Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

THREAALY BT A WA B % R

Preface to the special topic: Novel physical properties of functional oxide thin films

5|5 &, Citation: Acta Physica Sinica, 72, 090101 (2023)  DOI: 10.7498/aps.72.090101
TEZL L View online: https://doi.org/10.7498/aps.72.090101
MHANZY View table of contents: http://wulixb.iphy.ac.cn

LT R RGN HAN SO

Articles you may be interested in

TE [ R 5 FR P B 5 L R i 7 4

Preface to the special topic: Physical electronics for brain—inspired computing

WIEEAEAR. 2022, 71(14): 140101 https://doi.org/10.7498/aps.71.140101

LA SRR B 2R 4

Preface to the special topic: Dielectric materials and physics

WIFEAEA. 2020, 69(12): 120101 https://doi.org/10.7498/aps.69.120101

B~ > 55 Yy E L 7

Preface to the special topic: Machine learning and physics

PrPieEd. 2021, 70(14): 140101 https:/doi.org/10.7498/aps.70.140101

ESUL IR R e

Preface to the special topic: Flexible electronics

YIBR2E4. 2020, 69(17): 170101 https://doi.org/10.7498/aps.69.170101

AEJE R BRI L G & 4%
Preface to the special topic: Frontiers in non—Hermitian Physics

PFEEEAR. 2022, 71(13): 130101 hitps:/doi.ore/10.7498/aps.71.130101

SRR Rk

Preface to the special topic: Optical metamaterials

PIBR2A4R. 2020, 69(15): 150101  hitps:/doi.org/10.7498/aps.69.150101


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.090101
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.140101
https://doi.org/10.7498/aps.69.120101
https://doi.org/10.7498/aps.70.140101
https://doi.org/10.7498/aps.69.170101
https://doi.org/10.7498/aps.71.130101
https://doi.org/10.7498/aps.69.150101

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 090101

T/ Thee S ALY IR ST IR 1 o

e RN BRI TR IEREA RE R

DOI: 10.7498/aps.72.090101

G R A AL B A L AR R S 2R i AR A A | A e HE SR SR Al | DL AR AL 2,
FENTREAAE RS BT . e PUEE 2 A i B Z A5 SR 5 G AR, DI EAT SR B Wy Bk
AE (il | PERE A RE . kA /A e 28RN BR-AB S ARANAL Otr | P DR ARk EEAK
TR ) A Z Al PR AR RE AN (| #E G R RSN, R B T SRR
R AR B Tk P T SEiR M, S S HAT PR | Bl R 1 K% ey L A R R O D RE SR R, S8R
THREZA AWM (GLF AIE. B, PUE | s A 005) X Ot e e RE R I EA TE 2 1)
REMVE L e, X T RERE 22 T —IRIRAR SR, S0, DRI TR, RS ELA (IR A 5
JRS AR L, AT LA A A ik R A - AR BB
TE R LA SRS B 0 e S50 R TR RUHEAT N TS5 B 22 . B SRR AR R A e
J, BRARAC LS8 1 LU= MR AR B i 2 AR B A T Ll R T — RPN R A

SR AR, AN, & B AR R 2 1 Hwang H 5571 I 4 Ja S 1) 5w A Ol 3 25 i AH
5 AT | R AR AR TR SO A R A, R EREBE R B P RS B
K EIMMRZAATEM KA Ramesh HAZAE PbTiO; MM A B ME R ALBEZS I 5. ZIIRER
IR R o T 0 B RSN ISR I P, MRS AE R 2 A T e D ae,
TR Y BB B 23 1), Rl BT A B R R A 11l S LG AW AT 25 L TRl
Z e AN ) R AL Dy Rt {5 BRI I PR R BT SR AR RREAIL , B 2= 5 mi A dARt
RRBES ) A7 BRTE RS A R RS2

I (TR ) SRR, i BE 1A BRI 2 IR R AL R ST R 2 — LR i P AR
B ag, AT AR L. AR SO R RE I AR R JLAN I T A A A 4 ar W D7 i
SR IR AGE 1A S A A T R G, B S HRAE TR S S T B R
BEIRRNL, AR IGETT HA AR AR AGE 1 RS 2 2% (R RO N R ARNE 2 18] B SR HR , TR RS W f
1 P A R A B S L - R L AR ST, SURAEDEE RGE TR A
Hh S Y SRIBA 5 R s RS Bk R B O IS T T, AR RARGE T B R AR B Bk R
WIS IR S R B, SIS 5% | T JBAIFSTE 53 M i aE 1 1 [6] Gt s S RE AR R A1 S22
HMIE B A R RIS, X W B8 R [ AR A E T ) SCHE o et S A i S P 1 E S 2 R A8k
Gyt B ARV E AR DT T, 2 T BARANGE TR 55 Nb $82% SrTiO; WAL IERE, i
HGE 1AM MRS S AP I B PR P8O0 A S AR B S D T, R g s R
WIRAARIE T A5ER A A AE 2 X SrFeO, FEAZFHARHIPERESETY, 52 e A FRi B A2 Bdfal 1
HEO, HE 8k v R A 45 4 | P RE I P2 S ML R0 48 PR R, SR 0P 308 M A W+ R il T 2 T
HfO, /21 Ga,0, Z& m- o k-F FAZH HH SRIMCH RN &5

AL NANIR] 4y B IR T Z2 DI RE R AL MR AR, O T Ik i — S BUR, Ay B
T BRI DR BT B

(%P FRiEh FBMIR)
SPECIAL TOPIC—Novel physical properties of functional oxide thin films

Preface to the special topic: Novel physical properties
of functional oxide thin films

DOI: 10.7498/aps.72.090101

090101-1


http://doi.org/10.7498/aps.72.090101
http://doi.org/10.7498/aps.72.090101
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 096801

T/ Thee S ALY IR ST IR 1 o

INAXTHRINEZ N E R R R R
BEEY FHED EHBY EHD HREY A

1) KRR (3458 ), MM 450052)
2) (R IMYE RS A mg Se e FIF5ERe, M 510006)
3) ("Rl EBE YT T, JE R A B E RS G, JEET 100190)
(2022 4£ 11 F 26 Bk, 2023 4E 3 A 20 H R &)

B ER AT 1 i P R AR AE SN A T LA G Ak SRS 1 kA B IS R R AL [ IR B A
i, WEVE . e S YRR E RS AR, R T AR R Bl R T O M TR AR T [ A S A A | SRR IR
HEALTE R | B REOL A BT 1 LUK 208 250 B AR AR vh B B DR A8 P A% A A [l B 17 3 4 8 [ P9 S E 5 /N
TR MR A S A W v R G P R 4 5 TR AR, PRANA 4R T X SR AT R R N 0137 . L Ol
Yy SN T BB A A e, e TR Y BRG] AR ZRIR B A2 — AR A R
(R L AR | PP A 2 DAY BROULRE 5 AL SR R I R B9 SR TR, MG T A B S T I RE AR AL

(14 1ol RABUEE 55 37 00 IO 1) PR B AR R AR L g A R R e

KR ITNEARAE, AP, A, ST

PACS: 68.35.Rh, 68.37.—d, 61.72.jd, 83.60.Np

1 S5k S5 AAT £ M KB M &

S A e Tk o S BB Y S A1 B
Tk G SR AL, HEAT— B EAE R R
Jil B A BRESE BB, I ELw s B A7 BR. A5 Bk
5 45 s E AL AT HU B BB B 5 2
R IS5 AL A IE LGRS AL LA B AR RIS,
FENFRILAFAE RbA% | LT FIE . BLESEZ A H
JEZ A e il G G AR, PICEAT 3R B W B
AE (Flibl e | PEmGr e . 2K BRAL /A L 2k
P B IR-Aa 2R A A R AR ) A HR Y
SN (WL TGO BT LB SE AN ) wE R BT A
TR T UG SR AR L P
Jm B AT AR FLAT L BLE L RS A
HAREARRET TR, 23t 1 BERS Y A

DOI: 10.7498/aps.72.20222266

PORIBLE R AE Rl G, B AR e 17O T
TR H AR H.

Lk SrFe0;, SrCo0;, LaCoO e i —2540
B g b g 4 TR A L) (ABO,, 113 M, WnE 1(a)
JiR) AT R R A AR TN A AR AR, AR AR S A
FERIES AT 454 (ABO, 5, 225 #, W& 1(b) FiR).
IR K ARIR L AR | HL A 2, SR S R RN
A AR AT LA o A AR A R R A AT S A A
AR Ah, Y el Al 2E O R AL B — 2P BT AR
BB S A8 RS AR A 254 1T DL AR i TC R 2 254
(ABO,, 112 A, W& 1(c) Fimn). filr, ilid 554
15 AR AR SR PR A I 4R T A LD
KA BT 0E AT R, (R A D X e M AR
PERFE B ™A T WFFE 48R, X MR A )
WRORH L | ARSI L RIS PR L BB 1L
LTI AR P B B R B e R A& 1912,

*EFKEAHA TR (HEES: 2021YFA1400204, 2021YFA0718701), EFK H AR EFES: (HILHES: 12174347, 11904322, U2032127).
TR AR T A RIS (HEES: 202300410356) AT RHEH- (S 202201000008) %% B AL

t BIE1EE . E-mail: hguo@zzu.edu.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

096801-1


http://doi.org/10.7498/aps.72.20222266
mailto:hguo@zzu.edu.cn
mailto:hguo@zzu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 096801

ABO;

1 ALERA B ALY S A B L AT A 254 (a) A5 BKE™ 454 ABOg; (b) 858k 414544 ABO,5; (c) TEERIZEE 1 ABO,

Fig. 1. Perovskite structure and its derived structures: (a) Perovskite ABOj; (b) brownmillerite ABO,j; (c) infinite-layer structure
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Fig. 2. Transport properties and electronic states of SrFeO, films!'”: (a) The out-of-plane lattice constants of SrFeO, films as a func-
tion of the misfit strain; (b) p-T curves of SrFeO, films grown on DSO and STO substrate; (¢) XAS and (d) XLD for SrFeO, films
grown on various substrates. The solid and dashed lines in (c) represent the XAS measured with X-ray beam aligned with angles of

90° and 30° respect to the sample’s surface normal, respectively.
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Fig. 3. Superlarge lattice expansion of SrCoO,  films is induced by ultrafast laser excitation/*l: (a) Diffraction intensity distribution

upon the excitation of 3.1 eV laser pulses; (b) 6-20 scans of the SrCoO, 5 (008) reflection before and after excitation; (c) the extrac-

ted angular shift of (008) peak and the corresponding strain as a function of time at different pump fluence and photon energies,

one of which is empirically fitted to a biexponential decay function; (d) photoinduced strain at 7 = 150 ps as a function of incident

fluence upon excitation of 3.1 eV and 1.55 eV laser pulses, together with a linear fit to the data.
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Fig. 4. Real-time tracking of the electrically controlled formation of infinite-layer SrFeO, and its atomic process™: (a) Time-lapse

high-resolution TEM images showing the further layer-by-layer transition to SrFeO, under the electric field; (b) the corresponding
fast Fourier transform (FFT) of the TEM images in (a), the (002) and (006) diffraction spots in SrFeO, 5 are marked by dashed yel-
low circles. The newly formed diffraction spots of SrFeO, were marked by the red arrows; (c) structure illustration of the phase

transition from SrFeO, 5 to SrFeO, corresponding to the TEM images in (a).
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Fig. 5. Micromechanics of the SrFeO,; based resistance switching devices and filamentary resistance switching mechanism/®!:

(a) STEM-HAADF image of the SrFeO,; film in the electroformed state, showing some typical SrFeO; nanofilaments almost ex-

tending through the SrFeO,; matrix; (b) typical IV characteristics showing bipolar resistive switching behavior with an electro-

forming process of the Pt/SrFeO, 5/SrRuO; devices. Schematics illustrating of (c) the pristine SrFeO, 5 film with the SrFeO, 5 mat-

rix, (d) the formation of SrFeO; conductive filaments after the electroforming, and (e) the rupture of SrFeO; conductive filaments

after the reset.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films
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Abstract

Perovskite transition-metal oxides can undergo significant structural topological phase transition between
perovskite structure, brownmillerite structure, and infinite-layer structure under the external field through the
gain and loss of the oxygen ions, accompanied with significant changes in physical properties such as
transportation, magnetism, and optics. Topotactic phase transformation allows structural transition without
losing the crystalline symmetry of the parental phase and provides an effective platform for utilizing the redox
reaction and oxygen diffusion within transition metal oxides, and establishing great potential applications in
solid oxide fuel cells, oxygen sensors, catalysis, intelligent optical windows, and neuromorphic devices. In this
work, we review the recent research progress of manipulating the topological phase transition of the perovskite-
type oxide films and regulating their physical properties, mainly focusing on tuning the novel physical
properties of these typical films through strong interaction between the lattice and electronic degrees of freedom
by the action of external fields such as strain, electric field, optical field, and temperature field. For example, a
giant photoinduced structure distortion in SrCoQO, 5 thin film excited by photons is observed to be higher than
any previously reported results in the other transition metal oxide films. The SrFeQO, films undergo an insulator-
to-metal transition when the strain state changes from compressive state to tensile state. It is directly observed
that perovskite SrFeO3 nanofilament is formed under the action of electric field and extends almost through the
brownmillerite SrFeO, s matrix in the ON state and is ruptured in the OFF state, unambiguously revealing a
filamentary resistance switching mechanism. Utilizing in situ electrical scanning transmission electron
microscopy, the transformation from brownmillerite SrFeQO, 5 to infinite-layer SrFeO, under electric field can be
directly visualized with atomic resolution. We also clarify the relationship between the microscopic coupling
mechanism and the macroscopic quantum properties of charges, lattices, orbits, spin, etc. Relevant research is
expected to provide a platform for new materials, new approaches and new ideas for developing high-sensitivity
and weak-field response electronic devices based on functional oxides. These findings about the topological
phase transition in perovskite oxide films can expand the research scope of material science, and have important
significance in exploring new states of matters and studying quantum critical phenomena.

Keywords: topological phase transition, oxide films, oxygen vacancies, tuning by external field
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PRI, X6 S T A S R I A Ry A B A A
N FHBEE 1 BEA;.

I, A4 2 T mokG BE IR S H R i & e,
B & H 2S5 T R AME (molecular beam epitaxy,
MBE) A1k i 8 S TR (pulsed laser deposition,
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(two-dimensional electron gas, 2DEG).

2DEG RIS E 2002 4F, Ohtomo %519
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Z JG #£ 2004 4=, Ohtomo Al Hwang 19 ¥ £ 52
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I H L FRE R 35 (electron energy loss spec-
troscopy, EELS) Fl it 5 J1 i % (atomic force
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Fig. 1. LAO/STO interface superconductivity®®. (a) The resistance-temperature dependence of 8 uc (unit cells, uc) and 15 uc thick-
ness samples (upper), and the resistance-temperature dependence of the two samples under the vertical interface magnetic field
(lower). (b) The resistance of 8 uc thick samples is temperature-dependent when the vertical interface magnetic field is applied.
(¢) V-I relation curve in logarithmic coordinates. The two long black lines correspond to V = RI and V~ I3 The number repres-
ents the temperature measured by the V-I curve, and the unit is mK. We can obtain 187 mK < Tyxr < 190 mK, Where Ty is
the BKT phase transition temperature. (d) The temperature dependence of the power exponent a obtained from the (c) diagram
temperature, where a is the power exponent of V~ I% (e) The R-T curve of the 8 uc sample under the [dln(R)/dT]?? coordinate,
the solid line is the fitted BKT phase transition temperature, Tt = 190 mK.
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Fig. 2. LAO/ATO interface insulation-superconducting phase transition®®.. (a) Blue curve: the adjustable curve of dielectric with
different capacitance measured at 1.5 K, and the capacitance C-V curve applies 1 V DC voltage. Red curve: grid voltage regulated
streamer concentration curve. The dashed lines indicate the region where the quantum critical behavior is observed. Note that in
this region dnypocdV. (b) Schematic diagram of field effect device. (¢) Left: Ry~ T dependence curve of different grid voltage ap-
plied in semi-logarithmic coordinates. The dotted line is the resistance quantum Rg. Right: Ry~ T dependence curve of different
grid voltage applied in linear coordinates. (d) The phase diagram of LAO/STO interface superconductivity is regulated by voltage.
The right coordinate axis and blue point are the changes of BKT phase transition temperature Tgxr with grid voltage, revealing the
phase diagram of superconducting region. The left coordinate axis and the red triangle are the normal state curve of 400 mK versus
grid voltage, and the solid line is based on the scale relationship Tggr o< (V — VC)Z’j. The obtained quantum critical point, where
z0 = 2/3.
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Fig. 3. LTO/STO interface quasi-two-dimensional superconduction-insulator phase transition®): (a) Sheet resistance Rg as a func-
tion of temperature for different magnetic fields, where the inset shows T, and Gy = 1/Rg as a function of the gate voltage V;
(b) relation diagram of B, By (left coordinate), T, (right coordinate) and regulated voltage; (c) at two transitions, zv in relation to
Vi, Bc is the low temperature region and By is the high temperature region, where By increases with V; and then saturates to a value By.

097401-5



) 32 % 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 097401

TS EI A (001) B A%, ASHEE
ST T, 22 5 HRIR A] RS Ui i B 2
Faf 25 AnkEl 4(c) Fias, XFF (001) Bmjfd) STO,
FLH gt E AR Y Ti 3d B FHUIEJE d,,, T (110)
I a] ) STO Fidi e i de flKMJ2 d,, #1 d,, Bl A
[FHUE ST T, M FIs AR 22 5. Rl a A
[E ] Y STO b % LT S, M B el
54 (spin orbit coupling, SOC) it , 4Nl 4(d) fr
7, (001) By iy STO H SOC HAE % T HA B
R R, 2R B AR 3R S X BRI, [HO2 (110)
B A STO 5 SOC Tt I8 s 14w bz AR 55, 3%

LA (110) HXn) STO FHifi 519 Rashba SOC
55 (001) Hej) STO FHii # 5:19 Rashba SOC 47
FEZESE. HULIEE, SOC Y15k B T LI S 5 A
HUBE TR, BT STO(111) Feim HAT #5IR 0 &
W45, HBE 5 (001) F1(110) J7 1 9 STO A
ek 2250, PIIextF (111) J5 10 B S A iFoe 2
HEEE L. 2017 4F, Monteiro % f43{ | LAO/
STO(111) 5ot i, JULI 24 S5, WlE 4(e)
fiR, LAO/STO(111) Bt T, 78 120 mK 24, 5
(110) Jy [} By ST S AL O . A7 ]38 3 BKT AHAR
LIS e TS dE R A A LAO/STO

(a) (b) © (@) 15—
—e—LAO/STO (001) __»
400+  LAO/STO (110) LAO/STO (001) . \N (001) & 1.0 —-LAO/STO (110)
gL
800+ :*;D LAO Tz, Yz 2 A—A—a—,
Hy/mT = N 0.5
300 + — 2800 - Ty STO
— 2600 ! oL . . . .
c 600 — 2400 —100 50 0 50 100
E 7%888 Position (z) V,/V
£ 200 1800
& 400+ 1600 0.04
1400 0.3 ?
1200 ~ S 0214 ag
— 900 >y | q taal,
100 | 200+ — 840 &0 = 0.02F o1 &4
— 550 5] v 100 =50 0 50 100
—350 g = .
—150 = = WY o
0 e 0 =0, 0 prossepamaguatas” |
0 100 200 300 400 0 100 200 300 400 —_— > —100 0 100 200 300 400
T/mK T/mK Position (z) ViV
m 3
(0) () (&) 100 2.0
- B
~ 500 5Fe 80 QP &
‘ TR 3 . Tpxr ~91 mK ’ - 1.5
o L ~117 m L .
3 f / E‘E 60y H
5 oon ARLY s 3} £ 310
N R LT < @] &
& 250 ! o1 g 40f 9 . <ED>
~ <] ° < 29
< 0.5 ,
x S 102 e ° L < 2.0 )
5100 100 10 L Seco0000—0 20 o BE R
0 (K 1 1 1 0 1 1 0 1 1
80 100 120 140 160 180 90 100 110 120 0 50 100 0 50 100 150
T/mK T/mK T/mK T/mK

Kl 4 AREEE STO EASHAY LAO/STO S i 9 iz Mk (a) (110) M) STO [ 5t if 4 5 32 AT T 4 16 % 47 181 42 ) v -
R EAREIC R, A5 R 4 14 MLs (monolayers, MLs), ZJ°4 3.8 nmP. (b) (001) Ht[a] STO F1fi #8552 17 F 5 1 0 B i ¥ i
BEL- 315 B2 AR A OG22, MRS 10 MLs, 2920 3.8 nmPY. () AFHE STO F LAO/STO 5 5t #H i et 7m B AL b2 X T (001) B[
H STO, d./d,, B REBERS T ,, U AE R, T+ % T (110) JUF A0 STO, d,./d,. $it AE R T, LA AE R B9, (d) I:: SOC 3T 55
P4 L R B G 2R R Kohler Ay FAESRME 1Y By(3i &) 5 98 45 B AR 51 5¢ R BY. (e) LAO/STO(111) 53[5 A i ife Jin 30 V b4
AR R A TR IR B R 1 B R-T iR B9, (f) LAO/STO(111) S R A AR 4R Vi~ I BL& VeI KRB A S5 o WEIRJE G
A 99, (g) LAO/STO(LL1) 57/ 16 0 T8 AR 19 1 s 50 - E M 36, 2 %0 37 Pl 1 Bl 5K/ 9

Fig. 4. Transport test of LAO/STO heterointerface constructed on different orientation STO. (a) The interface superconductivity
on (110) oriented STO is controlled by a resistance-temperature dependence parallel to the interface magnetic field, and the sample
thickness is 14 MLs (monolayers, MLs), corresponding to 3.8 nmP4. (b) (001) oriented STO interface superconductivity is con-
trolled by a resistance-temperature dependence parallel to the interface magnetic field, and the sample thickness is 10 MLs, corres-
ponding to 3.8 nmP*. (c¢) Schematic diagram of LAO/STO heterointerface energy band on different orientation STO. Above: for
STO with (001) orientation, d,,/d,, orbital energy is higher than d,, orbital energy; Below: for the (110) oriented STO, the d,,/d,,
orbital energy is lower than the d,, orbital energy®!. (d) Above: the dependence of SOC term on regulated voltage; Below: Kohler
Ag and inelastic B (Illustration) dependence on regulated voltagel®. (e) The resistance-temperature dependence under 30 V grid
voltage of LAO/STO (111) heterointerface. Illustrated: R-T curvel. (f) Curve of parameter a with temperature of LAO/STO (111)
heterointerface obtained by fitting V-I relationship with V~ I3, (g) The out-of-plane and in-plane upper critical field-temperature
dependence of LAO/STO(111) heterointerface, and the dotted line corresponds to the Pauli limit magnetic field sizel*.
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Fig. 5. Changes of different parameters on LAO/STO(111) heterostructure under gate voltage regulation”: (a) Resistance-temper-

ature dependence at different grid voltages; (b) T,, Rg (350 mK), inverse Hall coefficient 1/|eRy| change curve with grid voltage;

(c) the figure above shows eqq versus grid voltage, below shows the curve of inelastic fields H; and d spin-orbit fields Hgo with grid

voltage obtained by fitting weak anti-localization.
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Fig. 6. Transport test of LAO/STO heterointerface under top gate controll*®: (a) Resistance-temperature dependence of LAO/STO

heterostructure with 8 uc thickness at different top gate voltages; (b) second order differential is performed on the curve of panel (a),

and the two peak positions are defined as temperature Tp and Ty, respectively; (c) the phase diagram of top grid control obtained

according to panel (a), (b).
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Fig. 7. Transport test and phase diagram of LAO/STO heterointerface under back gate controll*: (a) Left figure shows resistance-
temperature dependence under different back-gate voltages; right shows that the second order differential is performed on the curve
of left figure, and the two peak positions are defined as temperature Tp and Ty respectively; (b) the phase diagram of back gate reg-
ulation obtained according to panel (a); (c) the phase diagram of top gate and back gate regulation and the schematic diagram of

different ground states in the phase diagram.

SISt 2DEG fE7E# R, I EuO/KTO(001) 5
JoT ST S AU AT LAAAAE R 57 AR AE 25 mK Ak
R PRI KB EuO/KTO(001) S5 A i 17
FERB IS, F R, 2021 4735 [ B 57 556 %
XHCVLAF B HE KTO(111) % iR WA H MBE £
K Z @i EuO s ffi Jf] PLD 4= K3k LAO, 7&
G AR T T, 05 2.2 K A2 A R RS, W
K 8(a) iR, X LAO/STO M S T,/ T4
10 i, 3 — R BN Z AR B2 MLEK Hey V2

MU T SCE, i 2 55 & T SV AT
P T —ASHRF 5, WA 5 T R R A
AR AL T 2 AT EE.

KTO 5 STO ARZAHIZAL: P& AR 2554k
W45, FR AT BRAL LR, [RIIA rH E b T e
R SGHENE K. AFZ b #E T+, KTO  Ta J& 5D
WITER, HEWR S 9, XWIE4E KTO FHifiGe
KRR R H e L 2DEG RN Z —. ML
F STO 3D WEICEK) Ti, KTO H Ta /N 5D ji%

097401-9



¥ 3B =% R Acta Phys. Si

n.

Vol. 72, No. 9 (2023) 097401

JLE, BA R SOC, KTO F% SOC Lt STO
AR ABE, KTO KA HES Ttk
STO k& m 1 MR, B T, sirsie i &
SEAY SOC VE T 3. i FLAFIE & 11 2 At i
PSS 5 SOC BA KBk, IFir5 24
IR, & 8(b) 7R T LAO/KTO Fl EuO/KTO Hy
B S o T W (STEM) s 18, #F5E# &
IG5 LAO 82 EuO, Fm H&RnT L=
S, 1 HE 2T R, XA A
S 30 AW AR S R 1A A L ek A i AT

Wi 718 EuO/KTO(111) FLm it 3 i — 4k
S (K 8(c) MK 8(d)). [RIEF XL M #EFT STEM
FKAEEZIME (001) Beml ) KTO A, (111) Hm
1) KTO ARz 5 Ftm oo If o] 848
b, DRI 5 0977 A 5 T T 2R A L A B G
B, 11 LA T S v % R R TR A R 2 B
AT P LB 25 ) 524 (1] 8(e)), ELRNRER] T, LIF,
2 L BHIAE N AR S, X LI St AT
REAAAE— ISR BUM, (HZX A4 ) P A AT g
PR TR RN 5 S i R S B0, 5 2% e

BKT AH4E | LA 045 1) S, YT As 1) )2 BRI 5T ol /F T DA XA~ BE ).
(a) 3.0 0.8 ‘ (e) 1.2
== EuO/KTO(111) 1, n, = 1.04X 101 cm~2 —e= LAO/KTO(111)_1, n, =8.9x 10" cm~2 EuO/KTO(111) 5
EuO/KTO(111)_2, ny = 9.90 X103 cm—2 —— LAO/KTO(111)_2, ny=7.0x 10" cm~2 3
~ 2.4« EuO/KTO(111)_3, n,=9.20X10'% cm~2 — =~ 09
7 — BuO/KTO(111)_4, ny~ 6x 1013 cmn—2 7 06 — T. = 1.47 K 70T
(9] (9] )
5 18| 5 g sc
= T.=2.20 K = 04l g T.=114 K 2 06f
& L2F n-rk 17 e J S
S i S il S
< o6l H < 0.2t I S 03¢ R
of 00 { & } & 1/[110]
i ; ——I//[112]
0 i 0 4 0
0 1 2 3 4 0 1 2 3 4 0 0.5 1.0 1.5 2.0 2.5
T/K T/K
(©) 2.5 O/KTO(111) 25 T/K
25t EuO/KTO(111)_3 —
Ta K O 7 | = | T a0} =03
e g 207 T/K I —05
g —o1| g L —o7
5 1.5} —o3| 3 15| g
g —03 g L0 1.1
S 1.0t == g OF —13
g ol g —1
SES / 3| < o5t
X —] &
O ! ! " i | . ! O - . N T - - ; . . N .
—-3-2-10 1 2 3 0 2 4 6 8 10 12 14 16 0 0.5 1.0 1.5 2.
B,/T B,/T T/K
| EuO/KTO(111)_3 102 VeI o o :?SE
//‘i 10! + ‘ - 11K
IR / || =50 -~
Azl NET
~ ! gl = 25t
—10K 14K 1021 Sweep
/ —LIK 15K s | direction
—13K —1.8K / 0
. . . 4 . .
—200 —100 0 100 200 10 100 101 102 180 190 200 210
I/nA I/uA I/nA
& 8 EuO/KTO(111) 5 B Bt 5 ) (a) KTO(111) #1 K E 2 AHE i 9 R-T M4, A [R) b kLRS00 vk B2 3 R B e 5
(b) KTO(111) #1 & E 44 EuO (1) MILAO (F) (# STEM [, SRR AE X 3 S M. (c) 26: BEuO/KTO F iy jifi il 32 1 T S i

HIREY T B Rypeer- TR FR 5 12 BuO/KTO FE S INFAT T 5 ARG T 1 Ropeer- TAHKHOCFR ; A M35 T 45 21 1% 187 P9 1HD
Hb B AR R E R . (d) Z8: EuO/KTO i I-V i 2k b XSE0AAR N EuO/KTO Fedn I-V 4 47 AEFBBIREE T, LT,
I-V ARG 54 e G B3 3 BE Y 3 (o) BRI AN [R5 0] 9 R T KM% &

Fig. 8. EuO/KTO (111) heterostructure superconductivity*l. (a) Ry-T curves of several samples on the KTO (111) substrate, differ-
ent materials and carrier concentrations show superconductivity. (b) STEM diagrams of EuO (upper) and LAO (lower) are grown
on the KTO (111) substrate. The area shown by the green line is near the interface. (c¢) Left: the R-T dependence of EuO/KTO
samples under a magnetic field perpendicular to the interface; Middle: the R-T dependence of EuO/KTO samples under the
magnetic field parallel to the interface; Right: the in-plane and out-of-plane critical field-temperature dependence obtained from the
first two figures. (d) Left: EuO/KTO sample I-V curve; Middle: I-V curve of EuO/KTO sample in logarithmic coordinates; Right:
below zero resistance temperature T, I-V hysteresis occurs near the critical current. (e) R-T dependence of current in different

directions.
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Fig. 9. LAO/KTO (110) heterostructure superconductivity®!: (a) Rg.-T dependence of samples with different thickness at low
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Tpir < 0.88 K can be obtained; (¢) Rgyeei- T dependence of the magnetic field perpendicular to the interface is applied to the sample

with a thickness of 20 nm; (d) Ry,ee- T dependence of the magnetic field parallel to the interface is applied to the sample with a

thickness of 20 nm.
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Fig. 10. Conductivity and critical thickness of LAO/KTO (111) heterointerfaceP!: (a) The relationship between LAO thickness and
interface conductivity in LAO/KTO (111) heterointerface is measured at room temperature (~ 300 K); (b) in situ transport test
results of LAO deposited on samples with thickness of 1 nm at room temperature. The number of laser pulses is indicated by the

red arrow.

Ok (b ove
2.0 F (b) edp ‘.“9
L o \.\.
15 L
v %
g 1.0 | [ ) Ipc=1 llA
—o0— Ipg =50 nA
0.5}
Tﬂ)
S 0 0, [T R | 1 1
= —150—100 —50 0 50 100 150 1
wn
S Vo/V
~
3 10
g () A 50
~ 8F ._..I-I"""“I"f" 7
) /A <440 =
. —
E olm = ] ‘
- - 7 430 =~
g 1. %
ST P {20 £
a AN I
< oL A E
2 ,A" 410 %
A T=86K {
0 1 L 1 L 1 2 1 4 1 " 1 L 1 O 1 1 1 1
—150—100 —50 0 50 100 150 1.0 1.1 1.2 1.3
T/K Vo)V nap/ (1013 cm—2)

B 11 HZEEN LAO/KTO(11) RRAEM T (o) ARIFEEEEE T LAO/KTO(111) 55 5t i A4 BH-TR B C £ B2; (b) AN
R B LK SN T, T, 5 8 2 i 5 2R [ 1% (c) 942 WL I 5 00 7 R BE RLE A R C R B 2. (d) EuO/KTO(111) RE AW T, 5
IR T A X R0, (o) MBI F BuO/KTO(LLL) T, 540 TV XA P, A 77 B 15 Vo 3 3 2 o

Fig. 11. LAO/KTO (111) heterostructure superconductivity regulated by electric field. (a) Resistance-temperature dependence of
LAO/KTO (111) heterostructure at different control voltages; (b) the relationship between T, and gate voltage under different
DC current drives®); (c) diagram of the relationship between gate voltage and carrier concentration and mobility®?. (d) EuO/KTO
(111) heterointerface T, versus carrier concentration®; (e) the relationship between EuO/KTO (111) T, and carrier concentration

under the control of electric field; the illustration shows relation curve between carrier concentration and regulated voltagel®!l.
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Fig. 12. (BCO),/(CCO),, superlattice superconductivity. (a) The number of CCO layers m in the (BCO),/(CCO),, superlattice is
dependent on 7,. When the dotted line is m > 3, the effective carrier doping on a single CuO, decreases, resulting in the decrease of

T.%3. (b) The temperature-resistance dependence of CCO-STO superlattice under different growth conditions. Dash line shows low

oxygen pressure growth; dot line shows low oxygen pressure growth, high oxygen pressure quenching; red line shows high oxygen

pressure growth, high oxygen pressure quenching. Illustration shows enlarged view of superconducting transition region®!. (c) .., in

(CCO),/(STO), superlattice depends on the thickness of CCO, where T, defined as the midpoint of the resistive transitions. Illus-

tration shows normalized resistance-temperature dependence of (CCO),/(STO), superlattices with different CCO thicknesses(®.
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Fig. 13. (CCO),/(STO),, heterointerface transport test!. (a) For (CCO),/(STO),, samples with n = 58 and m = 50, the normal-
ized resistance-temperature dependence of the magnetic field perpendicular to the interface direction is applied. Illustration shows

the normalized resistance-temperature dependence of magnetic field applied parallel to the interface direction. (b) The upper critic-

al field-temperature dependence of the vertical (closed symbol) and parallel (asterisk) interfaces of all samples. (¢) The normalized

resistance-temperature dependence of samples with different compositions, the solid line is the fitting BKT phase transformation
expression: R (T) = Rye™4/VX(1)=1 Where Ry is the resistance of the heterointerface at 60 K, X(T) = (T, Tyxr) T/(To-T) Ters

A and Tgyr are the fitting parameters.
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Fig. 14. LCO-LSCO heterostructure superconductivity. (a) The resistance-temperature dependence of LCO and La, 545t 44CuO,4 and
the normalized resistance-temperature dependence of different heterointerface. For I-M heterointerface, T, ~ 15 K, M-I heterointer-
face, T,~ 30 K, M-S heterointerface, T,~ 50 K. (b) For the M-S heterointerface with a thickness of 6 uc, the schematic diagram
of 6-doped Zn atoms (above). The effect of different é-doping positions of doped Zn atoms on the superconductivity transition (be-
low). The superconductivity transition temperature will decrease sharply only when doped Zn is in the second layer. (c) Above: Sr
atom concentration (hollow circle) and carrier concentration (solid block) at different positions in the M-I heterostructure with a
thickness of 6 uc. Below: LCO superconducting phase diagram, it can be seen that the carrier concentration of the second layer cor-

responds to the highest T, in the heterointerfacel®.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films

Quasi-two-dimensional superconductivity
. *
at oxide heterostructures
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Abstract

Oxide interfaces manifest many fascinating phenomena with synergetic correlations among multiple degrees
of freedom, including the interplay of broken symmetry, lattice mismatch, charge transfer, spatial confinement.
In particular, the interface superconductivity in oxide heterostructure has attracted extensive attention due to
the rich underlying physical connotations. The interfaces not only provide alternative research platforms with
respect to the bulk material counterpart for exploring new superconductors and investigating superconducting
mechanisms, but also create new opportunities for applying superconductors to future electronic devices. In
recent years, owing to the rapid development of heteroepitaxial techniques and accurate characterization
methods, researchers have found quasi-two-dimensional interface superconductivity in various oxide
heterostructures and revealed numerous novel quantum phenomena associated with interface superconductivity,
which not only promotes the development of condensed matter physics, but also lays important foundation for
the practical application of interface superconductivity. In this brief review, we mainly focus on the quasi-two-
dimensional superconductivity at oxide interface. Taking the typical quasi-two-dimensional superconductivity at
the LaAlO3/SrTiO; interface and copper oxides such as La,CuO,/La; 565 44,CuO, for example, we summarize
and examine some novel physical phenomena with interface superconductivity in complex oxide hetero-
structures. Then we address the related problems that remain to be solved, and finally we prospect the possible

future development of the interface superconductivity.
Keywords: oxide, interface superconductivity, cuprate superconductor, two-dimensional electron gas
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Fig. 1. Lanthanum cobaltites is a typical multiferroic materials with coexistence of ferromagnetism and ferroelasticity: (a) Schemat-
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Fig. 2. Origin of ferromagnetism in cobalt oxides has been controversial: (a) The valence states of Co ions at the black stripes in the

LaCoOj films are lower than those elsewherel*47; (b) comparison of the theoretically simulated and experimentally measured elec-

tron-energy loss spectra at O K- and Co L-edges, demonstrating the existence of oxygen vacancies at the dark stripes; (c) experi-

mentally observed dark stripe domains in LaCoOj films; (d) the corresponding atomic structure and spin state distributions of Co

ions in (c), showing that nanodomains can also exhibit spin ordering!?.
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Fig. 3. Structural and magnetic characterization of LaCoOj films with different thicknesses: (a) X-ray diffraction curves of LaCoOj3

films with different thicknesses; (b) magnetic hysteresis loops of LaCoOj films with different thicknesses at 10 K; (c) the saturation

magnetic moment (M) of the LaCoOy film as a function of film thickness; (d) second harmonic generation signal of nonlinear op-

tics as a function of film thickness®.
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Fig. 4. Structural and magnetic characterization of LaCoOs thin films under different misfit strains: (a) Schematic diagram compar-

ing the lattice constants of LaCoO; and different substrates; (b) rec

iprocal space maps of epitaxial LaCoO; thin films on different

substrates; (c) variation of saturation magnetic moment of LaCoOj films with misfit strain; (d) orbital susceptibility of LaCoO; film

as a function of stress®.

097502-

7



) 3B Z 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 097502

AR A 31 58 B ARGV 12 PR, A AT TR D T 3
JEEH ARG T2 L WG ) XS g R —
FIFH sum rulelSd 150 0] LIS S A5 B 5 JE T RESR
AR [ TE /81T 1 %o D s T ) TR

AHER 7 LRGP Bt S D TC I 2 B
MR AR LA, S RRAL T e 0 T IRAS B, #
FEAE /DN, R T3 N T BEAE R TG K. 2
W 5K I 7 Ry 1.5% BiF, JHEFEE %) U R 3k 31 24
2 up/Co. B T8N Sy AR SEIE S, JHE 5 1 A 4
/N A RGP I AR L R R AR A G e L T
MR IARE WL, ST %48 LaCoO4 HEH 1 HLF
B3, Guo 45 163 RGN LT R [R] A As 2R BL I
T LaCoOs Tl 4t 257 L I i X 544k I
PR, WA 4(d) B, YR AL F R R B
VBV TR A0 A 7 B, dsae 2 BUIA B RERE T
R, FL SR ) T 40 s BUE . SR, 24
FRCAS ik S0 T Rk, R A O T 1 T W T
()7 T AT, ey T P FIE 9 R B A, BT
T 54 dpe e PUE. MAT38 T sum rule HE—20 1
BT R TR T LaCoO, TR B8 WAL %
2 LaCoOg A KFE StLaAlO, #f K _ LA, -+
JLF H b 4 dase e BUIE, 10 dye e BB JLF B2
A&, IR S B L 1A R TE o, BUIE b b
Z 5| i J18F, Co—O—Co BB ESE /N T 180°,
LAl B 1 A A ) 1K A BERS, (DB
Ab T H RS, PRI URE T /N, 2 Ak T ik
N J11, Co—O—Co #Efitg @ k. T Co—0
HERHER N 1.93 A, HIL Y4 LaCoO4 B K 77
LSAT #JJiE (FH %k 3.87 A) LA, Co—O—Co
SEMIAF 180°. LA, WAL T8 A e, B
TR e LR R S 2 R 2 T I 7 1 it — 2B 1 R
Co—O S AkSE R, WA 27 [ BEAFHAIR, Fiz
T R BN

L AT L, A 2 TC I 7 %66 8 A e AN 22
LRGP REISHEA TR 0 1, S0 AR Ltk i AR AR
B MO - F, B e T A2 8] T AN e
HZE R, Bl Co—O K1 Co—O0—Co H#ff.

3.3  RRUKXTERIE /ST YIR J1 33 AL Wk
BRI RN

A AR R T SO R

FRIWFTE N A O Tl RS BU R, 7EAHTR] S A FR

AORERE (BN T7 AR S PUT5AH), HEAT AN AR AR

I, R RITFRIEAN S A AR, A2 3 s R T
B IRIVERL. SR, 22207 AL (191140 LaCoO3)
HKAE ST RS SrTiO; %R B, LaCoO, v
2332 BRI ) FSY YR g B SRR T 9. LaCoOy
Pt J222 5 A8, AT LUE ORI 7 Jr 4. R,
4 LaCoOs HARTE SrTiOs #1 i A KA}, St 4
JUE ) LT 2 BRI A BY UIN g, Ak 2 b 2R
VT AR (18] 5(a)). 24 55 BE S i o, v
TE R S Y X SR T HUAR R AR (T
ZEHTAH), W 5(b) B, 248K, iR 2 )%
VLR AR R LR RN B YT 7 58 4 i B, T
FEEU) S A S HUAR A et — S22 1A 1] 5(c)
B R T IETE SrTiO; #f i A1 75 2 Z [l 1) K 24
35 JFUHL)Z LaCoOy i 4132 5 vl 1 s 14
MHLF BB RO E , SEIT SrTiO; By iR A
JEH A PR SRS, T 2 ST A R g
FEFERR I Y &0 55 80, HLIRIRR ol 3 4% Fi . i
X SR SRS AR A T SRS, Guo 4 100 [] i
75 2] B v i 5 R e o BB R B A 43 AT,
&l 5(c) G R PSSR A0 R R,
R e LT 22 1 Jer 4 R e T v e DI
W (HE HREMEAN /N T b e IR V. 3K 2 o
Ty B T R e A ke DX ) A X AR A [
B AR AR BN W] AR A B2 Sy RS A
S5 R W A X M e, At AT T A ) S i e 2
P S AL T SO SEgn s R R, B
TG O, RS R) DX el JE 2 R A
8 2 5 S R Y S BEAE 2 (] Ay e ] X
)RR % TR S o/ WA N ) 1 i ) A SO 1 R R RO R L
Jita fin 45 1) [0 F 7 g, e AR/ AR 4, 5
H Co—O A/, PRS2+ [ e B i ) T
PRI RS, XA IR e 20 1 52 B R
FIVE T LaCoOg 15 55 G M & — By P63,
I, AR S v A A RO ROR RS 45
T3 A 5 AR IR A2 22 8] G 2R 9 e AR UE AR, T
IRES OIS S

s PR X R K 25 ) ) 52 0 3 AR LA it
PRI, BRI LT Es#h. s o T, b
A AR v B ) PR A AR K SrTiO;
B AR IR 23 i A 2 T b ) ks R R AR T Y
SrO J&, R TiO, Bk 1Y 5 Bk K m. n
AR AR T i R e 1 AR, IR 4 & Btk
PR A8 AT TX A fa . LaCoOg $ebf B K

097502-8



) 3B Z 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 097502

(a) Tetragonal LCO (interface)

5 c000
° ’-6 goo-‘ o
® 8.0

(b)  Monoclinic LCO (interior)

, 2 , S , SrTiO}
o T 9 o
’ )] , ) ‘

| 5401010520 014
Neutron: SED/(El0mSPASE2)

Bl 5 LaCoOj wi i iy M AN L5 A BE IR BE 1B K &R (a) LaCoOy MM (Y 1T 2 3L 10 J7 AR 4544 ; (b) LaCoO; MM (¥ Py 4 5 1
HRHRREEH; (c) SrTiO3/LaCoO5 XUZ WY i 23 Bt i S v 1~ BT 14, 4711 S0 7 1 S5 %t~ AR R I J2 B 19978 A5G 2R (06

Fig. 5. Magnetic properties and structure of LaCoOj films as a function of film thickness: (a) The interface of the LaCoO4 thin film

presents a tetragonal crystal structure; (b) the interior of the LaCoOs film presents a monoclinic crystal structure; (c¢) high-resolu-

tion transmission electron microscope (TEM) image of SrTiOs/LaCoQOj3 bilayer film, the inset shows the atomic density and magnet-

ic moment of the film as a function of thickness®.
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Fig. 6. Surface topography of LaCoOj; thin films regulates one-dimensional (1D) structural domains and magnetic anisotropy:
(a) Schematic illustration of a 1D ferroelastic domain; (b) Phi scan of the (002) diffraction peaks of the LaCoOj3 thin film with one-

dimensional structural domains; (c) magnetic hysteresis loops and (d) magnetization as a function of temperature of LaCoOj films

with one-dimensional ferroelastic domains/¢7.
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Fig. 7. Effect of interfacial oxygen configuration on the structure and magnetic properties of LaCoOj thin films: (a) High-resolution
TEM images of [(LaC003),,/(SrCu0,),](L,,S,) superlattices with different repetitions and layer thicknesses; (b) and (c) lattice con-
stants of LaCoO3 and SrCuO, films as a function of thickness in LjS; and L3Sg superlattices; (d) and (e) X-ray linear dichroism of

the Cu L-edge in L3S and L3Sg superlattices; (f) average lattice constant, (g) saturation magnetic moment and (h) coercive field as

a function of SrCuQ, film thickness in L,,S,, superlatticel™.
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Fig. 8. Effect of oxygen octahedral tilting on the structure and spin state of single unit cell cobaltites: (a) High-resolution TEM
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Fig. 10. Relationship between cobalt ion spin states and lattice parameters: Schematic illustration of the electron orbital occupancy

of (a) low-spin state, (b) intermedium-spin state, and (c) high-spin state of cobalt ions; (d) the conversion process between different

spin states of cobalt ions induced by different lattice distortions.
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Abstract

Strongly correlated electronic system contains strong coupling among multi-order parameters and is easy to
efficiently tune by external field. Cobaltite (LaCoQOs) is a typical multiferroic (ferroelastic and ferromagnetic)
material, which has been extensively investigated over decades. Conventional research on cobaltites has focused
on the ferroelastic phase transition and structure modulation under stress. Recently, researchers have discovered
that cobaltite thin films undergo a paramagnetic-to-ferromagnetic phase transition under tensile strain,
however, its origin has been controversial over decades. Some experimental evidence shows that stress leads the
valence state of cobalt ions to decrease, and thus producing spin state transition. Other researchers believe that
the stress-induced nano-domain structure will present a long-range ordered arrangement of high spin states,
which is the main reason for producing the ferromagnetism of cobalt oxide films. In this paper, we review a
series of recent researches of the strong correlation between spin and lattice degrees of freedom in cobalt oxide
thin films and heterojunctions. The reversible spin state transition in cobalt oxide film is induced by structural
factors such as thin-film thickness, lattice mismatch stress, crystal symmetry, surface morphology, interfacial
oxygen ion coordination, and oxygen octahedral tilting while the valence state of cobalt ions is kept unchanged,
and thus forming highly adjustable macroscopic magnetism. Furthermore, the atomic-level precision controllable
film growth technology is utilized to construct single cell layer cobaltite superlattices, thereby achieving ultra-
thin two-dimensional magnetic oxide materials through efficient structure regulation. These advances not only
clarified the strong coupling between lattice and spin order parameters in the strongly correlated electronic
system, but also provided excellent candidate for the realization of ultra-thin room temperature ferromagnets
that are required by oxide spintronic devices.

Keywords: ferromagnetic oxides, lattice distortion, polarized neutron reflection, spin state transition,

ferroelastic phase transition
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SRR, i ALY BAT R T A B R 3 EL SR AT O Y HL A - R AR AT B R A 1
W ARSCEBERA 1 3 P G A W v B 7 4 VT B 45 R S LS A - L A ) SR IBRBIL R, I X RO

(% R AT T R E.

KGR TSR ALY, T4, - AR, [ Be- BB T

PACS: 77.84.Bw, 73.22f, 75.76.+j, 72.25.-b

1 5 =

BEH N TRRE W0 B 515 B R 1
PLEMR I, Bl R B R K RIS, 0 D)
K& AL WHAERE BAFRE AL BEOR . BT AR A
I E AN SR -A ALY - 5K (complementary
metal-oxide-semiconductor, CMOS) A, il 1 #
FEFEL A FL AT S 1R S BT REE S S iR R A Al 4%
(SRAM, DRAM %) fb##% (CPU, GPU 4%) 1)
Fi. SR, 7 BRI AR 4L CMOS i
R GG T 2 eI — 2D 3 M A P RE D T
S T PRAR. e K EF KRB, CMOS
A L R A AR RO R RS B T AR R
IR, SEEL T PERETE 18 A H B — Rt 2g B
FEAMEERER. BT RE RS BT gK
T, DR T — LS AR A S

DOI: 10.7498/aps.72.20222219

e BB AHCHY IR, E 5, KRS Bl F
b% 25 RN 23 T BOE TE X H far 455 1 BE T B985, A&
T FEL R 3 hn s AR, B AR i A el 1 o R, 3 28
177 2 o LA A R ), (AR B 2
PSR W, R A R A A, XS A ) R
RN L N B R 2 TP T B i 7 8,
DLSEER 8 M BB AE A J5 P T e 1 0, Horr ) 3
T AR 22758, 38R AR s e
JEVESEIUE BB S A AL B 1 2 DG Y

HBEVE R I EL R T2 —, R R
FEORYE. [ e HL 2 AU A2 OS2 A 20
PR R R TR ) Y AR 2 R PR SR T RE R 5 B A7
fi#, FFam a5 d A TE -5 040 1) A% AR B R FH SR Ak
HfE S AL B A% SR T 2 — 2 A A
A HE-FUBERS S (spin-orbit coupling, SOC),
SR HLAT I B E e A SR A I — 2L i f
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JHE YA X6 G 7 A Y A BE LI T34 (spin-orbit tor-
que, SOT), SEI LIRS B Bk 1. T SOC
JIT AL B 1) oy BHLATL ) 588 B DR/ IN 5 b ek 3R %% D) A
K, FLARPR A B 5 b 0 A 32 1 o i 52
U3 A T 55 5% T L T 25 A O ) B S i) B DG
55 SOC A KW BHLE, RAEIF 845 A gz
PR, ARAS LA = 50 - e B A1 B e IR A
R, (R FE R AR RE AR ) S LR A
2 2 S AR A i RS I R AR.
oF P AR A AR B TR L BB BUE L
& AF A B RSG5 i v
BT, W05 L ORI N AR DG P M L R L R
LM | PEREBE S 53— 5 T, fealr AT o 2% B o
&R A T E5 TP EEEZ AN S SOC B
SRI X A H R R R T TS, A RE A
INE SR | NGRS, XA TR T A5
Ph 2352 M AHOCHA B B e s HLE, S FLA-
I8 B 48 1) IR 4 G SR R B R AL, R,
V4 R A ALVE B 40 H e T RHMA R, B
kPR BE B I HE T AR A S B ER AR S 1 AR
&, ARG T F e T S AR R %k B0,
FF LR, A SO Lk I 4R Ak b
BT TR A R LT - e B A B S T R S
55 BB A 2 AT L5 P R RUR B -
H A A MU S = EEAA 3d, 4d K
5d E ALY R R TS5 . B e IS 1 T X
SOT HHICHFFE MR ; 5 DU HR 72 X ik i 4 I 484k
YRR B I AFTE PRI T /NG, R4

e

JR K R

2 WTHEME | e R R K
AL

2.1 HEFEFEHNTE

TEIh I 4 8 AR, T B e BUE L LA
n e A L EETRI RS 23 S AR & TR LV 27 -
b A & ok W OB A, 0 Mott 48 2%
{LNNE AR\ E2 3% NNE RS S9N iR CE I N U
Hb, ALY S B4 A8 Y LT /R T, T A R R
OO FRMER SR SR BN, etk — 20185 T AT
ST AR AH L 4548 (1) R T A (surface states). H
th, SHFMET R B RE 4519 L) S Rashba, #HEbE
T 785 25 23 5 Z b 52 el v - 1) 1 e BT | Bl AR T
P, A S S IR BAT L - F i 2 TB) AH B %%
He gt

2.1.1  JE-F/ERE AN

A V-7 REHT A5 H8) 1 7 AR 3 R R T RE A U
B, B A IR S A 7E SOC., 4221k
FR R T KA Re sl 5E Aol , Sk 3 E
AR SCHIE L (B 1), SR RAETE SOC i, 2{fizg
Xy fe gk — AT RERR. A e e AT, 3t
A RE PR AN SR AR 2 BB B WA TR AT T
BT — ek o, 2 AR P A 2K 5 A
(Dirac point) B{AMR 5 (Weyl point); #5 FH F—2&
el e A gk hi w4 4k (Dirac nodal line).

e P RO

P 1 Hrar v TS R B R G BG H A - L E L L

Fig. 1. Novel electronic structures and associated charge-spin interconversion mechanisms.
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AR 5 R A1 7R A 2 KA 1) 7 A R R v ) X
FRMEAT ARG ZER . Bk 5 S B SRR ] et A 4
V]SS2 TR X R A T ) S Y B, T A/ D 22
HH IR 23S () 2 YOG Bk i s ] S e % B P e, B —
AN FE T LI I TR RRAEAE R P AS S MR 58,
AL UL, G AR SOC 5 B L WR PSS T i 45
T45H, Befs SR AT i TS P A B AR Xk
P D RE A 25 R T L A BRI DL LT % (Berry
curvature), TMAE F e /RN B 5 P68 D1
i 100, BELL, 4 2K Tk 2E 3 FhRE Y
SERR RN, 2 i 25 e F A - ) L A i
. A HAADRMA R WA AR AR TR R 2548, {5
RS R ALY £ el R SR R AR T Y e A
il LA PR, BB T Ik 80 1 s T B 5
BUARFMAE TR ™ A | AR LA,

212 k@ak

H T AR EEF R 1 F - S50 JO A s B R
JoT 2 AR ST Kb A iR A AR | X R R LI /R TR
SRATAE 1Y 23 [R] S TH XA i e 2 T 350 ) T AR
HL A5 M R TS 5B I [R] S O ARt 4 £
MR e E(k, 5) = E(-k, —s), HH kFR
B, s Kon A TE. A i R v A 2 S 3
E(k, 5) # E(-k, s), FTLL E(k, s) # E(k, —s), R
DAL A A TR TR RETT S A LR HEEF L. R
i) FREVERT R B R, i T ) S 0 R 15
FATHE, & EAL Ry A T & e B, DA
T A2 PR T B e o AR ] X A 4 2 A
iE-sh i BiE (spin-momentum locking). ZE{LLAY 1
AR Y B AT R B[] BB X PR P i AR 4 S v,
HARMA R IMR SR ORI, | TAMR A
ZIRIANE T, SR iy i S B A R 0 B
Jig, BRI e s i B0E Y. AMER
PTG R R ) BT LR SE TR S, 7E
FU A ARLAFAE FiE- s i UE R A, B Rashba
T (K1), ppRmEARN A D42
B RTRIRE IR FEXTFRPE e i 18 R Ak 2234
ANEGE P — AT E T LY, RS
R S, IR RN RIS % R Z BTk
2LV T 27—, GE T IR E N
B- _CLQU x B, W75 [ 428 P L5 i
B2 ZWE S i H A AR S A FE 2 B
2, H AR S5 O T i Ry sh ey m, B

FIie-shi B it o

2.2 Hi-BiEEEROYLE
221 BARERZXE

M et A TR SOC BRI, AR A
TR I (14 F, 23 A A SO e, DT 726 F i
Ui, XA IR BPR N A e R (8 1), B idE
JRBRON TR EL ARf Y [l L B [ L e [l
JEEARTE FLOCR. 7R B e AT R A g
2, S R A s A, P AR HOE-BIE AR,
HBERE R8N ) B IR AL 48 = FhBILH, il st
U (skew scattering). Bk (side jump) DA S B
T DL EEL 3 (L R rb L R Bk 2 R 4
5 R A SMEDTHR, D1 LT 202 th REA 25 H D
AR (] 1).

FERE 2% BURLG ad  rh, #5451 SOC, HL+
Bt kR K IRESRE W 5 sl F B s k
HIAE S Wi AHIR]. 75 1 SOC fIE, Wik # Wik,
B35 a2 AR K, HOAS[R] A e
HL I 5% 07 1) AN Ta] XA FERRR S RHRICH . TR
AR BUECR R R, W R T s R A I, L
Wik kRANE LW, FESNNE T, A E
1 s S BOE R S BERCAS , AT 2352 M A ]
T, X R AEE. BT 5 A BUHBURAT X
PIFPHLEI SR, 4 RERE T 25 Ha ) A T D B il SR e )2
) ] LAP= A 2R TG S G Y, i+ e A
B 001 1 T MR ) A S B FE 7 SOC BYAE T I8z
FIARIEY “BES , WA [R5 1) e, 72 A=0k A
TH L ATE M BT ok e A e, ik, —A4- &
ZH M HEE/RE S ogy 7T LVE N =FL 51
BREOF: osn = ot + o + o9y . Hirh, MR B9 5T
Mk oSy IE Fb TR F R B ] 7, BT RS AR H
SRR IEARDG; M B AAGEAILH ™ A 1Y F e R
L o Mol 5 5 SB TIJE5, AT RHRHY
M SR, R, AT LAE i osu S5 R HE S 38010
K R HEWTRHIC X A BERE R 8500 i BTk, (0 AT 7E
SR AR . RIA R R H PEAR G o 32 7. figaly
SR ASAE TR b T A T2 BTRO, W] Lhid s
VR E SR, NI SEUR A5 R LA It
A, B THERR IR BN AT AR I RN, RIVKE: B TiE
LA A A AT U P L R, BB R R R AR
ERIHLEI AT DhE k E R AL A AR R, —
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FHFAE 0 F e e i B

R, U 4 JE AL, R 4d 1 5d
MR R B 5 S0 A5 RAHVI A1 . B ARTE A
JiE g RS 0314, 5% 5 4d, 5d ME P E AR TR
PEALMER SOC A ¢, 5 rar (i i F 4549 3¢
REY. N ESOUd, MARRBIE R RE KA 50 B
B, andh b & Jm v AR IR AL KR v A L A
¥, S DTERE R A e DL Bl R PRk, mT D ik
UAR AR B S | S RES R | T OGRS A T
BEXTPE R, DLIE B 58 AAE [ e R 800 1 H
(R 04, 3 4 B A Ak 2 A i EE R S PR
FIGR [ BERE RN HAL T — 1 RAFIE 5.

2.2.2  Rashba-Edelstein & &

TEHFNRIA LA M Rashba A, T2
K IEAE HL 1 i 54 ) 1) F e ) Bl
T AE S i 9 F S BAT AR ) B e @ 1. 4 i
gt it RS, A5 HL U R 1) B A HL
i, FEUFEA S BT [ e FEON AR SE, F
A A ERL R (1), ZIE K Rashba-Edel-
stein R0z 12, Horb iy A EAR R BB S Y HI 2 i <R Y
WEVEIE, SRERE &R AR A EAE R A B E-E 1.
5 Rashba-Edelstein %00 AH 5, #5776 2 A 2 H i A
T[T A e, SRR A4 AR R; X
M T A BE-shagiE, HER R A Mk E
T E e B R FR, 2 A e By e
Bl L BCHE 22, DT A A= e 21 L fif 8] 9 %
. XA AR i Rashba-Edelstein % 5,
spin galvanic %V, ﬁuﬁﬁéﬁﬁ?ﬂﬂﬁﬁ/ﬁéﬁé’a i
223 dF&MHE

DL _E A3 B ML B e 1 2 P R RE L 45 1
H A ST (B E) Ik N ¢ R
(1) R A - [ 5 B 2 48 0L, T AE — 283 47 1+ S AR}
AR O X R A TR AR AL | Fh NIk RL v
4 J& . 4 Rashba-Dresselhaus /£ & %5, if71EHL,
farim (). ABEW (J,) S5 B, B J,
Jyoc B2 611 BARRIUNTERGIERT, JE°F
REHT 25 A0 A F 2 BT A A PA o3 A X T D
B ok U, XA R T T — g
R ZARE, ST iy T IR iR A
RN NE, I REAETEANIE NS MG () s

T U ) A ) R A g, B R AR 2R M R IR R
(quantum nonlinear Hall effect) 1617 X FE-Jd
KA, —Hri g R8I S sk A
JRE AL 1181 S B it G 37 25 1 | 3R T A 8 R Y A
XPFRIRAR, 3 1T REAE 75 Y- T PN 2 G375 1% J7 [ ]
B F e AR o> S AT A (] 1), RPFRZPEF
IR (nonlinear planar Hall effect) [, X 4&
BET Y 5 RS A OGRS W — 5 T AT LA
VER9 7 AR T BERME AR P L4518, 50—
THI -t B 0 F e T REPE TS 1, I4ER
B3] H e T U HA.

3 HWEEEAMNWAMEER

Mef far LHE A FBERAA R, ZE - i B
BALHIVER T, SR s A sl A . A e
1 B ARSI I REERM R, S REE R A A B A
=4z SOT, WHEZRHE I ~ m x [mx (nx j)]
MAEG I ~m x (nx g) B 2=, Hrom
HREFETT IR, n g B, g, AT T ). LR
AT BT ENEIE R, RAS RS MR & AR
3l I FBEN AL T ) 25 P . 2SR
JEHE B0 B o IR REREC AT SCERRERE i R, 2537
TR 5 Rl A B A R o 1) B g 2R B VAR G 123260,
FLRAS LU B BB B R E SOTHMAERE YOG
Sg bR —. R, o s AT A AT 5 e I =2 (]
AR AR RS, B - [ ESER0R 1 (RFE2ERH
JERLR g, SRR npy), AR FBEIRA R
(DI S TR e Z3 L U N5 s MDA INE<1 N B 1]
ST BN L AT - ) B RO A TR i 2 AR A v
A A BEIEA R EZ T B Ak, TR IS
J& A ALY Th ke B R A - T B A B DDA O HL
o B TR R TR A, A O M RE TR
MR K7, M) SOT W 5T th i 82 b T e
EA. 12T R 3d—5d KA Kk h— 2t BA
ELRWE 1 AT IEM R AT A28, A ARG A M o
LT 25 0 L L S 3z R R Ay - 1 5 R 0 11 A O
PIZE.

3.1 3dTEL£ESLY: KERER

3d P m AL B iR A T ORHR, S
I RER AR, LR G R /A M | RETE L BRALE
T4 27 BRIRE (SrTiOs) 1E R 3d i I 4 JE ik
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Yrb W B RRL, B — RO A Y T 2.
PRAH SrTiO; BB ES T 3d° BB HES, (o T
W 3d PUBBA B S, MR O-2p
MIEAHZEZ) 3 eV, IR SEAR A S 1R 29, 72 ik
e T 3d #hi8 % A 1R ] I BF 4 o — 8 &) Jf
e M=HTRIIT to, PLIE, Hr ty, BUEN T 4K
TE SrTiOz R M H R B4 A b, i T 6%
A E F R EGET S S B, TR
il 75 30 1T 3R 1A/ A LA 9K X, T8 A
S T 4EHL R (two-dimensional electron
gas, 2DEG)B03U ] f2 8 O S5 0T 5 09 R L oz P
BT R R R AN S AT R T B2 AR R
£ SrTiOs " 2DEG & B, Fe 1 /5 1 1Y 25 8] 2 3
X FRPERE BRI BCRRIR 1) — e FE FREAT S5, T8
oR I 2 LA - e B R R T, TE A e FL 2R 4
WSRO

M TR AL a M AR 2, AR
%11 SrTiOs TEZRTH /S 1H A Y HL 454 A= U722,
JEAR to, BUE Y ) do,, d, BEHR B TR BES
AR5, —Le T bl X SRR TR I 2DEG.
I H i 32 3 2 BT 5 18 8 5 FRION 150
IXSERRHT 3 PR R A BF 4™ A — e BT, I
R HR T F45H. i 2(a) FiR, Vaz B4 38
i Ay PG H F BT (angle-resolved photoemi-
ssion spectroscope, ARPES) W SrTiO4 % i HL
FHE RN T X S5 R iy i AE A, JF LB
Rashba % 23 i — A Af g o il f AL T F Jié-
S AUE RS (F 2(b)). seak, fiTia+E H, ek
SEREAC AL 2= B REHT R AR R AR TR AR,
FEAETESR Y F iEBF L. King 55 BT A5 T 25U
4518, M d,y, d,,, Ay, BUBERCEI S SR, BUE A 3
L R Y e R A8 X, TR A A
(1 2(c)) 2 {H#HUIE M B A BORAE, 1 DTk 5
(1) H BEEF L. XA R JRytel AT HL 2 S B0
& Higs¥ 242510 13 Rashba-Edelstein Zv o & 1
Rashba-Edelstein &5 W A5 MLl B 452 10 H ik iz
118, ffi SrTiO; % i 2DEG H A % = 20 i B
fof- A e E 4. I H. Shalom 25 B9 1 Caviglia 2537
R B, AN B A X6 R T - 1 e B A A it
TA RO, XEWRE R T SrTiO, i 2DEG 1Y
A e B YRR m R H RS AT E AT .

YT SrTiOg i /A1 2DEG 3 H 137 A7
H ey Y HH - 5 B R AR S S R T

WFFE# B R %8R, Lesne %5 B8 7E SrTiO;/LaAlO,
St 2DEG ] A e 223 o A H g, g%k
fiFi% Rashba-Edelstein R0 7= A B AT, 45 Hi%
S A BT - A B AR CR A = 520/55° =
6.7 nm. 7E LA I, Vaz 55 Bl i AL R Sr
TiOs/Al ST 2 K T A AL E, WL 2] Agg A5 1
AL (] 2(d)), Hfe RAE AT 28 nm. X Rl HLIE#Y
e B AT MRS b SCHRE B i AR R A AR 1Y
SR, Y POKTH AR — & WL T A% 3h B Rl 58 XAk
I, HL 2 S it [ - sh i B0E KA Fa - F i
H 4, I s8R . i, Kaneta-Takada
2B FE SrTiO5/LaTiOg s St DU E] T 8 =5 1) %
}ﬁ%’ﬂlﬁ, )\IEE ~ 190 nm, %ﬁ”ﬂlﬂj‘jﬂé El LaTiOg+5
h I G HE R LA B R Rashba 8500 1 3[R 4
FH. A, R SrTiO, IR T Rk, Noel 55 10
7R T A e AT e 4 i A T LG i B 3 3R A T AR
Gy KRR

% T T3 Rashba-Edelstein R0 1YZ5 58, DA
i 21| H €AY Rashba-Edelstein 800 A/ A 2 4EF
BERYMFE WIRRRIESE T SrTiO, 1) 8 1 RE. Wang
4 M FE SrTi05/LaAlOg FL1i PL K CoFeB 5 i
SRS T =R T Rk 6.3 IFHAeE (K 2(e)).
A AT 30 3 k72 A ) OR824 % 2 B A T
YRR TG /), I 5 T L FAE LaAlO; R
WA ZR0. B Rashba-EdelsteinZh, Sinova
8 12 e IT ST 45, Rashba FURAAE —4EH
JHE R R UL, 3, B T L A - 8 L A 4 ) — o
BIL. 20N 7 A 1 B eI 5 1] 7E-F- T P 5 H i i
H, Al 5FH . 525, Jin 414 R Trier
2 MU AE SrTiO,/LaAlOg F 1 38 i A &y 3 0] 4 0
) — 2 19 e R 2R 2800 RN TR AR AR 7 A Y
HL(5 5. Horpr, Trier®s 30 52 i A [8] 75 ) 9.3
1Y Hanle W IESE 1 4 H e 8 /-0 ™ A= 1 A
Jig e EAR AR FERD (&1 2(f)). Bhdb, flufiTid % 3R
BR T HAHACR, Z RS A IEY K B W AE g
IS TR, s AR 1 pm. XA EE S
DA B T Ja P 8 1 JBoxsd Al Jmy Sl 19 G % A A DG 1Y
e L - ey

DL B 45 RS T SrTiOs A 2DEG B
A R LA e LR, JF HABE S
HArar i A R BV Rl 7E SrTiO,/
LaTiOy, s SHHEDULIN B i B REAR, R 2DEG
TRZR ) SOT PR B AR K HE =25 0] 45T Horp
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BEER S AR A BRALAR , e R 22 BRI E P R T 221 AT B v A7 FL AT - 5 AP 40 00 1 3R AE L
PO R RN SRS S AUERRE PG IR O EE) P9 B T BRI R &, 5 )5 i i o 22 i O
BEXHE LTS 5 L R AR R a7 #h M S5 Lt 4 JE 3T SrTiO; F I SOT 8 44 1l AR B4 e 1Y AH OC
R R R E BRI ST DT ). AT LA B H R4 e,

(a) (b)
03r 0.11
0.2}
- - 0.1r = 0.10
< < ol <
~ ~ ~
< < &
—0.1} 0.09
—0.2}
—0.3} 08
-03 —0.1¢g 0.1 0.3 0.08 0.09 0.10 0.11
ko/A-1 ky/A-1
(c) 0o N (d)
Ep I\ oF 40+ ;
—0.05 A N |
> \ 20 :
< 0101 \ |15 meV é (B § \ (I) h %&g (I) (M)(B
= \ 2, 066 00, o]
\ = - H i v /
& —0.15 < o 3 o P
5 | 3
—0.20 A —20} f
10 |
P A R DU S
—06-04-02 0 BT —200 —150 —100 —50 0 50 100 150 200
ky/(ra=1)  daz/yz day Ve/V
(e) (f) 0.5 ¥ LAO//STO
STO LAO, CFB T=2K ‘., ,2DEG
/ l Data L=2pum L~ 7’/ /J//
9t — Fit 0.4
v/ )
g 03r [/ Global
= 3 [ \ back-gate
< Z g \
<02+ | \
] ‘
y \
/ )
i “
0 =
, | Direct, and 1-LS |
0 100 200 300 -6 -4 -2 0 2 4 6
T/K B/T

[l 2 SrTiO, K1 2DEG 1 HL F 458 Sz 1 B fr B A R RAE AR (a) SrTiO, K1 2DEG $K ¥ ARPES 4528, 5it#
ZERAVI A (1 A SCER [34], ©HAFRAN); (b) BT 8 Gl B A B+ FA5 B S8 oK AL 1Y H BE ST A (Z218T) B ig i 3¢ AR i ik
B (A7 8L (th A SOk [34], BRI (o) RS RIMYRR A 4540 7R T Be¥ 1R & LA B Rashba BF %L, H7ERE 3¢ LA A TR
Rashba B¥ %4 (H [ 3CHk [35], T 3RAG824L); (d) SrTiO,/Al 2DEG 14 H A - F BEF e 00% A BEVEFE HBLE V, 97254k (A STk [34],
E3RAFEAL); (e) SrTiO3/LaAlOz/CoFeB Hilit B HCH (1 FL - 1 B A6 e (i1 1A SO [41], T ARTR AL ); () 38 3 HF JR) 33 oz )
i 2DEG WG IR JR 850N I R AR RN, P VR 95 A Hanle 50 v LA 53 A0 ARG S 0N (M SCilk [44), BRTSRAL)

Fig. 2. Electronic structure and charge-spin interconversion in the 2DEG at the surface of SrTiOj: (a) The Fermi surface of the
2DEG at the surface of SrTiOz; from APRES measurement, which coincides with the calculated band structure (Reproduced with
permission from Ref. [34]); (b) the spin textures of the Fermi surface calculated by the eight-band tight-binding model (left). The
figure on the right is the zoom-in near the band crossing area (Reproduced with permission from Ref. [34]); (c) the calculated band
structure exhibits band mixing and Rashba splitting, where the Rashba splitting is enhanced at the band crossing (Reproduced with
permission from Ref. [35]); (d) charge-spin conversion efficiency Mg of SrTiO3/Al 2DEG as a function of gate voltage V, (Repro-
duced with permission from Ref. [34]); (e) the temperature dependent charge-spin conversion efficiency of SrTiO3;/LaAlO;/CoFeB
(Reproduced with permission from Ref. [41]); (f) the nonlocal measurement of the spin Hall effect and inverse spin Hall effect. The

Hanle effect tuned by gating voltage is observed when applying magnetic field (Reproduced with permission from Ref. [44]).
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EAS RIS, H IR R S S B B 1 A2 1k
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A EAEFH 520 51 (b) SrRuO5(001) HL 45 ¥ 75 9 K T80 B kT 14 i 22 -2ly s WL 51, 72 162 ARPES Wl & 4521, 471814 DFT i+ 53 45
(A SRR [52], EARISRAL); (¢) IEEAH SrRuO; 31 K I B D1 B il 83 A i B 45 28 (11 B SO [52], 2R3 RAN); (d) 300—
60 K il SrRuO; 11 HERE /R HL-5 32 BE L BE (19728 A (4 1 R 1) SR DX IA0 P 0f B2 By P S 284k ) (1 SO (58], B 3RIF4RAL); (e) A
[ % i | SrRuOy FL A - [ BE % e BOR B I A8 40 (1 1 SCHk [59], B3R RAL); () ARIEFE LA IESCHE (L0 6 J78) b 77 48
(M (22 T8 ) SrRuOg fY HL - F BERE i %< (A SO [60], B AR

Fig. 3. Electronic structures, spin transport properties and SOT associated characterization results of STRuOj: (a) Band structure of
SrRuO; from GGA calculations taking into account the effects of magnetization, SOC and Coulomb interaction®!; (b) comparison
of energy momentum mappings near the Fermi surface measured by ARPES (left) and calculated by DFT (right) for StRuO3(001)
(Reproduced with permission from Ref. [52]); (c) calculated Berry curvature distributions near the Fermi surface in orthorhombic
SrRuOj3 (Reproduced with permission from Ref. [52]); (d) spin Hall conductivity of StRuOj; as a function of temperature ranging
from 300 to 60 K (inset: the corresponding electrical conductivity in the same temperature range) (Reproduced with permission
from Ref. [58]); (e) charge-spin conversion efficiency of STRuOjz grown on various substrates as a function of temeprature (Repro-
duced with permission from Ref. [59]); (f) comparison of charge-spin conversion efficiency between orthorhombic (red square) and

tetragonal (blue diamond) SrRuO3 grown on various substrates (Reproduced with permission from Ref. [60]).
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Fig. 4. Electronic structures, spin transport properties and SOT associated characterization results of SrIrOs. (a) Upper: The elec-
tronic structure map near the Fermi surface measured by ARPES; bottom-left: the holelike bands near the Fermi surface; bottom-
right: the linearly dispersive electron band near the Fermi surface (Reproduced with permission from Ref. [66]); (b) comparison of
the ARPES measurements and DFT calculations in band strucutre of SrIrO4 (001)1%7; (c) spin Hall conductivity o in the SrlrOj
bulk, here 7, y, and 2 represent the high-symmetry axes of the pseudo-cubic structure of SrlrO5™); (d) spin textures at SrlrO; Fermi
surface, this nontrivial spin textures are originated from the SOC and offers the spin-momentum locking (Reproduced with permis-
sion from Ref. [72]); (e) charge-spin conversion efficiency of SrIrO3(001)/Py with orthorhombic and tetragonal structures, the top
and bottom schematics illustrate side view of the orthorhombic and tetragonal crystalline structures, respectivity (Reproduced with
permission from Ref. [73]); (f) temperature dependence of charge-spin conversion efficiency of SrIrO;(001)/CoTb ranging from 50 to
300 K (Reproduced with permission from Ref. [76]); (g) charge-spin conversion efficiency as a function of SrIrOj thickness for
SrIrO;/ Lay 7St sMnOj; (solid squares) and SrIrO;/Py (opened triangles) (Reproduced with permission from Ref. [77]).
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Fig. 5. Electronic structures, spin transport properties and SOT associated characterization results of KTaOs: (a) Schematic crystal-
line structure and band structure of KTaOys, the conducting t,, band consists of complicated HE, LE and SO subbands due to SOC
(Reproduced with permission from Ref. [86]); (b) ARPES results of surface 2DEG in KTaO3(001), the red curves presents schemat-
ics of the measured band structure (Reproduced with permission from Ref. [87]); (c) ARPES results of surface 2DEG in
KTaO3(111); leftside: measured (upper) and calculated (bottom) starlike-hexagonal Fermi surface of the 2DEG, which consists of
dyy, dy. and d,, orbits; rightside: sideviews of the measured Fermi surface along high symmetry directions (Reproduced with permis-
sion from Ref. [89]); (d) schematic for thermal spin injection and inverse Edelstein effect (upper) and EuO thickness dependent in-
verse Edelstein current (bottom) of the KTaO3/EuO interface (Reproduced with permission from Ref. [97]); (e) the transverse
charge current generated through the inverse Rashba-Edelstein effect as a function of applied dc magnetici field, the inset schematic
presents the SP-FMR measurement configuration (Reproduced with permission from Ref. [98]); (f) bilinear magnetoresistence as

functions of applied charge current (left) and magnetici field (right) (Reproduced with permission from Ref. [98]).
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Fig. 6. Comparison of charge-spin conversion efficiency and
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al oxides and heavy metals.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films

Research progress of novel quantum states and charge-spin
° . . L) . k
interconversion in transition metal oxides

Lao Bin  Zheng Xuan  Li Sheng  Wang Zhi-Mingf

(Key Laboratory of Magnetic Materials and Devices, Ningbo Institute of Materials Technology and
Engineering, Chinese Acedemy of Sciences, Ningbo 315201, China)

( Received 21 November 2022; revised manuscript received 20 December 2022 )

Abstract

For efficient storage and processing of massive data in the information technology era, spintronic device
attracts tremendous attention due to its low power consumption and non-volatile feature. Spin source material,
which can efficiently generates spin current, is an important constituent of novel spin-orbit torque device. The
efficiency of spin current generation in spin source material directly determines the performances of various
spintronic devices. In the past two decades, great progress has been made in exploring high-efficient spin source
material systems and understanding the relevant physical mechanisms. A wide variety of materials are explored,
ranging from traditional heavy metals and semiconductors to topological insulators and two-dimensional (2D)
materials. Recently, the material family of transition metal oxides attracts tremendous attention due to its
efficient and highly tunable charge-spin conversion intimately related to its emerging novel quantum states and
electronic structure. The mechanism of charge-spin conversion generally has two contributions: the bulk spin
Hall effect and the spin-momentum locked interface with inversion symmetry breaking. Novel electronic
structures such as topological band structures and spin-momentum locked surface states can realize efficient
charge-spin conversion. For example, the Weyl points in SrRuO; and the topological Dirac nodal line in SrIrO,
are predicted to give rise to a large Berry curvature and corresponding spin Hall conductance; the topological
surface states can generate spin accumulation due to spin-momentum locking; the Rashba states at the oxide
interface such as the 2D electron gas in SrTiO; and KTaO; can generate spin current by Rashba-Edelstein
effect. Furthermore, the entanglement of various degrees of freedom, including spin, charge, lattice and orbit in
transition metal oxides lead to the electronic structure being highly tunable by various methods including gate
voltage, substrate constraint, thickness, interface engineering, etc. Therefore, charge-spin conversion in
transition metal oxides is of great significance for both modulating of novel electronic structure in fundamental
research and exploring its promising potential in future spintronic devices. In this review, we focus on
introducing aspects of exotic electronic structures, spin transport mechanism, charge-spin interconversion
characterization, efficiency and manipulation in transition metal oxides, and giving a prospect on the future
development trend.

Keywords: transition metal oxide, electronic structure, charge-spin interconversion, spin-orbit torque
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85025 VL A AR TR ¢ 708 ) 42 T L B HEO, 5 T I 14 K Pl P, 7 A U AR LA 22 ) 5 1A E g /D 0 8 )
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SRk PR YT IS5 25 AT 0 e ) B R R SR A ML

KR HIO, JEHIE, BRA ML, SR fF it
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BB S I AN 4 R S A E K (comple-
mentary metal oxide semiconductor, CMOS) T.
A2, HoRA Pt, Au, Ir 5 & Jm 4 1 H
W T 2858 2% HoiAS v 12 PRt AR TR 7—
28 nm T2 ZhASHHLF N (dynamic random
access memory, DRAMs) FIINATE, F5EkH FL4k i
FrAifi a0 & G, HRTTISRR KT 100 nm 1
PRRTZL

SRR (HEO,) HL4k i v fIF e oAy 58 i R i
REMSAT AL G AL R Bk LA RS CMOS A4
FNZHAJEERE T 2k HL R SZ BRAF )R, (5 HEO, KLk
HL B RL R 24 1T 8 I 5T AR 168 HEO, A &t
HUH R (,~25) MITEHT L (E;~5-—6 eV) S5,
FRAE N A ﬁ‘—’ﬁ%ﬁﬂ PR
JE-SA - R RON F RS (metal oxide sem-
iconductor field effect transistor, MOSFETs) H
1 Si0, 48 2% 2 -1 § 2011 4F Boscke 55 B 7£
10 nm J& 9 Hf, ,Si,0, (z = 0.026—0.04) 7 5
RINBRAAELE, =8 1 TV 205584 HIO,
SE IR BR M, (AR OT R B AR AR | S | BB
PP AN A A A Ty 1 A (218,

WE 1R, BT AR RO Bk | Rk
HLURI TR HLPE R, FEO, JEER AL ATRERT LA 32 1 21

HMEREES

B 1 HEO, e BT LLAEA LS i Bl TR v L R
B AR L, TEAR 2 AR A Tz 1 T TS

Fig. 1. HfO, based films exhibit excellent ferroelectric,
piezoelectric, dielectric, antiferroelectric and pyroelectric
properties, so they have wide application prospects in many
fields.

ZRDIREA D . ORI Y HEO, Hek rp i
5 AT B AR AR AN E By SR RRAE, W] LA H T4k
ML AR E L SIS L D5 AR M F A Akl
G A 048, HE) Zr O, WIETEE Zr 554
N HEA RN, HE, ALO, /20l HE, Si, 0,
W HA ISR SRR, s S L ) ik AL LT
290, AT AR A RERCR. R, BT R gk, HEO,
FEERHRLAT LS H T BE S A4 A A S J0 55 T
T 20220 Ak, HEO, JEEK A BHE e F 4t B AT
N AT B0 20 nm B HE, Si,0, HEEAESM
e T BB KNS, ITTIK S i K g a1k,
AT AN T BE AR B AOKAI L R eI E Je s 2 29,

AL F &G A

WE 2 fras, HEO, ) AH 2548 32 224 M RHA
(m AH) . PUT7HH (¢ #H) . S2 548 (c #H) . IE3CHH (o 4H)
FIZETTAH (v A1), Forb oIIL AT ¢ J& 2k i AH 1524260,
HfO, M350 m A1 (B 2(a)), HasE#EN P2, /c,
A AR A X E . m AHAE 1770 °C BFEAR
S [ BE R Py/nme 1Y ¢ A0 (B 2(b)), t HA 5
HfO,, FE I s A7 S gk v 19, ¢ AHAE 2550 °C LA
LFEAR Sy 48 (K 2(c)), HZSRIHER Fmml42 1
22 ol # (&l 2(d), Pbca) FIEAE oll Ml (Pnma) J&
HLO X AR AERCEAE, B4 BIE R 1 4 GPa
F114.5 GPa 41F T RaE 4 L.

FE HEO, FE3 15 T A v] e 1Y db AR 2544 B | oIl
HH (& 2(e) FED 2(f)) St UL AR HRoo SRR ok
AH. oITL AH H DU 5 T T0U A 1) HLES PH B8 R0 DU 4R ]
B O BB T4k, O BIES T el B Fiz
3, FHO> M HE 5T ¢ 3y ) B 1E G g
OARE A, T HEO, 76 ¢ flir i HA R, 5 ¢ A
FHLEG, oIl #HIY a F1 b J5 152 BN, ¢ 7 Ia i F
LA ik 22 B0 AR AR T g7 K 7. oIIT AH J2 WE AR
HH, WA SN &1E I 7 SR P A SR R AR A3 RS
2 oIl AH. ke AH T LUET Z R ok T, iR
B BT AR T RERON, 2529, AT, Wei %5 1201
BB THE Lag 751 sMnO;/SrTiO; FEJE Bkl
BOEUILA (pulsed laser deposition, PLD) il £ [
HINE I AR () HE 57 504 ER B, 20 = 27.13°
) X S AT SR IR 28748 (v 4, R3m) 4k
i A . Nukala 25 B0 % P HE, -Zr, 5O, 18 % 1 3L [7]
FEAE v A5 oITT AH M R4k Fa .

2 HfO,
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® 2 0) : (i)
E g | —m — m
. G —to IR AT
2 Z 10 (orth # o | i |
= ortho
§ g (tetra) <600 °C  600—950 C >950 °C
2 = ’mono | | |
o t-phase = / R
g [o-phase < T f m m, t t
8 O tet A
E m-phase, 0 ortho © ra: ‘ ‘ ‘
E,
0 200 400 600 800 WM m m, o ©°
Temperature/C

Bl 2 (a)—(f) HfO, S AL H/R BE, Hd (a) m A, (b) t #, (c) c 4, (d) ol #112Y LA KL (e) WAk 11 T A () A Ak 17 1= 1) oIII A,
() Hiy 571 ;O Y B BT REMIZE; (h) AN [R) AL R Y HE 5Zr0 50, IR AEAS R IRBE T BAR I B3); (i) HE 95 Y 070, FA4A BLS A2 1Y
AHZE R ] 30

Fig. 2. Crystal structures of HfO, with (a) m phase, (b) t phase, (c) ¢ phase, (d) ol phasel!, olll phase with (e) downward polariza-
tion and (f) upward polarization; (g) free energy curve of Hf5Zr);0, films; (h) phase diagrams of HfjsZr; 50, films with different

grain sizes at different temperatures®; (i) phase evolution during Hfy g3Y( 070, heat treatment (%,

WK 2(g) B A B BB Z TR, oIl AHTE i
T HHEAERI, BE TR, kS
FAEZ AT Y RTBFIE B Materlik 45 21
R A 25 B2z R THA., A a5 HEO, WY
T RET] DALk olIT gk HAH YA 2R . TEBCA N
FIEDBL T, 10 nm [ HFO, MR EA K AF AR PE,
U9 5 EL BE N F 14 nm DA B, 4 H PR TS
Park 55 B fSCB i BAT SR 4R i R T
JZUTUH (atomic layer deposition, ALD) %7 TiN/
Si HENE bl 95 1, Zr, O W, W 9.2—
29.2 nm, SLEGLEIR T, HE) 5771 430, 415014 2P,
HAK, MR T 24.2 nm B, FIAH LR
P, 8N, Batra 45 B2 5@ 13 11430 & I AR A
PIFRAE oIl AH.

BESS , WFFEN DA T AR A AR 0 b A ] 3 22
BN ) A X ] DL RS HEO, TR A AH AL KL
Park %5 33 3l o i 5% 9.2 nm B ) Hf, ;Zr, ;0, 1
R, S BN I A 485 f VA E R AR AR i R v T

FIFEA R34, & 2(h) J&AS ] Sk RS A
Hfy 5Zrg 50 #BEAEA [ EE N (AR IR, Horb Hi 5
Zrg 50, WRRDURRBE AR A, IR = 3 600 C
B, ¢ AHE A B REIIN, SO& S ¢ AH B L m A
F oIl A5G, #£ 600 °C iRk 1 min J5, Hf, 5Zr, 50,
RS o S IR AR, R m AR B I 2R R E
AH. Park 45 B4 i i AHAR BRI T L PR, ¢ AHFT m
AHI R & 223262 meV /i, EATZ EIXELL
RAEFAZE; ¢ AHAT oIIT AHI#42 22—31 meV /i
Ja, PRt ¢ AHA AT eSS A8 A ol AH. M ¢t AHM m
AHE AR SR AR, T T ARAE , AR ORI
PRI E] A% AR ST, A RS AGE R M
AHAR B RERZ) T, ¢ AHARRIBAIE B m AH. P A
FE AL BRI T], BERE AN ¢ AHE] m AHRYFEAE, {2
iE oIIT AH I AR 129,

Mimura %5 B ] PLD $AR7E (111)ITO/(111)
YSZ (B EALES) i bR AE K T EE N
15 nm 1 Hfg g3Y 070, WAL, QNIEL 2(1) s, 4
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FECH AL R BE AR T 600 °C B, TTRR 1) Vi —
m A T S AL B IR B TE 600—950 °C B, F5Y
m FAEAS R ¢ A, MRS H 2 = REHE 8 m A7
oII AHIIRA Y, M IAE IR K F 950 °C B, 49
URAFAERY m AHSE 25 A8 0 ¢ A1, SRJG 5578 olll
AH. PR, i B B R Y B ) 2 AR vT LA
t FHFGAE A olTL A, REASHS B ARAS S0 AR Y HEO,
L. XS ZE R R A ) AL T R
HRAEMSAEHE HE) 71, O, WA oI AHj" 4.

3 HIO, 33 fi 4% v pE i 45

3.1 TTEBHRMEREEE

IR BIMAE S R A BB Z AR AT LITE HEO, B
WA R oIl BRFLAH, £ 1L T ARG R
AR & BB AR HIO, Heui Il S H Ak L PERE (3 1
/1 physical vapor deposition, PVD BI4# < 17T
1 plasma enhanced atomic layer deposition sy-
stem, PEALD /455 14 55 J7 )2 UL chem-
ical solution deposition, CSD R fb 2% %5 W UL AR ).
GIRBIOTR AR R TER/NTEOCT ]HE Ji2k
BRITTER. R R B/ NB 25 ] LLsl ) HEO,
B 2 JR -SRI SS M A B, B
B PR R L. 24 HEO, B 48 2% 5 2k
FREOR, 4 Jm- A B S, B XS FR PR
5, (il HEO, HEWIB ™ A= Bk UM, Mueller 45 20

it ALD R & 1T M/Hf ,A1LO,y 5 (16 nm)/
TiN(12 nm)/Si 514 ik AL 28 2%, o MR SR
A Pt sk Pt/TiN, JE0FIE T 15 2% i % 1
GEM R A PERE RS X BHRAT ST (Xoray diff-
raction, XRD) FIAHXS /i HLHEL (e,) T AYZE R R
Wi, BEE AL 3, HE AL O, AR A AT
M m AHE olll A, f/5 3 ¢ AHEYAHAE. X4 Hf, Al
Oy 5 T Al B ELE 3.1 mol%—11.4 mol% i F
P, SRA TR P AL

5 Hfl—z‘A1$O2—§ %ﬂﬁ%{u, Hfl,IZrIOrZ @Hﬁ‘[ﬂ
A ARARL B 45 R R R T S R D041 PR Ze B
55 Hf (Y ICRR BRI H HE, Zr,0, A BAKM 1L
W, FTLL Zr —MARA RS I8t R . Midl-
ler % MR F ALD J7 4l % 7 W/TiN(10 nm)/
Hf, ,Zr,05(9 nm)/TiN(10 nm)/Si 45 ¥4 i) B 25 &% ,
F A B HL 1L (P-E) TEIRFSE T A Zr It
FE B a1y Zr, O, W b 2 e PR s 2k i 1
FISZI. WA 3(a) BI7R, BEE Zr & i3gm, HE, 5
Zr 50, 2 B R APk i, 3L P 35 5]
17 uC/em?; 4 Zr FhEdE— L8N, 18 HE, 37r, ;04
W R R SR, HE Zr Oy WEIRAE 10 kHz
TR e, B Ze SRS I, m AR
) e, ~ 25, olIl ZRHLAHIY e, ~ 30, t FHIY &, ~ 3511920,
Park 5 W JE400F 5% T HE,Zr, Oy BB FIA,
i AR HE 2,0, W HE/Ze (1 L DL K
R B, B A5 3 T A28 1 oIl £k FLAH . 3 4b,

F1 WL HIO, SERR AL MR A ] £ AR F AN ER L PERE LS

Table 1.  Summary of preparation conditions and ferroelectric properties of common HfO,-based ferroelectric films.
Bi B LRy U RS ORI A W37/ 2P,/ 2E,/ WAl B
TR OWE - Jrik B /nm JE/C (MV-cm™) (uC'm?2) (MV-cm™) K% /cycle
SiP71 4.4 mol%  TiN/Si:HfO,/TiN  ALD 9 N/A 800 °C, N? 4.5 48 1.74 N/A
. : . 10* at
[38] 0 . 2 5
Zr 50 at% W/Zr:H{O,/W ALD 10 250 700 C, N2 55 3.5 65 2.4 3.0 MV cm!
Y& 52mol%  TiN/Y:HfO,/TiN ALD 10 N/A 600 C, N2, 20 s 4.5 48 2.4 N/A
\ 10° at
(9] TaN :HfO,/TaN , N2 E —
Gd®) 3.4 cat% TaN/Gd:HIO,/TaN  ALD 10 300 800 C,N% 20 70 N/A 0 MV em?
. . \ 105 at
[40] % TiN/ALHf , N2 .
Al4 6.4 mol% W/TiN/ 0,/Si  ALD 10 280 700 °C, N2, 10 s 8 100 9.5 8.0 MV cm !
. . . 5x10°
altl 10. %  TiN/La:HfO,/TiN , N2 . .
Lal*! 10.0 cat% iN/La:HfO,/Ti ALD 12 280 800 °C, N2 20 s 4.5 55 2.8 at 4 MV cm !
. . . 105 at
[42] 9 : , N2,20 s . ~ 3.
Sr? 9.9 mol%  TiN/Sr:HfO,/TiN  ALD 10 300 800 C, N2, 20 s 3.5 46 3.2 3.0 MV cm !
. . 107 at
(3] 0 a .
Ta 16 at% Pt/Ta:HfO,/Pt/Ti  PVD 60 500 No anneal 1.25 106 1.6 0.8 MV cm !
k5 . . >10% at
sl N/A TiN/HfO,/TiN PEALD 8 N/A 600 C, Ar, 30 s 3.125 26 2.4 9.5 MV cm!
Xif AR 149] Pb(Zry53Tip47)03 PLD 500 650 65?50(;11’132’ N/A 151 0.14 1x1010
16 . . 109 at
3 A (46] . 2
it HE BiFeO4 CSD 525 N/A 650 C, N N/A 142 1.0 0.4 MV cm !
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Hf, ,Si,0,45-50 Fl Hf) La, O, WA 52-54 40,
FEAE 5 HE Zr,0, WA L1 4172 523 B2 . HEO,
B I gk v I B I AR P, AR R A R A
fb P, H 2.0 mol% La #2441 W/TiN(20 nm)/
Hf, 49Lag 92219 4902(10 nm)/TiN(20 nm)/SiO,
(100 nm)/Si M ELAE 49 J/cm® Ay i it AE 25 BE AN
70% HIFERERCR, AT EE N TR A s oo,
Miiller 25 28 3@ 5= ALD il % M/Hf, ,Y,0, s
(10 nm)/TiN(18 nm)/Si ¥ BEHAFIE T Y B 220k
FEXT HE, Y, 0, 5 WEPERERSZ W, H Y 845
JEFEIM 2.3 mol%—12.3 mol%, M 437>k Pt Fl Pt/
TiN(4 nm). W& 3(b) Frzn, HE, Y, 0, 5 WKL T
DURF IR K (post-deposition anneal, PDA) #4b
M2 E, gk rkgem Bk a#y HE, Zr,0, 28
o1, BEE B AR EE BN P e RSN, (B Y
B2 PAEHFEAR, X 5T TIN R )
IR A S0, Y B2 5.2 mol% I, Hij s
Y.05209 W RE ) P AT 2] 24 uC/em? 4 Y 1)

B 12.3 mol% I, Hiy ¢- Y 1030, TR P,
TFRERIEGE . R, EX AR A B
R HL- S R FL AR AR

HIO, S it SBR M i FERfE
FF G RZ A EFVNRR. B TBA5 S Hf
BB, LB AR 4R R T 5%
JRFZ B BN, BB A5 1) HEO, LA
) R AR 25 R X R K A el AR 708, ] 3(c) T,
TERZHEN T, °Hf, ,A,0, (A = Si, Al, Y, Gd,
La 5§ Sr) £kH IS & TR B 248N 3 mol%—
6 mol%, H P H —MAE 15—25 pC/cm? *f
TR/ T HE B2 058 % AR m3Ba
Bl (4n: Al, 0—10 mol%; Si, 2 mol%—5 mol%).
FERBZRIE LT, HEO, JLHIEH n] H BURRE 1Y ¢ AH
B N N/ e LI 190 i s ¥ 2oy N el £ L O 2 2/
Y1 (40'Y, La, Sr, Gd), 2% 830 [l w54, FLk
FB IR BE (O 3E N, Rl LLWLZEE] A m A E oIIT AH,
T2 ¢ AHEYARAS SRR, BN, H, La,0, £ La

(a) HfO, Hfo 7219302  Hfo6Zr0.4O02  Hfo5Zr0502  Hfp3%10.702 ZrO,
30
[ -
g 15
(.; 0 /
E —15F
_30|
50 | ~
& 40 Y d 2, / ’(Ab_
g
30 | - - %\ 7
—_— L4
20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
—4-20 2 4+4-20 2 £4—-20 2 £#4—-20 2 +#4—-20 2 +4—-20 2 4
Electric field/(MV-cm~1)
(b) 50
PMA
N Vi ﬁ “
—~ 0
: / ~Yor
§ a5l X
@) o
= 2.3 mol% g
~ 0y ~
< 150 - , Z:.g mo%;&. 3
2 PDA o2 mot 2
b= 12.3 mol% =
8 o5t 3
= =l
S 3
[aF 0 8-'
(@)
_o5L
1 kHz
—50 1 ! 1 1
—4 -2 0 2 4 60 80 100 120
Bias/V Crystal radius/pm

E 3
Sr) MR [ P, {EFE S AR R A 45844 B AR AL I S {28 & 09

(a) Hf_Zr,0, L (%) P-EF e-E #h £k 19); (b) Hf, Y, 0, s ML P-V £k 29 (c) Hf,_,A,0, (A = Si, Al, Y, Gd, La %

Fig. 3. (a) P-E and ¢-F curve of Hf, Zr,0, films['; (b) P-V curves of Hf; ,Y,0, s films; (c) contour plot of the P, of Hf, ,A O,
(A = Si, Al, Y, Gd, La and Sr) as a function of crystal radius and dopant content!'*.
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FHPE T E2 R m M, (HREE La AR,
m AHZ3 (8] oIl AHFI ¢ MHFE7E. Schenk 55 42 B 5G]
ALD #4147 Pt(50 nm)TiN(12 nm)/Hf,_,Sr,0,
(10 nm) /TiN(10 nm)/Si # A&, SrO B4k [
A 0—22 mol%, 7 SrO B2 E R 9.9 mol% K
EBRE P AE (23 nC/em?). HF Sr fERK
K (200 pm), FECHS, Sr, O, WA B EE
il HEO, AR R KIFZ. J734h, Balb¥ Calt)l Gdl616?)
A Lulo) %50 2 AETE HEO, FEM i 5 2k
CERE

bk Lk & @B, E&RBAITR N, C,
H 45 3 BB (15 HEO, Hk i 58 v = A £ vy 1 (64-061,
Kim %5 0 314 ALD #ill4% Pt(30 nm)/TiN(5 nm)/
HfO,(9 nm)/TiN(50 nm)/Ti(5 nm)/SiOy(100 nm)/
Si WA, B9 T ORI E X 4 HEO, ARk FL PR 1
SN, 7E 220 C BTTBIREET, HIO, Wi H AT 42
SRR FLPE . BRHL R R 7 A R Oy HEO, v ) 25
R, TR AN 20, S BOER A
FRARBRAB 2% . BRARBK ARSI ] HEO, T kL A A
A AR Rk ol IT AHAIE AR, HUTRR
THEE] 240 °C B m i, B AR B B BRIB A
SRR, HEO, MNP EAT A E.

AR O IR TR SR, FHE
T A AR KT HE 57 5O, TR AR HL M R 52 1.
Park %5100 j@iid ALD 4§ M /Hf, 571 505(10 nm)/
TiN/Si # 5, Hod M Ry L HE A Pt(80 nm) 5% Pt
(60 nm)/TiN(20 nm), RHAFRHEMT Hf, 571, 50,
WIRATE Hy R T IB K Z 5, Hfj 521, 50, 3 5 1Y
P, {EWEA T . L4k, Oh %5 67 & Bl ad &k H,
B, HYB AR A ] LIS HE, AL O, 5 1
JEEAY AL R Bk, b SRR PR A R 107 AT
R BT 100 AR, B a] WS R Hy iR AT
PI4ER W/HE AL O,y s (15 nm)/Si WM AL 55
R

AN IR HEO, S gk i Y 3222
JR R 2z —. AW & B HE Ze, Oy W, B4R
SHURT LA bRz A9 KO m AR B, AT 42
e R R BRHL M. BRI S S HE AR R
AT IA S FEEV R AXTR, 352
HIO, , IR E L P 19 th 8. Zhou 55 81 7E 2
2x2 RS AR SN, THE R BE S G AR
2357 ] ABE T m AR ) oI 1T A A% 7R AYHESR 64, a8
(LI S BEIR HEO, , HEyi B A AR 45 4 1) X FR P, il

3t FIFN oI 11 A= [ A ZR R, ¢ MRS D678y
olIl M. A 4b, #e58 5 AHA Z= R A L FIME T
HfO, M2 7 I m AR 2] olI1 AH. Xu 450
R T/ N 4B2% (0.34 mol%) i, A2 i i+
## Hf—N Al N—O S8k f20w 2 H oIl AH,
EHEE HIO, IR ERE, (Aid18 (>1 mol%)
SR EIHAL.

3.2 R AiE#EE HfO, EEEHISkE

bR T e B2 FBkBE I, W EisdnT DL
15 HEO, JEMEBE Ak LR RE. 76 ¢ AHE m AH I AH AR
JE R (R B A AR K 70, R U, SRR AT
WXt HEO, & Bt I A ALK IS, 77 BEAZ Al b oITT
FRARFEE KA m AT AL, MITTSE M S HEO, Jki
NERARZS 132, Boscke 25 Bl F1 Miiller &5 28 (40727
5K, AETC TiN AR ATE LT, HEO, AR
1) PR TIN - rAR A AR, PRt
FIFE A E R B R A A ATLBRN 77 A A
H, ATARIRRE HEO, SEHERR 4k i ol L1 AHIY H Y.

TiN )2 M T4 8 -4 4 K48 (me-
tal-insulator-metal, MIM) 45+ HfO, J& H1L 25 2% 11
il €. Lomenzo % 9 f] ALD #il#& T TiN(10 nm)/
Hf, ,Si,05(10 nm)/SiO(2 nm) /Si B 2 8%, H P, {4
=ik 22 pC/em? Kim % ™ %} TiN(45/90/180 nm)/
Hfj) 571 505(10 nm)/TiN(90 nm)/SiO5(100 nm)/
Si MRS R FLPERBHEAT TSR, 7E TIN/ Hi) 571 5
0, 1B KR FHAE K TIN _E A, MIcek . 4
Kl 4(a) Fis, AR TIN _EHRG FXT TiN/Hf, 5
Zry 50,/ TiN #F17 400 °C iR Kk, Wi EA B0 ek
Bk, P, {HM 24 nC/cm? TiN HBAERUEH SR
FROGT HE) 571 5O TIEA KN 11, T80 HE) 571 50,
RS AR SE AL o BlEAE AN ¢ B, TR T AR XS
FRAY ol 1 AH. W&l 4(b) FizR, TiN/Hf, 5Zr 50,/ TiN
HL AR P (EBE TiN b H AR SR (45—180 nm)
ST 4G . B BE TIN H A% JEE R By m, HE,
Zirg 5O, T JIEE A 7 1o A8 o B 22 30, (45 4k e
P RIMEE . Schroeder 25 14U £ ] ALD F1 PVD il
#% TiN(12 nm)/Hf,_,La,05(12 nm)/TiN(12 nm),
La B2 E 4.4 cat% 34 cat%, 115845 3| MR 1
TG PN 7 T 895K I 118 2 GPa. B TiN BB 41, TaN
A DL HEO, B4 1L 45 K T PN 5K g 77
Ta—O HEnT DAAE S X UR AR, (115 HO, 5
HH AR X PRk i 1 (72,
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0.8

§\ 45 (a) Amncaling after TE dep. '(C) Il TE/HZO/TiN c’f 30 (e)
; Annealing temp. s~ - TiN/HZO/BE r
§ 30_swc _=m77 2 06} /mzo/ E a0l
Q  15f—400C 7 / % 2 10}
= — 500 °C |, / = =
T 0 / o g 04f g 0
9 o7 / 2 2 )
s -15¢ / / A 3 107
N . N - — HZO/VO,-1
2 a9l Py O 02} 2 —20f 77— — -
2 70 =#FT HZO 10mm a0l = “izonon
£ —45¢ TiN TE 90 nm £ — HZO/0
-3 -2 -1 0 1 2 3 Ni Mo W -6 —4 -2 0 2 4 6

Electric field/(MV-cm~1) Electrode Voltage/V
&‘\ 45 [(b) Annealing after TE dep. (d) - TE/HZO/TiN & 15 | (f)
g 10 TiN TE thickness 60 Bl TiN/HZO/BE g
3] [— 45 nm s, N 3 10 |

— .

2 £ g 5 N
= S 40} = -
3 0 = 0 \VARRY/ -
= = ] 5L L -
g & 20} 8 20 Fatiguo stress M
5 7 N = —10f = -
= e ¥ HZO 10 nm = 5l samad
£ —45t Annealed at 400 °C g —~ HZO/VO,-1.67 - HZO/0

R e S 0 AP S

-3 -2 -1 0 1 2 3 Ni Mo w 100 102 10* 106 108 10
Electric field/(MV-cm~1) Electrode Cycles

B 4 (a) B AKIREHN 300—500 C B Hf) 571 50, MK P-E ili1£%; (b) TiN B R A 45—180 nm i} HE, 571, s0, WK P-E il
2R 175 (c) ANIA) HAR 19 HE) 5Zrg 5O, 19 o A0 HE G5 (d) AN ) B AR 9 H) 5Zrg 50, 19 2P, {5 ™; (e), (f) A JC VO, b LA ¥ Hiy 5Zr, 50, 15

B4 P- V7 It 2 FA ) 0 5 B v A A B S vy P17

Fig. 4. P-E curves of Hf,;Zr; 50, film at (a) 300-500 °C annealing temperatures or with (b) 45-180 nm thick TiN electrodel™. (c) o-
phase ratio and (d) 2P, of Hf ;Zr, 50, with different electrodes™. (e) P-E curves of Hfy;Zr;0, film with or without VO, top elec-
trodel™. (f) P, values of Hfy;7Zr, 50, film with or without VO, top electrode after different polarization switching cycles 7.

TE HEO, FEME W, Ni, Mo %4 J& it
Al LLERGE HEO, HEMEIE I ki ERE. Karbasian 55 7]
K ALD A1 5t 41 £ 7 M(10 nm) /Hf, 47150
(10 nm)/SiO4(2 nm)/Si, M Ky I HL B W = TiN,
WF5E 7 AN B HE, oZrg O, TR 8k B R 0
SO, R WL B Y HE oZr 50, WY P, 35
# 23 pC/em?, B T TiN N AR P,
{H 12 pC/em? N ZA = MIE I HEILH], 5 W 1E
HE R A BRI, W RS 5 9 R AILAR Y. )
A BT HE gZr0 50, HERHL R4 R . Lee 55 M
%% 1 Ni, TiN, Mo fil W i HE TE/Hf, 5Z1, 50,
(10 nm)/TiN [)_FHA AT TiN/ Hf) 5Zr; 505(10 nm)/
BE BN AR X AN 25 R Y o AR ELBIAT P, /Y
o, o TE AR T, BEAARIRHL, W
Kl 4(c) A 4(d) Fros. AR R B, R S [A] AR
(1) Hfy 571 50, HEBFRIZIY o AHELBIAT P, AN, Bt
Hh, R W BRI TE/Hf, ;71 50,5(10 nm)/TiN
L5 R A TiN /HE) 571 504(10 nm) /BE 454 34 315
T oIl M ELBIRT P . T A WA S 2
1R K ALBR. fin, W /HE, s Zr, s05(10 nm) /TiN H,
RN PAEEF] 24.1 uC/em?, TiN/HL) ;71 50,
(10 nm)/TiN L5 45 19 P, {H A 20.6 pC/cm? il
L BRAR IV IS 5 AN R R HLE 57 50 TR

HANE T, W AR IR S AR X A ™ A T R )
SR T, X FPPEREZE SRR W R A A ik &R
H(4.5x10 K 1) ko TiN FAYZREL (9.4x10 6K 1)
K, 43 W AR S S BRI ), A B T
Hf 571 504 1 oIIT AR, MR HE) 571 50,
WA R LR T A, AL e AROR R T TR A
FURK HLAR B HE) 5Zr 504 K15 1Y ol AH EL 451 F1 P,
WAKIEE. FHIRAE 230 5 TE Hi) 571 504 TIA TR
HOE AR, JC R %) A TS J2 RN %4k Fie A
AT R0, T TR HE, 571 5O, 2k H MR SR K
VEFHUN . STREARAR EE, IR HE) 571 50,
FER R RZ I BE K. AR Pt, Ir, ALFT Ru %4
JR AR A2 B 56 T, TR TR K R B
K, BT HEZr, 0, BRI LT- 84 JeRE1EH.
J38b, VO, #1 RuO, AR I LAY BhFS e Hi 5
Zr 50y W) oIIT B FLAH. WAl 4(e) FNIAL 4(f) BT
7N, Zhang %570 SR ALD #il€ T Cu/Hf, 5Zr; 50,/
TiN/SiO,/Si AR Cu/VO,/Hf 5Zr, 50,/ TiN/
Si0,/Si HLA s, HA VO, R HE) 5Zr) 50, W)
R PERERIE RS =, Bowids E, fUh 1.09 MV /cm,
P A% 18.5 nC/em?, Bki e b aid 100 Wk Bl
2 A HBUEAUUGE I, T 29 10.9%. 14k, RuO,
A LMESN HEO, BRI 1 A bY) FHIB. Goh 477
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KH ALD il T RuO,/Hf ;Zr; 505(10 nm) /RuO,
L A A, LA A Ak B % 57 OBCRT B 3 108 1K
Zhang %5 ™1 3@ 33 ALD i % StRuOs5(30 nm) /Hf, 5
Z10505/Pbylr,0,(20 nm) /YSZ # I, 7£ Pbylr,0,
JECHEAR EANER) HE, 571 5O, IR A 5—50 nm.
24 Hf, -Zro 50, MR EE R 7.5 nm, P, {H 5% 30
uC/em?; 24 Hfy 571, 50, R 30 nm B, P AEA)S
iKF] 10 pC/em?.

Hof ISR R AR A R Ty ) () DG R AL ISR
WY AR A B | Al S E UK REGES BT
FEZE 5, PR IER TR A PEREA TR A 520, Shir-
aishi % [P f{JF58 T Si, SiO, F1 CaFy #HE 7= A2 )
R JI%F Pt/HEy 5710 505(17 nm) /Pt 35 JRAER H P 11
S . B R IC I R AN, HE, 5Zr 50, ¥
S XRD 1% &l i 30° BT 5447 S e 1) B 8 1) £ 32
Fe3l). 1E CaF, #HIE B HE, 5Zr) 50, RS AH,
4 fif FHAARE ik R BRI S10, #JERHT, HE, 5Zr) 50,
Y FEETE TR PN 5K AR R B B M. B TIN H
W5 SiO, FNELE S, HTHIN IR TTHR, HE, 5210 50,
TR LA A5 A K FL

B A, (YSZ) R EAG AT T 8 A )
SERI AT HEO, BY A% H 4L (YSZ, a = 5.12 A;
0-HfO,, a = 5.24 A) 0 i 5 V5 g HFO, JEH 5 1)
HMERTIE. Li 55 B R TIN SRR, 7EA A H
a1 YSZ #HiE B4 1 AME HE, 57, 50, W,
F Hf, ;71 50,/(111)TiN/(100)YSZ i [E3Z 2] i 4
J5 W RN I, 78 (111)TiN/(100)YSZ # )ik - 4h
FEA K HE 571 50, T 25 55 1) olIL A1 (111).
Katayama % B R ] PLD # R 7E (111)Pt/TiO,/
Si0,/(100)Si F1 ITO(30 nm)/(111)YSZ LK 4=
KT Hify93Y 00709 A8 E IR . 1 T HEp 93Y 070,
(3.653 A)F1ITO (3.594 A) Z[A] Ay S A% S L LE Pt
(2.774 A) F1 HE) 3Y 0705 Z 1A i SR Bl /MR £2
TEITO/YSZ A AR HE 65Y 070, HA H i
R L.

J T AR HEO, JEE Ak P | RE
FATREVE, 22 B AT R T RSB T B A B R
45 SrTiO;. H & Si Fl Lay 3Sr; 3MnO4(LSMO)
b i 52831 Li 45 47 38 3ok GRS [F1HBCA] Y 0.7 mol%
Nb 2% SrTiO4(NSTO) #fJiE, W5 Cr(10 pm)/
Au(30 pm)/Hf 56Si.04402(1.5—15 nm) /NSTO i#
JRE 2 M B XRD 25 R 3R, HEj 95651004409
JEE AT LAFE (001)NSTO #fJi§ LAMEAE K, #HE S

HEO, HEHEAR ) B Y fi b 2 BE T LATE Bl g 2 b4
HARAS B 454, TR HE AT O 9™
FVE 3G i 1, S TR] R BE 1Y HE 0561004409 Y
P, {9 8—32 nC/em?, P, {F B MR IR BE 4% I o
SEIJE )N IR R HEy 95651004404 TERIR EE Y
SEN, R AT S U ) 8 o ) A TR A ek
/N 534, Lyu 45 B9 HiGH TAMEA: K /) P(20 nm)/
Hf}) 5Z1r(505(9 nm)/LSMO(25 nm)/SrTiO {1
P (B 20 pC/em?, A MR e, H AR
]34 %) 10 4ELA b, 5346, Lyu 46 67 F|J PLD 4ME
A KA Pt(20 nm) /Hf, 5710 50,(7.7 nm) /Lag 381 /3
MnO;/SrTiO5(26 nm)/(001)Si LAY P, {ERE] T
34 nC/cm?. Cheema %558 FIH ALD F2A B
#% T W) TiN/HE) ¢Zr),05(1 nm)/SiOy(2 nm)/
Si WM, Si0, J= 1T LI Bk AL ol I F IR i de {4 1 1o
73, Hig g7 5O W EAT B0 (0 2k i 79 1 h,
Xu A B FI FHBOE A8 I GF 3l IXCEOR ) 4% 1
Hfj 5Y 1209 ¢, PR RS A R T H
BREMERE.

Estandia % 0 78 — 2 %1 5 & % JIE (MgO,
NdScOj,, ThScO;, SrTiO; Al GdScO4 55) ik
A KT Pt(20 nm) /Hf, 571 50,(9.5 nm) /Lag /381y /5
MnO3(25 nm) ¥, #1587 IMER 5 HE, 521, ;04
BB OC R . B T RIS 1Y A% S ECR TR,
Hfy 5Zirg 5O WK SZ B S IS 09 29 oA A [R], 38 3 78
A s SRR S IR _EAE KR HE, 571 504 1) ol11
FH SR B2 BE3R . 7E ThScOy il GdScO; # ik - il &
) Hey 571050, ALY P, AE AT E] 25 pC/em? 5
Hb, DORE R b A DT AR BE | s | RS HLAM
AT — S B FEIR, AT R4 L M 81— S 1) 9 7
PRI,

AR HIO, i 5 0 BIF 9T U 1 AR K A i
EITAT IR 52 B 22 R 2 . 3l 5 TR 3 1Y
PR R i IR 5K 7, SR FHRAT IR ) A4 i
B R OR i A SUR I, 7T LA HEO, JEv I A
AEGSAIERHIE. I, 7 & HEO, JEpBmT, ik
PEHMEART AN PR JERE (110 nm) BYT7%, AT
AT EAT 1o B ) R B 4 ) R FL

3.3 XREMFHEAEHE HO, EHEER
2203

ST RE SN X HEO, HE 38 JI5 b oIIT AH % 2k it

PERERS % B EAE . HIO, SLT R P oI AH Y 1
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AE/NT m AL /N EAT B R LU RN, oIIT MEASAH
5 m M Z R 22800, olll M 75 ) 78
W R FREAALE. S TA3RIE Z 0 oIl AH,
TERRB/ N RS E | A ORI ARG 1 | BEAIRAR Sk
T EE S, SRR SR R LIS 3] olIL A B192-91),
it YRS T 85 ) 1 TR A R RS A S R, oI TT AH S
HR M2 5 H R H k.

Polakowski 4 [ #8224 HfO, F 5 ks ]
SHEUINGE AR TR BE 1S A Bl T s R Y gk
P, KB 6 nm R HFO, SRS P, 7 10 pC/cm?.
WE 5(a) FF R, Mittmann 25 99 fF 58 T PVD Bk
FALD 5] £ B9 A 6] 5 B2 R 48 2% HIO, Heli iy
BRra e, KB ALD il £ 1) HEO, 1Y 2P, B J5 5 1Y
BN IS/ B L PVD ORI HEO, PR 3 Al
REJZR O PVD UURL HEO, BT = A 1 402 0 Ak 25
BRBE 23 FEAIK oILL A Y H HrBE, f oIIl AHRBAE AR E .
A, X TIREB/NR KRB A HIO, W, T
R S8 A OCR, A HE Y o LT AH ki 5
I B i AL R k. Liao 4 PORI ] ALD
il % W (40 nm) /TiN(20 nm) /Hf, 5Zr, 505(12 nm)/
TiN(40 nm)/Si FLZ 2%, 8 i ¥ 6) ALD 98 BF Lk
/N Hify 521 505 B SRRLEAR, XT38 ok R R
13 nm i Hf, 5Zr, 50, B, H P, 2 20.5 pC/cm?,

24

&) RN STy W AN M DR = E2l Uy WE R R 7REEN &
S, AR A RIE S, BERSSCIL HEO,/ ZrO,
AN Z I FORURE A, AT 5 g A0 B P
P 197981 Shin 1 Sonl® % BLAE HAEAL K 7 nm Y
HfO, 2K i FPRIH BAT RAFHIERHLIE. Chen 450100
18 i R HL 7 B4R (piezoresponse scanning force
microscopy, PFM) RAE ik KT X4k L A7
ISR, R " FE ARG R . dag BEARLR ST B
BERE s NS, BLA R R ST BN, 2R L PR
PRI, HLEO. 3 14 2k P 1 B T L ok 9 42 YR
JE R AR R T R 5

el NS EE B2 b, mT L e A A AL 2
iR ] CSD J5 5K B 1k HEO, J 18 (1 Rz 1 K.
Kim %5000 @iid ALD #4 1 Pt(30 nm)/TiN(5 nm)/
Hfy 5Zr) 505/ Aly03/ Hiy 571 505/ TiN(50 nm)/SiO,/
Si LAY, WE 5(b) s, X4 Hf, 5Zr 50, A E
B 10 nm 413 40 nm BF, FRATA Al,O4 H1[H]
JZ B HEy 57, 50, B P AEM 30.7 pC/cm? 1K 2|
2.1 uC/em?. ik 5(c) Ui, XFMmA Al,O; H1[H]
IR Hiy 570 50, W, 2k ALPERE PR A5 E 1R 4L
Fe K, R A JE A RHBE 1k T HE 5Zrg 50, W5
H R A K, TR HE T /N AfRE ROST BORR P oIIT
FHAVIE . st H CSD J7 ik il & AR 5 2% HEO,

I (a) HfO9, ALD =4 MV/cm, S 30 (b) &30 He)
\E 20k & w  PVD=3MV/em \E \E il
§ .- g 20t E 20 f[
Q 6p ./ N 2 10} 2 10} P
< q12f 0 < = I‘f /
g Y \ g 0 g 0 fa
S ol % . g HZO 8 £ r 4
= Lo S 10 | — 10 am S —10f J # nzanz
S, . aALD650C g 3 Y iy S — 20 nm
E : .. -= PVD 800 C 5 20 30 om 5 —20 M — 30 nm
Sob o ] E wd wim] F o
5 10 15 20 25 30 35 40 —-4-3-2-10 1 2 3 4 —-4-3-2-10 1 2 3 4
Thickness/nm Electric field/(MV-cm™1) Electric field/(MV-cm™1)
1.0
O 40 + o — 0 nm AlLO;4 fe .
U @ ) (e) — i nm ALOS L 15T gt ®
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5 of g 0.8 )Q —8um Ajl\;log g 10 | 3 pm A0
10 nm ALO:
2 —20f E% 0.6 | 20 nm ALO 2 5 nm Al
SooE /" 3> | === ¢
5 8 —_— g 0
5 40 ¢ g 04 3
£ 20} s . s -5 .
g = 30 nm TiN/ g 30 nm TiN/
= 0r 3 0.2t = nm Al,O3/ 'z —10 z nm Al,O3/
= —20f s 20 nm HZO/ Y 20 nm HZO/
-3 -2 -1 0 1 2 3 —10-5 0 5 10 15 20 25 —20-15-10-5 0 5 10 15 20
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B 5 (a) ALD F1 PVD il £ i HIO, WA 2P, 5B 56 R ) (b), (c) ANFEEIREAY (b) HE, 5Zrg 50, WA (c) Hfy 5Zry 50,/A1,05/
Hf,y 57150, VLMY P-E fZE10U; (d) 4x (HfO,(1 nm)/ ZrO,(1 nm)) WA 8 nm Hf, ;Zr) ;0 FHAMRRL P-E #iZE107; (e), (f) AlO5/
Hfy 571550, (20 nm) X2 H R ALOs JEERALE (e) C-VHI (f) P-V £ 10

Fig. 5. (a) Thickness dependence of the 2P, of HfO, films prepared by ALD and PVD.. P-E curves of the (b) Hfy 571 50, films and
(¢) Hfy5Zry 505/ Al,05/HE, 571 50, films with various thicknesses'!. (d) P-E curves of HfOy(1 nm)/ ZrO,(1 nm) x 4 nanolaminates
and the Hfy 571, ;05 solid solution'"”. (e) C-V and (f) P-V curves of Al,O3/Hfy 57150, with different Al,O4 thicknesses!'".
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THE RS JEE 3 7E 34136 num 8 ] P9 ERFE I L 0 A
Bk, HoiP Au/TiN/HfO,(136 nm)/TiN/Si (¥
W P AE 35 22.56 nC/em?. R R RE R,
W REAFE /NIRRT A R R L, 2 ol %
JERRAEIE R R A ML AN 58 4 o0 i A ok AR
KB = A SR A, BELAS T Ak ARG, (75 4
LAY RST I8N, RETRERG R T, 23 T olII AHIY AR
B 102103 CSD Jr ¥ Bk FH T 1 8 JH Al J5E B A K
1) HEO, FEZkHL i, Ltk HE, ,Ca, 0, Hf, Sr,
0,104, Hf, Pr, 0,19 Fl HE, ,Y,0, 5100,

HIO, H4k v 1 I 1 4R At 2 il 240, R
SN S HAR PR RE AT EEE A2 . HEO, /
ZrOy YA S 2 HA A BT A 48 07 (8 45 0 A
Weeks 2 107 F| ] ALD 7£ SiO,/Si 45§ _E 4351 i
#% T 4x(HfOy(1 nm)/ZrOy(1 nm)) Al Hf, ;Zr, 50,
(8 nm) [ AR, R A58 100 nm i
5 nm [ TiN H, BF5% HEO,/ZrO, R e L M
Xof Ve R JEE BE RN A5 A8 AR AL OC &R . Nl 5(d) i,
1 285 C UL 4% (HfO,(1 nm)/ZrOy(1 nm)) i#
JIE, LR PR IR - BOTAE B HE) 521 50, W, H:
K 2P (H A 50 uC/cm?, & T K H Hf, 71, 50,
[ v 1A i £ 19 8 m JE BE 11 HE, 571 50, W (39
uC/cm?). X Je i TAIAB HEO, I ZrO, (5= A
AT id R AN EN I N 6 O ALY 9 Ay N i
HEEFA TR A Ak 5 1081, JeAh, e RS A4 P R AR
HL /1 B Z S5 H 2 B2 m gk s R i Si
2009 3@ ALD il TiN(30 nm) /Al,O5/Hf, 571 5
0,(20 nm)/TiN(30 nm)/Si L& %%, #9557 ALO,
(R EERE X AlyOq /HE 5 Zr 504 WUZ IE IR AL TT 5 1
YER. 4niEl 5(e) FIIE 5(f) F7R, 16 Al,O3/HE, 571, 504
MR, ATRHIAREE ALO; JERE (4—20 nm)
FEE IR/, 24 ALO, JEEE A E] 20 nm, P-V il
RAVFHIE AT 2%, AR R v 2 ek L 2
S BOW R A PR IR Wang 45 110 5@ 3 ALD il
75 1 Au(45 nm)/Al,O5(1—4 nm) /Hfy 571,50,/ TiN
(170 nm) /SiO,/Si FLZ Y, WFFE T FHi R Bl Y
BT, BEER T Al,O4/HEy s Zrg 504 XUZ B5 Y £k i M
e, 24 ALO; JEEE 4 2 nm I, WA P, {H ik 5
16.2 uC/cm? Chen 45 MU 38 i 59 i A1,O5 S HL
JEITESEIL T SR AR, AlLO5/HE) 571, 50,
MUZ I F s, H PR 24 uC/em?. i
T HLZ RN 2 0 U BRI T RE B
[A], 7EAMHL TR A R AR L 2 ) i AT LA

*/D\% Eﬁ,ﬁ ZTOQ I%{%)%Xj‘ Hf0_5zr0_502 Zﬁﬂ%ﬁ@%ﬁ%
PEA R R 20 121 PR, T ST Rkon R T
RN HEO, i IE % Bk H M H 2 D

4 HfO, #% fE oy B A 282 i A
4.1 1T1C F0 1T ¥ B1FESE

A a8 Z BA DAL DRAM JRFERY
FEE, WS HENLAE U (static random acce-
ess memory, SRAM) [ =iz T &, I HARINFF
(NAND) ARFEAEBAT IR IE I T HOR BB IRAE(S .
(BRHES) g k) 131, HEO, JL4k d MR AT 5 CMOS
2R T kg | BRI C IR AR5 R
PESFIE 2R, M e R T AT B
AR, A R ve IRAL GE s A RS R R R
AIPRR. HEO, M EARIK P, MIHEEA CMOS
T ZAAVEIF SO0, TRk At T AT TR 19
IS FH i () B B TR R HFO, i s py /7
Z N HE W) Z 05, Hm i At as i 3
BURIZERE O 1T1C BUBR A it As 117 1T BBk L3
BN fh R4S (ferroelectric field effect transistor,
FeFET) M6 BAT AL /2R B 57 2 /il il = IR 4
I R L BEGE 45 (ferroelectric tunneling junction,
FTJ) 17,

wE 6(a) FiR, 1T1C HEIFEAERIGH 1 ML
e RO An AR A LA BR A B S AR L, BT
PZT SFE5 K0 BRI AY 1T1C At L &) iz
PO T 1T1C BYEKk A BEHLAFfift o (4 A2 3 2ok 1
BRHL LA AR 1Y B/ AR A 1 P 46 T S KA
1/0 B BAFRHIIRE. ZE— D07 0] BRthn 2k i
PSS A0 S 0 P, 8 R S Ky, SRR R R A B R
el 5 ke 37 07 1) — 2, ke AR, U
it (5 B 17 AR AL 5 kb B 375 05 ) AH
R B AL B O ST R RS Dk L 3, A
fif {5 50 “07. 1T1C FAff as TR IR0 R B 2 )
FURR R R AL B O BAFAR B e (5 B UiE o <17,
X IR IBCEAE , PAI T 52— S 1] f) F, s Jok
MR E B EETIR A B <07, BITEEE 2 YR R bk A

i, 1T1C fEfiide i THE R T A&, I
2 FEA IR 5 A T P R T L Y T Y Y
TR ), s Gk e H TR F A Bk R A7
a1, SERTEk A o & R 2 Bk
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()

(e)

e

Rz

1T-1C FeRAM 1T FeFET Ferroelectric FinFET
(b) 3.5 ( ()
10-6
<
= <
3.0 i Ty
. +
3 : S e
£ g G
= 3 - 107
2.5 B
= ] ~10
8 5 10
A 10-11 FRfremmmniocss™
2.0
2 10 20 30 40 50
Operating speed/ns Ve/V Gate voltage/V

Bl 6 (a) 1TIC Bk FEHLAF AR 45 F 2% ZIEL; (b) 1T1C fEA# A8 H9 SHMOO B 121 (c) - 1h7 24 Bk it 37 2800 485 445 4 78 3 LA () AR
ARPETE bR R AR AR T 1 I 0 5 B R il £ 022 (o) Bk R 6 S AN A S M R IR (1) HLEO, Bk FL 6 i X RN A R RS

P iy 2 1291

Fig. 6. (a) Structure diagram and (b) SHMOO plot of a 1T1C ferroelectric random-access memory?!); (c) schematic diagram of

planar ferroelectric field effect transistor and (d) the transfer characteristic curve of FeFET device with upward and downward po-

larization!'??); (e) structure diagram of fin field-effect transistor; (f) the transfer characteristic curve of HfO, ferroelectric fin field-ef-

fect transistor 123,

R RS AR R P R, 2R 7 T R AR
7 130 nm, 5 MR EAL 181200 HEO, Hek B A1 )
JEILH LB PEREFITE ), A BB AE AR A BA
BRELBARE, SRk LA A R O 1 K Ry SR B 1 Ay
. K 6(b) JB/R T T 10 nm JEFE Hf ;Zr, 50, 78
JBE Y TT1C 8k A7 A i 1Y 132 5 H, - ] &1 (D
SHMOO ), Hor Hf, ;71 s0, ZEHHLZ R (1C) R
SR 0.4 pm?, WHKES A2 1—50 ns, WHHE N
2.0—3.5 V, Elhag @ L a5 5IER s fge .
AT LAFE 2.5 V B R T TAE, 5
[A)/NT45 T 10 nsi2,

WA 6(c) Fras, Bk L A S 4 R -4 Ak
Y- S 1K (metal-oxide-semiconductor, MOS) %
HOV B WA BT, AT LA 1T Z5 M Bk A2 At e,
BEA S INFFIAL, o R F S S A Job
P INFERIA v, /TR /A v = BB 254 X T p 2
2SRRI, TR A M B bt n—> T Y
BHAHER, 18R IE SRR, TRl Z BE
JSCHL A I8, WA f RIS G R Y TEM
it i — A~ B R 45 5 L R I, VA T SR TR AR R 2,
EVFIRG =2 1] 79 P, U7 300 T AT, Xy 5 e O ok
SRR PGS AR D, R Z MR — > e ke,
P S R <17, PR =2 B R <07, 55 1T1C 3

R REHLA G AR A LL, FeFET &k 776k 25 2 7
ROPLH. E 5, BB BAW Mgkt B, A
T B HRE AL HIK, PR SIC R A AR
T % A TR 1T 1C ARk FL A7 fifg o o L
AP Mulaosmanovic % 122 44T TiN(8 nm)/
HfO,(10 nm)/SiON(1.2 nm)/Si ] FeFET k17
fities. Gl 6(d) B, [ rb 2 o it BT 0 R /) e
FEA Vi, Y00 iE B s v R sE, Bl ARy )
PR Vi A (P ELZk), tifin sz i) Ak v R i
ATy m bR E R Ve A (B i), X
2 AR HASER Vi (BT A6l S A

B A 0 P B IR Bk Ry R — 2P
FeFET MM A B, 3 25 5 35000 1) 18 2500 Fl 78 V5
AR A )@, Pt BT 14 nm WIERK LT 2
O P R BB A R0 S RS (fin field-effect
transistor, FInFET) Z5#4). 4 6(e) j& K FHEH
VAR MM B FInFET fEfdn 2 & . 516450
1% MOSFET Z5#4H L, FinFET 725 A 1
YA IE ERIMNEIN T — I, PRIESE, X Fhig
2 b NIl R ET O TR ON FEF AT EN
EHIMHS B IS B0, I REE A S e
JOT B F- TR RO, i e TR T AR A RS R AL,
FinFET &4 7€ MRS T BA S 1 9K 3 AL i
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TR AN AR A L, DT AT 3RAS SRR A D RE.
FinFET #HFR AR S R MIERRAE 22 nm T 201 85
TR, BEJETE 16, 14, 10 F1 7 nm %6 T 235 &0
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R4 W B {E 42205 (subthrehold swing, SS) J& F& A%
A R HR % L T R R AN DD RE 1A 0T . SS SRR
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_ 9V OV Oys (1)

dlog,oIp  Ovs dlog,oIp’

Horbr Vi AR, I A IR LR, «bg S 1A 3H 2 THT
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o
g
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—
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IS E/IMEA 60 mV /dec.
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transistor, NC-FET) A LUK SS FEAIKE] 60 mV /dec
IR, 2P RN T RE iR, B AR R iE
T3 24 2 1 H B DR R e — Il A A R T
R R Ak T ) 43 A e, X o SR 3O R R 1
SR FE A 11 R RH SR [ e o P U P R AR AR 4
DU, A 7E F AR RN A LR [R) A — FL B, 36T
HLRAE T B, (H AL SR RS I, 45 R 30T B
KAPEIG. Bl NC-FET B & i
Salahuddin 1 Datta T 2008 4 42 ) 125 {1 i ]Kf
45t MOSFETs %Ak P Jo 8 4 il ik f A Jo2
J2, ORI XSV 18 1V IO, e i 2 51
TE AR HAE, TR AT AR S AR Y SS K E
60 mV /dec AT, SXFPELGFRZ A G HL 25500

K] 7(a) 52 T Bk HL FLAS 25 UIE HL 25 51 £ B 2%
1Y RE fE BE LA AR T a3 Hor G R @, 23 R R
FL AR L A TR, 24 A LS K25 00 FL T
R EL AR N — AW AR A B A8 3] 5 — AN A A A
TRARZSHE, B2 R B, & 7(b) fik T B 2t
NC-FET W S {H AR 0. NC-FET b MOSF
ETs BA & W R ERPE ARG B Vi,
Ktk NC-FET B A BARR K sh L . B2, 78

— MOSFET |<—
| Vaa
L)

—— NC-FET | ‘/:]d

HfO-

TiN

Hf 5710502
TiN

SiO9
Silicon

(a) BR AL FL A DUIE FEL A B 60 A 28 R i - AR AR I 26 027 (b) SR A% NC-FET W BRI 52 127); () ALOy/Hf 52 5

O, TiN/Sil™! it fL 25 A A4 (d) HEO,/TiN/H 5710 ;0,TiN/SiO,/Sil") 51 L 25 ff 14

Fig. 7. (a) Energy landscape of a ferroelectric capacitor '*7; (b) effect of negative capacitance on the subthreshold (SS) slope of the
NC-FET!; (c) device architecture of AlyOs/Hf);Zrys0,TiN/Si NC-FET!®); (d) device architecture of HfO,/TiN/Hfy5Zr 5

0,TiN/Si0,/Si NC-FET!12],
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MOSFETs FIMIA 57 5 1Ak i 671 L 25 RS A
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JE Vg RIEWNEIEHT, SRS HL I RE4ERr A AR,
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AN 1261271 E] 7(c) B, Si A 28 A A
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Pap). 2 FTT rp kB i A0 i 2 3 aa 3, ik 2
L AR RN ARG, DAl bt ik R A Ak ) B 1A 1

Wk o g An | R o HL A AN R 2 L BEL, R R% 2 P B0 RE
(tunneling electroresistance, TER) R 1. H
M1 ZEid R IE 253 22 TR B M2 (XfES FREE, 7T
DA 3k A e 7 i 4 gk ol $ A R IR B R AR )
RePE. anlEl 8(a) Fros, Yk fuds m M2, #
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(a)“MkF 22 o1 (b) “Fi% &2 o RE T FTI 4

#4192 A /H ) 570,505/ Lag 38t sMnO3/NSTO FT.J 4£

(c) ATFIK st LR V7, TR (d) 25 U Bk FU BB A B AR B 1 HLBELE 9% (e) TAN/HE) 5710 50,/ W 459 FTJ £E 1-—10° Yk HLA fb B 5%

J5 R % 2 HL T L (395 (F) W /HE gZ1 504(1 nm) /SiOy(1 nm)/Si

G580 FTJTE 1—10° YO8k R AR Ak B S 110 8 2 vl AL 2 L (159)

Fig. 8. (a), (b) FTJ structures with low or high barrier potential states (i.e. & or &*)32. Resistance of Au/Hfy 71,50,/
Lay 3511 sMnO3/NSTO FTJ as a function of (c) pulse voltage V,, and (d) polarization switching cycles!'®). () Tunneling current
value of TiN/Hfy5Zr);0,/W FTJ after different polarization switching cycles!®!. (f) Tunneling current density of W/Hf,sZr;,0,

(1 nm)/SiO,(1 nm)/Si FTJ after polarization switching cycles!'*].
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108 Q, ZasfF HRS 5 LRS MIHL(ER X 834. [ 8(d)
7R Ti% FTJ 7€ 8 P BHAR T Zidt 2k ik Atk
PR BHAL 5 1 F PHAE. 7R 200t 120 B TR,
XFPETI /9 8 AL BHAR S WA W1k, BRAFHY
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2%). TWliZas F LRS A1 HRS HFHAE (Irs/ Inrs)
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Fig. 9. (a) Schematic illustrations of biological synapses and action potentiall’¥7. (b) Sketches on how a FeFET based synapse

device; (c) synaptic weight as a function of time (At), showing a biological STDP behavior!*!l. (d) Schematic device structure of the

photonic synapse and optical responses; (e) the synaptic weight as a function of relaxing timel'?..
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Fig. 10. P-E curves of (a) linear dielectric, (b) ferroelectric, and (c) antiferroelectric materials, where P represents the polarization of
the material, E represents the applied electric field and the blue area represents the energy storage density of each material /.
(d) P-E hysteresis loops and (e) energy storage density of Hf,Zr, Oy (z = 0.1-0.4) thin films®?.

# 2 UM HEO, B SR i 5 Al ULAT R R REYE fE

Table 2.  Energy storage performance of some HfO, based antiferroelectric film and other common materials.

ot E3ii| JEREE /nm Mg/ (MV-em™!) ESD/(J-cm™®) n/% Ref.

Hfy 57150, RHL 9.2 4.9 55 57 [22]
TayO5/Hf 521 50, ArHL /R 25 7 100 >95 [148]
) 5Zro 504/ Hf) 95710750, NG 10 6 71.95 57.8 [149]
Hiy 32970, SR, 9.2 4.35 45 51 [22]
Si:Hfy 571 50 SR 10 4 53 82 [147]
ALHf) 5 7r) ;05 SH 10 5 52 80 [147]
La:Hfy ;71 50, SR 10 4 50 70 [53]
Al,O4 &t 5 — 50 — [150]
BiFcO, e ~40 — 3.2 — [146]
BaTiO, BRHg, ~ 300 2.6 28.5 75 [145]
Pb(Zr 5,Tig.45)O5 e 350 1.13 15.6 58.8 [151]
La:PbZrO, SR 10° 1 17.3 80.8 [152]
PVDF-HFP Ry 10 7.9 31.2 — [153]

ESD 3 5 A5 sk 2k . (54801 BaTiO; £k Sig.0409 SERHLHIAE 4 MV /em HU4MF FH ESD
FMPEHE 2.6 MV /cm HL7 T ESD 5% 28.5 J-cm ™, KF 53 J/cm?, o~ 82%, i i B A B 3738
n ik F 75%045], BiFeO, 3 ix 2 B 1 32 Ik 9 ESD AR H ESDIYY. [ARE, Al La $B4%19 HE,
(3.2 J/cm3)146], ffif BiFeO, i ESD ] i@ i #54% Zn Zry 50, WMt B 1 S Ak LM B, AT EL AT R4
1 Ti B TFHEE]~ 10 J/cm?. Si B84=1) Hf, 471 46 Y it BE R 1471481, 2019 4F Hoffmann 45 (4815 2k
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films
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Abstract

The rapid developments of big data, the internet of things, and artificial intelligence have put forward more
and more requirements for memory chips, logic chips and other electronic components. This study introduces
the ferroelectric origin of HfO,-based ferroelectric film and explains how element doping, defects, stresses,
surfaces and interfaces, regulate and enhance the ferroelectric polarization of the film. It is widely accepted that
the ferroelectricity of HfOy-based ferroelectric film originates from the metastable tetragonal phase. The
ferroelectricity of the HfO,-based film can be enhanced by doping some elements such as Zr, Si, Al, Gd, La, and
Ta, thereby affecting the crystal structure symmetry. The introduction of an appropriate number of oxygen
vacancy defects can reduce the potential barrier of phase transition between the tetragonal phase and the
monoclinic phase, making the monoclinic phase easy to transition to tetragonal ferroelectric phase. The stability
of the ferroelectric phase can be improved by some methods, including forming the stress between the substrate
and electrode, reducing the film thickness, constructing a nanolayered structure, and reducing the annealing
temperature. Compared with perovskite oxide ferroelectric thin films, HfO,-based films have the advantages of
good complementary-metal-oxide-semiconductor compatibility and strong ferroelectricity at nanometer
thickness, so they are expected to be used in ferroelectric memory. The HfO,-based 1T1C memory has the
advantages of fast reading and writing speed, more than reading and writing 10'? times, and high storage
density, and it is the fast reading and writing speed that the only commercial ferroelectric memory possesses at
present. The 1T ferroelectric field effect transistor memory has the advantages of non-destructive reading and
high storage density. Theoretically, these memories can achieve the same storage density as flash memory, more
than reading 10'° times, the fast reading/writing speed, low operating voltage, and low power consumption,
simultaneously. Besides, ferroelectric negative capacitance transistor can obtain a subthreshold swing lower than
60 mV/dec, which greatly reduces the power consumption of integrated circuits and provides an excellent
solution for further reducing the size of transistors. Ferroelectric tunnel junction has the advantages of small
size and easy integration since the tunneling current can be largely adjusted through ferroelectric polarization
switching. In addition, the HfOy-based field effect transistors can be used to simulate biological synapses for
applications in neural morphology calculations. Moreover, the HfOy-based films also have broad application
prospects in antiferroelectric energy storage, capacitor dielectric energy storage, memristor, piezoelectric, and
pyroelectric devices, etc. Finally, the current challenges and future opportunities of the HfOy-based thin films
and devices are analyzed.

Keywords: HfO,-based films, ferroelectric polarization, ferroelectric memory
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Fig. 1. Important developments of PbZrO4 based antiferroelectric.
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Fig. 10. (a) P-E loop of an antiferroelectric material, segments BC and B'C’ reprebent the unstable negative capacitance (C < 0)

regions'; (b) four pseudo-remanent memory states marked on the loop in AFRAM![!3

I; (c) schematic representations of expected

behaviors of antiferroelectric tunnel junctions!'; (d) real-time switching of epitaxial PZO to low and high thermal conductivity!’;

(e) steady-state photovoltaic response of PZO capacitor, showing an open-circuit photovoltage in excess of 100 V2.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films

Research status and prospect of lead zirconate-based
antiferroelectric films”

Zhang Tian-Fu# Si Yang-Yang# Li Yi-Jie# Chen Zu-Huang'
(School of Materials Science and Engineering, Harbin Institute of Technology, Shenzhen 518055, China)

( Received 15 March 2023; revised manuscript received 12 April 2023 )

Abstract

It has been more than 70 years since the first anti-ferroelectric was discovered. Its unique electric-field-
induced phase transition behavior shows great potential applications in the fields of energy storage,
electrocaloric, negative capacitance, thermal switching, etc. With the development of advanced synthesis
technology and the trend of miniaturization and integration of devices, high-quality functional oxide films have
received more and more attention. A large number of studies have shown that anti-ferroelectric thin film
exhibits more novel properties than bulk, but it also faces more challenges, such as the disappearance of
antiferroelectricity under a critical thickness induced by size effect. In this paper, we review the development
history of lead zirconate-based anti-ferroelectric thin films, and discuss their structures, phase transitions and
applications. We hope that this paper can attract more researchers to pay attention to the development of anti-

ferroelectric thin films, so as to develop more new materials and explore new applications.
Keywords: antiferoelectrric, lead zirconate, stucture, applications

PACS: 77.55.—g, 77.55.fg, 77.80.—e, 77.84.—s DOI: 10.7498 /aps.72.20230389

* Project supported by the Guangdong Basic and Applied Basic Research Foundation, China (Grant No. 2020B1515020029),
the Shenzhen Science and Technology Innovation Project, China (Grant No. JCYJ20200109112829287), the China
Postdoctoral Science Foundation (Grant No. 2022T150158), the Guangdong Major Talent Introduction Project, China (Grant
No. 2019QN01C202), and the Shenzhen Science and Technology Program, China (Grant No. KQTD20200820113045083).

# These authors contributed equally.

1 Corresponding author. E-mail: zuhuang@hit.edu.cn

097704-19


http://doi.org/10.7498/aps.72.20230389
mailto:zuhuang@hit.edu.cn
mailto:zuhuang@hit.edu.cn

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

HERWEREREEF AR S RE
RKRE SFF REX KAk
Research status and prospect of lead zirconate—based antiferroelectric films

Zhang Tian-Fu  SiYang-Yang LiYi-Jie = Chen Zu-Huang

5] Fi{5 B Citation: Acta Physica Sinica, 72, 097704 (2023)  DOI: 10.7498/aps.72.20230389
TEZE RT3 View online: https:/doi.org/10.7498/aps.72.20230389
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

BRIV ) 2 FELRE 57 THOUL ML B HETR9BE 55 1 1 it

Micromechanism of ferroelectric fatigue and enhancement of fatigue resistance of lead zirconate titanate thin films

WAL 2021, 70(14): 146302 https://doi.org/10.7498/aps.70.20202196

TS AR 1 B TRl = T 5 a2 FER A

Research progress of micromagnetic magnetic skyrmions and applications

PPz 2018, 67(13): 137504 https:/doi.org/10.7498/aps.67.20180165

ST SR DRI BARR BB R b 4R IR 5475
Simulation of neutron irradiation damage in lead lanthanum zirconate titanate by Monte Carlo method

PPz, 2022, 71(7): 076101 https://doi.org/10.7498/aps.71.20212041

PeB 2 B BRI B YR AL R4 Culn S, 11 R A BHAZ PERE

Resistive properties of CulnS, quantum dots regulated by niobium-doped lead zirconate titanate ferroelectric films

PyFEEEAR. 2022, 71(20): 207301 https:/doi.org/10.7498/aps.71.2022091 1

FANELT AN L 7 AR BT i
Recent advances in flexible fiber—shaped supercapacitors

PHZA4R. 2020, 69(17): 178201  hitps://doi.org/10.7498/aps.69.20200159

HEMR B AL TC BT P P8 4 85 T r 6 S a0
Research progress of high piezoelectric activity of potassium sodium niobate based lead—free ceramics

YIBR2A4R. 2020, 69(12): 127707  hitps://doi.org/10.7498/aps.69.20200288


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230389
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20202196
https://doi.org/10.7498/aps.67.20180165
https://doi.org/10.7498/aps.71.20212041
https://doi.org/10.7498/aps.71.20220911
https://doi.org/10.7498/aps.69.20200159
https://doi.org/10.7498/aps.69.20200288

) 3B 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 098502

T/ Thee S ALY IR ST IR 1 o

B iE R A IERR N A SR

WA W

& 4t

Lk

(P ACA R T 5 (5 Bl TRl 5 TR, T MRS A B A EL SIS, 794 710049)

(2022 4F 12 J 14 A®); 2023 4E 1 H 17 AYEHESR)

5 22 P R 1 AR TS A i BOR e 2 1 T BA RE T o R A, RO AT 2R3 D7 5L R, T
WA RN AL SRR | R DA SE 5 SR AN TR i, X S PR D REA R 4 ZESRMRB y ,  JE mR A R A
P D REREE 0 A ALY AL R AR, B W AR K SR BOR RS E, A SO A ALY IR BT K
ok H T B e R R A B O S SRR AR R IR, PR T R R RORE L O B DRI, 7E(E B AT
fiff . B REAL IR AW RYT | REIRAR G RAT Iz B R RS AR SO A SCH SR A i I A ol 4 B R e 2, R TT
T IT A TR BRRE . 5 Jm -2 S I A2 25 ) BRSOV, 9 A TR A8 A 2 L BEREMSCER L K R L, B AR

Tl | BE AR I L 5 25 5 T A4

REEIA: DhReSE LYy, RS, A ST, R T AR

PACS: 85.50.-n, 84.60.-h, 71.30.+h, 81.10.-h

1 5 =

TEIE LML HAFE A, R T EARAMUGHE T
ARSI SRTE, R T AR B TP .
LN EINGIRER 28 N S 7 [ SN SR R R TR O S
L I TR AR B R Do) FAT WL R
T RO A ML AR e 1, T
e GErE AL T A8 F O R O DI REAT R A2 LA
(1 Dy RE A ALyl = SO O I, JF A AT
FERT B AE D REAS B 1 SR i 1 Uk 1
TPz —.

DREVE AL AR AT () #kWk L ()
R | L 2R AR R RO . PR RE S
FrR)Z R a R, B 4 5T e, e
T RIE O IIREVER]. (B2, (RS
PRI 52 24 e 1) BR A 2 2SR BAAE P 7 1T, He—
SRR A RS G LA B /2 T SR IR

DOI: 10.7498/aps.72.20222382

6 AR H A SR R R B ) 5 5 RS AR A —
. e, A BB DR A R o 5 AP E A A5 A 1Y [
RIS S RS IE B SRS B B e A i
FEE, T S e D o AR

FI S A A S A R T e — o I BORf
T REVE S A 5 4] S A B M AR . X R A
H SRS 1) T RE AL T DL RS B4 A
S il ol o 8 K E R =R A gt /R D 0R 7B 7k I T i)
PRFFDIREPE A AL R R 5 ARG | M RE L K&
MR Z G R, HEA SN B B3/
A PUCRAPESEO0 A, B IR R SRV i AR
RS, BRTCRIE T8 2 A S ey
JE, WAESERH 2544 BaTiO(BTO), PbZr,Tij O,
(PZT)Bl, BiFeOs(BFO)P FI4R {47 4544 FeyO,1,
CoFe,O4(CFO) M. 1 [ 7 £ 1 Re A Ak P i e
FI AR D R A R, SR R e L R

WEE XK B BOR BIIESE, K D RETE AL

*OERE AP TH (HES: 2022YFB3205701) . [ER HAARRA RS (HEHES: U22A2019, 91964109, 52002310) FIBEVE A 1A

BASEHRIH (S 2021 TD-12) % B,
t iBfE1E#E . E-mail: guohuadong@xjtu.edu.cn
1 BfE1EE . E-mail: mingliu@xjtu.edu.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

098502-1


http://doi.org/10.7498/aps.72.20222382
mailto:guohuadong@xjtu.edu.cn
mailto:guohuadong@xjtu.edu.cn
mailto:mingliu@xjtu.edu.cn
mailto:mingliu@xjtu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 098502

IR S A B R T AR 3 T kR, BT LA
EZN I H AR AR B AR . 1Rk Z AR
5 E A R S I 22 (BT Ak 2, e vk 22 o
T2 B SR, B 15 3 B S A
JBE, R 2 HARCR B ik 2 —, i
DL EAEE E AT Sr3ALOG(SAO), Lag ,Sry ;MnO,
(LSMO)!™I, BagAlLOg"tl 45 . HLAR R 25 H AR 32 LA
WOCRHIE R 3, OGR4 S REROER B RRIE
FNAMEJZ A S AL, 38T O R 3 R (A Rl AL A1

IEGE R, WA SRS MIE JZ 7385, U WL
JRAT: WA 91 o BR Oy s 07 25

A SRR A IR C 2 BaAE s, el
S S ARZS I, S A AT RE DR R R 4 A A
T3 R REAE SR, R TR R A AL T
H HCIRES, RSN ) 7 T BA 238 (9 42
R B A SRR E A L T g R
HATMF . ARSCRES T Ak A S ALYl
AL SRAS A7 B A SR BRIE 45 | AR A i bl D

R L: Bk o

f=10kHz {TH

REF2: AEE

MIM structure

‘E (i) Au 15
B BaTio,
’_"4 S 20 / -~ » N 10
e T o -2 TE NN E 5 S S—
Q . \4 Fpoxy 8 DS = Current meter
3 @) 4N oo
§
7 20 — Flat kDM 5 g
3 pi— R=1cm ©
[ L 3 _
’ —40 2000 cycles Anisotropic .(m) 10
P: HZO M_-Cd Hme -6 -4 -2 0 2 4 6 wet etching of Si Plastic substrate 15
ice r
E/(MV-cm~1) 0 5 10 15 20
Time/s
N N N ST
R7FA3: A HifikRE REHI4: SRSGIN
—~ r T -SAO
715 1st {2nd {3vd {ah {50 Just after 2 100
£ —8—pVDF st growth
S B (t=0min) [N
= ——1-0-1 10 5 STO
E —&—3.0-3 substrate 5
%10l ——50.5 ) 3
3 7 1terd@) o SAO % 10k
2 g ——9-0-9 & 10 = £
=0 3 £
2 —4—13-0-13 ¢ E
— (t =30 min) g 2
‘%.‘ s 5 Vo' sTO g
— %‘ 3 10-5 substrate B
= \\; E . £V0, film
: & = L
- Measurement limit : B . e
e 2 100 200 300 400 107 |y ) Tasolved - o
= lectric field /(MV-m-! 0 300 300 300 300 30030 (= 0cr00min) T substrate 2 3 45 6 7 8
S Electric field/(MV-m~1) tfemin Power density/(mW-mm~2)
= e py B S e
ISP A AL i

Jrik: MU

SrTiO; (Pm3m)

Trik: EE

Film

PDMS — &,

= 3 H,O
r3A1,06 N
Silicon
Substrate
As-grown —_— Released —_— Transferred

=/ = As-grown
| =/=Freestanding

IS

|AMR|/%
N

04180°

BEFI6: R T7 1)

6} —CFO/YIG membrane
—CFO membrane

4} —YIG membrane

2

0

—10000 —5000 0 5000 10000
Magnetic field/Oe

Magnetic moment/(10~% emu-cm™')

BT SR R A R A SR g 2 T2 B i T LG HURER 25 (720 R R A 2 30 2 91, o 1) A e r A 20
HEBESCAR 19, A AR BE 71, SR SIDR IO PR (280, P A A 2000 SR 1o A g 1731

Fig. 1. Preparation methods and applications of freestanding single crystal oxide films: Synthesis methods include mechanical exfoli-

ationl!™! and wet etching technology!®”, while applications include ferroelectric memory?%, piezoelectric energy harvester!'”, dielec-

tric energy storagel?”, correlated oxide interface®®, magnetic oxide device23 and novel freestanding oxide structurel!”31,

098502-2


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

) 32 Z 3R Acta Phys. Sin. Vol. 72, No. 9 (2023)

098502

ARAEIEAS R IRAY | ARREARIF T . kT
A BE-A GRS A SRRV Rt =
2 Je M5 | e Al 45 (181 1) J7 T O RIEFE k.

2 HXEEHAMY TR S

TR B AR SRR A R T E K
MG AR . B 24 H, A KSR L RE
GIIAT 200 KA. AL MR g g | A
sl B 4 A 0 ) A BRI M B S U T
KRR, SRR A: KA R B — B
— R BRI TR, KA, B TAEE N
A5 1A X ) 8 AR ) 4 2 6L, AN [
W B AR B R SR IR, 5 T2 E SO,
AP AR

IR R TR A

L ZI M E R (wet etching technology) J& H
HI S B SO ALY I P B R )
2 W5 B IR E 2 R A A O SR T B A
SRSk T = A YT AS ey R Ut
T A 2 BRI 22 DA IR B 0 B AR S e IS Y
H Y. X5 5 SE 2 228 LT 7 1E: ETERE

2.1

SERTIR IR ANE | SR i2F B A A % 1 E g A1
TE D) % GBS BY I8 b s B R 2 R ELUR R IR B ARl
F ik 21, Sk T i R IR 2 5 R, — MR R
Gk 2 AL B e S R AT AR Y, — BRI, A
TS B AR AT 2 AR R S E, 2
MRHERE S BARb R 5 IR S5 S TR ok
JE BRSSO O i, A SR AR S A AR L H AR
VLIS AR 1) dt A 2R BC . 7 4 T — 2 FREE N, i
8 I B RS 55 M S M E I T i, L B JC IR AME A
K R 2 N R B IR R 2l DARIIE
AT A WA TG, 3L, HA ABO, A4S
B RS 0.4 nm 247, 9 T RIS R
SO LTI A A ELZE A S TEOR RN LI | ik
JZ R IE A AL B A SR T, — BRI, JLIC | 4
JE I A RS SRR ) fi A B, A
IRBCAE /NN, A R 118 B it TR 1) A i SR
I AR ) R R, RIS B R A R ) B
N, BREEAIXT T D, 2 BHF AN B IR R, — S
DLEA RHE L, BNl 25 A SZHE BTO IS L i
AL/ SAO HidE 2 5 SrTiO4(STO) #iE, B
2o iz N A LR E RIS W2 S
H bt R SA # 4T 2515 2. H @ 8k Z)
ME A C LYl 4 T a4 PbTiO4R), BTORY,

Lag 7CagsMnOg3 BiFeO3 PMN-PT Fe30y4
3.86 3.965 ~4.024 8.394
Films PbTiO; BaTiO3 BaSnOs
lattice/A 3.899 3.99 4.116
BiMnO3 PbZrg2Tig 03
3.935 ~4.14
3.7 3.8 3.9 l 4.0 4.1 4.2
SrVO3 YBayCuszO7 | StTRuO3 MgO
3.841 3.855 3.924 4.216
o | | |
Sacrificial CagAly0g [Lag7SrosMnO; [ SrsALOg BasAl,06
material 4.124
Lori 3.819 3.876 3.961
lattice/A I |
SrCoOq 5 BaO R-VO,
3.905 3.917 4.554
LaAlOs SrTiOs SmScOs
3.789 3.905 3.991
I
Substrate LaSrAlO4 NdGaO3 DyScO3 NdScO3
lattice/A 3.756 3.861 3.946 4.014
SrLaGaOy TbScO; GdScOy MgAl;O4
3.843 3.960 3.970 8.085

P2 TR R 20 bR ) 0 B 2 00T L

Fig. 2. Lattice parameters of materials used in wet etching technology.
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PLFE i Sl K P8 T it i T 5 A 1 G 4 2 ol S
BT, 2016 4F Lu 55 M2 23] 7K
ZAFTE WA T /K 1K) CagAl,Og, F St JFT 5
Ca JiLF 1] LA A AL R 3 K 2 S DR K ik BH S
T 5 Al FARBH B 7, (15 7% fif 1 K R4 K.
I SAO J& T fm &R, HiaESHRA AR
FAEMESERD A STOMY 4 £, Adg R/ (aga0
= 15.844 A, dxagro = 15.620 A), 34 ) T7E
TZPEZ 1 AME A K e BT A A5 Bk S A A e
It H SAO #9422 LAZKAE Ry 20 i), Bt 2 ot
AN E AR ) bR R A B 7, XS S e
BT SAO VEAREZ M B I . Z 5 Lu
G W FIHZ B AMEE R T | 38 LSMO il
FF R Mo LA B B 3R — W ekt b (polydime-
thylsiloxane, PDMS) Wi . [#] 3(a) i R A H]
F 1k PDMS 5685 F S48 5 b e 58 1 SO0 1o 78 291
Sel M S AT IICIV FTAE H iR R T, 2 5 R
F B TR SAO 44 2 B U/ e B TEASE )
it 47 B 7, Al g R ) b G B 25 PDMIS R I
SR R AT AR AL 0 T R R Rl A IS 5574, SAO
PG J2 B o A S A AR A e T R AR —
TS A 5 1, AR T ) S 4 o A il
PR ) 45 X FBE 5 AR, [RIINEJLP- 52 4T I T 20 i
RO H bR IR R 4R Tk RN S

SAO, LSMO 1E 4k J22 5 2y il 5 55 gk Al
AP R R T )iz 52 m . SR

1%, 2019 4F Singh 25 M FIH] BagALOGfEAHiHE =
AT La8Z4i) BaSnOy H SZ 5, I HiEM
THEETF SAOHi4% 2, 5 La$874 1) BaSnO; i
KRB /N BagAl,Og HE G A2, HAG
S H bR I AT R 2022 4, Lu 46 HU Ak
T —RIURFEME T LY Ca,y St AL OGHEAE
AR I N A T A S StRuO; F I,
20 ST AR 2 MRS TR, YR, AR
A HAbFN 2 B A AP JE T ok
TR 25 Tl S AR B AR, 5140 StV 0412,
YBayCuzO(7 ¥, STRuO;7, SrCo0, 51, VO,
BaOWl, MgOUo 254} il L9 A& 41 >k AR S ik
JE il B A VAR R 2 I B SR SR A SRR
T HE P, A TAER AT .

2.2 HIHFBREA

ML H] 2 (mechanical exfoliation) /&g i i
YRET- B oy 2 B AR IS, T ARAS I S 7
JEE. 55 LA B AR L, ML AT A RS BR
TR AR RS e A% | 0 T 03l e 08 ) el A 1 FH i
S, SRR SRR A IS L B AR AR K S5 il B A
HESFIA JES Z AT O A2 5, X A LR R 25 4 h
RIXE, o 1 T A b S IR 25, BHIF TAE & eS8
PREEFE TR R 5 045, T A2 LR LR
AR RS T

BOEHE (laser lift-off |, LLO) & —Fh 4RI Y
BUBGRI BT 5 v, HARME ARG RGOk = BRIHOL
RATE H AR I 5 460 IC i B b A3, AT 43
B HARHEIR S 6. 1998 4, Wong 45 19 [EZ¢ GaN
Z R EREBOCI RS 2303 iR Ga 5 N, IURE s
THEEES, 0 REOGIE 7 B 5 A ) I SR B AE S
FE GaN R FE -, D5 TR R 3 pm 1Y
T GaN #fR. 2014 4F, Park 45 24 | FH0OGH
B IR K AR PZT RS RS 21 221 1) SR %
KT H R L " FEER (polyethylene glycol tereph-
thalate, PET) Wi I, SC30 i #4014l 3(b) frw,
IELAMCA FERR D il 28 T gk & L. SR MK
SRR A V2 BRI, 5 e R IRE H AR
LR A2 0 K HR B R R E e S 22 /2
A —ITREREHO L2 I SN 2 TEDRELRE 5 2552 ikl
WOCIE R, — e B X S A T AL B A
J& PR R R Bt R rh 2 a2 B 7, e ek
AR FE L 2s2 B5e ), IR IR i
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Fig. 3. Synthesis methods of freestanding oxide films: (a) Wet etching technology by SrzAl,Og sacrificial layer to prepare freestand-

ing single crystal oxide film®; (b) laser lift-off method to prepare large area PbZr 5, Tij 405 film?Y; (c) mechanical exfoliation by

graphene interlayer to prepare single crystal oxide film['7l.

AT IE A FRA G AR P23 ot T B I A 2R T 3
O3 B8 B R 32 3 A A R i e B A A R AR R
AR

BRERE R EA BRI 2R R L
YIGERR, H 0 A =B B 5 b
AE 17, Bl Lu 25 8 UK BLEA G, STO W] LL7E =)
A BIRE R B A, SER T = BRI
W 45T H B PN RE S S E R 2 M
25 BEAE 2 P P A A R S5 i R — > A
LIOES /iy g & SN d o pe 5 2 ol e s = K A L 7
W, A KA AR DG E 1),

A AR T LR R i 1 S8 R AR AL
Y. 2020 4F, Kum 5 17 ] U A7 8806 B
#7437 STO, CFO, Y3Fe;0;y, Pb(Mg; 5Nby3) O
PbTiO3(PMN-PT) [ 34 50 5 AR, 76 5 At e
R E A B, SR R A E A K AR A T
JEE. YA S B 2R DI (12 )2), R 5
TR T LA A S50 2 AT SE AN A K e
Je R Bl 25 )2 2 (e A B 55 1 e, ]
DAXT H bR R A Ty B B, 4531 A SO AR
Y oL & 3(c) J& Kum & M7 DUAT 8506 2 M il

PEZ 20 B Iy S I, AT TE
fff T X2 (2 monolayers, 2ML) 1 8244 i) STO #}
JIRAMEEAS T STOJZIFH HME W s #6531 3¢
PERIIE B Kum 55 17 R FERER S EEF ] StRuO;
JZF1E T PMN-PT . A 8500251 79 231
BRI GE 1 i85 F SR 8, il & H 3
P AR I T — DR REY T 3. AR X
7k AR A e B M GRS ) 2R AT 1 L B I 1
7, B 5 e A SR [F) A x2S A T AR 3
) S AR R il 2, IS )l A fr it —
IR R AR

3 B LR R N

Wi H 45 A i ae F/ AL | SRR SRR,
DIREAMYERRAST 2] 1) B WA K SR
FOARAYRE A B ST T S A IR e A i s
RATRAAER, LR R S Ol B
JIRE BRI, SEEL T AR HTAI R . FEAS 14
B4 A SR A A L 1 U B
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3.1 SREETFE

PR AN G b TR R A R A AR A
FR NPT SE32 31 1 T2 60k, H RTFE Bk L5 i e A
R LI T ALHE I ERE B Y 02 DL 4(c) .
4 A A RRE 53] LR 4(a) AR AR PY LA 4(e) .
Wik B 1 091 2 - DO S5 5 ZR AR F A A . 8] 4 45
T IR A R R R 2 B A NS R 1 i )
HL 3 BRI R R BR R 25 4 R R IR I 1
2012 4 Balke %5 P! i3 T #F BFO 8 5 i e 5
O LT R Y B4, X H R B A A
e UR T IR EAZ A 2 R X BRI 358, RRAIS T 7
BiE; 2016 4F Yadav 25057 ¥E PbTi0;/STO H ik
HOUREE B RS 1Y T e LI 4(b), 2019 4F, Yadav
45 P8 #E PhTiO3/STO i dfas h, R FHAHG B 5
Sk (55 k) DR BRARE AL fOR I FE A L B OB
P82 B FRUE 1 7 FL A RN IE HL 2SS I JEL 37 7
HL 25 TR S S L o 5 R At o i) s A s, %
REAR L AR R REFEA FZAEHT; 2019 4F Das 5 0

(a)

20 nm

#£ (PbTiOs),/(STO),, M i o 2 5 = 1 T 52
FE TS B, UL 4(d), Bris Bl 72—z 240
FMRY T RRIR Y, AT AN IR, BAS BT IE
WA W] REAE JLRIRAS Z [ 640, 3T 1 30A% I+
TRAAF BRE T, Bk B+ 19 K/ INFE S RUEE.
IR SRS, A% BEK I B AT F I n A
e g, JF HBA RRAES K1k, 2022 4F
Han %5 P9 JE— 20 H SAO $idk 2508 1 8k
FNEER I F SZHE, A5 (PDTIO;)00/(STO) 0 MUZES
MRS Si v b, ISR T F20E 1k H Bt B
+, UEWT TERHL AR FES R T AR I AE St A,
3 2l 0 A HL 3 R DR S A W AR R
R O IS SR PR S Y rh e de . B B HITEAIE
Gy RAEAEAR RS L ).

L B EE (domain walls, DWs) J& &k FL /& N
I3 BN IR A X B 4548 . ST 4FRFE DWs k3
T R W BRI, T DWs AT RLsd A A i
7B | R E/N e H LY RSN 21 SN RS [

15 20 25 30
X /nm

K4 SRR (o) T EE AP RERE Y (b) BRAL I BENE BT (c) Bk AL IEILIEDY; (d) Bkl ris BT 0%1; (e) #R Ak 38 Y

Fig. 4. Topology structures in ferroelectric films: (a) Flux-closure domainsi®; (b) ferroelectric vortex domains®”; (c) nanoscale

bubble domainsP?; (d) ferroelectric skyrmions®}; (e) dipole waves(.
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DWs 7E /= % B AR sh#EE & st as h A B
KR TV 7. 2022 4F Sun %5 900 ] H SAO 7K %
PEAT P 20 1 S35 205 BTO WAL B 48 L3 Si
U b 22l T DWs fAfges iRl gn 4. Bk
XS AT T, {H 2 B RS RS
Fa R —A~ B R AR TR, BRIV S A e IS A
A AR 2 TR] (4 A S T SR 8 7 A/ B B, e B
(A AR DA SR NAE R . o FE %) R s i 47 A e 2
27 AR R S RF AR, (H 3 S Bl
S AE R AR RS F DAL | AU 28 X6 2k
LA NS AR IS e S5 5 THA A it — DR R,

B % 1B 45 (ferroelectrics tunnel junctions,
FTJs), e H A~ A v ] e 2 4k v 34 22 A0 B )
— P S EE R, T AR A S AR P, i3I
SRR N S SR e AN DANE TGN SEEAT 1)
MIE 2 RMAEE R N R R A S 1 —AX
R 2 —. Bk BRI 45 0 e MRt — B2 BT
NGOG, SRR )2 & e m 240m
P QR 1y e, ZE LT B LA 2 el I AN g
PREFRRE. Ak, G F R S HR AR,
BRI BRIE 2SI MEALAE TS, 2019 4F Luo 4501
FIHZK M SAO HitE)Z0K BTO/LSMO W2 Ak

g 5
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ferroelectric tunnel junction \\4
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—80F}
—120
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-6 —-4-20 2 4 6
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P 5 S5 o i S Ak T R 7 K R R R AR R v

AR S A 5T 4R A R PET K
e, SEELT R R SR R R A SRR B
LI 5(a), AR T 5 IFEHE, - Hix
BTO/LSMO ZFPE8k By IR GE 25 g R AR RS E
TEZ TN 1.5 mm By 100 YR 25t 385 P
REIAR TR, X TAE by 22 A 15 X 1 6 P A7
TR T — AT T R [ Li 45 62 7
2020 4F #2519 BTO % #% 2] PEDOT:PSS %
SR, #1457 UL BTO Rk 221 FTJs
VL 5(c), Li % 62 % 2V FTIs #1725 i,
FERTA S I B0 T YT AR BB IS 4, IFH
ESF kRS A L, BTO A7 A1 37 bt 25 25 i iy >R
ARG R TTIE/N, RIHIER] T BTO i ELAT ki &
etk BEAMAFIH X BB FREIS (X-ray pho-
toelectron spectroscopy, XPS) FAFUEM T BTO
WAk Ty ] ) PR 343 A 5 TER (B 28 ML 3l
BH) #50 JEH — 20 ki RRE S50 T m R p
BAN, Flt R BT BLAS kit AN [R] o R R 2248 1k
HPESR. Zhao %5 63 7 2021 4523 T L BFO 3
22)Z8) FTJs WIE 5(b), ZAsF7E+0.5 V i B HL
JER, SCPLT T 1000 (55 JF 6 M, IF A 4R 7E
1x10% s DA b, VA i, 76 Vs b

740
+ P
g f=10kHz
@) 20 /
> 0 —E. +E.
o
g —20 Z_ Flat
H = — R=1cm
.ig —40 Py —2000 cycles
y ) & o IS — A
Pt HZO Mica Holder —6-4-20 2 4 6
E/(MV-.cm™1)

(a) BTO/LSMO 2 11 X2 B Sy B Al 14y 55 J5i0 o 552 1 2k it O

Z5161; (b) ZE1k BFO 8 iy BRI 45 5P & 5 il /s ZIRT9%); () W BTO JZ 4 Bk HL A BT 52 MoS, R0 i 169; (d) 2k 8k HZO

B 2

Fig. 5. Applications of freestanding single crystal oxide films in ferroelectric tunnel junctions and field-effect transistors: (a) BTO/

LSMO based flexible ferroelectric tunnel junction®'; (b) schematic diagram of BFO ferroelectric tunnel junction based artificial syn-
apsel®; (c¢) monolayer MoS, FET with ferroelectric thin BTO layer®?; (d) flexible ferroelectric HZO capacitor!?0.
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Xt FTJs i i M 0 2410 V 1 1E DC H, JE ) 1% 4L
5 KT, BRI IS RIS, o R 2 F
A5 Ml B 2 5 2 5 AR Zhao 45 (63 1F
AH Y 30 5 206 Je R ] 160 B m L2 0 5 i ik sl i fk o
PHRETZRCR, I AR A B A T DL B B A
YIS IIRE, R FIPILREE ). Zhao 55 167)
() TARUEBA T 2Pk N T2 fishn] LS8 Bt A: ) 8
iR, AR RIRMEZES%. )L
AEXT R L RSB 2 O IF AR 22, SR T 2 PRk L ik
T 254 R Z M T A AN T v B T G LT
FE A HLBE AR RFRE 1, 7R S Pl FH B A 75 2 2% [EAE I
SRR AR 551 T, SRR BE 2 B RERS TR RaE
AR S R AR

URAL G A, LA R ARy S 1 2k
FERGASAT A5 L5 S L AR R | R U R DA
I PR ST RE s AL . BEE BB B AR KR,
K L L it R AR P B %) R B s ]
IR AT HE 31 T %5 2 Mk B ARG 25 O I 5 4. gkt

BN SR (ferroelectric field-effect transistors,

Fe FET), 1k B A7 fiff i ) S R0 HAT 254 T 2

e 5 Ktk . GER T2 MA TSI, 2022 4F
Puebla %5 05 AP E A K A4 IS _ #1219 BTO
JZEE U HLZ MoS, W 2 b kLA o, 2%
1 R T B R AR E Si0, - KIS 2, I
L3 5 380 FR 0 X MR R P 1) 5 R ), X 2 e
BTO MM ALAFIE D 1.

W4, BRe i HEO, BN T Fe FET #F5%
(IR RE. SESERE B AL A B LE, HEO, B
A X E HA B, RN T A B M 11
AU L. 37 -5 AR AR A A B B A R
fETEJLAUK IR T, BE RS e SC B A A7 i (9
2022 4F- Zhong 4 261 | F LSMO #fi4% )2, L
T A S HE AR HE) ;71 ;0,(HZO),

Il HEAS 2 RS I B ULIET 5(d), % HZO WK
VE-TRT 7 10) (4385 5 FEL - R AU (transmission elec-
tron microscope, TEM) i, F/E T HZO £ &
W25 R P [ Esf s Bk 1 e A R G A 1 5 1. FE SR

FHE LR HZO A T TR 1 em 19— 351
B ey, R TR F SO HZO B R AR E I
R L B e, HE B ALY i AR 8 i AR
S BRI BRSNS 9% 57 A IRl .
m RS S R R AL O 2 —, IT4E
KAFRN T )2 ISR, MRk IR A AR 1Y
W T AMTRAIRR. K 1 BGE TR TR
R 1 45 Kk F S RN, i R A7 it e b ) S 1 e

3.2 [EHEEEBWESER

BEE Tl FHE R Wk 2D Bl A8 H 25 ™
B, AR TR B AT AR RRYR, Bk
FHRE . XUAE . /K BE T 0BT RE IR SElAs 3] )z b H.
TAERAIL L S0k, 91 m] 2R e S A X B 7 i
2, NPT EA RS A A IR REE Y RE
SR FE W KAITFR. 2006 4, Wang 55 7172 FEHH
TR 98K & L (piezoelectric nanogenerator,
PENG), 3T ZnO MRk BN R S IR B AL
MERE, SEHL TR HL B RIS S AL, JPRE T RE
TN FH )BT

Bl A A I T 2 AR, U HE X R R
A MEHBIESE, ZE 1 F AR & FELHILAY A T A8
W | B RO L BRI R B R, DL S
it AMESE, Y905 8] T B S PR T L 8 S Rk
A S TE ) LA R 3 | R SRR B R T Ak
H L REPERE B, X R R IER A E R
MY S, AT NSRS B R A R | R AR
MUBE BB 1k J H fig, DA TTT S 284 & i S5 LA AE

1 BRAEATREARARL R ERES R

Table 1.  Comparison of ferroelectric films in information storage devices.

FEAfAR oEHEZ FRBE/V 5k (AR /min ERIIAERER /im b SOk
PVDF +2/-2 3—10 — 2.2—4.4 = (67

Pt/BTO/LSMO +2/-3 3 120 3.6 2 [61]

FTJs Pt/PZT/PEDOT:PSS +3.5/-3 10 — 4.8 = [62]
Pt/PZT/SRO/mica +6/-6 2.4—108 35 — 2 (68
Au/Cu/BTO/LSMO/BTO/Si +3/-2 100 30 2.8 o [69]

- MoS,/BTO/Au/Ti/Si0,/Si 450/-50 10 — 48 4 [65]
Pt/Zn0O/PZT/SRO/CFO /mica +6/-6 1.4x10° — 180 2 [70]
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. DSBS R BURT R BTO S, Park 45 1)
M o G 1 S T2 AE Pt/ Ti/Si0,/Si 4 I il %
T BTO #fsE, I3 [F4f 48 H AR % B8 28 2 M 0 k)
KR b, WA T R R A 9K & H AL AR
Kl 6(a). Y FHasE RS ih AR, FrEgrk
ML RIS 1.0 V, B 57055 26 nA
W 6(b). o1 T BTO HA AEYAHAEE, ZBER N
A BT A B ] 2R A I RE IR L 2R $R i T
AT AR

FHELT BTO, PZT 2B A7 B R H i R A 85
RS54 @ A A R, ARk, PZT R
£ RO TH O AT KR AFSE TAE. Park 5 24 38

(b)

THEOGH S TS T PZT W, JFEERE Bk
PET HiE I, 7500 @i A ek g ok &
L (B 6(c)), AT LA I8 200 V1 FF 2% H R DA
150 pA/em? BT (K] 6(d)). ManfFTF
Fe R T, ATLAASE 100 4~ LED 4T (& 6(e)),
Feor vl B T H EA wRE R AR A, 7E
3000 ¥k #5225 b AT B R A RE IR AL
B, R T E S A T E S R R U R
J5 T AT 5. Won 5 7 LK PZT A KAEHA
LaNiO4(LNO) 24 B H I L (K 6(1)),
HAT T AR T (K 6(g)), LB T HE/NUSF R
PEEE_EXTHUIR S g it .
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=
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k= 01 =
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8- —150 S
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7 1070 I : 5 £
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(c) PZT ZMHEGN K K HLASE # 5 D 7R 2 181 20 (d) PZT M98 K & B AL IE M) i 1 it 45 R 181 2Y; (e) PZT FMEA K & UL AT
5% 100 /> LED AT 524 6] BY; (f) PZT 4% 8l fig Bk e 2 S 18 75 () PZT 4% 2l g B e 25 v 3 D3 245 1 145 (h) PMIN-PT
e AR B T/ BRI /R BRI 7 (i) PMN-PT Z2 1 fit 2 A0 4R 8 0 3/ B0 L i ] 179

Fig. 6. Applications of freestanding single crystal oxide films in energy harvesting: (a) Schematic diagram of BTO flexible nanogen-
erator!"”l; (b) output current of BTO flexible nanogenerator!'%); (c) structure and test diagram of PZT flexible nanogenerator®; (d) out-
put voltage and current of PZT flexible nanogenerator with forward connection®!; (e) photograph of 100 LEDs turned on by PZT
flexible nanogenerator?; (f) photograph of PZT vibration sensor™; (g) leak current test of PZT vibration sensorl™; (h) schematic
diagram of PMN-PT flexible energy harvester™; (i) ECG of PMN-PT flexible energy harvester used as pacemaker!™.
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zJJ T SEBRAT 2 ) SERHEE R W oK (181 7(D)).
Noh S 7] fift FHEOGR B ek A KA 5 A WIS
A PZT B RS Sk PT 3RS I, JE AL T HaMR/
PZT /il = BIIRZS A 1) P b e AL B (18] 7(c)).
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Xof v B | e SRR M A ) T 5K

Oscilloscope

3 mm -
—

Output signals/mV

Output signals/mV

(a) LA ZnO AR 9 VO, B il £ T2 10 (b) SRR AT IR Ik 4 4% 12 3% 19);

(c) PZT fib 5E AL AR &5 7R B 77 PZT fub i 4?@%%& (d) MR (o) 5 il A5 5 i it (77

Fig. 7. Applications of freestanding single crystal oxide films in tactile sensing: (a) Fabrication process of VO, using ZnO as the sac-

rificial layer!™;

(b) recorded pulses before and after physical exercisel’; (c) structure diagram of PZT tactile sensor™; (d) and

(e) show output signals of touching and bending from PZT tactile sensor!".
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2 JRHBERNCER AL L

Table 2.  Comparison of piezoelectric energy harvesting devices.

JEHLBT R TRESHLUE V. JE I /pA  BIREE )/ (nA-em ) DIEEE/(WW-em ) Sk

PZT film/PET 200 15 150 17500 [24]

PMN-PT film/PET 8.2 145 — — [75)

BTO film/PU /Plastic 1 0.026 0.19 7000 [19]

TOS-BTO Nanoparticles(Nps) /PVDF 20 — — 15.6 [78)

PMMA@BTO Nanowires(Nws)/PVDF-TrFE 12.6 1.3 0.68 [79]

BTO@HBP@PMMA Nws/PVDF 3.4 0.32 — — [80]
it T Ak Y A I ) A T 28 D R R EAWIES

HAAMEHIIRER, AR 2 (1022 5 30 T58
PR MR R | N FHRSCR TR A T L R AR A
F. 3% 2 45 T 8853 B S R R P RL St s
FL A5 R I ) B i UAC AR A 2 P 25 30 B PR .
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Fig. 8. Applications of freestanding single crystal oxide films in resonators: (a) Schematic and testing diagram of BTO film and
graphene based piezoelectric resonator B; (b) membrane magnitude and phase while sweeping the AC driving frequency 1; (c),
(d) test result of STO nano-drum resonator [*; cross sectional illustration of the pump-probe measurement in (e) nonannealed STO

and (f) annealed STO [; (g) examples of picosecond ultrasonic measurements on nonannealed (black) and annealed (light blue) of

STOB; (h) Fourier transform of the waves in (g)P*.
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Fig. 9. Applications of freestanding single crystal oxide films in photoelectric sensing: (a) Schematics of the freestanding Ga,Oj films
fabrication process®; (b) LV curve of Ga,O3 photodetectors at different light intensity®; (¢) I T curve of Ga,Og4 photoelectric un-
der 254 nm illumination®/; (d) structure diagram of NiCo,0, photodetector®; (e) I-V curve of NiCo,0O, photodetector®; (f) schem-
atic diagram of ZnIn,S, photodetector®; (g) LV curve of ZnIn,S, photodetector under dark and illumination®; (h) photograph of

wearable device made of ZnIn,S, films/®0.
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Fig. 10. Applications of freestanding single crystal oxide films in dielectric energy storage: (a) SEM diagram of NaNbO; nano sheet?”);

(k)

Strength of electric
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(b) high-resolution transmission electron microscopy (HRTEM) diagram of NaNbO; nano sheet?”; (c) energy storage performance of
NaNbO; nano chips/PVDFP7; (d) scanning transmission electron microscopy (STEM) diagram of freestanding (100) orientated
BTO films®¥; (e) (100) SEM diagram of orientated BTO/PVDF compositel®d; (f) (100) hysteresis loop of orientated BTO/PVDF
composites®; (g) HRTEM of freestanding (111) orientated BTO films®; (h) (111) SEM diagram of orientated BTO/PVDF com-
positesl®; (i) (111) orientated BTO/PVDF composite hysteresis loop}; (j) (111) electric field distribution diagram of orientated
BTO/PVDF composites®; (k) (111) breakdown path diagram of orientated BTO/PVDF composites!®l.
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Fig. 11. Applications of freestanding single crystal oxide ﬁlms in strong correlation system: (a), (b) SAO/STO heterogeneous layer
before and after DI water resolving functional structurel®; (c) DI water drop affecting SAO layer and its conductivity changel®”]

(d) superconducting transitions of V02 film at low-temperature regime™; (e) V-I curve of LAO/STO film Dev.4P; (f) schematlc
diagram of fabrication of VO, film/*®

thin films(23.

I: (¢) photograph of flexible freestanding VO, film®; (h) preparation of THz modulator by VO,
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Fig. 12. Applications and functional research of freestanding single crystal magnetic oxide devices: (a) Magnetoresistance curves of
LSMO films grown on mica and other substrates (at 15 K)['%) (b) write (W), read (R) and erase (E) processes of freestanding
LSMO films at 10 K[ (c) curves of exchange bias field (HEB) and coercive field (HC) of freestanding LSMO/BFO film with
bending times!'”!; (d) SEM photographs of in situ bending of Fe;O, filmsP; (e), (f) schematic diagram of biaxial stretching (8%
strain) of LCMO film and phase diagram®; (g) schematic diagram of the bending NZFO film and the change in the ferromagnetic
resonance field at different curvatures!'”; (h) in-plane magnetic resistance anisotropy of SRO film before and after transfer*!.

098502-17



) 3B 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 098502

Tk R 7.18 pm, HIFEMARE 122°(& 12(d)).
MR 3| PDMS 2 0F, FeyO, MR AT LL7EAR
S LRGSR BE IS B0 T R AE KA, B
FORARMIZNE. AN, Z2tE A 34K BTO-CFO 1-2
S5 T AME 4K 52 A S5 Rt gl s T i 107, HOR
ILRERS SN 4.23 pm SRR, BT DL H &
2l AEIR. 25 ERTIR, W4 28 RE AR S 1Y etk
i SR AL TR B ) A RASE | i o o P 1, (A5 ) 3
PEER R SE AL e 240 I DA e M s b 2
FEE NN E

H R AR A A S5 S R R Y R
I R — BRI R A5 . R FE 5
AR 2 P Al IS Bl FEUREBHR R T im0 =X, A 32
FRARS AV 25 il L 1 A i O A A
Yy RN N A, SR AR TV 20 L RE 1 1A
i X VR B L e o AR R R — A S IR HE R
Hong %5 P IR S T 99K D Lag ;Cay sMnO; il
TR 38 S A S R AR G B N AR R AT 8%, AL
%7 A R 5 5%, Bk 0 XU 7 LA S AS ) A
BSR4 JE I A AT LA R R K 4
G (I 12(e) FIET 12(£)). 33 b e 3T 78] 14 17 2 s
T BRI O SR T Iz L.
FHEET B2 R A , 255 2 B Sy 3 B4 g it o
T Yao &5 106 | ] A S5 NiZn-JQ di A1 8k
SR = W, SCELT X M Nig5Zng 5Fe, 0,y
(NZFO) Ak fsmi e i B MU 4E (18] 12(g)).
FEXUE U BT T, SE8 T 2027 Oe (1 Oe
= 10%/(4m) A/m) BB K ILIRY FMR %17
B, XA 5E 45 R W] H SCHEAME R AE A TR
PRSI /Wi S A AR 1) I FH 5

AN E ) B A B A A A K v A 1 A
PRI, T T P 3 R 5 J PR ) it ks 254 A s
Ak, BEAh, 2 A SCEERGPE A A TR R B N &
JLYOKET, Fmife LR HEEVE 0 52 4R
I, 2R TR HEA . X RN 1 A
BHESH B AL 15 B SCHEE MG SE A ) RS 45 In]
St AR, HaX AR R T R B R &
H SCEAREA G, IR de o 3t T AT fg.

Peng %5 M LI SrCoOy 5 1E J 4L 2, il 3 K
U R 118 &7 2 7 258 FITAS [) P o P BB ) SR T 7 Jo o
() H SR StRuO; M. A7) & AT i A5 5
i (001)pe B STRuO; BE 5 BIREAS ] Sk & E
BB AR ML, SR A T 66° B S #2230 i A 7

li) 5% W o 33 i AT A (181 12(h), XN =R
Jig v T BT R AR A TR A ERE. Lu 55 007 Y
WA, 4 A S LMO #ER S EE D8/ 3] 4 nm
I, M B A6 G A DAHE R P 78 Y +3 H 22 1k 31
TR ik ok A i A AR KR B B Y R AL YR
2424 PRI, 1% 5y Sl M- T A D) 38 31 1 A,
PEMAE T P AT [ #R B T BBk RGN, X Rl
/NI HD 52 555 0 5 ) S P 245 el A ARk i
JEEXT T EARAR I FBETT 1 AR AR+ 73
AHI

3.6 BXESAWNIFFEAARE
3.6.1 B XIEF L ANBIT AL LA

SR 2 L 22 LA T AR i AR R i s &2
TR 2 AR OK 25 A8 A R D7 i X BT AT A 4K L L
KL Z 2K RUBE I 254, BIANA oK 4 | 9K 2500
ORGSR | BOELE R | RS G5 T R B 45
RS A B S OSB3k i HORH G F
FEXFBACH R | S T2 2= DL AE Rl
A R

BT EAREE 1O AR Z R S5 R C 9L
N AT 4% | AR IR | UM AR DL SO
SEILPRAE U, HATC A 9K L UK | RS,
¥ | TR AT Z Rl VO, 258 ) i T A T4 Y
Wi, SRR IR B VO, /Cr B RUZ e 2
1725 ity 09101 BIFSEAIE S, BETHE VO, KR
KR RPAT A B A SRS (K TR EE)
I (FE2 PR T 4 kHz, 72K KT 60 Hz)
MIBRBIRAIE, I FL AT PEAE s A rh S S S 52 A
PR 1 L 13(a) FIE] 13(b). MEAR, fEB) Au
G I8 2 R M, FE ARSI T VO,/Cr/
Au U R TE St Ao, 20583 T I
ALl (V28] SR AR A T B %) B 2 A fi S
R ESF R HERE ], SRR SO LA L S R
LS SRR IR (CNT) 5 VO, B8 %
ghgy, ST R (BT 100 H) KSR R (B
100 ) OGRS SN B, i — 28 5 AN [) -4 ) F i
BRAAKAE (SWIN'T) e 58 F) K 30 428 WA AT P A
545, ¥ VO, AT A BUEE SR 5 1 2 A 1Y W] B Zh 6
BEAR T 249 50% 1% o5 —J5 I, i B9 KB iR,
TG A A A ] TR T . AFSEA B
Hill 85 T — RPN AT BRI VO, U 10, fAE 4544
A AR AT Y, ol AR K, HAE

098502-18



) 12 % 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 098502
TR AR R AR LR 23 AR VO, BRI AR S HAE T A2 2107 v/min, $RIE A A2 KK B

JE, PRI N Rl T BAT RSB Eﬁkh%
AR S a3 . TERRI T 2T, B VO, i
%ﬁ%%%%ﬁ“%@%ﬁﬂﬂmﬁﬁﬁ ﬁﬁ

500°, Yy B ik 4 39 kW ke, ULE 13(c). i
Aok, B4 VO, /Cr =4k #2549 KR A 51
%%&%mﬂMﬁ@%&%ﬁﬁﬁ%ﬁ&%imm

it— ﬁﬁMﬁH%T E% ﬂﬁfﬁi Bfk, JIf Eiﬁﬁﬁm@
(b) 1.26
— )
1.24 +
G
g 122} g w0[ | ~13 o
0 Jo &
Electrod g 8 S
4 o ries 1.20 J E o o EJ
O e A 7 °f $ o §
& -’ g LALLAY . . . S dpmd b
0 20 40 60 80 100 2 4 6 8 10 12 14
Time/s
© 8 I phase M phase ®
Q
6 : %
VO, _ =
113.11(,)})&{:"- X >
- : EoAr 5
e
2 -
141 545
L orr 321
of o 379/0K .400 T Torr Torr .
300 320 340 360 380 0 150 300
Time/s
2.0
—3— Loading

1.5}

Z

[100} < 1.0t
5
=

0.5 F

TN
0
50 pm 50 pm 0 i é '3 i
Displacement /pum

& 13
L BEL 0 () B R BK Bl VO, 45 A 48 DL K g BH S A6 107 () 9B 171478 SRR 3 5 3 i 4 W 7 B OB (SEM) IRZ BY; (e) VO, 4K

ISP SR BB s M B T (a) 38 2o A PRI RO RO A R AT ab By 0 R 161 100 () it Jom 7 3982 PR S AT 8 )

A I AT (ktot) T FL S A MO B () I3 VO, SR A% 8 X = AN [ S S e iz (121
(g) % Fh BTO 4% (AT . AR A6 T A E 38 50) 1Yl S B P45 12315 () LSMO/BTO 94 K 5 S 7E i i A5 v (9 J5U 32 SEM. I8 A L

LIRS 5 0 9 X R 121

Fig. 13. Applications of novel freestanding single crystal oxides structures: (a) Side view of a microheater actuator activated by
Joule heat!!'!); (b) the resistance of the actuator when a square wave voltage is applied''!); (c) the voltage-driven deformation of the
VO, spring, accompanied by a change in resistance''”); (d) SEM of a temperature-gated thermal rectifier device consisting of two
floating pads bridged by a VO, nanobeamf!; (e) dependence of measured total thermal conductivity (ktot) and expected electron
thermal conductivity nanobeamsP'; (f) response of self-heating VO, microstrip sensors to helium pulses at three different pressures!'?!];
(g) light microscopic images of various BTO wrinkles (parallel, zigzag, and mosaic) at a scale of 20 pm!'?l; (h) in situ SEM of
LSMO/BTO nanospring during stretching and mechanical force function determined by displacement!'?4l.
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Fig. 14. Stacking and twisting of freestanding single crystal oxide films: (a) Cross-sectional TEM image of the CFO/PMN-PT het-
erostructurel'”; (b) the induced voltage across the PMN-PT (§Vyz) induced by the AC magnetic field'”); (c¢) out-of-plane magnetiz-
ation curves of CFO, YIG, and CFO/YIG heterostructures at room temperaturel'”); (d) optical microscope images of CGO/CGO
bilayer and STO/STO bilayer films with a twist angle of 45° and 100°'*"); (e) atomic resolution High-Angle annular dark-field
STEM image of STO/STO interface stacked at 10° twist angle!'*”; (f) the dependence of oxygen ions tracer diffusion coefficient (D*)
and twist angle of STO/STO heterostructurel’®”; (g) optical images and schematics of STO films stacked at a 24° twist angle on sil-

icon wafers®; (h) HRTEM images of moiré stripes of tBL-STO film analysis and the corresponding fast Fourier transformed results/?s].
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films
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Abstract

Flexible electronics have aroused great interest of researchers because of their wide applications in

energy harvesting and wearable

device.

To realize extraordinary functionalities,

freestanding single crystal oxide thin film is utilized due to its super elasticity, easy-to-transfer, and outstanding

ferro/electric/magnetic properties. Using the state-of-art synthesis methods, functional oxide films of various

materials can be obtained in freestanding phase, which eliminates the restrictions from growth substrate and is

transferable to other flexible layers. In this work, we first introduce wet etching and mechanical exfoliation

methods to prepare freestanding single crystal oxide thin film, then review their applications in ferroelectric

memory, piezoelectric energy harvester, dielectric energy storage, correlated oxide interface, and novel

freestanding oxide structure. The recent research progress and future outlooks are finally discussed.
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AN T Rk 20 SR s A fE £ 38 18 AHE,
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AR R K SRO, I8 1(a)—(e) NAFBOGHER
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WA T SO R E R 1.75 J/em? B, G FR
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Y RN | R T I A N 55 SR A A A
b 2 DTG Yk Ao, OEL i g 2 1 e A oy b 27, Y
PSP EHOCRE R T E 2 J/cm?, AFM FER A
BB AR 2E, RIDHLRE RS I 0.232 nm, & 1(f)
o g R H B AR & B - G IR AR | (HR 7
REEPET 22 160 K, HFHRWA T BT WE 1(e)
FioR, i 2.25 J/em? #EF7 A4 KASEIAY SRO MK,
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Fig. 1. AFM images and resistivity of 6-unit-cell SRO thin films grown using different laser fluence: (a)—(e) AFM images of SRO
thin film grown under 1.25, 1.5, 1.75, 2 and 2.25 J/cm?, the size is 2 pmXx 2 pm, the film thickness is 6 unit cells. (f) Resistivity of
each thin film as a function of temperature. (g) XRD patterns for SRO films deposited under various laser fluence, the dashed line

indicates the SRO (002) peak position when the out-of-plane lattice constant ¢ reaches the minimum.
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JEXTF SRO LS H Y sZm, 4l 1(g) Fias, XRD
HH b, i OB R B R AR sl = 2B K ) SRO
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HE— 25 AR G IR B AE K SRO, IR SR
THE A . H iz FE5 P T, 1 2(a)—(d) AN
LN AR B R SR TR A0, RS RE X 6 1
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T B8 2B AR ) i 2 M B, O TR A KR
XFF SRO ML FsE M, A KT 30 BN (29
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HA IR R 630 °C, AFM K R ke S 2211 & W
VW, MBS E 4 0.299 nm, i TREA K, B
A RS SR A 8192 SO A SRR L 45 2%
KA1 R, I 2(F) i XRD Z5 R0 5% 630 °C A=K
WA AR 2, o (HHE R, RN D AAE T 21
A, MR KIREE 670 C AR, WE 2(b)
P, 6 AR, SRIERRE B A4S /N A 0.173 nm,
PRI AR & @ 1, XRD (& 2(f)) 258 2
ARG o (B /N BO eI b Bl 4 b Ak ST
wAE IR EE 2 700 °C I, &l 2(c) o AFM & R
B B AR M7, KA B 0.182 nm, 5 670 C

3.2
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(a)—(d) KR E 451K 630, 670, 700 F1 730 C T
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Fig. 2. AFM images and resistivity of 6-unit-cell SRO thin films grown using different deposition temperature: (a)-(d) AFM images
of SRO thin film grown at 630, 670, 700 and 730 °C, the size is 2 pm X 2 pm, the film thickness is 6 unit cells. (e) Resistivity of
each thin film as a function of temperature. (f) XRD patterns for SRO films deposited under various deposition temperature, the

dashed line indicates the SRO (002) peak position when the out-of-plane lattice constant ¢ reaches the minimum.
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Fig. 3. AFM images and resistivity of SRO thin films grown after the target surface is ablated by different laser pulse numbers and
SEM images of the target surface before and after laser ablation: (a)—(d) Resistivity and AFM images of the 6-unit-cell SRO thin
films grown using fresh target and after the target is ablated by 3 x 10* P and 2 x 10° P, respectively. (e)-(h) Resistivity, AFM im-
ages and XRD patterns of the 30-unit-cell SRO thin films grown using fresh target and after the target is ablated by 2 x 10° P, re-
spectively. * denotes the (002) peak of STO while ¢ denotes the (002) peak of SRO in (h). (i), (j) SEM and EDS image of SRO tar-
get surface before and after 2 x 10° P laser ablation; (k) XRD patterns for the fresh target, the ablated target with 2 x 10° P, and
the standard cards of SRO (blue) and Ru (green), respectively.
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Fig. 4. Hall resistivity of 6-unit-cell SRO grown under different conditions at 2 K. (a) The optimal growth conditions; (b) the laser
fluence is 2.25 J/cm?; (c) the growth temperature is 730 °C; (d) the target surface is ablated by 3 x 10* P.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films

Correlation of preparation conditions of SrRuQ;
ultrathin films with topological Hall effect”

Zhang Jing-XianY?  Bao Ming-Rui?  Ye Fei?
Liu Jia?  Cheng Long?! Zhai Xiao-Fang??
1) (Department of Materials Science and Engineering, Hefei National Laboratory for Physical Sciences at the
Microscale, University of Science and Technology of China, Hefei 230026, China)
2) (School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China)

( Received 22 September 2022; revised manuscript received 12 October 2022 )

Abstract

As one of the magnetic transition metal oxides, StTRuO5 (SRO) has received much attention in recent years,
which is mainly due to its unique itinerate ferromagnetism and the unusual electrical transport properties—
behaving as Fermi liquid at low temperature and bad metal at high temperature. In the growth of SRO thin
films, there are many factors that can affect the quality of thin films. In this work, we study various factors
affecting the growth and quality of SRO thin films by using laser molecular beam epitaxy (laser MBE),
including laser energy density, substrate temperature and target surface conditions, and explore their influences
on the topological Hall effect (THE) in SRO. For thin films grown at high laser energy density and high
temperature, we found that there are large trenches at the edge of steps, which deteriorate the transport
properties of the thin films. When using low laser energy density, extra SrO may exist in the films, which also
suppresses the conductivity. Films grown at low temperature tend to have poor crystallinity while films grown
at high temperature exhibit island structures. The ablation degree of the target surface increases the
decomposition of SRO to SrO, Ru and volatile RuQOy, resulting in Ru defects in the grown thin film. The SRO
thin film grown under the optimal conditions (1.75 J-cm2, 670 °C, fresh target surface) exhibits the optimal
conductivity and the strongest THE. For non-optimal growth conditions that favors thickness inhomogeneity or
Ru defects in the film, THE becomes weaker or even disappears. Therefore, we believe that the THE is due to
the Dzyaloshinskii-Moriya interaction (DMI) resulting from the interfacial inversion asymmetry and the

associated chiral spin structures.

Keywords: StRuQ3;, laser molecular beam epitaxy, growth control, topological hall effect

PACS: 68.55.—a, 73.61.—r, 74.70.Pq, 81.15.— DOI: 10.7498 /aps.72.20221854
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Element

Atomic/%

(a) XRD i%; (b) AFM JESRIE; (c) EDS, i3 0 J5F BE /Kt

Fig. 1. Characterization of Nb doped SrTiOj thin films on (001) SrTiOj substrates with different thicknesses: (a) XRD spectrum;
(b) AFM image; (¢) EDS, the inset is the measured element composition.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films

Strain-enhanced thermoelectric properties of Nb-doped
SrTiO; thin films"

Ma Yun-Peng  Zhuang Hua-Lu Li Jing-Feng  Li Qian'
(State Key Laboratory of New Ceramics and Fine Processing, School of Materials
Science and Engineering, Tsinghua University, Beijing 100084, China)

( Received 2 December 2022; revised manuscript received 6 January 2023 )

Abstract

The development of high-performance thermoelectric materials can help solve the energy crisis in the
future. Thin-film thermoelectric materials can meet the requirement for flexibility of wearable devices while
supplying electrical power to them. In this study, high-quality Nb-doped SrTiOj films (Nb:STO) with different
thickness are prepared on SrTiO; (STO) and LagsSrg7AlgesTags505 (LSAT) substrates by pulsed laser
deposition. The surface morphologies, crystal structures, and thermoelectric performances of the films are
characterized. The results show that the thermoelectric performance of the strain-free film increase with
thickness increasing. The power factor at room temperature increases by 187%. The Seebeck coefficient of the
144 nm-thick Nb:STO/LSAT sample with strain is greatly improved to 265.95uV/K at room temperature,
which is likely to be due to the strain induced changes in the energy band of the thin film. The improvement of
the thermoelectric performances of Nb:STO thin films by strain engineering provides a new approach to

improving the thermoelectric properties of oxide thin films.

Keywords: pulsed laser deposition, thermoelectricity, SrTiOs, thin film
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Fig. 1. Schematic diagram of the structures of the (a) BM-
SFO single-layer memristor and (b) BM-SFO/PV-SFO
double-layer memristor; schematic curves showing the re-
sponses of the (c) single-layer memristor and (d) double-lay-
er memristor to potentiation and depression pulses, i.e., the
long-term potentiation and depression (LTP and LTD, re-
spectively) characteristics; () XRD 6-260 scans of BM-SFO/
PV-SFO double-layer film (red) and BM-SFO single-layer
film (blue).
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Fig. 2. (a) Comparison of I-V characteristics of BM-SFO single-layer and BM-SFO/PV-SFO double-layer memristors; 50 cycles of I-

V characteristics of (b) single-layer memristor and (c) double-layer memristor; (d) statistical distributions of switching voltages of

single-layer and double-layer memristors; (e) statistical distributions of LRS and HRS conductances of single-layer and double-layer

memristors.
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Fig. 3. Schematic diagrams showing the conductive fila-
ment (a) connection and (b) rupture in the BM-SFO/PV-
SFO double-layer memristor; schematic diagrams showing
the conductive filament (c) connection and (d) rupture in
the BM-SFO single-layer memristor.
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Fig. 4. Conductance evolutions of (a) BM-SFO single-layer memristor and (b) BM-SFO/PV-SFO double-layer memristor under posi-

tive pulse trains with different amplitudes; conductance evolutions of (c) single-layer memristor and (d) double-layer memristor un-

der negative pulse trains with different amplitudes.
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Fig. 5. (a) LTP and LTD characteristics of the BM-SFO/PV-SFO double-layer memristor, and the insets show the schematics of
applied pulses; retention of the conductance states of the double-layer memristor during the (b) LTP and (c¢) LTD processes; (d) mu-
Iti-cycle LTP and LTD characteristics of the double-layer memristor, and the upper inset shows schematics of the applied pulses.
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Table 1.  Device performance of filament-type RS memories based on different materials.

it FF Lt SetHLFE/V ResetHL /V FHAS %K SCHk
TiN/Hf/HfO,/TiN >10 +1.1 +1.8 2 [31]
Pt/Ta,05_,/TaO, ,/Pt >10 4.5 +6 2 (32, 33]
Ag/NiO,/Pt >10 +1.1 0.5 2 [34, 35]
Si0,/TiN/WO,/SiO, ~10 +3 +3.3 23 36, 37]
Al/TiO,/ITO =102 +2 -2 2 (38]
Ag/7Zn0,/Pt ~107 +3 -3 2 [39]
Pt/Ti/a-SrTiO,/Pt >10? ~1.35 +1.9 2 [40]
Au/Cr/BaTiO3/Nb:SrTiO3/In >104 -7 -1 8 [41]
Au/BiFeO;/Pt >10 +4 -6 2 [42]
Au/SrFe0, 5 /SrRuO; ~10? -5 +3 2 (23]
Ag/STO:Ag/Si02/p++-Si ~10? +3 -3 60 [43]
Au/HfSe,/Ti ~10? +1 1.2 26 [44]
Ag/Ti;,C,T, NS/Pt ~10? +3 +0.5 12 [45]
Au/SrFe0, 5/SrFeQ;/SrRuO, ~102 +0.7 1.4 32 ATAE
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Fh, nE 5(b) FE 5(c) Fras, WZIZBHARTE LTP
A LTD s #E b, B S35 8 st i s #h kT
E, RWIH R R PSR RRREE. B 5(d) R T
BRI Z MR R LTP-LTD 342, rf LA H
AN TR A 20 1 F, S AR 25 S 3/ BB eycle-to-
cycle 2= TR

LRSS T ETORRIAEHY S 41 22 A BH
A TR EERE. N 1 AR N, AR TAER BM-
SFO/PV-SFO 3UZIZ B A A3 Z — 2 FHA B
2, A F T R A E BRI 2R S R
Z % Set/Reset HUREUIN, A F] FALE . {kfE
FRAE. O LL I A T AR, 5 —E iR T

23 [H].

4 MABKRITEGE

FIRGE RO RIIIUZIZBHAR B T RE W H
1 LTP/LTD 178, A BAE R N T 5 fil#s 14 1
T 2IE TR . it B TR TRUZL
RHAF ) 2 B A 22 M 4% (artificial neural network,
ANN), I 3CH S RBI RE 1, I FH B2 ACBH &5 4k

ANN YE A XFIEL . W 6(a) Fros, 060 08
£ F 5T OL = U EE 4L (optical recog-
nition of handwritten digits, ORHD) $i4liE, ‘E U
<07 5 “97 1 5620 ik 8x8 R RN TF 5 EF K
1%, BERLSS MYIZRAE (3823 7K) FIAE (1797 3K).
PRI EE ANN 24549, 05 64 MM A&
JC. 10 N A2 T LA K 640 (64 x 10) 4~ 2 fitk.
ANN £ ORHD ¥4 F i T 7E L2k, HE T I 1n]
PR A T S A . 5 Ml R A AR T2 B
A AEF (] 6(b)), F H A {8 w5 2] 52 PR
{ZFA#F LTP Fil LTD #f B iy s 8 E (K] 5(a)).
A epoch YIZREEHG , # AL K Frfi A ANN
AR H R oA 2.

wE 6(c) Fizw, BZIZBHARHE ANN 2850 10 4
epoch YIZRIG IIUERRRAR 17.0%; i FHXUZIZEH
IHERA N T 5k, ANN BHERFRR IR T 69.3%,
K] 86.3%. &l 6(d) AAUZIZFHARFE ANN JUA4E
PR EHRE, AT AR s e i b XA L,
VIR o3 [ ¥ R R ).

WUZAZ B3 ANN HERG R 14T 7T 5 A
B/NE LTP/LTD FEZME 1 (29 5.1) g2 nyh
[ LA %L (LTP A1 LTD s #2394 16 &), A3
SRt R v S FRAS R N o o AR, DT 4
THAERR.
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Fig. 6. (a) Schematic diagrams of the simulated fully connected neural network (ANN) using SFO-based memristors as synapses, W
is the weight of the memristor synapse connecting the input layer and the output layer; (b) schematic diagram of the SFO-based
memristor crossbar, where I is the input neuron and O is the output neuron; (c¢) comparison of accuracies of BM-SFO/PV-SFO

double-layer memristor-based ANN and BM-SFO single-layer memristor-based ANN; (d) confusion matrix of the test results from

the double-layer memristor-based ANN.

2 RFEMCBHAERZE AT ANN EHRIRGIHER X L
Table 2.  Image recognition accuracy comparison between ANNs using different memristors as synapses.
i BH A% ANNZEH HERR /% Ktk SCHR
Pt/Li;Tis015/Ti0,/Pt 100 3ZM%%(400x100x10) 87 MNIST(20x20) [46]
Pt/Ta0,/NP TaO, /Ta 200 3EML%(784%7840%x10) 89 MNIST(28x28) [47]
Ti/PdSe,/Au 200  3JZM%4(400x100x10) 94 MNIST(20%20) [48]
Ta/HfO,/Pt 200 32/ (64x54x10) 91 MNIST (8x8, H120x20 FRAEHAE)  [49]
Ag/WSe, QDs/ Lag 3Sro;MnO3/SrTiO; 70 3ZM% (NA) 91 ORHD(8x8) [50]
Au/SrFe0, 5/SrFeO;/SrRu0, 32 2Z2M 45 (64x10) 86 ORHD(8x8) AR T AR

%2 R T AR RHARAE R 2 il ANN B
PUINAERR R4S H, A T4+ BM-SFO/PV-SFO
MUZAZBLAFAE A 28 fl () ANN PG 30 o By S -
A, HHASS AR — & 2200, AN BRI 2 S
Bromi R, A4 IA A 228 i S R g 1 B A 4L
AR 22, LI K3k FH G I 45 45 P et 7 B A S 42
5T, UL P 7 42 F+ SFO FEIZBHAR1E A
Zfiry ANN fPERE: 1) Pifk BM-SFO #1 PV-SFO

JRIREE, IEXE kAT B AE AR BT, AR
HHERE AN BHAS AR AL 2) BP0 AT 2 R4 4y, 348
TN A AR T R 25 B

AR T—Fh Au/BM-SFO/PV-SFO/
SRO MUZZBH#E, Hrf BM-SFO RFRZ, i PV-
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SFO JZ2 N Z. #HT Au/BM-SFO/SRO H
JEACBHLES, SUZIZ B 8 230 IR A e g s o
AR AT EE A ISR A, XTRE R TR
1) PV-SFO F 14 2 RE A 4 B A RIS K i 4
+, {1 S A 22 W AT 24T N 25 2 FTeT 9. eAh,
PO AL L FR BB AR R BH AR A7 R, 1 XUZIZBH A%
R BT E R AS AT R, X AT REW 2 T PV-SFO
T2 05 1A 5 40 2288 1) R Y G
BRI, IMARAS B 2 | R RHA. S —20E
BT AUZIZ PR REAS AL LTP 1 LTD 2 fild 1R,
BT BRI AR & il i 5y 2 T ANN, 783351
ORHD ¥4 F 5 H il i 3k45 T 86.3% 1Y
HERR R, AHEL T B2 CBH AR 2 ANN AR 242 T
T 69.3%. A SCHFIH A HEHZ T L CHM T SFO %
TCBAAR B PERESRE T, FFUER T HAE A A T2 i1
AT RIS TR ).
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Abstract

SrFeO, (SFO) is a kind of material that can undergo a reversible topotactic phase transformation between
an SrFeO, 5 brownmillerite (BM) phase and an SrFeOj perovskite (PV) phase. This phase transformation can
cause drastic changes in physical properties such as electrical conductivity, while maintaining the lattice
framework. This makes SFO a stable and reliable resistive switching (RS) material, which has many

applications in fields like RS memory, logic operation and neuromorphic computing. Currently, in most of SFO-
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based memristors, a single BM-SFO layer is used as an RS functional layer, and the working principle is the
electric field-induced formation and rupture of PV-SFO conductive filaments (CFs) in the BM-SFO matrix.
Such devices typically exhibit abrupt RS behavior, i.e. an abrupt switching between high resistance state and
low resistance state. Therefore, the application of these devices is limited to the binary information storage. For
the emerging applications like neuromorphic computing, the BM-SFO single-layer memristors still face problems
such as a small number of resistance states, large resistance fluctuation, and high nonlinearity under pulse
writing. To solve these problems, a BM-SFO/PV-SFO double-layer memristor is designed in this work, in which
the PV-SFO layer is an oxygen-rich interfacial intercalated layer, which can provide a large number of oxygen
ions during the formation of CFs and withdraw these oxygen ions during the rupture of CFs. This allows the
geometric size (e.g., diameter) of the CFs to be adjusted in a wide range, which is beneficial to obtaining
continuously tunable, multiple resistance states. The RS behavior of the designed double-layer memristor is
studied experimentally. Compared with the single-layer memristor, it exhibits good RS repeatability, small
resistance fluctuation, small and narrowly distributed switching voltages. In addition, the double-layer
memristor exhibits stable and gradual RS behavior, and hence it is used to emulate synaptic behaviors such as
long-term potentiation and depression. A fully connected neural network (ANN) based on the double-layer
memristor is simulated, and a recognition accuracy of 86.3% is obtained after online training on the ORHD
dataset. Comparing with a single-layer memristor-based ANN, the recognition accuracy of the double-layer
memristor-based one is improved by 69.3%. This study provides a new approach to modulating the performance
of SFO-based memristors and demonstrates their great potential as artificial synaptic devices to be used in

neuromorphic computing.

Keywords: SrFeO, based memristor, artificial synapse, neural network, interfacial intercalated layer
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Fig. 1. Schematic diagrams of the photodetector structure: (a) MSM structure S1; (b) MIS structure S2; (¢) MIS-passivation struc-
ture S3.
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Fig. 3. UV-vis absorbance spectrum: (a) Optical absorption
characteristics curves of different thin films; (b) the rela-

tionship of (ahv)? and hv.

h TVl =R [ 25 R 8510 H B DG R RE,
DT S1, S2, S3 FESMERREADEIRT (500 pW /em?,
254 nm) B HLF-BUE (1-V) Bk, ikl 4 fros. il
XTI, TERRRE ST, MSM 4544 i rE 48]
% S17E 10 V RE R T IRE TN 2.53x10 12 A,
HAT HIO, 45421 MIS 45D G AR 28 S2 £ 45
TR AR LI, S 4.23%x 10713 A, 1 LA HEO, [A] i
VE g 446 2% J2 FEAL 2 () MIS B H 500 2% S35
N LG S2 BARAYIE LI, A T 4.29x 10 AL X
B TESE S SRS A HIO, ZJ5,
HfO, fE N4 85 5-Ga,O5 R 4a %% a2, 32
& T A AR il P S A B, NI A5
FEAR T IS HLR . 588 S2 M H, S3 HA IR Y s
HLUIE, PRI GayO 5 Wi JIE 3% T h A7 75 1 00 5 25 B
SRR IR, M7E GayOg iR T
1Y) HEO, 4825 J2% ] LA by i £k J2 410 ) 35 ThD O FEL 37
a5 A HIO, J5, HAFRCH AR & 4 47 &1 B
N, Horh MIS 88 S5 ) i A AH Y T4 %22 G
RS [ HL T )2 LAY G B HEREX. 76 10 V

097302-3


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

) 3B 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 097302

B, GIREREE R 500 pW /em? 1Y 48 AP R 5
T, ##4 S1, S2, S3 ML 2RISR, 4300k
5.17x10°9, 3.89x 10 F1 3.85x10°° A, Al Les{4F S2
1S3 EHLIEAS S1 I T8 BRI

O S1-light
* S2-dark 73 7 S2-light
F A S3-dark Y S3-light

1070

10—11

Current/A

10-13

10-1F

—I50 —I25 (I) 2I5 5IO
Voltage/V

Bl 4 75BN 254 nm 5RO IR AF T, R 454 B

GayOy FAMG AL R G 1V R 28 O £k 4 (3 1B

FIA S AERJF o 1R S5 R0 B 1A
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Abstract

Solar-blind photodetector (PD) converts 200-280 nm ultraviolet (UV) light into electrical signals, thereby
expanding application range from security communication to missile or fire alarms detections. As an emerging
ultra-wide bandgap semiconductor, gallium oxide (Ga,Os3) has sprung to the forefront of solar blind detection
activity due to its key attributes, including suitable optical bandgap, convenient growth procedure, highly
temperture/chemical /radiation tolerance, and thus becoming a promising candidate to break the current
bottleneck of photomultiplier tubes. The Ga,Os-based solar blind PDs based on various architectures have been
realized in the past decade, including photoconductive PDs, Schottky barrier PDs, and avalanche PDs. Till
now, the metal-semiconductor-metal (MSM) structure has been widely used in developing photoconductive
Gay04 solar-blind PDs because of its simple preparation method and large light collection area. Unfortunately,
despite unremitting efforts, the performance metric of reported MSM-type Ga,0Oj3 solar-blind PDs still lags
behind the benchmark of commercial PMTs. Apparently, lack of solution to the problem has greatly hindered
further research and practical applications in this field. One effective strategy for further enhancing the device
performance such as detectivity, external quantum efficiency (EQE), and light-to-dark ratio heavily relies on
blocking the dark current. In this work, high-quality single crystalline -Gay,O3 with a uniform thickness of
700 nm is grown by using a metal organic chemical vapor deposition (MOCVD) technique. Then atomic layer
deposition (ALD) fabricated ultrathin hafnium oxide (HfO,) films (~10 nm) are introduced as inserted
insulators and passivation layers. The 30 nm/100 nm Ti/Au interdigital electrodes (length: 2800 pwm, width:
200 pm, spacing: 200 pm, 4 pairs) are fabricated by sputtering on the top of the film as the Ohmic contacts.
Taking advantage of its novel dielectric and insulating properties, the leakage current on GayO3 thin film can be
effectively inhibited by the inserted ultrathin HfO, layer, and thus further improving the performance of PDs.
Compared with simple MSM structured Ga,Os PD, the resulting metal-insulator-semiconductor (MIS) device
significantly reduces dark current, and thus improving specific detectivity, enhancing light-to-dark current ratio,
and increasing response speed. These findings advance a significant step toward the suppressing of dark current
in MSM structured photoconductive PDs and provide great opportunities for developing high-performance weak

UV signal sensing in the future.
Keywords: gallium oxide, ultraviolet detection, metal-insulator-semiconductor, surface passivation
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tern after film growth.
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Fig. 2. Morphology characterization: (a) AFM image of STO (001) substrate; (b) AFM image of LSMO (40 u.c.) film; (¢) AFM im-
age of Pt(2 nm)/LSMO(40 u.c.) film; (d) line-scan of the LSMO film in (b); (e) line-scan of the Pt/LSMO film in (c).
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Fig. 3. Structure characterization: (a) 26-w scan of Pt(6 nm)/LSMO(40 u.c.) thin films; (b) enlarged view of the (002) diffraction
peak in panel (a), and the inset is a rocking curve of LSMO film around (002) diffraction peak; (c) reciprocal space map of Pt/
LSMO film around (103) diffraction peak; (d) XRR spectrum of Pt/LSMO film, and the red line is a fit to the experimental data.
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Fig. 4. (a) Temperature dependence of magnetization of LSMO (40 u.c.) films, the inset is the first derivative of magnetization
versus temperature; (b) field dependence of the magnetization of LSMO (40 u.c.) films at different temperatures, and the inset is an

enlarged view of the curve at 3 K.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films

Anomalous Hall effect in Pt/Lay 4;Sr; 33MnO; heterojunctions’
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Abstract

Many emergent and novel phenomena occur in nonmagnetic/ferromagnet heterostructures. In particular,
Pt/ferromagnet heterostructures where the Pt has strong spin-orbit coupling and thus can convert spin current
into charge current, has attracted a great attention recently. The anomalous Hall effect (AHE) has been found
in many Pt/ferromagnet heterostructures. However, the underlying physics remains elusive, so it is necessary to
find more heterostructures in order to provide more experimental data. In this work, we investigate anomalous
Hall resistances (AHRs) in Pt thin films sputtered on epitaxial Lag g;Srq353Mn0O5 (LSMO) ferromagnetic films.
High-quality Pt/LSMO heterojunctions are fabricated by pulsed laser deposition and RF-magnetron sputtering.
The physical properties of LSMO films are characterized by the measurements of magnetic and transport
properties. The AHR mainly contributed by Pt in the Pt/LSMO heterojunction increases sharply with
temperature decreasing and changes its sign below 40 K. Furthermore, the AHR decreases sharply with the
increase of Pt thickness. Those facts suggest that the ferromagnetism of Pt originates from interface due to
magnetic proximity effect. Interestingly, this heterojunction can exhibit possible signal of topological Hall effect
under low applied magnetic field. The above results provide an experimental basis for further understanding the

interactions between electron spin and charge transport in nonmagnetic/ferromagnetic heterostructures.
Keywords: anomalous Hall effect, magnetic proximity effect, topological Hall effect, epitaxial growth
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films
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Abstract

Ba,Sr; ,TiO5 (BST) ferroelectric thin films are widely used in microwave tunable devices due to their high
dielectric constants, strong electric field tunabilities and low microwave losses. However, because of the
temperature dependence of dielectric constant in ferroelectric material, the high-tunability for conventional
single component ferroelectric thin film can only be achieved in the vicinity of Curie Temperature (T) which
leads the ferroelectric thin films to be difficult to operate in a wide temperature range. To obtain ferroelectric
thin films for temperature stable functional devices, single composition Bag oSt gTiO5 thin films, Bag5Sr)5TiO4
thin films, and Bag St gTi03/Bag 5Sr) s TiO3 heterostructure thin films are deposited by pulsed laser deposition
(PLD). By comparing their dielectric properties in a wide temperature range, it is found that the temperature
sensitivity of BST film can be effectively reduced by introducing a composition gradient along the epitaxial
direction. However, the heterostructure engineering may bring extra troubles caused by interfaces, which may
limit the quality factor @. In this paper, we extend our combinatorial film deposition technique to ferroelectric
materials, and we successfully fabricate in-plane composition-spread Ba,_,Sr,TiO4 thin films, which are expected
to broaden the phase transition temperature ranges of BST films while avoiding the problem of interface

control.

Keywords: Ba,Sry_,TiO4 films, tunable microwave devices, composition-spread films, temperature stability
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