) 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,
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Fig. 2. Lattice parameters of materials used in wet etching technology.
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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.
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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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iR, AR RIRMEZES%. )L
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BN SR (ferroelectric field-effect transistors,

Fe FET), 1k B A7 fiff i ) S R0 HAT 254 T 2
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JZEE U HLZ MoS, W 2 b kLA o, 2%
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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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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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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]
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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
field/(102 MV-m~—1)

(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*!.
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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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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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