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Fig. 1 Epitaxial growth mechanism of SrTiO; on Si substrate
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Fig. 2 RHEED diffraction patterns, optical parameters, and surface morphology characterization during epitaxial growth process of

STO and BTO thin films
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Fig. 3 Variation of RHEED diffraction intensity and in-plane lattice constants with thickness during STO and BTO thin film growth

SRSV T R (AL, PT DA S A,
AR B R S BRI ARG R . FESERER 1 AN 2.5 ML
STO HMRIEIIAR iR KRS, STO(10)FI( 1 0)
AT ARNT Si At DA T DA KA —E )
W%, BEES STO HITH N Ak i £ 3.874 A, AL
Si AL BT AR I FE(5.431/7/2 = 3.840 A), i
CUHF IR R AR fm A o8, (BTSRRI TS, KRG
s E A . BEE STO BN, M 5ML I

G 12.5 ML(4.9 nm), A7HF0EALHE— 20 A2 BH B A

¥, THIN SRS T RO 3.874 A A K E 39104, Fri&
EE TN SRy A P i | T R L EN 7
HRALEE, FBH g st 14 R A i P P B 5 485 ot T i
RS 4 STO JEEEIT 12.5ML J&, WEALAN
A B BB R B AR, BOR R B SE R
st P R AR IRAS o B2 20nm JE ) STO i
TR RIS EECN 3.905 A, CEEHLEA STO
() ks 280, Bid 5]\ 20nm STO 22012, BTO 5
Ao JEC T A SR T AN L3 AP AE R 1) 4.0% A RUPE IR 2
2.2%, BFEHENFE T BTO SMEAK &M

BEJ5, ELEFERER) RHEED fi7 5950 FF #h 28 70 by
BTO et st ig it #2 . UL M vl 1, 7E STO/Si
Fb_EAME BTO #iE, BTO NG 1 NHZE

FHAE WS B s IS, BTO RS T Py A
O STO $2411 3.905 A R in{EPLUH 4 2 3.928 A,
FHBEE B E R INRESE R, 76 30 nm JEERIAH]
4013 A, HE&ETHRE. F/57E 40 nm BTO R
700 CHAKIREAME SRS, TP kg 5
M 4.013 A UKHEZE 4.009 A. 1T BTO J#EZ 35K [
Si #HJE STO 1 di ks 295, 78 T Bk il i) A 7 s 38
TEELA BTO JA5E 1) FA 2K AR o R 8 2 1 R K ¢
Fa=ap<[1+aAT]®", . ag ARSI HE S a
NG REL THEAS R BTO WA g
Ik 2B %8 1.5x10° K, B3/ T-Hk BTO i
I R B2 N 14.6x10° KT, #H15 Si 4R
P 2 50(2.6x10 K YL, £ BTO MR
IR FE 52 2 Si A IR AN AR LB, T TE iR S
PRIFBR I N s A, X0 5 SR AL T 42
BT HE{ER . sb4h, B 3c 19 RHEED fiT %,
kTR AL LT R0, RO AR KO R R
LR B IS
2.3 SRERIUHFEM RBIAE ST

K] 4 4 300 nm BTO 1) X HF AT 515 5 7
HERE S B F RAE R A . B 4a AL, XRD
W 20— A R BN, BTO 1050 i HIE B



53 E%E oM Y % %5 TERE BaTiO; FME R 1) A% st R AT v 5 BE 45 M) T 1% o 2465 -

BUATO I, ToRAHIE I, Hodr, B Seeox) N
Si A R AT I UG o JE L WA 4005 T AREAS B T A
L c=3.988 Ao BTO(002)AT Hi I frt) 12 158 t 2. 2 0
N 0.45°(K 4a /. EAAAEIED), UESE T BTO B &
MR R AT, A 4b AT R, BTO J#E[K](202)
R0 DL K Si A I (10 1)/ RTHHIE I g 47138 Bon i
A 45°WZ, Hil T BTO MI[100]& H Si f[110]
o M RSN E R &, ST —8. 85 25 (a4
B (RSM) I E =T 4c)ioR, BTO K
MRS B C = 3.990 A, 5 20-0 S5, i
ks B A a = 4.010 A, 5HTi& RHEED %#
(AL BT 25 A EDIE . AHXS F-Hedk BTO, R
T YRS a K T 0.45%, 17 ¢ AT Bkl
45 1.2%, MIMFREEK c/a = 0.994 < 1, 54

Pk BTO ) c/a> 1.01 JE MR LE, 28] BTO #
JESH DU 5 AR KRR ) 7T . T K &
W EEESR, EAHEFES BTO %23 STO FH
ML, Toik E s, 580 Nk R AR R T,
X RN PR TEI AN 5 [ 7= A R 4, A TE R cla <
1 (& ) S AR A A, OB A Ak M T 471 B B ) 42
A7), FEEE(HZE A 300 nm JE R, #dR T
L T R A E A

FHIE 5 T BB (STEM) I 40 7 &5 SR gk —
AAUESE T BTO 15 1) 51 T &2 A1 ZE A= K F11I Bl 1)
BTO/STO FTH 45 (WL 4d). BRFLTH AL LA ML 1
STO 24, Ja%:H) STO Al BTO & AR E mrili i A
E 4K, HME STO 5 Si 4R AR T
KZ) 4.5nm 1] Si0, FEM)Z

BTO(002)

& FWHM
0.45°

BTO(001)
BTO(002)

-0.50.0 0.5
Omega/(")

Intensity
*Si(002)

~
&
(=3
S
=
2]
*®

BTO(003)

BTO

1
20 40

60 80
20/(°)
(a) X-ray diffraction (XRD) 26— scan of 300 nm BTO thin films
—Si(202) BTO(103)
—BTO(101) ; 7.54
z F
2 4750 £
| e}
~7.46
1 LT | ol g | . .
0 90 180 270 2.40 2.50 2.60

Phi /(")

Q/nm*

(b) Phi scans of Si(202) reflections and BTO(101) reflections  (c) Reciprocal space mapping(RSM)  (d) Cross-sectional HAADF-STEM image

shows the multilayer heterostructure

K4 300nm BTO I X 5 LT3 35 5 5 I B4 3802 5 W 7 S B JIE
Fig. 4 XRD characterization and STEM interfacial image of 300 nm BTO thin film

2.4 KERYUHERAIERER MRS

JE 77 B AR (PFM) B8 76 40 K R N EL#E 0
SR WL 1 43 AT AR AL EX ) o SR FH 8 7] PFM(LPFM)
AR B PEM(VPFM)AR 5 BTO 78 5% ) 2k rEL 4 2 33E
177 RYRAE, LIKAE XRD 4545087 BT I T
MR ALEE . LPFM Al VPFM $R1E B4 &R T BTO
VR H A FEL IR (19 225 ) 23 A SRR

Kl 5 4 BTO 2L ) PFM RAELE R .
BlS ar I, 2 AR s 3 B B A P AR,
FWIRE S B BB I R FE A . 2) Al o LPFM. $iRIE (S
SORE R E R T VPEM, R A7 2 T
WAL Y &, T AN BN, BARTE 2Rk
PCH R VR APIRES,  HE—DESE T g5 M N AR AL
SRt LA



« 2466 - CRERR R 2540 J Chin Ceram Soc, 2025, 53(9): 2461-2468 2025 4

0 1 0 180°

(a) LPFM amplitude image of BTO on Si (b) LPFM phase image of BTO on Si
0 180°

(¢) VPFM amplitude image of BTO on Si (d) VPFM phase image of BTO on Si

5 BTO EEL I 1 E HL 7] BB (PFM) R AE S5
Fig. 5 Piezoelectric force microscopy (PFM) characterization of ferroelectric domains in BTO thin films
\ SE R
3 &

ATAE @ BME $ARBINSEI T 2 in & [
R BTO i B8 i R 56 Ah 2B 2B K o I R A7
RHEED WA, seif Ml 7 A& id#2 s STO 2%
MUZFI BTO AR g sth 0 #2, R IW STO i
1) Em A% St R AR 7E ST ) 12.5 ML 2 (8], 1fif BTO (1)
pn i S TR AR U R AR AE ST 3 30 nm 2 8] . FE X
Pl RIS, STO a2 A BTO #flt 7—4
LA AR S TC P (AR RS, 177 BTO i 2B 5t 2 U2
B ZRAF T N AR SB[ = . J5if. RHEED
AR it Bon, ZRT BAMAEIK 2500 Si 4
JEFT AL 20K, BTO LR E1 48 = iR I fRFF
L NGO T AR - S NIRRT A A e
(e e ELE R, X Rh R AL W i AR A 20 B BTO
IS ) SR A S TR AR, DA R WSS R A R A T
BE R, XHESHEERE BTO Y s h 2% . &
WERIE. RIS MR B EEE Y

CGE = HBmPERME SRRSO

(1

[2]

B3]

(4]

(3]

(el

(7]

(8]

CHELLADURAI D, KOHLI M, WINIGER ]J, et al. Barium titanate and
lithium niobate permittivity and Pockels coefficients from megahertz to
sub-terahertz frequencies[J]. Nat Mater, 2025, 24(6): 868—875.
FELDMANN J, YOUNGBLOOD N, WRIGHT C D, et al. All-optical
spiking neurosynaptic networks with self-learning capabilities[J].
Nature, 2019, 569(7755): 208-214.

FLAMINI F, SPAGNOLO N, SCIARRINO F. Photonic quantum
information processing: A review[J]. Rep Prog Phys, 2019, 82(1):
016001.

ABEL S, ELTES F, ELLIOTT ORTMANN J, et al. Large Pockels
effect in micro- and nanostructured barium titanate integrated on
silicon[J]. Nat Mater, 2019, 18(1): 42-47.

LIN E L, POSADAS A B, ZHENG L, et al. Atomic layer deposition of
epitaxial ferroelectric barium titanate on Si(001) for electronic and
photonic applications[J]. J Appl Phys, 2019, 126(6): 064101.
MERCKLING C, KORYTOV M, CELANO U, et al. Epitaxial growth
of BaTiO; and BaTiO;/SrTiOs
superlattices grown by MBE on SrTiOs-buffered Si(001) substrate[J]. J
Vac Sci Technol A Vac Surf Films, 2019, 37(2): 021510.

REYNAUD M, HUYAN H, DU C J, et al. Si-integrated BaTiO;3 for
electro—optic applications: Crystalline and polarization orientation
control[J]. ACS Appl Electron Mater, 2023, 5(8): 4605—14.

XIONG C, PERNICE W H P, NGAI J H, et al. Active silicon

and strain relaxation studies



53 E%E oM

Y % %5 TERE BaTiO; FME R 1) A% st R AT v 5 BE 45 M) T 1% o 2467 -

integrated nanophotonics: Ferroelectric BaTiOs devices[J]. Nano Lett,
2014, 14(3): 1419-1425.

[91 ABEL S, SOUSA M, ROSSEL C, et al. Controlling tetragonality and
crystalline orientation in BaTiOs; nano-layers grown on Si[J].
Nanotechnology, 2013, 24(28): 285701.

[10] CHOI K J, BIEGALSKI M, LI Y L, et al. Enhancement of
ferroelectricity in strained BaTiO; thin films[J]. Science, 2004,
306(5698): 1005-1009.

[11] YONG G J, KOLAGANI R M, ADHIKARI S, et al. Thermal stability
of SrTi0;/SiO,/Si interfaces at intermediate oxygen pressures[J]. J
Appl Phys, 2010, 108(3): 033502.

[12] SPREITZER M, KLEMENT D, EGOAVIL R, et al. Growth
mechanism of epitaxial SrTiO; on a (1 x 2) + (2 x 1) reconstructed
Sr(1/2 ML)/Si(001) surface[J]. J Mater Chem C, 2020, 8(2): 518-527.

[13] MCKEE R A, WALKER F J, CHISHOLM M F. Crystalline oxides on
silicon: The first five monolayers[J]. Phys Rev Lett, 1998, 81(14):
3014-3017.

[14] NIU G, YIN S, SAINT-GIRONS G, et al. Epitaxy of BaTiOj; thin film
on Si(001) using a SrTiO; buffer layer for non-volatile memory
application[J]. Microelectron Eng, 2011, 88(7): 1232-1235.

[15] ABEL S, STOFERLE T, MARCHIORI C, et al. A strong
electro—optically active lead-free ferroelectric integrated on silicon[J].
Nat Commun, 2013, 4: 1671.

[16] NGO T Q, POSADAS A B, MCDANIEL M D, et al. Epitaxial c-axis
oriented BaTiO; thin films on SrTiO;-buffered Si(001) by atomic layer
deposition[J]. Appl Phys Lett, 2014, 104(8): 082910.

[17] REYNAUD M, CHEN P Y, LI W T, et al. Electro—optic response in
epitaxially stabilized orthorhombic mm2 BaTiOs[J]. Phys Rev
Materials, 2021, 5(3): 035201.

[18] POSADAS A B, STENGER V E, DEFOUW J D, et al. RF-sputtered

Z-cut electro—optic barium titanate modulator on silicon photonic

platform[J]. J Appl Phys, 2023, 134(7): 073101.

[19] KORMONDY K J, POPOFF Y, SOUSA M, et al. Microstructure and
ferroelectricity of BaTiO; thin films on Si for integrated photonics[J].
Nanotechnology, 2017, 28(7): 075706.

[20] YU H, GUO N, DENG C G, et al. Tuning the electro—optic properties
of BaTiO; epitaxial thin films via buffer layer-controlled polarization
rotation paths[J]. Adv Funct Mater, 2024, 34(30): 2315579.

[21] ZHANG L, YUAN Y K, LAPANO J, et al. Continuously tuning
epitaxial strains by thermal mismatch[J]. ACS Nano, 2018, 12(2):
1306-1312.

[22] WEN Y Y, CAO Y L, CHEN H S, et al. Enhanced electro—optic
coefficients in single-crystalline BaTiO; thin films enabled by domain
alignment[J]. Adv Optical Mater, 2024, 12(15): 2303058.

[23] KORMONDY K J, ABEL S, FALLEGGER F, et al. Analysis of the
Pockels effect in ferroelectric barium titanate thin films on Si(001)[J].
Microelectron Eng, 2015, 147: 215-218.

[24] DUBOURDIEU C, BRULEY J, ARRUDA T M, et al. Switching of
ferroelectric polarization in epitaxial BaTiO; films on silicon without a
conducting bottom electrode[J]. Nat Nanotechnol, 2013, 8: 748-754.

[25] REINER J W, GARRITY K F, WALKER F J, et al. Role of strontium
in oxide epitaxy on silicon (001)[J]. Phys Rev Lett, 2008, 101(10):
105503.

[26] WANG Z, GOODGE B, BAEK D, et al. Epitaxial SrTiOs film on
silicon with narrow rocking curve despite huge defect density [J]. Phys
Rev Mater, 2019, 3(7).

[27] GUO W, POSADAS A B, DEMKOV A A. Deal-Grove-like thermal
oxidation of Si (001) buried under a thin layer of SrTiOs[J]. J Appl
Phys, 2020, 127(5): 055302.

[28] WATANABE H, YAMADA N, OKAJI M. Linear thermal expansion
coefficient of silicon from 293 to 1000 K[J]. Int J Thermophys, 2004,
25(1): 221-236.

Lattice Relaxation and Domain Structure Engineering in BaTiO; Thin Films Epitaxially
Grown on Silicon

XU Duo, SUN Haoying, WANG Zhichao, SHEN Geliang, ZHANG Hongyi, WEN Zonghan, HAN Lu, DENG Yu, NIE Yuefeng
(Jiangsu Key Laboratory of Artificial Functional Materials, National Laboratory of Solid State Microstructures, College of
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Extended Abstract

Introduction Silicon photonics has emerged as a critical technology for high-performance communication and computing, with
electro—optic modulators serving as essential components. Barium titanate (BaTiO3;, BTO) exhibits exceptional promise due to its
outstanding electro—optic coefficient (ry, ~ 923 pm/V) and compatibility with silicon-based fabrication processes. However, achieving
high-performance BTO devices requires overcoming key materials integration challenges. The primary obstacles include the
formation of amorphous SiO, interfacial layer during high-temperature, oxygen-rich BTO growth, which prevents effective epitaxy,
and the substantial lattice mismatch between BTO (@ =b =3.992 A, ¢ = 4.036 A) and Si (5.431 A), resulting in approximately 4.0%
mismatch even with 45° rotational epitaxy. This mismatch induces high-density dislocations and strain relaxation, compromising film
quality. Strontium titanate (SrTiOs;, STO) buffer layers (3.905 A) can reduce lattice mismatch to 1.7%, providing stress relief and
serving as an epitaxial template. The electro-optic effect in BTO strongly depends on ferroelectric domain structure and
crystallographic orientation, with in-plane polarization achieving maximum coefficients. While domain structures can be controlled
through strain engineering and growth conditions, current analyses rely on post-growth characterization, lacking real-time monitoring
of domain evolution processes and critical transition mechanisms.

Methods Oxide molecular beam epitaxy (MBE) combined with in situ reflection high-energy electron diffraction (RHEED) for
real-time monitoring was employed to achieve controlled growth of high-quality BTO films at 2 in wafer scale. The systematic
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investigation focused on lattice relaxation behavior during the growth of STO buffer layers and BTO layers with varying thicknesses.
Silicon substrates underwent hydrofluoric acid (HF, 10% mass fraction) treatment to remove surface SiO, amorphous layers, followed
by rapid transfer to ultra-high vacuum chambers (background pressure <X 5x107* Pa). STO epitaxial growth employed a two-stage
process: first, 2.5 monolayers (ML) of Sr and Ti metals were deposited at a substrate temperature of 200 ‘C under ultra-high vacuum
(< 5107 Pa) with precisely controlled oxygen partial pressure (< 5x107°Pa). The second stage involved in situ annealing at 500 °C
for 8 minutes under ultra-high vacuum conditions (< 1x107° Pa). After three such cycles, additional STO layers were epitaxially
grown using co-deposition at a thermocouple temperature of 600 ‘C under an oxygen partial pressure of 6x107> Pa. BTO layers were
continuously co-deposited at 700 ‘C thermocouple temperature under 6x107 Pa oxygen partial pressure, ultimately obtaining 310 nm
BTO/5 nm STO/Si heterostructures. Comprehensive characterization employed high-resolution four-circle X-ray diffraction (XRD)
for 260-w scanning and rocking curve analysis, spectroscopic ellipsometry for determining optical constants and thickness, atomic
force microscopy (AFM) for surface morphology assessment, and piezoresponse force microscopy (PFM) for ferroelectric domain
characterization.

Results and discussion Systematic RHEED diffraction pattern analysis during film growth enable quantitative analysis of lattice
relaxation processes in both STO and BTO epitaxial films. STO buffer layers completed relaxation after 12.5 ML, reducing the lattice
mismatch between BTO and Si from 4.0% to 2.2%. BTO films underwent progressive relaxation from the interface to a depth of 30
nm, with in-plane lattice constants evolving from 3.905 A (STO-templated) to 4.013 A at 30 nm, then stabilizing. During cooling from
700 ‘C to room temperature, thermal constraints from Si substrate significantly modified BTO behavior. The effective thermal
expansion coefficient was ~1.5x10° K™, much lower than that of bulk BTO (~14.6x10°K™") but comparable to Si (2.6x10°K™),
indicating strong substrate constraint effects. The resulting 300 nm BTO films exhibited excellent quality: a rocking curve full width
at half maximum (FWHM) of 0.45°, surface roughness < 0.2 nm, and critical lattice parameters a = 4.010 A, ¢ = 3.990 A (c/a = 0.994
< 1). This represents a 0.45% in-plane expansion and 1.2% out-of-plane contraction compared to bulk BTO, indicating a tetragonal
phase reorientation with the long-axis in-plane. This anisotropic distortion creates residual tensile stress in-plane and compression
stress out-of-plane, driving polarization reorientation from out-of-plane to in-plane throughout the entire film. PFM characterization
confirmed this structure: lateral PFM (LPFM) signals significantly exceeded vertical PFM (VPFM) signals, demonstrating dominant
in-plane polarization components. Optical characterization at 1550 nm revealed ideal performance with a refractive index n =2.28 and
an extinction coefficient k ~107°, indicating extremely low optical loss suitable for high-performance electro-optic modulators.

Conclusions High-quality BTO epitaxial growth on 2-inch silicon wafers was achieved via molecular beam epitaxy. In situ RHEED
monitoring enabled real-time observation of lattice relaxation processes during STO buffer layer and BTO film growth, revealing that
STO lattice relaxation occurs within the first 12.5 ML from the interface, while BTO lattice relaxation occurs within the first 30 nm
from the interface. Based on this relaxation behavior, the STO intermediate layer provides BTO with a low-mismatch template, while
BTO lattice relaxation is critical for ultimately achieving in-plane polarized films. In situ RHEED data analysis demonstrated that
constraints from low thermal expansion coefficient Si substrate enable BTO films to maintain larger in-plane lattice constants during
cooling to room temperature, thereby stabilizing domain structures with predominantly in-plane polarization. This in situ monitoring
technique provides crucial information for precise analysis of BTO film lattice relaxation processes and domain engineering, offering
significant implications for developing silicon-based BTO electro—optic modulators, high-speed communication devices, and optical
quantum computing chips.
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