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Epitaxially grown single-crystalline SrTiO3

membranes using a solution-processed,
amorphous SrCa2Al2O6 sacrificial layer†
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Bharat Jalan *a

Water-soluble sacrificial layers based on epitaxially grown, single

crystalline (Ca, Sr, Ba)3Al2O6 layers are widely used for creating free-

standing perovskite oxide membranes. However, obtaining these

sacrificial layers with intricate stoichiometry remains a challenge,

especially for molecular beam epitaxy (MBE). In this study, we demon-

strate the hybrid MBE growth of epitaxial, single crystalline SrTiO3

films using a solution processed, amorphous SrCa2Al2O6 sacrificial

layer onto SrTiO3 (001) substrates. Prior to the growth, oxygen plasma

exposure was used to first create the crystalline SrCa2Al2O6 layer with

well-defined surface crystallinity. Utilizing reflection high energy elec-

tron diffraction, X-ray diffraction, and atomic force microscopy, we

observe an atomic layer-by-layer growth of epitaxial, single crystalline

SrTiO3 films on the SrCa2Al2O6 layer with atomically smooth surfaces.

The SrCa2Al2O6 layer was subsequently dissolved in deionized water

to create free-standing SrTiO3 membranes that were transferred onto

a metal-coated Si wafer. Membranes created with Sr-deficiency

revealed ferroelectric-like behavior measured using piezo-force

microscopy whereas stoichiometric films retained paraelectric-like

behavior. These findings underscore the viability of using ex situ

deposited amorphous SrCa2Al2O6 for epitaxial, single crystalline

growth, as well as the importance of point defects in determining

the ferroic properties in membranes.

Introduction

Free-standing oxidemembranes have garnered significant interest
due to their usefulness in strain- or strain-gradient engineering,
moiré engineering, and artificial heterostructure engineering.1–8

These capabilities help to tailor the properties such as

superconductivity, magnetoresistance, ferroelectricity, metal–
insulator transitions, and numerous others.9–17 A common
method to fabricate a free-standing membrane involves the use
of chemically etchable sacrificial layers.15–21 These sacrificial
layers enable the release of a functional film from the growth
substrate through selective etching, without causing damage to
the film. This method results in the synthesis of millimeter-sized
membranes.15–21 This technique also promotes the reuse of
expensive single crystal substrates following film exfoliation.

Epitaxially grown, single-crystalline Sr3Al2O6, alloyed with
Ca3Al2O6 and/or Ba3Al2O6, has found widespread use as a sacrificial
layer in pulsed laser deposition (PLD) techniques.9,16,22 Sr3Al2O6

possesses a pseudocubic perovskite structure, with a cubic unit cell
having a lattice parameter of 15.844 Å (C 4 = 3.961 Å). The (Ba, Sr,
Ca)3Al2O6 system allows for continuous adjustment of the lattice
parameter within the range of 3.816–4.125 Å, a range frequently
observed in typical perovskite oxides (3.8–4.1Å). Moreover, the
electronegativity of these alkaline-earth metals affects the solubility
of sacrificial layers in water, decreasing in the order of increasing
electronegativity (Ba2+ o Sr2+ o Ca2+).23,24 Among these solid-
solutions, SrCa2Al2O6, with a lattice parameter of 3.86 Å, has been
used for perovskite growth in PLD studies.9

An alternative to PLD, chemical solution deposition (CSD),
has also been investigated to create amorphous SrCa2Al2O6

layers.23 CSD is a versatile method to synthesize ternary and
quaternary oxides, which can deliver low-cost production in broad
applications.25–28 The method exploits engineering solution-
precursor chemistry to achieve the (Sr, Ca)3Al2O6 composition
on single-crystal substrates.23,24 It involves three steps: first,
stabilization of precursor solution and then homogeneous deposi-
tion by spin coating, followed by thermal annealing to convert
precursor gels to phase pure, epitaxial films.23 In the past, PLD
growth of La0.7Sr0.3MnO3 (LSMO) films having a surface rough-
ness of about 2 nm has been explored on solution-deposited (Ba,
Sr, Ca)3Al2O6 sacrificial layers.24 However, the growth of such
sacrificial layers with complex stoichiometry is not straightfor-
ward in molecular beam epitaxy (MBE). Furthermore, the low
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vapor pressure and acceptor-like behavior of some elements such
as Al (acting as a deep-acceptor in SrTiO3 (STO)) can prohibit their
use in oxide MBE. This is evident by the fact that as of 2023, only a
small fraction, approximately one-tenth, of all publications (70+)
employed MBE for oxide membrane growth.29 Varshney et al.29

have recently introduced a novel approach suitable for MBE,
involving the use of binary alkaline-earth oxide sacrificial layers.
These layers are conducive to MBE processes, as alkaline-earth
metals can be sublimated at temperatures ranging from 300 to
500 1C and readily oxidize in molecular oxygen to form the
corresponding oxides. Additionally, the binary oxide sacrificial
layer (Mg, Ca, Sr, Ba)O provides a wide range of lattice parameter
tuning capabilities and faster dissolution (o5 minutes).29 When
combined with complex sacrificial layers, they allow continuous
tuning of lattice parameters from 2.98 to 5.12 Å.29

One approach to incorporate complex sacrificial layers in
MBE processes is to prepare them ex situ and subsequently
utilize them as substrates for film growth via MBE. In this
study, we grow epitaxial single crystalline STO using hybrid
MBE on CSD synthesized, amorphous SrCa2Al2O6 sacrificial
layers. We first show recrystallization of air-exposed amorphous
SrCa2Al2O6 into a single crystalline, epitaxial film. This recovery
of the surface crystal structure is possible even after 365+ days
of SrCa2Al2O6 sample preparation. We show layer-by-layer

growth of the STO film with an atomically smooth surface
having a roughness of B0.223 nm. We show exfoliation and
transfer of membranes to other substrates followed by structural
characterization using X-ray diffraction. The transferred
membranes further show an atomically smooth surface with a
roughness of 0.268 nm and a bulk-like lattice parameter. We
characterize the electrical properties of membranes using piezo-
force microscopy (PFM). Our characterization reveals ferroelectric-
like switching and hysteresis loops in Sr-deficient membranes.

Experiment

SrCa2Al2O6 composition was prepared on a single crystalline STO
(001) substrate using the CSD method, employing a metal nitrate
precursor route as shown in Fig. 1a. The precursor solution was
prepared for SrCa2Al2O6 using stoichiometric amounts of Sr(NO3)2
strontium nitrate (499%), Ca(NO3)2 calcium nitrate (499%), and
Al(NO3)3�9H2O hydrated aluminum nitrate (498%), which were
dissolved in Milli-Q water with citric acid C6H8O7 (499%) to
obtain 0.1 M solution. Further details are discussed elsewhere.23

This solution was spin coated to obtain a 20 nm thick SrCa2Al2O6

film on the STO substrate and was annealed in an oxygen furnace
for 1 hour at 900 1C prior to being sealed in air in a plastic bag as

Fig. 1 Synthesis process illustrating a way to obtain epitaxial, single crystalline SrCa2Al2O6 films from a solution-grown amorphous SrCa2Al2O6 layer on
the SrTiO3 substrate. (a) Schematic illustration of the chemical solution deposition (CSD) method of SrCa2Al2O6 sacrificial on STO (001). (b) The as-
prepared SrCa2Al2O6/STO (001) is oxygen annealed at 900 1C. (c) The AFM image of SrCa2Al2O6 after furnace annealing showing a smooth surface with
an rms roughness of B0.9 nm. (d) Picture of the plastic bag, where the as-prepared SrCa2Al2O6 after annealing was sealed in air. (e) Schematic of the
hybrid MBE system for vacuum annealing of the as-prepared samples with oxygen (O2) plasma. (f) RHEED evolution during plasma annealing of
SrCa2Al2O6 on the STO (001) substrate. The as-loaded sample 1 is amorphous at 100 1C. As soon as O2 plasma starts, the sample shows spots in RHEED,
indicating crystallinity. As temperature increases, SrCa2Al2O6 crystallizes. The RHEED image at 950 1C shows that SrCa2Al2O6 is epitaxial on the STO
substrate. This recovery of RHEED is possible even after 270 days (sample 2) and 365 days (sample 3) of SrCa2Al2O6 sample preparation.
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shown in Fig. 1b–d. The SrCa2Al2O6 samples exposed to air inside
the plastic bag for up toB180, 270, and 365 days were loaded into
the load lock of the MBE chamber (Scienta Omicron Inc.). The
moisture in the load lock that entered during loading of the
sample was removed by baking the chamber for 2 hours at 150 1C.
A base pressure of 3 � 10�9 torr was achieved after lamp heating
the load lock. The sample was then transported in situ to the MBE
growth chamber, which has a base pressure of 5 � 10�9 torr.
Reflection high-energy electron diffraction (RHEED) (Staib Instru-
ments) was used to determine the surface crystallinity of the as-
loaded sample. A radio-frequency (RF) oxygen plasma source
operated at 250 W at an oxygen pressure of 8 � 10�6 torr was
used for annealing while the sample was ramped up to 950 1C
(at 25 1Cmin�1 until 650 1C and 10 1Cmin�1 from 650 to 950 1C).
The sample was annealed at 950 1C for 20min prior to the growth.
A four unit-cell of the seed layer of STO was grown on SrCa2Al2O6

at 950 1C using a hybrid MBE approach,30 by co-deposition
of Sr (99.99% Sigma Aldrich), titanium tetraisopropoxide (TTIP)
99.999% Sigma Aldrich, and oxygen plasma. Subsequently, the
sample was annealed again under oxygen plasma for 20 min
before restarting the growth of the final STO layer. It should be
noted that the TTIP precursor was supplied using a gas inlet
system consisting of a linear leak valve and a Baratron
monometer.30 The Sr beam equivalent pressure (BEP) was fixed
at 7.7 � 10�8 torr, oxygen plasma at 250 W and an oxygen
pressure of 5 � 10�6 torr. Tuning TTIP BEP allowed changing
stoichiometry in the STO film. Ex situ surface characterization
using atomic force microscopy (AFM) in a peak-force mode was
performed to check the surface morphology and high-resolution
X-ray diffraction (HRXRD) was performed using a Rigaku Smar-
tLab XE thin film diffractometer equipped with Cu Ka radiation.
XRD measurements were used to examine the phase purity,
crystallinity, and out-of-plane lattice parameter. The thickness of
STO films was measured using grazing incidence X-ray reflectivity
(GIXR) with data fitted using the GenX software.

For exfoliation, a polydimethylsiloxane (PDMS) supporting
layer was applied on top of the STO/SrCa2Al2O6/STO (001)
sample. The top surface of the heterostructure adheres to the
PDMS stamp. The sample is subsequently placed in deionized
water at room temperature for 4–5 days to ensure complete
dissolution of the SrCa2Al2O6 sacrificial layer. After dissolution,
the STO substrate was detached from the PDMS/STO structure.
The PDMS stamp with the STO membrane was then applied to
the Au-coated Si substrate placed on a hot plate at 120 1C for 5
min. PDMS was gently peeled off resulting in the transfer of the
membrane on the Au-coated Si substrate. HRXRD and AFM
were used to characterize the transferred membrane. Piezo-
force microscopy (PFM), Bruker NanoScope V Dimension Icon
equipped with a generic lock-in amplifier, was used to measure
the piezo response of the membranes in the PFM optimized
vertical domain operation module. Pt-coated Ir cantilevers
(SCM-PIT-V2 sample, l = 225 mm, resonant frequency =
75 kHz, and spring constant k = 3 N m�1) were used for tapping
mode AFM measurements, in which vertical deflection was set
to zero, and a laser sum signal was set to 4.5–5 V. The sample
was grounded with a carbon tape, where the Au-coated Si

substrate acted as the bottom electrode. Measurements were
performed using a tip in a tapping mode with the top surface of
the membrane and a bias applied through the tip. The box-like
switching scans were performed, and the sample surface was
polled by �10 volts tip bias and scanned using a tip at 0 V after
30 minutes of polling the sample. In PFM, a drive frequency of
72.15208 kHz and a drive amplitude of 10 000 mV were used for
the measurement. Furthermore, switching spectroscopy was
performed using voltage pulse sequence sweeping (positive to
negative waveforms) as illustrated here31 to obtain the bias
dependence of the PFM phase and amplitude.

Results and discussion

Fig. 1 shows the process employed to obtain the crystalline
20 nm SrCa2Al2O6 layer on the STO (001) substrate. First,
solution processing (CSD) is used to deposit SrCa2Al2O6

(Fig. 1a). To improve the crystallinity, the as-prepared
SrCa2Al2O6/STO (001) undergoes an optimized thermal treat-
ment in a tubular furnace at 900 1C for 30 min at a heating/
cooling rate of 25 1C min�1 and an O2 flow of 0.6 L min�1 as
shown in Fig. 1b. AFM of the as-prepared sample shows a
surface roughness of B0.9 nm (Fig. 1c). This 900 1C annealing
step is necessary for the decomposition of metal nitrate pre-
cursor solution and crystallization of the stoichiometric
SrCa2Al2O6 layer.

23 The SrCa2Al2O6/STO sample is subsequently
sealed in air in a plastic bag24 for storage and transportation to
the MBE system (Fig. 1d). This step is important to reduce
potential degradation of the SrCa2Al2O6 sample. The plastic bag
containing samples was stored in a controlled environment in a
N2 filled desiccator. Although the samples were sealed in a
plastic bag to control air exposure during transport, they still
turned amorphous. Fig. 1e shows a schematic of the MBE
chamber, where the SrCa2Al2O6/STO sample is loaded for the
STO growth after B180, 270, and 365 days of its preparation.
The RHEED image of the as-loaded sample shows an amor-
phous film, which starts to recrystallize as the substrate tem-
perature is increased from 100 1C to 950 1C in the presence of
oxygen plasma (Fig. S1, ESI†). Fig. 1f shows RHEED images
during annealing under oxygen plasma at select temperatures
for three different samples. A clear streaky RHEED pattern of
SrCa2Al2O6 is observed at 950 1C, which indicates the epitaxial,
single crystalline film on the STO (001) surface. While the
crystallization mechanism is unclear, it is noteworthy that the
oxygen plasma annealing not only cleans up the surface but
also helps to achieve single crystallinity. A similar result using
the vacuum annealing in the PLD chamber was reported
earlier.32 Furthermore, it is remarkable that SrCa2Al2O6 films
turn epitaxial and single crystalline even afterB180 (sample 1),
270 (sample 2), and 365 (sample 3) days of preparation using
the CSD method (Fig. 1f).

Fig. 2a shows the RHEED intensity oscillations during STO
growth as a function of time during growth indicating an
atomic layer-by-layer growth mode. The growth rate calculated
from the RHEED oscillations is 1.73 nm min�1, thus giving a
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film thickness of 104 nm for 1 hour of growth. The RHEED
images shown in the inset of Fig. 2a show streaky patterns
indicating an epitaxial film with a smooth surface. It is impor-
tant to note that the RHEED oscillations were observed only
when a 4 unit-cell of STO/SrCa2Al2O6/STO (001) was grown and
annealed. No oscillations were observed if the STO seed layer
was not used (Fig. S2a, ESI†). However, the STO films without
the seed layer also remain epitaxial and single crystalline, as
observed by RHEED (Fig. S2b and c, ESI†). The 2y–o coupled
scan shows phase-pure and single crystalline STO films
(Fig. 2b). The out-of-plane lattice parameter extracted from
the (002) peak of STO is 3.905 � 0.002 Å (identical to the bulk)
and from the (008) peak of SrCa2Al2O6 is 15.39 � 0.002 Å (C4 =
3.849 Å), indicating a stoichiometry of Sr0.9Ca2.1Al2O6 (assum-
ing a relaxed lattice parameter). The bulk-like lattice parameter
indicates that the STO film is nearly stoichiometric. We recog-
nize that lattice parameters can be influenced by both stoichio-
metry and strain relaxation. However, since these films were
grown within the MBE growth window,33,34 the bulk-like lattice
parameter indicates a stoichiometric composition and com-
plete strain relaxation.

The inset of Fig. 2b shows an AFM image revealing that the
surface is atomically smooth with a surface roughness of
0.223 nm. The RHEED image (inset of Fig. 2b) taken after
growth confirms the epitaxial film. Non-stoichiometric
(Sr-deficient) STO films were grown on the SrCa2Al2O6 layer
under the excess of TTIP. A peak shift was observed in the
2y–o coupled scan due to non-stoichiometry indicating a
lattice parameter of 3.936 � 0.002 Å and the RHEED image
reveals an additional half order diffraction (Fig. S3a–c, ESI†).
Furthermore, the GIXR of the stoichiometric film shows a film
thickness of 104 nm (Fig. S3c, ESI†), in agreement with the
expected layer thickness that is calculated from RHEED inten-
sity oscillations.

Fig. 3a shows the schematic illustration of the exfoliation
and transfer process combined with structural characteriza-
tion. The entire 5 � 5 mm membrane was exfoliated as shown
in the inset of Fig. 3a. An uncracked area (4100 mm2) was
transferred onto the Au-coated Si substrate. Fig. 3b shows a
wide angle 2y–o coupled scan of the transferred membrane
revealing the STO film peaks, Au peaks, and Si peaks. No
SrCa2Al2O6 peaks were observed. Fine coupled scans (Fig. 3c)
reveal the Sr-deficient membrane with a lattice parameter of
3.912 � 0.002 Å and a nominally stoichiometric membrane
with a lattice parameter of 3.905 � 0.002 Å. Additionally, the Sr-
deficient film exhibits an asymmetric peak, which is likely
attributed to non-stoichiometry rather than strain relaxation.
Although these thick membranes are nominally fully relaxed
after being separated from the sacrificial layer—as indicated by
the shift in the out-of-plane lattice parameter towards the bulk
in membranes transferred to an Au-coated Si substrate—the
contribution of macroscopic strain, such as wrinkles in the
membranes, to the observed asymmetry cannot be entirely
ruled out. The full-width at half maximum (FWHM) of the
rocking curve around the STO (002) peak reveals that FWHM
increases to 1.401 in the transferred membrane as compared to
0.461 in the as-grown film (Fig. S4, ESI†). This increase could be
due to a macroscopic disorder in the transferred membrane,
arising from wrinkles and/or air-bubbles.

Finally, to probe the dielectric response of these STO mem-
branes, we used PFM and performed box-like switching and
hysteresis loop measurements. As shown in Fig. 4, we first
applied �10 V over the 4 � 4 mm2 area and then +10 V over the
2 � 2 mm2 area. Finally, the 7 � 7 mm2 area was scanned with
0 V tip bias. A box-like pattern with 1801 phase contrast was
obtained on the Sr-deficient membrane (Fig. 4a), whereas no
phase contrast was observed in the stoichiometric sample
(Fig. 4c) when the exact same polling process is performed.

Fig. 2 Epitaxial single-crystalline growth of STO on the SrCa2Al2O6/STO (001) substrate. (a) RHEED intensity oscillations during STO growth, indicating
an atomic layer-by-layer growth mode. The inset shows a sample schematic and RHEED image taken during growth at 950 1C. The intensity profile is
shown for the RHEED spot within a box. (b) A 2y–o coupled scan of 104 nm STO/20 nm on the SrCa2Al2O6/STO (001) substrate, indicating single-
crystalline, phase-pure, stoichiometric STO films. The inset shows the RHEED image after STO growth and the AFM image of STO with a rms roughness
of 0.223 nm.
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Nearly no phase contrast was seen in the region polled at +10 V
and unpolled region (i.e. +0 V region). The 7 � 7 mm2 area with
0 V shows the nominal phase and amplitude present in the
pristine sample without any polling process. A contrast in
amplitude was also observed in the Sr-deficient membrane
(Fig. S6c and d, ESI†) and the surface topography remained
smooth during the AFM scan. A similar contrast was observed

in amplitude and phase when scans were performed at other
places over the same Sr-deficient membrane (Fig. S5, ESI†).
Phase and amplitude hysteresis loops were obtained on the Sr-
deficient membrane (Fig. 4b and Fig. S6a, ESI†) by landing the
tip on top of the sample and performing ramp and shoot
measurements by modulating the d.c. bias from �12 to 12 V.
A local hysteresis loop was obtained on the sample surface

Fig. 3 Exfoliation and transfer of STOmembranes to Au-coated Si substrates. (a) Schematic illustration of the process used for exfoliation and transfer of
STO membranes onto a host substrate. The inset shows the stoichiometric membrane on the PDMS stamp. (b) A 2y–o coupled scan of 104 nm STO on
the Au-coated Si substrate. The insets show the AFM image of the transferred membrane and a sample schematic. (c) A fine coupled 2y–o scan around
the STO (002) peak indicating the stoichiometric membrane with a bulk-like lattice parameter of 3.905 � 0.002 Å, and a slightly Sr-deficient film with a
lattice parameter of 3.912 � 0.002 Å. The inset shows the Sr-deficient membrane on the PDMS stamp.

Fig. 4 PFM measurements for Sr-deficient and stoichiometric STO membranes. (a) Phase contrast on applying �10 V d.c. bias to the tip for the Sr-
deficient sample. A 4 � 4 mm2 area was scanned with �10 V, then a 2 � 2 mm2 area with +10 V, and finally a 7 � 7 mm2 area was scanned with 0 V.
This result shows polling of sample with the �10 V bias and pristine state of sample under 0 V bias. (b) PFM phase and amplitude loops taken at the region
that was polled to �10 V, showing hysteretic behavior of the Sr-deficient membrane. The inset shows a sample schematic the (c) PFM phase with an
application of�10 V d.c. bias to the tip for the stoichiometric STO sample showing no contrast, when the exact same polling process was performed as in
panel (a).
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polled to �10 V (Fig. 4b), demonstrating polarization switching
behavior. These results indicate room-temperature ferroelectric-
like behavior in STO and are consistent with properties com-
monly observed in Sr-deficient STO thin films.35–37 STO, being
an incipient ferroelectric, can show ferroelectric properties
under strain, or stoichiometry deviations, electric field, and
alloying with (Ca, Ba).38–43

Conclusions

In summary, we have demonstrated that the CSD-grown sacrificial
layer of SrCa2Al2O6 can be transformed using high temperature,
oxygen plasma annealing from an amorphous state to an epitaxial
single crystalline film even after 365 days of exposure to air. An
atomically smooth, phase pure, epitaxial STO film was subse-
quently grown on SrCa2Al2O6 using hybrid MBE. The sacrificial
layer is dissolved to exfoliate millimeter-sized membranes, which
are transferred on to the Au-coated Si substrate. The membranes
show bulk-like structural properties with an atomically smooth
surface. Furthermore, we demonstrate ferroelectric-like behavior
in Sr-deficient STOmembranes using PFM. Our results highlight a
facile method to fabricate membranes using CSD by tackling the
challenge to grow complicated stoichiometry of SrCa2Al2O6 in
MBE, and yet using MBE to grow single crystal functional oxide
membranes. This work combines two powerful techniques (CSD
of SrCa2Al2O6 and hybrid MBE for STO) for the synthesis. Our
study broadens the platform of the synthesis of sacrificial layers
and functional membranes, thus creating new opportunities and
applications in science and engineering.
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