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The study addresses the stability of point defects in SrTiO3 �STO� during thin film processing using
electron paramagnetic resonance �EPR� spectroscopy. In particular, the intensity of the Fe3+VO EPR
signal is monitored after various steps during the growth of STO films on STO substrates.
Controlled O2 and vacuum heat treatments are also performed to clarify the fundamental
mechanisms responsible for the effects of different processing steps. Comparison of results from
film fabrication with those obtained during exposure to the control ambient shows that the presence
of oxygen in the pretreatment growth atmosphere decreases the amount of the Fe3+VO complex, but
exposure to the low pressure environment of the growth chamber returns the signal to the original
intensity. These results are consistent with accepted theories of oxygen vacancy diffusion. However,
an unexpected decrease in the oxygen vacancy related signal is also observed during vacuum
treatment of an as-received sample. Furthermore, the decrease occurs over the same temperature
range as seen for an O2 anneal. The difference between the O2 and vacuum treatments is revealed
in postannealing photoinduced EPR and resistivity measurements, which indicate that vacancy
related centers change charge state during the O2 anneal and are not removed by oxygen. The effect
of the vacuum treatment, though different from that of oxygen, is not yet clear as no charge state
changes were induced after exposure to visible or ultraviolet radiation, but the conductivity of the
samples changed. © 2008 American Institute of Physics. �DOI: 10.1063/1.2986244�

I. INTRODUCTION

SrTiO3 �STO� and related oxide compounds have long
been utilized in ferroelectric systems for microwave applica-
tions because of their high dielectric constant. More recently,
thin films of STO are studied as potential candidates for mul-
tiferroic devices and as the oxide layer of electronic
memories.1–3 For both systems, bulk STO often serves as a
substrate for the overlying oxide film.1–3 Common to all of
the applications of STO are concerns about the well-known
instability of oxygen and the reported influence of oxygen
vacancies and other defects on conductivity and optical
processes.3–7

STO is a cubic perovskite where every Sr is surrounded
by 12 oxygen atoms and every Ti is surrounded by 6 oxygen
atoms. If one pictures the charge exchange as ionic, Sr may
be thought of as Sr2+, Ti as Ti4+, and O as O2−. Transition
metals such as Fe, Mn, and Cr often substitute for Ti and
assume the charge states Fe3+, Mn2+, and Cr3+. When one of
the six oxygen atoms surrounding the impurity is missing,
the complex is referred to as Xn+VO, where X can be one of
several transition metals and “n” represents the charge state.
Optical absorption measurements have been used to predict

the existence of impurities and defect complexes, and mag-
netic resonance measurements support these claims.8–15

Numerous electrical, magnetic resonance, and optical
studies have addressed the stability of oxygen vacancies and
their relationship with electrical conductivity.6,7,13–16 For ex-
ample, the well-known reversibility of the conductivity when
STO is exposed to vacuum and ambient O2 is sometimes
associated with oxygen vacancy related species.6,7 The sta-
bility of the oxygen vacancy complex in STO was thor-
oughly studied using in situ electron paramagnetic resonance
�EPR�/annealing measurements at temperatures between 170
and 540 K.16 Using 0.02%–0.3% Fe-doped samples, Merkle
and Maier16 concluded that the presence of Fe3+VO can re-
duce conductivity at temperatures of up to 200 °C, but the
effects depend strongly on doping. Despite all of these stud-
ies, diffusion of the oxygen vacancy remains controversial.
Furthermore, in a practical context, none of the studies ad-
dress the specific ambient conditions typically used in film
growth.

Here, we address the effects of film growth on the sta-
bility of selected point defects in bulk STO. Specifically we
monitor three defect centers, one involving an oxygen va-
cancy, during different stages of deposition of a STO film on
a commercially grown STO substrate. The concentration of
the same centers is also measured during controlled heat
treatment experiments in oxygen and ambient vacuum. Com-
bined with postannealing optical excitation, the results indi-
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cate that oxygen treatment primarily alters the electrical
charge state of the vacancy, while exposure to vacuum
causes different changes, either conversion to a different
charge state or creation of the vacancy.

II. EXPERIMENTAL DETAILS

STO substrates from two different vendors were used for
this study. Most were grown by the Vernuil method, but
some studies were performed on samples grown using the
float zone technique. The �001� oriented substrates were cut
into 0.24�1 cm2 pieces for EPR measurements. Controlled
heat treatments were performed in either dry O2 �H2O
�1 ppm� or vacuum �10−5 Torr� over the temperature
range of 200–800 °C. The moisture content of the gas was
measured at the exit port of the furnace tube; the pressure
and temperature during the vacuum anneals were measured
at the sample. Samples were also subjected to the processing
steps used for the deposition of a STO film. In this case, the
as-received samples were first rinsed in hydrofluoric acid
�HF� for 30 s at room temperature �step 1�, then annealed in
1 atm O2 at 950 °C for 2 h, and cooled to room temperature
in O2 �step 2�.17 The samples were loaded into the sample
chamber and heated to 650 °C in 5�10−7 Torr vacuum
with 10% O3 for 1 h �step 3�. Finally, the preceding step was
repeated with the shutters open so that a 40 nm thick STO
film was grown �step 4�. EPR was measured on the as-grown
samples and after each step of the processing sequence.

EPR spectroscopy was performed at room temperature
using a 10 GHz spectrometer. The only defects seen in all of
these substrates were those common to STO. Two are iso-
lated impurities substituting for the Ti4+ ion, Fe3+ and Cr3+.
The other is a defect complex consisting of substitutional
iron with nearest neighbor oxygen vacancy, Fe3+VO. The
well-studied defects were identified using standard EPR
spectral analysis as described in many texts.18 A spectrum
illustrating these three EPR centers is shown in Fig. 1, where
the arrows point to the five lines of the electron spin 5/2 Fe3+

impurity. The sharp line immediately to the right of the cen-
tral line of Fe3+ is Cr3+. The small, barely resolved line to the
left is one of the three EPR signal due to Fe3+VO. Separate
spectra taken under conditions that optimize the detection of
each of these centers were used when monitoring the relative
and total intensities. Measurements at 77 K revealed the
more complicated spectra of the defects in the reduced sym-
metry environment, as expected. However, no additional de-
fects were identified. The defect concentrations were ob-

tained by comparison of the EPR signal with that of a pitch
standard, assuming a uniform distribution of centers. In one
of the two samples used for the processing dependence study,
the concentrations of Fe3+ and Cr3+ were 3�1016 and 2
�1014 cm−3, respectively �hereafter referred to as sample 1�.
The amounts in the other sample �sample 2� were 7
�1016 cm−3 �Fe3+� and 2�1015 cm−3 �Cr3+�. The absolute
concentration of the defect complex is not easily assessed
due to the angular dependent intensity. However, relative
concentration measurements show that sample 2 had ap-
proximately three times the number of Fe3+VO centers seen
in sample 1. The amount of each defect in the samples used
for the controlled annealing studies ranged from that ob-
served in sample 2 to an order of magnitude larger. The
annealing results presented here were the same in all
samples, independent of the initial defect concentration.

To avoid errors inherent in estimating the total defect
concentration, the amount of centers relative to that in the
untreated sample, rather than total amount, is reported after
each processing step or anneal. The relative number of de-
fects was obtained from comparison of the EPR peak-to-
peak signal intensities of the as-received and annealed
samples. For the Fe3+VO complex, the sample was rotated so
that the highly angular dependent signal always occurred at
the same magnetic field position, after normalization to fre-
quency. This process ensured that any signal intensity
changes were caused by the heat treatment and were not due
to the angular dependent intensity variation. Independent
studies showed that Cr3+ is sensitive to room light, so the
samples were routinely kept in the dark for about 24 h after
the anneal and before measurement. All samples were
mounted in identical holders throughout the study to mini-
mize variations in the sample position in the cavity.

The EPR signal represents a specific charge state of a
defect. Therefore illumination that places the defect in an
excited or ionized state may alter the intensity of the EPR
signal. Samples were illuminated with a 400 nm 5 mW light
emitting diode �LED� to test for such effects. Typically, a
sample was exposed to light for 10 min prior to EPR mea-
surement, and the illumination was continued while acquir-
ing the spectrum.

The resistivity of some of the samples was measured
using pressed In contacts and two-point probe current-
voltage �I-V� measurements. As expected, the conductivity
of the as-grown and O2 annealed samples was so low that the
contact resistance dominated and the I-V curves were ex-
tremely nonlinear. However, the vacuum annealed samples
produced linear I-V characteristics with resistivity � on the
order of 106 � cm. The value is higher than is typically
measured for vacuum annealed substrates because the
samples were left at room temperature in air for several
weeks before the I-V measurements were made.19

III. RESULTS AND DISCUSSION

An EPR spectrum of the oxygen vacancy complex mea-
sured in sample 2 before any heat treatment is shown in
spectrum �a� in Fig. 2. Spectra �b�–�e� were obtained after
each step of the processing sequence, where �b� was mea-

FIG. 1. EPR spectrum of a STO substrate obtained at room temperature
with the magnetic field parallel to a �001� axis. The five arrows point to the
Fe3+ impurity spectrum. The sharp line to the right of the Fe3+ central line is
Cr3+. The small barely resolved line to the left is one of the three lines of
Fe3+VO.
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sured after etching in HF, �c� after a preparation anneal in O2,
�d� after exposure of the sample to growth conditions without
film deposition, and �e� after film deposition. Similar results
were obtained for the other sample except for the deposition
of the film, which left the Fe3+VO signal unchanged. The
intensities of the Fe3+ and Cr3+ signals followed similar
trends as the vacancy complex. Spectrum �b� in Fig. 2 shows
that the HF treatment produced no change in the spectra,
supporting the notion that the acid clean primarily attacks the
surface. EPR detects the total number of defects throughout
the bulk of a material. Thus, assuming a uniform distribution
of centers, a change in the surface concentration will not
necessarily be sensed by the spectrometer. Step 3, involving
O2, decreases the oxygen vacancy complex by at least a fac-
tor of 10. Step 4, which occurred at high vacuum, returns the
oxygen vacancy complex to approximately its initial concen-
tration. Note that the data indicate that the O3 added during
the deposition step did not prevent changes in vacancy re-
lated concentration as might be expected. Step 5, the depo-
sition of the film, reduced the signal by no more than a factor
of 4. More significantly, the final growth conditions had dif-
ferent effects on the two samples, suggesting that interaction
of the substrate with various gasses in the processing ambi-
ent may depend critically on the method of substrate growth.
However, much more thorough studies need to be completed
before such a generalization can be made.

To better understand the effect of processing conditions
on the substrate, several controlled annealing experiments
were performed without the additive features of processing
steps such as using silver paint to mount the sample or add-
ing ozone to the vacuum system. In the first, samples were
subjected to isochronal heat treatments in dry O2 followed by
a series of isochronal vacuum treatments at temperatures be-
tween 200 and 800 °C. The results provide the temperatures
at which the defects are activated and/or quenched. The sec-
ond experiment, in which an as-received sample was heat
treated in 10−5 Torr vacuum, was designed to test the effects
the predeposition O2 fabrication step. Keeping in mind that
all of the results presented in Figs. 2 and 3 may represent
either charge state changes or vacancy annihilation, selected
samples were exposed to ultraviolet radiation to investigate
the possibility of charge transfer reactions.

Results from the first type of experiment are shown in

Fig. 3 as filled squares. A STO substrate was subjected to
sequential 1 h heat treatments in O2 up to a temperature of
700 °C followed by a series of 1 h treatments in vacuum.
The filled squares in Fig. 3�a� represent the relative intensity
of the Fe3+VO EPR signal measured after each O2 treatment
and the filled squares in Fig. 3�b� were obtained during the
subsequent vacuum anneal. The circles will be discussed
later. The data show a sharp decrease at temperatures greater
than 500 °C during the O2 treatment and an increase be-
tween 300 and 400 °C during the vacuum anneal. While the
data demonstrate that the effects of an O2 pretreatment can
be reversed, Fig. 3�b� shows that the reversal occurs within a
window of only a few hundred centigrade degrees. More
significantly, comparison of the thresholds in Figs. 3�a� and
3�b� show that the temperature required to revive the defect
complexes in vacuum is 200–300 °C lower than that re-
quired to quench them in O2. Thus, a pretreatment in O2 will
be unstable if the sample is subsequently subjected to
vacuum conditions at temperatures above 300 °C.

The second experiment involves annealing an as-
received sample in vacuum to test the effects of the O2 treat-
ment performed before film deposition. The results of 1 h
heat treatments of an as-received sample at 10−5 Torr are
shown as the unfilled circles in Fig. 3�a�. Two significant
features should be noted from these data. First, the defect
concentration in the as-received vacuum treated sample does
not change at T�400 °C, contrary to that observed for the
oxidized vacuum annealed sample �Fig. 3�b��. Thus, an as-
received substrate should be stable in vacuum at sufficiently
low temperature. Second, the graph highlights the unex-
pected similar temperature dependence for O2 and vacuum
anneals. This similarity extends to the isolated Fe3+ impurity
�not shown�. Significantly, chromium exhibits a different
temperature dependence from that of the iron related species,
affirming that the Fe3+ and Fe3+VO trends are not an artifact
of our annealing processes.

The EPR measurements were supplemented by resistiv-
ity and photoinduced EPR studies of several different
vacuum and O2 annealed samples. Lack of good Ohmic con-
tacts for the unannealed samples prevented determination of
the resistivity. But comparison with published values for un-
doped as-grown SrTiO3 suggests that ��109 � cm at room
temperature.19 The O2 annealed samples also exhibited poor
ohmicity, suggesting that the high resistivity remained after

FIG. 2. EPR spectra of Fe3+VO measured on a STO substrate: �a� as grown,
�b� after HF etch, �c� after predeposition O2 treatment, �d� after simulated
deposition, and �e� after deposition of STO film.

FIG. 3. EPR intensities of Fe3+VO measured with respect to the intensity
measured in sample 1 before annealing. �A� Filled squares: sample 1, O2

anneal; unfilled circles: sample 2, vacuum anneal. �B� Filled squares: sample
1, subsequent vacuum anneal.
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the oxygen anneals. I-V measurements of the vacuum treated
samples yielded resistivities on the order of 106 � cm. The
significant decrease in resistivity after the vacuum anneal
clearly distinguishes the vacuum and O2 treated samples.

Illumination with ultraviolet light using a 5 mW LED
also reveals a clear distinction between the two types of
samples. While changes induced in Fe3+ and Cr3+ did not
show a definitive trend with illumination, the Fe3+VO inten-
sity consistently increased after exposure to light for the O2

treated samples and remained unchanged in the vacuum an-
nealed samples. Figure 4 shows the spectra of an as-received
sample �light solid line� and samples stepwise annealed to
700 °C in O2 or vacuum �medium-weight line�. The heavy
line illustrates the effects of UV irradiation on the two dif-
ferently treated samples. Illumination of the O2 treated
samples returns the intensity of the Fe3+VO spectra to within
60% of the preanneal value �heavy line, Fig. 4�a��, while the
same exposure of a vacuum treated sample has no effect
�heavy line, Fig. 4�b��. Exposure of the vacuum treated
samples at selected visible wavelengths down to 630 nm
failed to induce the EPR signal of the vacancy complex.

As mentioned in Sec. I, EPR measurements are charge
state specific. Therefore, changes in the EPR spectral inten-
sity may reflect electronic ionization events rather than the
physical motion of ions. In other words, the heat treatments
may be altering the Fermi level EF of the samples by means
of thermally induced ionization processes, which changes the
intensity of the Fe3+VO center by capture or emission of an
electron. Indeed, the Fe3+ and Cr3+ decreases seen in Fig. 3
must be due charge transfer because the temperatures used in
the heat treatments are not expected to cause impurity diffu-
sion but only electronic excitation. Below we discuss a pos-
sible interpretation for the O2 and vacuum annealing data of
Fe3+VO in light of possible charge transfer reactions consid-
ering the conductivity and photoinduced EPR results.

The situation for the O2 annealed samples may readily
be explained by thermal ionization of the oxygen vacancy
related center and impurities during heat treatment. Since the
conductivity of the sample did not change within the limits
of our measurement, we suggest that the centers oxidize by
emitting an electron to a nearby defect, or perhaps to the O2

gas itself. Once formed, the defects such as Fe3+VO could be

returned to the 3+ state by ionization with UV light. If the
thermally induced charge transfer processes caused the
Fermi level to reach within kT�T=300 K� of the valence
band, one would expect room temperature conduction. How-
ever, according to the level scheme devised by Morin and
Oliver,14 the Fe4+ energy is thought to be about 0.7 eV above
the valence band edge. Since the Fermi level must be at or
above this level for the existence of Fe4+, EF should be far
enough from the band edge to make room temperature hole
conduction negligible, consistent with the persistent high re-
sistivity after annealing.

Interpretation of the vacuum anneal data is less clear
because we were not able to revive the Fe3+VO signal with
UV light. One of two scenarios is possible. All of the defects
may be directly ionized to the bands during the thermal treat-
ment, accounting for the Cr3+ and Fe3+ changes observed in
the EPR data and the measured conductivity change. The
lack of photoresponse of the vacancy complex would be as-
cribed to a weak oscillator strength, placing stringent con-
straints on the photon energy and intensity needed for ion-
ization. Alternatively, we suggest that the often suggested
oxygen vacancy donor20 created during vacuum annealing is
responsible for the conductivity, and that the decrease in
Fe3+VO is due to capture of mobile oxygen.

In summary, we have shown that processing conditions
involving O2 at temperatures greater than 500 °C can reduce
the amount of the Fe3+VO centers in a STO substrate by at
least an order of magnitude. A subsequent vacuum treatment
will reintroduce the vacancy complex at temperatures above
300 °C, despite the presence of 10% O3 in the ambient. Il-
lumination with ultraviolet light shows that the changes in-
duced by the O2 treatment are electronic, rather than related
to the motion of oxygen atoms. Exposure of as-grown sub-
strates to vacuum at T�500 °C also decreases the Fe3+VO

concentration. In this case, ultraviolet light cannot reverse
the effect. The mechanism for the decrease in the oxygen
vacancy related centers is unclear. The signal intensity
change is caused by either a charge state change or oxygen
migration. In terms of the use of STO for thin film growth,
the results indicate that treatment of as-received substrates at
temperatures greater than 500 °C in vacuum may alter the
materials permanently, and treatment in O2 over similar tem-
peratures are unstable.
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