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ABSTRACT
SrTiO3 (STO), a room-temperature paraelectric material in bulk form, has been a rich playground for emergent phenomena for decades.
As an emerging material, great attention has been paid to freestanding 2D STO thin films. Recently, the room-temperature ferroelectricity
has been unveiled in strained STO thin films; however, it remains an open question whether the strain-free freestanding 2D STO thin film
is room-temperature ferroelectric or not. Here, we report the electric field-induced out-of-plane ferroelectric polarization in large-scale,
freestanding, and strain-free 2D STO membranes at room temperature. High-resolution piezoresponse force microscopy measurements show
that polarization in freestanding strain-free STO membranes can be switched by electric field and persist for an hour. The first-principles
calculations suggest that the intrinsic defects such as oxygen vacancies could be linked to the observed spontaneous out-of-plane polarization
in 2D STO membranes, which could be further enhanced by external electric field due to the induced symmetry breaking. Our work reports
the unprecedented room-temperature ferroelectric polarization in strain-free freestanding 2D STO membranes, unlocking the great potential
of freestanding 2D STO for the applications in novel electronic and logic-in-memory devices.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0144758

Compared with conventional perovskites, freestanding per-
ovskite thin films exhibit fascinating many-particle phenomena
due to their low dimensionality and enhanced Coulombic inter-
actions. As a typical perovskite oxide, freestanding SrTiO3 (STO)
thin films with thickness varying from a few unit cells to hun-
dreds of nm have been successfully fabricated, which show intrigu-
ing physical properties such as excitons.1 Furthermore, STO thin
films demonstrate the potential as the high-k dielectric as a

screening layer to realize skyrmions in perovskite oxides bilayers2

or to achieve high-efficiency and low power-cost transistors.3,4 In
addition to the conventional applications such as substrates and
electric insulator,5,6 it is highly desirable to explore novel func-
tionalities of STO. The realization of ferroelectricity in STO thin
film offers an additional degree of freedom for tuning material
functionalities, which enables STO thin film a potential candi-
date for multi-functional semiconductor devices, next-generation
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complementary metal–oxide–semiconductor (CMOS) circuits, and
emergent logic-in-memory devices.

STO has a cubic structure at room temperature, and it
becomes tetragonal at temperature below 105–110 K at which
ferroelastic–antiferroelectric phase transition occurs.7–9 Although
it possesses large dielectric constant up to 24 000 at 4 K,10 STO
remains the so-called quantum paraelectric at low temperatures, in
which the long-range polarization order is suppressed by quantum
fluctuations.11 Nevertheless, the strain-induced polar state and fer-
roelectricity have been demonstrated in STO both in heteroepitaxy
films and the bulk form. In 2004, Haeni et al. observed room-

temperature in-plane polarization in tensile-strained STO films
but no polarization in compressive-strained films.12 Later in 2010,
Jang et al. demonstrated relaxor ferroelectricity at low temperature
in STO films grown on different substrates, in which strain-free
film consisting of polar nanoregions with short correlation lengths
plays a critical role.13 Recently, Xu et al. reported in-plane room
temperature ferroelectricity in chemically exfoliated freestanding
2D STO under external tensile strain up to 2%.14 However,
device with strain modulation by external force is rather difficult
to be integrated into CMOS technologies. Alternatively, defect
modulation-induced ferroelectricity has also been reported in STO.

FIG. 1. Growth, transfer, and characterization of freestanding 2D SrTiO3 (STO) membranes. (a), Schematic of a film with an LSMO buffer layer. (b) Sacrificial LSMO
layer is dissolved in acid solution to release the top oxide films with the mechanical support of PMMA. (c) Freestanding STO membrane is transferred onto the desired
substrate such as ITO glass. (d) SEM image of the freestanding STO membrane transferred onto the ITO substrate. The scale bar is 100 μm. Inset shows the AFM image
of the STO film with a height profile showing a thickness of 86 nm. (e), XRD of STO membranes with different thicknesses. The (001) and (002) peaks of STO demonstrate
high-quality membranes. The diamonds and stars indicate XRD peaks of FTO and ITO substrates, respectively. (f) Atomically resolved HAADF images of a cross-sectional
freestanding STO membrane on ITO glass with scale bar of 2 nm (g)–(i) Elemental mapping of Ti (g), Sr. (h), and O (i), showing the high quality of freestanding STO film.
The white scale bars are 2 nm in (g)–(i).
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Room-temperature ferroelectric responses were reported in tetrago-
nal STO grown under low oxygen pressure15 and non-stoichiometric
STO homoepitaxial films due to Ti/O deficient nanoregions.16 In
addition, metastable ferroelectricity was observed in bulk STO using
optical excitation, which was associated with the light-induced ther-
mal effect that leads to a phase transition into a metastable hidden
ferroelectric phase.17,18 Room-temperature ferroelectricity was also
reported due to polar nanoregions in ultrathin SrTiO3 films.19

In general, the ferroelectricity in STO has been realized by
strain,20 defect,21 or phase engineering22 in previous studies, which,
however, come with additional difficulties to the potential applica-
tions. For example, phase transition due to doping requires precise
control of material composition and structure, and it is difficult
to integrate strain-induced ferroelectricity membranes with current
CMOS technologies. Electric field modulation is a preferable method
to control electronic devices comparing to strain and light.23,24

Thus, purely electrically tuned room-temperature ferroelectricity
in strain-free STO ultrathin film is appealing, especially in free-
standing STO membranes with out-of-plane polarization, which can
be transferred to random substrate regardless of lattice matching
and can be used in wearable electronics. Furthermore, out-of-plane
ferroelectrics can realize devices with high density due to its abil-
ity to scale down. However, strain-free freestanding 2D STO with
out-of-plane ferroelectricity has not been reported so far.

Here, we report the electric field-induced ferroelectric polar-
ization in 2D STO membranes by transferring the freestanding STO

films onto conductive indium tin oxide (ITO) and fluorine-doped
tin oxide (FTO) substrates. Using piezoresponse force microscopy
and transmission electron microscopy, we show robust out-of-plane
room-temperature polarization in 2D STO, corroborated by the
characteristic feature of switchable 180○ ferroelectric domains. We
further reveal that the ferroelectric response is crystal orientation-
dependent, and (001)-orientated STO membranes exhibit the most
robust ferroelectricity. Our work demonstrates an effective way
to realize ferroelectricity in 2D STO. It helps enhance ferroelec-
tricity in freestanding STO membranes with out-of-plane polar-
ization, enabling great promise for rich applications ranging from
non-volatile memories to logic devices.

Homoexpitaxial STO thin films with a buffer layer of
La2/3Sr1/3MnO3 (LSMO) were grown on STO substrates, followed
by chemical etching and transferring onto metallic substrates as the
bottom electrodes [Figs. 1(a)–1(c)]. The details of the sample prepa-
ration are presented in the supplementary material. The morphology
and crystallinity of the freestanding 2D STO membranes were char-
acterized using scanning electron microscopy (SEM), atomic force
microscopy (AFM), x-ray diffraction (XRD), and transmission elec-
tron microscopy (TEM). The SEM image of the STO membrane is
shown in Fig. 1(d), and the inset shows the AFM image of the STO
membrane on the ITO substrate with a height profile. The size of
the freestanding STO membrane is in the range between 5 × 5 and
10 × 10 mm2, and the typical thickness is in the range of 10–180 nm.
The high quality of the freestanding STO membranes is further

FIG. 2. Room-temperature out-of-plane polarization in (001)-oriented 2D STO membranes. (a) Schematic illustrating the measurement setup, wherein the STO
membrane is transferred to a conductive substrate that is grounded. (b) Topographic image reveals crack-free smooth surface of STO membranes. PFM amplitude (c)
and phase (d) signals of pristine STO membranes exhibit uniform weak piezoresponse. PFM amplitude (e) and phase (f) signals after applying poling voltage of −7 and 7 V
through a conductive tip in the box-in-box patterned region. The image shows clear room-temperature ferroelectricity with notable 180○ phase difference and corresponding
amplitude contrast.
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verified using the XRD measurement [Fig. 1(e)]. The (001)- and
(002)- peak positions for STO (001) with different thicknesses are
very close to that of bulk, indicating nearly strain-free 2D STO mem-
branes [see Fig. S1 in the supplementary material for characteriza-
tion and XRD data of (110)- and (111)- orientated STO membranes,
Table T1 for the extracted lattice constant of freestanding 2D STO
from XRD data, and Fig. S2 for SEM and optical images with larger
size]. The diamonds and the stars in Fig. 1(e) denote the peak posi-
tions of FTO and ITO substrates, respectively. Figure 1(f) shows
a cross-sectional high-angle annular dark-field (HAADF) image of
STO (001) with atomic resolution, which shows good crystalline of
the STO thin films. Elemental mapping spectroscopy images of Ti
(g), Sr (h), and O (i) are shown in Figs. 1(g)–1(i). One can see clear
boundaries among SrO and TiO2 layers. All these characterization
results suggest high quality of crystalline 2D STO membranes.

We performed a piezoresponse force microscopy (PFM) mea-
surement on the 2D STO membranes with thicknesses varying from
19 to 292 nm using the experiment setup as illustrated in Fig. 2(a).
The typical PFM responses of a 181 nm sample are shown in
Fig. 2. The surface morphology of 2D STO is atomically smooth as
demonstrated by atomic force microscopy (AFM) in Fig. 2(b). The
pristine spontaneous ferroelectric response is presented in Figs. 2(c)
and 2(d). The amplitude response, in general, is rather weak, but
there are a few nanoregions showing stronger piezoresponse. It may
exist intrinsic ferroelectric nanodomains in the pristine freestanding
STO thin film. In addition, (111) and (110) oriented pristine STO
membranes also show spontaneous polarization (Figs. S3-S6 in the
supplementary material). To verify the out-of-plane ferroelectricity,
+7 V and−7 V poling voltages are applied to the film surface through
a conductive probe in a box-in-box pattern. Clearly, the ferroelec-
tric domains are successfully switched to the upward and downward
directions by −7 V and +7 V bias, respectively. However, no in-plane
piezoresponse is observed in the samples.

The thickness-dependent ferroelectric polarization of STO
films is further verified by PFM. PFM amplitude and the corre-
sponding phase images of three samples electrically poled with −8 V
and +8 V biases are shown in Figs. 3(a) and 3(b), respectively.
These samples with different thicknesses demonstrate switchable
polar regions. The domain wall between up- and down-oriented
domains is clearly shown in the amplitude images. Switching spec-
troscopy PFM (SS-PFM) measurements were conducted to acquire
the ferroelectric hysteresis loops. The phase and amplitude hysteresis
loops observed from the 2D STO membranes are plotted in Figs. 3(c)
and 3(d), respectively, which confirmed the presence of electric field
switchable robust polarization. The thickness of STO does affect the
polarization switching process. The thick STO (181 nm) shows a
highly asymmetric amplitude loop, while the thin STO (42 nm) has
rather symmetric amplitude loop. Usually, such asymmetry is due to
the internal field or unbalanced screening conditions. In our case,
the amplitude of thick STO relaxed faster than thin STO. The bulk
properties start to dominate when STO becomes thicker. We also
calculate the magnitude of the piezoresponse as shown in Fig. 3(e).
The strength of the piezoresponse is almost linearly scales with a
thickness for membranes below 181 nm, but it drops above that
[see Fig. S3 in the supplementary material for PFM of thick STO
(292 nm) and Fig. S4 for 19 nm STO]. It is possible that as the
film thickness increases, the 2D STO membranes relax to the crystal
structure of bulk, thus symmetry breaking induced by electric field

or defects is reduced in thick films. We further analyzed coercive
field Ec as a function of 1/d where d is the thickness [Fig. 3(f)]. The
coercive field Ec varies in different scan loops for the same sample,
leading to appearance of error bars. Ec scales with 1/d. The inset
shows the semilog plot of Ec vs 1/d. Interestingly, there seems a
critical thickness dc, below and above which the scaling behaviors
vary. We notice that the scaling of the coercive field over thick-
ness extracted from switching spectroscopy PFM measurements
(Ec scales with 1/d) deviates from the common Kay–Dunn law25

in which Ec scales with d−2/3. The ferroelectric phase is destabi-
lized at reduced thickness of perovskite-based materials, and the
crystal lattice structure would relax to bulk in quite thick samples,
e.g., ∼300 nm, which could lead to a deviation from the Kay–Dunn
law. A threshold field Eth of about 50 kV/cm can be extracted for
thick membranes above 100 nm. For quasi-2D STO membranes with
thickness around 10 nm, the coercive varies slowly and is close to
saturate to ∼3 MV/cm. Our previous work observed that a critical
field of about 1.5 kV/cm is required for a field-induced ferroelectric
order in single crystal tetragonal STO at 5 K.26 The threshold field
in the freestanding STO thin films at room temperature is about 30
times larger than that of the tetragonal single crystal STO at liquid
helium temperature. Note that PFM responses are also observed in
(111) and (110) freestanding 2D STOs, as shown in Figs. S5-S8 in
the supplementary material, although it is strongest in (001) STO as
shown in Figs. 2 and 3.

In addition, the polarization retention is another key parameter
that needs to be evaluated for ferroelectric materials. In the case of
the light-induced ferroelectricity of STO, a hidden metastable fer-
roelectric phase, which originates from the soft lattice vibrational
mode induced by external excitation that is uncommon in phase
diagrams, could be induced via mid-infrared or terahertz waves in
bulk STO.17,18 This metastable state exists up to a few hours and dis-
appears at longer time scales. Here, we studied the time-dependent
amplitude and phases of ferroelectric domains as shown in Fig. 4.
As time evolves, the amplitude and phase contrast decay for 86-nm
STO membranes [Figs. 4(a)–4(c)]. After 38 min from the electric
poling, the amplitude and phase contrast become very weak. Similar
behavior is observed from a 19-nm-thick STO membrane as shown
in Figs. 4(d)–4(f). So that the electric field-enhanced polarization in
the freestanding 2D STO thin film is also a metastable phenomenon.
Figure S9 in the supplementary material shows similar behavior for
the (111) STO membrane.

In order to understand the origin of the observed out-of-plane
polarization, we conducted further density functional theory calcu-
lation. The results are shown in Fig. 5. Without an external electric
field, the pristine 2D STO film shows an antiferroelectric ordering,
where the local ionic distortions at the top and bottom surfaces
are identical but with the opposite direction [see the atomic struc-
ture in Fig. 5(a)] due to the central inversion symmetry constrain.
Therefore, there is no long-range spontaneous polarization in the
pristine 2D STO film. In contrast, when an external electric field
is applied, the lattice symmetry in 2D STO will be broken, lead-
ing to inequivalent lattice distortions that might contribute to long
range and stable ferroelectric ordering, as shown in Fig. 5(b). The
out-of-plane ferroelectric polarization can be further seen from the
calculated electrostatic potential. As Fig. 5(c) shows, a net electro-
static potential of 1.8 eV is crossing the 2D STO structure when
0.5 V/Å electric field is applied, while for the pristine 2D STO
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FIG. 3. Out-of-plane polarization switching and PFM hysteresis loops of strain-free freestanding STO membranes with different thicknesses. PFM amplitude (a)
and phase (b) contrasts with switchable out-of-plane polarizations after applying positive +8 V (left) and negative −8 V (right) tip biases to the 2 × 2 μm2 regions for three
samples with different thicknesses. Phase (c) and amplitude (d) signal of remanent hysteresis loops. (e) Extracted PFM amplitude at −8 V as a function of thickness. The red
line is a guideline showing electric field-induced polarization is almost linear to the thickness for films thickness below 200 nm. (f) Coercive field Ec as a function of 1/d where
d is the thickness. Inset shows the semilog plot of Ec vs 1/d. The dark vertical dotted line indicates a critical thickness dc .
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FIG. 4. Relaxation of electric field-induced ferroelectric polarization in freestanding 2D STO membranes. PFM amplitude and phase images with switchable out-of-
plane polarizations measured immediately (a), 12 min (b) and 38 min (c) after applying +8 V and −8 V poling voltage on a STO membrane of 86 nm thick. PFM amplitude
and phase images with out-of-plane polarizations measured immediately (d), 23 min (e) and 40 min (f) after applying a positive +8 V and negative −8 V tip bias for 19 nm
STO membrane.

FIG. 5. Density functional theory (DFT) calculations. (a) and (b) Crystal structure of 2D STO without electric field (a) and with electric field (b). (c) Calculated averaged
planar potential for (a) (blue line) and (b) (yellow line). (d) Calculated dipole moment and averaged planar potential in the STO 2D film under different electric fields.
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without the electric field, there is no net electrostatic potential. This
is consistent with the previous study which shows that the electric
field can break the lattice symmetry of few-layer SnS and results
in the ferroelectricity.27 In Figs. 5(c) and 5(d), we can see that
the dipole moment and the induced electrostatic potential in the
2D STO increase with the applied electric field, providing further
evidence of the electric field-included ferroelectricity in 2D STO.
Note that local polarization could be present by the intrinsic defects
such as oxygen vacancies (Fig. S10 in the supplementary material),
which could be connected to the observed electric field-induced
polarization and ferroelectricity. The electric field has the effect to
stabilize and enhance the out-of-plane ferroelectric polarization in
freestanding STO membranes.

To conclude, room-temperature out-of-plane ferroelectricity
and piezoelectricity were achieved in large-scale strain-free free-
standing 2D STO membranes. The high-resolution PFM measure-
ments show that switchable polarization could be induced by electric
field and persist for about an hour. The typical coercive field to
switch the polarization is about 1 MV/cm. The out-of-plane ferro-
electric polarization in the 2D STO membranes can be stabilized
and enhanced under electric field. The first-principles calculations
suggest that the electric field breaks the lattice symmetry, leading
to the out-of-plane ferroelectric polarization in the freestanding 2D
STO membranes. This work proposed a method for modulating the
functionality of a complex perovskite oxide.

The supplementary material includes details of experimental
methods and theoretical calculation including sample preparation,
density functional theory (DFT) calculations, piezoresponse force
microscopy (PFM) measurements, transmission electron micro-
scopy (TEM) characterization, and supporting data.
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