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We deliberately fabricated SrTiO3 thin films deviating from ideal stoichiometry and from
two-dimensional layer-by-layer growth mode, in order to study the impact of well pronounced
defect arrangements on the nanoscale electrical properties. By combining transmission electron
microscopy with conductive-tip atomic force microscopy we succeeded to elucidate the
microstructure of thin films grown by pulsed laser deposition under kinetically limited growth
conditions and to correlate it with the local electrical properties. SrTiO3 thin films, grown in a
layer-by-layer growth mode, exhibit a defect structure and conductivity pattern close to single
crystals, containing irregularly distributed, resistive switching spots. In contrast to this, Ti-rich films
exhibit short-range-ordered, well-conducting resistive switching units. For Ti-rich films grown in a
kinetically more restricted island growth mode, we succeeded to identify defective island boundaries
with the location of tip-induced resistive switching. The observed nanoscale switching behavior is
consistent with a voltage driven oxygen vacancy movement that induces a local redox-based
metal-to-insulator transition. Switching occurs preferentially in defect-rich regions, that exhibit a
high concentration of oxygen vacancies and might act as easy-diffusion-channels. © 2010 American

Institute of Physics. �doi:10.1063/1.3520674�

I. INTRODUCTION

Transition metal oxides have attracted considerable at-
tention over the last decades due to their large variety of
functional properties, e.g., high Tc superconductivity, high
permittivity, or multiferroicity. The typical perovskite lattice
of these materials allows for a broad range of point and ex-
tended defects which strongly influence the electronic prop-
erties. The most prominent example are oxygen vacancies
that generally act as donors. As a result, the band insulator
SrTiO3 exhibits metallic or even superconducting properties
under donor impurity doping or at high oxygen vacancies
concentrations.1,2 In thin film form, transition metal oxides
are suitable for various electronic device applications and
moreover, offer new functionalities, e.g., new order param-
eters in ferroelectric superlattices3 or the formation of a two-
dimensional �2D� electron gas at SrTiO3 /LaAlO3

heterointerfaces.4 However, due to the nonequilibrium con-
ditions inherent to most vapor deposition techniques, thin
films exhibit a different defect structure than bulk samples,
fabricated under equilibrium conditions, which might be ei-
ther beneficial or deleterious for their functional properties.5

In ferroelectric materials, defects control the local polariza-
tion stability, act as pinning sites for domain wall motion and
nucleation sites for polarization reversal.6 Therefore, the con-
trol over defect density and distribution is a key for engineer-
ing the functional properties of ferroic thin films. Moreover,
extended defects, e.g., dislocations, are considered to act as

nanoscale functional units in resistive switching SrTiO3

single crystals and thin films, which are under consideration
for future nonvolatile memories with terabit density.7 These,
so called memristive elements,8,9 require a considerable
amount of defects to sustain their functionality.10 Therefore,
the growth of thin films with ultimate crystalline perfection
is counterproductive for the realization of reliable resistive
switching devices. As a results of this change in paradigm, a
breakthrough in the field of resistive switching devices can
be expected if the realization of thin films with tailored de-
fect structure becomes feasible. On the way toward the fab-
rication of defect engineered memristive thin films, it is in-
evitable to clarify the switching properties of specific single
defects or well defined defect conglomerations.

In this work, we investigated the local conductivity and
the local resistive switching properties in thin films with spe-
cific defect structure. By varying the deposition conditions
during pulsed laser deposition �PLD�, we modified the
growth kinetics and thereby the local distribution of defects.
Starting with thin films grown in a defined 2D layer-by-layer
mode, we deliberately fabricated thin films in a three-
dimensional �3D� growth mode. Detailed investigations by
x-ray diffraction �XRD�, transmission electron microscopy
�TEM�, atomic force microscopy �AFM�, and conductive tip-
AFM �LC-AFM� are combined to elucidate the correlation
between the microstructure and the local conductive proper-
ties of thin films grown under kinetically limited growth con-
ditions.a�Electronic mail: ru.muenstermann@fz-juelich.de.
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II. EXPERIMENTAL

1 at. % Nb-doped SrTiO3 �001� oriented single crystal
with a nominal lattice constant of 3.905 Å �Ref. 11� were
used as substrates. Due to their metallic conductivity, the
substrates serve as a bottom electrode in subsequent resistive
switching measurements. Prior to thin film deposition, the
substrates were annealed for approximately 4–6 h at
1000 °C in air to ensure a defined, flat surface, exhibiting a
step-terrace structure.

Thin films were grown by PLD using a KrF excimer
laser �248 nm� and ceramic targets. Undoped SrTiO3,
2 at. % Nb-doped SrTiO3, and 1 at. % Fe-doped SrTiO3 ce-
ramic targets were employed for thin film deposition. Table I
gives a summary of the used deposition parameter sets.

In order to investigate the local nature of the conductiv-
ity and the switching behavior of the samples we performed
LC-AFM measurements of all films. All measurements were
carried out with a Jeol JSPM 4210 microscope employing a
PtIr-coated AFM tip. The chamber containing the sample
was evacuated to a background pressure of 10−5 mbar in
order to reduce the influence of surface adsorbates. The cur-
rent compliance was set to 1 �A since higher currents can
cause a delamination of the PtIr-coating. The lateral electri-
cal resolution of the tip was demonstrated to be in the order
of a few nanometers, which is consistent with theoretical
estimations of the effective contact area between tip and
sample.7,12,13

The applied voltage is always given with respect to the
tip. By choosing an appropriate tip voltage, the AFM tip can
either be used as a passive readout tool �Secs. III–V� or as a
mobile, active switching electrode �Sec. VI�. Finite element
simulations show that the main part of a voltage applied
between tip and sample drops directly below the tip.14 Any
tip induced resistive switching therefore takes place within
the surface near region of the sample.

III. LAYER-BY-LAYER GROWTH

Using the deposition parameters given in set I in Table I,
50 nm thick films of 1 at. % Fe-doped SrTiO3 were grown.
Figure 1 shows the XRD overview scan of such a sample as
well as a close-up of the region around the SrTiO3 �002�

peak. The overview spectrum exhibits only three very sharp
peak doublets, belonging to single crystalline SrTiO3, caused
by the substrate. A closer look at the �002� region of the
spectrum and a comparison with a spectrum taken from a
bare substrate �without any film on top� proves that the film

structure is identical to the substrate structure �Fig. 1�b��, as
no difference between the two spectra can be detected.

This lack of a lattice expansion is a sign for a stoichio-
metric SrTiO3 thin film with a Ti/Sr ratio close to 1, since
nonstoichiometries result in a significant lattice expansion
�Schlom�. Ohnishi et al. as well as other groups have shown
that for PLD grown SrTiO3 thin films the stoichiometry is
directly determined by the laser fluence:15–18 a low laser flu-
ence results in Sr rich films, while a high fluence produces Ti
rich films. While Sr and Ti vacancies are therefore negli-
gible, subsequent electrical measurements indicate, that the
films contain a significant amount of oxygen vacancies �not
shown here�, that are not detectable in a XRD scan.

The AFM tapping mode surface scan of such a film is
shown in Fig. 2�a�. The surface is very smooth and step
terraces with a height of one atomic layer can be seen. This
morphology indicates that the film is grown in a 2D growth
mode, preserving the step terraces of the underlying sub-
strate. Cross-sectional TEM images confirm that this growth
mode results in a coherent growth and a low defect density
�Fig. 2�d��.

Finally, a behavior close to single crystals can also be
found in the conductive AFM scans �Figs. 2�b� and 2�c��.
The conductivity image displays many small and very well
conducting spots that are randomly distributed within a
poorly conducting background. Comparing this pattern to the
conductive AFM patterns seen for SrTiO3 single crystals re-
veals almost identical behavior.7 The individual conducting
spots have a diameter of only 1–2 nm and were suggested to
be identified with extended defects, in particular dislocations,
that stretch across the sample and intersect with the surface.
First principles calculations indicate an increased density of
states �DOS� at the lower conduction band edge within these

TABLE I. Parameters used for PLD growth of 2 at. % Nb-doped SrTiO3 and 1 at. % Fe-doped SrTiO3 thin
films.

Parameter set I II III IV
Growth type 2D 3D
Temperature �°C� 700
Pressure 0.25 mbar O2 0.25 mbar O2 10−4 mbar Ar 0.25 mbar O2

Frequency �Hz� 5 30 10 10
Laser fluence �J /cm2� 0.8 0.8 2 2
Growth rate �Å/s� 0.47 2.84 7.67 3.33
Substrate 1 at. % Nb-doped SrTiO3

FIG. 1. �Color online� �a� XRD overview scan of a 50 nm thick Fe-doped
SrTiO3 film grown under deposition conditions I. The film structure has
merged completely with the substrate structure, leaving only the SrTiO3

single crystal substrate peaks visible. �b� A magnified look at the SrTiO3

�002� region of the film shown in �a� and a separate XRD scan of a bare
substrate show no discernable structural difference.
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dislocations and a corresponding increased electronic con-
ductivity along the dislocation.7 However, due to their low
density and irregular distribution, we were unable to directly
identify dislocations as conducting filaments in our high res-
olution transmission electron microscopy investigations.

Overall it can be stated that the growth conditions in set
I of Table I provide flat, step-terraced SrTiO3 films grown in
a 2D mode that behave similarly to single crystals and have
a Ti/Sr ratio close to 1.

IV. IMPURITY DOPING

In general chemical impurity doping has an important
influence on the macroscopic conductivity of a sample.
P-type Fe-doped SrTiO3 single crystals behave different
from n-type Nb-doped SrTiO3 single crystals in terms of
electronic properties and chemical compensation
mechanisms.19 In the case of thin film growth, however, the
prepared samples are usually far away from the stoichiom-
etry of a single crystal. Other effects—such as a growth re-
lated oxygen deficiency or a shift in the Ti/Sr ratio-play an
important role and can potentially overrule the external
chemical doping.16

In order to determine the influence of chemical impurity
doping on the structure and local conductivity of our PLD
grown thin films, a 2 at. % Nb-doped SrTiO3 thin film and a
1 at. % Fe-doped SrTiO3 thin film were prepared under the
deposition conditions described in set II in Table I and
checked with conductive AFM. The deposition parameters
are nearly identical to the previously chosen layer-by-layer
case. The only difference is an increased growth rate due to a
raised laser frequency.

The topography of both samples is shown in Figs. 3�a�

and 3�d�. Both of them show comparable surface features
with a root mean square �rms� roughness of about 0.2 nm.
Step terraces similar to the previous layer-by-layer growth
can be seen. Focusing onto a single terrace, however, as

shown in Figs. 3�b� and 3�e�, reveals a hilly substructure and
a deterioration in the terrace smoothness. A corresponding
pattern can be seen in the current images �Figs. 3�c� and
3�f��. They exhibit a pattern of enlarged conducting units.
The overall change in surface morphology and local conduc-
tivity compared to Fig. 2 can be related to the increased
deposition rate and will be discussed in more detail in the
following sections.

Concerning the comparison of Fe- and Nb-doped
samples, no difference can be observed on a local scale. The
structure and conductivity appear to be dominantly deter-
mined by the identical thin film deposition conditions. It is
interesting to note, that this dominance of the deposition con-
ditions over the chemical impurity doping is also reflected on
a macroscopic level. Checking the macroscopic conductivity
of these samples, reveals that our Fe-doped SrTiO3 films
generally exhibit n-type semiconducting behavior.20 The spe-
cific growth and defect structure of those films obviously
allows to accommodate a significant amount of oxygen va-
cancies. Previous studies on SrTiO3 single crystals suggest
that interfaces21 and extended defects22 are preferential
places for oxygen vacancies. These inherently oxygen-
deficient defects outweigh the background Fe acceptor dop-
ing and result in a dopant-independent n-type behavior.

Due to the complex nature of PLD grown thin films, the
overall conductive properties are therefore strongly domi-
nated by the growth related specific defect structure and sto-
ichiometry and external impurity doping plays a minor role.

V. 3D GROWTH

In order to access different types of film growth than the
previously described layer-by-layer growth, extreme cases of
deposition conditions were chosen �set III and IV in Table I�,
producing films of widely different defect structures grown
in a 3D way.

FIG. 2. �Color online� �a� Tapping mode AFM surface scan of a 50 nm thick
Fe-doped SrTiO3 film grown under deposition conditions I. The surface is
very smooth and shows step terraces with a height of one atomic layer. �b�

Conductive AFM surface and �c� conductivity scan. The strongly shrunk
scan size as well as the reduced lateral resolution of the conductive AFM
contact mode scan lead to a different perception of the topography in part
�b� as opposed to part �a�. The conductivity is inhomogeneous and has a
pattern comparable to that of SrTiO3 single crystals �Ref. 7�. �d� The corre-
sponding TEM data show a flat, 2D layer-by-layer growth.

FIG. 3. �Color online� �a� Topography of a 2 at. % Nb-doped SrTiO3 thin
film grown under deposition conditions II of Table I. �b� The conductive
AFM topography and �c� conductivity scan were recorded with a smaller
scan range, focusing onto a single terrace. �d� Overview topography, �e�

magnified topography, and �f� conductivity of a 1 at. % Fe-doped SrTiO3

thin film grown under identical conditions �set II of Table I�. Neither mor-
phology nor local conductivity are significantly altered by the change in
dopant type.
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The laser fluence was set to its maximum value �ap-
proximately 2 J /cm2� driving the films into a clearly nons-
toichiometric, Ti rich conditions.15–18 In addition the laser
frequency has been doubled. Combined with the raised flu-
ence, this leads to a significantly increased deposition rate
and a further leaning toward a strongly kinetically limited
growth. A subsequent variation in deposition pressure be-
tween set III and IV highlights the connection between pres-
sure and growth kinetics and their implications for thin film
growth.

A. Coherent 3D growth

Figure 4 shows XRD spectra of a 200 nm thick 2 at. %
Nb-doped SrTiO3 film grown under deposition conditions
III. While, compared to the previous case of layer-by-layer
grown Fe-doped SrTiO3, the influence of the change in dop-
ant material from Fe to Nb is less important for the growth
structure �see Sec. IV�, the change in deposition parameters
has caused a significant difference in the spectra: with all
three substrate SrTiO3 peaks still visible, a closer look at the
peak regions �Fig. 4�b�� reveals that in addition to the sharp
substrate peaks, clearly shifted and more broadened film
peaks can be seen. Those peaks still represent a perovskite
SrTiO3 structure but the shift in peak positions indicates an
expanded lattice constant: the peak positions of the film
peaks correspond to a lattice constant of 3.943 Å, while the
substrate peaks represent a substrate lattice constant of 3.903
Å �which is nearly identical to the literature bulk value of
3.903 Å �Ref. 11��. The film is still c-axis oriented, epitaxial
and has very good crystallinity �as indicated by the rather
small Rocking curve width of 0.03° shown in the inset of
Fig. 4�b��.

The expanded lattice constant is caused by a shift in the
Ti/Sr ratio due to the relatively high laser fluence during
deposition.16 A comparison with literature data suggests a
Ti/Sr ratio of roughly 1.5,18 which is in good agreement with
element concentrations determined by x-ray photoelectron
spectroscopy �XPS� for these films.23 While 1.5 may not be a
quantitatively accurate value, it clearly indicates a Ti excess
or an equivalent increase in Sr vacancies. Since Sr vacancies
are charged, electrostatic repulsion causes an outwards
movement of the atoms surrounding a vacancy and an iso-
tropic expansion of the lattice resulting in an in-plane lattice

mismatch to stoichiometric SrTiO3 of the order of 1%.24 As a
result, the Ti-rich SrTiO3 grows compressively strained on
stoichiometric SrTiO3 single crystals, resulting in the ob-
served elongation of the c-axis and strong deviations from
homoepitaxial layer-by-layer growth. This growth parameter
induced transition from a 2D, layer-by-layer mode to a dif-
ferent, 3D growth type is reflected in both the morphology
and conductivity as observed with conductive AFM in Figs.
5�a�–5�c�. The topography in part �a� has no longer a flat,
step-terrace structure but exhibits a dense array of roughly 30
nm wide and 1–4 nm high, round hills, having a certain
degree of short-range ordering. The corresponding rms sur-
face roughness lies at 1.78 nm. The local current distribution
�recorded at a tip voltage of �3 V, see Fig. 5�b��, is signifi-
cantly changed as well and somehow reflects the hilly sur-
face structure. A dense array of well-conducting units can be
seen across a nonconducting background. A comparison be-
tween topography and current can be achieved by placing a
line scan of the topography image, taken at the site indicated
by the black line, above a line scan of the current image,
taken at exactly the same position as indicated by a red line
�Fig. 5�c��. Both, topography and current, reveal a direct spa-
tial correlation: the center of each surface hill coincides with
the center of each well conducting unit, while the boundaries
of the surface hills are less conductive regions.

While AFM probes only the surface of a sample, cross-
sectional TEM can be used to investigate deeper lying re-
gions and to determine the defect structure. Figure 5�d�

shows a cross-sectional overview of a film. While the film is
grown in a coherent, epitaxial way, a dense distribution of
small black spots can be seen across the film thickness. A
magnification of these spots, as shown in Fig. 5�e�, reveals
the structure of the spots. The image contrast of the spots is
related to the small nanoclusters with strong local lattice dis-
tortion. Analysis shows that the clusters have increased lat-
tice constant in comparison with the perfect lattice of matrix.
While the initial explanations for this increased lattice con-
stant revolved around an increased Nb-concentration within

FIG. 4. �Color online� �a� XRD overview scan of a 200 nm thick 2 at. %
Nb-doped SrTiO3 film grown under deposition conditions III. SrTiO3 �001�,
�002�, and �003� peaks are visible for both, the thin film and substrate,
corresponding to lattice constants of 3.943 Å in case of the film and 3.903 Å
in case of the substrate. �b� A magnified look at the SrTiO3 �002� region
showing the difference in peak position and lattice constant for film and
substrate. The respective rocking curve for the film peak is shown in the
inset. FIG. 5. �Color online� �a� Topography and �b� current image of a 2 at. %

Nb-doped SrTiO3 film grown under deposition conditions III. The surface
consists of small, circular hills with a conductive center and nonconducting
boundaries. �c� This correlation is visualized by two line scans taken at the
same position within topography and current image. ��d� and �e�� The defect
structure was checked by cross-sectional TEM and exhibits a dense distri-
bution of defect-rich nanoclusters.
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these clusters,25 subsequent energy dispersive x-ray spectros-
copy scans showed no inhomogeneity in the Nb content. In
view of the Sr deficient nature of our films a local enrich-
ment in Sr vacancies is more plausible. Those vacancies can
constitute the increased defect density within the clusters and
at the same time account for the local expansion of the lattice
constant �due to their electrostatic repulsion�. Ohnishi et al.

15

have described a similar defect structure of Sr vacancy rich
inclusions in a related material.

Looking for a general picture of the growth structure of
our films by combining all available data, the high laser flu-
ence has led to a nonstoichiometry and lattice expansion and
a heteroepitaxylike condition, while the combination of an
extremely high growth rate and a low deposition pressure
imposes complex kinetic limitations. This specific set of
growth conditions results in a growth type previously de-
scribed as “pseudo-2D island growth,”26 that is still 3D in
character but has much smaller surface islands than the clas-
sical 3D Stranski–Krastanov or Volmer–Weber growth
modes. A specific feature of this growth type is the uniform,
circular shape of the surface islands, their dense arrangement
and a certain degree of short-range ordering between them,
as seen in Fig. 5�a�. It has been suggested that the surface
islands are related to threading dislocations intersecting with
the film surface.26 There are three arguments in favor of this
interpretation: on the one hand threading dislocations are the
main extended defects in SrTiO3 thin films.27 On the other
hand they are known to form a roughly regular network of
dislocations with a surface density similar to that of the sur-
face islands.27,28 Finally, if intersecting with the surface, a
threading dislocation forms roughly pyramidal structures,
that could be similar to the shape of an island.29 Concerning
the relation between defect structure and conductivity it can
be further speculated, that if the islands are related to thread-
ing dislocations, the center of an island or a dislocation
should have a higher conductivity than the boundaries. This
correlation would perfectly explain the observed conductiv-
ity pattern in Fig. 5�b�. However, our TEM images do not
allow to discern any threading dislocations since their vis-
ibility depends very critically on the observation direction.
The only visible features in our current TEM data are the Sr
vacancy rich inclusions that show no apparent connection
with the surface morphology.

Combining all data it can be concluded that the films
deposited under deposition conditions III are grown in a co-
herent, epitaxial but 3D way, have a Ti and defect-rich
growth structure and a specific type of small, short-range-
ordered, and well-conducting surface hills. However, a direct
correlation between conductivity pattern and microstructural
features could not be obtained for these samples.

B. Island growth

Keeping the same high laser fluence �and therefore, Ti/Sr
ratio� and frequency as in Sec. V A but raising the deposition
pressure results in altered growth kinetics and causes yet
another type of growth and defect structure. Figure 6 shows

the topography, conductivity and defect structure of a 100
nm thick 2 at. % Nb-doped SrTiO3 film grown under depo-
sition conditions IV �see Table I�.

The surface structure has completely changed toward a
much rougher morphology �the rms roughness is approxi-
mately 5 nm�, showing slightly longish, 50–100 nm wide,
and 10–20 nm high islands. The conductivity is also inho-
mogeneous but has a different pattern as in the previous, low
pressure case �see Fig. 5�. Instead of well-conducting units,
well-conducting ringlike structures can be seen. Checking
for a connection between topographic features and conduc-
tivity by placing two line scans at the same positions within
topography and current image �Fig. 6�c��, both are again cor-
related with each other. However, in this case the correlation
is exactly reversed to the previous case: the boundaries of
each surface island are very well-conducting regions while
the center is less conducting.

This specific conductivity distribution can be very well
related to the films’ defect structure as seen by TEM �Figs.
6�d� and 6�e��. The overview image shows an epitaxial film,
consisting of closely packed columnar structures, or growth
islands, that extend from the substrate to the surface of the
film. The boundaries of these islands can be seen as dark,
defective regions. A few of them are marked exemplarily by
white arrows and magnification of such an island boundary is
shown in Fig. 6�e�.

A similar columnar microstructure has been presented by
He et al.

30 for BaTiO3 thin films. In their case, nearly stoi-
chiometric BaTiO3 growth islands were surrounded by amor-
phous, Ti-rich boundaries. In our case, the Ti excess-imposed
by the high laser fluence-has to stem from the island bulk
and cannot be restricted to the boundaries since we observed
an expanded lattice constant in the corresponding XRD spec-
tra �not shown here�.

The diameter of the columnar islands is of the order of
50 nm or more. Making a connection between TEM and
AFM data, the surface islands seen by conductive AFM can
clearly be identified with those columnar islands, extending
down to the substrate and having defect-rich boundaries.

FIG. 6. �Color online� �a� Topography and �b� current image of a 2 at. %
Nb-doped SrTiO3 film grown under an increased deposition pressure �depo-
sition conditions IV�. The surface consists of large islands with conducting
boundaries. �c� The correlation between topography and conductivity is
again visualized by two line scans taken. ��d� and �e�� The defect structure
was checked by cross-sectional TEM. The film contains large growth is-
lands, extending from the substrate to the surface, with defect-rich bound-
aries. These growth islands can be identified with the surface islands.
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The change in morphology and growth structure upon
raising the deposition pressure can be well explained by the
increased kinetic limitations, since the migration length is
reduced by at least a factor of 4 when changing the pressure
from set III to set IV in Table I.31 This effect can be attrib-
uted to the thermalization of the ablated particles arriving at
the substrate surface. As a result, the growth of the Ti rich
SrTiO3 changes from a coherent to an island growth mode
with rising oxygen pressure. A similar transition from a
“pseudo 2D” island growth at low pressures �as observed in
Sec. V A� to a Stranski–Krastanov type, full 3D island
growth at higher pressures has been reported by Shin et al.

26

Concerning the clearly observed connection between the
defect structure and the local conductivity, we can state that
for this specific type of samples the defect-rich island bound-
aries exhibit a significantly increased conductivity compared
to the less conductive island centers. Since the only relevant
conduction type at room temperature and low voltages in our
material is an electronic conduction, the conductivity can be
described as

� = e�ene, �1�

with the electron charge e, the conduction electron mobility
�e, and concentration of conduction electrons ne. Hole-type
contributions are negligible. An increased conductivity at the
island boundaries has therefore to be related to either an
increase in ne or an increase in �e. While �e is related to the
local band structure, in particular the band bending, ne is
determined by the local stoichiometry. Since the conductivity
is typically extremely sensitive to stoichiometry variations,
we assume that the main part of the conductivity variation
between island boundary and center can be attributed to a
stoichiometry and therefore ne change, while possible varia-
tions �e play a secondary role.

In a first approximation, �where point defect chemistry
considerations have been extrapolated to a local scale� ne is
equal to

ne = 2�VO
·· � + �NbTi

· � − 2�VSr� � , �2�

where VO
·· are double positively charged oxygen vacancies,

NbTi
· ionized, and therefore positively charged dopant atoms

and VSr� double negatively charged Sr vacancies. An in-
creased ne at the island boundaries can therefore, be caused
by an increase in VO

·· or NbTi
· or a decrease in VSr� . Since we

cannot detect any variation in the Nb content across our film
and since a decrease in Sr vacancies in a SrTiO3 area of
increased defect density seems unlikely, we suggest that the
increased conductivity of the island boundaries might be re-
lated to an increased oxygen vacancy content within these
defective regions. While De Souza et al. have reported on
oxygen-deficient low angle grain boundar21,32 Jia et al. could
directly prove the existence of oxygen-deficient dislocations
in SrTiO3 single crystals.22,33 Concerning the conductivity
distribution Szot and Bihlmayer presented DOS calculations
showing a significantly improved conductivity in the direc-
tion of such a defect.7

The observed high conductivity of the island boundaries
can therefore possibly explained by a locally increased den-
sity of oxygen deficient extended defects.

VI. AFM TIP INDUCED SWITCHING

Conductive AFM is typically used as a passive probing
tool to determine the surface structure and local conductivity
of a sample as described in the previous sections. In the
language of resistive switching this corresponds to a readout
measurement that does not change the sample’s resistive
state. The optimal readout voltage value is reached for a
voltage that is sufficient to provide a reasonable current sig-
nal and low enough not to change the samples resistivity
upon several readout scans. It varies between different
sample types and has to be readjusted prior to each measure-
ment.

It is however also possible to use the AFM tip as an
active switching tool.7,12 If biased with an appropriate
switching voltage it can be regarded as a mobile virtual top
electrode. In order to ensure good reproducibility special
care was taken to avoid topographical and structural changes
during switching and to keep the switching voltage as low as
possible. Higher voltages result in a drastic alteration of the
local surface structure. While Pellegrino et al.

34 have utilized
these tip voltage induced surface changes to realize an AFM
controlled surface lithography, they are undesirable in terms
of resistive switching because they represent an undefined
and irreversible change in the sample. Absolute voltage val-
ues of 3–6 V were usually sufficient to change the sample’s
resistance without modifying its morphology. Similar to the
readout voltage, the switching voltages has to be readjusted
for each sample as well.

An AFM switching procedure for the 2 at. % Nb-doped
SrTiO3 sample grown in the coherent 3D growth mode, de-
scribed in Sec. V A, is shown in Figs. 7�a� and 7�b�. Since
the topography is constant throughout the switching process
and identical to the one shown in Fig. 5, only current images

FIG. 7. �Color online� ��a� and �b�� Reversible resistive switching in a
2 at. % Nb-doped SrTiO3 sample grown in a coherent, 3D way. The con-
ductive AFM current images show an array of conducting units which can
be switched between two different resistance states. ��c� and �d�� Reversible
resistive switching in a 2 at. % Nb-doped SrTiO3 sample grown in an island
growth mode. The array of conducting rings corresponds to the film’s defect
structure and can be switched between two different resistance states.
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are shown. Starting with a readout scan at-1 V in part �a�, the
sample specific conductivity pattern can be seen. In this case
it is the previously described short-range-ordered array of
well conducting units. A central 500�500 nm2 square of
these units appears as a bright and conductive region. �All
units outside this square have been previously switched off
to allow a better visual contrast.� Following this initial read-
out scan, the tip was biased with a higher voltage of �3 V
and scanned across the upper right part of the central square,
marked in white �scan not shown here�. A second readout
scan, that was taken after this switching step and is shown in
part �b�, reveals, that the switching scan has caused all units
within its scanning range to switch off. These units can be
switched back into the On state with a switching voltage of
+3 V and the initial state is reached again. Continuing in
this manner of subsequent switching and readout scans a
reversible switching between On and Off state can be gener-
ated that can be repeated several times. The eventually lim-
iting factor is not the sample but the AFM tip wear off.

On a large scale, the switching effect can be approxi-
mated as homogeneous, in the sense that it can be induced in
any arbitrarily chosen and shaped area of the sample, without
any structural or surface changes. On a local scale, however,
it has a substructure that is dictated by the conducting units.
The conductivity of these units is changed by roughly three
orders of magnitude during switching, varying between a
low current level of 0.03 nA in the Off state and a high
current level of roughly 10 nA in the On state. The surround-
ing background region remains poorly conducting through-
out the switching procedure and therefore does not contrib-
ute to the effect. Moreover, placing the tip permanently
above a single unit, local current-voltage scans can be re-
corded, that reflect the On and Off switching of the respec-
tive, individual unit.35 According to the discussion in Sec.
V A, these regularly arranged resistive switching units might
be identified with the center of threading dislocations.

Figures 7�c� and 7�d� contains current images of the
2 at. % Nb-doped SrTiO3 sample grown in an island growth
mode, that was presented in Sec. V B. Performing the same
switching procedure as with the previous sample, a similar
switching behavior can be seen: starting with a well conduct-
ing, squared region in part �c�, a smaller, central part of that
square was scanned with a switching voltage of �3 V. A
subsequent readout scan �part �d�� confirms a successful off
switching of that central region. Scanning with +3 V revives
the conductivity, while scanning with �3 V decreases it
again. The topography of the sample is again unchanged dur-
ing the switching process and identical to the one shown in
Fig. 6.

While the qualitative switching properties, such as the
overall procedure, the polarity and the possibility to switch
any designated region are identical to the previously pre-
sented sample, the site of resistive switching has been
adapted to the second sample’s changed defect structure: the
defect-rich growth island boundaries contribute to the
switching, while the less defective interior remains poorly
conducting throughout the process.

The observed nanoscale switching behavior is consistent
with a voltage driven oxygen vacancy movement reported in

the literature8,7,36–38 that induces a local redox-based metal to
insulator transition in transition metal oxides. While homo-
geneous on a larger scale, on a local scale, the oxygen dif-
fusion is preferentially occurring in defect-rich regions of the
investigated samples. This can be either explained by the
strongly increased density of oxygen vacancies in the defec-
tive regions or by their increased mobility within the ex-
tended defects, that can possibly act as fast diffusion chan-
nels for oxygen vacancies.39

VII. CONCLUSION

In conclusion, we succeeded to grow SrTiO3 films with
widely different defect structures using PLD. SrTiO3 thin
films, grown in a layer-by-layer grow mode with a Ti/Sr ratio
close to 1 exhibit a defect structure and conductivity pattern
close to single crystals. Irregularly distributed resistive
switching, conducting spots were observed in an insulating
matrix and might be identified with exits of dislocations, that
extend across the sample and intersect with the surface. For
Ti-rich films grown at low pressure, a coherent 3D growth
mode was obtained. The significant surface feature of these
films is a short-range-order of well-conducting surface hills.
These regular arrays of conducting hills can be regarded as
single resistive switching units. Both, the size and the distri-
bution of these conducting hills, resemble regular networks
of threading dislocations. For Ti-rich films grown at higher
pressure in a kinetically more restricted island growth mode,
we were able to identify defect-rich island boundaries with
conducting ring structures on the surface: each island bound-
ary can be seen as a well conducting region, while the less
defective island centers are nonconducting and not involved
in the switching process. The observed nanoscale switching
behavior is consistent with a voltage driven oxygen vacancy
movement that induces a local metal to insulator transition.
The transition occurs preferentially in defect-rich regions of
the investigated samples containing an increased concentra-
tion of oxygen vacancies and acting as easy-diffusion-
channels. Our results demonstrate the possibility to modify
the local distribution of resistive switching channels by
choosing appropriate deposition routes and are thereby a first
step toward the realization of defect engineered SrTiO3 thin
films.
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