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ARTICLE INFO ABSTRACT

Keywords: For the mechanical stability of heterostructure membranes such as LaAlOs (LAO)/SrTiO3 (STO), which is well-
Complex oxide membranes known for two-dimensional electron transport at the interface, a thick template substrate layer is required.
StTiO3

However, thick STO films typically suffer from the formation of undesired point defects, mainly due to its cation
off-stoichiometry, which results in the insulating interface with LAO. Herein, we report the successful fabrication
of a conducting interface between LAO and thick homoepitaxial STO films by pulsed laser deposition. The careful
optimization of laser ablation parameters including laser energy density and laser spot size led to stoichiometric
500 nm-thick STO films that have a lattice structure identical to that of bulk single crystals of STO, as confirmed
by X-ray diffraction and temperature-dependent Raman spectroscopy. The interface between 4 nm-thick LAO
and 500 nm-thick stoichiometric STO films exhibited a metallic behavior at low temperature down to 4 K,
implying a low concentration of point defects in the homoepitaxial STO film. Ultimately, a crack-free, millimeter-
sized 500 nm-thick STO membrane was successfully fabricated. These results are expected to facilitate the
integration of high-quality complex oxide heterostructure membranes with various substrates including silicon,
enabling their practical applications.

Two-dimensional electron gas
Pulsed laser deposition

1. Introduction

Complex oxide heterostructures have attracted significant attention
owing to their novel emergent phenomena such as gate-tunable super-
conductivity, magnetic skyrmions, and fractional quantum Hall effect
[1-3]. One of the representative examples is the formation of a two-
dimensional electron gas (2DEG) at the interface between two band
insulators such as LaAlO3 (LAO) and SrTiOs (STO) [4]. This novel
interface has intrigued researchers because it not only shows emergent
phenomena [1,4-6] but also has potential for applications in electronic

devices [7,8]. One of the issues in this interface is to incorporate this
material platform into existing silicon technologies to realize a wider
range of applications [9,10]. There are some reports on the epitaxial
growth of STO on a Si substrate [10—15]. However, because the for-
mation of oxides at a Si surface prevents the growth of single-crystalline
STO films, limited methods such as molecular beam epitaxy (MBE)
[10-15], even with particular pre-treatments [13], are necessary to
obtain high-quality STO films. Furthermore, the large lattice mismatch
of ~1.7% between Si and STO results in the formation of dislocations,
which can deteriorate the intrinsic transport properties of STO-based
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heterostructures [10].

Recently, a new approach using freestanding membranes was pro-
posed [16]. The layer transfer method has been typically used for two-
dimensional materials such as graphene [17,18] and MoSy [19,20].
Although the transfer of oxide thin films is challenging owing to their
weak mechanical properties, the transfer of various types of complex
oxide membranes including STO [16], Lag 7SrgsMnOs [16], StRuO3
[21], and YBagCu3O7.5 [22] has been demonstrated while preserving
their intrinsic properties.

The next step should be the transfer of multi-layer thin films, i.e.,
heterostructures. However, this process is more challenging because
heterostructure membranes tend to bend because of their internal strain,
which originates from the lattice mismatch between two different layers
[23]. To obtain flat heterostructure membranes, thick template layers
are necessary. For example, based on the lattice mismatch between LAO
(apc = 3.787 108, where pc stands for pseudo-cubic) and STO (a = 3.905
A), it has been reported that an STO layer approximately 200 nm in
thickness is necessary for holding a 10 unit cell (u.c.) LAO layer on top
without bending [23]. One problem with thick STO films is that they
typically possess undesired point defects, which deteriorate the electron
mobility at LAO/STO heterointerfaces [24,25]. There are few reports on
conducting interfaces between LAO and a homoepitaxial STO film
fabricated by pulsed laser deposition (PLD); in these reports, the STO
layer thickness is limited to less than ~16 nm, or a high growth tem-
perature of 1100 °C is used for thicker STO films [24]. This is a drawback
for practical device applications.

Herein, we demonstrate the successful fabrication of a conducting
interface between LAO and thick homoepitaxial STO films through
careful optimization of the PLD process. As key factors to obtain a
conducting interface, we identified not only well-known thermody-
namic parameters such as growth temperature and oxygen pressure
during the film growth, but also parameters related to the laser ablation
including the laser energy density and laser spot size on the STO target
surface. The fully optimized stoichiometric 500 nm-thick STO film has
the same lattice structure as a bulk single crystal of STO, as confirmed by
X-ray diffraction (XRD) and temperature-dependent Raman spectros-
copy. The metallic interface is maintained at low temperature down to 4
K, indicating a low concentration of defects in the optimized STO film.
Furthermore, using SrRuO3 (SRO) as a sacrificial layer, high-quality 500
nm-thick STO membranes having dimensions of the order of millimeters
were successfully fabricated without cracking issues.

2. Experimental
2.1. Preparation of heterostructures

STO and LAO films were grown by PLD using a KrF excimer laser
(Coherent Inc. COMPexPro 205F, pulse duration = 20 ns) on (001)-
oriented STO single-crystal substrates (Shinkosha, CrysTec GmbH). STO
(001) substrates were etched in a buffered HF (BHF) solution for 60 s
and subsequently annealed at 1000 °C for 40 min in an oxygen atmo-
sphere to obtain an atomically smooth, TiO)-terminated surface.
Homoepitaxial STO films with a thickness ranging from 20 nm to 500
nm were grown on either untreated or BHF-treated (001) STO sub-
strates using a single-crystal STO target. A growth temperature of
750 °C, an oxygen pressure of 13.3 Pa, a laser pulse repetition rate of 5
Hz, and a target-to-substrate distance of 55 mm were employed. To
optimize the laser ablation conditions, the laser spot size on the target
surface was carefully measured and tuned by changing the position of
the focus lens and the mask size. The details are presented in Fig. S1 and
Table S1. The laser energy density was also varied in the range of
1.0-3.0 J/cm? Thus, 4 nm-thick LAO films were deposited on the
homoepitaxial STO films without breaking vacuum, and LAO films with
the same thickness were grown on STO (001) single-crystal substrates
for comparison. A growth temperature of 550 °C and an oxygen pressure
of 0.133 Pa were used for the LAO growth. A single-crystalline LAO
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target was ablated with a laser energy density of ~1.0 J/cm? at a
repetition rate of 3 Hz. After LAO deposition, LAO/homoepitaxial STO/
STO heterostructures were cool down to room temperature, keeping the
oxygen pressure at 0.133 Pa.

2.2. Preparation of STO membranes

SrRuOs (SRO) was used as a sacrificial layer for preparing STO
membranes. 30 nm-thick SRO layers were deposited on STO (001)
substrates, and 500 nm-thick STO films were grown on top of the SRO. A
growth temperature of 550 °C, an oxygen pressure of 13.3 Pa, a laser
energy density of ~2.0 J/cm?, and a repetition rate of 3 Hz were used for
SRO growth. Supporting layers such as polymethyl methacrylate
(PMMA), polydimethylsiloxane (PDMS), or polyimide (Kapton tape)
were attached to the surface of STO/SRO/STO substrate hetero-
structures, following which the samples were immersed in a 0.4 M NalO4
solution to remove the SRO layer at an etching rate of ~2 nm/s. After the
removal of the SRO layer, STO membranes attached to the supporting
layer were obtained.

2.3. Characterization

The crystal structures of films and heterostructures were analyzed by
X-ray diffraction (XRD) using a PANalytical X'Pert Pro diffractometer
with Cu Ka radiation (A = 1.5406 A). Temperature-dependent Raman
spectroscopy was performed using a LabRam HR800 UV Raman mi-
croscope (Horiba Jobin-Yvon, France) with a 325 nm He-Cd laser at
KBSI, Gwangju-center. The spectra were taken in the temperature range
of 77-300 K with a LinKam sample stage. Hall measurement was per-
formed for characterizing transport properties such as the sheet resis-
tance, carrier density, and electron mobility of 2DEG at the interface
between LAO and STO by using the van der Pauw geometry. To observe
the surface of the STO membrane, field-emission scanning electron mi-
croscopy (FE-SEM, Hitachi S-4700) was performed at Korea Photonics
Technology Institute.

3. Results and discussion

Fig. 1a schematically shows the strategy for obtaining stoichiometric
STO films and conducting interfaces with LAO on top by controlling the
critical laser parameters of the PLD process. We chose an STO (001)
single crystal as a substrate to rule out any strain effect on stoichiometric
STO films [26]. Because the transport channel exists on the STO side
(~10 nm) of the interface [6], the control of point defects that can act as
scattering centers [27-29] in STO films is directly related to the elec-
trical properties of LAO/STO heterointerfaces. In the case of STO, cation
off-stoichiometry is one of the major sources of extra point defects in the
films, such as Vg, Tigy, Srrj, and Vg [27,30-33]. Although many research
groups have attempted to minimize point defects by controlling cation
stoichiometry in the film [27,30,34], the growth window was found to
be very narrow [27,35], and consequently, LAO/PLD-grown thick STO
heterointerfaces are often insulating [25]. As shown in (Fig. 1b), laser
parameters including the laser energy density and laser spot size on the
PLD target [36], as well as thermodynamic parameters such as the
substrate temperature and oxygen partial pressure during the film
growth, are critical to achieve a conducting interface between LAO and
homoepitaxial STO. Because this cation off-stoichiometry causes the
volume expansion of the STO unit cell [37,38], one can determine
whether the STO film is stoichiometric by analyzing the peak position in
the XRD patterns. Fig. 1c shows the XRD patterns of LAO (4 nm)/STO
(500 nm)/STO (001) substrate. The pattern of LAO (4 nm)/STO (001)
substrate is also provided for reference. While there is no difference in
the STO peak position when using a laser energy of 1 J/cm? and laser
spot size of 1.8 mmz, the STO (002) peak is shifted with respect to the
bulk counterpart in off-stoichiometric STO films grown with a higher
laser energy of 3 J/cm? and the same laser spot size. With a fixed laser
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Fig. 1. (a) Schematic of the strategy for
obtaining stoichiometric STO films using a
PLD system for conducting LAO/STO heter-
ostructures. The laser energy density and
laser spot size on the STO target have been
optimized for the growth of stoichiometric
STO films. The optimization process is
detailed in Fig. S1 and Table S1. (b) Sche-
matic of LAO/STO heterostructures with off-
stoichiometric and stoichiometric STO films
on STO (001) substrates, resulting in an
insulating and a conducting interface,
respectively. (c) Out-of-plane 6-20 XRD pat-
terns of samples where 4 nm-thick LAO films
were grown on stoichiometric (S-STO) and
off-stoichiometric STO films (Off-STO) on
STO (001) substrates. Note that laser en-
ergies of ~1.0 J/cm? and ~3.0 J/cm? were
used for S-STO and Off-STO, respectively.
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The XRD pattern of an LAO film directly grown on an STO substrate is also shown for comparison. The black and blue arrows indicate the ideal peak position of STO
(002) and the (002) peak position shifted by off-stoichiometry in the STO film, respectively. The LAO (002) peak position is indicated by the brown arrow.

energy of 1 J/cm?, we carefully tuned the laser spot size on the target
surface as shown in Fig. Sla. Detailed information on the lens position
and mask size is provided in Table S1. At the same energy density of 1 J/
cm?, a spot size of 1.8 mm? was found to be suitable for stoichiometric
films. With a larger spot size of 3.6 mm?, the distinct STO (002)
reflection is observed from the film (Fig. S1b), indicating the off-
stoichiometry of the STO film. The principle of tuning the stoichiom-
etry in STO by changing the laser energy density and laser spot size is
that there is a different spatial distribution of SrO and TiOx components
in STO plasma plume [39]. Thus any change in shape or size of the
plume at certain target-to-substrate distance can affect the film
stoichiometry.

To further confirm the stoichiometry of the STO films, temperature-
dependent Raman spectroscopy was employed. Because the ideal STO
has a cubic perovskite structure (space group Pm3m, No. 221) [40], its
twelve optical phonon modes have odd symmetry with respect to the
inversion center, rendering the first-order Raman scattering inactive
[41]. However, any cation off-stoichiometry, irrespective of whether it
is Sr- or Ti-rich, is known to break the inversion symmetry of STO,
resulting in first-order peaks in Raman spectra such as LO3, LO4, or TO4
modes [42]. Fig. 2a shows the Raman spectra of an STO substrate, a
stoichiometric film, and an off-stoichiometric film measured at 300 K.
While there is no difference in spectra between the STO substrate and
stoichiometric film, a first order peak is observed in the off-
stoichiometric film. This observation is more dramatic at a low
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temperature of 77 K (Fig. 2b), confirming the defect-induced structural
distortion originating from cation off-stoichiometry [42]. The full
spectra of each sample in the temperature range of 77-300 K are shown
in Fig. S2.

The electrical transport properties of three heterostructures, where
LAO was grown on an STO substrate (LAO/STO), a stoichiometric STO
film (LAO/S-STO/STO), or an off-stoichiometric STO film (LAO/Off-
STO/STO), are compared in Fig. 3. As shown in Fig. 3a, the reference
LAO/STO heterostructure exhibits a metallic behavior at temperatures
below 10 K, similar to previous reports [4—6]. However, LAO/Off-STO/
STO shows an insulating behavior, indicating dominant defect scattering
in the STO layer [29]. The LAO/S-STO/STO heterostructure exhibits a
metallic behavior down to 4 K, but the sheet resistance value at low
temperature (<10 K) is approximately 8 times higher than that of the
reference LAO/STO heterostructure. This is attributed to the lower
mobility at LAO/S-STO/STO (Fig. 3c), rather than its carrier concen-
tration (Fig. 3b). Notably, the carrier concentration in LAO/S-STO/STO
is higher than that in LAO/STO in the temperature range of 4-300 K.
This is probably due to oxygen vacancy formation in the STO films
during the growth because no post-growth annealing was performed on
the STO films. The mobility of LAO/S-STO/STO at low temperature
(<10 K) is about one order lower than that of LAO/STO, implying that
the defect concentration in the stoichiometric STO film is still higher
than that in the bulk single crystal, although they are structurally
identical within the resolution of XRD [43] and Raman spectroscopy.
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Fig. 2. Raman spectra of a stoichiometric and an off-stoichiometric STO film grown on STO (001) substrates as well as an STO substrate, measured at (a) 300 K and
(b) 77 K. The peaks related to the LO3, TO4, and LOy first-order phonon modes are marked by arrows. A stoichiometric and an off-stoichiometric STO film with 250
nm in thickness were grown using a laser energy density of 1 and 2 J/cm?, respectively, with a fixed laser spot size of 1.8 mm?.



J.-W. Lee et al.

(@)

10° ; .

LAO/S-STO/STO

10° LAO/STO 4
1 02 1 1
10 100
T (K)
(b)
LAO/Off-STO/STO
(\IIE 1014 L \ 4
o LAO/S-STO/STO
:(/J
LAO/STO
10" ' '
1 10 100
T (K)
(c)
10°k LAO/STO ]
— F o B
o]
N 2| J
3 10 E LAO/S-STOISTO
e F A-A-A—A y A—A-A-A
O
= 10’k .
' LAO/Off-STO/STO —_—
1 00 | 1
1 10 100
T (K)

Fig. 3. Transport properties of 2DEG at the interfaces of LAO/STO substrate
and LAO/homoepitaxial STO/STO substrate: temperature dependency of (a)
sheet resistance (Rg), (b) 2D carrier concentration (ns), and (c) electron mobility
(). Note that the carrier concentration and mobility values were not evaluated
at temperatures below 60 K in the LAO/Off-STO/STO substrate sample owing to
nonlinearity and noise in the Hall signal, which originated from the high sheet
resistance in this temperature region.

Nonetheless, it should be noted that the mobility value of 39 cm?v-ls™?
at 4 Kin LAO/S-STO/STO is about 5 times higher than that in LAO/MBE-
grown STO near 10 K [10]. Below 60 K, we were not able to estimate the
carrier concentration and mobility from the Hall data of LAO/Off-STO/
STO, because of noisy signals due to high resistance. We also checked the
effect of thickness of homoepitaxial STO on the electrical properties in
LAO/S-STO/STO, as shown in Fig. S3. The interface in LAO (4 nm)/S-
STO (20 nm) shows an even lower sheet resistance in the entire tem-
perature range of 3-300 K (Fig. S3a), mainly due to the high carrier
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concentration (Fig. S3b) originating from additional oxygen vacancy
formation during the growth, as mentioned above. The mobility value at
3K (477 cm®>V'is ) is comparable to that of the LAO/STO sample (638
em?vls™Y), as shown in Fig. S3c. This indicates that even under the
optimal growth condition, the mobility was found to decrease with
respect to the thickness of the homoepitaxial STO films, probably due to
hidden factors such as changes of the target surface during the growth,
which must be investigated in future work.

Finally, the feasibility of thick stoichiometric STO membranes was
tested using the heterostructure STO (500 nm)/SRO (30 nm)/STO (001)
substrate, where SRO was used as a sacrificial layer. As indicated by the
clear thickness fringes and a narrow rocking curve in the XRD pattern in
Fig. S4, the SRO film has a high crystalline quality that is adequate for
the subsequent growth of STO on top. Fig. 4(a) schematically shows the
release process of STO membranes after the removal of SRO. A sup-
porting layer, such as a polyamide (Kapton) tape on the slide glass, was
attached to the STO/SRO/STO heterostructure, following which it was
dipped into a 0.4 M NalO4 solution. After etching the SRO layer, a 500
nm-thick STO membrane was obtained on the Kapton tape. Fig. 4b
shows an optical microscope image of the STO membrane. Notably, a
millimeter-size crack-free membrane was obtained, as confirmed by
optical microscopy (Fig. 4b) and SEM (Fig. 4c). Furthermore, the STO
(002) reflection of the 500 nm-thick STO membrane appeared at a
position identical to that for the STO single crystal, as shown in (Fig. 4d),
revealing that the stoichiometry of the STO membrane was preserved.

It is noteworthy that the growth condition we found for stoichio-
metric STO films were reproducible; thus, they could be obtained in
multiple samples (see the XRD patterns of STO layers in Fig. 1c, Fig. S1b,
and Fig. S4a). However, our optimal laser ablation parameters and trend
where lower laser energy density and smaller laser spot size are bene-
ficial to stoichiometric STO films might vary in a different deposition
system owing to differences in target-to-substrate distance, oxygen
pressure, laser beam profile, etc. [44-46]. Nevertheless, we would
emphasize that the growth window for obtaining stoichiometric STO
films can be widened with the careful control of the laser energy density
and laser spot size. As a consequence, the global attempts to widen the
growth windows of thick oxide template layers will allow us to obtain
functional complex oxide heterostructures incorporated on Si wafers
through membrane transfer processes.

4. Conclusions

We fabricated a conducting interface between 4 nm-thick LAO and
500 nm-thick homoepitaxial STO films grown by PLD. With the opti-
mized laser energy density and laser spot size on the STO target surface,
the 500 nm-thick STO film did not show any lattice expansion within
the resolution of XRD measurement. Temperature-dependent Raman
spectroscopy further confirmed the structural identity between the thick
stoichiometric STO film and single-crystal STO substrate. The interface
at LAO/S-STO/STO exhibited a metallic behavior down to 4 K, similar to
the typical LAO/STO heterostructure, while an insulating behavior was
observed in LAO/Off-STO/STO owing to dominant defect scattering,
which originated from cation off-stoichiometry in the STO film. By
applying the optimal growth condition for homoepitaxial STO films
found in this work to the growth of a 500 nm~thick STO film on top of
SRO/STO, stoichiometric thick STO membranes with no lattice expan-
sion could be obtained. This work offers a new opportunity to integrate
complex oxide heterostructures into silicon technologies, which can
provide a basis for the development of novel device applications.
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