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Freestanding epitaxial SrTiO; nanomembranes via
remote epitaxy using hybrid molecular beam epitaxy

Hyojin Yoon't, Tristan K. Truttmann'f, Fengdeng Liu', Bethany E. Matthews?, Sooho Choo’,
Qun Su3, Vivek Saraswat?, Sebastian Manzo?, Michael S. Arnold*, Mark E. Bowden?®,
Jason K. Kawasaki®, Steven J. Koester?, Steven R. Spurgeon?5, Scott A. Chambers’, Bharat Jalan'*

The epitaxial growth of functional oxides using a substrate with a graphene layer is a highly desirable method
for improving structural quality and obtaining freestanding epitaxial nanomembranes for scientific study, ap-
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plications, and economical reuse of substrates. However, the aggressive oxidizing conditions typically used in
growing epitaxial oxides can damage graphene. Here, we demonstrate the successful use of hybrid molecular
beam epitaxy for SrTiO3; growth that does not require an independent oxygen source, thus avoiding graphene
damage. This approach produces epitaxial films with self-regulating cation stoichiometry. Furthermore, the film
(46-nm-thick SrTiO3) can be exfoliated and transferred to foreign substrates. These results open the door to
future studies of previously unattainable freestanding oxide nanomembranes grown in an adsorption-con-
trolled manner by hybrid molecular beam epitaxy. This approach has potentially important implications for
the commercial application of perovskite oxides in flexible electronics and as a dielectric in van der Waals

thin-film electronics.

INTRODUCTION

In conventional epitaxial growth, the epilayer is intimately linked to
the substrate. This reality prevents the reuse of the expensive single-
crystal substrate unless the film is to be sacrificed by polishing it
away. Furthermore, permanently joining the film and substrate
can generate challenges in characterizing a film due to signals
from the substrate that are often many orders of magnitude stronger
than those of the film (1). Therefore, there is both an economic and
scientific impetus to develop facile methods of producing freestand-
ing single-crystal nanomembranes (2).

The most rudimentary route is grinding (3) or etching (4) bulk
wafers down to microscopic thicknesses, but this approach lacks
precision and achieves poor material utilization because a majority
of the wafer is sacrificed. A more precise technique uses a sacrificial
layer between the substrate and film, which, upon removal, releases
the thin film as a freestanding membrane. The sacrificial layer may
be selectively melted (5) or etched (6, 7) away. In systems where the
target film preferentially absorbs light, the film region adjacent to
the transparent substrate can be selectively vaporized with intense
laser light, thus becoming the sacrificial layer (8—11). Using a sacri-
ficial layer offers the advantage of optionally reusing expensive sub-
strates and has all the precision of the used thin-film growth
technique. This approach has enabled studies that are possible
only with freestanding membranes, including straining thin films
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beyond levels possible with conventional biaxial strain (12) and
the creation of Moiré twist heterostructures (13).

Another strategy for achieving freestanding single-crystalline
membranes is to use an interface with weak adhesion, such as
using one or more van der Waals materials (14). The technique
takes on different names depending on the crystalline orientation.
When the film is oriented to the van der Waals material, it is called
van der Waals epitaxy (15, 16). If the film is oriented to the under-
lying substrate, the technique is called remote epitaxy (17). It is
argued that the film nucleates on top of the van der Waals material
and is oriented by the interatomic potential from the substrate pen-
etrating through the van der Waals material. However, the underly-
ing mechanism is still under debate because of the possibility of
epitaxial lateral overgrowth through micro/nano holes in the van
der Waals material (18). In practice, distinguishing these two mech-
anisms is challenging and has been a topic of substantial current
interest. However, there is no doubt that the use of a van der
Waals material is nonetheless a proven method to obtain freestand-
ing single-crystalline membranes (14, 17) that has the advantages of
high material utilization (no sacrificial layer required), optional sub-
strate reuse (19), and the ability to obtain thin films with better
crystal quality than in traditional epitaxy (20, 21).

Given the chemical flexibility and functional diversity of the pe-
rovskite oxide material family, extension of remote epitaxy to perov-
skite oxides is highly desirable as a method to potentially improve
structural quality and to study freestanding membranes. Oxide mo-
lecular beam epitaxy (MBE) is a highly modular and adaptable low-
energy deposition technique that has been used to grow a wide
range of perovskite oxides (22, 23). Conventional oxide MBE uses
effusion cells to sublime or evaporate metals, and, more recently,
metal suboxides (24), in conjunction with an oxygen source to
oxidize the metals at the growth front, as shown in Fig. 1A. The
oxygen source is often activated with an inductively coupled radio
frequency (25, 26) or electron cyclotron resonance microwave (27)
plasma, or it may be dilute or distilled ozone (28). Because these
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Fig. 1. Comparison of growth techniques for perovskite oxides on graphene. (A) Conventional oxide MBE. (B) Hybrid MBE modified by excluding oxygen. The gentle

oxidation environment avoids graphene damage.

aggressive oxygen sources can decompose graphene, molecular
oxygen supplied at a low background pressure of 7 x 1077 torr
has been used as a gentler source for remote epitaxy of oxides
(29). However, it has not been possible to grow nanomembranes
of complex oxides with self-regulating stoichiometry. For instance,
SrTiO; films grown using conventional MBE (without an adsorp-
tion-controlled growth) would require precise flux control, which is
typically no better than 0.1%, potentially resulting in a defect
density as high as 10! cm™ (23).

Hybrid MBE is a technique that addresses these problems by re-
placing the elemental Ti with a titanium tetraisopropoxide (TTIP)
metal-organic source. The high vapor pressure of TTIP or its de-
composition intermediates provides a desorption mechanism that
self-regulates the Sr:Ti cation stoichiometry and provides a
growth window within which the incorporated Sr:Ti ratio is unity
and is impervious to flux instabilities (23, 30). The use of this tech-
nique has resulted in mobilities in SrTiO; films exceeding 120,000
cm?V~! 57! (31) using uniaxial strain, suggesting exciting opportu-
nities for tunable electronic properties using membrane
engineering.

In this study, we used hybrid MBE with the oxygen source
turned off to avoid graphene damage, as shown in Fig. 1B. The

four oxygen atoms in each TTIP molecule provide sufficient
oxygen to obtain phase-pure SrTiO;. We show that even without
the use of additional oxygen, an adsorption-controlled growth is
achievable, a key feature leading to hybrid MBE's high material
quality. Critical to remote epitaxy, this aspect of hybrid MBE
avoids graphene oxidation while allowing exfoliation and transfer
of the epilayer to remote substrates. In contrast to prior reports of
oxide remote epitaxy using dry-transfer graphene (17, 32), our ap-
proach yielded epitaxial SrTiO; films on wet-transferred graphene
(see figs. S1 and S2).

RESULTS AND DISCUSSION

Figure 2 shows the results of applying this technique to homoepi-
taxial SrTiO; (without graphene). The clear reflection high-energy
electron diffraction (RHEED) oscillations (Fig. 2B) and atomically
smooth surfaces visible from atomic force microscopy (AFM;
Fig. 2C, inset) show that this technique results in atomic precision
even without the use of an independent oxygen source. Through
high-resolution X-ray diffraction (HRXRD), a lattice parameter
that is indistinguishable from the substrate (Fig. 2C) and a wide
MBE growth window (Fig. 2D) indicate that this modified
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Fig. 2. Hybrid MBE of SrTiO; without oxygen. (A) Schematic of the grown film structure SrTiO5/SrTiO3(001). a.u., arbitrary units. (B) Intensity of RHEED spots versus time
during growth. (C) HRXRD 26-w—coupled scans and AFM (inset) of the resulting film. (D) The lattice parameter as a function of TTIP:Sr beam equivalent pressure (BEP) ratio

during growth showing the presence of a MBE growth window.
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technique also achieves adsorption-controlled growth with excel-
lent structural quality and reproducibility.

Figure 3 shows results from the growth of SrTiO; on bare SrTiO;
substrates (Fig. 3A) and on SrTiOj; substrates covered with mono-
layer graphene (Fig. 3B), bilayer graphene (Fig. 3C), and on LSAT
[(Lag.18Sro.2)(Algs0Tag 41)O3] substrates covered with monolayer
graphene (Fig. 3D). The RHEED patterns for films grown on bare
substrates and on monolayer graphene show half-order streaks and
Kikuchi lines characteristic of high-quality epitaxial SrTiOs3, but the
RHEED pattern on bilayer graphene is distinct. We later show,
using scanning transmission electron microscopy (STEM), that
the ring-like pattern in RHEED images may likely be associated
with the in-plane rotation of SrTiOj; film owing to poor graphene
quality underneath. We also observed visible cracks in the sample
with the monolayer graphene after SrTiO; growth, whereas no
cracks were found in the bilayer graphene sample (fig. S3). Al-
though the origin of these cracks is not well understood, we argue
that their formation is associated with the poor quality of “wet-
transferred” graphene and the presence of polymethyl methacrylate
(PMMA) residue.

These results, however, raise the question of whether the gra-
phene remained intact or did it decompose during growth?
Figure 4 (A and B) addresses this question with confocal Raman
spectroscopy before and after growth of 46-nm SrTiO; on bilayer

>

SITiO,

SITio,
ML-Gr

graphene. Although the graphene D peak overlaps with a peak
from SrTiOs, the similar positions and intensities of the graphene
G and 2D peaks before and after growth indicate that the graphene
remains intact and undamaged during growth. In addition, Fig. 4C
shows that film exfoliation leaves behind graphene on the substrate.
Further analysis using Raman mapping reveals that graphene
remains present on the entire surface (fig. S4). This behavior
should allow the substrate to be directly reused for growth of
more epitaxial membranes. It is not clear why the SrTiO; film ex-
foliated at the film/graphene interface and not at the graphene/sub-
strate interface. We argue that it is likely due to the difference in
interfacial energy when graphene is placed on SrTiO; versus
when SrTiOj; is grown on graphene. Last, Fig. 4D shows that the
film can be exfoliated and transferred to other substrates, as revealed
by the presence of the SrTiO; (002) peak throughout the entire
transfer process. The step-by-step description of the exfoliation/
transfer process is described in fig. S5. To investigate the structural
quality of the film, we performed rocking curve scans of the SrTiO;
(002) peak at each step of the transfer process and display the results
in fig. S6. First, after SrTiO; growth on bilayer graphene, the rocking
curve of the film and the substrate overlapped, yielding a narrow
rocking curve [red line, full width at half maximum
(FWHM) = 0.032°]. After exfoliation, the rocking curve became
broad, which is likely due to the Kapton tape’s microscopically
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Fig. 3. Demonstration of epitaxy for perovskites on graphene using hybrid MBE. Sample schematic, RHEED, HRXRD 26-w—coupled scans, and reciprocal space maps
of (A) SrTiO5/SrTiO3(001), (B) SrTiOs/ML-Gr/SrTiO3(001), (C) SrTiOs/BL-Gr/SrTiO3(001), and (D) SrTiOs/ML-Gr/LSAT(001).
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Fig. 4. Demonstration of hybrid MBE-grown film exfoliation. (A to C) Confocal Raman spectroscopy and microscopy of BL-Gr/SrTiO3(001) before growth (A), the
resulting SrTiOs/BL-Gr/SrTiO3(001) after growth (B), and the restored BL-Gr/SrTiO5(001) via exfoliating the grown film (C). Each Raman micrograph shows the integrated
intensity from one graphene peak scanned over the surface of the sample. (D) HRXRD 26-w—coupled scans of the sample before growth and after growth, exfoliation, and

then transfer to an r-plane Al,O3 substrate.

rough surface (blue line, FWHM = 2.388°). However, after transfer-
ring the exfoliated SrTiOj; film onto the r-Al,O; substrate, the
rocking curve became narrower again because of the atomically
smooth surface of the r-Al,O; substrate (green line,
FWHM = 0.415°). We further annealed the SrTiO; film transferred
onto the r-Al, O3 substrate at 1050°C for 3 min under an excess of
oxygen gas using rapid thermal annealing. Its rocking curve became
only slightly narrower (purple line, FWHM = 0.372°). These results
show that the SrTiO; film grown on bilayer graphene had good crys-
talline quality rivaling that of the bulk SrTiOj; substrate, and the in-
crease in the rocking curve's FWHM after the exfoliation and
transfer processes is likely due to defects resulting from exfoliation
and transfer.

To directly image the structure, we performed STEM high-angle
annular dark-field (STEM-HAADF) imaging and energy-dispersive
X-ray spectroscopy (STEM-EDS) elemental mapping of the as-
grown film before exfoliation and transfer. Consistent with the

Yoon et al., Sci. Adv. 8, eadd5328 (2022) 23 December 2022

above observations, the high-resolution STEM-HAADF image
(fig. S7) further confirms cube-on-cube epitaxy. In Fig. 5, we
show a large continuous region of epitaxial film containing a gra-
phene defect. Specifically, we observe an in-plane rotation around
the defect with an apparent [110] (001) // [100] (001) orientation
relationship on one side of defect as shown in Figs. 5 (F and G),
with the medium-angle annular dark-field (MAADF) and bright-
field imaging in fig. S8. We find that three to four layers of graphene
are preserved, with an approximate ~3.8 A interlayer spacing. This
graphene defect is likely the residual PMMA that was left despite the
cleaning process (the details of the cleaning process are presented in
Materials and Methods) or graphene “bunched” into faceted piles.
These defects are a well-known problem with wet-transferred gra-
phene (33, 34). It is therefore conceivable that these piles perturb the
film growth, leading to the formation of domain boundaries at the
pile apex and associated in-plane lattice rotation, likely resulting
from local strain variations. Figure S9 further shows that the
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Fig. 5. STEM characterization of pretransfer SrTiO3. STiO; (STO)(A) Overview of a large film region containing pristine and defective graphene. STEM-HAADF images
and STEM-EDS composition maps for the pristine (B and C) and defective (D and E) graphene regions, respectively. (F and G) STEM-HAADF images of the regions around
the graphene defect, showing that the image in (F) shows a [110] (001) // [100] (001) epitaxial relationship, while the film in (G) is rotated slightly in-plane near the defect.

graphene thickness is largely uniform based on the method using
the G/2D peak intensity ratio (35) and, therefore, is likely not re-
sponsible for in-plane rotation. As shown in Fig. 5 (F and G),
carbon bunching results in large regions of ordered, on-zone
domains interspersed with slightly rotated domains, which are
nonetheless epitaxial out of plane. Together, these results attest to
the compatibility of graphene with the hybrid MBE technique for
complex oxide growth. A larger graphene thickness in STEM is
likely due to graphene folding or oxidation during STEM specimen
preparation, e.g., during the ion beam milling step.

Last, Fig. 6 shows STEM-HAADF and STEM-EDS composition
maps of the transferred film after annealing (Fig. 4D, after O, an-
nealing at 1050 °C). These data again reveal an epitaxial, single-
phase film on the foreign substrate (r-Al,03), confirming the suc-
cessful transfer of an epitaxial SrTiO; film. This result is consistent
with the X-ray diffraction data in Fig. 4D. Figure S10 shows wide-
field-of-view STEM-HAADF images of films before and after trans-
fer (A and B, respectively) showing defects similar to the partial
square hole (void) visible in Fig. 6A. Because of the highly local
nature of STEM analysis, the understanding of how prevalent
these defects are in these films is limited; nonetheless, the linear
density of defects appears much lower in the as-grown film (1
defect over 500 nm) than in the film after transfer (8 to 10 defects

Yoon et al., Sci. Adv. 8, eadd5328 (2022) 23 December 2022

over 500 nm). Consistent with the broadening of FWHM in rocking
curve, these results suggest that the source of these defects is likely
the exfoliation/transfer/annealing process.

In summary, we have demonstrated a novel hybrid MBE ap-
proach for growing epitaxial films of SrTiO; on graphene using
Sr and TTIP sources without the use of an additional oxygen
source. The technique produces films with atomic thickness
control and self-regulated cation stoichiometry within a growth
window. The films can be exfoliated as freestanding membranes
and transferred to other substrates. This work opens the door to a
wide range of studies on freestanding oxide membranes with the
benefits afforded by hybrid MBE. Future studies will explore im-
proving the quality of these films with dry-transferred or in-situ—
grown graphene and investigate a wider variety of material
systems and heterostructures. However, the fact that the use of
wet-transferred graphene also supports the epitaxial growth
clearly suggests the robustness of remote epitaxy process adding
to its versatile nature.
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Fig. 6. STEM characterization of transferred SrTiO3 on r-Al,03. STEM of a SrTiO; epitaxial nanomembrane transferred to a foreign r-plane Al,O3 substrate. The gray-
scale image shows a STEM-HAADF image, whereas the colored images show the STEM-EDS elemental maps of the same region. The dark square region indicates a
potential void in the film. Lattice vectors are given relative to the R3c (r-Al,03) and Pm3m (STO) space groups, respectively.

MATERIALS AND METHODS

Graphene growth and transfer

Graphene was grown on both sides of polycrystalline copper foil
using chemical vapor deposition in a quartz tube furnace. First,
the foil was hydrogen-annealed in 16 standard cubic centimeters
per minute (sccm) of hydrogen at 30 mTorr, while the furnace
ramped to the growth temperature of 1050 °C (over ~20 min).
Then, the foil was annealed for another 30 min at the growth tem-
perature under the same flow and pressure. To grow graphene, 21-
sccm hydrogen and 0.105-sccm methane were supplied while the
furnace was maintained at 250 mTorr for 30 min. These conditions
create self-terminating growth of one graphene monolayer. Then,
the methane flow was stopped, and the hydrogen flow was set to
16 sccm while the furnace cooled off (~3 hours).

A solution of 4 weight percent PMMA with a molecular weight
of 950,000 atomic mass units dissolved in chlorobenzene (PMMA
950 C4, MicroChem Corp.) was used for spin coating. Then, gra-
phene was removed from the bottom side of the copper foil with
a 10-s exposure to oxygen plasma in a reactive ion etcher. Ammo-
nium persulfate solution [7 g of (NH,4),S,05 in 1 liter of deionized
(DI) water] was used as a copper etchant to etch away the copper
foil. Next, the remaining graphene was scooped and moved to the
DI water for cleaning. Then, the cleaned graphene was scooped onto
the target substrate using a flow mesh. After transferring the gra-
phene to the substrate, it was baked for 15 min. The baked
sample was submerged in acetone for 48 hours and rinsed in
fresh acetone and isopropyl alcohol to remove the PMMA
residue. The reader is referred to fig. S1 for a step-by-step guide
of the graphene growth and transfer process.

SrTiO3 epitaxial film growth

All films were grown using an oxide MBE (Scienta Omicron) on 5
mm-by—5 mm substrates of single-crystal SrTiO; (001) or LSAT
(001) with and without a graphene layer. During growth, the sub-
strates were maintained at a thermocouple reading of 900°C using a
SiC-filament substrate heater. Strontium was supplied by thermal
sublimation of distilled Sr dendrites (99.99% pure; Sigma-

Yoon et al., Sci. Adv. 8, eadd5328 (2022) 23 December 2022

Aldrich). Titanium and oxygen were supplied by the chemical pre-
cursor TTIP (99.999% pure; Sigma-Aldrich), which was fed to a
line-of-sight gas injector (E-Science Inc.) via a custom gas inlet
system using a linear leak valve and a Baratron capacitance manom-
eter (MKS Instruments Inc.) in a feedback loop to control the TTIP
flow entering the chamber. Immediately after the substrate temper-
ature setpoint reached idle, the RHEED pattern was collected in the
same chamber where growth took place. The reader is referred to
tig. S5 for a step-by-step guide to the membrane exfoliation and
transfer process.

Characterization

The sample surface topography was measured by a Bruker Nano-
scope V Multimode 8 AFM in contact mode. All X-ray diffraction
was performed with a Rigaku SmartLab XE diffractometer. Recip-
rocal space maps were collected with the HyPix-3000 detector in 1D
mode to simultaneously resolve 20 while w was scanned. Confocal
Raman data were collected with a Witec Alpha 300 R confocal
Raman microscope. The 532-nm source light was generated by a
frequency-doubled Nd:yttrium-aluminum-garnet laser, and the
output was analyzed with a diffraction grating spectrometer and a
charge-coupled device detector.

Cross-sectional STEM samples were prepared using a FEI Helios
NanoLab DualBeam Ga* Focused Ion Beam microscope with a
standard lift-out procedure. STEM images were acquired on a
probe-corrected Thermo Fisher Scientific Themis Z microscope op-
erating at 300 kV, with a convergence semiangle of 25.2 mrad and an
approximate collection angle range of 65 to 200 mrad, 16 to 62
mrad, and 8 to 14 mrad for STEM-HAADEF, STEM-MAADF, and
STEM low-angle annular dark-field, respectively. The STEM-EDS
composition maps shown in Fig. 5 were acquired using a SuperX
detector. The STEM-HAADF image shown in Fig. 6 was acquired
on a probe-corrected JEOL Grand ARM-300F microscope operating
at 300 kV, with a convergence semiangle of 29.7 mrad and a collec-
tion angle range of 75 to 515 mrad. The STEM-EDS composition
maps shown in Fig. 6 were acquired using a dual JEOL Centurio
silicon drift detector setup.
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This PDF file includes:
Figs. S1 to S10
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