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Atomic-scale manipulation of potential barriers at SrTiO3 grain boundaries
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In oxide grain boundaries �GBs�, oxygen ions and their vacancies serve as a common denominator
in controlling properties such as GB barrier height and capacitance. Therefore, it is critical to
analyze, control and manipulate oxygen and vacancies at oxide interfaces as most of the practical
devices are almost always influenced by the presence of electrostatic potential barriers at interfaces.
Here, we report adjustment of a single GB potential barrier via manipulation of oxygen vacancy
concentration using simple oxidation and reduction treatments. We validate our analysis with
aberration-corrected HAADF imaging and column-by-column EELS coupled with macroscopic
transport measurements of isolated GBs to gain important insight into the physical attributes of GB
potential barriers. © 2005 American Institute of Physics. �DOI: 10.1063/1.2046734�
It is well-known that oxygen ions and their vacancies
serve as a common denominator in oxides for controlling
their technologically important properties.1,2 Recent
reports3,4 have elegantly demonstrated the ability to control,
manipulate and analyze oxygen and vacancies at the nanos-
cale, albeit in the bulk crystals. However, in addition to con-
trol of the bulk structure and stoichiometry, it is equally im-
portant to atomically “engineer” interfaces in oxide systems
because almost all practical devices are greatly influenced by
the presence of electrically active interfaces. In fact, the trap-
ping and flow of mobile charge carriers across and at inter-
faces form the basis for numerous electronic, transport, and
capacitive properties of interfacial systems in oxides. Thus,
the key to understand, manipulate and realize the full func-
tionality of oxides is to engineer oxygen and vacancy content
at individual interfaces by suitable doping and heat treatment
procedures. Although the utility and study of GB doping has
an extensive history,6–8 only few reports exist on structure-
property co-relationship of single SrTiO3 GBs.5,9–11

We oriented bicrystals of SrTiO3 as a model system. The
bicrystals are used in order to avoid the issue of geometric
randomness in polycrystalline materials. Bulk donor �Nb�
doped SrTiO3 bicrystals exhibit nonlinear I-V behavior with
resistivity almost 4 orders of magnitude higher than their
single crystal counterparts.5 This behavior can be signifi-
cantly changed by simple thermal oxidation and reduction
treatments, which alter the electrostatic potential barriers at
the GBs, owing to change in oxygen and vacancy content
and configuration. In this letter, we investigate the effects of
oxygen and oxygen vacancy concentration on the GB poten-
tial barrier.

Symmetrical tilt bicrystals of SrTiO3, 24° �001�, were
obtained from CrysTec GmbH �Berlin, Germany�. In order to
manipulate the oxygen vacancy concentration at the GB, one
set of samples was reduced �at 800 °C with a constant flow
of CO–CO2 �5% CO by volume� for 30 min�, while another
set was oxidized �at 1000 °C with a constant flow of high-
purity oxygen for 2 h�. These were chosen simply as two
diverse conditions in order to get different oxygen vacancy
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concentration at the GB. Self-supporting TEM specimens
were prepared using standard TEM specimen preparation
techniques. The electrical characterization was carried out
using a computer interface controlled current source and a
multimeter.12 The detailed atomic structure of the GB, in-
cluding local chemistry and valence changes were studied
using scanning transmission electron microscope �STEM�
equipped with a spherical aberration �Cs� corrector �Nion
Co., Kirkland WA, USA�.13 Cs corrected STEM offers un-
precedented opportunity to probe the details of atomic struc-
ture at grain boundaries with a sub-Å electron probe14,15 us-
ing high angle annular dark field �HAADF� or so-called
Z-contrast and phase contrast bright-field �BF� STEM imag-
ing, coupled with atomic-scale electron energy loss spectros-
copy �EELS�. The electrons form the HAADF image in
which the intensity of each atomic column, to a good ap-
proximation, is directly proportional to the atomic number
�Z2.16 For this study, HAADF imaging was performed using
a Cs corrected STEM with a probe size close to 0.6 Å �VG
HB603 U�,14 while HAADF imaging with EELS was done
using a Cs corrected STEM with a probe size close to 1 Å
�VG HB501 UX�.

Four probe dc I-V measurements were carried out on
pristine, reduced, and oxidized SrTiO3 bicrystals �Fig. 1�. As
shown in the figure, a strong nonlinear characteristic is ob-
served, clearly marking the critical voltage �VC� above which
the current abruptly begins to flow. The VC varies consider-
ably with the processing conditions: �0.12 V for the re-
duced sample, �0.24 V for the pristine sample, and �0.7 V
for the oxidized sample. The decrease in the VC for the re-
duced sample may be due to the decrease in the number of
trap states at the GB or an increase in the number of majority
charge carriers �electrons�, while the increased VC for the
oxidized sample may be due to an increased number of traps
at the GB. By looking at VC, together with prebreakdown
resistance �see inset of Fig. 1� it can be inferred that as com-
pared to the pristine samples, reduced samples showed a de-
crease in the GB barrier height, while oxidized samples
showed an increase in the GB barrier height.17

In order to probe the atomic-scale origin of this differing

behavior, we imaged the reduced and oxidized 24° symmet-
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ric tilt GBs using HAADF imaging �Fig. 2�. The Sr atomic
columns appear brightest owing to higher atomic number of
Sr compared to Ti or O. A unique GB core unit was observed
in the reduced SrTiO3 sample �Fig. 2�a��. This unit consists

FIG. 1. �Color online� 4 probe dc I-V measurements �plotted on a semilog
scale� across the GB in as-received ��, legend l�, oxidized ��, legend lox�,
and reduced ��, legend lred� SrTiO3. The top inset shows prebreakdown
I-V characteristic with a linear fit. Note that while reduction leads to a
decrease in the prebreakdown resistance �R� and VC �marked by arrows of
respective colors�, oxidation leads to an increase in the prebreakdown resis-
tance and VC. This change is directly related to change in the barrier height.
A first order estimate of GB barrier height ��� is given by the onset of the
nonlinear regime in the I-V measurements. It can be seen that VC

pristine is
�0.24 eV with Rpristine�1.139�103 � �±2.29 ��, while VC

reduced is
�0.12 eV with Rreduced�263.85 � �±1.24 �� and VC

oxidized is �0.7 eV with
Roxidized�2.397�104 � �±310.7 ��. The bottom inset shows a schematic
of measurement setup �Ref. 12�.

FIG. 2. �Color online� �a� HAADF image of the reduced GB. The disloca-
tion core units are superimposed. At the center of the reduced boundary, a
unique dislocation core unit is detected. This unit has the same periodicity as
the other GB core unites have. Inset shows a schematic of SrTiO3 structure
projection when viewed along �100�. �b� HAADF image of the oxidized GB
showing periodic dislocation core units. �c� HAADF image of the reduced
dislocation core unit. �d� A schematic of the reduced GB structure. It is
observed that the Ti atoms in GB core exist as Ti3+ while those near the core
have a mixed Ti3+ /Ti4+ oxidation state, as confirmed by EEL line scans �Fig.
3�a��. Oxygen atom positions are indicated. �e� Intensity profile along Ti–
TiO–Sr–TiO �white box shown in Fig. 3�c�� columns indicating that the unit

has Ti atoms at the corners.
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of a central Ti atom surrounded by 4 other Ti atoms and
oxygen atoms. It is postulated that the central Ti atom is
present as a nominal Ti3+ while the surrounding Ti atoms are
present as nominally mixed Ti3+ /Ti4+. This structural unit
was found to have the same periodicity as the other GB
dislocation core units �between �13�510� and �85�920�� but
was not observed in the oxidized sample �Fig. 2�b��.

To verify the abovementioned postulate and to examine
the chemistry and bonding on an atomic scale, we performed
simultaneous EELS core-level spectroscopy. Specifically, the
titanium L2,3 and oxygen K edges were simultaneously re-
corded, with an energy resolution of better than 0.8 eV and a
spatial resolution corresponding to the probe size of about
1 Å. Figures 3�a� and 3�c� show Ti L2,3 edges and O K edges
as the STEM probe scans directly across the GB in steps of
1 Å. The bulk Ti L2,3 edge displays the typical crystal-field
splitting of the L2 and L3 edges, due to spin-orbit coupling of
t2g and eg molecular orbitals of Ti and O ions18–20 and is
2.2–2.4 eV for the octahedrally coordinated Ti and O in
SrTiO3. It was seen �Fig. 3�a�� that as the 1 Å STEM probe
scanned across the reduced GB, the sharp splitting �bulk�
gradually changed to a shoulderlike shape �2 Å from the GB�
and then locally vanished at the GB. Reduction �and ab-
sence� of crystal field splitting necessarily implies a change
in Ti–O coordination at the GB via change in the number of
nearest oxygen neighbors and changes in Ti–O bond length.
The broadening of the fine structural lines is also associated
with the valence decrease of the Ti ions.18 The evolution of
the fine structure of the Ti L2,3 edge from bulk to the reduced
GB is similar to published EELS data from TiO2 �octahe-
drally coordinated Ti and O� as it is gradually reduced to
Ti2O3 �semiconductor� and then to TiO �metal�.21 The O K
edge intensity decreased �Fig. 3�c�� at the GB, indicating
local reduction in oxygen content. The reduction in peaks a,
b, and c is caused by lattice distortion of the Ti–O bonds due
to the oxygen vacancies, suggesting significant modulation
of octahedral coordination in the vicinity of the GB.

For the oxidized sample however, it was observed that
the Ti crystal-field splitting is maintained as the STEM probe
scans across the boundary �Fig. 3�d��, suggesting no signifi-
cant change in the Ti–O coordination. Figure 3�e� shows the
Ti/O integrated intensity ratio plotted for the spectra in Figs.
3�a� and 3�d�. For the reduced sample, it was observed that
the Ti/O ratio increased by about 45±10% locally at the GB,
consistent with a reduction in oxygen concentration and cor-
responding increase in oxygen vacancy content. However,
this contrasts to the oxidized sample, where the Ti/O ratio
decreased by about 20±10% at the GB, suggesting the pres-
ence of oxygen trap states, presumably oxygen adsorption,
induced by oxidation.22

The different electrical response of the oxidized and re-
duced samples can therefore be rationalized using the
atomic-scale observations from the STEM line profiles. The
reduction of a SrTiO3 GB results in a high concentration of
oxygen vacancies at the GB and subsequent change in local
Ti–O coordination. The oxygen vacancies are expected to act
as electron donors. The change in local Ti–O coordination is
evident by the reduction of Ti4+ to Ti3+. An increase in oxy-
gen vacancy concentration as well as the presence of Ti3+

�confirmed by EELS in Fig. 3�a�� at the GB core is expected
to decrease the barrier height in the reduced sample as mani-

fested by the decrease in the GB resistance �Fig. 1�.
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For the oxidized sample, although no change in Ti val-
ance was observed, the oxygen concentration at the GB was
observed to increase. The increase in oxygen concentration is
believed to be brought about by chemisorption of O− and
O2− interfacial trap acceptor states. This increases the barrier
height and hence increases the GB resistance as observed in
electrical measurements. The oxygen chemisorption was also
observed by Nakano et al. in the early 1990s.22 The obser-
vations are also consistent with the expected sign of the GB
charge and space-charge potential proposed in electron ho-
lography experiments.9,23,24

In summary, this letter reports atomic-scale manipulation
of oxygen vacancy concentration at a 24° symmetric tilt GB
in SrTiO3 by using oxidation and reduction. The thermal
treatments provide contrasting GB electronic structures in
reduced and oxidized SrTiO3. The changes in Ti L2,3 and O
K edges at the GB are consistent with deliberately induced
change, i.e., tuning, of GB oxygen vacancy concentration.

FIG. 3. �Color online� EEL spectra recorded point by point across the re-
duced and oxidized SrTiO3 GBs. The spectra were taken with an acquisition
time of 1 s per spectrum. The energy resolution was 0.8 eV. �a� This panel
shows the background corrected Ti L2,3 edges for the reduced sample. The
eg-t2g splitting disappears locally at the GB indicating disruption of octahe-
dral coordination. In the GB spectrum, the Ti L2,3 edge onset is at a
�1.1±0.8 eV lower energy than its bulk counterpart indicating reduction of
Ti4+ to Ti3+. �b� HAADF image shows 8 points where the respective spec-
trum was taken. The GB plane is indicated by white arrows. �c� This panel
shows the background corrected O K edges for the reduced sample, which
were collected simultaneously with Ti L2,3 edges. �d� Evolution of back-
ground corrected Ti L2,3 edges for the oxidized sample. Spectroscopy con-
ditions were identical to those of the reduced sample. HAADF image shows
the 8 points where the respective spectrum was taken. �e� Ti/O integrated
intensity ratio of reduced and oxidized GBs corresponding to the 8 spectra
in �a� and �d�. For the reduced GB, there is a local increase in the Ti/O ratio
at the GB indicating an increase in oxygen vacancy concentration. For the
oxidized GB, however, there is a local decrease in the Ti/O ratio at the GB
indicating a decrease in oxygen vacancy concentration. Ti/O integrated in-
tensity ratio for bulk SrTiO3 is shown as a dotted line. The vertical error
bars reflect the 90% confidence level for Student t-analysis of the data.
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This letter also underscores the advanced capabilities of ab-
erration corrected STEM for imaging and characterizing sub-
nanometer scale GB structures. This GB specific tuning ap-
proach is very general in nature and can be applied to a
variety of multifunctional oxides, whereby next generation
interfaces could be engineered by a combination of doping
and oxidation/reduction treatments.
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