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Oxygen diffusion in oxide thin films grown on SrTiO3
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SrTiO3 thin films were grown on 18O-exchanged SrTiO3 single crystalline substrates by pulsed-laser
deposition, rf sputtering, and oxide molecular-beam epitaxy to study their oxygen diffusion depth profiles using
secondary ion mass spectrometry and elastic recoil detection analysis depth profiling. The oxygen depth profiling
shows that SrTiO3 films prepared with the three different deposition techniques will take oxygen from the
substrate, even at room temperature. This confirms that the substrate is one possible oxygen source for the
growth of oxide thin films independent of the physical vapor deposition technique employed. It was also found
that a reactive oxygen environment changes the oxygen composition of the substrate during the growth of a film
and partly replaces 18O with 16O up to a depth of several tens of nm. These findings imply that SrTiO3 and
therefore other ion conducting oxide substrates, which are commonly used as platforms for thin film growth, can
be considered capricious in nature with respect to oxygen chemistry and lattice constants.

DOI: 10.1103/PhysRevMaterials.3.123401

I. INTRODUCTION

Physical vapor deposition (PVD) techniques are commonly
used to deposit metals and oxides as thin films where atoms,
molecules, and clusters are directly transported from a source
or a solid target to the substrate through a gas or a plasma
phase. These sources provide the thermal energy to release the
species into the vapor phase as occurs in thermal or electron
beam evaporation, e.g., molecular beam evaporation (MBE).
Alternatively, material can be removed physically from a solid
target such as using the incident energy of accelerated charged
particles (sputtering) or the intense light field of a laser
[pulsed-laser deposition (PLD)]. Characteristic for each of the
deposition techniques is the pressure range defining to some
extend the growth properties, chemistry, and physical prop-
erties of a material. MBE is operated at a very low vacuum
(<10−6 mbar), sputtering between 10−3 and 1 mbar, and PLD
at any pressure below ≈1 mbar. The advantage of PLD over
the other PVD techniques is the flexibility to deposit almost
any material as thin film with a complex composition [1–3].

A recent example where all three oxide deposition tech-
niques (PLD [4–6], sputtering [7–9], MBE [10]) have been
successfully employed is the LaAlO3-SrTiO3 system resulting
in conducting interfaces which can become superconducting
[11] and magnetic [12]. Another example is homoepitaxially
grown SrTiO3 [13–23]. The interest to understand the growth
of SrTiO3 is based on the versatile properties of the materials
itself. The very large dielectric constant is of interest to
utilize SrTiO3 as a crystalline gate dielectric in, e.g., silicon-
based field-effect devices [24]. Photocatalytic water-splitting
[25], or strain induced ferroelectricity when grown as a thin
film [26] are also technologically relevant properties that
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require a precise composition control (usually the cations),
which also affects the surface structure at the atomic scale
[21,27]. In addition to the cation composition of SrTiO3,
it is important to also adjust the oxygen content, which is
vital, since the overall composition will determine the phys-
ical properties [28]. When growing SrTiO3 homoepitaxially
a key question is the source of the oxygen: Background
gas, the target, or the substrate [15,29–31]. An unknown
quantity is how much the oxygen composition depends on
the growth technique and how the main oxide deposition
techniques (PLD, sputtering, MBE) compare. If there are
deposition related differences, does this depend on growth
conditions specific to the growth technique employed (sub-
strate temperature, oxidant pressure)? Equally important is
the kind of reactive atmosphere and vapor phase (plasma)
condition as in the presence of negative oxygen ions or atomic
oxygen [16,32].

Potential sources for the oxygen supplied during thin film
growth by PLD are the background gas, the target [29] and
the substrate [30]. By selecting two of the sources, target and
substrate, and selectively isotope substitute 16O2 with 18O2, it
is possible to distinguish the contribution of the background
gas to the growth of a film. For a low-pressure deposition, the
main oxygen source for the film is the target whereas almost
all oxygen in a film originates from the background gas if
the deposition is done in the 10−1 mbar range [29]. The role
of the substrate as an oxygen source for a film was studied
in the context of growing LaAlO3 and SrTiO3 thin films at
different deposition temperatures by PLD [30]. Both, LaAlO3

and SrTiO3 films take oxygen from the substrate at any of the
deposition temperatures. These experiments showed that the
substrate is a potential oxygen source for a film during growth.

To generalize the context of oxygen for the growth of
LaAlO3 thin films on SrTiO3 substrates [30] we study the

2475-9953/2019/3(12)/123401(8) 123401-1 ©2019 American Physical Society

https://orcid.org/0000-0002-4292-8574
https://orcid.org/0000-0002-6591-1118
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.3.123401&domain=pdf&date_stamp=2019-12-23
https://doi.org/10.1103/PhysRevMaterials.3.123401


SCHNEIDER, DÖBELI, RICHTER, AND LIPPERT PHYSICAL REVIEW MATERIALS 3, 123401 (2019)

TABLE I. Summary of the main properties of pulsed laser deposition, rf sputtering and oxide MBE, and the deposition parameters for the
SrTiO3 thin film growth.

PLD Sputtering Oxide MBE

Target/Source Solid Solid Metal
Energy for material removal Photons, λ = 248 nm

20 nsec pulse
Electrical discharge Thermal evaporation,

sublimation
Depos. pressure (mbar) 1, 5 × 10−5 5 × 10−3 6.7 × 10−6

Mean free path (cm) ≈ 450 ≈ 1.5 ≈ 1000
Background gas O2 O2 O2 and O2 + O3

Deposition Temp. (◦C) RT, 650, and 750 RT, 650, and 750 RT, 650, 750, and 850
Kinetic Energy (eV) Large fraction of species with

Ekin ≈ 2−5 Ekin,max

Large fraction of species with
Ekin ≈ 2−10

Ekin: 0.1–0.2

up to several 100 eVs
Comments Plasma: neutral, ions mostly

ground state and excited
atomic and di-atomic species

Plasma: neutral, ions mostly
ground state and excited
atomic species

Cloud of neutral species
with a low Ekin

oxygen depth profiles of SrTiO3 thin films grown on 18O
enriched SrTiO3 single crystalline substrates using secondary
ion mass spectrometry (SIMS) and elastic recoil detection
analysis (ERDA) depth profiling. Both techniques provide
reliable depth profiles of the 18O/16O ratio and give insight
on how the enriched isotope spreads from the substrate into
the film during growth. The SrTiO3 films were grown by PLD
at three different deposition temperatures to investigate the
respective changes in depth profiles. To understand whether
the oxygen diffusion behavior is intrinsic or limited to ablated
films, SrTiO3 films have also been prepared by rf sputtering
and MBE. We show that oxygen from the background as well
as from the substrate is incorporated into the films during
growth. In addition, oxygen from the background can also
change the oxygen balance in the substrate during the growth
of the film.

II. EXPERIMENTAL METHODS

To study the oxygen diffusion into thin films supplied via
the substrate, SrTiO3 films were grown by PLD, rf sputtering,
and oxide MBE on 18O isotope exchanged (100) SrTiO3

single crystalline substrates. These techniques where selected
because PLD growth can be conducted over a large pressure
range and is based on the transfer of ionic and neutral species
(metallic as well as metal-oxygen species) in the ground and
excited state, here at a low oxygen pressure of 10−5 mbar,
with a high kinetic energy from the target to the substrate.
Sputtering, like PLD, is a plasma-based technique and de-
pends on a reactive background atmosphere (oxygen) to pre-
pare oxide thin films. MBE is a very low-pressure technique
(<10−6 mbar) utilizing thermal effusion cells or electron-
beam evaporators and having next to the growing film a
local reactive environment either using oxygen or oxygen
plus ozone to prepare oxide films. For a better comparison
of the different deposition techniques their main properties
are summarized in Table I. After film growth, the oxygen
depth profile was established by dynamic secondary ion mass
spectrometry (D-SIMS) and ERDA.

When discussing growth temperatures, different growth
systems measure substrate temperatures in different ways

and pressures at different positions. Even at nominally iden-
tical deposition temperatures the actual temperature of the
substrate surface may differ substantially between different
deposition chambers. For our experiments, the temperature
for sputtering and PLD is measured using a pyrometer on the
heater next to the substrate while for MBE a thermocouple
is used. Since the type of heater for each system is different,
and likewise the coupling of the film to the heat source, only
the nominal temperature as determined for each deposition
system is mentioned.

A. Pulsed laser deposition

SrTiO3 thin films prepared by PLD have been grown at
three different deposition temperatures, TS: nominal room
temperature, 650 ◦C, and 750 ◦C, a typical temperature range
to grow SrTiO3. The laser wavelength was λ = 248 nm and
the laser repetition frequency 10 Hz. The oxygen back-
ground pressure was p = 1.5 × 10−5 mbar with a fluence
F = 4 J cm−2 from a sintered rod-target with resulting film
thicknesses of ≈60 nm. After deposition the films were cooled
down to room temperature in the same oxygen background
pressure (1.5 × 10−5 mbar) in which they were grown, i.e.,
without in situ oxygen annealing. Films deposited at room
temperature are typically amorphous whereas epitaxial films
were grown with a (001) orientation at 650 ◦C and 750 ◦C. The
composition of these films was measured using Rutherford
back scattering (RBS) [33] and ERDA [34] yielding an av-
erage composition of Sr0.97Ti1.03O2.52 when grown at 750 ◦C
[30]. The composition of films grown at other temperatures
where not measured. These SrTiO3 films had a bluish colour
and were electrically conducting, as expected from oxygen
deficient SrTiO3 films.

B. RF sputtering

The SrTiO3 thin films grown by sputtering were deposited
at room temperature, 650 ◦C, and 750 ◦C from a sintered
SrTiO3 target (5-cm diameter) in an 1:1 Ar:O2 atmosphere
with an rf power of P = 40 W and a total pressure of p =
5 × 10−3 mbar yielding a film thickness of ≈25 nm for each
film. After the deposition, the heater was switched off and
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the films cooled down to room temperature in the deposition
atmosphere. All films were transparent, insulating, and the
film thickness was verified using x-ray reflectometry. No
composition analysis was done. Due to the highly insulating
nature of these films, it is assumed that the oxygen content is
very close to SrTiO3.0.

C. Oxide MBE

The growth of SrTiO3 films by oxide MBE was performed
at 100, 650, 750, and 875 ◦C in a background pressure of p =
6.7 × 10−6 mbar of O2 or (O2: O3) as described in Ref. [16],
respectively, to provide a different reactive environment. The
layer-by-layer growth was monitored using reflection high-
energy electron diffraction, and films with a thickness of
≈40 nm when grown at a high temperature, and ≈100 nm
at room temperature, were obtained. From the value of the
out-of-plane lattice parameter measured by x-ray diffraction,
the film composition was stoichiometric within the ∼1% res-
olution of this assessment [16]. All films grown at high tem-
peratures were transparent and insulating, and no additional
composition analysis was done. Due to the highly insulating
nature of these films, it is assumed that the oxygen content is
very close to SrTiO3.0.

D. RBS and ERDA

RBS and ERDA are two nuclear, nondestructive scatter-
ing techniques to determine the composition and elemental
depth profile of thin films. RBS measurements were per-
formed using a 2-MeV 4He ion beam and a silicon surface
barrier detector at a scattering angle of 168◦. The collected
RBS data were simulated with the RUMP software [35]. The
experimental uncertainty (accuracy) in cations and oxygen
stoichiometries as determined by RBS, are ±3% and ±5%,
respectively. The oxygen content in the films was calculated
from the combination of RBS results and the measured 16/18O
concentration ratios obtained from ERDA. For the ERDA
measurements a 13-MeV 127I beam was used under an 18°
incident and exit angle. The scattered recoils were identified
by the combination of a time-of-flight spectrometer with
a gas ionization chamber. The experimental uncertainty in
determining the 16/18O ratio is about ±5%. From ERDA, we
also obtain 18O depth profiles. The resolution limit of the
depth profile results from multiple small angle scatterings
of incident and recoiling ions by atoms of the film. It is
significantly degraded if heavy recoil atoms are involved and
is estimated to be at least 15 nm for the presented experiments.
Also, the information depth of the presented ERDA data is
between 60 and 70 nm into the substrate. For consistency,
RBS and ERDA measurements have also been conducted
on single crystalline SrTiO3 substrates where the uncertainty
in the composition (Ti = 1, Sr = 0.99 ± 0.01, O = 2.99 ±
0.06) is purely statistical.

E. Dynamic SIMS

Like RBS and ERDA, depth resolved mass spectrometry
is used to determine the composition and elemental depth
profiles of a sample. For D-SIMS a quadrupole mass spec-
trometer (Hiden analytical EQS) is operated at a residual

background pressure of <10−7 mbar with a 2.5- and 1.7-keV
Ar ion beam focused to a spot of 150-µm diameter. All depth
profiles for PLD-grown SrTiO3 films were measured using
2.5 keV; Sputtered and MBE-grown SrTiO3 films have been
profiled using a 1.7-keV Ar ion beam. The latter step was done
to improve the depth resolution of the thin films by reducing
the intermixing of atoms during ion sputtering. For our ex-
perimental setup a depth resolution of ≈5 nm is achieved as
determined from measuring a YBa2Cu3O7/La0.66Ca0.33MnO3

multilayer with a 10-nm/10-nm layer sequence. The ion beam
current is monitored by a Faraday cup and the rastering of
the ion beam takes place over a square of 1 × 1 mm with an
effective sampling area of 500 × 500 μm2 in the center of the
sputtered square to analyze only the ions from a “flat” area.
After ion etching, the depth of the etched area is measured
with a Dektak 8 profilometer and a mapping between etching
time and depth is established. In addition, an electron flood
gun was used to compensate excess charges due to the ion
etching on insulating substrates. Occasionally, the surface
properties changed gradually during measurements and the
initially optimized charge compensation was offset, leading
to a constant change in the measured intensities with in-
creasing measurement time. This was particularly noticeable
when measuring into the substrate. In this case a constant
background has been subtracted from the measured data.
Typically, the etching depth into the substrate was between
150 and 250 nm to ensure to measure a constant 18O intensity,
indicating a homogeneous oxygen content. This flat depth
profile is used as a reference by assuming that the oxygen
composition of the substrate is SrTiO3.0. The depth depen-
dence of, at most, four elements (16O−, 18O−, Sr+, Ti+)
has been recorded to keep the balance between sufficient
depth resolution and time required to record the intensities
of the different elements. To discriminate 18O from H2

16O
a kinetic energy selection was done [36]. To calculate the 18O
concentration, labeled “Normalized Intensity” in the figures,
the measured 18O intensity was divided by the sum of the 16O
and 18O intensities [18O/(16O + 18O)].

F. Isotope exchange

The 18O exchange involving SrTiO3 was conducted at
various temperatures in 91% isotopically pure 18O with the
aim to enrich the near-surface region of the substrates with 18O
as much as possible. SrTiO3 substrates [18] were exchanged
at 1000 and 1100 ◦C for one week each to reach a bulk
exchanged content of ≈71% and ≈90%, respectively. This
corresponds to ≈85% 18O at the near-surface region when
the annealing took place at 1000 °C. For these substrates,
the isotope exchange took place within a thickness of up to
100 µm as verified by lapping an exchanged substrate and
using Raman microscopy [37]. Likewise, SrTiO3 substrates
exchanged at 900 ◦C for 12 h reached an equilibriums concen-
tration of 36% 18O, and the surface 18O concentration varied
between 70 and 80% as determined by ERDA and SIMS.
The surface-near 18O concentration of SrTiO3 (1–3 µm)
has been confirmed using confocal Raman microscopy by
measuring the isotope induced shift of the Raman active mode
at 683 cm−1 for nonexchanged SrTiO3. A 100% 18O exchange
would shift this mode from 683 cm−1 to 645.8 cm−1. Since
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the maximum surface concentration cannot be larger than
the concentration of the exchange gas, the maximum shift
was 649.5 cm−1 as experimentally confirmed when using a
100x objective probing a volume of ≈1 μm3. To correct for
potential offsets in the as-measured SrTiO3 spectrum we used
the Raman active mode of Si at ≈520 cm−1 as a reference. We
do not distinguish between different SrTiO3 chemical surface
terminations since the very long annealing time to reach a
high surface-near 18O concentration will offset a correct TiO2

termination. A shorter annealing time can still be done when
studying properties related to a properly terminated interface
albeit with a much reduced 18O near-surface and a very small
bulk concentration.

III. RESULTS AND DISCUSSION

When growing an oxide thin film, the oxygen incorpo-
ration happens in multiple stages. First during film growth
and second during cooling after growth. If a film is cooled
in vacuum, it can lose oxygen. If a film is cooled at the
same pressure in which it was grown, it can gain oxygen.
In order to discriminate the potential origin of the oxygen
source (background, target [29,31] or substrate [30]) growth
experiments using the 18O isotope as a trace element are
required and the final oxygen profile in a film plus substrate
can be measured using SIMS and ERDA. Dislocations are not
a pathway for oxygen when discussing oxygen diffusion in
SrTiO3 single crystals and films [38]. They are blocking the
oxygen diffusion rather than supporting it [39–42].

For the following discussion on 18O depth profiles, we
will first concentrate on the substrate as a reference point to
distinguish under which deposition conditions a film takes or
loses oxygen and if this is deposition technique specific. Next,
we present SIMS and ERDA thin film data for PLD grown
films. For the 18O depth profiling of sputtered and MBE grown
films, only SIMS measurements are done due to the much
better depth resolution as compared to ERDA.

A. 18O exchanged substrates

Starting with the substrate, the redistribution of 18O hap-
pens in multiple stages. Upon heating of the substrate to
growth temperature, an 18O exchange could take place with
the ambient gas (16O) even before growth begins. For in situ
strain measurements using SrTiO3 as the growth template, a
stable signal to monitor strain in a growing film cannot be
achieved at elevated temperatures because oxygen diffusion
is causing a strongly fluctuating and drifting signal [43].
This implies that a substrate like SrTiO3 can be considered
capricious in nature in terms of chemistry for film growth.
A growing SrTiO3 film could obtain 18O from the substrate
during growth. Even if the growing film does not take 18O
from the substrate during growth [29], it could exchange the
oxygen obtained from the gas phase (16O) with oxygen from
the substrate (18O) due to postgrowth interdiffusion.

B. Comparison of ERDA and SIMS depth profiles

The ERDA and SIMS 18O depth profiles of three PLD-
grown SrTiO3 films are shown in Fig. 1. As is evident from
Fig. 1, the 18O depth profiles for the films grown at the three

FIG. 1. Normalized 18O depth profiles of ≈60 nm thick SrTiO3

thin films grown at p = 1.5 × 10−5 mbar using PLD on 18O ex-
changed SrTiO3 substrates at three different temperatures: room
temperature (blue), 650 ◦C (green), and 750 ◦C (red). The depth
profiles have been measured with (a) ERDA and (b) SIMS [30].
For comparison, a depth profile of a bare 18O exchanged substrate
is shown (black). The yellow bar indicates the nominal width of the
film-substrate interface as obtained from the depth resolution. Data
from Ref. [30] have been reanalyzed and redrawn.

different TS changes dramatically. As a reference the SIMS
depth profile of a bare 18O exchanged substrate has been
measured [Fig. 1(b)]. The 18O signal is almost constant up
to the surface with a small decrease of the signal towards the
substrate surface. The sharp increase of the 18O SIMS signal
at the substrate surface is related to the finite resolution of the
SIMS setup and the initial sputtering process giving rise to
nonphysical results. We therefore neglect the signal measured
for the initial 5 nm when discussing properties but show the
full measurement for completeness.

Comparing substrate and SrTiO3 film data deposited at
room temperature, we note that already at room temperature
oxygen is removed during the deposition from the substrate
up to a depth of 50 to 100 nm. At TS = 650 ◦C, both ERDA
and SIMS show a substantial 18O migration from the substrate
into the film [30]. In contrast, at TS = 750 ◦C the amount of
18O measured in the film and substrate is almost constant
with a small decrease of the signal towards the film surface
when traced using SIMS. The ERDA depth profile also shows
a decrease of the 18O signal towards the film surface, but
more pronounced compared to the SIMS measurement. These
two independent measurements therefore confirm that the
SrTiO3 substrate is indeed supplying oxygen to SrTiO3 films
during growth [30]. SIMS depth profiles for Sr and Ti were
simultaneously collected with the 18O− and 16O− ions. The
Sr and Ti concentrations are the same within the experimental
uncertainty for the film and the substrate. This allows us to
exclude matrix effects, preferential sputtering, or knock-on
artefacts and conclude that oxygen in the SrTiO3 film is
supplied by the substrate. Oxygen exchange with the substrate
was also observed when depositing SrTiO3 on 18O exchanged
LaAlO3 substrates [30].

C. Oxygen diffusion at the film-substrate interface

To study the oxygen diffusion from the substrate into a
film in more detail, we compare the 18O and 16O SIMS
profiles of SrTiO3 films grown at TS = 750 and 650 ◦C on
90% 18O-exchanged SrTiO3 substrates (Fig. 2). The measured
intensities for 18O and 16O have been normalized with respect
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FIG. 2. 18O and 16O SIMS depth profiles of ≈60-nm-thick
SrTiO3 thin films grown at (a) 750 ◦C and (b) at 650 ◦C on 18O-
exchanged SrTiO3. The yellow bar indicates the nominal width
of the film substrate interface. The dotted lines correspond to the
normalized 16O and 18O concentration in the surface near volume of
the 18/16O-exchanged SrTiO3 substrate.

to the maximum 18O intensity collected from the depth of
the substrate. For the SrTiO3 film grown at TS = 750 ◦C
[Fig. 2(a)], the 18O signal in the substrate stays almost con-
stant up to the film-substrate interface before a drop of the
signal towards the film surface takes place. The 16O depth
profile seems to be almost complementary with respect to
18O. The enhanced signal in the film decreases from the film
surface towards the film-substrate interface and stays constant
in the substrate. The intensity ratio for 18O and 16O in the
substrate shows that approximately 80% of 16O has been
exchanged in this near-surface volume with 18O, which is in
agreement with ERDA measurements. Also, the increase in
the 16O intensity in the film proves that some oxygen (16O) is
supplied during the growth from the target or gas ambient. The
expected 16O signal in the substrate should be approximately
10% of the 18O signal (dashed line in Fig. 2), which is clearly
not the case. One possible explanation is that the vacuum
deposited SrTiO3−x film is initially more oxygen deficient
than the RBS-determined composition of Sr0.97Ti1.03O2.52 and
the oxygen deficiency is partly compensated by taking oxygen
from the substrate. As pointed out, the film/substrate system
has a blueish colour and is electrically conducting, which
means that sufficient oxygen vacancies in the substrate have
been created. An indication is the level of the 16O signal
significantly larger than the nominal 10% limit and reaching
much deeper into the substrate than the typical sputtering
depth to track the signal. The 16O must therefore originate
from the bulk of the substrate since the target does not provide
enough extra oxygen to explain the enhanced level for the 16O
signal in the substrate.

For the SrTiO3 film grown at TS = 650 ◦C [Fig. 2(b)], the
decrease of the 18O signal from the substrate into the film is
much more pronounced compared to the film grown at TS =
750 ◦C and the point at which the 18O signal reaches saturation
in the substrate is deeper than the 250-nm depth measured
by SIMS (not shown). The 16O signal in the substrate is
approximately 10% of the 18O signal, and increases strongly
near the substrate-film interface into the film. Like for the
growth at TS = 750 ◦C, some 16O is supplied from the target
or gas ambient and the diffusion of 18O from the depth of the
SrTiO3 substrate during the growth takes place on a time scale
of minutes, the deposition time for growing the film. This is

shown by the shallow gradient deep into the substrate and the
significant decrease in the 18O intensity starting ≈25 nm away
from the substrate-film interface. When measuring an 18O
exchanged SrTiO3 substrate only, the 18O intensity respective
depth profile is flat except for the first few nm at the substrate
surface [see Fig. 1(b)].

D. Oxygen profiles for sputtered and oxide MBE grown films

So far, the oxygen depth profiles for PLD grown films
have been analyzed. Sputtering and oxide MBE are the other
main deposition techniques to grow high-quality oxide thin
films. The question is, how do oxygen profiles of SrTiO3

films prepared with these physical vapor deposition tech-
niques compare to PLD-grown films? To investigate this ques-
tion, three different sets of SrTiO3 films were fabricated on
18O-exchanged SrTiO3 substrates using sputtering and oxide
MBE.

For sputtered films, the SIMS 18O depth profile of the film
grown at room temperature is similar to films prepared using
PLD at the nominal same TS [Fig. 3(a)]. The depth profile of
the film grown at TS = 650 ◦C shows an almost flat distribu-
tion whereas the film grown at TS = 750 ◦C shows slightly less
18O in the film compared to the films grown at TS = 650 ◦C.
Even in the SrTiO3 substrate the 18O concentration of the film
grown at TS = 750 ◦C appears to be reduced up to depth of
several tens of nm. Since the 18O profile of the film grown
at TS = 650 ◦C is flat with a concentration almost like the
substrate, a reduction of 18O at TS = 750 ◦C suggest that there
is an oxygen diffusion of the 16O background into the film
and substrate. This diffusion behavior at different TS is not
observed for PLD and most likely due to the lower oxygen
background pressure used for PLD (10−3 mbar vs 10−5 mbar).

The second and third set of SrTiO3 films were prepared by
oxide MBE with an O2 background [Fig. 3(b)] with one set
being grown in the presence of ozone [Fig. 3(c)]. In addition to
the three deposition temperatures utilized for the growth of the
films by PLD and sputtering, one film was prepared at TS =
875 ◦C to enhance the oxygen mobility of the substrate for
the homoepitaxial growth of SrTiO3. As the depth profiles of
the SrTiO3 films grown in O2 at high deposition temperatures
show, all films acquire oxygen (18O) from the substrate similar
to PLD-grown films [Fig. 3(b)]. In the case of the SrTiO3

films grown in the ozone atmosphere [Fig. 3(c)] less 18O is
found in the SrTiO3 films as compared to the films grown
in O2 at the same deposition temperature [Fig. 3(b)]. This
suggests, that SrTiO3 grown in the more reactive atmosphere
takes less oxygen from the substrate since readily available,
active oxygen is provided by the background gas to form an
insulating, and hence, a fully stoichiometric film [16].

When comparing all four SrTiO3 films grown at TS =
750 ◦C [Fig. 4(a)], we note an 18O depletion of the substrate
surface region for sputtering and MBE using ozone. This
indicates that a more reactive oxygen environment changes
the oxygen composition of the substrate during the growth
and partly replaces 18O with 16O up to a depth of several
tens of nm. As noted, the 18O signal at a depth of 150 to
250 nm in the substrate was typically constant. Observing the
exchange of 16O and 18O even in the substrate also indicates
that the 18O supplied from the bulk to the substrate surface
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FIG. 3. (a) 18O SIMS depth profiles of ≈25-nm-thick SrTiO3

films grown at room temperature, 650 ◦C, and 750 ◦C on 18O ex-
changed SrTiO3 substrates by rf sputtering. (b) 18O SIMS depth
profiles of ≈40-nm- thick SrTiO3 films grown at room temperature,
650, 750, and 875 ◦C on 18O-exchanged SrTiO3 substrates by oxide
MBE in O2, and (c) in a mixture of O2 + O3 [16].

was not fast enough on the timescale to grow these films in
order to compensate the 16O supplied by the more reactive
atmosphere provided by sputtering or ozone supported MBE.
Also, the 18/16O ratio in the films is quite different for each
deposition technique. A very large 18O concentration in the
sputtered films would indicate the growth of initially oxygen
deficient SrTiO3−x and the missing oxygen is supplied by the
substrate. At the largest TS, there is a competition between

FIG. 4. Comparison of the different depth profiles for SrTiO3

films grown (a) at 750 ◦C and (b) at room temperature by PLD,
sputtering and MBE using an O2 and O2 + O3 atmosphere. For
comparison, the 18O depth profile for the SrTiO3 substrate is shown.

the background 16O and the 18O from the substrate with some
16O being supplied by the background. For MBE grown films
with an O2 background, the incorporation of 18O seems to
be governed by the oxygen diffusion kinetic of the substrate.
With increasing TS more 18O is supplied by the substrate and
subsequently incorporated into the film. The same holds for
MBE grown films with a more reactive oxygen background.
Here, the reaction kinetics for the film formation is faster than
the substrate is able to supply oxygen. Hence less 18O is found
in a film at any used TS and some of the background 16O is
diffusing into the substrate.

The 18/16O2 exchange at or near the surface also takes
place for the SrTiO3 film deposition at room temperature
irrespective of the deposition technique [Fig. 4(b)]. It is most
pronounced for ozone supported MBE and the least for sput-
tering and PLD. As a reference, the 18O depth profile of the
substrate (black) is shown to indicate the oxygen exchange
in SrTiO3 at room temperature for these films. The depth of
the exchange is not in favor of a passive, but of a forced
oxygen exchange. One possible source is the formation of
an oxygen deficient SrTiO3−x film during growth leading to
a difference in the chemical potential of oxygen between the
oxygen deficient film and the fully oxygenated substrate [44].
To compensate the resulting chemical potential difference
some oxygen is pulled from the substrate to recompense the
oxygen deficiency of the film.

Like for SrTiO3 grown on SrTiO3, a similar 18O depth pro-
file for LaAlO3 films grown by PLD on SrTi 16/18O3 at room
temperature has been measured. Reanalyzing the 18O-depth
profile (Fig. 2(c) from Ref. [30]), a similar deep-reaching
18O depletion of the substrate is noted as shown in Fig. 1(b).
Analogous to SrTiO3, LaAlO3 grown by PLD at room temper-
ature is amorphous and for these kind of layers an electrically
conducting interface has been reported [45] with electrical
properties similar to epitaxially grown bilayers [4–6]. The
formation of this conducting interface is explained by a redox
reaction [45,46]. The depth-resolved measurements of the 18O
profile for the LaAlO3/SrTiO3 system indicates, that oxygen
is actively taken in and out of the film-substrate structure. This
observation therefore supports the assumption of an active
process like a redox reaction in both LaAlO3/SrTiO3 and
SrTiO3/SrTiO3 film-substrate systems where the films have
been grown at ambient conditions.
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An interesting side aspect arises from the last observation
of the forced oxygen exchange while growing a film, namely,
that a substrate like SrTiO3 can have variable properties for
growth at any given or used deposition temperature. If there
is a dynamic exchange of oxygen taking place as it will be
for any ion conductor [37], this will influence locally the
chemistry as well as lattice parameters of the substrate-film
interface and the expected strain state for the film to grow is
not automatically correct [43]. In addition, these depth profile
measurements also show why additional background oxygen
is needed to supplement the lost oxygen of the substrate dur-
ing a heating cycle that would otherwise lead to an electrically
conducting SrTiO3−x [47,48].

IV. CONCLUSIONS

In summary, we have shown that the oxygen-substrate
contribution is a significant factor when growing oxide thin
films and has to be taken into the overall oxygen balance.
Thin SrTiO3 films where deposited on 18O exchanged SrTiO3

substrates using PLD, rf sputtering and oxide MBE and the
18O diffusion profile was studied by ERDA and SIMS. For
PLD grown films, an oxygen transfer between the substrate
and the as-grown thin film has been observed even for a
film grown at room temperature. This is in agreement with
the observation of the growth of highly oxygen deficient

SrTiO3 films when deposited under vacuum conditions. The
extraction and exchange of oxygen from the substrate is also
seen for as-grown SrTiO3 films prepared by rf sputtering and
oxide MBE; in particular for films grown in a more reactive
oxygen environment where the oxygen composition of the
18O-exchanged substrate changes during the growth of the
film and 18O is partly replaced with 16O up to a depth of
several tens of nm. These findings imply that the selected
example of SrTiO3 as a substrate can be considered capricious
in nature with respect to thin film growth. This will probably
be equally applicable for oxides used as substrate materials
where oxygen diffusion and oxygen chemistry at elevated
temperatures plays a role [37].
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