva M. Optical grating waveguide

[57] Tittel F. Environmental trace gas detection using laser sensors based on chalcogenide glasses [J]. Optics and
spectroscopy [J]. Applied Physics B, 1998, 67(3): 273-273. Spectroscopy, 2019, 126(4): 439-442.

[58] Craig I M, Taubman M S, Lea A S, et al. Infrared near-field [70] Huang W, Luo Y, Zhang W, et al. High-sensitivity refractive
spectroscopy of trace explosives using an external cavity index sensor based on Ge —Sb —Se chalcogenide microring
quantum cascade laser [J]. Optics Express, 2013, 21(25): resonator [J]. Infrared Physics & Technology,2021: 103792.
30401-30414. [71]  Zhang X, Zhou C, Luo Y, et al. High Q-factor, ultrasensitivity

[59] Robinson M R, Eaton R P, Haaland D M, et al. Noninvasive slot microring resonator sensor based on chalcogenide glasses
glucose monitoring in diabetic patients: A preliminary [J]. Optics Express, 2022, 30(3): 3866-3875.
evaluation [J]. Clinical Chemistry, 1992, 38(9): 1618-1622. [72] Lamont M R, Luther-Davies B, Choi D Y, et al

[60] Charrier J, Brandily M-L, Lhermite H, et al. Evanescent wave Supercontinuum generation in dispersion engineered highly
optical micro-sensor based on chalcogenide glass [J]. Sensors nonlinear (y=10/W/m) As,S; chalcogenide planar waveguide
and Actuators B: Chemical, 2012, 173: 468-476. [J]. Optics Express, 2008, 16(19): 14938-14944.

[61] Gutierrez-Arroyo A, Baudet E, Bodiou L, et al. Optical [73] Yeom D I, Mégi E C, Lamont M R, et al. Low-threshold
characterization at 7.7 um of an integrated platform based on supercontinuum generation in highly nonlinear chalcogenide
chalcogenide waveguides for sensing applications in the mid- nanowires [J]. Optics Letters, 2008, 33(7): 660-662.
infrared [J]. Optics Express, 2016, 24(20): 23109-23117. [74] Karim M, Rahman B, Agrawal G P. Dispersion engineered

[62] Gutierrez-Arroyo A, Baudet E, Bodiou L, et al. Theoretical Ge,; sAsy,Seqq 5 nanowire for supercontinuum generation: A
study of an evanescent optical integrated sensor for parametric study [J]. Optics Express, 2014, 22(25): 31029-
multipurpose detection of gases and liquids in the mid-infrared 31040.

[J]. Sensors and Actuators B: Chemical, 2017, 242: 842-8438. [751 Shang H, Sun D, Zhang M, et al. On-chip detector based on

[63] Mittal V, Nedeljkovic M, Rowe D J, et al. Chalcogenide glass supercontinuum generation in chalcogenide waveguide [J].
waveguides with paper-based fluidics for mid-infrared Journal of Lightwave Technology, 2021, 39(12): 3890-3895.
absorption spectroscopy [J]. Optics Letters, 2018, 43(12): [76] Yu Y, Gai X, Wang T, et al. Mid-infrared supercontinuum
2913-2916. generation in chalcogenides [J]. Optical Materials Express,

[64] PiM, Zheng C, JiJ, et al. Surface-enhanced infrared absorption 2013, 3(8): 1075-1086.
spectroscopic chalcogenide waveguide sensor using a silver [777  Yu Y, Gai X, Ma P, et al. A broadband, quasi-continuous,
island film [J]. ACS Applied Materials & Interfaces, 2021, mid - infrared supercontinuum generated in a chalcogenide
13(27): 32555-32563. glass waveguide [J]. Laser & Photonics Reviews, 2014, 8(5):

[65] PiM, Zheng C, Bi R, et al. Design of a mid-infrared suspended 792-798.
chalcogenide/silica-on-silicon slot-waveguide spectroscopic [78] Xia D, Huang Y, Zhang B, et al. On-chip broadband mid-
gas sensor with enhanced light-gas interaction effect [J]. infrared supercontinuum generation based on Highly nonlinear
Sensors and Actuators B: Chemical, 2019, 297: 126732. chalcogenide glass waveguides [J]. Frontiers in Physics, 2021,

[66] Zegadi R, Lorrain N, Bodiou L, et al. Enhanced mid-infrared 9: 93.
gas absorption spectroscopic detection using chalcogenide or [79] Qiu W, Rakich P T, Shin H, et al. Stimulated Brillouin

porous germanium waveguides [J]. Journal of Optics, 2021,

23(3): 035102.

20220152-19

scattering in nanoscale silicon step-index waveguides: A general

framework of selection rules and calculating SBS gain [J].


https://doi.org/10.1063/1.4945667
https://doi.org/10.1063/1.4945667
https://doi.org/10.1063/1.5053599
https://doi.org/10.1063/1.5053599
https://doi.org/10.1364/OL.440361
https://doi.org/10.1007/s0034080670273
https://doi.org/10.1364/OE.21.030401
https://doi.org/10.1093/clinchem/38.9.1618
https://doi.org/10.1364/OE.24.023109
https://doi.org/10.1364/OL.43.002913
https://doi.org/10.1088/2040-8986/abdf69
https://doi.org/10.1134/S0030400X19040179
https://doi.org/10.1134/S0030400X19040179
https://doi.org/10.1364/OE.450092
https://doi.org/10.1364/OE.16.014938
https://doi.org/10.1109/JLT.2020.3043022
https://doi.org/10.1364/OME.3.001075
https://doi.org/10.1063/1.4945667
https://doi.org/10.1063/1.4945667
https://doi.org/10.1063/1.5053599
https://doi.org/10.1063/1.5053599
https://doi.org/10.1364/OL.440361
https://doi.org/10.1007/s0034080670273
https://doi.org/10.1364/OE.21.030401
https://doi.org/10.1093/clinchem/38.9.1618
https://doi.org/10.1364/OE.24.023109
https://doi.org/10.1364/OL.43.002913
https://doi.org/10.1088/2040-8986/abdf69
https://doi.org/10.1134/S0030400X19040179
https://doi.org/10.1134/S0030400X19040179
https://doi.org/10.1364/OE.450092
https://doi.org/10.1364/OE.16.014938
https://doi.org/10.1109/JLT.2020.3043022
https://doi.org/10.1364/OME.3.001075

ISk A2

www.irla.cn

[80]

(81]

(82]

(83]

[84]

[85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

Optics Express, 2013, 21(25): 31402-31419.

Rakich P T, Davids P, Wang Z. Tailoring optical forces in
waveguides through radiation pressure and electrostrictive
forces [J]. Optics Express, 2010, 18(14): 14439-14453.

Pant R, Poulton C G, Choi D Y, et al. On-chip stimulated
Brillouin scattering [J]. Optics Express, 2011, 19(9): 8285-
8290.

Kabakova I V, Pant R, Choi D Y, et al. Narrow linewidth
Brillouin laser based on chalcogenide photonic chip [J]. Optics
Letters, 2013, 38(17): 3208-3211.

Marpaung D, Morrison B, Pagani M, et al. Low-power, chip-
based stimulated Brillouin scattering microwave photonic filter
with ultrahigh selectivity [J]. Optica, 2015, 2(2): 76-83.
Morrison B, Casas-Bedoya A, Ren G, et al. Compact Brillouin
devices through hybrid integration on silicon [J]. Optica, 2017,
4(8): 847-854.

Song J, Guo X, Peng W, et al. Stimulated Brillouin scattering
in low-loss Ge,sSb;(S¢s chalcogenide waveguides [J]. Journal
of Lightwave Technology, 2021, 39(15): 5048-5053.

Eggleton B J, Poulton C G, Rakich P T, et al. Brillouin
integrated photonics [J]. Nature Photonics, 2019, 13(10): 664-
677.

Rong H, Xu S, Cohen O, et al. A cascaded silicon Raman laser
[J]. Nature Photonics, 2008, 2(3): 170-174.

Latawiec P, Venkataraman V, Burek M J, et al. On-chip
diamond Raman laser [J]. Optica, 2015, 2(11): 924-928.

Liu X, Sun C, Xiong B, et al. Integrated continuous-wave
aluminum nitride Raman laser [J]. Optica, 2017, 4(8): 893-896.
Fang Z, Luo H, Lin J, et al. Efficient electro-optical tuning of
an optical frequency microcomb on a monolithically integrated
high-Q lithium niobate microdisk [J]. Optics Letters, 2019,
44(24): 5953-5956.

Vanier F, Rochette M, Godbout N, et al. Raman lasing in As,S;3
high-Q whispering gallery mode resonators [J]. Optics Letters,
2013, 38(23): 4966-4969.

Vanier F, Peter Y A, Rochette M. Cascaded Raman lasing in
packaged high quality As,S; microspheres [J]. Optics Express,
2014, 22(23): 28731-28739.

Andrianov A V, Anashkina E A. Tunable Raman lasing in an
As,S; chalcogenide glass microsphere [J]. Optics Express,
2021, 29(4): 5580-5587.

Graydon O. Birth of the programmable optical chip [J]. Nat
Photonics, 2016, 10(1): 1.

Loke D, Lee T, Wang W, et al. Breaking the speed limits of
phase-change memory [J]. Science, 2012, 336(6088): 1566-

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

20220152-20

1569.

Rios C, Stegmaier M, Hosseini P, et al. Integrated all-photonic
non-volatile multi-level memory [J]. Nature Photonics, 2015,
9(11): 725-732.

Zhang Q, Zhang Y, Li J, et al. Broadband nonvolatile photonic
switching based on optical phase change materials: Beyond the
classical figure-of-merit [J]. Optics Letters, 2018, 43(1): 94-97.
Zhang B, Sun Y, Xu Y, et al. Loss-induced switching between
electromagnetically induced transparency and critical coupling
in a chalcogenide waveguide [J]. Optics Letters, 2021, 46(12):
2828-2831.

Abdollahramezani S, Hemmatyar O, Taghinejad H, et al.
Tunable nanophotonics enabled by chalcogenide phase-change
materials [J]. Nanophotonics, 2020, 9(5): 1189-1241.

Fang Z, Chen R, Zheng J, et al. Non-volatile reconfigurable
silicon photonics based on phase-change materials [J]. IEEE
Journal of Selected Topics in Quantum Electronics, 2021,
28(3): 1-17.

Nisar M S, Yang X, Lu L, et al. On-chip integrated photonic
devices based on phase change materials [C]//Proceedings of
the Photonics, 2021.

Rios C, Hosseini P, Wright C D, et al. On - chip photonic
memory elements employing phase - change materials [J].
Advanced Materials, 2014, 26(9): 1372-1377.

Zheng J, Khanolkar A, Xu P, et al. GST-on-silicon hybrid
nanophotonic integrated circuits: A non-volatile quasi-
continuously reprogrammable platform [J]. Optical Materials
Express, 2018, 8(6): 1551-1561.

Xu P, Zheng J, Doylend J K, et al. Low-loss and broadband
nonvolatile phase-change directional coupler switches [J]. ACS
Photonics, 2019, 6(2): 553-557.

Fang Z, Zheng J, Saxena A, et al. Non - volatile reconfigurable
integrated photonics enabled by broadband low - loss phase
change material [J]. Advanced Optical Materials, 2021, 9(9):
2002049.

Pernice W H, Bhaskaran H. Photonic non-volatile memories
using phase change materials [J]. Applied Physics Letters,
2012, 101(17): 171101.

Cheng Hongwei, Yu Zhenming, Zhang Tian, et al.
Advancesand challenges of optical neural networks[J]. Chinese
Journal of Lasers, 2020, 47(5): 0500004. (in Chinese)
Feldmann J, Stegmaier M, Gruhler N, et al. Calculating with

light using a chip-scale all-optical abacus

Communications, 2017, 8(1): 1-8.

[J]. Nature

Gallo M L, Sebastian A, Mathis R, et al. Mixed-precision in-


https://doi.org/10.1364/OE.21.031402
https://doi.org/10.1364/OE.18.014439
https://doi.org/10.1364/OE.19.008285
https://doi.org/10.1364/OL.38.003208
https://doi.org/10.1364/OL.38.003208
https://doi.org/10.1364/OPTICA.2.000076
https://doi.org/10.1364/OPTICA.4.000847
https://doi.org/10.1038/s41566-019-0498-z
https://doi.org/10.1038/nphoton.2008.4
https://doi.org/10.1364/OPTICA.2.000924
https://doi.org/10.1364/OPTICA.4.000893
https://doi.org/10.1364/OL.44.005953
https://doi.org/10.1364/OL.38.004966
https://doi.org/10.1364/OE.22.028731
https://doi.org/10.1364/OE.415787
https://doi.org/10.1038/nphoton.2015.265
https://doi.org/10.1038/nphoton.2015.265
https://doi.org/10.1126/science.1221561
https://doi.org/10.1038/nphoton.2015.182
https://doi.org/10.1364/OL.43.000094
https://doi.org/10.1364/OL.426275
https://doi.org/10.1515/nanoph-2020-0039
https://doi.org/10.1002/adma.201304476
https://doi.org/10.1364/OME.8.001551
https://doi.org/10.1364/OME.8.001551
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1002/adom.202002049
https://doi.org/10.1063/1.4758996
https://doi.org/10.1038/s41467-016-0009-6
https://doi.org/10.1038/s41467-016-0009-6
https://doi.org/10.1364/OE.21.031402
https://doi.org/10.1364/OE.18.014439
https://doi.org/10.1364/OE.19.008285
https://doi.org/10.1364/OL.38.003208
https://doi.org/10.1364/OL.38.003208
https://doi.org/10.1364/OPTICA.2.000076
https://doi.org/10.1364/OPTICA.4.000847
https://doi.org/10.1038/s41566-019-0498-z
https://doi.org/10.1038/nphoton.2008.4
https://doi.org/10.1364/OPTICA.2.000924
https://doi.org/10.1364/OPTICA.4.000893
https://doi.org/10.1364/OL.44.005953
https://doi.org/10.1364/OL.38.004966
https://doi.org/10.1364/OE.22.028731
https://doi.org/10.1364/OE.415787
https://doi.org/10.1038/nphoton.2015.265
https://doi.org/10.1038/nphoton.2015.265
https://doi.org/10.1126/science.1221561
https://doi.org/10.1038/nphoton.2015.182
https://doi.org/10.1364/OL.43.000094
https://doi.org/10.1364/OL.426275
https://doi.org/10.1515/nanoph-2020-0039
https://doi.org/10.1002/adma.201304476
https://doi.org/10.1364/OME.8.001551
https://doi.org/10.1364/OME.8.001551
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1021/acsphotonics.8b01628
https://doi.org/10.1002/adom.202002049
https://doi.org/10.1063/1.4758996
https://doi.org/10.1038/s41467-016-0009-6
https://doi.org/10.1038/s41467-016-0009-6

%34

s Gk A2

www.irla.cn

[110]

[111]

[112]

[113]

[114]

memory computing [J]. Nature Electronics, 2018, 1(4): 246-
253.

Rios C, Youngblood N, Cheng Z, et al. In-memory computing
on a photonic platform [J]. Science Advances, 2019, 5(2):
eaau5759.

Feldmann J, Youngblood N, Karpov M, et al. Parallel
convolutional processing using an integrated photonic tensor
core [J]. Nature, 2021, 589(7840): 52-58.

Feldmann J, Youngblood N, Li X, et al. Integrated 256 cell
photonic phase-change memory with 512-bit capacity [J].
IEEE Journal of Selected Topics in Quantum Electronics,
2020, 26(2): 1-7.

Delaney M, Zeimpekis I, Lawson D, et al. A new family of
ultralow loss reversible phase - change materials for photonic
integrated circuits: Sb,S; and Sb,Ses [J]. Advanced Functional
Materials, 2020, 30(36): 2002447.

Dong W, Liu H, Behera J K, et al. Wide bandgap phase change
material tuned visible photonics [J]. Advanced Functional

Materials, 2019, 29(6): 1806181.

[115]

[116]

[117]

[118]

[119]

[120]

20220152-21

Zhang Y, Chou J B, Li J, et al. Broadband transparent optical
phase change materials for high-performance nonvolatile
photonics [J]. Nature Communications, 2019, 10(1): 1-9.
Zhang Y, Fowler C, Liang J, et al. Electrically reconfigurable
non-volatile metasurface using low-loss optical phase-change
material [J]. Nature Nanotechnology, 2021, 16(6): 661-666.
Yang X, Nisar M S, Yuan W, et al. Phase change material
enabled 2x2 silicon nonvolatile optical switch [J]. Optics
Letters, 2021, 46(17): 4224-4227.

Alquliah A, Elkabbash M, Cheng J, et al. Reconfigurable
metasurface-based 1x2 waveguide switch [J]. Photonics
Research, 2021, 9(10): 2104-2115.

Zheng J, Fang Z, Wu C, et al. Nonvolatile electrically
reconfigurable integrated photonic switch enabled by a silicon
PIN diode heater [J]. Advanced Materials, 2020, 32(31):
2001218.

Zhang H, Zhou L, Lu L, et al. Miniature multilevel optical
ACS

memristive switch using phase change material [J].

Photonics, 2019, 6(9): 2205-2212.


https://doi.org/10.1126/sciadv.aau5759
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.201806181
https://doi.org/10.1002/adfm.201806181
https://doi.org/10.1038/s41467-018-07882-8
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1364/OL.435552
https://doi.org/10.1364/OL.435552
https://doi.org/10.1364/PRJ.428577
https://doi.org/10.1364/PRJ.428577
https://doi.org/10.1002/adma.202001218
https://doi.org/10.1021/acsphotonics.9b00819
https://doi.org/10.1021/acsphotonics.9b00819
https://doi.org/10.1126/sciadv.aau5759
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.201806181
https://doi.org/10.1002/adfm.201806181
https://doi.org/10.1038/s41467-018-07882-8
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1364/OL.435552
https://doi.org/10.1364/OL.435552
https://doi.org/10.1364/PRJ.428577
https://doi.org/10.1364/PRJ.428577
https://doi.org/10.1002/adma.202001218
https://doi.org/10.1021/acsphotonics.9b00819
https://doi.org/10.1021/acsphotonics.9b00819
https://doi.org/10.1126/sciadv.aau5759
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.202002447
https://doi.org/10.1002/adfm.201806181
https://doi.org/10.1002/adfm.201806181
https://doi.org/10.1038/s41467-018-07882-8
https://doi.org/10.1038/s41565-021-00881-9
https://doi.org/10.1364/OL.435552
https://doi.org/10.1364/OL.435552
https://doi.org/10.1364/PRJ.428577
https://doi.org/10.1364/PRJ.428577
https://doi.org/10.1002/adma.202001218
https://doi.org/10.1021/acsphotonics.9b00819
https://doi.org/10.1021/acsphotonics.9b00819

	0 引　言
	1 硫系玻璃光波导的制备
	2 应　用
	2.1 红外传感应用
	2.1.1 光谱吸收型
	2.1.2 透射峰偏移型

	2.2 非线性光子器件
	2.2.1 超连续光谱产生
	2.2.2 受激布里渊散射
	2.2.3 受激拉曼散射


	3 硫系相变集成光子器件
	3.1 硫系相变集成光开关
	3.2 硫系相变集成光存储
	3.3 硫系相变集成光计算

	4 总结与展望

