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Table 1 Physical properties in different piezoelectric photonic platforms

Material AIN PZT LN HIO,
Point group 6 mm / 3m Monoclinic (25 °C)
Optical bandgap E,/eV 6.2 / 4.0 5.3~5.7
o 2.04 (o) 2.21(0)
Refractive index 2.3 1.8
2.08 (e) 2.14(e)
_ ) 0.2 X10° (0)
Thermo-optics dn/dT/K ' 2.3 X10 ° (o) / . /
3.3 X107 (e)
Thermal conduction
320 / 3.5 /
x/(Wm '""KWem)
Pockels coefficient r,~=1.0 67 r;~>30.9 /
7/(pmeV~") ry 0.1 r,~32.0
d,-~~68
. . d:~5.5
Piezoelectricity d,,~21
- d~41 d~150 115
d/(pCN") d,;=<6.2
d,~—2.6
d:n%_ 1

1.1 AIN HRE#MPHARHERE

VE R = SR Z —  AIN B T H A @ AW 31 B HUBORIOG 2 R PR T #8532 060 . NG5 & 47 4
45 46 8 AN 52 DY 16 A BE A7, TR P A b 500 @ = 0.311 nm, 3 B A A8 % 500 ¢ = 0.498 nm. X i A 45 4
T T AIN BRI A ] S M . AINFEAS [A] 14 5 5 A PR A 5 2 3 s O T S R 42 o b4, AR 1 353 ) UG
0 Si0,(nA21.45,1 550 nm) Fl ¥ 5 47 (n21.75,1 550 nm) , AIN (3 9 % (n~2.1,1 550 nm) B & , B A5 5 3
B HAE S o AIN AR F0 X AR G5 (N T i L, 6 mm) IR T T H M 4% (19 Pockels B % R HL AN 4R 2%
PEME T IR H URE SE AR B Z 0 . O T T AR v AR A O SR R A R M R AIN R A R
3T A & . H RT3 A AIN UL B R £ 35 9 B S A DR (Physical Vapor Deposition, PVD)'™ fk
22 A ULAL (Chemical Vapor Deposition, CVD)" il fik #h i % i A1 (Pulsed Laser Deposition, PLD)" . fEA
AN R EE S T A OGN Y ¢ P T (0001) AIN ) il £ B e H Rk

20124F , £ E TANG H X413 i ] 25 2 5 AIN 5 7E 48 p0G 7 40 0 7 R Ak 9 TR 53X Fb
TS Rl 2 A ek R 4 D S R A A, AINZE AR b 4R (99.999 %) TE R A M AR G R IR, X Fh £
din AIN 22 30 HH T o Bl R T PN 6 00 R A AR AL AR 45 4, A L L BT R o X — s i X R AT 4 (X-Ray Diffraction,
XRD)ESEL, [002 ] W Af 76 2 75 4> %6 (Full Width at Half Maxima, FWHM) kb # i 1°, J& T 1 553085 ( Atomic
Force Microscope , AFM) 73 17 38 W], ML S b2 1) 3R THOMLRE BE7E 1 nm DL b o 22 8 AIN 23 52 31 301 #5056 ke g e
W B AR RE LR AR AMNX . S TIESCX — 5, 2014 4 #8 [{ PERNICE W H P 48 41 3 43 52 56
FAEWLEE B Y TAE P K AR T 400 nm i, 9 S 58984 650 dB em o 59— J7 17 , 22 &b AIN B8 90 560 4 P 4 45 12 UL
P DL AE R AEAR Al IS b XA R T 5 A A ORE Cln Ak R E A4 I ) B9 VR  BE , DR AL T 75 9 e H
FErE AL bE Y A T S AR AR TR IR (1 300 K) & CMOS A X Bk & e AT JF
& AIN 46 B Il 1 vl B

VAR, AUy AIN BB 58 F0 =T DO X I A 450 6 , 400 0K i 140 AN R B i A TN AR FE 38 52 A0 S i
AR C G —Fh & 2 08 B R FE 5 UG T 6 R R AE S -0 OB X B, 41K R AIN 8 T 2 4
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TR, A5 T TR O 90 L T AR IR BT R (i)

() Poly-crystalline AIN films grown on SiO,/Si substrates!**! (b) Transmission electron microscopy image of poly-crystalline AIN
waveguide facets, showing columnar structures!>®)

Bl %% AN #E S H

Fig. 1 Cross section of the poly—crystalline AIN films'
R o Bl ) LA R A0 R S, AT LA R AR BE Y [ 002 1§ (FWHM 4 0.1°) FDG 1 A 8 A 35 1 (RMS
FARE BE R 0.7 nm) ™0 BUAE B 0 20 0T LR HE A il 5 B, O 3 2o 55 2 7 I SN LB 98 K A (PVDNC) T
AR R A A AT A M L K S A A K AR AN R Tl b A K TR AR R AR AR R
30 ARG s A b 75 M it 15 L AR T AN RS 58 0] DO XS W 5 RN A . 201848, 6 LU T
A NJER T8 —A7E 369.5 nm AL H A 60 dB em ™ I % 37 4L 19 99 K S R AIN IR B A 8BYE B O
b R B (N 171Yb+) T (F B8 T,

5 PVD AINKR[R, B8 AINZiE i CVD T2 (W& @A HLCVD™) il & 1) 783X Fh T2, A2 )20 78
SR S R 0P = A R O AT R A, PR AR B AIN DA A R AR R BAE K L B AIN TR 4
o A AR i, AT LA 3 XRD g %5 B FWHM 5 0.02° 002 1R/ T 0.1 nm B9 RM'S 2 T HLES Ji2 3
BUE o SR, % T2 32 R R AR RO A R = T 1 200 °C T L AR R B L BE AE AR DT RS B A IS L i
2, W A (1396 1Y A s 2R L) A1 6-H SIC (1% 19 A% S it )™ o BRL AN 7 B 7E 4 0 72 P 9 0 34 05
HL ey i SUN Changzheng SRV 7E 2017 448 78, IR 4E 1 550 nm AbSEEL T & 5 B B 20 2.5 X 10° i i 34 .
WG AR 0 AR SR A0 e i 4 < S0 Keerr BANBL S HOG AR C 5080 . JEAR Sk, 32 5 AIN SR AR O 2= B AE 1Y
JA KB EUV-VIS K AR fi b © B P50 8t

3 T 60 A K, AT 3 PR 3 5 R ok (1 700 °CRL ) ok Bl 35 0 B AU AL SR A 45 T EE . HE AR B 2
3 A A H A AIN 5 A% AS DG C 9 6 BF (I i 52 ) 22 () 9 S5 T ) A7 5 280 B 0, DAL T S 80 - 245 i ot
T o AEAR IR, AR T EEARE R A R (B 40, AIN ORI 5240 A s AE 2 000 °CRA 1), il B AL #1 5
19 AIN (624 B AR SR 75 B2 iE— 20 5% .

5 PZT % o 4B B, AN (4 e il 2 55 CHC 9 ) I 45 19 35 K il R B R oy 5.5 pC/N) o G AF
R FE N D23 3 48 24 AN [ 1 2 5 R 1k 4 R b R St i AN Y R L R BB L B AnBE (Mg) VBK (T V8 (Cr) L5
(Sc)FF. 20144, HA YOKOYAMA T PRS2 KR LA /Y Mg Al Ti45 2 8 AIN v, SEBL T 1 8 0 17 () )
e YA AT Mg $B A% I, R HL IR S SR T 796 i A T B H R R e R A A e A, b A A e [ A
5 28 X Rl T Z 4 T HL R R R 8 T 30% . 44T (Sc) iy AINJE LM RE L g i . 8 BARTH St
Y1AE 2016 48 Y B2 g 2R 5 T S B R, L ALFR Sc AR Sy 8T i AIN AR . 3 2o i AR 38 b4 Ty R 1, P LAAR
25 AR AR T8 (98 Bl k28 Al-Sce HeR, ali AIN 2] AL, Se, N, Hi =04, 4 2 f{E M 05 %) 0.40, d.y
FREOE R IO . £ 2 I T AIN.20% Sc#B4¢ AINFI40% AIN (R L FRPE . S iE— 2D 10 AIN
FLbERHA 24 e B R PE , 2020 4, 26 [ OLSSON TIT R HR B A BFSY T 4t (Sc) BUR A8 (AD 48 2 K il 88 Al Ak
BL(AISeN)™ . BRILZ 4h, Z /K 22 NOOR-A-ALAM M BREUZH Al NOLAN M B A A58 T AIN/ScN i i
6 8 4 LR T FRLRR TR L BB AR R SCNURIT AN 106 1 B0 22 A B, T 45 0 o O Tl 2 B RS IREAE 2020 48
AT A Li A X (X=V -4l Nb-%8 . Ta—4H) 7E Li: X=1: 1 [t 6] F LB B S, X5 T BRI RS
AIN PR E o, (R f b B3 a8 . 8 T UFX — #1, H A NGUYEN H Hif @i 4] 8 4% Mg 1 Hf AIN
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%2 AIN, AlSc,N, AlSc,, N 9 [E B 14 & Lk 5
Table 2 Comparison of piezoelectric properties of AIN, AlSc(,,N, AlSc(M,N[”]

Piezoelectric properties AIN AlSc, N AlSc, N
Piezoelectric E,, = —0.38 E,, = —0.62
2 E,, = 3.19
Constant/(Cem *) E,, = 1.55 E,, = 1.67
Piezoelectric d,, = 5.5

el . ds; = 20 dyy = 20~25
Coefficient/(pC*N ) d, = —2.6

((MgHD) AL N)JF & T F B, BT i 45 (0 # AR PR AR AR 21 17 W 3 0l . O 17 DR I fige 8 T v 35500 344
B, H A HIRATA KR4 A AIN #5828 Yb, IFFIHIEE — PRI B 345 B 69 o, R(E M T 100 pC/N, J&
Al AT e ARG Y SCEE H G 1 AIN Y 2075

M RSk R LT R R, IS R IT R B AR R Z TR B A AIN B R B EGE I R BCERAS B T
TR, KR A BT A O H AR R T AN IR A e R R L AR T S R A o BR T AIN s HL vl IR R
BB A —FhE LA TR AR PZT B A TR R BCE HE AIN I = AR £
1.2 PZTER#MHHFARHRE

PZT HA MR BEH A R OB HR DR AERE 9z N 72 Gk, PZT B9 RER =
HE L R BT A 150 pm/ VY& AIN A5 L Lo AR 5 S PZT MR A OBy ik B HL R L ek

HFA K PZT MR 05 WA VF 2 A8 7 B 1, SR S 06, 4 JB A AILAk 4 SO TR ik
MR IR PZT R 9 i R R e T 2 R B R A 4R 0 T A CAn e AR S R RNRL ) Ak 2 oy R
JE R i A I A HG e P AT B T S B SR 1) Oy o R B AR Bt (Morphotropic Phase Boundary, MPB) #l42
ARtk WA 2 s  PZT 76 & 85 X222 5 A, MNAE & 8K D2 PU J7 A1, 783 P AP 57 22 (B A — > A R4, BRR
SRy U TR YA AL X R Sk B Bk =521 48, fF MPB X 3 B8 $2 1t i K00 R B R L, 2480k 2E A0 B K R
BB MPB X 38R A T IR A B BF 5T . o e e i B |, 38 B DU Xiaohong i #1141 )\ Landa-Ginzburg—
Devonshire # ¢ #ff 5 11 B 5 PZT 3 B8 78 MPB X 38 110 B ) B f8 5 K Ak 00 =l PR g o Bl S 35
KOVACOVA VB RARFST & B, X F 2 100 BUm 19 PZT MR, S 7 78 i 3 1 LR 45 5 2o % 39135
Ji AR B AR DY 5 A S PZT o B ATIA J dd 3 B PZT s vT LA PZT 7E 0 VI 27 100 %6 #49 0U J5 A
AT A 358 3 2] 100 %6 22 77 AH B B8 77 A2 R 3k 250 pm/V 1 dyyo BEAN, I BEGE 2 S M AME PZT 3 B8 (%) & L REPE
H 24 KANNO TR 4158 1 )57 XRD (in-situ XRD) BT 2 & PZT #5 J5F S0 4E PZT 9 5 19 F A
PR X TAME PZT W, 42 W doy ZECH 80 pm/ V5 X T 22 5 PZT W, Ho K i R d, 5 v 5 2
1 BE A G, 45 2 S 30~340 pm/V, MU ATTHE S5 0 B S EOK Y AN E RN, AN B A8 (field-induced phase
transition ) 134 & 5 %5 £ (incremental domain densities) . 2% S AN{H 0] £ 5 PZT 38 B %) i e R 224 T 41

500

400

300

Temperature/°C

0 20 40 60 80 100
mol% PbTiO, PbTiO,

B2 PZT & # MPB X 3"
Fig. 2 Morphotropic phase boundary in a ferroelectric PZT system (PbZrO,-PbTiO,)""
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HE PZT Wi 8 F I 22 5 PZT W R AE MPB X 3808 Ak Ty i) 9 75 4% o 12 o8 e e B A7 7 B2 o

B T % MPB X 38 0 AF 5%, 24 & 130 & BLTE PZT o E 47 16k & 00 K 19 5 2% BB 3K 15 #0808 KN [R] i o o
PZT W4 R E B MBS . W R E @B 240 B 355 T 282 8 PZT 09 R il R4, i A 45 44
FEF R S TR B4 PZT R EE ST R, NI PZT SR P A9 A iR B A . OC T8 24 WL B0 1 i 1
TR 22 B8 2 DG BE 32 B ff 3, BB M35 2% n] DU PZT B H W5 45 0 B8 I i, ZE AN 1E L AN 22 5wk 25
S B HL 0N R BE dz B A O I 450 AR [ I R AIG ; SRR B 2% 5 3 PZT (Y FL W IS Bl RE D 5, TS 5 W A iR
BB A R R PR RE . AR X PZT B2 WLIE ) BRIE HF 58 0 A FR ik — B4R R . PZT R EER T
FEVEAF (A 3Sh  AAFAE 5 CMOS T 2R 4 o W] Sk 46 )il , iF 58 N 0 TR s T8l 5 4k 38— 1~ 55
CMOS T. 2345 1 H H A 6 HIO, .

1.3 HfO,# fE 4 £t 32 i3 f&

HIO,/E A — g B 4 5845 B L = A B BORE L, B 28732 T 3 74588k, 5 CMOS il £ T 4348,
B2 TR A AR B B D 4 R R F T A S A A I A 4 2 ) SRR RE A R R RS b R R R
ATk 25 1) & Jr B R SE AR B ) R A% S8 HLEO, A4 R I AS 26 B H 4k e R el e, F 9 & B3 o 8 44 BB 7 HLIO,
WM AR A A TR L L AR TR S THE HIOL IR 148 2 0 K K HAB 24 5 1 T v P I 3R AE

20114F , #8E BOSCKE T S M4 15 K A5 8 2% 5k 70 2 (1 HIO, Wi I8 - %% B0k B S5 R0 R R i R Bl
JE B A (Ze)™ AR (ADMY 2 (Y)Y 8 (Lw) "4 S0 3R 1 HIO, T8 R Hh 4k v 1 I3 ol i 2 e BRI . Ry AF 5
B 2% HIO, W B (9 Hs i, R 850, 78 (8] MAR'T C R4 ) FH Aol 0 76 DR 380 Tk 32 10 245 BsF 19 4G R2 JIK DX T 20 nm JE (1)
k48 2% HIO, 18 B 0% & F i 157, 7 48 B L R B o o — 11.5 pm/ VL L AIN B R R Bm HAE 270 AT
WF 58 HEO, 38 B5% 1% J55 28 X6 HG 1 Fl P 1 5 i, 2 ) MIT TMANN T 35250 20 DA Bl 5 4 1 9 S5F O3B il 3 s ok
B 7% 1 HIO, Wi f5 , H 10 nm ) 50 nm 22 18] #5874k b R B v — et 39 58 J52 1 Lh 5 /NI, 36 10T
HEK L 3X A R A I AC S A B TE K . BR T RE JC K B 2% HIO, W B R B0 I 0 R R R AL,
SALAHUDDIN S #8278 ik 4 IS bl ALD J5 35 U0 T 1~2 nm JE 948 24 45 HIO, wiE , JF H 39k 1%
FEAA ek F) R P R P LR R g DA BRI 2% 1R R IR B 45 44 0 R 1 HIO, W 42K Fl A0 T Fl AR 1 R 0, F 5

B30 S BT S R A v R R I S AR R SR TR A B R s R L AR — R A IE S, R
FH 25 7E 0 T B e A R T2 B, B IE 1 38 2% 00 K 10 HIO, T B A i 8k v K s F P J2 vl T AE A AR R0 X FR &6
¥, B Pea2, 25 [6] #F 1) 15 28 A AH 25 49, 40 ] 3 7 38 8 o0 3 48 4= 45 O 3, A epot X AR 10 DO i AH 5% Ak 3R o

~ Nucleation in
Tetragonal
phase

Transformation during
cooling with cap

Orthorhombic phase

i3 ﬁfh%ﬁﬁ%*é’ﬂﬁﬁ%%ﬁﬁ%ﬁm

Fig. 3 Characterization of orthorhombic ferroelectric phases in thin—film HfO,™*"
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¥ % il

O X FREEAG 19 TE S8 A o 55 AR ZEIB AR L 2018 4F , fif 22 NOHEDA B U8 20 fff ] Bk vhi#OL UL AR (Pulsed Laser
Deposition, PLD) A4 K H T & R & B 45 HIO, 8 # i X 547 81 (X-Ray Diffraction, XRD) % X H,
111 5 (Selected—Area Electron Diffraction, SAED) DL K % 1 1= A BE 28 JE W 37 45 4 38 59 W 10 S 8% (High-
Angle Annular Dark-Field Scanning Transmission Electron Microscopy, HAADF-STEM ) % 5 ¥ 1[5 £ 1F %
AL SR rhc X AR 2208 AR B R RS R L 2020 4F, 3 B KALININ S V IRE 4 4 T 55 4 —
ol FEL 5 it 0% < 4k PRI HL AR OB R T R L 7 A I e A A R T

SVASR L, 56T HEO, i 5Bk R 0 vl R PE 1 F 5T © 28 DA 3, S 00 45 22 b T Bk A7 1 o R TIE , R
49 K PR AR P T F R e 7 52 3] T RS B 4B A o0 R R S R B R SR (R RN BE L DORRAE K IR R IR A 2R A
ZR R R AR bR = e v (B TR S IR AR A S B T AT A A R R, LN R R T
PE 75 B HL RN B BT AT, O HL B 28 52 30 80 Rl A, (DG e A R A A 58 LE 3R D
1.4 LNHEEHM B RH R

LNBEHE T 3 m s 8 R = W08 e X B AN B 487 T B L 41 1 R 98 S 7 W A S E T T % 8h , JB
SRR AL (P 4) o LN B Js R BEAR &5 (20 1 210 °C) , BRI G e BCRE  7EoB 2 P B i, LN B A 58 /Y 3% B
7l R TSR o AATTIFSE 1 45 Fh sz B IS LN (9 T2 7 i A 46 Ab s SOM DURBRD S A0 B vk bk o
WEOEVTRL T W B S N 4y AN E R AR B R R W R B R4S G LN R 2 S
B AR o AR TR B TS LN R Y R R o

. Mirror
Mirror

1
plane Bane
e —— Mirror
@® | plane
O ?
a
o ; A
e 0
X /
\Y
(a) Positions of Li and Nb atoms with respect to O (b) Standard definition of X, Y, Z axes,
octahedra in the ferroelectric phase. Poling moves the where Y aligns with a mirror plane®”!

positions of Li and NbP”!

K4 RBmeEsrsmcERY

Fig.4 Schematic diagram of lithium niobate crystal structure'”!

BN T LML, % EH EDON ViR B4 W58 T AR T2 X LN OG22 A f v (52 e . il
738 2 0 5 o 7 4 K i A WA/ B DTAR T 300 nim G LN S R, 2R 5 o 3 I ) 445 A ROIG 24 P B E AT T 40T
b AV 3 3 900 A ) A LR (AR B0 N I TR R B B W (E 2N 7.1 pm/ V. BFSE R
A 1 T FELIR 0 R g 2 S B LN G H 2 0 R R R R SCBE S . BT L O F 5 T X SR R L R 1Y
20, E YU Fapeng ML HIFSE T LN J HL 2R BRI AOAH e, R BRE SR F o B0 R BB K, N
67.7 pC/N. 3 KR 2] 500 °C, % R BN F] 79 pC/N, AL R R 16.7% o JEHL R B o, 28 DR B 75 Bl Y
BEIRE B ARRNT12.5% . TEHE RE A BRI, A LR E R F80% .

FERFF T LN G JIERE R} P e 5 1 2 A A D PRt A7F 9 N B3 2 B LN 40 R 235 g P Jo vy A48 T 8 1y AR b
R TR MR R AW KRS, LN Y b s = 85 4 5w A A R R A
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PRAd, 45 T AL AN 9 D' T AR A AR 5 B R ()

(41 LiNb;O) B B o 8 T B 1k axX — b B, WF 98 A BRI T VR Z 06t , Wohn $Rt I sl (i F fb 220 F e . iR%
Hr ZHUKOV R N B2 58 i 2 27 38 ok 2 850 Ol AR A s 1] ), P s 0 S 0 22 3 408 v 0 R I 48 A 7k A
S b AR K By LN B 0 R PR RE . R BRAE A ZE 700 °CHY 12 min A1 5 min B RE 5 b, 7278 20 5[] B 1] 1)
(B A P AEAE ) o PR T b ZERERT IR A 22 o )2 () FAE R A LN RN & B A R Z M Al , &
B A ) R HLRON] o 25 SR R TR REART IR AR AT LN R R R A PR AR 0 o X LN R H RGN 11
PLERF 5% AT 2, 5 PZT AHTE , LN [E AR AE FE e Rl B AR AL . wh [ CHOT W S IR i T A7 )7 -
TC 7 78 LN 5% o 00 2% 381 4k ol 0 A 1) 378 82 5 A L i B 3k 9 1 7S ot R HE 9 PR 108 L 28 7 R B, T LA SR R Y
I & AW AR DN TET A0 T 1w 1] 18T PN 5 T A4S o Fl T R A 0 A0 R A A A TR BB RE A BV EL A O [ Ak T ) Y A
AHZ 811 320 5, 30— &5 SR B A LN g S vl offe [ 2R A0 S5 BRE 30 1) PR P R 2 T E I S5 . ROk U6, LN
TS ) T F R P A7 BIAS TR] T 20 45 TR Ak U AR ) A R A5 T

2 b R Y D R AR I 9T N B R A M BRCE ML | AR S B I 4k 2 22 0 T Y T B R H RN
HEAT T HUE , 3%t ok Ji5 S 25 8 B 07 FH 9 5 56 25 7 T kil

2 ETERUNMAERFEMFEHFRIHTR

21 RIIFEEBRAEENFEARER

PRI b, Y8 He r v SR R it fin A0 50 H 37 B, PR HS R 00, T T T AR s A N RO AR — O T A
NEIVERTE  BOR RN T O BRI B R S kAR AR, S — L S S AT BRI R R AN,
DA KA 5 A ST I A R A R B S OLE S R ARA AR AR, S BB IRE o TR HLSON E H 3 0K
B AAFTE TR FLUR , 25 T He FEL IO 19O AR RS 1 AT LB/ IN B D AR AR AR TR T RE . 18l 5 EREE T HOE
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(a) Schematic diagram of piezoelectric effect (b) Advantages of piezoelectric effect!'”!
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Fig. 5 Schematic diagram and advantages of the piezoelectric effect”"”
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Table 3 Structure and performance of ultralow—power piezo—optomechanically tuning

References ~ Structures and materials ~ Tuning efficiency/(pmeV ") Power efficiency/(nWepm™") CMOS compatibility Years

[62] PZT on silicon ring 19 / No 2012
[63] PZT on silicon nitride ring 25 1 200 No 2018
[64] PZT on silicon nitride ring 1.3 20 No 2022
[65] Silicon nitride ring on AIN 0.8 0.0125 Yes 2019
[66] AIN on silicon nitride ring 0.125~0.2 5 Yes 2020
[8] Silicon ring on HfO2 ring 8.4 0.12 Yes 2022

HARNAPLT S5aE AL aE R TR T 2, i 6 fron , 2012 4F , LA 3] LEVY U BSR4 R H 68 1 PZT
SR LA T A LR AT RS O SO VS IR s g . AR a EALEE R RE DT b DU BT R IR T — )2
500 nm B/ PZT )2, LAHL 35 5K 3 PZT #E BRA B rp () i B i 37, SE 38 7R T M B DK Bl i WURR S I 4 3R 18 T
19 pm/V (1 P8 38 R L O — 25 K A5 0 &R L e R I ] K T AR 4R 2% R 1 BB 280, 2018 4 i %
EVERHARDT A SR A PZT 5 A A AE P T A 25 G il 45 1R G L U S, 4815 T IUBAE D) PZT & 3K
Bl G TR G ES 28 P i R BE UK 16 Veem, He HL IR B B[] Ry 4.25 ps, DIFEAR T 1 pW, Lo A% 48 1 Z AL it A
JT B IFEALS N BEH . Nk — B T2 RE, 2018 41, 55 [H JIN W i i 4l i ] /AL ik BEFI PZT
S A R R 3 O A R R A i ek L 3RS T 25 pm/V B IR AR, Hek il IR R E R R 3.6 Veem,
IR AW S & AN 0.3 dB/em, I FLIMAS (9 B DI #E R 1.2 uW/pm' ™. LG , 2022 4F AT 1K 8 1%
IFEREAR 2 20 nW , JK HLIR & I S 00 B UAEFR R 20 0.03 dB/em, {H 8 )RR Wi #E , AR 1.3 pm/V, 2K ik
FL A 3 ARG K 3 43 Veem' ™ o R4S I PZT # B A RE 3 A5 T 40 w8 1 838 803 A AL AR R D #€ L (A PZT
WA LS CMOS T2 R A3 2 25 AR B e, 78 OB J0es Fr 9 1 28 O T A7 e Pk

AINAFE R —F 5 CMOS T 2036 25 1 BE A R, B T 52 30 AR AR B, [m] BF A7 76 1 R ) 1, 378 W 7 10 4 55
200 nm ] 13.6 um, 28 77 Z A6, WK 7 iR, 20194F , 36 [ EICHENFIELD M 8 4 78 J AL BE T
A L b (0 LT AN B0sh 2% 19 FE AL MORE & 7 ik . 15 25 1 AIN SR A RE I 5 1 B, 76 0] D o ik B
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(a) Si+PZT piezoelectric platform!®? (b) SIN+PZT piezoelectric platform!®”!
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(¢) SiN+PZT undercut-based piezoelectric platform!®  (d) SiIN+PZT piezoelectric platform with two segmented PZT actuator!®!!

H6 PZTJE v IK 50 th (5% o 8 5 3 35 58 g 020 on)

Fig. 6 Low-power piezo-optomechanically tuning device based on PZT " ¢

SEPE 0.8 pm/V PRI AR FN 0.012 5 nW /pm B8 18 DI AE , 38w 0 IF [ A 4 nso A 1 WF9EFE C BBy M
WERCRAIAE, 2020 4, Fij + KIPPENBERG T J 4] f15% [ BHAVE S A {38 4138 53 & ALk AT AIN 5 R
L T 5 IR T pom JEE AN 8 b (% F fL %0, 3R 45 T TE A TM A2 R 0.125~0.2 pm/V Y I 2L
PRI DI FEAL R 5 nW /pmy, I T8 B R B e TRIAR S 3R AR T e A R 3 8 R RN R AU A % i 45
¥E, 5+ KIPPENBERG T JIEBZH F1 25 [ BHAVE S A V50 20 1 4+ 75 8 A% 353 #6 21k ik 48 106 7 o B 42
AALER R B IR B 2 , S0 T 15.7 MHz/V /B P R0, B s D154 h 300 nWH L Bifi J5 o ifF — 25 42 T
i RLCR ) 7 5 [R] TR S 2 E PR RE 24, 2022 4F , 5 [ DONG M Al EICHENFIELD M /8 2] 3 A/ fb 45 -
RACRE TR A W T 450, 04 T 67 fb A HOG IR T 8RR F IR oy Ak 32 445 4 ) R T, 2l D e R K B R
6 Veem, 75 AT UG ik B 52 30 8 B 64 98 355 1 7 (~250 ns ) Rl A AR B FE (<30 nW) , 763 15 C Uk BE Y % 30%
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(a) SIN+AIN piezoelectric platform for visible wavelengths!®!
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(b) SIN+AIN piezoelectric platform for bulk acoustic resonators!!

7 AINE # 3 5h by (K 20 46 7T 9 3 8

Fig. 7 Low-power piezo-optomechanically tuning device based on AIN'

65, 66]

Y i e AIN R P 3K 2 i He e, 3 TR RCR AR R, 2022 4F , B SU Yikai #l ZHANG Yong PR 41
FNTIA B HIO M BAE N S6)2 MR, TR T CMOS T 23451 Si-HIO, 5 i 4 gt 7 & L it
ISR R 1T Si—HIO, R G 5 19 He L W] 98 38 R iR Jis L )] HEO, 19 8 TR i 2R %80, S8 B T 8.4 pm/V
F189 2 P XS 1) 5 K I3, VR D LU A% G i POL IR 7 AR =B 4, A0 0.12 nW /pm , A0 E 8 i 7R . HIO,
WA RS CMOS T2 M4 A A B O F i s

g LTI ) A0 Bt Jin v, 7 BIK 2y 97 RORE R Y F e R, DA S SRR D A T R 3 1 BT B AR 1 B
FEHUE S IE AIAT 7 % o BEAE He H B Bl 1 SR 0 88 A0 U, R R A A B s s 3R sl i L LR T
B 1A 1 O R A, 2 BRAT P RE R MRS i R S N o s E S ERAOREBR T AT LA S SR G IR R A L R O
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(a) Optical microscope image (b) Scanning electron microscope image
i ! 1549.65 —t——F——1—1%

1549.60 ¢

1549.55
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« Data .
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(c) Piezoelectric tuning (d) Tuning efficiency

8 4 4 HIO,JE 0 50 5) b1 1635 46 7 0 i B 441
Fig. 8 Low-power piezo-optomechanically tuning device based on Zr-doped HfO,™

22 SRELIEGI SR RER
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i R A A R RS S LR B R A TR H 00 7 A, O 5 R AR A% B OB A B T o 3R R4 Oy 20 1
7T RE B AT RE D MRS, 5 B R A OU A AR B B AR . SRR LE Ol T AR R B AT UK R 3R
i1 % (Surface Acoustic Wave, SAW ) F1 G i AR 4l FR ) 76 3 5 D9, A7 Bl T 76 i 4 RUBE Y Rl PN 52 B v 19 70
AR, GO 2 6] R A 2 35 B i, U 2R/ B 9K 3l 2 3Rt R kS 2 AR w4 59 R 64 Ak
A BT ARAT/INELAL | i R BE AR BAS B9 B R OGRS 1F o — Bk U, A SR T D R ol R A T A R
R RE RS (IDT) ™ A | 3 5 25 45 8 48 Wl 0 R A A3 1 S U5 2 I, 2 A HE 7 o T A 49 ) ] — 36 ) 7
W, N5 56 K A AR T o AR 508 B 1) 18 i 1 AN e JRERIT LN e 170 75 1 98 i 245 140 BIF 50 30 J

Wt A 9 TS rl B T S R Y K g A R O TR 2 B 22 7E 2 A R AL A R B R B SEEL, i AIN, LN
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Mo PR AE AIN=SIO, - & b i 4 7 #1820 3R 18 iR & A BIOBOOR T /G 75 R I e B 4 o BRI R 4%
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ERHFRZ —,20194F, 6 [E BAHL G847 78 AIN #E R B AT REE & 1 il 45 T I 700 A R T iR 25 25 44
R G h # o 3 A 2 b e AN SR T Y S1UZ 1 AIN IR A A8 PR A5 AL 80 1R Xl ST B R OIGE FF
B, 0 1 RIS 5 B0 U A e e, I i B 1 — Rl BLAY SR I B R BE AR (CFIDT ), 75 P~ 1E A2 7 4]
b BT R S T S A A R 7 ) R 7 T SR T A BRSO e, AR R T R RE A SR, SR R B DG M
il B AR B T 3.900, FOLTRI R AR 4.82 GHz, 4 1 #E— 20 B 5 AIN BB ) B9 e v PR RE , 2022 4%, vh ]
SUN Jungiang BB 4L F) HI AISeN A4 RHE 5 19 e H HE BB L 72 AISeNF- & 1 il 1 F P 2 T D 31K 2l 14 18 e 15
AR FEOCIR S o 7EEA SR EAR HI B BB R b AOCHE A PERETR B T — P UGE SRR
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Fig.9 AIN acoustic-optic modulator
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Table 4 Structure and performance of acoustic-optic modulator

I

References Material Structure V.L/(V-cm) Efficiency/%  Qualily factor Frequency/GHz Years
[71] AIN MRR \ \ 410" 10.6 2014
Acoustic )
[72] AIN _ \ \ 5% 10° 12 2015
cavity
Suspended
[73] AIN \ 3.9 \ 4.82 2019
MRR
Spiral
[74] AlScN . \ 8.84 \ 3.373 2022
waveguide
[75] LN MZI 2.5 42 \ 0.11 2019
Suspended
[76] LN 0.046 64 \ 3.33 2019
MZ1
Suspended
[77] LN 0.019 19.3 \ 1.16 2021
MZI
[78] LN-sapphire  Ridge waveguide \ 10 \ 4.3 2020
[79] LN-As,S, MZI 0.94 95 \ 0.11 2020
[80] LN MRR \ \ 5X10° 4 2020
[81] LN-ChG MZ1 0.03 98.5 \ 0.84 2022
[82] LN-ChG MRR 0.02 \ 5x10° 0.84 2022
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ARG — EAR R A OLA H #% PTG SR Y T8 bR 24 A LN A TR i R BRI O 27 A AL R A
He A B T S0 R e A G A A R S Ol 1 S R e AR R A T

3 BT RN AYLE R KM ER 4R R R

31 ERERFEERENNAFRR

TE I 3R H B B0 9 4 O F 2 0T I LR L, A A B R H IR Bl A AT A s e R EL N A
5% o AN E SIS BT R RO 9 B O TR 4 A A

FH T FE VAR R R K 2l 1Y) PR T A8 AR B B S S E , S5 1 B 38 S K T PR K B A B T AR 1 5
P £ 58 22 RE RS A B GEN  ETE R E S, WA 11 BT, 2020 4E , 25 E DONG M ,GILBERT G .DIRK
ENGLUND D il EICHENDIELD M #8140 #] FH CMOS T. 25 78 200 nm &AL fif: & 8 L Sh A i 7 4 3 185 10
L i — 85 A R T B A G0 e i 3K 2 0t T AR RS o T AUARE I AIN R AL R 1Y 7Y 6 B RS e S R IR )
FEMOGAR 5w sl Y04 5 8 480, 76 7T WOG 2 3 20 40 i 4R 54 AR A A 98 i 4 58 KT 100 MHz., % 7] 4 72
JE FEL 3K Bl 0 4 E A RN TGS R R, R B NS/ O 2 A AT 1 2
AR %R HL IS IR A AR — e ) B, HE AN A2 BR T AN (O IGE H 28 80, S B 8 0 MBS 03T A R i IR
L E", RGEREA T — 2 03t . [F4E, B - KIPPENBERG T J R0 #126 [§ BHAVE S A V85 41 42
HH R S PR BIR Bl BT 2 A S O R S I OB SR Bl 1 T 58 3 5 A R A A R R A O A B B 1 A A AN
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Abstract: Optical communication and interconnection technology utilize photons instead of electrons as
information carrier, enabling large—capacity and high—speed information transmission. Silicon—based
photonics integrated circuits are expected to promote the breakthroughs for the optoelectronics chips in the
“post—-Moore era” due to its advantages of small size, high integration, low power consumption, and
compatibility with the Complementary Metal Oxide Semiconductor (CMOS) process. So far,
optoelectronic integrated chips based on silicon platforms have achieved tremendous success in industries
such as coherent optical communication. However, central symmetric structures represented by silicon lack
linear and high—order nonlinear effects, posing a natural disadvantage in the design and fabrication of low—
power tuning devices, high—speed modulation devices, and nonlinear devices. In order to meet the low—
power—consumption, high-efficiency, and large—scale integration requirements for the next generation of
optoelectronic integrated chips, it is necessary to explore new effects and new thin—film materials for the
development of integrated optoelectronic devices.

Piezoelectric effect is an important physical phenomenon that realizes the conversion between electrical
energy and mechanical energy. Some specific crystalline materials generate positive and negative charges
when external mechanical force or pressure is applied, creating an electric field. When an external electric
field is applied to these crystalline materials, they undergo deformation, resulting in a change in refractive
index. Thanks to the progress and maturity of thin film growth and deposition techniques such as Atomic
Layer Deposition (ALD) and Molecular Beam Epitaxy (MBE) , many low-loss, high—-piezoelectric—
coefficient thin films have been prepared and realized, such as aluminum nitride (AIN) , lead zirconate
titanate (PZT) , hafnium dioxide (HfO,) , lithium niobate (ILN) , etc. Optical tuning based on the
piezoelectric effect is a consequence of the electric field influence. Compared to thermos—optic modulation
in silicon materials, piezoelectric-driven power consumption can be reduced by three to five orders of
magnitude, which is of great significance for achieving low—power—consumption and large—scale
optoelectronic integrated chips in applications with response frequencies ranging from KHz to GHz.
Researchers have successfully developed a series of optoelectronic integrated devices through
heterogeneous integration, dry etching, spin—coating polarization, and other technical approaches. These
devices exhibit outstanding characteristics, including ultra-low power consumption, high efficiency, and
rapid response, providing unique advantages in silicon—based optoelectronic integrated devices. Some of
these materials are already compatible with CMOS processes and have shown rapid development, with
promising applications demonstrating their excellent potential.

An external electric field can manipulate the deformation of the thin film material by the piezoelectric
effect, thereby changing the refractive index and achieving electro—optic tuning and acousto—optic
modulation. This paper starts by providing an overview of the ongoing research efforts in common
piezoelectric thin—film materials, including AIN, PZT, HfO,, and LN. We focus on the preparation
methods and crystal orientations of the reported piezoelectric thin films. The effects of elemental doping and
process conditions on the piezoelectric properties of various types of films are summarized. Subsequently, it
delves into a comprehensive review and discussion of integrated photonic devices founded on piezo—
optomechanical actuators, consisting of low—power—consumption piezo—optomechanically tuning devices
and acousto—optic modulators. We analyze the principles of low—power—consumption piezoelectric tunable
devices and summarize the performance of tunable devices (e. g., tuning efficiency, tuning power
consumption, footprint, propagation loss, and response time) on different piezoelectric thin—film
platforms, such as hybrid PZT-Si waveguide, PZT-SiN waveguide, AIN-SiN waveguide, and HfO,-Si
waveguide. Since surface acoustic waves and light waves are confined well in the photonic integrated
circuits, the coupling between the acoustic and optical fields will be significantly enhanced. We summarize
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the design structure, modulation efficiency, conversion efficiency, and excitation frequency of these
acousto—optic modulators. Finally, the paper introduces and looks forward to the application of
piezoelectric tuning devices and acousto—optic modulators, and analyzes the challenges and problems in
their large—scale application. Photonic integrated chips based on the piezoelectric thin films play an
important role in the applications such as optical computing, optical frequency comb generation, and
LIDAR, providing a valuable solution with low power consumption. With the increasing maturity of
integrated photonics technology and fabrication technology for the piezoelectric thin film, the optoelectronic
integration technology based on piezoelectric effect shows good application prospects.

Key words: Silicon photonics; Piezoelectric effect; Tunable devices; Acousto—optic modulators;
Integrated optoelectronic chips
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