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Synergetic role of strain relaxation and photoexcitation for enhanced nanoscale
piezoelectricity in freestanding BaTiO; thin films

Subhajit Pal L Haoying Sun ,23 Lan-Tien Hsu®,* Emanuele Palladino®,! Yuefeng Nie ,23 Samuel John®,

S. S. Prabhu®,’ Anna Griinebohm ®,* and Joe Briscoe ®!-

1School of Engineering and Materials Science, Queen Mary University of London, London E14NS, United Kingdom

2National Laboratory of Solid-State Microstructures, Jiangsu Key Laboratory of Artificial Functional Materials,
College of Engineering and Applied Sciences, Nanjing University, Nanjing 210093, People’s Republic of China

Materials (ZGH), and Faculty for Physics and Astronomy, Ruhr-University Bochum, 44801 Bochum, Germany

® (Received 17 June 2026; accepted 9 September 2026; published 1 October 2026)

Strain engineering has emerged as a strategic approach for modulating the piezoelectric and ferroelectric
properties of thin films. We investigated local piezoelectric properties in clamped and freestanding epitaxial
BaTiO; films via piezoresponse force microscopy. The freestanding membrane exhibits a ~300% increase
in the effective piezoelectric coefficient compared to the clamped films, driven by increased nonlinearity.
Quantitative analysis reveals about fourfold increase in the nonlinearity parameter, originating from enhanced
domain wall motion enabled by strain relaxation after removal of substrate-induced clamping. Our molecular
dynamics simulations further support about threefold increase in domain-wall velocity in the freestanding film.
Additionally, under optical excitation, the membrane exhibits a photoinduced enhancement of the piezoelectric
response arising from coupled photostriction effect and light-driven domain wall motion. Density functional
theory calculations reveal ~2% decrease in the out-of-plane lattice parameter of the freestanding membrane
under optical excitation, consistent with the observed photoinduced deformation. However, the corresponding
change in the clamped film ceases to exist. These results identify substrate clamping as a critical limitation
to piezoelectric performance and establish freestanding ferroelectric membranes as promising platforms for
low-power electromechanical and optoelectronic devices.
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I. INTRODUCTION

Ferroelectric materials exhibit intriguing properties driven
by strain, such as electromechanical response [1], elec-
trocaloric effect [2], flexoelectric effect [3], photovoltaic
effect [4], and photoelectrochemical performance [5]. These
properties in ferroelectric thin films can be tuned by engi-
neering lattice distortions through substrate-induced strain in
epitaxial films or by applying in situ stress or external fields
[6-8]. For example, Kelley et al. demonstrated thickness-
dependent reduction in the effective piezoelectric coeffi-
cient (dszerr) of BaTiOs (BTO) thin films, decreasing from
~20.5 pm/V for 80 nm to ~2 pm/V for 10 nm films.
The reduction of the dsz. in BTO film is attributed to the
enhancement of depolarization-field screening with strain,
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where in-plane compressive strain varies from fully relaxed
to 2.05% from 80 nm to 10 nm film [9]. Additionally, Shafir
etal. observed that substrate-induced strain strongly correlates
with the photovoltaic response in BTO thin films. Strain en-
gineering modifies the crystal symmetry and electronic band
structure, thereby enhancing carrier separation and current
generation in the BTO films [10].

However, manipulating the strain states in epitaxial fer-
roelectric films poses a significant constraint due to the
mechanical boundary conditions imposed by the substrate.
The recent development of materials synthesis via substrate
release or transfer on arbitrary substrates provides a ver-
satile platform for exploring fascinating physical properties
while maintaining the epitaxial nature of the films [11-13].
In this regard, freestanding membranes offer the ability to
tune the strain through on-demand in sifu strain engineering,
demonstrating functionalities such as enhanced piezoelectric-
ity, large uniaxial strain, and fast polarization rotation [11].
In addition, freestanding membranes have exhibited an op-
tically tunable strain of 0.047%, further broadening their
potential for integration into light-controlled electromechani-
cal systems [14]. Recently, we also demonstrated the effect of
strain relaxation on optical control polarization switching in
a freestanding BTO membrane, opening up the possibility of
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optically controlled devices [15]. Overall, ferroelectric mem-
branes experience a range of intriguing behaviors, including
large uniaxial strain, dielectric tunability, polarization rota-
tion, and polarization switching kinetics [15—18]. Therefore,
this naturally leads to the question of what the main contribut-
ing factors are that drive the increase in electromechanical
response and tunable ferroelectric properties in the membrane.
Do these contributing factors respond to external stimuli, such
as light, in a similar way to enable remote control opera-
tions? Study of such behavior can contribute substantially to
the understanding of the interactions between piezoelectric
properties, strain relaxation, substrate clamping, and external
stimuli like light.

In this work, we compare the local piezoelectric re-
sponses using piezoresponse force microscopy (PFM) of 18
nm epitaxial BTO films grown on (001) Nb-doped SrTiO3
(Nb:STO) substrates, referred to as clamped films, and
freestanding membranes transferred onto indium tin oxide
(ITO) substrates. Using contact-resonance PFM (CR-PFM),
we demonstrate that the enhanced piezoelectricity in the
freestanding membrane originates from an increase in non-
linearity, which contributes to domain wall motion and plays
a dominant role in increasing electromechanical behavior. Un-
der light illumination, the piezoelectric response is enhanced
through a combined contribution from intrinsic photoinduced
deformation and extrinsic domain wall motion. The effect of
strain relaxation on domain wall motion and photoinduced
change in unit cell volume is further confirmed by molecular
dynamics (MD) simulations and density functional theory
(DFT) calculations, respectively. These findings establish the
robustness of freestanding ferroelectric membranes and high-
light their potential for remotely controlled photoactuation
and optoelectronic device applications.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Synthesis of BTO film and transfer of membrane

BTO film was also grown on Nb-doped STO substrate to
evaluate the influence of substrate-induced strain on the piezo-
electric properties, known as clamped film, as schematically
shown in Fig. 1(a). For freestanding membrane synthesis,
BTO films were epitaxially grown on TiO,-terminated (001)
SrTiO3 (STO) substrates with Sr4Al,O;7 (SAO) buffer layers
using oxide molecular beam epitaxy at 850 °C and an oxygen
pressure of 1 x 107 Torr. The conventional water-assisted
delamination process was employed to remove the sacrificial
layer, and subsequently, the freestanding BTO membrane was
transferred onto an ITO substrate, as schematically shown in
Fig. 1(a). Detailed procedures for the film transfer and XRD
measurement details are provided elsewhere [15,17].

B. PFM measurements

The PFM and CR-PFM measurements were performed
using a Bruker Dimension Icon AFM and SCM-PIT-V2 (Pt/Ir-
coated Si) cantilevers. Prior to the measurement, a standard
calibration procedure was followed using a ferroelectric BTO
crystal [19]. PFM measurements were performed with a
2 V ac bias. Switching spectroscopy measurements are
performed in the off-field conditions. CR-PFM was measured

by keeping the force between the tip and the sample constant
while varying the ac bias voltage. Conductive AFM (c-AFM)
measurements were performed in contact mode for I-V char-
acteristics under dark and illumination. The built-in current
amplifier (sensitivity range 1 pA—100 nA) was calibrated prior
to measurement using a 10 M2 reference resistor, enabling
quantitative current detection. Photoinduced PFM measure-
ments on the freestanding membrane were performed under
bottom illumination using a 365 nm LED light source with
1 W/cm? intensity (Thorlabs M365FP1) coupled to a multi-
mode optical fiber. The photoinduced PFM measurements on
the BTO/Nb:STO sample were carried out under top illumi-
nation using a 378 nm laser with 1 W/cm? intensity (Vortran
Laser Technology). The area of the phase image under dark
and illuminated conditions is extracted using ImagelJ. The top
and bottom illumination setups are shown in the Supplemental
Material (Fig. S1) [20].

C. MD simulations

To estimate the velocities of the domain wall under various
epitaxial (001) strains, we run coarse-grained molecular
dynamics simulations using the open-source feram code
[21] based on the effective Hamiltonian by Zhong et al.
parametrized by DFT data [22-24]. We used systems
of size 164 x 164 x 46 f.u. under 3D periodic boundary
conditions, and initialized them to contain two equi-volume
tetragonal domains with polarization along the £z directions.
The systems are well equilibrated at 260 K using the
Nosé-Poincare thermostat with a time step of 1 fs [25]. As the
domain wall movement is a kinetic process, three independent
simulations are done for each strain value and an external
electric field of 200 kV/cm. Strain range of —0.15% to +0.1%
are sampled and the strain values are relative to 3.986 A,
which is the lattice constant for the metastable cubic phase
at 0 K in our model. The lattice constant used to estimate the
strain is 3.986 A, while the unstrained case the lattice constant
is 3.984 A. Note that the influences of interfaces and surfaces,
including depolarization, interface termination, and atomic
relaxation, were neglected. The domain wall velocities are
determined using the displacement of the domain wall center
within 1 ~ 10 ps (The first 1 ps were excluded from the anal-
ysis, to exclude the nonequilibrium initial boost of the wall
velocity under instantaneous field applications). The domain
wall center is estimated by fitting the mean-polarization per x-
layer (P,), every 1 ps via (P,), = Py - tanh()ﬁ) + e(x) [26].
Here, Py and dpw saturation polarization and the width of the
wall, respectively. The second term &(x) accounts for polariza-
tion response on the applied field within domains, including
linear dielectric response and transient negative capacitance.
We estimated intrinsic piezoelectric response by comparing
equilibrium lattice constants of strained (1% compressive)
and unstrained (freestanding) single domain tetragonal BTO
(at 260 K) under an external electric field (100 kV/cm; below
the coercive field of single domain BTO at 260 K) parallel and
antiparallel of the tetragonal polarization direction. It is to be
noted that the upper bound of the piezoelectric response for
180° multidomain state would be the difference in lattice con-
stants of single domain structures with polarization parallel

. . . Eparalle Entiparatiel R
and antiparallel to the electric field, i.e., (c,™™" — ¢,™™™") A.
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FIG. 1. (a) Schematic representation of BTO grown on Nb:STO substrate and membrane transferred to ITO after the sacrificial layer
removal. (b) XRD pattern showing strain relaxation in the freestanding film compared to the clamped film. PFM phase and amplitude response
of (c), (e) clamped (d), (f) freestanding BTO thin films. (g) Amplitude and (h) dsz.r loop of freestanding membrane and clamped BTO

films.

D. DFT calculations

DFT simulations of bulk tetragonal BTO were carried out
using the ab initio package ABINIT with Wu-Cohen exchange—
correlation functionals and Fermi-Dirac smearing of 0.1 eV
[27,28]. A plane-wave energy cutoff of 952 eV and an 8 x
8 x 8k-point mesh were used, with convergence thresholds of
5% 107" eV/A for self-consistency and 2.5 x 107 eV /A for
ionic forces, ensuring high numerical accuracy for structure
stabilization. Above-bandgap optical excitation was modeled
by promoting 0-0.1 e/f.u. to the conduction band, following
established approaches to simulate photoexcited carrier popu-
lations [29].

E. COMSOL simulation

To quantify the contribution of light-induced heating
in our films, we simulated temperature distributions us-
ing the heat transfer module in COMSOL MULTIPHYSICS.
Heat transfer in solids is described by ,OCI,% +V.g=
Q with the heat flux defined as, g = —kVT. Here, p is
the material density, C, the heat capacity, T temperature,
Q as absorbed power density from the incident radiation
(assuming full absorption), and k as thermal conductiv-
ity. For radiation, we considered the ambient surroundings
as a boundary using a boundary condition based on the
Stefan-Boltzmann law.
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III. RESULTS AND DISCUSSIONS

The strain relaxation due to the removal of substrate-
induced clamping in the freestanding membrane is analyzed
through the peak shift of the XRD pattern [Fig. 1(b)],
as described in our previous publication [15]. The lat-
tice parameters of the clamped film are extracted from
reciprocal space mapping (RSM) around the (103) reflec-
tion, providing a =3.904A and ¢ =4.160A (Fig. S2a
in the Supplemental Material) [20]. The RSM around
(103) for the freestanding membrane shows a very
weak response. The RSM around (002) is shown in
Fig. S2b in the Supplemental Material [20]. For the free-
standing film, the out-of-plane and in-plane lattice parameters
were determined from the 26-w scans around (002) and
(011) peaks shown in the Supplemental Material (Figs. S2c
and S2d) [20], extracting a = 3.992A and ¢ = 4.014A. It
is observed that the c¢/a ratio decreases from 1.065 for the
clamped film to 1.005 for the freestanding film, reflecting
significant strain relaxation upon release from the substrate.
Also, our clamped film exhibits a 2.2% compressive strain,
while the freestanding film is fully relaxed. We use PFM mea-
surements to probe the initial ferroelectric state and switching
behaviors of clamped [Figs. 1(c) and 1(e)] and freestanding
BTO [Figs. 1(d) and 1(f)] films. Applying bias voltages of
—10 V and 410 V to the PFM tip produced a box-in-box
switching pattern, where the bright and dark contrasts cor-
respond to upward and downward polarization orientations,
respectively. The dark contrast is observed in the unpoled
regions of the clamped and freestanding membranes, indi-
cating that both materials are self-polarized with polarization
pointing downward [19,30]. The comparison between the
out-of-plane butterfly shaped amplitude loop of the clamped
and freestanding membrane is shown in Fig. 1(g). The sig-
nificantly enhanced amplitude response in the freestanding
membrane is explained by the fact that the clamped film
is rigidly attached to the substrate, whereas freestanding
membranes have a vertical degree of freedom for motion
[31]. Therefore, it favors the vertical deflection of the ma-
terials. This behavior is also reflected in the dsseer loops
of the clamped film and freestanding membrane [Fig. 1(f)],
showing ~300% increase of remanent disefr (d§3eﬁ) in the
freestanding film. We also ruled out the contribution of elec-
tric field-induced buckling to the observed dss.s response by
comparing the surface topography before and after the appli-
cation of an electric field through the PFM tip, as shown in
the Supplemental Material (Fig. S3) [20]. The nearly identical
surface profiles under both conditions indicate that electric
field-induced buckling does not significantly contribute to
the measured piezoelectric response. In order to validate the
increase in the piezoelectric response, we have extracted
the intrinsic piezoelectric value for the clamped (1% com-
pressive strain) and freestanding BTO from our simulation
results. It is estimated that the upper bound of piezoelec-
tric response for the clamped and freestanding film is 0.004
and 0.019 A, corresponding to ~375% increase in intrinsic
piezoelectric response for the freestanding film. Therefore,
it is important to note that freestanding membranes undergo
larger deflections under an applied electric field, enabling
greater lattice distortion due to vertical degrees of freedom.
In contrast, substrate-induced clamping in the BTO/Nb:STO

films restricts this motion, resulting in poor piezoelectric
response.

In general, piezoelectric response comprises both intrinsic
and extrinsic contributions [32,33]. The intrinsic component
arises from lattice deformation, whereas the extrinsic com-
ponent originates from domain wall and interphase boundary
motion. The extrinsic contributions can be quantitatively
measured through macroscopic piezoelectric hysteresis mea-
surements or by nonlinearity measurements via PFM [34-36].
To understand nonlinear behavior, we used the CR-PFM tech-
nique to measure the local amplitude response for clamped
films and freestanding membranes in the Rayleigh region by
applying 0-50% of the coercive voltage at the contact res-
onance frequency. To avoid nonlinearities in the amplitude
signal caused by cantilever nonlinearities, the CR-PFM mea-
surement is performed at a constant applied force during the
hold period on the sample [37,38]. The deflection error as a
function of time during the CR-PFM measurements is shown
in the Supplemental Material (Fig. S4a) [20], with the hold
period indicated by the dotted line. In CR-PFM, pixel-by-
pixel amplitude signals are acquired across the scanned area
at the contact resonance frequency to construct a full ampli-
tude map. The frequency-dependent amplitude response for
a representative pixel is shown in the Supplemental Material
(Fig. S4b) [20]. Amplitude maps collected under varying
ac bias voltages for both systems are presented in Fig. 2.
Pixel-by-pixel topography maps for the respective areas are
provided in Fig. S5 [20]. The amplitude distributions for
the respective system are plotted for the applied bias con-
dition (Figs. S6 and S7) [20], and the extracted mean
amplitude value is plotted as a function of the applied bias
in Fig. 2(c). Consequently, the amplitude response is fit-
ted with the polynomial function Ay = @ + BV + )/VazC
to understand their nonlinear properties, where Ay, iS the
detected amplitude response and V. is the excitation ac volt-
age, B is a linear electromechanical coefficient, and y is a
higher-order coefficient representing nonlinearities [33]. The
extracted values of «, B, and y for clamped and freestanding
films are —3.22 x 1072 m, 2.28 x 10~"' m/V, and —8.17 x
1072 m/V? and —7.87x 1072 m, 5.17 x 10~ m/V,
and —8.38 x 107!2m/V?, respectively. Figure 2(c) depicts
that the freestanding film exhibits higher nonlinearity com-
pared to the clamped film. The normalized nonlinear factor,
represented by the y /B ratio, is nearly fourfold higher in
the freestanding film. In most cases, the nonlinearities in
ferroelectrics arise predominantly from the motion of domain
walls or phase boundaries, and variations in the nonlinearity
influence the piezoelectric effect in the materials [39]. For
instance, decreased piezoelectric response has been correlated
with the decrease in nonlinear response at the grain boundary,
resulting from a change in domain wall configurations that act
as a strong pinning source for domain wall motion [40]. It is
to be noted that the nonlinearity in freestanding and clamped
films mainly arises from the motion of 180° domain walls.
The motion of these domain walls is directed perpendicular to
the applied electric field across the film plane. In our case, sub-
strate clamping pins the domain wall motion via mechanical
boundary conditions in the clamped film, resulting in a lower
piezoelectric effect than in the freestanding BTO membrane.
In contrast, enabling vertical degree of freedom in freestand-

104402-4



SYNERGETIC ROLE OF STRAIN RELAXATION AND ...

PHYSICAL REVIEW MATERIALS 10, 104402 (2026)

0pm

m
Fitting parameters s
60 44=517x 10" m/V <L _ | Film under 200 kV/cm ®
— y=-8.38 x 10 m/V? g .
g— 1Membrane S 41 unstrain
‘G'J’ Clamped | & ®
3 = 34 Y.
230 g M
a <5 °
€ ‘= 21 °
<C A Fitting parameters I °
p=228x10"my | 811 ©
0+ y=-817x102mA? | op
—T T 71 20 T T .
< T T T
04 08 12 16 20 -0.2 -0.1 0.0 0.1

Voltage (V) Strain (%)

FIG. 2. CR-PFM amplitude response obtained by varying applied ac bias for (a) clamped BTO and (b) freestanding films. (c) Average
amplitude response with respect to bias voltage for clamped BTO and freestanding membrane. (d) Domain wall velocity with respect to the
strain of the materials is calculated under an applied field of 200 kV/cm.

ing films favors the domain wall motion, contributing to the
higher piezoelectric effect. To quantify the exact difference
in domain wall motion between the clamped and freestanding
films, we performed MD simulations. We determined that the
domain wall velocity of the freestanding film at 200 kV/cm is
2.91 A/ps [Fig. 2(d)], which is nearly three times faster com-
pared to the clamped film with 0.15% compressively strained
(1.08 A/ps), which contributes to the increase in nonlinear
response in the membrane.

To further understand how illumination influences the
piezoelectric response, PFM amplitude and phase hystere-
sis loops are obtained in the freestanding membrane using
switching spectroscopy PFM under dark and illuminated con-
ditions (Fig. 3). PFM amplitude and phase loops are collected
at 25 different points under both dark [Fig. 3(a)] and illumi-

+180

+90
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-5
Voltage (V)

10

Phase (degree)

nated [Fig. 3(b)] conditions. The corresponding dsscsr loops
obtained from the PFM measurement are plotted for each
case in Fig. 3(c) [15]. Under illumination, the dﬁeff value (=
M) increases notably compared to that measured in the
dark, where d§3+ and df; denote effective remanent d33 value
measured in the positive and negative y axis, respectively. For
direct comparison, the d%, . values under dark and illuminated
conditions are plotted in Fig. 3(d). However, the clamped
film shows negligible variation in dsser loops between dark
and illuminated conditions, confirming the absence of a mea-
surable photoinduced piezoelectric effect, as shown in the
Supplemental Material (Fig. S8) [20]. The observed increase
of the remanent piezoelectric response for the freestanding
membrane under illumination could result from four reasons:
localized heating, optically induced charge migration due to
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FIG. 3. Amplitude and phase hysteresis loop of a freestanding membrane under (a) dark and (b) 365 nm illumination with 1 W /cm?
intensity. (¢) dsser loop and (d) estimated df, ¢ under both dark and illuminated conditions for the freestanding membrane.
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FIG. 4. PFM phase response and the phase distribution of the
freestanding membrane under (a), (b) dark and (c), (d) illumination.

increased photoconductivity, photostimulated domain switch-
ing, and photoinduced lattice distortion [14,41]. In our case,
we eliminated the local optical heating using COMSOL simu-
lation [42,43]. It is observed that under illumination with an
intensity of 1 W/cm?, the material changes its temperature
by ~3 K (Fig. S9) [20], which is not sufficient to cause the
d® . value to enhance by ~40%. The increase in photo-
conductivity in the freestanding membrane is evaluated by
measuring the current-voltage characteristic under dark and
illuminated conditions using a conducting AFM tip, as shown
in the Supplemental Material (Fig. S10) [20]. It is observed
that the photocurrent response is significantly increased at —2
V, indicating optically induced charge carrier generation due
to photoconductivity in the freestanding membrane [14].

The photoinduced domain evolution under dark and illu-
minated conditions is examined using PFM phase imaging
[Figs. 4(a) and 4(c)], with the regions of change highlighted
by white dotted boundaries. Under illumination, a clear phase
reversal is observed, indicating a transition from upward
(bright contrast) to downward (dark contrast) domain orienta-
tion. Upon illumination, the upward-oriented domain’s areas
of the numbered regions (1, 2, and 3) in the PFM phase image
decrease from 0.155 4 0.03, 0.1003 £0.01, and 0.0244 +
0.005 um? to 0.1018 % 0.06, 0.0516 £ 0.004, and 0.0124 +
0.007 um?, respectively. Additionally, the phase distribution
plots [Figs. 4(b) and 4(d)] show a reduction in intensity counts
in the upward-oriented domain (4-90°), as indicated by the red
dotted circle. During the domain-reversal process, illumina-
tion enhances domain wall motion, enabling upward-oriented
domains to switch into the downward state. Consequently,
an increase in PFM amplitude under illumination reveals a
corresponding enhancement in the piezoelectric response, as
shown in the Supplemental Material (Fig. S11) [20]. This
behavior is attributed to light-induced domain wall motion,
leading to a photoenhanced piezoelectric effect [15,28,44].
Vats et al. reported that continuous illumination can act as a
light-induced poling mechanism, which directly contributes
to the enhancement of the piezoelectric response [45]. To

investigate this, we performed PFM amplitude measurements
under dark conditions and repeated the measurements in the
dark condition after 5 min of illumination, shown in the Sup-
plemental Material (Fig. S12) [20]. The amplitude showed
negligible variation, indicating that the enhanced piezoelectric
response in our study is not due to a persistent light-induced
poling effect.

To understand the photoinduced deformation in freestand-
ing membranes, we measure CR-PFM under both dark and
illuminated conditions. The pixel-by-pixel amplitude images
acquired under dark and illumination conditions are shown
in Supplemental Material (Figs. S13a and S13b) [20], along
with the corresponding amplitude distributions, which are
compared in Fig. S13c [20]. The increase in the mean value
of amplitude under illumination illustrates a light-enhanced
piezoelectric effect in the freestanding membrane. During
the measurements, the contact resonance frequency was con-
tinuously monitored, and the corresponding pixel-by-pixel
maps and distribution plots are presented in Figs. 5(a)-5(c).
A clear change in the contrast of the resonant-frequency
images is observed between dark and illuminated condi-
tions [Figs. 5(a) and 5(b)], consistent with the distribution
plot showing a 1 Hz downward shift in frequency rela-
tive to the resonance measured under dark conditions. It is
worth noting that, as the resonance frequency of the sys-
tem depends on both the geometrical characteristics of the
tip and the tip-sample mechanical contact characteristics, the
force between the tip and the sample is also kept constant.
The deflection error as a function of time during the CR-
PFM measurements is shown in the Supplemental Material
(Fig. S14) [20], with the hold period indicated by the dot-
ted line. Therefore, changes in resonant frequency indicate
changes in the stiffness of the sample. The lower resonance
frequency indicates a softer material. It is important to note
that the resonance-frequency variability under applied ac bias
is < 0.1 Hz; therefore, the observed ~1 Hz shift under illumi-
nation is attributed to photoinduced variation in the material
rather than instrumental artifacts. Under light illumination,
deformation alters the stiffness due to the photostriction ef-
fect, resulting in reduced strain and, consequently, softening
of the material. This behavior is further confirmed by the
deflection error versus displacement analysis, as shown in
the Supplemental Material (Fig. S15) [20], where the slope
proportional to the Young’s modulus of the materials de-
creases under illumination, evidencing an increase in material
softness [31]. We also performed CR-PFM measurements
on the clamped BTO film under both dark and illuminated
conditions. No noticeable change in the contact resonance
frequency was observed, indicating the absence of photoin-
duced deformation in the clamped BTO film, as shown in
the Supplemental Material (Fig. S16) [20]. The DFT calcu-
lations further confirm the photoinduced deformation in the
freestanding membrane. Figure 5(d) illustrates the evolution
of lattice parameters under excitation, revealing a reduction
of ~2% in c value for the freestanding membrane, which does
not occur in the clamped film [Fig. 5(e)]. Overall, photoex-
cited carriers lower the ferroelectric instability, the tetragonal
strain, and the energy barrier for domain wall motion. As
a result, the material becomes more responsive to external
electric fields, allowing for a change in volume of the unit
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excitation. (e) DFT calculation on the clamped film (2.2% compressive strain) demonstrates no noticeable change in lattice parameter under

increased electron excitations.

cell and thereby enhancing the overall photoinduced piezo-
electric effect. Therefore, in our BTO membrane, this light-
enhanced piezoelectric effect originates from a synergistic
combination of light-induced domain wall motion and pho-
tostriction effect.

IV. CONCLUSIONS AND OUTLOOKS

In summary, our results demonstrate that the freestand-
ing membrane exhibits ~300% enhancement in the d% ..
compared to the clamped BTO film, primarily driven by an
increase in domain wall-driven nonlinear electromechanical
response. The nonlinearity (y /B ratio) in the freestanding
membrane is nearly four times larger than that of clamped
BTO films, indicating a substantial increase in domain wall
motion. This increase in domain wall motion results from
the complete strain relaxation in the freestanding membrane,
facilitated by the removal of substrate-induced mechanical
clamping. MD simulations reveal 250% higher domain wall
velocity in the freestanding film compared with the clamped
film having 0.2% compressive strain. We also demonstrate
that the freestanding membrane exhibits a photoinduced
piezoelectric effect. The photoinduced enhancement in piezo-
electric response is attributed to the combined effect of
photoinduced domain wall motion and lattice deformation.
The effect of local heating on the photoinduced piezoelec-
tric properties is eliminated in our work, as the temperature

change is only 3 K under 1 W/cm? illumination. Addition-
ally, our DFT results show that the lattice parameter ¢ value
reduces to ~2% under optical excitations. Overall, this work
highlights the impact of strain relaxation and photoexcita-
tion on the piezoelectric properties of ferroelectric materials.
These observations suggest that the effects of mechanical
clamping by the substrate are broadly applicable to epitaxial
ferroelectric oxides, and understanding their properties in the
membrane state facilitates the design of remote-controlled
low-power nanoelectromechanical systems.

Importantly, the large strain gradients imposed by the PFM
tip during nanoscale measurements can induce a flexoelec-
tric response in both ferroelectric and paraelectric thin films.
In particular, the mechanical compliance of freestanding
membranes may contribute to flexoelectric-enhanced di3efr,
a contribution that cannot be excluded [46]. Furthermore,
illumination may further enhance ds3c.¢r through a flexopho-
tovoltaic effect induced strain, thereby influencing the overall
electromechanical response [47,48]. In this work, we primar-
ily focused on the piezoelectric response arising from domain
wall motion and lattice deformation, and the contribution of
flexoelectricity was not explicitly considered. Nevertheless,
quantitatively separating the piezoelectric and flexoelectric
components of the electromechanical response could pro-
vide a more comprehensive understanding of the observed
behavior and enable accurate quantification of the over-
all electromechanical response in freestanding membranes.
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Separating such contributions would require dedicated ex-
periments involving controlled strain gradients and carefully
designed membrane geometries, which are beyond the scope
of our present study. These studies could establish an addi-
tional route for tuning electromechanical properties through
multiple external stimuli, representing a promising direction
for low-power MEMS technology and optoelectronic devices.

ACKNOWLEDGMENTS

This project received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020

research and innovation program (Grant Agreement No.
101001626). H.S. acknowledges the National Key R&D
Program of China (Grant No. 2025YFA1412000), the
National Natural Science Foundation of China (Grant No.
12504106), and the open research fund of Suzhou Laboratory
(Grant No. SZLAB-1208-2025-TS020).

DATA AVAILABILITY

The data that support the findings of this study are available
in the article and its Supplemental Material [20]. The data that
support the findings of this article are openly available [49].

[1] D. M. Kim, C. B. Eom, V. Nagarajan, J. Ouyang, R.
Ramesh, V. Vaithyanathan, and D. G. Schlom, Thickness de-
pendence of structural and piezoelectric properties of epitaxial
Pb(Zrp5,Tip45)O;3 films on Si and SrTiO; substrates, Appl.
Phys. Lett. 88, 142904 (2006).

[2] D. E. Murillo-Navarro, H. Aramberri, and J. fﬁiguez, En-
hanced electrocaloric response in electrostatically frustrated
ferroelectrics, Phys. Status Solidi RRL 17, 2300014 (2023).

[3] M. Kotodziej, N. Ojha, M. Budziatowski, K. Zateski, 1. Fina,
Y. K. Mishra, K. K. Pant, and E. Coy, Fundamentals of
flexoelectricity, materials and emerging opportunities toward
strain-driven nanocatalysts, Small 20, 2406726 (2024).

[4] S. Nadupalli, J. Kreisel, and T. Granzow, Increasing bulk pho-
tovoltaic current by strain tuning, Sci. Adv. 5, eaau9199 (2019).

[5] M. Gunawan, S. Zhou, D. Gunawan, Q. Zhang, J. N. Hart, R.
Amal, J. Scott, N. Valanoor, and C. Y. Toe, Ferroelectric ma-
terials as photoelectrocatalysts: Photoelectrode design rationale
and strategies, J. Mater. Chem. A 13, 1612 (2025).

[6] A. Herklotz, E. Guo, M. D. Biegalski, H.-M. Christen, L.
Schultz, and K. Doérr, Strain-controlled switching kinetics of
epitaxial PbZrys,Tig4s0; films, New J. Phys. 15, 073021
(2013).

[7] A. Yu. Emelyanov, N. A. Pertsev, and A. L. Kholkin, Effect of
external stress on ferroelectricity in epitaxial thin films, Phys.
Rev. B 66, 214108 (2002).

[8] S. Huang, E. Houwman, N. Gauquelin, A. Orekhov, D.
Chezganov, J. Verbeeck, S. Hu, G. Zhong, G. Koster, and
G. Rijnders, Enhanced piezoelectricity by polarization rota-
tion through thermal strain manipulation in PbZrj ¢ Tiy 403 thin
films, Adv. Mater. Interfaces 11, 2400048 (2024).

[9] K. P. Kelley, D. E. Yilmaz, L. Collins, Y. Sharma, H. N.
Lee, D. Akbarian, A. C. T. van Duin, P. Ganesh, and R. K.
Vasudevan, Thickness and strain dependence of piezoelectric
coefficient in BaTiO; thin films, Phys. Rev. Mater. 4, 024407
(2020).

[10] O. Shafir, A. L. Bennett-Jackson, A. R. Will-Cole, A. Samanta,
D. Chen, A. Podpirka, A. Burger, L. Wu, E. L. Sosa, L. W.
Martin, J. E. Spanier, and I. Grinberg, Ultrahigh bulk photo-
voltaic effect responsivity in thin films: Unexpected behavior in
a classic ferroelectric material, Sol. RRL 7, 2300294 (2023).

[11] G. Dong, S. Li, M. Yao, Z. Zhou, Y.-Q. Zhang, X. Han, Z. Luo,
J. Yao, B. Peng, Z. Hu, H. Huang, T. Jia, J. Li, W. Ren, Z.-G.
Ye, X. Ding, J. Sun, C.-W. Nan, L.-Q. Chen, J. Li, and M.
Liu, Super-elastic ferroelectric single-crystal membrane with
continuous electric dipole rotation, Science 366, 475 (2019).

[12] L. Han, Y. Fang, Y. Zhao, Y. Zang, Z. Gu, Y. Nie, and
X. Pan, Giant uniaxial strain ferroelectric domain tuning in
freestanding PbTiO; film, Adv. Mater. Interfaces 7, 1901604
(2020).

[13] A. Degezelle, R. Burcea, P. Gemeiner, M. Vallet, B. Dkhil,
S. Fusil, V. Garcia, S. Matzen, P. Lecoeur, and T. Maroutian,
Strain-induced polarization rotation in freestanding ferroelec-
tric oxide membranes, Adv. Electron. Mater. 11, 00266 (2025).

[14] H. Zhang, M. C. Nagashree, R. F. Webster, J. Edwards, B. V.
Rajendra, S. D. Kulkarni, T. Yousaf, D. Zhang, A. Gruverman,
J. Seidel, and P. Sharma, Giant photostriction and optically
modulated ferroelectricity in BiFeO;, ACS Nano 19, 33780
(2025).

[15] S. Pal, L.-T. Hsu, H. Sun, S.-H. Teng, V. Dwij, E. Palladino,
Y. Nie, S. John, S. S. Prabhu, A. Griinebohm, and J. Briscoe,
Subsecond optically controlled domain switching in freestand-
ing ferroelectric BaTiO; membrane, Nat. Commun. 16, 7940
(2025).

[16] Q. Shi, E. Parsonnet, X. Cheng, N. Fedorova, R.-C. Peng,
A. Fernandez, A. Qualls, X. Huang, X. Chang, H. Zhang, D.
Pesquera, S. Das, D. Nikonov, 1. Young, L.-Q. Chen, L. W.
Martin, Y.-L. Huang, J. fﬁiguez, and R. Ramesh, The role of
lattice dynamics in ferroelectric switching, Nat. Commun. 13,
1110 (2022).

[17] H. Sun, J. Wang, Y. Wang, C. Guo, J. Gu, W. Mao, J. Yang, Y.
Liu, T. Zhang, T. Gao, H. Fu, T. Zhang, Y. Hao, Z. Gu, P. Wang,
H. Huang, and Y. Nie, Nonvolatile ferroelectric domain wall
memory integrated on silicon, Nat. Commun. 13, 4332 (2022).

[18] D. Pesquera, E. Parsonnet, A. Qualls, R. Xu, A. J. Gubser,
J. Kim, Y. Jiang, G. Velarde, Y.-L. Huang, H. Y. Hwang, R.
Ramesh, and L. W. Martin, Beyond substrates: Strain engi-
neering of ferroelectric membranes, Adv. Mater. 32, 2003780
(2020).

[19] S. Pal, E. Palladino, H. Yuan, M. A. de h-Ora, J. L. MacManus-
Driscoll, J. Ontaneda, V. Dwij, V. G. Sathe, and J. Briscoe,
Determination of imprint effect from the quantified phase
and amplitude response in ferroelectrics, ACS Appl. Electron.
Mater. 6, 6401 (2024).

[20] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/bp3p-8wrn for illumination setup in the AFM, XRD,
tip deflection during CR-PFM measurement, CR-PFM ampli-
tude distribution, PFM amplitude response, CR-PFM amplitude
and frequency distribution, COMSOL simulation, ds; loops, de-
flection error vs distance measurement, and conductive current
measurement.

104402-8


https://doi.org/10.1063/1.2185614
https://doi.org/10.1002/pssr.202300014
https://doi.org/10.1002/smll.202406726
https://doi.org/10.1126/sciadv.aau9199
https://doi.org/10.1039/D4TA07812H
https://doi.org/10.1088/1367-2630/15/7/073021
https://doi.org/10.1103/PhysRevB.66.214108
https://doi.org/10.1002/admi.202400048
https://doi.org/10.1103/PhysRevMaterials.4.024407
https://doi.org/10.1002/solr.202300294
https://doi.org/10.1126/science.aay7221
https://doi.org/10.1002/admi.201901604
https://doi.org/10.1002/aelm.202500266
https://doi.org/10.1021/acsnano.5c05203
https://doi.org/10.1038/s41467-025-58592-x
https://doi.org/10.1038/s41467-022-28622-z
https://doi.org/10.1038/s41467-022-31763-w
https://doi.org/10.1002/adma.202003780
https://doi.org/10.1021/acsaelm.4c00875
http://link.aps.org/supplemental/10.1103/bp3p-8wrn

SYNERGETIC ROLE OF STRAIN RELAXATION AND ...

PHYSICAL REVIEW MATERIALS 10, 104402 (2026)

[21] T. Nishimatsu, U. V. Waghmare, Y. Kawazoe, and D.
Vanderbilt, Fast molecular-dynamics simulation for ferro-
electric thin-film capacitors using a first-principles effective
Hamiltonian, Phys. Rev. B 78, 104104 (2008).

[22] T. Nishimatsu, M. Iwamoto, Y. Kawazoe, and U. V. Waghmare,
First-principles accurate total energy surfaces for polar struc-
tural distortions of BaTiO3, PbTiOs, and SrTiO5: Consequences
for structural transition temperatures, Phys. Rev. B 82, 134106
(2010).

[23] W. Zhong, D. Vanderbilt, and K. M. Rabe, Phase transitions
in BaTiO; from first principles, Phys. Rev. Lett. 73, 1861
(1994).

[24] W. Zhong, D. Vanderbilt, and K. M. Rabe, First-principles the-
ory of ferroelectric phase transitions for perovskites: The case
of BaTiOs, Phys. Rev. B 52, 6301 (1995).

[25] S. D. Bond, B. J. Leimkuhler, and B. B. Laird, The Nosé-
Poincaré method for constant temperature molecular dynamics,
J. Comput. Phys. 151, 114 (1999).

[26] R. Khachaturyan, A. Dimou, and A. Griinebohm, Domain
wall acceleration by ultrafast field application: An ab initio-
based molecular dynamics study, Phys. Status Solidi RRL 16,
2200038 (2022).

[27] X. Gonze, B. Amadon, G. Antonius, F. Arnardi, L. Baguet,
J.-M. Beuken, J. Bieder, F. Bottin, J. Bouchet, E. Bousquet, N.
Brouwer, F. Bruneval, G. Brunin, T. Cavignac, J.-B. Charraud,
W. Chen, M. Coété, S. Cottenier, J. Denier, G. Geneste, et al.,
The Abinit project: Impact, environment and recent develop-
ments, Comput. Phys. Commun. 248, 107042 (2020).

[28] Z. Wu and R. E. Cohen, More accurate generalized gradient
approximation for solids, Phys. Rev. B 73, 235116 (2006).

[29] C. Paillard, E. Torun, L. Wirtz, J. fﬁiguez, and L. Bellaiche,
Photoinduced phase transitions in ferroelectrics, Phys. Rev.
Lett. 123, 087601 (2019).

[30] H. Tan, G. Castro, J. Lyu, P. L. Alvarez, F. Sanchez, J.
Fontcuberta, and 1. Fina, Control of up-to-down/down-to-up
light-induced ferroelectric polarization reversal, Mater. Horiz.
9, 2345 (2022).

[31] S. Ganguly, D. Pesquera, D. M. Garcia, U. Saeed, N.
Mirzamohammadi, J. Santiso, J. Padilla, J. M. C. Roque,
C. Laulhé, F. Berenguer, L. G. Villanueva, and G. Catalan,
Photostrictive actuators based on freestanding ferroelectric
membranes, Adv. Mater. 36, 2310198 (2024).

[32] D. Xue, Y. Zhou, H. Bao, J. Gao, C. Zhou, and X. B. Ren, Large
piezoelectric effect in Pb-free Ba(Ti, Sn)O;_,(Ba, Ca)TiO3 ce-
ramics, Appl. Phys. Lett. 99, 122901 (2011).

[33] J. Gao, X. Hu, L. Zhang, F. Li, L. Zhang, Y. Wang, Y. Hao, L.
Zhong, and X. B. Ren, Major contributor to the large piezo-
electric response in (1—x)Ba(Zry,Tips)O03_,(Bag;Cag3)TiO3
ceramics: Domain wall motion, Appl. Phys. Lett. 104, 252909
(2014).

[34] P. Bintachitt, S. Jesse, D. Damjanovi¢, Y. Han, I. M. Reaney,
S. Trolier-McKinstry, and S. V. Kalinin, Collective dynamics
underpins Rayleigh behavior in disordered polycrystalline fer-
roelectrics, Proc. Natl. Acad. Sci. USA 107, 7219 (2010).

[35] F. Griggio, S. Jesse, A. Kumar, O. Ovchinnikov, H.
Kim, T. N. Jackson, D. Damjanovi¢, S. V. Kalinin, and

S. Trolier-McKinstry, Substrate clamping effects on irreversible
domain wall dynamics in lead zirconate titanate thin films,
Phys. Rev. Lett. 108, 157604 (2012).

[36] F. Griggio, S. Jesse, A. Kumar, D. M. Marincel, D. S. Tinberg,
S. V. Kalinin, and S. Trolier-McKinstry, Mapping piezoelec-
tric nonlinearity in the Rayleigh regime using band excitation
piezoresponse force microscopy, Appl. Phys. Lett. 98, 212901
(2011).

[37] N. Balke, S. Jesse, P. Yu, B. Carmichael, S. V. Kalinin, and A.
Tselev, Quantification of surface displacements and electrome-
chanical phenomena via dynamic atomic force microscopy,
Nanotechnology 27, 425707 (2016).

[38] C. Stefani, L. Ponet, K. Shapovalov, P. Chen, E. Langenberg,
D. G. Schlom, S. Artyukhin, M. Stengel, N. Domingo, and
G. Catalan, Mechanical softness of ferroelectric 180° domain
walls, Phys. Rev. X 10, 041001 (2020).

[39] Y. Liu, K. P. Kelley, R. K. Vasudevan, W. Zhu, J. Hayden,
J.-P. Maria, H. Funakubo, M. Ziatdinov, S. Trolier-McKinstry,
and S. V. Kalinin, Automated experiments of local nonlin-
ear behavior in ferroelectric materials, Small 18, 2204130
(2022).

[40] D. M. Marincel, H. R. Zhang, J. Britson, A. Belianinov, S.
Jesse, S. V. Kalinin, L.-Q. Chen, W. M. Rainforth, I. M. Reaney,
C. A. Randall, and S. Trolier-McKinstry, Domain pinning near
a single grain boundary in tetragonal and rhombohedral lead
zirconate titanate films, Phys. Rev. B 91, 134113 (2015).

[41] T. Li, A. Lipatov, H. Lu, H. Lee, J.-W. Lee, E. Torun, L. Wirtz,
C.-B. Eom, J. fiiguez, A. Sinitskii, and A. Gruverman, Optical
control of polarization in ferroelectric heterostructures, Nat.
Commun. 9, 3344 (2018).

[42] X. Long, H. Tan, F. Sanchez, I. Fina, and J. Fontcuberta, Disen-
tangling electronic and thermal contributions to light-induced
resistance switching in BaTiOj ferroelectric tunnel junctions,
J. Appl. Phys. 132, 214103 (2022).

[43] coMmsoL Multiphysics, Introduction to COMSOL Multiphysics®
COMSOL Inc., Burlington, MA, 2018, https://www.comsol.
com.

[44] Y. Bai, G. Vats, J. Seidel, H. Jantunen, and J. Juuti, Boosting
photovoltaic output of ferroelectric ceramics by optoelectric
control of domains, Adv. Mater. 30, 1803821 (2018).

[45] G. Vats, Y. Bai, D. Zhang, J. Juuti, and J. Seidel, Optical control
of ferroelectric domains: Nanoscale insight into macroscopic
observations, Adv. Opt. Mater. 7, 1800858 (2019).

[46] U. K. Bhaskar, N. Banerjee, A. Abdollahi, E. Solanas, G.
Rijnders, and G. Catalan, Flexoelectric MEMS: Towards an
electromechanical strain diode, Nanoscale 8, 1293 (2016).

[47] M.-M. Yang, D. J. Kim, and M. Alexe, Flexo-photovoltaic ef-
fect, Science 360, 904 (2018).

[48] Z. Wang, S. Shu, X. Wei, R. Liang, S. Ke, L. Shu, and G.
Catalan, Flexophotovoltaic effect and above-band-gap photo-
voltage induced by strain gradients in halide perovskites, Phys.
Rev. Lett. 132, 086902 (2024).

[49] S. Pal and J. Briscoe, Dataset for Synergetic role of strain
relaxation and photoexcitation for enhanced nanoscale piezo-
electricity in freestanding BaTiO; thin films, 2026, https://doi.
org/10.17636/101131858.

104402-9


https://doi.org/10.1103/PhysRevB.78.104104
https://doi.org/10.1103/PhysRevB.82.134106
https://doi.org/10.1103/PhysRevLett.73.1861
https://doi.org/10.1103/PhysRevB.52.6301
https://doi.org/10.1006/jcph.1998.6171
https://doi.org/10.1002/pssr.202200038
https://doi.org/10.1016/j.cpc.2019.107042
https://doi.org/10.1103/PhysRevB.73.235116
https://doi.org/10.1103/PhysRevLett.123.087601
https://doi.org/10.1039/D2MH00644H
https://doi.org/10.1002/adma.202310198
https://doi.org/10.1063/1.3640214
https://doi.org/10.1063/1.4885675
https://doi.org/10.1073/pnas.0913172107
https://doi.org/10.1103/PhysRevLett.108.157604
https://doi.org/10.1063/1.3593138
https://doi.org/10.1088/0957-4484/27/42/425707
https://doi.org/10.1103/PhysRevX.10.041001
https://doi.org/10.1002/smll.202204130
https://doi.org/10.1103/PhysRevB.91.134113
https://doi.org/10.1038/s41467-018-05640-4
https://doi.org/10.1063/5.0125040
https://www.comsol.com
https://doi.org/10.1002/adma.201803821
https://doi.org/10.1002/adom.201800858
https://doi.org/10.1039/C5NR06514C
https://doi.org/10.1126/science.aan3256
https://doi.org/10.1103/PhysRevLett.132.086902
https://doi.org/10.17636/101131858

