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Abstract: With  the  advent  of  human-friendly  intelligent  life,  as  well  as  increasing  demands  for  natural  and  seamless  human-
machine  interactions,  flexibility  and  wearability  are  among  the  inevitable  development  trends  for  electronic  devices  in  the  fu-
ture.  Due  to  the  advantages  of  rich  physicochemical  properties,  flexible  and  stretchable  inorganic  oxide  thin-film  electronics
play an increasingly important role in the emerging and exciting flexible electronic field, and they will act as a critical player in next-
generation  electronics.  However,  a  stable  strategy  to  render  flexibility  while  maintaining  excellent  performance  of  oxide  thin
films  is  the  most  demanding  and  challenging  problem,  both  for  academic  and  industrial  communities.  Thus,  this  review  fo-
cuses on the latest advanced strategies to achieve flexible inorganic oxide thin-film electronics. This review emphasizes the phys-
ical transferring strategies that are based on mechanical peeling and the chemical transferring strategies that are based on sacri-
ficial  layer etching. Finally,  this review evaluates and summarizes the merits and demerits of these strategies toward actual ap-
plications, concluding with a future perspective into the challenges and opportunities for the next-generation of flexible inorgan-
ic oxide thin-film electronics.
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1.  Introduction

Inorganic oxide thin films have attracted extensive atten-
tion thanks to their rich electrical,  optical,  thermal,  mechanic-
al, magnetic and other properties[1−8], which can be implemen-
ted into a variety of electronic devices and widely used in civil-
ian and military fields. However, with the advent of artificial in-
telligence,  virtual  reality  and  the  internet  of  things,  tradition-
al  rigid  oxide  thin-film  devices  on  a  rigid  substrate  are  un-
able to meet the urgent need for natural, seamless, and insens-
itive  flexibility  and  wearability.  Although  several  approaches
have  been  proposed  to  make  oxide  thin  films  flexible,  there
are still many serious challenges to maintain the excellent per-
formance  of  the  oxide  thin  films  during  the  process.  For  ex-
ample,  many researchers  have tried to  directly  fabricate  inor-
ganic  oxide  films  on  flexible  substrates  (e.g.,  ultrathin  glass
and  metal  foil)  and  some  thin  polymer  materials  (e.g.,  poly-
ethylene  terephthalate  (PET),  polyimide  (PI)  and  so  on)[9, 10].
However,  high  quality  inorganic  oxide  films  usually  require  a
high temperature treatment process, which is beyond the lim-
its  of  the polymer.  Even though ultrathin glass  and metal  foil
can overcome the limitations of high temperature, they are fra-
gile  and  costly.  Therefore,  there  is  an  urgent  need  to  exploit
stable strategies to render flexibility while maintaining the ex-
cellent performance of oxide thin films.

Benefiting from the rapid development of materials, mech-
anics  and  manufacturing  science,  flexible  oxide  thin  films

have  been  enabled  to  achieve  various  deformations,  such  as
bending[11−15],  stretching[16] and  twisting[17].  In  addition,
through  structure  design  and  device  integration[18−20],  oxide
thin-film  devices  interconnected  via  serpentine  lines[21, 22] or
helical  coils[23] have  been  designed  to  realize  flexibility  and
wearability.  This  review  covers  recent  advances  in  strategies
for  flexibility  and  recent  major  progress  on  novel  applica-
tions  of  flexible  inorganic  oxide  thin-film  electronics,  as
shown in Fig. 1. First, laser lift-off (LLO) and van der Waal epi-
taxy  are  raised  as  the  physical  strategies,  emphasizing  their
mechanical  peeling  characteristics.  Next,  a  transfer-printing
method based on sacrificial layer etching is introduced as the
chemical  strategy.  The key design considerations (e.g.,  sacrifi-
cial  layer,  transferred  velocity  and  substrate  adhesion)  are
also discussed. Subsequently, this review summarizes the mer-
its and demerits of these strategies in terms of thin film dam-
age and strategic  universality.  Finally,  the challenges and op-
portunities  for  the  next-generation  flexible  inorganic  oxide
thin-film devices are discussed.

2.  Physical strategies

Physical strategies refer to thin films that can be mechanic-
ally  stripped to achieve macro-scale flexibility.  LLO technique
is a selective technology to remove one material  from anoth-
er[24−26].  Meanwhile,  van  der  Waal  epitaxy  of  thin  films  on
micas  provides  another  approach,  in  which  the  epitaxial  lay-
er can be easily directly peeled off because of the unique epi-
taxial growth nature[27−29].

2.1.  Mechanical peeling through LLO

In  the  LLO  technique,  a  transparent  substrate  is  required
to allow the laser  beam to scan the entire interfacial  film.  Be-
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cause  the  laser  beam  energy  is  lower  than  the  band  gap  of
substrate  material  and higher  than that  of  upper  film materi-
al,  the laser beam energy can be absorbed only by the upper
film,  which  results  in  damage-free  separation  of  the  upper
film from the substrate[24, 26, 30]. Therefore, LLO provides an effi-
cient,  non-contacting  and  non-damage  substrates  replace-
ment process. Moreover, to improve its generality and control-
lability,  LLO  has  been  developed  to  laser-induced  forward
transfer[31−33],  laser-assisted  bioprinting[34−37],  laser-driven
transfer  printing[38, 39] and  so  on.  This  technique  has  been
used to  fabricate  flexible  memories[40],  skin-like  transistors[41],
flexible  light-emitting  diodes  (LED)[42−44],  flexible
generators[45, 46] and  so  on;  as  shown  in Fig.  2.  The  LLO  pro-
cess is as follows. First, the film to be transferred is usually de-
posited  on  a  transparent  substrate.  Then,  the  adhesion
between  the  exfoliation  layer  and  the  donor  substrate  is  re-
duced  by  laser  irradiation.  It  should  be  noted  that  pulsed
laser  a  short  wavelength  is  usually  used  to  reduce  the
thermal effect because of the high absorption and short inter-
action  time,  which  can  protect  the  transferred  film.  Finally,
after  the  substrate  has  been  entirely  scanned  by  the  laser,
the  film  is  separated  from  the  donor  substrate,  which  can
then be attached to a flexible substrate[24, 30, 46].

Lee’s  group  has  fabricated  flexible  nanogenerator  (NG)
by  growing  the  PbZr0.52Ti0.48O3 (PZT)  film  by  sol-gel  method
with  a  subsequent  crystallization  step  at  650  °C  on  sapphire
substrate[46].  The  film  was  then  separated  from  the  sapphire
substrate  using  the  LLO  technique  and  transferred  to  a
plastic  substrate.  Next,  interdigital  electrodes  were  fabric-
ated  on  the  film.  Thus,  an  efficient,  flexible,  lightweight,  and
large-area  piezoelectric  thin  film  nanogenerator  was  formed;
as  shown  in Figs.  2(d)–2(h).  This  has  a  high  output  perform-
ance  as  the  measured  output  voltage  and  current  signals
reach up to ~200 V and 150 μA/cm2, respectively, during peri-
odic  bending/unbending  motions  (Fig.  2(g)).  Furthermore,  it
allowed several blue LED arrays to be activated by slight bend-
ing  motions  of  human  fingers  without  any  external  electric
power and circuits, as shown in Fig. 2(h). This enables us to de-
velop  self-powered  flexible  electronic  devices  for  safety,

health,  and  environmental  monitoring  systems.  To  highlight
the sensitivity of the structure,  Lee’s group has further fabric-
ated  a  flexible  inorganic  piezoelectric  acoustic  nanosensor
(iPANS)  with  a  similar  process,  which can response to  tiny  vi-
bration mimicking the function of hair cells (Fig. 2(i))[47]. The vi-
bration  information  of  the  iPANS  versus  sound  wave  was  in-
vestigated by attaching it  onto a trapezoidal  frequency sepa-
rator  and  vibrating  the  frequency  separator  with  a  speaker.
Fig. 2(j) shows the vibration displacement and vibration amp-
litude  of  the  iPANS.  The  results  indicate  that  the  piezoelec-
tric signal is in good correspondence to the vibration displace-
ment, and the iPANS has little influence to the capability of fre-
quency selectivity of the frequency separator. In addition, the
vibration amplitude and piezoelectric potential are independ-
ent  of  frequency.  There  is  no  doubt  that  the  concept  of  this
iPANS  expands  the  application  of  inorganic  piezoelectric  ox-
ide in bionics.

The  LLO  technique  can  realize  the  large  area  transfer  of
thin  films  with  low  damage.  In  addition,  the  substrate  (such
as  sapphire  used  in  LLO  technique)  can  be  reused[48, 49].
However,  as  mentioned  earlier,  the  LLO  technique  requires
that the laser beam energy is lower than the band gap of sub-
strate  material  and  higher  than  that  of  upper  film  material,
which  severely  limited the  types  of  high quality  epitaxial  lay-
ers.  In  addition,  it  is  easy  to  produce  redundant  fragments
when transferring the patterned film, which could pollute the
required  patterns[26].  Moreover,  the  upper  film  needs  to  ab-
sorb the laser bean energy and generate thermal decomposi-
tion  to  separate  from  the  substrate,  which  means  that  there
must  be  consumption  of  epitaxial  layer  and  this  may  affect
the expected performance. At the same time, the uneven heat-
ing or  cooling of  the upper  layer  during laser  irradiation may
also affect the performance[50, 51].

2.2.  Mechanical peeling by van der Waal epitaxy on

mica

Micas are well-known phyllosilicates belonging to mono-
clinic  structure.  Muscovite  (M-Mica)  and  fluorphlogopite  (F-
Mica)  are common substrates in the thin film fabrication pro-
cess.  The  M-Mica  can  be  perfectly  split  along  (001)  plane  by
mechanical  exfoliation,  resulting  in  atomically  smooth  sur-
face.  M-Mica  also  possesses  rich  properties  of  chemical  inert-
ness,  high  transparency,  and  mechanical  flexibility.  The  F-
Mica has the similar properties to M-Mica, but it has lower flex-
ibility  than  M-Mica,  while  its  thermal  stability  is  better  than
that of M-mica[52−54]. Adjacent layers interact by weak van der
Waals  bonds  which  makes  it  easy  to  peel  off,  resulting  in  a
sample with mechanical  flexibility[27] .  Furthermore,  the weak
van  der  Waals  interaction  also  exist  between  film  and  sub-
strate,  which  can  reduce  the  threading  dislocations  and  en-
able  the  epitaxial  layer  to  grow  with  its  bulk  lattice[28].  Vari-
ous  ferromagnetic,  ferroelectric,  piezoelectric  and  photoelec-
tric  flexible  thin  films  and  devices  have  been  fabricated  on
micas,  as  shown  in Fig.  3.  Liu’s  group  has  prepared  large-
scale  and  high-quality  Ba0.67Sr0.33TiO3 dielectric  thin  films  on
F-Mica, fabricating the capacitor with SrRuO3 (SRO) as the bot-
tom  electrode  and  Pt  as  the  top  electrode[55].  The  capacitor
shows  a  high  relative  dielectric  constant  (εr'  >  1200)  and  low
loss tangent (~ 0.16). In addition, a tunability of 67% at low fre-
quencies is also noticed. Furthermore, it can maintain the val-
ues  of εr',  tan δ,  and  tunability  after  12  000  bending  cycles
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Fig. 1. (Color online) Advanced strategies for high quality inorganic ox-
ide thin-film flexibility. In particular, the physical flexible strategies in-
clude  LLO  and  van  der  Waal  epitaxy,  while  the  chemical  flexible
strategies include transferring films from silicon-based substrates and
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with bending radius of 5 mm. Chu’s group has fabricated a flex-
ible  ferroelectric  field-effect  transistor  (FET)  on  M-Mica  with
an  aluminum-doped  zinc  oxide  film  as  the  semiconductor
channel  layer  and  a  PbZr0.7Ti0.3O3 film  as  the  ferroelectric
gate dielectric[56]. They have also prepared a flexible photoelec-
trode  based  on  the  heteroepitaxy  of  Fe2O3/ZnO/M-Mica,  and
its  photo-electro-chemical  (PEC)  performance  under  different
bending  states  has  been  investigated[57].  Compared  to  other
substrates,  micas  can  be  mechanically  cut  thin  enough  due
to the weak interaction between adjacent layers. Chu’s group
has prepared MoO2 films on M-Mica and further obtained the
free-standing  MoO2 thin  films  by  removing  the  entire  sub-
strates as shown in Fig. 3(d)[29].

In  the  process  of  promoting  device  flexibility,  the  coup-
ling  between  material  properties  and  mechanical  deforma-
tion should be of concern, including magnetostrictive proper-
ties,  piezoelectric  effects,  and so on.  Magnetostriction repres-
ents the relationship between the strain state and the magnet-

ic state of a ferromagnet, which can be quantified by magneto-
strictive coefficient (λ). To achieve higher response to magnet-
ic  field,  Chu’s  group  has  grown  van  der  Waals  epitaxial
CoFe2O4 (CFO) thin films on M-Mica by the pulsed laser depos-
ition (PLD) method. The reflective high energy electron diffrac-
tion  (RHEED)  is  adopted  to  in  situ  monitor  the  deposition[58].
Fig. 3(a) shows the schematic of the deposition process. They
found  that  the  hysteresis  loops  were  basically  the  same  un-
der  different  bending  conditions,  and  the  saturation  magne-
tization can be maintained at 120–150 emu/cm3,  whereas the
difference  of  magnetostriction  coefficient  (Δλ)  versus  the
sample  length  is  –104  ppm.  Moreover,  Chu’s  group  has
grown  Fe3O4 thin  films  on  M-Mica  by  ultrahigh  vacuum  mo-
lecular  beam  epitaxy  (MBE)  and  carried  out  various  bending
tests[59].  The  results  indicate  that  the  saturation  magnetiza-
tion,  remanent  magnetism,  and  coercivity  of  Fe3O4 films  can
be retained during bending, while the easy axis rotated gradu-
ally  from  the  in-plane  direction  to  the  out-of-plane  direction

 

(a)

(d) (e)

(h)(g)

i) ii)
y

x

(b) (c)

Flexible
thermoelectric
energy harvester

Flexible TEG(i) Device on glass substrate

Resistive memory
Selection device

Glass substrate

Exfoliation layer

Buffer oxide layer Laser shot

(ii) Laser lift-off

Laser

Exfoliation layer

Glass

Skin-like PET

(iii) Transfer to a flexible substrate

Flexible substrate

Transferred inorganic layer

Peeling off

Laser multi-

scanning

Laser scanning

Glass tube
(R = 1.5 cm)

a-Si
poly-Si

Quartz

2nd scan 1st scan

Laser

Lift-off

Flexible PZT NG

1 cm

3 cm

SM

a-iPANS

b-iPANS

c-iPANS
Frequency separator

1 cm

1 cm

3 cm

Epoxy

Transfer

PET
Electrodes

SapphireAdhesio
n

PZT

200

100

0

−100 Unbending state

0 10 20 30 0

Time (s)

O
p

e
n

-c
ir

cu
it

 v
o

lt
a

g
e

 (
V

)

C
ro

ss
-s

e
ct

io
n

a
l

cu
rr

e
n

t 
d

e
n

si
ty

 (
μ

A
/c

m
2
)

10 20 30

Bending state

−200

150

100

50

0

−50

−100

−150

15

10

5

0
100 400 700

Frequency (Hz)

V
ib

ra
ti

o
n

 d
is

p
la

ce
m

e
n

t 
(n

m
)

P
ie

zo
e

le
ct

ri
c 

si
g

n
a

l (
μ

V
)

1000 1300 1600

500 Hz

60

40

20

0

(f)

(i) (j)

V
ib

ra
ti

o
n

 a
m

p
ll

it
u

d
e

Scanning point

500 Hz

2 nm

#6ii)i)

20 30

2θ (degree)

In
te

n
si

ty

40 50 60

PZT on PET

PZT on sapphire

S
a

p
p

h
ir

e

P
Z

T
(1

0
0

)

(1
0

1
)

(111) (200) (102)

21

In
te

n
si

ty

22
2θ (degree)

23 24

21

In
te

n
si

ty

22
2θ (degree)

23 24

(211)

0.46°

0.45°

 

Fig. 2. (Color online) Mechanical peeling through LLO. (a–d) Schematic illustrations of the LLO process in fabricating flexible memory, skin-like
transistor, thermoelectric generator, NG[40, 41, 45, 46]. (e) Photograph of the flexible PZT thin film-based NG attached to a glass tube, and the inset
shows the bent NG[46]. (f) X-ray diffraction results of PZT thin films on a flexible (top, red) PET and a sapphire (bottom, blue) substrate[46]. (g) The
open-circuit voltage and cross-sectional current density measured from PZT thin film-based NG in the forward connections[46]. (h) The instantan-
eous lighting up of 105 blue LEDs in series when an NG device is unbent after slight bending, and the inset shows the driven LED arrays in a
darkroom[46]. (i) Photograph of the frequency separator with iPANS, and the inset shows a single iPANS unit attached to a glass rod with a radius
of curvature of 1.0 cm[47]. (j) The vibration displacement i) and vibration amplitude ii) information of the a-iPANS versus to sound wave with a fre-
quency range of 100–1600 Hz[47].
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with  a  decrease  in  the  magnetic.  anisotropy.  They  attributed
these  phenomena  to  the  magnetostriction  of  Fe3O4.  In  addi-
tion,  a  flexible  FET  structure  with  in-situ  low  voltage  control
was  developed  on  F-Mica  by  Liu’s  group[60].  By  applying  low
voltage to the control layer (ionic gel), the spin dynamic char-
acteristics  of  the  functional  layer  (Fe3O4)  are  manipulated,
which can achieve a reversible non-volatile 345 Oe ferromag-
netic  resonance  (FMR)  field  shift  corresponding  to  the  large
magnetoelectric (ME) coefficient of 230 Oe/V. During the bend-
ing test,  a  reversible  126 Oe FMR field  shift  corresponding to
the ME coefficient of 84 Oe/V is obtained at the curvature radi-
us  of  15  mm.  Liu’s  group  explained  that  the  ionic  transition
between  Fe2+ and  Fe3+ at  the  interface  induced  by  electric
field is the reason for the tunable ME. Specifically, the ratio of
Fe2+/Fe3+ in  the  functional  layer  can  be  changed  with  Fe3+

change to Fe2+ by gaining an electron.  Moreover,  Liu’s  group
has  grown  Li0.35Zn0.3Fe2.35O4 films  on  F-Mica  by  PLD
method[61]. The highly stable in-plane (IP) FMR spectra and tun-
able  out-of-plane  (OOP)  FMR  spectra  are  observed  in  the
films during bending test. Meanwhile, the films after 104 bend-
ing  cycles  at  a  radius  of  5  mm  have  the  basically  same  FMR
character as the original sample, which exhibit high mechanic-
al  fatigue  resistance.  Furthermore,  Liu’s  group  has  grown
CuFe2O4 films  on  F-Mica,  and  it  is  observed  that  the  tension
strain and compression strain have obvious effects  on the in-
plane  FMR  resonance  field[62].  All  of  these  flexible  epitaxial
magnetic films with tunable microwave magnetism and good
mechanical durability have wide application prospects in flex-
ible  spintronics,  microwave  detectors,  mechanical  magnetic
sensors, and so on.

The  clamping  effect  caused  by  rigid  substrate  has  al-

ways  been  an  important  factor  to  weaken  the  magnetoelec-
tric coupling. To overcome this problem, Chu’s group has pre-
pared  van  der  Waals  epitaxy  self-assembled  BiFeO3 (BFO)-
CFO bulk heterojunctions on M-Mica[63]. Because the bulk het-
erojunction  interacts  with  the  substrate  by  weak  van  der
Waals  force  (Fig.  3(b)),  the  interface  is  not  coherent  and  this
greatly  reduces  the  clamping  effect.  The  ME  coupling  coeffi-
cient of the bulk heterojunctions can reach to 74 mV/(cm·Oe),
and  the  magnetic  hysteresis  loop  remains  unchanged  before
and after bending at bending radius of 2 mm.

A flexible memory unit is an important part of flexible dis-
play  screens  and  smart  wearable  devices.  Although  organic
memory  is  more  flexible  than  inorganic  memory,  it  generally
has poor high temperature stability and is easy to oxidize un-
der  illumination.  Thus,  it  is  important  to  develop  inorganic
memory with mechanical flexibility and high temperature sta-
bility.  Chu’s  group  has  grown  van  der  Waals  epitaxial
PbZr0.2Ti0.8O3 thin  films  on  M-Mica[10].  As  a  non-volatile
memory device, it not only has good reliability and thermal sta-
bility  but  also  exhibits  excellent  mechanical  performance un-
der  bending  condition  of  bending  radius  less  than  2.5  mm
and 103 bending cycles. It is worth noting that before deposit-
ing SRO layer as the bottom electrode on mica, CFO buffer lay-
er  with  less  than  10  nm  was  deposited  as  the  seeding  layer
for growing high quality SRO layer, and the SRO electrode lay-
er  could  prevent  the  severe  fatigue  behavior  of  polarization
which is often encountered in PZT capacitors with metal elec-
trodes.  Moreover,  Liu’s  group  has  prepared  BaTi0.95Co0.05O3

(BTCO)  on  10-μm-thick  F-Mica  with  the  SRO  buffer  layer[64].
They  found  that  either  after  the  memory  was  written/erased
for  360  000  cycles  at  bending  radius  of  1.6  mm,  or  after  the
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Fig. 3. (Color online) Mechanical peeling by van der Waal epitaxy on mica. (a) Schematic of deposition process for flexible CFO film monitored by
RHEED in real time (left), and the magnetic hysteresis loops (right) show that the flexible CFO/mica exhibits solid magnetic properties regardless
of bending[58]. (b) Crystal structure of the interface region between the CFO−BFO composite and mica substrate (left), and the M−H loops of
BFO−CFO under bending conditions (right) are in agreement with the flexible CFO/mica[63]. (c) Optical images of bending mica/ SRO/BTCO (left)
which shows great resistance switch characteristics (right)[64]. (d) MoO2/M-Mica can remain the resistance under different bending radii (right),
and the whole MoO2 film can be removed from M-Mica (left)[29]. (e) Photo of mechanical peeling 10-μm-thick mica (left) and P–E loops before
and after the PZT film being bent to bending radius of 2.2 mm for 104 times[65]. (f) The flexible and transparent AZO/ Ag (8 nm)/AZO multilayer
films (left) shows great resistivity (right) and transmittance even after annealing at 750 °C[72].
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memory  was  bent  to  bending  radius  of  3  mm  for  104 times,
there was no significant change in the resistance switch charac-
teristics,  as  shown  in Fig.  3(c).  To  obtain  piezoelectric  thin
films  with  high  piezoelectricity  and  good  flexibility  at  the
same  time,  Liu’s  group  has  fabricated  a  flexible  capacitor  by
growing  SRO,  PZT,  Pt  films  on  10-μm-thick  F-Mica,  as  shown
in Fig.  3(e)[65].  The capacitor  exhibits  an amplified longitudin-
al piezoelectric d33 of about 1200 pm/V with a saturated polar-
ization  of  around  60 μC/cm2 and  a  dielectric  tunability  of
around  90%.  There  was  no  obvious  change  in  polarization,
dielectric  tunability,  or  piezoelectric  response  after  being
bent  to  bending  radius  of  2.2  mm  for  104 times.  In  addition,
Liu’s  group  grew  La0.67Sr0.33MnO3/SrTiO3 (LSMO/STO)  double
layer  on  F-Mica  by  the  PLD  method,  and  then  grew
BaZr0.35Ti0.65O3 (BZT)  film  on  the  double  layer  by  radio  fre-
quency magnetron sputtering, fabricating a large-scale BZT ca-
pacitor[66].  The  recoverable  energy  density  (Wrec)  and  effi-
ciency  (η)  of  the  capacitor  exceed  65.1  J/cm3 and  72.9%  in
the ultrawide temperature range of –100 to 200 °C. The capa-
citor  can  maintain Wrec of  above  69.4  J/cm3 and  excellent η
above  84.7%  at  6.15  MV/cm  even  after  104 bending  cycles
and  106 ferroelectric  fragile  cycles.  Moreover,  they  replaced
the LSMO/STO double layer by Sn-doped In2O3 (ITO), fabricat-
ing  another  BZT  capacitor,  which  could  work  properly  in  the
range  of  –120  °C  to  150  °C.  There  was  no  obvious  change
both  in Wrec and η after  104 bending  cycles[67].  Furthermore,
they replaced the BZT film by BaTiO3 (BTO) film, which exhib-
ited  a  high  retention  of  ferroelectric  polarization  of  96.41%
after 106 electric field cycling and 92.64% after 104 mechanic-
al  fatigue  cycles  at  the  bending  radius  of  6  mm,
respectively[68].  These  results  demonstrate  that  the  flexible
dielectric  capacitors  have  potential  applications  for  flexible
wearable  electronics  in  wide-temperature  and  harsh  working
environments.

Transparent  conducting  oxides  (TCO)  have  been  widely
used  in  solar  cells,  light  emitting  diodes,  photodiodes,  thin
film transistors, photocatalysis, flat panel displays, gas sensors
and energy-saving windows, and have become the basic com-
ponents of advanced technology and equipment. With the de-
velopment of portable and flexible electronic devices, it is par-
ticularly important to find a transparent and mechanically flex-
ible  base  for  TCO.  As  mentioned  earlier,  the  commonly  used
transparent  and  flexible  substrates  are  problematic;  for  ex-
ample,  ultra-thin  glass  is  fragile  and  expensive,  while  poly-
mer  substrates  such  as  PET  and  PI  are  not  thermally  stable,
which  impedes  the  growth  of  high-quality  films.  Meanwhile,
micas  are  the  ideal  substrate  for  TCO  preparation  because  of
their high transparency, smooth atomic surface, thermal stabil-
ity,  chemical  stability,  flexibility,  and  mechanical  durability.
Chu’s  group  has  grown  van  der  Waals  epitaxy  TCO  including
ITO and Al-doped ZnO (AZO)  films  on M-Mica.  A  yttria-stabil-
ized  zirconia  (YSZ)  buffer  layer  was  deposited  before  the  ITO
deposition, which is confirmed later that YSZ/mica heterostruc-
ture  has  good ionic  conductivity  and a  high transmittance of
more than 90% in the visible (380–800 nm) range[69]. The prop-
erties  of  TCO  fabricated  by  them  are  similar  to  those  fabric-
ated  on  rigid  substrates.  The  conductivity  of  TCO/M-Mica  in-
creases  with  the  increase  of  TCO  thickness.  These  TCO  elec-
trodes  exhibited  good  chemical  and  thermal  stability  and
mechanical durability[70]. In addition, Huang’s group has depos-
ited  high  quality  ITO  films  on  M-Mica[71].  The  ITO/M-Mica

showed  a  fast  rise  time  (<  15  s)  to  reach  90%  of  the  steady-
state temperature, and it was able to maintain the low resistiv-
ity  after  103 consecutive  bends.  These  epitaxial  TCO  elec-
trodes  could  greatly  promote  the  development  of  flexible
and  portable  smart  electronics.  To  broaden  the  possibilities
of  flexible  optoelectronics  with  stable  electrical  properties
and reliable optical properties, Wei’s group has fabricated AZO/
Ag/AZO  multilayer  on  F-Mica  by  radio  frequency  magnetron
sputtering,  as  shown  in Fig.  3(f)[72].  They  were  able  to  main-
tain  a  stable  resistivity  under  550  °C.  After  annealing  at
750 °C,  it  also  showed the resistivity  of  3.69 × 10−4 Ω·cm and
transmittance  of  87.0%.  Furthermore,  Liu’s  group  has  fabric-
ated  ITO/Ag/BTCO/Ag-ITO  on  F-Mica,  with  a  high/low  resist-
ance  ratio  of  5000  and  fast  response  speed  around  50  ns[73].
The  high  or  low  resistance  states  remained  stable  after  5000
bending  cycles  at  a  radius  of  2.2  mm  or  14  400  bending
cycles at a radius of 3 mm. Obviously, micas offer more poten-
tial  opportunities  for  developing  flexible  and  transparent
high-performance electronic devices.

In  summary,  micas  can be widely  used in  various flexible
devices.  Generally,  M-Mica  has  higher  transparency,  slightly
better  electrical  properties  and  better  flexibility  than  F-Mica,
while F-Mica has better thermal stability than M-Mica, thus F-
Mica is more suitable for the films which need higher anneal-
ing  temperature  for  better  crystallinity,  and  M-Mica  is  more
suitable  to  increase  the  flexibility  of  films  or  devices.
However, even though the advantages of micas enable the epi-
taxial  layer  to  grow  with  its  bulk  lattice,  it  can  hardly  control
the  orientation  of  epitaxy  layer,  thus  a  thin  buffer  layer  on
the  surface  of  mica  or  surface  treatment  for  mica  is  usually
needed[10, 28, 56, 59, 63, 66, 68, 70, 74].

3.  Chemical strategies

For chemical strategies to make flexible thin film devices,
the  basic  idea  is  transferring  films  from  rigid  substrates  to
flexible  substrates  after  etching  the  sacrificial  layer.  In  2004,
Rogers’s  group  first  proposed  microstructured  silicon  (μs-Si)
technology,  which  involves  photolithography,  dry  etching,
wet  etching  and  transfer  printing  process[75].  Photolitho-
graphy  and  dry  etching  can  pattern  materials,  and  further
wet  etching  is  to  obtain  free-standing  patterned  films.  Then
the  patterned  films  can  be  fabricated  on  flexible  substrate
after transfer printing process. In addition, Rogers’s group has
made  similar  attempts  on  other  semiconductors,  developing
μs-Si  technology  into  microstructured  semiconductor  (μs-SC)
technology[76].  The  advantage  of  this  technology  is  that  be-
fore  transferring  patterns,  semiconductor  materials  can  be
doped,  deposited,  and  annealed  at  high  temperature.  At  the
same  time,  the  shape,  size,  and  spatial  position  of  patterns
can be precisely controlled, which greatly promotes the devel-
opment  of  high-performance  flexible  electronic  systems.  A
schematic  illustration  of  the  generic  process  flow  for  transfer
printing is shown as Fig. 4(a)[77]. Because the strength of adhe-
sion  between  the  film  and  the  stamp  greater  than  that
between the film and the donor substrate, film can be peeled
off from the donor substrate by the stamp. Conversely, by con-
trolling  the  strength  of  adhesion  between  the  film  and  the
stamp  to  less  than  that  between  the  film  and  the  receiving
substrate,  the stamp can be peeled off  while  leaving the film
on  the  receiving  substrate.  The  donor  rigid  substrates  in-
clude  silicon-based  substrates  commonly  used  in  electronic
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devices and traditional single crystal oxide substrates. The silic-
on-based  substrates  are  mainly  monocrystalline  silicon,  silic-
on on insulators (SOI), III–V semiconductors, and so on.

Rogers’s group and Huang’s group have analyzed the dy-
namic  control  of  the  adhesive  force  of  elastic  stamps[77, 78].
The adhesion force can be expressed by the critical energy re-
lease  rate  between  the  film  and  the  substrate  or  stamp,  and
the  relative  magnitude  of  the  critical  energy  release  rate
between the stamp and the film (Gcrit

stamp/film)  and the critical
energy  release  rate  between  the  film  and  the  substrate
(Gcrit

film/substrate)  determines  the  peeling  and  printing  of  the
transfer  process.  They  believe  that Gcrit

stamp/film is  an  increas-
ing function of the peeling rate, while the energy release rate
between  the  film  and  the  substrate  is  independent  of  the
peeling  rate.  As  shown  in Fig.  4(c),  there  is  a  critical  peeling
rate vc between  peeling  and  printing.  When  reference  peel-
ing  rate v is  larger  than vc,  the Gcrit

stamp/film is  larger  than
Gcrit

film/substrate,  resulting in peeling process,  while the printing
process  is  achieved  when v is  less  than vc.  In  particular,  for
weak film/substrate interface,  the film will  only be picked up.
For  strong  film/substrate  interface,  the  film  will  only  be  prin-
ted. With the development of transfer printing technology, sev-
eral strategies for controlling adhesion during transferring pro-
cess  have  been  proposed,  such  as  kinetic  control,  surface-re-
lief-assisted  control,  load-enhanced  control,  laser-driven  con-
trol, and shape memory driven control[79].

3.1.  Transferring of oxide thin films grown on silicon-

based substrates

Based  on μs-SC  technology,  Lee’s  group  has  deposited
BTO  films  on  prepared  Pt/Ti/SiO2/Si  substrate  by  radio  fre-
quency  magnetron  sputtering,  following  by  annealing  pro-
cess above 600 °C[80].  The Ti  layer  is  oxidized to TiO2 layer  for
subsequent  wet  etching.  Finally,  a  layer  of  Au  is  coated  on
the surface of BTO to form a metal–insulator–metal (MIM) capa-
citor  structure,  as  shown  in Fig.  5(a). Fig.  5(b) shows  that  the
flexible  MIM  capacitor  is  obtained  by  transferring  it  to  the
plastic  substrate  using  PDMS  as  the  stamp. Fig.  5(c) shows

the  bending  test  results,  indicating  that  its  dielectric  con-
stant does not change significantly with the change of bend-
ing  radius  from  1.93  to  0.84  cm  (corresponding  to  surface
strain of 0.32 to 0.74%), which shows the high mechanical sta-
bility of flexible dielectric device upon harsh bending. In addi-
tion,  Lin’s  group  has  fabricated  transparent  photodetectors
based on ITO/Si  heterojunction on flexible  PET substrates  us-
ing  polymethyl  methacrylate  (PMMA)  assisted  transfer  print-
ing  technology,  and  systematically  studied  the  band  struc-
ture  of  the  heterojunction,  and  the  relationship  between  the
detector performance and bending deformation, as shown in
Figs.  5(d)–5(f)[81].  The  ITO/Si  heterojunction  was  prepared  by
depositing ITO on SOI substrate with radio frequency magnet-
ron sputtering system,  following by an annealing process.  Fi-
nally,  the  ITO/Si  heterojunction  structure  was  transfer-prin-
ted to the PET substrate with ITO thin film electrodes and Au
thin  film  electrodes  to  complete  the  construction  of  flexible
ITO/Si  heterojunctions.  The  results  show  that  by  applying
bending  strain  to  ITO/Si  heterojunction,  the  height  of  inter-
face  barrier  and  the  response  time  of  photodetectors  based
on  the  heterojunction  can  be  continuously  reduced,  which
provided a  new idea  for  the  integration of  high-performance
flexible  photodetectors.  To  increase  the  tensile  properties  of
PZT  inorganic  oxide  films,  Feng’s  group  has  transfer-printed
the PZT nanoribbons prepared on SiO2 substrates to the pre-
stretched  PDMS  substrates  to  form  stretchable  wavy  struc-
tures, as shown in Figs. 5(g)–5(i)[82]. The results show that cor-
rugated PZT nanoribbons had the same ferroelectric and piezo-
electric properties as those on rigid silicon substrates. In addi-
tion,  they showed that  with the increase of  tensile  strain,  the
wavelengths  of  the  sinusoidal  shape  increase  and  the  amp-
litudes  of  that  decrease,  and  because  of  piezoelectric  effect
the amplitude of the PZT nanoribbons can be continuously ad-
justed  under  the  action  of  an  applied  electric  field.  LiNbO3

(LNO)  is  an  important  material  for  optical  waveguides,  mo-
bile phones, piezoelectric sensors, optical modulators, and oth-
er linear and non-linear optical applications. In contrast to ob-
taining free-standing thin films on silicon substrates by remov-
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Fig. 4. (Color online) Transfer printing technology. (a) Schematic illustration of the generic process flow for transfer printing[77]. (b) Schematic dia-
grams of pick up (left) and printing (right) of a thin film[78]. (c) Schematic diagram of critical energy release rates for the film/substrate interface
and for the stamp/film interface[78].
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ing the silicon substrates in etching step, LNOs are mostly pre-
pared with a SiO2 interlayer on LNO single crystal, whose pro-
cess  is  similar  to  smart  cut  SOI  as  shown  in Fig.  5(j)[83].  The
free-standing  LNO  substrate  can  be  obtained  by  etching  the
SiO2 interlayer. Figs.  5(k)–5(m) shows  a  tunable  resonator
with coplanar electrodes by this method, which has a tunabil-
ity of 5.2 PM/V.

Metal–insulator  transition  (MIT)  refers  to  the  phenomen-
on  of  transforming  or  reversing  from  metal  to  insulator  un-
der certain external  conditions,  which has attracted consider-

able  attention.  Vanadium  dioxide  (VO2),  as  a  well-known  MIT
material, will change from insulating monoclinic phase at low
temperature  to  metal  tetragonal  phase  at  high  temperature,
and its  optical  and electrical  properties will  change dramatic-
ally  at  the  same  time.  Its  phase  transition  temperature  (Tc)  is
close  to  room  temperature  and  the  resistance  difference  be-
fore and after  phase transformation can reach 105.  Moreover,
VO2 has  a  high  temperature  coefficient  of  resistance  (TCR)
near room temperature, so it is very suitable for sensitive ma-
terials  in  temperature  sensors.  Lin’s  group  has  prepared  VO2
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Fig. 5. (Color online) Transferring of oxide thin films grown on silicon-based substrates. (a–c) A cross sectional image (a), optical image (b) and
dielectric properties (c) of the bendable PEO/Au/BTO/Pt/TiO2/SiO2/Si structure[80]. (d–f) Schematic illustration of etching SiO2 for flexible ITO/Si
structure (d) and the measurement of the photodetector (e), and the barrier height of the bent ITO/Si heterojunction versus its bending radius (f)
shows that the barrier height decreases with the bending radius[81]. (g–i) Schematic illustration of printing transfers the PZT nanoribbons to the
pre-stretched PDMS (g), and the optical image and three-dimensional (3D) rendering of wavy PZT nanoribbon devices on PDMS (h), which the
measured wavelength of wavy PZT nanoribbons as a function of applied tensile strain fits well with that of theory (i)[82]. (j) Schematic illustration
of ion-sliced LNO exfoliation[83]. (k–m) SEM of the cross-section (k) and the transfer surface (l) of the LNO thin film, and the wavelength detuning
with voltage as parameter of Si/LNO racetrack resonator (m)[83].
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thin films on SiO2/Si substrates by the polymer-assisted depos-
ition (PAD) method[84−91].  They then transfer-printed VO2 thin
films  on  PDMS  by  PMMA  assisted  wet  transfer  method  and
heat release transfer printing technology,  and so on.  They in-
vestigated  the  effect  of  strain  on  MIT  effect  for  VO2/PDMS
structure[85].  They  have  also  successfully  transferred  VO2 thin
films with thickness of 130 nm to PDMS substrates with thick-
ness of 1 mm and ratio of 5 : 1, 10 : 1, 20 : 1, respectively. The
phase  transition  characteristics  of  VO2 thin  films  have  been
measured  in  the  temperature  range  of  300  to  370  K.  As
shown in Fig. 6(a), with the change of PDMS mixing ratio, the
phase transition temperature Tc can be manipulated. This is be-
cause  the  coefficient  of  thermal  expansion  (CTE)  of  PDMS  is
much higher than that of VO2, and tensile stress will occur dur-
ing  the  heating  process  of  resistance  measurement,  which
will  cause the change of Tc.  With the increase of mixing ratio,
the Young's modulus and CTE value of PDMS decrease, which
causes that the tensile strain of VO2 film decreases during the
heating  process.  The  data  indicated  that  external  strain  in-
duced by the stretchable structure could tailor the phase trans-
ition  of  the  VO2 thin  films.  After  revealing  the  effect  of  strain
on the MIT properties of VO2 thin films, Lin’s group has fabric-

ated  a  series  of  flexible  sensors  based  on  VO2/PDMS  struc-
ture,  which  has  good  adhesiveness  and  cyclicity  of  deforma-
tion,  as  well  as  comparable  response  speed  and  sensitivity
with rigid electronic devices[86, 87].

Benefiting from the high TCR of VO2 near room temperat-
ure, Lin’s group has designed and fabricated a flexible breath-
ing  sensor  with  ultra-fast  response  based  on  PI/VO2/PDMS
structure[86].  They  transferred  VO2 films  to  Au-plated  PI  using
heat release transfer printing technology after patterning VO2

films  on  SiO2/Si  substrates,  and  then  packaged  them  with
PDMS  to  make  a  breath  sensor.  The  skin-like  PDMS  layer  can
achieve non-irritating skin adhesion, while the PI layer can ef-
fectively  isolate  the  VO2 material  from  the  external  strain  to
avoid  the  interference  of  body  movement  and  other  factors
on respiratory  monitoring.  The  sensor  was  naturally  attached
under  the  nostril  (Fig.  6(d)),  and  the  temperature  changes
caused  by  the  breathing  air  flow  at  the  nostril  were  mon-
itored in real time to reflect the breathing state. Figs. 6(e) and
6(f) shows the results, showing that the response time and re-
covery  time  of  the  flexible  breath  sensor  are  both  as  fast  as
0.5  s,  and  it  has  high  sensitivity  and  stability.  Inspired  by  the
structure  of  spiders’  slit  sensilla[92],  Lin’s  group  has  also  tried
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Fig. 6. (Color online) Flexible sensors based on VO2/PDMS structure. (a) The resistance versus temperature curves for the VO2 film in different
states[85]. (b) Applied strain, relaxed strain and strain on VO2 at different slipping displacements[85]. (c) Strain on VO2 under heating and cooling
cycles[85]. (d) The photograph of the breath sensor based on PI/VO2/PDMS structure[86]. (e) Response time and recovery time to breath[86]. (f) Res-
istance changes at different environment temperatures[86]. (g) Schematic illustration of electrical conductance of the sensor and the behavior of
the disconnection-reconnection when applied strain on the x-axis (transverse) and y-axis (longitudinal)[87]. (h–j) Real-time monitoring signals (h),
temperature signals (i) and pulse signals (j) of the flexible temperature-strain composite sensor[87].
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to  impose  controllable  tensile  stress  on  VO2 thin  films  on
PDMS to form transverse and longitudinal zigzag cracks in ad-
vance  and  to  detect  the  strain  by  the  resistance  change
caused  by  crack  displacement  under  strain[87],  as  shown  in
Fig.  6(g).  Because  VO2 can  also  reflect  the  temperature
change by resistance change, Lin’s group has fabricated a flex-
ible  temperature-strain  dual  parameter  sensor  based  on  VO2

thin  film  with  transverse  and  longitudinal  zigzag  cracks.  The
responses  of  the  sensor  to  heat  and  cold  stimuli  are  within
0.5  s,  and  the  gauge  factor  in  the  range  of  0–0.1%  strain  is

over 400. Moreover, in practical application scenarios (such as
simultaneous  monitoring  of  body  surface  temperature  and
pulse  signals),  these  authors  studied  the  extraction  of  body
surface  temperature  signals  and  pulse  signals  from  a  single
resistance  change  information,  as  shown  in Figs.  6(h)–6(j).
Through  the  frequency  analysis  of  the  collected  signals,  they
found  that  the  surface  temperature  signal  is  a  low  frequency
signal  with  variable  frequency,  while  the  pulse  signal  is  a
high  frequency  signal  with  higher  amplitude  than  the  sur-
face temperature signal. Therefore, a surface temperature sig-
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Fig. 7. (Color online) Transferring oxide thin films grown on traditional oxide substrates. (a) Crystal structure of biaxial compression and stretch-
ing process during depositing films on substrate with a smaller or larger lattice[93]. (b) The strain induced by substrates as BFO films grown on dif-
ferent substrates[93]. (c) The magneto-optical effect of the same strain ETO grown on (110) DSO substrate, which proves that ETO becomes multi-
ferroic under sufficient biaxial strain[93]. (d) Schematic illustration of transferring PZT by etching LSMO as a sacrificial layer[96]. (e) The ID–VG (top
gate) characteristics of the ferroelectric PZT-gated transistor at VG (back gate) = 0[96]. (f) Schematic illustration of transfer processes of CFO thin
films on flexible substrates[100]. (g, h) IP (g) and OPP (h) M−H hysteresis loops of the CFO thin films measured by vibrating sample magnetometer
under different outward bending strains[100]. (i) Process schematic for heterostructure growth, oxide membrane release and transfer[102]. (j, k) IP
magnetization loops of the SL (j) before and (k) after release[102].
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nal  with  frequency  less  than  1  Hz  can  be  obtained  by  low-
pass  filtering,  whereas  the  pulse  signal  can  be  obtained  by
high-pass  filtering.  Their  resistance  curve  can  then  be  ob-
tained by inverse fast Fourier transform (IFFT).

The transfer based on silicon-based substrates is compat-
ible with the modern electronic industry. However, it is also ob-
vious that epitaxial  growth of most of the oxide thin films on
silicon-based  substrates  is  difficult  because  of  the  amorph-
ous nature of the SiO2 layer.  Therefore,  it  is  very important to
extend the transfer-printing technology used in silicon-based
substrates to other single crystalline oxide substrates.

3.2.  Transferring oxide thin films grown on single

crystalline oxide substrates

With  the  development  of  strain  engineering,  researchers
have  done  a  lot  of  work  on  introducing  large  biaxial  strain
through heteroepitaxy. As shown in Fig. 7(a), following the en-
ergy preference of the substrate material or the lower layer epi-
taxial material, when the film material is deposited on the sub-
strate  with a  larger  lattice  constant,  the deposited atoms can
cause  the  film  to  begin  biaxial  stretching.  In  contrast,  when
the film material  is  deposited on the substrate with a  smaller
lattice  constant,  the  deposited  atoms  can  cause  the  film  to
start  biaxial  compression[93].  In  addition,  the  difference  of
thermal  expansion  coefficients  between  thin  films  and  sub-
strates  can  also  introduce  strain.  The  introduction  of  epitaxy
strain can not only stretch or compress the atomic spacing in
the film structure  but  can also  lead to  further  changes  in  the
composition, microstructure or crystal structure of the film[94].
Fig.  7(b) shows  the  functional  relationship  between  ground
state energy and structure of BFO films grown on different sub-
strates and the strain induced by substrates[93].  While Fig. 7(c)
shows  the  magneto-optical  effect  of  the  strained  EuTiO3

(ETO)  grown  on  (110)  DyScO3 (DSO)  substrate,  which  proves
that  ETO  becomes  multiferroic  under  sufficient  biaxial
strain[93]. However, due to the limited types of substrates pro-
duced  in  the  market,  it  is  difficult  to  implement  continuous
stress  regulation  for  thin  films  based  on  traditional  epitaxial
strain engineering.

In recent years, many researchers have tried to transfer in-
organic  oxide  films  grown  on  single  crystalline  oxide  sub-
strates  to  other  substrates  using  the  approach  of  growing
and  etching  a  sacrificial  layer.  The  sacrificial  layers  on  single
crystal  oxide  substrates  correspond  to  the  different  etching
solutions,  which  are  often  buffer  solutions  of  different  acids
and  salts[95].  The  sacrificial  layer  must  be  lattice  matching  to
the  substrate  and  the  film  to  ensure  the  epitaxial  growth.
Thus,  searching  on  sacrificial  layer  materials  is  valuable.
Ramesh’s  group  has  successfully  transferred  PZT  grown  on
STO substrates to Si by PMMA-assisted wet transfer, as shown
in Fig. 7(d)[96]. Its ferroelectric domains can be reversibly polar-
ized  by  applying  opposite  electric  fields.  On  this  basis,  they
have  fabricated  single  crystal  PZT  gated  silicon  transistors,
and  successfully  proved  that  PZT  is  integrated  into  silicon
devices.  In  the  study  of  flexible  single  crystal  LiFe5O8 (LFO)
thin  films  to  avoid  chemical  contamination  caused  by  coat-
ing  carrier  layer,  such  as  PMMA,  during  transfer  printing  and
cracks  caused  by  their  subsequent  dissolution,  Liu’s  group
has tried to attach PI  tape to the surface of  the thin films be-
fore  etching  sacrificial  layer[97].  The  results  show  that  for  LFO
films  with  different  thickness,  there  is  no  obvious  damage

after  transferring by this  method.  In  the subsequent  bending
cycle test and magnetic test,  LFO films also showed excellent
flexibility  and  stability.  LSMO  was  used  as  the  sacrificial  layer
in  these  experiments,  and  the  etching  solution  was  a  mix-
ture of KI, HCl and H2O. With different mixing ratios, the etch-
ing  speed  also  varied.  Generally,  the  higher  the  HCl  content,
the faster the etching speed,  but too high pH value may also
affect the inorganic oxide film, which is not strong acid-resist-
ant.

After  successfully  transferring  inorganic  oxide  films
grown on single crystalline oxide substrates, researchers have
found that the properties of inorganic oxide films can also be
tailored with the stress regulation of flexibility, tension and tor-
sion  of  inorganic  oxide  films  transferred  onto  flexible  sub-
strates. Qi’s group has prepared PZT nanoribbons on MgO sub-
strates[98, 99].  After immersing them in 20% phosphoric acid at
120 °C for 50 s, the PZT nanoribbons could be transferred dir-
ectly  through  PDMS.  Subsequently,  its  potential  application
as  an  efficient  electromechanical  energy  converter  was  con-
firmed  by  testing  its  basic  piezoelectric  properties.  Further-
more,  Qi’s  group  has  expanded  the  application  scope  of  PZT
by  transferring  it  to  pre-stretched  PDMS  substrates  to  form
corrugated  structures.  In  addition,  Liu’s  group  has  used  MgO
as  sacrificial  layer  and  polystyrene  (PS)  as  carrier  to  obtain
freestanding  CFO  films  from  STO  substrates,  as  shown  in
Fig. 7(f)[100]. The CFO films could be transferred to PI, and differ-
ent  degrees  of  uniaxial  strain  could  be  introduced  into  CFO
films  by  bending  PI  to  different  degrees.  Unlike  traditional
strain  engineering,  the  critical  thickness  limitation,  the
change  of  crystal  quality  and  the  clamping  of  the  substrate
are  avoided.  They  have  found  that  the  saturation  magnetiza-
tion and coercivity of CFO were strongly related to the bend-
ing radius of  PI,  as  shown in Figs.  7(g) and 7(h).  This  has con-
firmed that the magnetic properties of oxide films can be ad-
justed by large and controllable external mechanical strain in-
duced  by  flexible  structures.  In  these  studies,  it  can  be  seen
that  MgO as  sacrificial  layer  can not  only  be etched by phos-
phoric acid but also (NH4)2SO4 solution. Similarly, the concen-
tration greatly affects the etching speed.

Unlike  etching  with  acid  or  acid  salt  solutions,  Sr3Al2O6

(SAO)  as  sacrificial  layer  can  be  etched  by  water.  Nie’s  group
has  prepared  free-standing  BFO  film  with  atomic  layer  thick-
ness  by  etching  the  water-soluble  SAO  buffer  layer,  which
opened  the  door  of  two-dimensional  quantum  phenomena
with  strong  correlation[101].  Hwang’s  group  has  deposited
SAO  buffer  layer  on  STO,  and  then  deposited  single  crystal
STO,  LSMO,  and  STO/LSMO  superlattices  (SL)  on  it,  respect-
ively[102].  Then,  STO,  LSMO  and  the  superlattices  were  trans-
ferred to  Si  wafer  with  PDMS stamp by  etching SAO layer,  as
shown  in Figs.  7(i)–7(k).  Compared  with  epitaxial  films  on  ri-
gid substrates, they believed that strain relaxation during film
release  has  a  significant  impact  on  the  physical  properties  of
films. To improve the performance of magnetic oxide films in
spintronics devices,  Liu’s group has transferred LSMO epitaxi-
al  films  with  different  thickness  (7,  15,  50,  100  nm)  prepared
on  STO  substrates  with  SAO  as  the  sacrificial  layer  to
PDMS[103].  The  effects  of  different  bending  states  on  the  mi-
crowave  magnetic  properties  of  these  films  were  also  stud-
ied.  They found that,  in  FMR measurements,  LSMO films with
thickness  greater  than  7  nm  exhibited  anisotropy  except  for
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LSMO  films  with  thickness  of  7  nm,  and  their  anisotropy  in-
creased  with  the  increase  of  thickness.  In  addition,  they  be-
lieve  that  as  long  as  the  direction  of  the  applied  magnetic
field is adjusted, the constant and continuous tuning of ferro-
magnetic  resonance  field  under  different  mechanical  bend-
ing can be achieved in the same sample.  Realizing the super-
elasticity  and  flexibility  of  ferroelectric  thin  films  is  a  critical
problem for applying ferroelectric materials in flexible electron-
ic  devices.  Liu’s  group  and  Ding’s  group  have  achieved  free-
standing  BTO  thin  film  from  STO  substrates  with  SAO  as  the
sacrificial layer, and an in situ bending test was carried out on
it[104].  Their  results  show that  BTO film can achieve  180°  fold-
ing  and  its  maximum  bending  strain  is  up  to  ~  10%.  At  the
same  time,  it  is  found  that  the  BTO  film  can  rebound  and
show  super-elastic  behavior  with  the  removal  of  external
force after large angle compression.

Transferring  the  films  grown  on  single  crystalline  oxide
substrates broadens the application field of the transfer-print-
ing  technology,  and  develops  strain  engineering  and  the  ap-
plications of oxide thin films at the same time. It is worth not-
ing that the selection of  sacrificial  layers and the correspond-
ing etching solutions play crucial roles in achieving flexible in-
organic oxide thin films from the epitaxial layers on single crys-
talline oxide substrates.

4.  Conclusion

Inorganic oxides have already occupied an important posi-
tion in various applications because of their rich physical prop-
erties.  By  achieving  the  flexibility  of  inorganic  oxides  films,
they  also  show  great  potential  in  wearable  devices.  At
present,  the  main  approaches  to  the  flexibility  of  high  qual-
ity  inorganic  oxide  film  can  be  divided  into  the  physical  ap-
proach of mechanical peeling films from rigid substrates,  and
the  chemical  approach  of  transferring  films  from  rigid  sub-
strates  to  flexible  substrates  after  etching the  sacrificial  layer.
However,  there  are  still  many problems in  the  preparation of
stable and high-performance inorganic oxide films. In particu-
lar,  typical  physical  approaches  may rely  on LLO and van der
Waal  epitaxy  on  mica.  In  the  LLO  technique,  the  consump-
tion of epitaxial layer and uneven heating or cooling of the up-
per  layer  during laser  irradiation may affect  the performance.
Van der Waal epitaxy on mica is difficult to achieve films with
good  stretchability.  For  the  chemical  approach,  after  extend-
ing  the  flexible  technologies  used  in  silicon-based  substrates
to  other  single  crystalline  oxide  substrates,  the  selections  of
sacrificial  layers  and  corresponding  etching  solutions  should
also be broadened.

Flexible  inorganic  oxide  films  and  devices  have  exhib-
ited  great  performance,  and  they  will  play  key  roles  in  the
next  generation  of  flexible  wearable  devices.  To  meet  the
market’s  requirements,  the  universality  and  practicability  of
methods  for  achieving  flexible  high  quality  inorganic  oxide
films  should  be  further  improved.  Meanwhile,  various  flex-
ible  high  quality  inorganic  oxide  films  should  be  integrated
for practical  applications.  With the rapid development of  ma-
terials, mechanics, manufacturing science and the rise of flex-
ible  devices,  people  are  increasingly  looking  forward  to  the
application  of  inorganic  oxide  functional  films  in  flexible
devices. This can not only greatly reduce the size of tradition-
al devices, which will hopefully break Moore's law and greatly
improve  device  performance,  but  can  also  expand  the  appli-

cation field of flexible devices. At the same time, the develop-
ment  of  inorganic  oxides  in  rigid  devices  has  matured  and  it
is  bound  to  accelerate  with  the  development  of  flexible
devices.  Because  the  core  of  realizing  inorganic  oxide  thin
film  flexible  devices  is  to  realize  flexible  inorganic  oxide  thin
film,  getting  free-standing  or  self-supporting  inorganic  oxide
thin film and realizing the integration of  inorganic  oxide thin
film on flexible substrates have become the research focus.  It
is  believed  that  flexible,  high  quality,  inorganic  oxide  films
and  devices  will  promote  the  development  of  flexible  wear-
able  devices,  and  make  our  life  more  efficient  and  conveni-
ent in the electronic information era.
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