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Intrinsic flexoelectricity of van der Waals epitaxial thin films
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The direct measurement of flexoelectric coefficients in epitaxial thin films is an unresolved problem, due to
the clamping effect of substrates which induces a net strain (and hence parasitic piezoelectricity) in addition to
strain gradients and flexoelectricity. Herein, we propose and demonstrate the use of van der Waals epitaxy as a
successful strategy for measuring the intrinsic (clamping-free = flexoelectric coefficients of epitaxial thin films.
We have made, measured, and compared BaTiO3 and SrTiO; thin film capacitor heterostructures grown both by
conventional oxide-on-oxide epitaxy and by van der Waals oxide-on-mica epitaxy, and found that, whereas the
former is dominated by parasitic piezoelectricity, the response of the latter is truly flexoelectric. The results are
backed by theoretical calculations of the film-substrate mechanical interaction, as well as by direct measurements
that confirm the strain-free state of the films. van der Waals epitaxy thus emerges as powerful new tool in the
study of flexoelectricity and, in particular, they finally allow exploring flexoelectric phenomena at the nanoscale
(where strain gradients are highest) with direct experimental knowledge of the actual flexoelectric coefficients

of thin films.
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I. INTRODUCTION

Flexoelectricity refers to the generation of electric polar-
ization when a material is subjected to strain gradient (in
contrast to piezoelectricity, which is generated by uniform
strain) [1-9]. Any material with bound charges or interface
charges can, in principle, be flexoelectric, irrespective of their
crystalline structures [10—12]. Flexoelectricity is not exclusive
of solid dielectrics [13—15], but a rather universal property,
having been observed or predicted in liquid crystals [16-18],
biological materials [19-21], semiconductors [22-24], and
even metals [25]. In terms of physics, strain gradient has
a distinctive scaling effect, being inversely proportional to
materials’ size, which results in nanoscale flexoelectricity
being of utmost significance [26-28]. The strain gradient of
thin films can readily approach the order of 10’ m~' upon
lattice mismatch between epitaxial films and their substrate,
or under indentation by the tip of a scanning-probe micro-
scope [29-31]. In addition, flexoelectricity can couple to other
physical properties and bring out emerging behaviors, such as
flexoresistance [32], flexophotovoltaic effect [33], photoflexo-
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electric effect [22], fracture asymmetry [34], flexomagnetism
[35], etc.

Despite its growing relevance, our direct experimental
knowledge of flexoelectricity in thin films is limited. In
particular, the basic problem of measuring the flexoelectric
coefficients of thin film materials has not yet been resolved. In
bulk, direct measurement of flexoelectricity normally involves
bending a material and measuring its bending-induced surface
charge density, but in thin films it is difficult to perform such
measurements because thin films are normally attached to
rigid substrates with strong chemical bonds [36,37]. In order
to bend the film, it is therefore necessary to also bend its
substrate. Such bending not only generates strain gradient
(curvature) but also strain on the surface (compressive on
the concave side, tensile on the convex side) thus also to
the film attached to it. Due to this strain, piezoelectricity
can also be generated, even when the thin film in question
is nominally nonpiezoelectric [38,39]. The only estimates of
flexoelectricity in thin films are indirect, and rely on the
flexoelectric switching of ferroelectric films using the tip
of an atomic force microscope [30]. Besides being indirect
and quantitatively imprecise (the strain gradient generated by
the tip pressure is never measured but numerically estimated
[40]), such measurements are only suitable for ultrathin fer-
roelectric films with out-of-plane polarization, which are a
tiny subset.

©2022 American Physical Society
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FIG. 1. Schematic illustration of (a) conventional and (b) van der Waals epitaxy. (c) Definition of angle 03 and 9;} (d) The relationship
between the tensile-compressive, shear modulus, and strain gradient for vdW layer. Deformation characteristics of (e) mica substrate, BTO

thin films, and (f) STO substrate, BTO thin films after bending.

Alternatively, the influence of the substrate may be elim-
inated by using free-standing thin films [41]. However,
clamping such thin films on one side while applying a
mechanical load on the other in order to bend them is exper-
imentally impractical: free-standing films are just too flimsy.
In an ideal world, one would therefore want to combine the
handling practicality of substrate-backed films with the un-
strained response of free-standing films. Herein, we report a
general approach to achieve such a goal by exploiting van
der Waals epitaxy, whereby films are grown on flexible mica
substrates, bonded with only weak van der Waals (vdW) inter-
actions between the thin film and the substrate. Our theoretical
calculations indicate that the weak bonding in mica-based
vdW thin films can effectively remove the substrate clamping
effect so that, upon bending the substrate, the film glides over
the surface without stretching or compressing. This ensures
that the film experiences bending but no net strain, allowing
the flexoelectric coefficients of the films to be accurately
measured using the same standard experiment setups used for
bulk materials [27]. We confirm this theoretical prediction by
performing and comparing measurements of archetypal oxide
thin films (SrTiO; and BaTiO3) grown by conventional and
van der Waals epitaxy.

In conventional thin film epitaxy, strong chemical bonding
is formed between film and substrate [Fig. 1(a)] [42,43]. In
addition, the epitaxial strain induced by lattice mismatch be-
tween film and substrate can lead to a change of the ground
state, interdiffusion, or accumulation of defects at interfaces.
As a result, epitaxial films rarely exhibit bulklike properties.
van der Waals (vdW) epitaxy [44-50] provides a route to
mitigate these problems. In vdW epitaxy, the epilayer has the
single-crystal-like crystalline coherence of standard epitaxial
films, yet the interface is only weakly bonded by vdW in-
teractions. The typical vdW bonding energy (40-70 meV) is
much smaller than covalent (200-6000 meV) or ionic bonding

energies (700040000 meV), resulting in a longer interfa-
cial bonding distance without intermixing [Fig. 1(b)], and a
reduced ability of the substrate to stress the film [S1]. Our
expectation is therefore that a vdW-bonded film should glide
over the surface of the substrate as it is bent.

II. PHYSICAL MODEL AND FINITE ELEMENT
METHOD SIMULATIONS

We start by building the theory of vdW interaction with
respect to bending deformation. In a simple atomic model, the
upper and lower atomic layers are assumed to be connected
by vdW interactions [Fig. 1(b)]. At time #, the two layers
connected by vdW force maintain a stable state with minimum
energy, and at time ¢, a relative displacement occurs. The
equivalent shear modulus is determined by the sliding of the
upper atomic layer relative to the bottom layer in the in-plane
direction, while the equivalent tensile-compressive modulus
could be determined by the out-of-plane direction of motion.

The potential energy between two atoms in two adjacent
layers is given by the Lennard-Jones potential function as
follows [52]:

12 6
w=sl@ ()] o

where B, «, and r are the finite distance when the interparticle
potential is zero, the potential depth, and the distance between
atoms in two adjacent layers, respectively. Differentiating the
above equation with respect to r results in the Lennard-Jones
force function:
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The equivalent tensile-compressive modulus and shear
modulus of the vdW layer are calculated calculating the strain
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(change in r ) divided by the stress calculated as FF/A, where
F =3, fiy is the sum of the Lennard-Jones force of the
atoms between the film and the substrate and A is the contact
area between the film and the substrate. The details of the
calculation are shown in Supplemental Material S1 [53]; the
resulting tension and compression modulus are

N n
Ey=hy Y Y fi(rif) cos 65 /A, 3)

i=1 j=1

where f;; represents the component of the vdW force between
atom i in the upper layer and atom j in the lower layer at
position k. fiii(rfj’f) is the derivative of f;; with respect to r.
h, represents the distance between the epilayer and the vdW
substrate (i.e., vdW interfacial layer). ij represents the angle
between the line of the two atoms and the z axis, which
is schematically shown in Fig. 1(c). N and n represent the
total number of atoms in the upper and lower atomic lay-
ers, respectively, and rf]k stands for the distance between two
atoms moving in the z direction to position k. When moving
to position k, the strain gradient between vdW layers is ‘;—
zk .20
where ¢, = - yr"” . Similarly, the shear modulus of the vdW
interaction layef can be written as

N n
Gy =hy, Y Y fi(ri¥) cos 6} sin 67, /A, )

i=1 j=I

where 67 represents the angle of the projection of the line in
the lower layer between two atoms and the x axis, as shown in
Fig. 1(c). When moving to position k, the shear strain gradient
in the vdW interfacial layer is V—, where y,, = @

Next, we use this model to calculate the response of
BaTiOj thin films grown on mica. We choose BaTiO3 (BTO)
because it is a well-known flexoelectric material whose flex-
oelectric coefficient in its bulk counterpart has been fully
studied [14,58]. For the purpose of this work, BTO is also
useful in that it is ferroelectric—and therefore piezoelectric—
at room temperature, but it loses its ferroelectricity above T¢,
so that temperature-dependent measurements allow discrimi-
nating between ferroelectricity and flexoelectricity—this will
become important when comparing our theoretical calcula-
tions to experimental results. Meanwhile, muscovite mica was
selected as an optimum vdW epitaxy substrate. Mica has a lay-
ered structure like that of graphite. Adjacent layers of mica are
attracted by vdW force instead of chemical bonds, resulting
in easy cleavage along the {001} planes. The cleaved surface
is free of dangling bonds and has sixfold in-plane symmetry,
which enables the growth of 111-oriented perovskite films
[59,60].

We set the thickness of the vdW interfacial layer h, to
a finite distance B. We considered the case by setting the
value of 8 to 0.166 nm, based on the interfacial bond distance
extracted from transmission electron microscopy measure-
ments of SrTiO3 on mica [61,62]. In addition, it is obvious
that the modulus has a linear relationship with the potential
depth «. For the convenience of calculation, the potential
depth for van der Waals bonds is assumed as a typical value
a = 40 meV, which is contained in the typical vdW bonding
energy (40-70 meV) [51]. By combing Eq. (3) with Eq. (4),

we get the relationship between the tensile-compressive, shear
modulus and the strain gradient of the vdW interfacial layer,
as shown in Fig. 1(d). Although the strain gradient of the
vdW interfacial layer reaches an order of 10° m™!, the value
of the shear modulus is still—three to four orders of magni-
tude lower than the tensile-compressive modulus. Therefore,
when the sample is bent, the effects of the shear forces in
plane can be ignored for the BTO epilayer meaning that the
deformation of the substrate will not transfer in-plane strain
onto the film. The film is only subjected to out-of-plane
forces from the mica substrate, which ensures the film stays
in contact with the substrate and thus tracks the bending of
the substrates. Theoretically, then, the BTO films on mica
substrate should be subjected only to strain gradient, without
overall net strain of stretching or compression [Fig. 1(e)].
In contrast, both effects exist on the BTO film on STO
substrate [Fig. 1(f)].

The deformation features of the films under pure bending
can be further evidenced by finite element method (FEM)
simulations, and compared with equivalent calculations for
conventional epitaxy. The schematic diagrams and FEM
calculations of the bending configuration for vdW and con-
ventional epitaxy are shown in Fig. 2 and where the elastic
constants of thin film BTO and single-crystal SrTiO3; (STO)
substrates are assumed. The used mechanical parameters of
the substrate and epilayer can be found in Supplemental
Material S2 [53]. The thickness of the BTO film is set to
100 nm and the thickness of the substrate is set to 1 um
which is ten times thicker than the film (this, of course, is
still thinner than real substrates, but sufficient to illustrate the
physics). the only difference between the two calculations is
the interfacial bond. In order to simulate the vdW interaction
between the film and the mica substrate, a thin elastic plate
(1 nm) is inserted at the interface, represented by a purple
line in Fig. 2(a) (see Supplemental Material S3 [53]). The
elastic and shear modulus of the thin elastic plate are set
to 60 GPa and 2 MPa respectively, which correspond to the
values obtained in Fig. 1(d). Three-point bending is achieved
by applying linearly distributed normal stress in the lower left
end and lower right of the substrate. In order to approach the
strain gradient level in our experiments, the bending moment
is set to 1.0417¢'° N m (the strain gradient of the substrate is
~0.05m™).

The strain &1, distribution of the mica-based BTO film is
shown in Fig. 2(b). The strain discontinuity along the thick-
ness direction in the BTO/mica system can be clearly seen.
The dotted line is used to mark the part of ¢;; = 0, where
a neutral plane occurs. The results show that there are two
neutral planes in the BTO/mica system, with one located at
the center of the mica while the other is inside the BTO
film itself. The bending state of the BTO/STO heterostruc-
ture is also simulated. The elastic and shear modulus of the
interfacial elastic plate in this case are same as that of BTO.
Under the same bending moment, the strain &1, distribution of
the STO-based BTO film is obtained as shown in Fig. 2(d).
Since the shear modulus cannot be neglected here, the strain
imposed by the substrate carries across the interfacial layer
and varies continuously across the film-substrate system. Only
one neutral plane exists, which is located near the center of the
STO substrate.
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FIG. 2. Schematic illustration of the FEM model of mica-based and SrTiO;-based BaTiOj; thin films, and the strain &;; results of the
BaTiO; films under the condition of bending moment. (a) The bending model of mica-based BaTiO; thin film, (b) the strain &;; of the substrate
and the film along the thickness direction show discontinuity. (c) The bending model of StrTiOs-based BaTiO; thin film, (d) the strain &;; of
the substrate and the film along the thickness direction show continuity. (e) The strain &;; distribution of 100-nm thin BaTiO; films along the
thickness direction. For mica-based BaTiO; thin film, the neutral layer of BaTiO; thin film is located in the film (the shear modulus is still
there, which make the neutral layer not in the center of the thickness. However, the ratio of offset to thickness is only 1.5%), so that there is
compressive strain on one side and tensile on the other, and the average strain is therefore close to it. Conversely, the neutral layer of BaTiO3
thin film attached to SrTiO; by conventional epitaxy is outside of the film (it coincides with the substrate’s neutral plane) and thus there is a

net strain on the film when the substrate is bent.

The strain ¢; distribution of BTO thin films grown on
these two substrates along the thickness direction is sum-
marized in Fig. 2(e). For the mica-based epilayer, since the
neutral plane (which, by definition, is where the in-plane strain
is zero) lies close to the center of the film, the net strain
on the BTO layer is negligible, and the polarization of the
mica-based BTO epilayer will mainly come from the strain
gradient. Conversely, for the epitaxial system, there is only
one neutral plane and it is deep inside the substrate. As a
consequence, the BTO epilayer displays a large net tensile
strain as there is no neutral plane inside the film. The polar-
ization caused by this tensile strain will generate piezoelectric
polarization in the BTO/STO heterostructure. For this reason,
measurements of the flexoelectric coefficient of conventional
epitaxial films using the standard setup of bulk materials will
be contaminated or even dominated by piezoelectricity.

To validate experimentally our predictions, we have
grown thin film heterostructures on vdW substrates (mica)
and oxide substrates (STO) respectively, and compared
their properties. The thin film capacitor heterostructures
of StRuO3;/BTO/SrRuO3 were deposited in both cases by
pulsed laser deposition (see Fig. S2 in Supplemental Material
S4 [53]), with the 50-nm-thick SrRuO3 (SRO) layers acting as
electrodes.

III. STRUCTURAL CHARACTERIZATION OF THIN
FILMS ON MICA AND STO SUBSTRATES

Figure 3(a) shows typical out-of-plane 26/w scans of the
BTO/SRO/STO and BTO/SRO/mica heterostructures. The
observation of only BTO (/1) and SRO (/!/) diffraction peaks
on STO (I1]) and mica (007) substrates discloses the highly
coherent orientation of the BTO/SRO thin films and the ab-
sence of detectable cristalline impurities [46,63]. The BTO
(222) and SRO (222) peak positions of the films grown on
mica are close to the hypothetical bulk BTO and SRO values,
suggesting that these films are fully relaxed. In contrast, for
the films grown on STO the out-of-plane lattice parameter
is larger than the bulk value. The epitaxial relationships and

strain state can be better assessed by off-specular reciprocal
space maps, which allow simultaneous access to in-plane and
out-of-plane lattice parameters. These are shown in Fig. 3(c).
It can be seen that, for heterostructures grown on STO, the
SRO is in-plane coherent with the substrate while the BTO is
partially relaxed. In contrast, for the heterostructures grown
on mica, the BTO is fully coherent with the SRO electrode. It
can furthermore be seen that the in-plane reciprocal distance
of the STO-grown BTO film is slightly smaller, and therefore
the lattice parameter is larger than that of the STO-grown one.
Given that the out-of-plane lattice parameter of the films on
STO was also larger than in bulk, we conclude that the films
grown on STO have a larger unit-cell volume than those grown
on mica (see Supplemental Material S5 [53]). An expanded
unit cell is often a tell-tale sign of oxygen vacancies in the
perovskite structure [64].

The conclusions from the crystallographic analysis are
therefore that (i) in the mica-grown heterostructures, the fer-
roelectric layer is in-plane coherent with the electrode, but
the entire capacitor is fully relaxed from the substrate, as
indicated by the off-specular RSM and bulklike value of the
lattice parameters and (ii) in the STO-grown capacitors, the
electrode is fully coherent with the substrate while the ferro-
electric layer is partially relaxed and also shows an expanded
lattice suggestive of increased oxygen vacancies. We now turn
our attention to the functional response.

IV. DIELECTRIC AND FERROELECTRIC
CHARACTERISTICS OF THIN FILMS ON MICA
AND STO SUBSTRATES

The dielectric constant and loss as a function of tempera-
ture [Fig. 4(a)] shows that the BTO capacitors grown on mica
have a critical temperature very close to that of bulk BTO
(T, ~ 150°C vs 130 °C in bulk), with a sharp, first-order peak
at the Curie temperature. The proximity of the film’s Curie
temperature to bulk is consistent with the absence of epitaxial
strain, with the relatively small upward shift probably being
due to the small compressive strain induced by the SRO
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FIG. 3. Typical XRD out-of-plane (a) and in-plane (b) 20/w scan image for the BTO/SRO/STO (green) and BTO/SRO/STO/mica (red)
heterostructures. (c¢) The in-plane RSMs taken around the BTO (121) peaks for STO-based and mica-based heterostructures.

electrodes. Likewise, the first-order nature of the transition is
also fully consistent with the absence of in-plane clamping in
these structures [65]. In contrast, the STO-grown films have
no dielectric anomaly within our measured temperature range,
suggesting that their residual epitaxial strain is sufficient to
push T.above the highest measured temperature of 240 °C
[66,67]. Their losses were also higher, consistent with the
suspected presence of oxyen vacancies. The room temperature
dielectric constant and loss as a function of frequency for
mica-based BTO film and STO-based BTO film can be seen
in Fig. S4 of Supplemental Material S6 [53].

In addition, room temperature ferroelectricity was probed
by means of piezoresponse force microscopy (PFM) hystere-
sis loops, as shown in Figs. 4(b) and 4(c). The amplitude
and phase images of BTO films on STO and mica substrates
can be seen in Fig. S5 of Supplemental Material S7 [53].
The square hysteresis loops with 180° phase difference are
consistent with the presence of robust ferroelectricity in both
films. There is, however, a telling difference in imprint: while
the conventional-epitaxy system shows strong imprint (the
hysteresis loops is off-centered by —3 V), the vdW het-
erostructure shows virtually no imprint, with the hysteresis

loop centered at 0 V. Given that the top and bottom electrodes
are identical in both capacitors, the source of imprint can-
not be attributed to a chemical or interfacial field difference.
Instead, the results are consistent with a difference in the flex-
oelectric built-in field, which is O for the vdW structure (the
strain is fully relaxed) and nonzero in the epitaxial capacitor
due to the partial strain relaxation. The P-E loops of BTO
films on STO and mica substrates can be seen in Fig. S6 of
Supplemental Material S8 [53].

V. RESULTS AND DISCUSSION

The flexoelectric coefficients of the thin films were then
measured using a dynamic mechanical analyzer (DMA,
DMA 850, TA Instruments, USA) system (see Supplemental
Material S9 [53]). To determine whether or not there is a
piezoelectric contribution to the bending-induced polariza-
tion, a set of samples with different substrate thicknesses
were investigated (Fig. 5) (sets with different film thickness
were also measured and shown in Fig. S8 in Supplemental
Material S10 [53]); the idea is that, whereas bending-induced
strain gradient (and therefore flexoelectricity) depends only
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FIG. 4. (a) Temperature dependence of dielectric properties of 100-nm BTO films on mica substrate and STO substrate. (b), (c) Piezore-
sponse force microscopy loops for films grown respectively on STO (conventional epitaxy) and mica (vdW epitaxy).
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FIG. 5. (a) Flexoelectric polarization as a function of strain gra-
dient in various mica-based BTO thin films with different thicknesses
of mica substrate. (b) Temperature dependence of flexoelectric
coefficients of the 300-pm mica, 100-nm BTO thin films. (c) Flex-
oelectric polarization as a function of strain gradient in various
STO-based BTO thin films with different thicknesses of STO sub-
strate. (d) Temperature dependence of flexoelectric coefficients of the
300-p«m STO, 100-nm BTO thin films.

on curvature and is independent of the total thickness of
the system, bending-induced interfacial strain (and there-
fore piezoelectricity) is directly proportional to substrate
thickness. Real flexoelectricity will therefore show up as
a thickness-independent flexoelectric coefficient, whereas
bending-induced piezoelectricity will show up as a pro-
portionality between the apparent flexoelectric coefficient
and the substrate thickness. For mica-based BTO thin films
[Fig. 5(a)], we see that all the samples have almost identical
flexoelectric coefficients (nearly 10 «C/m), irrespective of the
substrate thickness, consistent with intrinsic flexoelectricity
and in agreement with the expectation for the vdW model (see
Supplemental Material S11 [53]). Moreover, the actual value
of the flexoelectric coefficient is similar to that reported for
bulk [14,58,68], and the temperature dependence of the flex-
oelectric coefficient of mica-based BTO thin film [Fig. 5(b)]
tracks the bulklike dielectric constant of the film [Fig. 4(a)].
These results are therefore fully consistent with the hypothesis
that vdW epitaxy effectively removes substrate influence from
the flexoelectric response of the films.

In addition, it is worth emphasizing that mica has a mul-
tilayer structure connected by vdW forces, just like the BTO
film grown on the mica substrate, and may have finite slippage
between the layers. What we can therefore say is that (i) in
the experiments, it is likely that at least some of the curvature-
induced strain will be relaxed inside the substrate, rather than
the substrate-film interface, but (ii) even if we neglect com-
pletely this internal relaxation (as we did in our model), the
calculations indicate that the substrate-film interface alone is
capable of relaxing the strain.
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® 300pm Mica - 300nm STO ® 300um STO - 300nm STO
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FIG. 6. (a) Flexoelectric polarization as a function of strain gra-
dient in various mica-based STO thin films with different thicknesses
of mica substrate. (b) Flexoelectric polarization as a function of
strain gradient in various STO-based STO thin films with different
thicknesses of STO substrate.

In contrast, for the STO-based BTO thin films, changing
the thickness of STO substrate causes a proportional change
in the bending-induced polarization [Fig. 5(c)]. This proves
that the measured polarization is not all of flexoelectric origin
and must also have a piezoelectric component, piezoelectricity
being proportional to bending-induced strain, which in turn is
proportional to substrate thickness. The effective flexoelectric
coefficients (polarization divided by curvature) are smaller
those of bulk BTO, suggesting that piezoelectric and flexo-
electric polarizations have opposite signs and partially cancel
each other (see Supplemental Material S12 [53]) (piezoelec-
tric modulation of flexoelectricity in this kind of capacitors
has been observed before, Ref. [69]). The temperature de-
pendence of the effective flexoelectric coefficient, shown in
Fig. 4(d), shows no peak at around the Curie temperature of
BTO and instead increases as temperature is decreased. This is
also consistent with a dominant role of piezoelectricity, which
is proportional to the ferroelectric polarization and therefore
grows with decreasing temperature.

Finally, to expand the generality of our results, we
measured also the flexoelectricity of STO thin films, bulk
STO being a cubic perovskite that, not being piezo-
electric in bulk, is regarded as a good archetype for
flexoelectric research [15]. Figure 6 presents the flex-
oelectric polarization of STO thin films with differ-
ent substrate thicknesses as a function of strain gradi-
ent. The flexoelectricity of samples with constant sub-
strate thickness but different film thicknesses is shown
in Figs. S8c and S8d [53]. The vdW (mica-grown)
heterostructures demonstrate a flexoelectric coefficient of
about 30 nC/m with only a weak thickness depen-
dence. This is larger than, but still comparable to, the
flexoelectric coefficient of bulk STO, which is around
5 nC/m [15]. In contrast, the STO/SRO/STOqy;, epitaxial het-
erostructures display a much larger and thickness-dependent
effective flexoelectric coefficient: for the STO substrate
with a thickness of 300 um, the flexoelectric coefficient is
2.8 uC/m, but when the substrate thickness reduces to 100
um, the flexoelectric coefficient decreases to 0.7 «C/m. Both
the enormous enhancement with respect to the bulk value
and the proportionality to substrate thickness are consistent
with a dominant role of piezoelectricity for the conven-
tional epitaxy films. Here it is also worth pointing out that,
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although cubic SrTiO3 should not be piezoelectric, residual
piezoelectricity can exist even in bulk [15], and homoepi-
taxial thin films do show relaxor ferroelectricity at room
temperature [70].

The aforementioned results indicate that the functional
properties in general, and in particular the flexoelectric re-
sponse of vdW epilayers, are not strongly affected by the
substrate, and are moreover surprisingly similar to those of
the bulk compounds, despite the difference in thickness be-
tween our thin films and bulk single crystals. Under bending,
vdW epilayers retain their own neutral plane (see Fig. 2 and
Fig. S7 [53]) and respond like a bulk material. In contrast,
for traditional epitaxy, the loss of neutral plane in the film
induced by the strong interface interaction introduces an addi-
tional contribution from strain. This generates a piezoelectric
component in the bending-induced polarization that masks the
true flexoelectricity of the films.

The present work shows that mica-based vdW epitaxy is
a powerful tool for measuring the intrinsic properties of thin
films and their response to bending.
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