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Resistive Switching of a Quasi-Homogeneous Distribution
of Filaments Generated at Heat-Treated TiO, (110)-Surfaces

Maciej Rogala,* Gustav Bihlmayer, Wolfgang Speier, Zbigniew Klusek,

Christian Rodenblicher, and Krzysztof Szot*

Resistive switching of thermally treated rutile single crystals with (110) orienta-
tion is studied. A heat treatment procedure is developed that involves reduction
and oxidation steps and allows to induce low resistance states in switchable
regions at the surface by low-voltage electrical stimulation with the conducting
tip of an atomic force microscope. This way, it is possible to electrically imprint
quasi-homogeneous switchable regions over several square micrometers.
These regions are identified to consist of nanofilaments crossing the surface
with a density of around 10'> cm~2, much higher in density than observed for
single crystals so far. Experimental evidence is given that these nanofilaments
are not related to inherent structural imperfections such as dislocations, but
may originate from the linear agglomeration of oxygen vacancies as predicted
by theory. Ab initio calculations and electrical simulations are performed to
analyze the filamentary structures and their network in the effort to explain the
observed filamentary switching of heat-treated single-crystalline TiO,.

1. Introduction

TiO, is considered a prototypical transition metal binary oxide
for resistive switching,!'"% of which the crystalline rutile seems
to be most suitable for potential device development. It is now
well established that resistive switching in TiO, is not a material
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property by itself but is a highly local-
ized phenomenon in the bulk material
related to reduction processes and nano-
filamentary structures.”#l These struc-
tures may develop in single crystalline
materials along structural imperfections
such as extended defects, e.g., disloca-
tions, through an oxygen redistribution in
an initializing (electro-)forming step.*?)
Nanofilaments could also involve the crea-
tion of sub-oxides as a consequence of the
extensive local modification of the oxygen
stoichiometry®®1! and it may give rise to a
strong spatially confined release of oxygen
from the material. The latter has been
observed as bubbles occurring underneath
the electrodes and may even give rise to
a delamination of the electrode mate-
rial.1? In fact, the “unpredictable locations
and irregular structures’ of the nano-
filaments are considered to be a serious drawback for device
development. Therefore, means are sought to circumvent this
probleml! either by, e.g., doping, developing the material prop-
erties in such a way as to offer a controlled generation of nano-
filaments in predetermined locations or, alternatively, taking
the route of deliberate oxide-layer engineering by, for instance,
constructing suitable TiO,/TiO,., multilayer structures.[

In this work, we describe an approach which allows for the
generation of a quasi-homogenous switchable region near the
surface which can be used for high density data storage by
resistive switching processes. The thermal preparation method
that we propose leads to the modification of extended defects in
the crystal and creation of “new” filamentary structures of high
density near the surface which allows for preferential and fully
controllable switching. Basing on experimental and theoretical
investigations we deeply analyze the nature of such crystal
structure transformation and the mechanism responsible for
the observed resistive switching processes.

2. Results and Discussion

The basic mechanism of resistive switching in Ti-based oxides
is related to the electrically-induced modification of the local
oxygen content along filamentary structures and the corre-
sponding modulation of the electronic properties associated
with the occupation of the 3d-states (valence change) at the
neighboring Ti atoms. This can be achieved in different ways,
not only by application of an electrical field, as in resistive
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Figure 1. Conductivity (LC-AFM) maps of TiO, (110) surface layer obtained by measurements analyzed in more detail in previous paper:['9 a) stoichio-
metric crystal (sample tip polarization 10 V), b) slightly reduced crystal (polarization 1 V; reduction condition: 800-1000 °C, 1-2 h, ultrahigh vacuum
(UHV) conditions: po; = 107'% mbar, measured by quadrupole mass analyzer), c1) conductivity map (polarization 100 mV) and (c2) topography of
strongly reduced crystal (1000 °C; 24 h; UHV), d1) conductivity map (polarization 100 mV) and (d2) topography of heavily reduced crystal (a few
days at UHV conditions at 1100 °C or 1 d in a H,+Ar gas mixture at 1100 °C), e) electro-degraded crystal (polarization 100 mV; temperature below
300 °C), f) a schematic presentation of electrodegradation process. Note that LC-AFM measurements of the resistance of the stoichiometric crystals
and for the matrix of the reduced crystals (see resistance values with * indexes) have been obtained using a specially designed I/V converter with 1 fA

sensitivity with sample tip polarization 10 V.

switching, but also by thermal treatment under reducing
or oxidizing conditions. As we have recently worked out in
detail,l'% one is confronted in all these cases with the fact that
the changes induced are indeed highly local in nature and that
the modified electrical properties in the bulk material and near
the surface exhibit a high level of heterogeneity. This is illus-
trated in Figure 1. Here, we use electrical mapping of the sur-
face employing a local conductivity atomic force microscope
(LC-AFM) where the tip of the microscope acts as a point
electrode in contact with the surface and measures the cur-
rent crossing the surface at its position and passing through
the crystal to the opposite (e.g., bottom) electrode. Conducting
maps of TiO, are presented for a reference stoichiometric
crystal without any pretreatment (Figure 1a), thermally treated
crystals with different level of reduction, here light (Figure 1b),
strong (Figure 1c1) to heavy (Figure 1d1) reduction, and an
electro-reduced crystal (Figure le). LC-AFM maps for stoi-
chiometric and lightly reduced crystals show only a statistical
distribution of the filaments. Their conductivity increases as
an effect of the removal of oxygen (confirmed via effusion
and XPS measurements) in contrast to the resistance of the
matrix (in all cases >10™* Q). Although the reduction process
changes the electrical properties of the individual filaments,
the roughness for stoichiometric and lightly reduced crystals
is the same (RMS = 0.2 nm pm™2). A dramatic decrease of the
resistance of the filaments has been identified in the LC-AFM
maps of the strongly reduced crystal. This thermal treatment
is responsible for an additional effect: The filaments are no
longer just randomly distributed in the plane of the crystal, a
tendency for a linear accumulation of the defects can now be
identified. This strong reduction process leads to the modifi-
cation of the topography (Figure 1c2), which manifests in the
increase of the RMS (=7.4 nm pm™2). The prolonged (heavy)
reduction is strong enough to transform surface regions
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into Magnéli phases, which can be easily identified using
X-ray measurements.®1% The “electrical consequence” of this
extreme reduction is visible in the resistance map (Figure 1d1)
and the topography of the surface (Figure 1d2). A very small
resistance can be measured in microscopic regions, which
have replaced the nanoscopic filament structure or the chains
of accumulated filaments seen for strong reduction. A similar
effect can be generated using electrical gradients (Figure le)
but at moderate temperatures (RT-300 °C).Bl A schematic of
this so-called electrodegradation is presented in Figure 1f. Pro-
longed current flow between metal electrodes does not only
modify the local transparency (in our case the cathode and
anode are connected with a structure of parallel dark stripes),
but along the stripe the electrical conductivity is many orders
of magnitude higher than in the matrix. On the metal elec-
trode (anode) a high concentration of the micro-bubbles can
be identified, which are an indirect proof for the enormous
transport of oxygen, which leads to a plastic deformation of the
thin metallic electrode at the exits of the stripes. One can see,
both in the optical image and the conductivity maps that the
filamentary structure has developed between the electrodes in
a directed way. The conductivity map further reveals that the
optically detectable filaments may actually consist of a bundle
of filaments, but all accumulated in stripe-like features in the
same direction.

This small gallery of “switched crystals” using both electrical
and chemical gradients exemplifies that the homogeneity of
the distribution and the density of filaments (or conducting
regions) in heat-treated or electro-degraded TiO, single crystals
has to be considered as being far from what one would con-
sider as being useful for the application as nanodevices for
information storage. Also, the overall electrical properties have
to be viewed in terms of a mixture of regions in direct spatial
proximity, which are characterized by quite diverse electronic
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Figure 2. a) LC-AFM conductivity map (sample tip polarization 50 mV) of
TiO, previously patterned by selectively applying a low voltage (U < 4 V)
in the scanned area. b) An enlarged section of the center of the pattern.
c) The topographical image corresponding to the area whose conductivity
is presented in (b). Before patterning the TiO, crystal was prepared by
annealing at 1100 °C in UHV and further surface reoxidation by dosing
10° L of oxygen at room temperature.

states, either band-insulating in character or in a state where
electron correlation plays an important role.

It came as a surprise that, when we tried to test different
heat treatment procedures concentrating on low-level reduction
in combination with short reoxidation of the surface during in
situ experiments, we were able to electrically imprint an aston-
ishingly high concentration of conducting filaments (with a
density =10'? cm™2) with LC-AFM using only low voltages. This
is illustrated in Figure 2, where a surface of lightly reduced
TiO, and reoxidation at room temperature is shown which has
been selectively electrically addressed with a predetermined pat-
tern. Regions become visible with a quasi-homogenous distri-
bution of high-conducting states at the micrometer scale. These
regions are, however, still found to be filamentary in nature. In
fact, the logical information is written here in a two-level form,
“on” corresponding to high-conducting filaments while “oft”
corresponding to low-conducting filaments. But, the filaments
do not seem to be based on the familiar filaments associated
with the structural imperfections such as dislocations, which
are not available with this high density and this kind of uni-
formity at the surface. It is the purpose of the present study to
work out the differences in filamentary structures observed at
the surface of heat-treated TiO, and to obtain further insight
into the nature of these “new” filamentary structures. Our anal-
ysis was greatly stimulated by the prediction of density func-
tional theory (i.e., ground state) calculations that the agglom-
eration of oxygen vacancies along linear segments is energeti-
cally favorable in the crystalline structure of rutile>1 and that
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linear high-conducting paths may develop and may be easily
switchable near the surface during the course of reduction and
oxidation, respectively.

For our investigations we used commercial rutile TiO, single
crystals with (110) orientation obtained by CrysTec, Berlin. In
situ measurements with X-ray photoemission spectroscopy
(XPS) were performed to monitor changes in electronic char-
acter of the crystal as a result of the thermal treatment. The
detailed results are shown in the Supporting Information.
Our experiments demonstrate that the reduction process does
indeed modify the electronic states in the near-surface region
through a valence change and is, at least for the lightly reduced
crystal, reversible to some extent at room temperature. It is this
situation, i.e., light reduction and subsequent reoxidation at
room temperature, which was used to electrically address and
switch the regions to the high-conducting states presented in
Figure 2.

To get further insight into the character of the filamen-
tary structure available at the surface after thermal reduction
we investigated the surface of TiO, (110) crystals prepared by
chemical etching prior to thermal treatment in order to use
the etch pits in the standard manner as marks for the posi-
tion of exits of dislocations (see Figure 3a for the topography
of an etched surface).l' Although this preparation step slightly
increases the roughness of the surface and generates holes
(here the etch pits) at the position where dislocations cross
the surface, it does not handicap the redox processes of such
chemically modified surfaces. This means that after reduction
and reoxidation of an etched crystal it is still possible to elec-
trically address filamentary structures not only at the position
of the cores of the dislocations but also at the other places of
the surface where no dislocations seem to be available (see
Figure 3b), just as noted above. This is even though the crys-
tals were transported through air before being introduced into
the LC-AFM chamber. Without electrical activation, the highest
conductivity at the surface stems solely from exactly the posi-
tions of the etch pits related to the enhanced reduction of the
core of dislocations.l'% We have analyzed histograms of selected
regions (with the same area 10* nm?) on the described surface
of TiO, (110) after electrically addressing (as in Figure 3b), one
region covering one of the etch pits (area Al in Figure 3a) while
the other regions are in close proximity to the etch pit (AII) or
further away (AIII). Based on the LC-AFM maps and the study
of the histograms (Figure 4) for the three mentioned areas we
can state are as follows:

1) The distribution of the filaments in the region of the etch pits
(the area of AT of 100 nm x 100 nm corresponds approximate-
ly to the dimension of the geometrical base of the inverted
pyramid of the etch pit) exhibits a sharp maximum with a
value of the current of around 30 nA (H,; in Figure 4a). This
region Al channels the majority of the current flow through
the surface with an integrated current =10 pA/10* nm?. In
fact, the region is characterized by a dense configuration of
filaments within the etch pit and the electrical characteris-
tics of the individual filaments within the area is not strongly
marked with the respect to the inner center. Considering the
dimensions we might attribute this area not to a single dislo-
cation but rather a highly interwoven bundle of dislocations.

Adv. Funct. Mater. 2015, 25, 6382-6389
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Figure 3. The LC-AFM a) topography and b—d) maps of local conductivity (sample tip polarization 500 mV) of TiO, (110) surfaces that have been
preliminary etched in HF (etch-pits are visible in topography as inverted pyramid-shaped holes; outside the pits RMS = 0.3 nm). The crystals have been
prepared by a multistep technique: (i) slight reduction under UHV conditions and (ii) exposition at RT to oxygen. Low temperature oxidation “switches
off” a lion's share of conducting filaments (see dark region in Figure 2a). Electrical gradients (of a few volts via the tip of the LC-AFM) can be using
to activate filaments on the nanoscale (b). Here, densities similar to the ones after reduction can be reached. The repeated exposition to controlled
doses of oxygen (120 L for (c) and 108 L for (d)) “switches off” the electrically activated filaments. However, the filament in the center of etch pit is
not sensitive to this oxidation and its conductivity is still high (visible in panel d). Areas, which have been analyzed in the histograms of Figure 4, are
indicated in panel (a). More details concerning (a) and (d) can be found in previous paper.'”

2) The second area (All) situated in a distance of about 100 nm mensions of 6-10 nm and is considerably smaller than for
apart from the center of the etch pit, shows a distinct change in the current through the etch pit (i.e., region AI).
the form of the histogram with respect to the area Al Instead ~ 3) In the area AIIIl on the surface we find filaments with a
of a sharp peak, we can identify a broad plateau ranging from similar radius than for the area AII but the resistance of the
10 to 25 nA (Hajp in Figure 4a). The integral current which individual filaments is higher and their distribution does not
flows through this region All, amounting to 0.7pA/10* nm?, show a similarly pronounced plateau as in AIl. In the histo-
is channeled along of individual filaments with typical di- gram (see H,jyp in Figure 4a) we can instead discern a broad
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Figure 4. Analysis of the current distribution of the LC-AFM maps presented in Figure 3b—d. The analyses were done for three regions marked in
Figure 3a: Al, All, and Alll, which are “directly at,” “close to,” and “far from” the etch-pits, respectively. Each region is divided in pixels and the number
(n) of pixels with a certain current (/) is shown in the histograms corresponding to various oxygen doses: a) OL, b) 120L, and c) 10° L. Note, that the
currents lower than 0.4 nA were cut off to eliminate the measurement noises from analyses.
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peak with a “diffuse maximum” centered around 10 nA. The
total current flowing through this area AIII (0.4 pA/10* nm?)
is 1.7 times smaller than through area AII.

We can conclude on the basis of the histogram analysis that
a set of filaments is responsible for the current flow through
the surface in the etch pits as well as outside, and that the con-
tribution to the total current decreases with the distance to the
etch pit.

Using the same analysis of the histogram for the three
chosen areas we also followed the deactivation of the filaments
as a function of a reoxidation, here by continuous exposure
to an oxygen dose at room temperature. Setting the pressure
of oxygen in our vacuum chamber to a value of, in our case,
10~* mbar of po,, we have obtained, for a dose of oxygen of
about 60 L per exposition, a set of the conductivity maps (see, for
example, the LC-AFM maps depicted in Figure 3c,d) and indi-
vidual histograms for the above chosen three areas (collected
in Figure 4 corresponding to the electrical maps of Figure 3)
as a function of the total oxygen doses (60 L times the number
of the oxidation cycles). It becomes immediately obvious that
the prolonged exposition has a quite different influence on the
individual regions, although the overall tendency is similar in
that the integral current for Al, AlIl, and AIII rapidly decreases
(see Table S1 in the Supporting Information).

The histograms for the area Al remain similar for the doses
0 to 180 L, all show a sharp maximum which is shifted from
30 to 28 nA, respectively. The population of the pixels with the
value close to the maximum decreases, which means that the
radius of the bundle of the filaments in the center of the etch
pits becomes gradually smaller. A pronounced change in the
position of the maximum of the current from 30 to 18 nA can
be identified on the histogram for the area Al for the highest
exposition to oxygen in our experiment, here 10° L. In this case,
the radius of the bundle of filaments in Al has been reduced to
20 nm (compare with LC-AFM map in Figure 3d). In fact, after
long time oxidation at slightly elevated temperatures of around
200 °C (not shown) the radius of the filaments can be reduced
down to a few nm and a discrete set of the dislocations with
~2 nm radius per dislocations core can actually be identified.

Turning to the other areas, i.e., outside of the etch pit, the
lowering of the electrical conductivity of the filaments in the
areas AII and AIII as a function of oxygen exposition shows a
much higher dynamics than for the area Al. As can be taken
from Table S1, Supporting Information, the decrease in total
current through the areas AII and AIII with increasing dose of
oxygen (clearly visible in the normalized ratio of the integrated
current) is more effective than for the area covering the etch pit.
Comparing the dynamics of the deactivation of the electrical
“activity” of the areas AII and AIII with respect to the change
of the doses from 0 to 180 L one can also draw the conclusion
from Table S1, Supporting Information, that the total current
through the area AIII, which is further away from the etch pit,
decreases more than five times faster than the total current in
the direct neighborhood of the etch pit. For the highest oxida-
tion the contribution of both regions, AIl and AIII, to the total
current can be neglected.

Based on the analysis of LC-AFM maps and histograms, we
postulate the existence of two types of filaments, one, which

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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is very sensitive to the exposition of even moderate doses of
oxygen and a second type of filaments, which is rather robust
against oxidation. In general, the latter filaments, which actu-
ally seem to be bundles of filaments, are localized in the center
of etch pits. This allows identifying the filaments as conducting
cores of dislocations that, in spite of prolonged chemical expo-
sition or electrochemical addressing, remain electrically active.
The majority of this “type 1” filaments shows metallic proper-
ties. In contrast to the simple classification of the filaments in
the middle point of the etch pits as a conducting core of disloca-
tions, the classification of the extended defects that show high
sensitivity to oxygen exposure is not as simple.

Density functional theory (DFT) calculations by Park et al.
show that conducting line defects along of the certain crystal-
lographic directions in TiO, are energetically preferred defect
arrangements. These linearly ordered oxygen vacancies are,
in our opinion, plausible candidates for the “type 2” filaments
which are very sensitive to the oxygen exposition. In contrast
to the extended “type 1” filaments, which have to propagate
through the crystal until they connect to another defect that
keeps the Burgers vector invariant (or, they reach a surface or
interface), this type of extended defect can begin or end at any
position of the crystal. Therefore, they don't have to form an
extended network through the crystal and not necessarily con-
tribute to the total conductivity. The electrical visibility of these
segments is then an effect of docking to the network of the con-
ducting “type 1” dislocations.

DFT calculations have already shown that oxygen vacancies
in TiO, tend to form linear clusters, i.e., rows of missing O
atoms. Compared to isolated O vacancies, the formation energy
of these linear defects in (110) direction, i.e., normal to the
surface plane, is small.l'¥l The O defects can be created during
reduction at the surface, implying, for the growth of the linear
defect, that O atoms have to propagate along the defect rows
toward the surface. Probably this leads to a large amount of
rather short 1D defects extending from the surface down a few
nm into the bulk.

The fact, that defects of “type 2” are only electrically active
(as seen from the LC-AFM measurements) in a region sur-
rounding the larger “type 1”7 defects, points to the possibility
that they can connect to the network of structurally and electri-
cally more robust “type 1” defect channels that pre-exist in the
crystal. This connection can be established, e.g., via 1D oxygen
vacancy clusters in (100) direction that show again a small for-
mation energy™ and can cross a linear defect in (110) direc-
tion. The existence of these two types of conducting defects
(1 and 2) in a nonconducting matrix is supported by the pref-
erential surface reduction that we observed here (see the XPS
description in the Supporting Information) and in our previous
X-ray diffraction study (XRD).B] Other models, e.g., assuming
a homogeneously reduced matrix of TiO, containing a net-
work of conducting type 2 and 1 defects, where only the latter
ones remain conductive under oxidation, are difficult to recon-
cile with these XRD and XPS data and the presented in situ
LC-AFM measurements obtained after the switching of the
surface region into “on” state, where an inhomogeneous and
filamentary character of material conductivity is observed. Fur-
thermore, in situ measurements of the global resistivity show
that the results are changed only slightly after reoxidation of

[15]
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Makeies
Vierd
www.MaterialsViews.com

the reduced crystals in room temperature.' This suggests that
the electrical conductivity for the samples after our preparation
is dominated by the dislocations and the contribution of the
homogeneous conductivity is negligible.

In the histograms presented above “type 2” defects appear
mainly in region AII, where they contribute to the plateau-
like curve that is quickly decreasing with O partial pressure.
Assuming that the resistivity decreases linearly with the dis-
tance from the large “type 1” defect, the radial arrangement is
responsible for the flat shape of the distribution curve. Further
away from this defect (area AIII), only occasionally these exits
are connected by a 1D channel to the conductive network and
the number of filaments decreases with increasing current (see
histogram).

To gain an understanding of the conductive properties of
different types of defects, we performed DFT calculations of
idealized, 1D models: For the model of a “type 1”7, large-scale
defect, we took advantage from the knowledge gained about
the stability of TiO, nanorods: DFT calculations observed a
surprising stability of so-called (2,2)-nanorods that can be seen
as part of the rutile structure.'’] In turn, the defect created by
removing such a nanorod from the matrix, can be expected
to be of similar stability, having a minimal number of broken
bonds and being electrically neutral. We simulated this defect
using DFT+U calculations as described by Park et al.l'¥ for
a good description of the bulk band gap (2.7 eV). Employing
the full-potential linearized augmented planewave method as
implemented in the FLEUR code,!*! we calculated a 4 x 4 unit
cell to achieve good separation of the defects in the supercells.
The structure was relaxed and is shown (with an additional O
defect) in Figure 5c.

Comparing the electronic structure of this defect with unde-
fected rutile, our calculations show just a shrinking of the band
gap to 2 eV, but no defect states in the gap (not shown). Like in
undefected TiO,, the edge of the valence and conduction band
is formed by oxygen and titanium states, respectively. While this
neutral defect (we removed four TiO, units) is still insulating,
removal of an additional O row from the inner surface leads
to the formation of a 1D band, as can be seen from Figure 5.
This band (easily identified by the two van-Hove singularities
in the DOS) appears close to the conduction band edge and the
corresponding charge density is shown as a yellow isosurface
in Figure Sc. It is easily conceivable that such a reduced defect
is electronically conductive, even when the charge state of the
defect is changing or additional oxygen atoms are diffusing
into this 1D channel (apical oxygen completing one of the TiO,
octahedra).

Like this large-scale defects, the 1D oxygen defects studied
inl® also provide states to form conductive pathways through
the crystal. This could happen when these defects, which can
also exist as isolated segments in the bulk, are connected to
larger dislocations as described above. We show the electronic
structure (DOS) and the charge density of these defect arrange-
ments in (100) and (110) direction in Figure 5a,b. In contrast to
the bigger defect discussed above, more or less extended defect
states split off the conduction band and reside in the gap. These
states are Ti d-electrons located at Ti atoms with two missing
oxygen neighbors (i.e., in the center of the defect). This spe-
cies can be characterized formally as Ti%", actually Bader charge

Adv. Funct. Mater. 2015, 25, 6382—6389
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Figure 5. Ab initio simulation of the charge density and electronic struc-
ture of three kinds of extended defects in TiO,: Panels (a) and (b) show
rows of oxygen vacancies in (001) and (110) direction, respectively, while
panel (c) shows a larger defect with a (2,2)-nanorod removed from the
TiO, matrix. The inset shows the structure with oxygen atoms in red and
Ti atoms in blue. An isosurface (yellow) and a cut through the charge
density indicate the extent of the occupied states near the conduction-
band edge. A radial integration of this charge density around the defect is
shown on the right side of panels. The DOS near the band gap is shown
on the left side: The 1D defect states created by the missing row of oxygen
appear as split-off state in the gap or at the bottom of the conduction
band. The split-off states in panels (a) and (b) are derived from a Ti with
two missing O neighbors (red) while the DOS at the bottom of the con-
duction band is formed by neighboring Ti atoms with only one missing
neighbor (blue). In panel (c), this state is mainly derived from the Ti DOS
next to the defect (red).

analysis gives a charge around 1.1.2% These Ti atoms show 2p
core-levels shifted by 1.7 eV to lower binding energies (also vis-
ible in the XPS data in the Supporting Information). The corre-
sponding charge density is highly localized at the center of the
defect and decays quickly as can be seen in the right panels of
Figure 5. Besides this very localized Ti d-states, more extended
states of neighboring Ti atoms (nominally Ti*" species with 2p
core-levels shifted by 0.9 eV or less) are visible at the conduc-
tion band edge. They are more extended and contribute to the
conductive area around the defect with a diameter of roughly
2 nm.

Despite specific differences, in both directions, (001) and
(110), these 1D ordered oxygen vacancies provide metallic
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Figure 6. The LC-AFM conductivity map (16 pm X 16 pm, sample tip
polarization 700 mV) of the cleavage plane of the near-surface region of
previously reduced TiO,. The left side of the image, where the network of
the filaments is most dense, represents the region closest to the surface,
while the right part represents the deeper bulk region.

states of similar extensions, which can connect and form an
orthogonal conductive network. In contrast to larger defects or
defect-bundles, where additional oxygen atoms can be incorpo-
rated without affecting the conducting properties, the metallic
pathways in these oxygen-vacancy rows are easily disrupted by
adding oxygen atoms.['® Thus, these structures are compatible
with the electrically active entities that appear with high density
at the TiO, surfaces under reducing conditions (“type 2”, see
above), and that can be switched off with rather small doses of
oxygen.

To prove the existence of a hierarchical conducting network
of extended defects to which the vacancy rows can connect in
the near-surface region, we measured a cross-section generated
by cleaving ex situ a reduced crystal (as presented in Figure 6).
As we find a branched network of dislocations or their bundle is
clearly visible in the crystal, exhibiting a particularly high den-
sity of branches near the surface. Although this cross-section
presents just a planar projection 3D network, the conductivity
of the visible segments shows the galvanic connection with the
rest of the network that exists in the direction normal to the vis-
ible plane. Note, that due to the ex situ preparation the “type 2”
defects, which are highly sensible to reoxidation while in con-
tact with air, are not visible in the presented image.

We must consider a number of aspects in order to present a
realistic model of the network of both types of extended defects:
on the one hand, dislocations with the invariant Burgers vector,
“type 1,” and, on the other hand, the extended defects named
“type 2” above, which are based on 1D ordered oxygen vacancies
and which do, however, not have a similar topological invariant
as the structural imperfections. The first aspect is the construc-
tion of an equivalent circuit of the 3D resistor network, the elec-
trical analysis of which should simulate the kind of hierarchical
behavior noted by inspection of the histograms of the conduc-
tivity maps of the areas Al, AIl, and AIII (see Figure 4). The
appropriate simulations were conducted and described in the
Supporting Information. For the model electrical circuit that
we build the currents in the “on” state show a linear decrease
with distance from the center, as observed in the LC-AFM
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measurements (Table S1, Supporting Information). Simulating
the situation after oxygen exposure, i.e., the “oft” state, we real-
ized that a good agreement with the experimental data could
only be obtained under the assumption that the resistance of
the “type 2” defects actually increased with distance from the
dislocation core (see annotation of Figure S3 in the Supporting
Information). This can be rationalized by the considerations
mentioned before, i.e., that the linear arrangements of oxygen
vacancies are not only easily created by removal of oxygen, but
their conductive properties are more sensitive to the addition of
small amounts of oxygen compared to the dislocations. There-
fore, the diffusion of oxygen along these defects is decisive in
the simulation of the hierarchical network.

For this, we analyzed the oxygen diffusion along a network
of “type 2” defects by finite element method as presented in
the Supporting Information. The calculated distribution of the
oxygen concentration in the crystal correlates to the LC-AFM
investigations (compare again with Table S1 in the Supporting
Information) in which the filaments of “type 2” furthest away
from the “type 1” defect (dislocation) returned to the “off” state
upon oxidation much faster than the filaments closer to it.

3. Conclusion

We have seen that the electrical properties of TiO, as a result of
heat-treatment or electrodegradation (i.e., electroformation) are
characterized by large heterogeneities. We would like to stress,
as a summary, that despite this fact it seems feasible to obtain
switchable regions with a pronounced uniformity, though still
filamentary in nature. This has been achieved by combining a
light reduction step at elevated temperature with a short reoxi-
dation at room temperature and a subsequent local application
of low voltages. We were able to distinguish two types of electri-
cally active filaments crossing the surface with (110) orientation,
one type being due to structural imperfections such as disloca-
tions (or dislocation bundles) while the other type of filamentary
structure has been generated in the near-surface region 1) with
a high density of the order of at least 10'2 cm?, being 2) easily
oxidisable, and 3) electrically active and switchable by applica-
tion of low voltages. Based on ab initio calculations (following
closely the work of Park et al.)**! we argue that these filaments
are based on extended defects being generated at the surface due
to an enforced linear agglomeration of oxygen vacancies along
preferential crystallographic directions. Such kinds of extended
defects may always form by externally applied reducing condi-
tions, whether as short or long segmental structures. But, in
order to become electrically “visible” at the surface through
electrical contact (as observed here by LC-AFM), they must
develop some kind of network and/or connect to other current
transport paths. It is important to stress the fact that such trans-
port paths are indeed available in single crystals in the form of
dislocations (or dislocation bundles) due to the fact that such
structural imperfections possess a topological invariant, the
Burgers vector. Thus, they must extend throughout the crystal,
in many cases providing connection of the top surface with the
bottom surface, i.e., an electrode positioned at the opposite side.
By histogram analysis, we showed a distinctly different behavior
of both filamentary structures in that the high-conducting
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paths, originating from initially thermally reduced dislocations
(peaking in the histogram), are fairly robust against room-
temperature oxidation while the other, much smaller filaments
(exhibiting a large spread in conductivity) can easily be oxi-
dized (i.e., “switched off”) at room temperature. We analyzed
the behavior by electrical and diffusion simulations in terms of
filaments crossing the surface and interconnected throughout
a network in the near-surface region, and being in electrical
contact with the filaments of much higher conductivity. Note
that our experiments have been undertaken in situ. It is there-
fore fair to emphasize that the filamentary structure is, on the
one hand, easily addressable by the local electrical field, but it
is, on the other hand, rather fragile with respect to oxidation.
Therefore, any means to extend the long-term stability of such
filaments would require a proper encapsulation in order to
hinder inward diffusion of oxygen through the surface. As a
final conclusion, our observation indicates that the region near
the surface offers an easy generation (formation) and switching
of nanofilamentary structures which have to be regarded as an
inherent feature of the regular crystalline structure of TiO, and
are well distinguishable from effects related to structural imper-
fections. Further work is necessary to elucidate the character
of this “new” filamentary structure, its network and related
properties such as the insulator-metal transition.

Supporting Information

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