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Abstract

The in-plane biaxial compressive stress of silicon-based heteroepitaxial BaTiOs thin films is a core
factor regulating their electro-optic modulation performance. Based on the Landau-Devonshire fer-
roelectric theory and elastic mechanics, a stress coupling model with domain wall energy correction
was established to characterize the multi-parameter correlation among stress, microstructure and
electro-optic performance. For the first time, the domain wall energy correction term was quanti-
tatively introduced into the in-plane biaxial stress model of silicon-based BaTiOs thin films, and the
cooperative regulation mechanism of stress-domain structure-electro-optic modulation efficiency
was proposed. The quantitative formulas of stress with lattice strain, spontaneous polarization, do-
main wall energy, effective electro-optic coefficient and half-wave voltage were derived. Verified by
experimental data from authoritative literatures, the average prediction error of the modified
model is reduced to 2.9%, which is more than 15% higher than that of the traditional model without
domain wall energy correction. The evolution law of key physical parameters of the film under dif-
ferent stresses was quantified by MATLAB numerical simulation, and 300~500 MPa was determined
as the optimal stress interval balancing electro-optic performance and structural stability. The re-
sults improve the stress regulation theory of silicon-based BaTiO3 thin films and provide a solid
theoretical basis for the design of low-power and highly integrated silicon-based BaTiOs electro-
optic modulators.
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SET KRS - RO R B I REEIE . R A R TR A B R S 2R M OGN B 1, SR
H BaTiO; N/ iE 2 S B G, ERIIABERMEIED, #ESEZOYIEENERERR, Wi
TR SRR S TG IV -

2.1. N1 - BRNTEAER
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Table 1. Summary of key model parameters and source description

F 1. BEXESHLESRIFRA

SHAIR e UEN-8'E XA KI5
G, 162 GPa BaTiOs # 1 NI 2% SCHRS]
G, 78 GPa BaTiOs # 1 NI 22 % SCHR[S]
a, 0.561 nm TGN 7 T TH P A A SCHR[6]
C 0.569 nm TCRE TR TSI RS SCHR[6]
P, 0.26 C/m? ol A A R B AR SR SCHR[9]
a, 9.8 x10°C-m>MPa'! N7 - MRS R R[S LA
E, 0.12 J/m? TolRE 77 90°WHEE BE SCHR[10]58 — PR IR T 53
B, 8.2x 107 J-m2MPa! 827 - BERERERE & R &K SCHR6]SR B A
o 180 pm/V TCIN 71 2 WA 2L R AL SCHR[6] 5556 I B
o 2.2 W 4 A 18 58 AR SCHR[4]52 50 U5
1, 2.4 1550 nm % B 41 2% SCHR[11]
2 1550 nm TAE WK JGIBAERRE C BB

2.5.2. BAEIFSSHEIE

IR [4]-[6]H 5 AW FL 5% A — B iR R: BaTios Wi SLI0 s, MU, BRI, AR
FERE Pk R DA YR XA AT IONE, RS RIS o, B, BHATIVEBIE, 1B IERT G S50
etz 2 fros:

BIEJG, RO & I JT ELR IR 22 <0.99%, XA 2 H e R B TRINR Z <0.86%, X il Bk
FITRIIRZE <3.5%, “F-YITRINR 25 AR G oW BE BEAZ IEAR Y1) 18.3% 4 42 2.9%, il TR (vEmf 1t 5
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Table 2. Summary of key model parameters and source description
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AR A& 1E 7 HUE & IE 5 BUE
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FETAEIE JG BB AL, AR SCHRHH N 7 - WEZE R — G R B R R AL, 4 T P XU R 8 g
KI5 = AN X TR], B &% X TA) B ) B AR A 5 1 REARRALE -
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WGV 1) R OC L ) (1) K 254G, W R P R ME PR A, A — Btk BB 5T, WEBERRZ IER T IA 3
WA . PIEEERT, AR REOA R R, ik R 2 RAC, RN SR B GG, 45
Fafa et RUF, e s e 1 B 5 45 M A e 1 ) S AL IX 1]

BN JIIX (6 > 500 MPa): ] /it BaTiOs MR s PEIG S8, ks 2R RHOALES . TR SR,
W 45 R R R R TG /N, W RERE [BI T, ARALER R XL RN B R AL 1A, A s R IR,
U H /NIRRT, TR AR S SRR R LB

3. BEMESHERSh

S BIEE MBS, R MATLAB 83T HUE T 5, 07 M /175 DN 0~800 MPa, ARGt Hr
T A PRS2 o S O 2 )« BT AG . RGP RE RO TR P A, SRR P R P L ) A B, D dsfh it
RUEEMIES.

3.1. HAXERMNYES B BERE

7 AT 2 T A XU R B @A DU 7T L of/a ~ BLRIRAL P WEBERE E, A B R 5, TR,
WA 1(a)~(d) s

ML 1(a)~(d) P LS EIZ R BETH N R 3K, A% DU 5 b of/a REMETH =, MIER IR
1 1.014 J+Z 500 MPa K] 1.021, S[SIRSEIRE R e —8, ik | RSB 1 MM BRIk P
B 5 S A7 36K S T, M 0.26 C/m? TFE 500 MPa 1) 0.309 C/m?, 754 BATE BB I N 17 - Ak,
WA, WRRERE £ BEIE N 73 K R Z6ME FIEEH, M 0.12 Jm? [£Z 500 MPa B} ] 0.079 J/m?, 5W4EE
RERI N A B IR 58 4 326 s A R i e R B, B S B 3 K Se s T &, 76 400 MPa Bk B 4E 582 pm/V,
500 MPa I {1308 %F 576 pm/V, i 500 MPa J5 46 N %, 583 G AR H B = X R P[RS

3.2. AR EREEAE

i R AR e CPW HLRRSE M), FARIAI d =10 pm, HURKE L=1mm, E&MHHEF =055,
75 32 2 0 H e B T P9 T S TR AR, R & L(b) BT, TRJAE B N [ 6] ) SR 56 it 5 5 1R 220
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Figure 1. Regulation mechanism of stress on microscopic parameters and half-wave voltage in Si-based BaTiOs thin films. (a) Evolu-
tion of lattice tetragonality with compressive stress; (b) Evolution of spontaneous polarization with compressive stress;(c) Evolution
of domain wall energy with compressive stress; (d) Evolution of effective electro-optic coefficient with compressive stress; (e) Evolu-
tion law of half-wave voltage at an electrode length of 1 mm
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B (o) BEEEREREE N NBVRN; (1) AMEARKMEERNIEEN () | mm BARKE T35 B EREN DEEEAE

M 1(b) T LA B0 2518

e B v, B N 736 K S PO R R, 7R 300~500 MPa [X [FIBE B AR 5.2V, TR 7 R R 8.9
V, BRIKT 41.6%, S[6]MISZIGME(E 5.35.5 V KIWZE <3.5%, WiFE 1 B8 e i

2% ¢>500 MPa b, ARCEGRECTRE, ik B I/NMER T, 5B T 54— B

300~500 MPa AL A3 X A, A7 L4505 SCIn 3 s FE G &, Rl 1A% SR A v . X 0 s 22
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3.3. NhS5RBEMNThEEERE

NG BT TR RS, D7 7 A EHEARAE T R R o, DUEANE RN )R
PR A T 2= FEURR R s i A, i 1] 2 P

AT ELE5 AT DL B O BT

e H R S R K S R I S BRI 9 R« 7E 400 MPa BN /TR, R EEM 0.5 mm B 3 mm,
RN 104 VEE 1.7V, 5HEAR%EE 5

B 0.5 mm 3 % 2 mm B, PPRHE TREREERA, B 2mm 5, TREHEERZE: FH
AR FE I K 2l I 2SR AR 5 A A s, PRACIAMIAT 9, DU TR AT 1~2 mm Ay i
P -5 8 i 5 ) e A F AR A B DX )

ANTF AR A BE T 5 2= LU PR R R 87 77 s ¥ BE R TE 300~500 MPa [X [, B6AIE 1% 85 P X 18] 385 5 12k
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Figure 2. Cooperative regulation of stress and electrode length. (a) Stress dependence of half-wave voltage under different
electrode lengths; (b) Influence of electrode length on half-wave voltage Vr; (c) Analysis of the optimal stress point
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Figure 3. Comparison of domain structure evolution and properties of BaTiOs thin films in different stress intervals. (a) Com-
parison of key microscopic parameters under different stresses; (b) Comparison of half-wave voltages under different stresses
(electrode length L = 1 mm)
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Table 3. Comparison of key performance parameters in different stress intervals (L = 1 mm, d = 10 pm)

# 3. PRI AXEXEMEESHITELL =1 mm, d= 10 um)

RS &R F11X (0 = 150 MPa) B 71X (0 = 400 MPa) 8 F71X (6 = 650 MPa)
mAg U F7 L c/a 1.016 1.020 1.022
H &AL Ps (C/m?) 0.275 0.299 0.314
WiEEGE Evw (J/m2) 0.108 0.087 0.095
ARABIERE re (pm/V) 385 582 512
FUEHIE Ve (V) 7.2 52 5.9
55 SR B g 22 5 <8.2% <3.5% <12.6%

B X LA R S SR N 2% <3.5%, AR TR X AR R A X, BRI AE B A IX 1) N B A
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Figure 4. Three-dimensional coupling relationship among stress, electrode length and half-wave voltage

E 4. M- BIRKE - FREE=ZHBEXR

M =GR AT LS A B0 R B TR AR B N 2 B2 R &%, £ o = 400 MPa.
L =3 mm RIEBIF/ME 1.7V, vk BaTiOs HUOL R 43 2 Z 4 R UL S 0 1 BRI BRI K -

DOI: 10.12677/app.2026.164020 207 I EEY/BEH


https://doi.org/10.12677/app.2026.164020

FRE, IMEST

4. g

ARSCIHET WIS - A R S S R 2, BT T SRR RS IE (S BaTiOs TR Py XU B
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