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The Role of Oxygen Transfer in Oxide Heterostructures on

Functional Properties
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Binod Paudel, Pinku Roy, Yogesh Sharma, Jinkyoung Yoo, Quanxi Jia,* and Aiping Chen*

A variety of mechanisms are reported to play critical roles in contributing to
the high carrier/electron mobility in oxide/SrTiO; (STO) heterostructures.

By using Lag g5Stg 5 TiO3 (LSTO) epitaxially grown on different single crystal
substrates (such as STO, GdScO;, LaAlO;, (LaAlO3), 3(Sr,AITaOg), 7, and
CeO; buffered STO) as the model systems, the formation of a conducting
substrate surface layer (CSSL) on STO substrate is shown at relatively low
growth temperature and high oxygen pressure (725 °C, 5 X 10~* Torr), which
contributes to the enhanced conductivity of the LSTO/STO heterostructures.
Different from the conventional oxygen vacancy model, this work reveals that
the formation of the CSSL occurs when growing an oxide layer (LSTO in this
case) on STO, while neither annealing nor the growth of an Au layer alone at
the exact same growth condition generates the CSSL in STO. It demonstrates
that the oxide layer actively pulls oxygen from STO substrate at given growth
conditions, leading to the formation of the CSSL. The observations emphasize
the oxygen transfer across film/substrate interface during the synthesis of
oxide heterostructures playing a critical role in functional properties.

1. Introduction

Strain, defects, and interfaces play critical roles in controlling
functional properties in a variety of oxide heterostructures and
nanocomposites.!'?l High carrier mobility and high conductivity
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achieved by interfacing two insulting
oxides have attracted great attention in
the past decade.’% Different conduction
mechanisms including polar catastrophe
(interface),>10M  strain 1274 intermixing
(doping),B#15  and oxygen vacancy
(defect)l'®-2 have been proposed to explain
such phenomenon. For example, carriers
at the substrate-film interface (interface),
bulk part of the film (film) and the surface
layer of the substrate near the substrate-
film interface (substrate surface layer) can
all contribute to the effective conductivity
of the samples. Polar catastrophe is a well-
established model to explain the high con-
ductivity at the interface between LaAlO;
and SITiO; (LAO/STO).51120  High
mobility has also been reported when
LaTiO; (LTO) and La;,Sr,TiO; (LSTO)
are grown on SrTiO; (STO)B*16:221 and
KTaOj; (KTO).1 LTO is a polar perovskite
like LAO, and as such, polar catastrophe
mechanisms of this system are assumed to follow similarly to
that of LAO/STO heterostructures.>!-2% However, unlike LAO,
which is a band insulator, LTO is a Mott insulator that shows
an insulator-metal transition when doped with Sr?* in polycrys-
talline bulk and epitaxial thin films. This allows the 3d! con-
figuration to approach 3d® and may also result in the observed
metallic behavior as reported in LSTO films on substrates such
as (LaAlOs) 5(ST,AITa0g)o 5 (LSAT).7:23]

In addition, defects such as oxygen vacancy (OV) in the STO
substrate are another factor which could affect the electric con-
ductivity in STO-based heterostructures. The formation of OV
in STO substrate is directly controlled by growth temperature
and oxygen pressure as reported in different oxide/STO het-
erostructures.>1>18:202123-28] Enhanced conductivity is observed
for these heterostructures grown (and STO single crystals
annealed) in temperatures greater than 750 °C, at oxygen pres-
sures lower than 10~ Torr or a combination of both.?”) For
example, OVs can be introduced by reducing the STO substrate
with pre-substrate annealing (PSA) at 750 °C and 107 Torr.*8!
Spinelli, et al. reported highly conductive STO crystals annealed
at 107 Torr and 700 °C.?% Schneider et al. found substantial
oxygen transfer from STO substrates to oxide films while stud-
ying the diffusion of isotope 'O at the conditions of 750 °C and
1% 1078 Torr.'¥) Edmondson et al. observed STO substrate reduc-
tion at 107 ~ 107 Torr and 700 °C.12% Therefore, the formation
of OV near the STO surface or the diffusion of oxygen out
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from STO is driven by the relatively higher temperature (e.g.,
>750 °C) and low oxygen pressure (e.g., <1 x 10~ Torr). Lower
temperatures or higher oxygen pressures often result in
insulating or significantly lowered conductivity. Post-growth
annealing in oxygen rich environments can produce highly
resistive films by significantly reducing the QVs.[3%121516,20,21.30]

Except OVs directly induced by growth conditions (relatively
high temperature/low oxygen pressure), there are other reduction
mechanisms including Ar-ion bombardment,*!l plasma plume,*’]
and unintentional chamber contamination.”) UV radiation
from the plasma plume was found to increase OV formation as
compared to the STO substrates in the same vacuum condition
without UV radiation,?%l and plume species were also observed to
trigger redox reactions for LAO/STO heterostructures.l”/l Creating
OVs in STO substrates has also been investigated by reducing
STO substrate with the use of Ar-ion bombardment for LAO/STO
films.?! The Hall mobility of Ar-ion bombarded STO was found
to be the same as LAO/STO films grown at low oxygen pressures,
and low oxygen pressure annealed STO substrate alone showed
nearly the same sheet resistivity as LAO/STO prepared under the
same growth conditions.

Although conduction mechanisms based on polar catas-
trophe and OV in LAO/STO systems are well studied,>1520-21:32]
the origin of OV is less clear.[0810.1419.20.33] The generation of OV
is often believed to be due to the low oxygen growth pressure
at high growth temperatures.l>-21 However, the oxygen transfer
between the oxide substrate and oxide layer could be linked to
OV origin."2033] In this work, we have used Lagg5St(sTiO3
(LSTO) films as a platform to reveal the role of oxygen transfer
during heterostructure synthesis on conductivity of the sys-
tems. We selected LSTO because it 1) has a similar structure
to STO, and 2) has significant lower mobility than STO. We
study the roles of substrate, processing oxygen pressure, thick-
ness and heterointerface on the conductivity of LSTO based
heterostructures. We have isolated the contributions from the
film layer, substrate, and film-substrate interface separately,
and concluded that the enhanced conductivity in our LSTO/
STO heterostructures is due to the formation of a conducting
substrate surface layer (CSSL) near STO top surface. To under-
stand the formation mechanism of the CSSL, Au/STO refer-
ence samples were synthesized at the same growth conditions
as LSTO/STO. Interestingly, our results demonstrated that this
CSSL is not directly driven by processing condition alone (It is
well accepted that STO losses oxygen at high temperature and
low oxygen processing conditions), rather it is formed because
the growth of the oxide layer (LSTO in this case) actively pulls
oxygen from STO substrate at the given growth condition. Our
results offer a new understanding of OV formation during
thin film growth via oxygen transfer mechanisms and can be
applied for the growth of a variety of complex oxide films.

2. Results and Discussion

As shown in Figure 1a, the shifting of (002) diffraction angle of
LSTO peaks on different substrates indicates different levels of
out-of-plane strain. This is expected given the lattice mismatch
between the bulk LSTO (a ~ 3.958 A)?*34 and the substrates
LAO (a = 3.792 A, —4.32%), LSAT (a = 3.868 A, —2.53%), STO
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Figure 1. a) 6-20 scans of 28 nm LSTO films grown on different sub-
strates around diffractions of (110) GSO, (001) LSAT, (001) LAO and (001)
STO. Substrate peaks are marked as * and the dashed line indicates the
location of (002) LSTO with negligible strain. b) RSM for 122 nm LSTO
film on STO near diffractions of (103) of the film and the substrate. c)
Transmission electron microscopy (TEM) image of 122 nm LSTO/STO
heterostructure, where the inset shows selected area electron diffraction
pattern. d) High-resolution TEM (HRTEM) image across the interface
between LSTO and STO.

(a=3.905 A, -1.39%) and GSO (a = 3.961 A, 0.08%). The strain
along the c-axis for LSTO/LSAT, LSTO/LAO, LSTO/STO and
LSTO/GSO is 0.72%, 0.65%, 0.26% and nearly strain free,
respectively. The lattice mismatch between the LSTO and the
GSO is negligible and leads to the overlap of (002) LSTO dif-
fraction with the GSO substrate peak. Figure 1b shows a typical
reciprocal space map (RSM) near STO (103) peak. It shows that
the LSTO film is probably fully strained in-plane to the STO
substrate. The epitaxial relationships based on X-ray diffraction
(XRD) analysis can be described as (001);s1o|[(001)supstrate and
[110].570)|[110]supstrate: The HRTEM image in Figure 1d shows
the sharp interface of the LSTO film on the STO substrate. The
columnar structure is seen above a few tens of nanometers, indi-
cating that the growth deviates from the 2D epitaxial growth. The
formation of zig-zag or pyramid-like topological features could
be due to the lower surface energy, which is also reported in
Ti0,.?° Tt is noted that the diffraction pattern shown in the inset
of Figure 1c also confirms the epitaxial growth of the film and
the orientation relationship between the film and the substrate.
Figure 2a shows the p-T curves for 28 nm LSTO films on
different substrates, where the overall temperature-dependent
resistivity for LSTO on LAO, LSAT and GSO is similar to the
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Figure 2. Substrate materials dependent Hall measurements for LSTO films grown at 5 x 10* Torr of oxygen. a) Resistivity vs. temperature (p—T) where
the strain along the c-axis is indicated accordingly, b) Carrier concentration vs. temperature (n-T), c) Mobility vs. temperature (u-T) for these films

on different substrates.

reported results.72336:37] A resistivity value =10-1073 Q cm for
our LSTO films (on LAO, LSAT and GSO) grown at an oxygen
pressure of 5 x 10~ Torr is consistent with the reported data.[+?3]
However, different from previous reported p-type conductivity
of La;,Sr,TiO; (0 < Sr < 0.1) films, LSTO films in this work
grown on different substrates exhibit n-type conductivity. The
mobility of the LSTO films ranges from 0.1 to ~ 1 cm? V! s7!
and the carrier concentration is about 10?2 cm™ (as shown in
Figure 2b,c). The growth of LSTO films at low oxygen partial
pressure in our experiment may promote the formation of n-
type conductivity due to OV, similar to the reported results for
STO and Ti0,." Since these three different substrate materials
are insulating even subjected to the low oxygen pressure envi-
ronment at high growth temperature, the resistivity illustrated
in Figure 2a should be from the LSTO films only.

Interestingly, the LSTO/STO heterostructure shows a much
lower resistivity as shown in Figure 2a, and this significant
change cannot be explained by the lattice strain. Figure 2b
shows that carrier concentration is approximately the same for
all samples. On the other hand, the LSTO/STO stack exhibits
much higher mobility as shown in Figure 2c. It is also noted
that the high mobility of LSTO/STO stack and its temperature
dependence of u-T characteristic are similar to the results
of an amorphous LAO layer on STO substrate and reduced
STO.[18213L38] Since the resistivity of reduced STO is one
magnitude lower than that of LSTO at room temperature and
3—4 orders of magnitude lower at 10 K, it is clear that the resis-
tivity in LSTO/STO stack is dominated by the more conductive
STO substrate and/or the LSTO/STO interface. To exclude the
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interfacial contribution from the LSTO/STO heterostructure,
we also inserted a CeO, (5-10 nm) layer between LSTO and
STO. Our experimental results showed that CeO, interlayer has
no obvious effect on the mobility and slightly reduces the car-
rier concentration below 200 K (Figure S1, Supporting Informa-
tion). This clearly indicates that the interface between the LSTO
and the STO is not critical to achieving enhanced conductivity,
different from the LAO/STO case.l’!

We have varied the oxygen pressure during the growth of
LSTO films on STO and observed the effects on conductivity.
Figure 3 shows the Hall measurement results of LSTO films
on STO grown at different oxygen partial pressure. It has been
reported that oxygen partial pressure during the film growth
has a strong effect on the overall resistivity of the materials
studied >51518202123271 OQur results showed the similar trend.
Specifically, samples grown at a higher oxygen pressure shows a
higher resistivity than samples grown at lower oxygen pressures
(Figure 3a). For example, the LSTO film (grown at 5 x 10~ Torr)
on STO exhibits a resistivity of p~ 2 x 10~ Q cm at room temper-
ature, which are two orders of magnitude lower than that of the
sample grown at 5 x 10~ Torr. The temperature-dependent car-
rier density and mobility shown in Figures 3b,c demonstrated that
both decreased carrier concentration and mobility with increasing
oxygen pressure during film growth could contribute to the
increased resistivity at a given temperature. However, the sig-
nificantly reduced carrier concentration dominates the increased
resistivity at higher temperatures because the mobility is not dra-
matically affected by changing the oxygen pressure during the
film growth. At lower temperatures such as 10 K, however, the
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Figure 3. Temperature-dependent a) resistivity, b) carrier concentration, and c) mobility of LSTO films on STO grown in different oxygen partial pres-
sure. (d) Photos of bare STO substrates (left two square samples) annealed in oxygen (<5 x 10 Torr) at 700 °C and 750 °C, LSTO/STO heterostructures
(middle two dark color samples), and Au/STO heterostructures after removing Au films.

mobility can still show one magnitude difference resulting from
the oxygen pressure used in our experiments. This is reasonable
since high oxygen partial pressure reduces the OV concentration
as well as the OV related carriers. One could clearly use such a
strategy, i.e., oxygen pressure during film growth, to manipulate
the carrier mobility and concentration, and therefore the effective
conductivity of the heterostructure stack.

Figure 3d shows the optical photos of bare STO substrates
treated under the similar growth conditions used for the LSTO
film growth and the LSTO/STO heterostructures with dif-
ferent LSTO film thicknesses. These bare STO substrates were
annealed at an oxygen pressure of 5 x 107 Torr and a temper-
ature of 700 or 750 °C for 30 min. As can be seen from the
photos, annealed STO substrates under such conditions are
still transparent and transport measurements confirm the insu-
lating behavior from both treated substrates. We, however, have
found that STO substrate changes to gray/blue color when the
annealing is carried out at an oxygen pressure of 5 x 10~ Torr at
a temperature above 800 °C. These experimental results clearly
illustrated that annealing of STO in a reducing environment
(5 x 107 Torr, 700~750 °C, 30 min) alone is not sufficient to
change a transparent and highly insulating STO substrate to
conductive and/or a different color. However, the LSTO/STO
stacks with 28 nm and 122 nm LSTO show distinct light blue and
dark blue color. As LSTO film has a bandgap of about =3.72 eV
(Figure S2, Supporting Information, Tauc plot and photos of
LSTO film on MgO) and is transparent, the blue color of LSTO/
STO stacks should come from reduced STO substrate. Our
results are consistent with reported color changes of reduced
STO.B3% We therefore propose that growing an oxygen deficient
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oxide layer on top of STO in a suitable reducing environment
can promote oxygen transfer from STO substrate to the oxygen
deficient film. This is consistent with the oxygen sponge effect,
which shows STO substrate can be a source of oxygen for oxide
films grown at low oxygen pressure.?®! Therefore, we propose
that the STO substrate surface, contacting with the oxide film,
suffers from a redox process during the oxide film growth in
an oxygen deficient environment. This redox process produces
a thin surface layer right on the top of the STO substrate that
is oxygen deficient and highly conductive. Laser plume has also
been reported to reduce the STO substrate during the PLD pro-
cess and make the STO more conductive.?l To exclude such
an effect in our case, we grew Au films under the same growth
condition (as outlined above) on STO substrates. The STO sub-
strates as shown in Figure 3d, after removing the Au film, are
insulating and transparent. Therefore, the exposure to the laser
plume during the film growth has a minor effect in our case.
This designed experiment also supports our hypothesis that the
growth of oxide films in a reducing environment pulls oxygen
from STO substrates, while the growth of a non-oxide stable
metal film such as Au and annealing alone at the same growth
conditions do not induce oxygen transfer from STO substrate.
To explore the effect of LSTO layer thickness on the formation
of conducting substrate surface layer (CSSL), LSTO/STO hetero-
structures with different LSTO thicknesses have been grown and
measured. Figure 4a shows the p-T curves of films ranging from
18 to 122 nm and the resistivity is calculated based on the LSTO
film thickness. It is seen that the p-T curves are not a strong func-
tion of film thickness. If the STO substrate is highly resistive
or the resistivity of the LSTO film is far smaller than that of the

© 2022 Wiley-VCH GmbH
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Figure 4. Temperature-dependent a) resistivity, b) carrier concentration, and c) mobility of LSTO/STO stacks with different LSTO film thickness. d) An
illustration of increasing the conducting substrate surface layer (CSSL) with increasing film thickness.

substrate, one could simply conclude that the film layer contrib-
utes to the measured conductivity. In our case, the experimental
results have shown that the STO substrate, subjected to a thermal
cycle at high temperature in a low oxygen pressure, exhibits a
much lower resistivity which is 24 magnitude lower than that of
LSTO films. Therefore, the p—T curves shown in Figure 4a should
be controlled by the CSSL in STO. To show the LSTO thickness
independent conductivity of the LSTO/STO heterostructures,
the CSSL must also increase in thickness with the growth of
LSTO films (Figure 4b,c). As we have discussed earlier, the LSTO
film grown on STO in a relatively low oxygen pressure can pull
oxygen out from the STO and leave OVs in the STO substrate. It
is expected that the CSSL thickness increases with the growing
thicker LSTO layer as it creates more OVs near the STO interface.
As schematically illustrated in Figure 4d, the CSSL increases in
thickness when the LSTO film grows thicker. Understanding the
existence and the origin of this CSSL becomes relevant since STO
substrate offers the ability to provide oxygen to oxidize the film
during the growth in low oxygen pressures.'>#%8 As one of the
most commonly used substrates for the growth of multifunc-
tional complex metal oxide films, STO itself could be responsible
for some other reported exotic phenomena.

3. Conclusion

In this study, we have examined the effects of substrate mate-
rials, film thickness, and oxygen pressure for LSTO films to
isolate the contributions of LSTO film, film-substrate inter-
face, and substrate on the conductivity of the heterostructures.

Adv. Mater. Interfaces 2022, 9, 2101867

2101867 (5 of 6)

LSTO/STO stack shows the highest mobility and lowest resis-
tivity compared to LSTO on other substrates. The formation of
an oxygen-vacancy rich layer near the top region of STO sub-
strate, driven by the growth of an oxide layer at given condi-
tions rather than the growth conditions alone, contributes to
the enhanced conductivity of the LSTO/STO heterostructures.
Such a surface layer is not achieved by annealing or the growth
of an Au layer alone at the same reducing condition. Our work
provides an alternative physical origin of STO reduction during
thin film growth and the mechanisms on oxygen transfer
dynamics revealed here can be applied to design growth and
functionalities of other heterostructures.

4. Experimental Section

Pulse laser deposition (PLD) was used to grow epitaxial LSTO thin films
with different thicknesses on (001) STO, (110) GdScO; (GSO), (001) LAO,
(001) LSAT, and CeO, buffered (001) STO substrates. To compare the degree
of lattice strain of LSTO films on different substrates, XRD and reciprocal
space map (RSM) of the films were performed. TEM and HRTEM were
used to evaluate the interface and diffraction patterns of 28 and 122 nm
LSTO/STO heterostructures. Temperature dependent carrier concentration
(n versus T), mobility (u versus T), and resistivity (o versus T) were measured
from 10 K to 300 K with a magnetic field of 4 Tesla. Further detailed growth
and characterization can be found from the Supporting Information.

Supporting Information

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