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ABSTRACT
Strain engineering is a powerful tool routinely used to control and enhance properties such as ferroelectricity, magnetic ordering, or
metal–insulator transitions. Epitaxial strain in thin films allows manipulation of in-plane lattice parameters, achieving strain values generally
up to 4%, and even above in some specific cases. In polycrystalline films, which are more suitable for functional applications due to their lower
fabrication costs, strains above 1% often cause cracking. This poses challenges for functional property tuning by strain engineering. Helium
implantation has been shown to induce negative pressure through interstitial implantation, which increases the unit cell volume and allows
for continuous strain tuning with the implanted dose in epitaxial monocrystalline films. However, there has been no study on the transferabil-
ity of helium implantation as a strain-engineering technique to polycrystalline films. Here, we demonstrate the technique’s applicability for
strain engineering beyond epitaxial monocrystalline samples. Helium implantation can trigger an unprecedented lattice parameter expansion
up to 3.2% in polycrystalline BiFeO3 films without causing structural cracks. The film maintains stable ferroelectric properties with doses
up to 1015 He cm−2. This finding underscores the potential of helium implantation in strain engineering polycrystalline materials, enabling
cost-effective and versatile applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0240491

I. INTRODUCTION

Tuning and controlling functional properties is a key challenge
for materials sciences and its applications. A powerful way to con-
trol, enhance, or even induce functional properties that is now rou-
tinely implemented is the use of strain engineering. It allows the tun-
ing of ferroelectric properties,1–3 magnetic orders,4,5 metal–insulator
transitions,6 and electro-optical properties7–9 among others.

In thin films, manipulating epitaxial strain is a well-known
strategy to control the in-plane lattice parameters, while the out-
of-plane lattice parameters are imposed by the strain accommo-
dation. The typical range of accessible in-plane strain yielded by
epitaxy usually lies within 3%–4% of lattice mismatch.10 In epitaxial
BiFeO3 films, values of in-plane compressive strain larger than

4% have been achieved by choosing the appropriate lattice mis-
match between the film and the substrate to favor the transition
toward the supertetragonal polymorph.11 In polycrystalline films,
which are more suited for functional applications due to their
lower fabrication costs12 and compatibility with low-temperature
processing techniques,13 the in-plane strain can also be controlled
by the choice of the substrate. This is typically achieved by either
choosing substrates with a different thermal expansion coeffi-
cient14 or by deposition on flexible substrates.15 Reported strain
values remain typically below 1%.16–18 Since polycrystalline films are
more brittle than their epitaxial counterparts, strain values larger
than 0.5% in perovskite compounds result in structural cracking,19

making it challenging to engineer their functional properties
through strain.
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Negative pressure, to be understood as an increase in the
volume of the material’s unit cell,20 has been theoretically shown
to be a very promising strategy to tune functional properties in
materials.21–24 However, due to the technically challenging nature
of achieving negative pressure, it has been experimentally under-
explored. Chemical doping with substitution by species with higher
ionic radius results in an increase in volume. Nevertheless, this
modifies the chemical composition of the material and results in
effects that are not purely due to the induced deformation.25 Tensile
in-plane strain, resulting from depositing thin films on substrates
with higher lattice parameters, can also be seen as bi-axial negative
strain.26 However, it can only induce discrete states of negative pres-
sure, which depend on the chosen substrates and do not correspond
to a continuously tunable parameter.

Previous studies have demonstrated that implanted helium can
be used to introduce uniaxial out-of-plane negative pressure.27,28

Being a noble gas, helium does not form bonds and implants inter-
stitially, causing the material to expand. This volume increase can
be tuned continuously with the implanted helium dose, up to the
limit of amorphization. The amorphization threshold is found to be
around 1016 He cm−2 for oxide perovskites.29

BiFeO3 is an extensively studied multiferroic material:30 it
becomes ferroelectric below TC = 1100 K in the bulk31 and exhibits
a G-type antiferromagnetic ordering of the Fe spins with a super-
imposed cycloidal modulation at temperatures below TN = 640 K.32

In thin films, due to symmetry lowering, the usual rhombohedral
R3c structure of the bulk phase under ambient conditions becomes
monoclinic, in a phase called R-like because of its similarity with the
bulk rhombohedral phase. Under high compressive epitaxial strain,
the BiFeO3 thin films transition toward the so-called supertetrag-
onal polymorph or T-like phase,33 which is also in a monoclinic
space group due to the symmetry lowering of the film geometry and
for which the ratio between the c and a lattice parameters reaches
1.23.

Under helium implantation, BiFeO3 films transition toward
this supertetragonal phase under lower epitaxial strain than vir-
gin non-implanted films.28,34,35 The nature of the transition (first
or second order) is still debated, but an intermediate mixed phase
with a coexistence of the R-like and the T-like phases is consis-
tently observed. So far, only structural and no functional prop-
erties of BiFeO3 films have been studied under negative pres-
sure by helium implantation, except for a recent study showing
the formation of antiphase domain walls in He-implanted BiFeO3
films.36

Until now, all studies using helium implantation for strain
engineering have been performed in epitaxial monocrystalline
films. Until now, there have been no studies on the use of
helium implantation for strain-engineering of polycrystalline films.
Here, we demonstrate that we can induce a tunable uniax-
ial strain of up to 3.2%. Remarkably, the ferroelectric proper-
ties of the ceramic remain stable at these high strain levels,
underscoring the exceptional capability of helium implantation
to achieve tunable strain in polycrystalline materials. This high
strain value, coupled with the preservation of the microstruc-
ture and functional properties, is unprecedented in polycrys-
talline films; prior strategies only achieved strain tunability below
1%, with cracks typically developing at strain levels higher than
0.5%.16,17,19,37

II. MATERIALS AND METHODS
A. Thin films synthesis

Polycrystalline and structurally textured BiFeO3 films were
grown by chemical solution deposition, as described in a previous
study.38 Films with different pristine strain states were studied. To
do so, the films were deposited on substrates with different ther-
mal expansion coefficients: (100) MgO (Biotain Crystal, China),
c-cut sapphire (Sap), and fused silica (FS) substrates (both Siegert
Wafer, Germany). Before deposition, the substrates were coated with
20 nm of a non-ferroelectric atomic-layer-deposited HfO2 film to
prevent diffusion during film fabrication and a 13 nm thick PbTiO3
seed layer to obtain (100)pc-textured films. The thickness of all the
BiFeO3 films was set to (200 ± 10) nm. Both pure BiFeO3 (BFO) and
BiFeO3 co-doped with 5% manganese and 2% titanium substituting
on the Fe sites (BFMTO), more suited for electrical measurements
due to their lower electrical leakage,38–42 were studied in this work.

Four samples were used for the structural characterization,
one pure BiFeO3 film on fused silica (BFO/FS) as a reference
and 5% manganese and 2% titanium co-doped BiFeO3 films
(BFMTO) on three different substrates: BFMTO/FS, BFMTO/Sap,
and BFMTO/MgO with different in-plane strain states reported pre-
viously as−0.22% on MgO,+0.1% on sapphire, and+0.38% on fused
silica.37

Interdigitated electrodes (IDEs) were used on BFMTO/Sap to
measure the electrical properties in-plane:43,44 conventional lift-off
photolithography and platinum sputtering were used to pattern the
IDEs on top of the films. The IDEs were encapsulated using an
epoxy-based photoresist (SU-8 3000, Kayacu Advanced Materials,
USA) to prevent electric arcing between the fingers during the high
voltage switching. To probe the out-of-plane electrical properties,
we used a metal–insulator–metal geometry (MIM) in BFMTO/PtSi,
where circular Pt top electrodes with 100 μm diameter and 100 nm
thickness were patterned by lift-off photolithography and deposited
by sputtering.

B. Helium implantation
Local helium implantation was done using an Orion NanoFab

helium ion microscope (HIM) from Zeiss, which allows for a resolu-
tion for patterning down to the nanoscale.45 For samples destined for
synchrotron micro-XRD analysis, the patterning of the implanted
regions was set to square regions of 450× 450 μm2 to ensure that they
remain much larger than the size of X-ray beam. For the samples
destined for electrical measurements, we implanted regions corre-
sponding to the surface needed for electrode deposition, namely,
350 × 750 μm2 for the IDEs, and 200 × 200 μm2 for the MIM
configuration.

Figure 1(a) shows an optical microscopy image of the
BFO/MgO film after implantation. The different implanted regions
are visible with a variable contrast. This change in the optical
properties is likely due to surface pollution,46 although the strong
elasto-optic coupling in BiFeO3 could also play a role in this opti-
cal change.47 In any case, this change of contrast and the observed
structural changes are still present twelve months after implantation.

The adequate implantation parameters, namely, energy—that
controls the implantation depth profile, shown in red on
Fig. 1(b)—and the implanted dose—that controls the strain—were
determined using Monte Carlo simulations performed using the
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FIG. 1. Helium implantation of the BFO/MgO film: (a) optical microscope image
of the film after implantation. The implanted zones are visible with an increased
optical contrast with the helium dose. (b) SRIM simulation of the implantation inside
the BiFeO3 film.

Stopping Range of Ions in Matter (SRIM) software package.48 The
energy was set to 21 keV, such that the maximum of the implanta-
tion depth profile is located in the center of the BiFeO3 layer. The
different samples were implanted with doses ranging from 1014 to
5 × 1015 He cm−2, chosen to be below the 1016 He cm−2 amorphiza-
tion threshold for BiFeO3.28 The simulations were performed with
a mask to reproduce the implantation obtained with the scanning
mode of the helium microscope, and the in-plane dose gradient at
the interface is visible along the x axis. The size of the in-plane dose
gradient, corresponding to the width of the interface between the
implanted and non-implanted regions is around 100 nm.

C. Structural and electrical characterization
Micro-XRD measurements were performed on the CRISTAL

beamline at the SOLEIL synchrotron source during two succes-
sive beamtimes. The wavelength of the beam was 0.124 512 and
0.124 743 nm, corresponding to energies of 9.96 and 9.94 keV,
respectively.

Two different configurations were used to observe the effects
of helium implantation: reflection geometry, with the wavevector
transfer near the normal of the film to characterize the out-of-plane
structure, and transmission geometry where the wavevector transfer
lies very close to the plane of the film. Due to the presence of some
of the substrate’s Bragg peaks close to the peaks of the layers that we
were observing [for instance, the (002)pc], we measured with a slight

misalignment of 3○. This may result in a change of relative intensity
between different Bragg peaks but is otherwise inconsequential for
the strain values, as explained in the supplementary material.

Polarization hysteresis loops were measured on a thin film ana-
lyzer TF 2000 (aixACCT, Germany) at room temperature and at a
frequency of 5 kHz. DC current density-electric field measurements
were performed on unpoled films with a step of 1.6 kV cm−1 and
duration of 2 s per step.

III. RESULTS AND DISCUSSION
A. Structural characterization

Details about the microstructure and thermal strain analysis
of the different films are identical to those reported previously.37

All films show a granular microstructure with a grain diameter
of around 50 nm. The pristine in-plane residual thermal strain of
the films grown on fused silica, sapphire, and MgO (0.38%, 0.10%,
and −0.22%, respectively) results from the differences in thermal
expansion coefficients.

To determine the effect of helium implantation on the structure
of the BiFeO3 films, micro-XRD measurements were performed on
the different helium implanted regions on each sample. A linescan
given in the supplementary material shows that the x-ray spot size is
indeed much smaller than the regions, which allows us to target their
center and ignore boundary effects. Figure 2 exemplarily shows the
θ–2θ scans of the (110)pc and (002)pc peaks under different Helium
doses for BFO/MgO and BFMTO/MgO.

A shift toward lower 2θ angles, i.e., larger lattice parameter,
with increasing implanted helium dose is observed. Under higher
doses, the appearance of a new peak reveals the presence of a
strained phase at lower 2θ angles with the persistence of the non-
strained phase at the original 2θ resulting in phase-mixing, as
expected for the structural transition toward the supertetragonal
polymorph observed in epitaxial films under implantation.28,34 The
θ–2θ scans for the different films with different doses are shown in
the supplementary material.

For each film, the in-plane (a) and out-of-plane (c) lattice
parameters were extracted from the (002)pc Bragg peak measured
in reflection and transmission geometries. Figure 3 shows the lat-
tice parameter evolution for different helium doses in films with
different pristine strain states. The pristine strain state was evalu-
ated in the non-implanted regions. Different c/a ratios were mea-
sured in the different films as expected from the different thermal
expansion coefficients of the substrates. The c/a lattice parameter
ratios are 1.003, 0.992, and 0.985 for BFMTO/MgO, BFMTO/Sap,
and BFMTO/FS, respectively. This is consistent with previously
measured pristine strain states.37

An out-of-plane expansion of the unit cell without any change
in the plane is observed in all the samples with increasing helium
dose. Slightly lower c-axis expansion with respect to the pristine state
is observed in BFMTO compared to the BFO films. In all samples,
the implantation-driven strain saturates around 2.5 × 1015 He cm−2

dose.
In general, the width of the Bragg peaks tends to increase

with the He dose, as can be seen in Fig. 2 and is further shown
in representative plots of FWHM vs dose (supplementary material,
Figs. S11–S14). Several factors can potentially contribute to peak
broadening, most prominently the presence of strain gradients and
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FIG. 2. Some of the Bragg peaks measured in the pure and co-doped BiFeO3 samples on MgO. The Bragg peaks measured on all samples can be found in the
supplementary material. The dotted vertical lines are guides for visualizing the peak shift. The arrows show the onset of phase mixing.

a loss in crystallinity induced by implantation. Interestingly, the
magnitude of this broadening varies strongly depending on the
geometry. For measurements in the in-plane geometry, peak broad-
ening remains very moderate (Fig. S10). In a co-doped sample where
peaks are already broadened with respect to pure BFO, it is even
hardly noticeable (Fig. S11). This indicates that crystallinity is largely
preserved. In the out-of-plane geometry, the Bragg peaks attributed
to the unstrained fraction of the film also do not undergo a notice-
able change in width, but for the strained fraction of the films,
the broadening is much more significant (Figs. S12 and S13). We
attribute this to the presence of strain gradients in the thickness of
the film deriving from the helium implantation depth profile.

A clear influence of the pristine strain state is observed.
Higher pristine in-plane strain results in higher out-of-plane lat-
tice parameter increase with helium implantation. The measured
c-axis expansion with saturation-level implantation is of 2.26%
on BFMTO/MgO (for 0.22% compressive in-plane strain), 2.72%
on BFMTO/Sap (for 0.1% tensile in-plane strain), and 3.21% on
BFMTO/FS (for 0.38% tensile in-plane strain).

B. Electrical properties
The influence of He-implantation on the electrical properties

was studied in two geometries: out-of-plane, using MIM capacitors

FIG. 3. Lattice parameter evolution under helium implantation of (a) pure and co-doped BiFeO3 films on MgO, and (b) and (c) co-doped BiFeO3 films synthesized on
sapphire and fused silica, respectively. For higher helium doses, two values of the c lattice parameter are given due to phase coexistence. The BiFeO3 bulk reference of apc

is shown by the horizontal lines.32 The error bars are smaller than the symbol size. (d) Evolution under helium implantation of the c/a ratio of the strained phases in each
sample.
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FIG. 4. Device structure for the (a) metal–insulator–metal (MIM) configuration, applying the field out-of-plane and (b) with interdigitated electrodes (IDE), applying the field
in-plane. Hysteresis P(E) loops for different helium doses taken in (c) MIM and (d) IDE configurations and their associated I(V) curves (e) and (f). Leakage current
measurements for different helium doses taken in (g) MIM and (h) IDE configurations.
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of BFMTO on platinized silicon, and in-plane, using IDE capacitors
on BFMTO/Sap.

The P(E) curves of the Pt/BFMTO/Pt MIM capacitor as a func-
tion of the implanted He dose are displayed in Fig. 4(c). Stable
ferroelectric switching is observed in all samples with doses up to
1015 He cm−2. A small decrease in the remnant polarization Pr is
observed with increasing helium dose. At doses higher than 5 × 1015

He cm−2, the ferroelectric domain structure does not switch any-
more [Fig. 4(e), dotted lines]. This could be due to the progressive
increase in the coercive electric field under helium [visible with the
maxima of the I(V) curves on Fig. 4(e)].

The in-plane switching characteristic using IDE geometry is
shown in Fig. 4(d). A decrease in the remnant polarization Pr is
also observed with increasing helium dose. He-implantation doses
higher than 5 × 1015 He cm−2 also suppress the in-plane switch-
ing of the ferroelectric domain structure. However, unlike what is
observed in the MIM geometry, the coercive switching field does not
shift appreciably [Fig. 4(f)].

DC current density measurements under electric field (j-E)
were performed. To avoid contributions from displacement cur-
rents due to polarization switching, the curves were only measured
at electric fields below 30% of the coercive field. The j-E curves
for both configurations are displayed in Figs. 4(g) and 4(h). A
reduction of the leakage current density is observed with helium
implantation.

C. Discussion
Helium implantation allows for a continuously tunable increase

in the out-of-plane lattice parameter in all the films. This indi-
cates the transferability of the technique to strain engineer poly-
crystalline films, with a narrower strain range compared to their
epitaxial counterparts.28,49 Despite a more complex microstructure
and the presence of randomly oriented domains and grain bound-
aries, helium implantation still induces an out-of-plane strain with
a lower out-of-plane lattice parameter expansion compared to epi-
taxial films. For epitaxial samples, an out-of-plane lattice parameter
tunability of up to 9% has been reported in BiFeO3 films deposited
on SrTiO3.28 In polycrystalline samples, the tunability only reaches
a maximum value of 3.2% in BFMTO/FS. However, these val-
ues are one order of magnitude larger than what can be achieved
using substrates with thermal expansion coefficient strongly dis-
similar from that of the film, showing the potential of helium
implantation as a strain engineering technique in polycrystalline
samples. Contrary to what is observed in compressively strained
epitaxial films, the onset of the transition toward the supertetrag-
onal phase is not yet reached for the values of strain and the c/a
ratio achieved here: up to 1.03 for the BFO/MgO film, well below
the 1.23 of the T-phase. Our polycrystalline films stay in an R-
like phase, with an out-of-plane elongation tunable under helium
dose.

The pristine strain state plays a key role in the lattice parameter
expansion upon helium implantation: the higher in-plane strain
results in higher out-of-plane lattice parameter expansion. In addi-
tion, the peak splitting in the x-ray diffractograms at higher doses
indicates the coexistence of strained and non-strained regions in the
film. In agreement with the SRIM simulations [Fig. 1(b)], a skewed
normal distribution of helium concentration is expected, resulting

in a strain gradient within the film thickness that could explain this
coexistence.

Stable ferroelectric switching is observed with helium doses of
up to 1015 He cm−2. The absence of any strong change in the Pr
values is in agreement with the structure of the film remaining in
a strained rhombohedral phase with no change in texture. In this
phase, only subtle changes in the Pr are expected50 and observed in
this work, which supports the idea that helium affects strain only and
does not lead to any significant modification of the dielectric—and
here ferroelectric—properties in the material. The increase in the
coercive field with an increasing out-of-plane lattice parameter is
consistent with previous findings for strained R-phase BiFeO3 films.
Phase field simulations51 and experimental P(E) loops50,52 show that
the coercive field strongly increases with increasing tetragonality. An
increase exceeding 50% has been observed for strain variations of
3%, transitioning from tensile to compressive strain in films mea-
sured using metal–insulator–metal capacitors. In our case, the lower
increase in the coercive field may arise from the nature of the strain-
engineering method. In epitaxial strain, both the out-of-plane and
the in-plane lattice parameter change and the volume remains con-
stant. In our implanted films, a uniaxial strain is induced, resulting
in a volume expansion of the unit cell.

An additional mechanism that could induce an increase in
the coercive field is the formation of helium-implantation-induced
defect complexes,53 which are known to act as domain wall pinning
centers, as reported for He-implanted BiFeO3 epitaxial films. How-
ever, the increase in coercive field observed in our samples is smaller
than previously reported values for similar helium doses, indicating
lower domain wall pinning with helium implantation.

In addition, a decrease in conductivity in BiFeO3 with increas-
ing helium implantation is observed. This may not be a strain-
induced effect, but could rather be attributed to the formation of
defect complexes with increasing helium dose, as previously shown
in helium implanted epitaxial PbTiO3 films54,55 or epitaxial BiFeO3

53

and epitaxial PMN-PT films.56

IV. CONCLUSION AND OUTLOOK
We studied the influence of helium implantation on the struc-

tural and electrical properties of textured polycrystalline BiFeO3
under different pristine strain states. An increase in the lattice para-
meter up to 3.2% and 2.3% in BiFeO3 films under compressive and
tensile strain, respectively, was measured.

These results demonstrate a method to induce unprecedentedly
large out-of-plane strain values in polycrystalline films, highlighting
that grain boundaries do not prevent the interstitial implantation
of helium atoms in the grains. The skewed normal distribution of
helium concentration in the film induces differently strained areas
through the thickness of the film, which results in the coexistence
of strained and non-strained R-like regions. Because helium ion
implantation can produce these high strain values in application-
compatible polycrystalline thin films, it holds promise as a strategy
to tune the strain-dependent properties of polycrystalline ceram-
ics, such as piezoelectricity or electro-optic coefficients. In addition,
the possibility to tune the helium concentration profile by modify-
ing the implantation parameters such as energy or incident angle
opens the path for inducing additional flexo-electric functionalities
to polycrystalline materials.
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SUPPLEMENTARY MATERIAL

The supplementary material encompasses a PDF document
containing: (I) a justification for how a small sample tilt in XRD
experiments has no consequence for the determination of strain val-
ues, (II) an XRD linescan shown as a colormap showing the aligned
implanted zones, (III) the plots of all Bragg peaks supporting the
data shown on Fig. 3, (IV) a representative example of a fitted XRD
pattern, and (V) representative plots of Bragg peak width vs He dose.
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and T. Granzow, “Stress-tuning the bulk photovoltaic response in
polycrystalline bismuth ferrite films,” Appl. Phys. Lett. 122, 152903
(2023).
38A. Blázquez Martínez, N. Godard, N. Aruchamy, C. Milesi-Brault, O. Con-
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