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Strain Engineering: Perfecting Freestanding Perovskite
Oxide Fabrication

Shinhee Yun,* Thomas Emil le Cozannet, Christina Høgfeldt Christoffersen, Eric Brand,
Thomas Sand Jespersen, and Nini Pryds*

Freestanding oxide membranes provide a promising path for integrating
devices on silicon and flexible platforms. To ensure optimal device
performance, these membranes must be of high crystal quality, stoichiometric,
and their morphology free from cracks and wrinkles. Often, layers transferred
on substrates show wrinkles and cracks due to a lattice relaxation from an
epitaxial mismatch. Doping the sacrificial layer of Sr3Al2O6 (SAO) with Ca or
Ba offers a promising solution to overcome these challenges, yet its effects
remain critically underexplored. A systematic study of doping Ca into SAO is
presented, optimizing the pulsed laser deposition (PLD) conditions, and
adjusting the supporting polymer type and thickness, demonstrating that
strain engineering can effectively eliminate these imperfections. Using SrTiO3

as a case study, it is found that Ca1.5Sr1.5Al2O6 offers a near-perfect match and
a defect-free freestanding membrane. This approach, using the water-soluble
Bax/CaxSr3-xAl2O6 family, paves the way for producing high-quality, large
freestanding membranes for functional oxide devices.

1. Introduction

Since the 2016 breakthrough in producing single crystalline per-
ovskite oxide membranes, there has been extensive research into
freestanding transition metal oxides.[1–8] These studies aim to
harness their potential for functional oxide device applications.
The freestanding membrane platform offers the unique ability
to control strain continuously. This capability has opened doors
to modifying properties in functional materials like dielectric, fer-
roelectric, and magnetic oxides through strain effects.[9–15] R. Xu
and team found that applying uniaxial strain to centrosymmetric
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SrTiO3 (STO) membranes induces a non-
centrosymmetric phase with ferroelectric
properties, resulting in stripe domains of
in-plane polarizations.[16] Reports also sug-
gest that strain can control electromechan-
ics, magnetization states, and electronic
conductivity, laying the groundwork for de-
vice applications.[10,17,18] Lately, there has
been growing interest in exploring inter-
face phenomena in twisted membranes.[2]

In all of these studies, it is crucial to fabri-
cate membranes with sharp interfaces and
free from wrinkles and cracks. Membrane
fabrication using wet etching typically in-
volves two steps: 1) material synthesis and
2) membrane transfer with a polymer.[19]

While the synthesis step can produce sto-
ichiometric single-crystalline thin films, the
intrinsic epitaxial strain between the film
and the sacrificial layer below can com-
promise the final quality of freestanding

membranes. Releasing a highly strained film from its clamped
sacrificial layer can create significant stress gradients, espe-
cially near the boundary between released and unreleased areas.
These stress gradients can lead to cracks along crystal planes or
wrinkles.[20,21] The stress gradient magnitude is tied to the mis-
match between the film and the water-soluble sacrificial layers.
Minimizing this mismatch can reduce stress during release, re-
sulting in fewer cracks or wrinkles in the final released mem-
brane. One way to achieve this is by adjusting the lattice param-
eter of the water-soluble layer, such as by doping Ca or Ba into
Sr-sites in Sr3Al2O6 (SAO) [12,22–25]

Structural distortions in freestanding membranes due to the
mismatch between the layers have not been well-documented
yet.[17,26] However, the relation between mismatches and defects
can be inferred intuitively. For a tensile-strained layer atop a sacri-
ficial layer, the membrane tends to shrink during release with the
etchant. This is because its natural lattice parameter is smaller
than the water-soluble layer. If the stress during this shrinking
process is too high, the membrane can be fractured. Conversely,
the released layer expands for a compressive-strained layer, lead-
ing to wrinkles beneath the supporting polymer layer. This ex-
pansion occurs as the lattice parameter reverts to its original size,
which is larger than the sacrificial layer. The wrinkle’s curvature
is influenced by the degree of compressive strain and the layer
thickness.

Interestingly, another strain effect is observed in heterostruc-
tures composed of two different epitaxial layers – strain gradient.
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Figure 1. provides a comprehensive overview of the strain in the STO epitaxial layer on CSAO and the PLD of SAO under various conditions. a) Displays
the pseudo-cubic in-plane lattice parameters of both CSAO and STO. The strain values for the STO layers on each CSAO are marked alongside the
lattice parameters. b) A schematic illustration of the target layer (STO) and the sacrificial layer (CSAO) grown on an STO (001) substrate. c) A schematic
detailing the PLD conditions that were tested. These conditions are plotted on three axes representing substrate temperature (T), laser energy density
(E), and the repetition rate of the laser (f). d) The surface morphology of the developed STO/CSAO/STO (001) is shown, accompanied by RHEED
patterns and the time-dependent intensity of the specular spots for each deposition condition corresponding to the conditions in part (c). The AFM
image includes a white scale bar representing 400 nm, while a yellow scale bar indicates 1 μm. The optimal PLD condition for SAO is highlighted in red.
The reference condition, which is (ii) centered in (c), is in bold and underlined, and the changed conditions in (i) and (iii)–(vi) compared to (ii) are also
marked in bold and underlined.

Due to the strain gradient along the heterostructure thickness,
the released heterostructure can self-roll.[27–31] Such rolls have po-
tential applications as nanowires in devices. While certain devices
can benefit from deformed freestanding membranes by amplify-
ing or diminishing specific phenomena, many applications, such
as field effect transistors, electrolytes, and spintronic devices, re-
quire flat and well-defined surfaces of the membranes. Although
these membranes can be produced on a macroscopic millime-
ter scale, they often have wrinkles and cracks on the microscopic
scale, which significantly limits their usable area for experiments
and applications. Therefore, a comprehensive study has yet to be
conducted to identify the conditions necessary for producing flat,
defect-free, and freestanding membranes.

To circumvent the most significant issues associated with the
freestanding oxide transfer that arise from cracks and wrinkles
during the release process, this paper explores the possibility of
adjusting the mismatch between the prototypical oxide STO layer
and the water-soluble layer. This is achieved by doping Ca cations
into the Sr-sites of the water-soluble SAO, allowing for a modifi-
able lattice parameter. Additionally, we have conducted a system-
atic analysis of the crystal structure and the membrane-released
features (e.g., sacrificial layer thickness, release time, and type
of polymer), aiming for flawless freestanding perovskite oxide

membranes. While crucial, detailing the properties of freestand-
ing films falls outside the scope of this paper. Our aim is mainly
to provide the conditions required for fabricating, releasing, and
transferring high-quality membranes, as evidenced structurally.

2. Results and Discussion

2.1. Optimal PLD Conditions of CaxSr3-xAl2O6 (CSAO) Growth

Epitaxial water-soluble CSAO layers were deposited using PLD
on STO (001) single crystals terminated with TiO2. Depending on
the Ca doping ratio, the pseudo-cubic lattice parameter (apc =¼ a,
where a is the lattice parameter of the CSAO unit cell) of CSAO
ranges between 3.819 and 3.967 Å.[19] This variation is due to
the smaller Ca ions effectively reducing the CSAO lattice param-
eter when they replace the Sr-sites, as illustrated in Figure 1a.
Among the CSAO family, fully doped Ca3Al2O6 possesses the
smallest lattice parameter. Subsequently, 20-nm-thick STO lay-
ers were epitaxially grown on these 20-nm-thick CSAO layers, as
shown in Figure 1b.

To achieve optimal growth conditions for both CSAO and STO,
various deposition conditions were tested initially for SAO. As
depicted in Figure 1c, these conditions are represented as (i)–(vi)
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Figure 2. provides a detailed overview of the optimal PLD conditions for the growth of CSAO. a–c) These micrographs display the surface morphologies
and in–situ RHEED patterns under varying laser energy densities and repetition rates for the following configurations: STO/Ca1Sr2Al2O6/STO (001) (a),
STO/Ca1.5Sr1.5Al2O6/STO (001) (b), STO/Ca2Sr1Al2O6/STO (001) (c). The optimal conditions for each configuration are emphasized using colors that
correspond to the specific doping ratio of CSAO. For clarity in the AFM images, a white scale bar represents 400 nm, while a yellow scale bar indicates
1 μm. d) Plots the optimal conditions of the laser energy density and repetition rate for each CSAO.

and span three different parameters: the substrate temperature,
T [°C], the laser energy density, E [J cm−2], and the laser repe-
tition rate, f [Hz]. For each growth condition, Figure 1d shows
atomic force microscopic (AFM) images of STO/SAO/STO(001)
surfaces, in–situ reflection high energy electron diffraction
(RHEED) patterns for both SAO and STO during the growth, and
time-dependent intensity of the specular spots. The optimal de-
position conditions are reached at point (v), where clear and well-
defined streak RHEED patterns are observed for both SAO and
STO, coupled with increasing intensity of the RHEED specular
spot, which suggests a limited atomic long-range order at the sur-
face. In addition, we note the following: When the SAO layer is
grown at a temperature of 650 °C, the RHEED pattern becomes
nearly indiscernible due to surface roughness, while the STO pat-
tern exhibits polycrystalline features, i.e., diffraction ring, as seen
in Figure 1d(iv). Despite this, the time-dependent RHEED inten-
sity does not show oscillations and gradually fades, even though a
subtle step-terrace structure can be discerned in the AFM image.
Films grown at a higher laser repetition rate of 10 Hz tend to have
a rougher surface (Figure 1d(vi)). The corresponding RHEED pat-
terns reveal transmission spots (see white arrows in panel vi),
suggesting the growth of 3D islands. In contrast, depositing at a
lower repetition rate, 2 Hz, yields results similar to the optimal
condition with decreasing the time-dependent RHEED intensity,
as depicted in Figure 1d(ii). Lastly, when either a lower or higher
laser energy density is employed (i and iii), the resulting surface
appears granular, with transmission spots evident in the RHEED
pattern and decreasing intensity of the specular spot with growth
time (Figure 1d(i),(iii) bottom panels).

Compared to SAO, the Ca─O bond strength in CSAO is sig-
nificantly stronger than the Sr─O bond.[32] Thus, a higher laser
energy density is required to achieve a stoichiometric plasma
plume during the deposition. When the laser energy density of
1.2 J cm−2, previously determined as optimal for SAO, is used
for Ca1Sr2Al2O6, it leads to the formation of a secondary phase

during the growth process. This is evident in the AFM images
and the 3D-island spots in the RHEED patterns, a consequence
of non-stoichiometry (Figure 2a left). However, when the laser
energy density increases to 2.4 J cm−2, high-quality Ca1Sr2Al2O6
and C1.5Sr1.5Al2O6 are achieved (Figure 2a right,b). For the higher
doping ratio, Ca2Sr1Al2O6, the crystalline quality does not im-
prove even with the increased laser energy density, and rough
surface morphologies and polycrystalline rings in the RHEED
patterns are observed (Figure 2c left and middle). Intriguingly,
reducing the laser repetition rate to 2 Hz enhances the crys-
talline quality, as seen in Figure 2c right panel. This indicates that
the robust Ca─O bonding also influences the diffusion dynam-
ics on the surface during the growth phase. With smaller f, the
longer time for diffusion promotes layer-by-layer growth mode
(Figure 2d). It is important to note that optimized CSAO depo-
sitions, characterized by clear RHEED oscillations, indicate opti-
mal layer-by-layer growth conditions for a specific crystal miscut
angle. Increasing this miscut angle results in a transition to a 3D
island growth mode.

2.2. Epitaxial Strain in STO Layer on CSAO

Figure 3 explores the epitaxial strains of 20-nm-thick STO film
on CSAO layers using X-ray diffraction scans. Consider first
the 𝜃−2𝜃 scans: Within the vicinity of STO (002), the thickness
fringes of both 20 and 50-nm CSAO layers suggest atomically
well-defined interfaces of the STO and CSAO layers (Figure 3a,b).
Estimating the film thickness using the Kiessig fringes vali-
dated the thickness measurements obtained through RHEED.
The peak related to the STO (002) of the substrate is clearly seen
(black arrow). Also, the positions of the (002) peak of the STO top
film are marked by colored circles, which are to be strained to epi-
taxially match the CSAO. These are paired with similarly colored
inverted triangles for the (002) of the CSAO layers. The positions
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Figure 3. presents a detailed analysis of the X-ray diffractions of the epitaxial STO/CSAO/STO (001) structure. a) Shows the 𝜃−2𝜃 scans for the 20-nm-
thick STO layers grown on 20-nm-thick CSAO layers. The inverted solid triangles mark the peak positions of the 20-nm-thick CSAO layers, while the solid
circles denote the peak positions of the epitaxial STO layers grown on each CSAO layer. b) 𝜃−2𝜃 scans for the 20-nm-thick STO layers on 50-nm-thick
CSAO layers are displayed. The empty triangles represent the peak positions of the 50-nm-thick CSAO layers, and the empty circles indicate the peak
positions of the epitaxial STO layers grown on each CSAO layer. c) Represents the c-lattice parameters of both STO and CSAO, derived from the data
in sections (a) and (b) by deconvolution. d) Plots of the a-lattice parameters of STO on the 50-nm-thick CSAO and its corresponding in-plane strains
derived from (e) to (h) indicated by empty squares. e–h) RSMs near the Bragg peaks of the 20-nm-thick STO (1 0 3) and the 50-nm-thick CSAO (4 0 12).

of all peaks were deducted by deconvolutions, and the error bars
were calculated using the full-width half maximum (FWHM) of
the deconvoluted peak. Given that SAO and Ca1Sr2Al2O6 (red
and orange inverted triangles) have larger in-plane lattice param-
eters than the STO, the STO layers atop them experience ten-
sile strain (red and orange circles). This results in the STO top-
film peaks positioned to the right of the STOsub (002) peak, indi-
cating a compressed c-axis parameter. The lattice parameter of
Ca1.5Sr1.5Al2O6 closely matches the STO, causing the peaks of
STO (002) and Ca1.5Sr1.5Al2O6 (002) to overlap with STOsub (002)
in the 𝜃−2𝜃 scan. For Ca2Sr1Al2O6, which has a smaller lattice
parameter than STOsub (purple inverted triangle), the overlying
STO layer undergoes in-plane compressive strain, leading to an
elongated STO c-axis lattice parameter (denoted by the purple
circle). Notably, a thicker Ca2Sr1Al2O6 layer, like 50 nm, when
more relaxed, causes even more elongation of the STO layer
along the c-axis compared to a 20-nm-thick Ca2Sr1Al2O6 layer,
as evidenced by the differing positions of the purple circles in
Figure 3a,b. The c-lattice parameters derived from the 𝜃−2𝜃 scans
in Figure 3a,b are graphically represented in Figure 3c. In this
plot, the unique behavior of the highest Ca-doped ratio in CSAO,
specifically Ca2Sr1Al2O6, stands out from other CSAOs. This dif-
ference is believed to be due to its higher elastic moduli, a result
of stronger Ca─O bonding. A 20 nm thick layer of Ca2Sr1Al2O6
is not fully relaxed, while the 20 nm layers of SAO, Ca1Sr2Al2O6,
and Ca1.5Sr1.5Al2O6, are fully relaxed as indicated by their simi-
lar c-lattice parameters. This suggests that higher elastic moduli
require a thicker layer to achieve full relaxation. Due to the lim-
ited intensity of the 20-nm-thick CSAO, Reciprocal Space Maps

(RSMs) for the 50-nm-thick CSAO were acquired (Figure 3e-h). It
is important to recognize that the thickness required for a fully re-
laxed layer varies significantly between materials and needs to be
optimized for each. In our current experiments, for full relaxation
on STO substrates, the thickness threshold is below 20 nm for
SAO and Ca1Sr2Al2O6. In contrast, for Ca2Sr1Al2O6, the thresh-
old for full relaxation exceeds 20 nm.

All the STO layers are observed to be fully strained on the
CSAO layers. However, all CSAO layers appear to be fully or par-
tially relaxed from the STOsub (002), as indicated by the red and
black dashed lines in Figure 3e–h.

The peak positions allowed for the calculation of mismatch
strains, which are graphically represented in Figure 3d. The
strains are 1.6%, 0.9%, ≈0%, and −0.9% for SAO, Ca1Sr2Al2O6,
Ca1.5Sr1.5Al2O6, and Ca2Sr1Al2O6, respectively. The minimal mis-
match with STO is observed in Ca1.5Sr1.5Al2O6, which displays
nearly co-located Bragg peaks, appearing almost as a singular
peak in Figure 3g.

2.3. Release and transfer of STO layers from CSAO

Figure 4 shows how the degree of strains influences the release
features of the STO layer from the CSAO layers during the intro-
duction of water. A thick (≈100 μm) polymer support (cellulose
acetate butyrate (CAB)) was spin-coated on the STO layer on the
top (See Experimental Section). The adhesion between the STO
and the polymer is an important parameter that can be com-
promised due to an alteration in the STO strain state when it is
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Figure 4. provides a detailed examination of the STO release process when the underlying CSAO layers are dissolved in water. a) Schematics that depict
the features of the released STO layer situated beneath a thick polymer when immersed in water. b) Microscopic images of areas both with and without
the polymer, provide a visual representation of the STO layers’ release features as described in section (a). c) Schematics that illustrate the features
of the released STO layer when it is positioned beneath a thin polymer. d) Microscopic images capture the STO layers’ release features during their
immersion in water, corresponding to the schematics in section (c). e) Display microscopic images of the transferred STO layers onto Si substrates.
Upper images provide a more detailed, close-up perspective, while bottom images offer a broader view. f) The surface topographies measured by AFM
on each transferred layers.

released from the dissolved CSAO. As illustrated in Figure 4a,b,
numerous cracks form in the STO layer released from SAO,
which has a 1.6% tensile strain. In contrast, the STO with a 0.9%
tensile strain exhibits fewer cracks. STO layers that are nearly
matched with CSAO release smoothly in water, attributed to
minimal changes in the strain state before and after the release.

Conversely, compressively strained STO on CSAO, with a strain
of −0.9%, develops wrinkles as its lattice parameters expand
during the release. When the polymer thickness is minimal
(≈5 μm) in Fgure 4c,d, a low-elasticity polymer can either stretch
or compress, adapting to the changes in the STO layer during its
release. This results in fewer cracks and narrower wrinkles in the

Small 2024, 2310782 © 2024 The Authors. Small published by Wiley-VCH GmbH2310782 (5 of 7)
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released layer compared to when supported by a thicker polymer.
In Figure 4d, cracks and wrinkles are highlighted by red and
purple arrows, respectively. A smooth dissolution front is evident
for STO on Ca1.5Sr1.5Al2O6, lacking any cracks or wrinkles (watch
Video S1, Supporting Information). The microscopic images
in Figure 4e,f display transferred STO layers on Si substrates
and their surface topographies, respectively. Here, cracks and
wrinkles are prominently visible, except for the nearly matched
strain where clear step-terraces appear. This underscores the
importance of minimizing strain to achieve a freestanding layer
that is free from cracks and wrinkles. On the other hand, it
takes longer release time for the more Ca-doped SAO due to the
stronger Ca─O bonding compared to Sr─O, which is shown in
Figure S1 (Supporting Information). Interestingly, the highest
doping of Ca, which is Ca2Sr1Al2O6, deviates from the tendency
with an even shorter release time than Ca1.5Sr1.5Al2O6. We
regard that this deviation might be related to the wrinkles that
could accelerate the dissolving of the water-soluble layer.

The release procedure we have introduced holds significant
promise in addressing the challenges of wrinkle and crack forma-
tion within freestanding membranes. By harnessing strain en-
gineering during the growth phase and refining the wet trans-
fer process, we can substantially reduce the onset of wrinkles
and cracks. Incorporating additional measures, such as heating
the material in a controlled setting and designing devices to dis-
tribute strain uniformly, can further mitigate the formation of
localized cracks and wrinkles. It is crucial to recognize that this
field of research is continually evolving and requires adjustment
when new and novel materials are introduced.

3. Conclusion

To achieve the release of perovskite oxide films without the hin-
drance of cracks and wrinkles, we employed strain engineering,
adjusting the lattice parameter of the water-soluble CSAO layer,
and controlling the releasing time and polymer thickness. We
have optimized the PLD conditions to enhance the crystal quality
of the epitaxially grown layers, with the conditions varying based
on the Ca doping ratio. The strain values for STO layers on SAO,
Ca1Sr2Al2O6, Ca1.5Sr1.5Al2O6, and Ca2Sr1Al2O6 are 1.6%, 0.9%,
≈0%, and −0.9%, respectively. Notably, our findings reveal that
the nearly matched strain on Ca1.5Sr1.5Al2O6 is optimal for pro-
ducing an undamaged STO freestanding layer devoid of cracks
and wrinkles. Tensile-strained STO layers tend to form cracks
due to shrinkage during the release process, while compressively
strained STO layers develop wrinkles owing to layer expansion.
This foundational principle is versatile and can be adapted for
various selectively sacrificial layers, paving the way for the devel-
opment of millimeter-sized freestanding oxide devices.

4. Experimental Section
Fabrication of Epitaxial STO and CSAO Layers by PLD: Epitaxial SrTiO3

(STO) and CaxSr3-xAl2O6 (CSAO) layers were grown on single-crystal
(001)-oriented STO (Shinkosha Co. Ltd.) terminated with TiO2 using
pulsed laser deposition (PLD), which is operated with a KrF (𝜆 = 248 nm)
excimer laser. The polycrystalline CSAO targets for PLD depositions were
prepared by grinding and pressing SrCO3, CaCO3, and Al2O3 powders into

a pellet, followed by sintering at 1350°C for 20 h. Post-sintering, these
targets were examined using XRD to ensure phase purity. The Sr3Al2O6
(SAO) targets, sourced from a commercial supplier (99.99% purity, MTI
Corporation), were also analyzed by XRD upon receipt. CSAO sacrificial
layers were initially deposited on STO (001) substrates at 750°C in an envi-
ronment of an oxygen pressure of 10−5 mbar. A 20-nm-thick STO layer was
grown on the CSAO layer at 700°C at the oxygen pressure of 5× 10−4 mbar.
Various laser energy densities and repetition rates were used for both STO
and CSAO, as shown in Figures 1d and 2. By reflection high-energy elec-
tron diffraction (RHEED), growth modes were monitored to determine the
layer-by-layer mode and the thickness of the films through the oscillations
of the RHEED spots. If RHEED oscillations were not clear enough to de-
termine thickness during deposition, we relied on monitoring the layer’s
thickness through a calibrated growth rate, measured in nanometers per
second, specific to each deposition.

Structural Analysis of the As-Grown Layers Using XRD: The strains of
as-grown STO layers on CSAO layers were examined by an X-ray diffrac-
tometer (Rigaku SmartLab) with Cu K𝛼 radiation (1.5406 Å). c-axis lattice
parameters of STO and CSAO layers were calculated from the peak posi-
tions of out-of-plane (𝜃−2𝜃) scans. In the study, it is observed that only the
Sr+Ca:Al = 3:2 phase in the 𝜃−2𝜃 scans, grown under a low oxygen pres-
sure of 10−5 mbar. Notably, at a much higher pressure of ≈10−1 mbar (four
orders of magnitude greater), the Sr+Ca:Al = 4:2 phase becomes stable,
exhibiting longer lattice parameters than the 3:2 phases. For the SAO (3:2)
phase, it would expect that the (002) Bragg peak at ≈45.8°, whereas for the
Sr4Al2O7 (4:2) phase, it should appear near 41.8°. In the experiments, only
the peak ≈45.8°is detected and observed no peaks near 41.8°, confirming
the stability of the Sr3Al2O6 phase in the experimental conditions. a-axis
lattice parameters and strain values were deduced from the peak positions
of 103 reflections in the reciprocal space maps (RSMs).

Fabrication of Freestanding Membrane by Transfer: STO membranes
were transferred onto the Si substrates by releasing the membranes in
the DI water at room temperature. To support STO membranes in the wa-
ter, ≈100-μm-thick and ≈5-μm-thick cellulose acetate butyrate (CAB) were
used as support layers before immersing the epitaxial STO films in the
water.[2] To make a ≈100-μm-thick CAB layer (≈5-μm-thick CAB layer), 20 g
CAB in 100 mL of ethyl acetate was spin-coated on Si substrate at 1000 rpm
(3000 rpm) for the 60 s. After covering the sample with a CAB layer and
annealing, to make water penetrate the CSAO layers, the CAB layers were
cut with straight lines parallel to crystal edges. The release time for 50-
nm-thick CSAO ranges from ≈20 min to 10 h, depending on the doping
ratio in DI water at room temperature (see Figure S1, Supporting Infor-
mation). Once the STO membranes with CAB layers are fully released, the
floating membranes are scooped by the Si substrate. After thoroughly dry-
ing DI water at room temperature for good adhesion, the CAB layers were
removed by acetone and followed by IPA.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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