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Abstract

Resistance switching behavior has been investigated in as-prepared and oxygen-annealed
polycrystalline tungsten oxide films using conductive atomic force microscopy. The
oxygen-annealed film appeared more insulative than the as-prepared films. The local current
distributions demonstrated the lower conductivity at the grain boundaries than at the grains in

the oxygen-annealed films. Reversible resistance switching behavior only occurred at the grain
surface region of the oxygen-annealed films and the resistance switching process was described
by the local valence change of tungsten ions induced by electrochemical migration of protons or

oxygen vacancies. This different resistance switching behavior between the grain and grain
boundary surface was attributed to the different oxygen vacancy density caused by the
post-annealing process. The present results would be especially meaningful for the fabrication

of nanoscale resistive nonvolatile memory devices.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

One of the most promising candidates for next-generation
nonvolatile memory involves a two-terminal resistance device,
called resistance random access memory (RRAM) [1-10].
The nonvolatile memory effect of RRAM comes from the
reversible resistance switching of the devices between a high
resistance state (HRS) and a low resistance state (LRS) by
external electrical triggering. A large variety of materials have
been found to show this nonvolatile memory effect, including
perovskite oxides [1-3], binary transition-metal oxides [4—7]
and solid electrolytes [8—10]. There is increasing evidence
that the resistance switching can take place at a region with
very little area [11-15]. This feature imbues RRAM with
a competitive potential to fabricate nonvolatile memory with
high scalability. In fact, most of the materials exhibit resistance
switching in the polycrystalline structure, in which grains
pack together and separate by grain boundaries. As the
dimensions of individual elements in devices continue to
shrink, especially as the elements approach the level of size
comparable to the individual grains of the polycrystalline film,
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such grain boundary effects on the resistance switching will
become more technologically important. However, little is
currently known about the resistance switching properties at
individual grains and grain boundaries, since conventional
macroscopic measurements are integrated over a fairly large
area and cannot spatially resolve the highly local properties.
Conductive atomic force microscopy (CAFM) has proven to be
an effective method for the investigation of the local electricity
of transition-metal oxides, since the conductive tip has lower
area than the grain size and can serve as one of the electrodes
of the devices [11-19]. The main purpose of this study was
to examine the resistance switching at the grain surface (GS)
and grain boundary surface (GBS) of polycrystalline tungsten
oxide using the CAFM method.

2. Experiment

Commercial glass sputtered with a ~150 nm thick fluorine-
doped tin oxide (FTO) thin film was used as both the bottom
electrode and substrate. A tungsten oxide ceramic with the
nominal composition of WO; was used as the target. WOj3
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Figure 1. Valence band (a) and W 4f core level (b) spectra of the S-1 and S-2 samples.

films, ~400 nm in thickness, were deposited on the substrates
by the pulsed-laser ablation technique, with a laser wavelength
of 248 nm (KrF excimer laser), a repetition rate of 5 Hz and
a fluence of 7 J cm™2. The substrate temperature was kept at
400°C and the oxygen pressure at 10 Pa. After deposition,
the film was in situ annealed at 400°C for 30 min under
an oxygen pressure of 0.1 MPa, then cooled down to room
temperature. The resultant samples were denoted as S-2, while
the films without post-annealing were denoted as S-1. The
oxidation state of the S-1 and S-2 samples were analyzed by x-
ray photoemission spectroscopy (AXIS Ultra DLD, Shimadzu
Corporation) with a monochromatic Al Ko line. The CAFM
mode of a scanning probe microscope (Seiko Instruments,
SPA400) with an Rh-coated Si tip (the nominal tip diameter is
~25 nm), which was grounded, was used for the investigation
of the local electrical property of the samples.

3. Results and discussion

Figures 1(a) and (b) show the valence band and W 4f core level
spectra, respectively. The valence band spectrum of the S-1
(top curve) shows two main peaks. The first one between 2.5
and 10 eV arises from the O 2p and W 5d states, and the second
one, which is close to the Fermi level, is associated with the
W 5d states [20]. As is well known, there is no electronic
state near the Fermi level in stoichiometric WO3 [20]. The
electronic states near the Fermi level in S-1 could be a signature
of the deviation of the oxygen content from the stoichiometric
value. Oxygen annealing improved the oxygen stoichiometry
of the sample, thus causing a density reduction of this state, as
demonstrated by the data of S-2. This is in agreement with the
change of the W 4f core level spectra. As shown in figure 1(b),
the W 4f core level spectrum consists of the W 4f7,, and W
4fs), doublet peaks, with the spin—orbit splitting energy of
2.1 eV [21]. However, an evident shoulder at the low energy
side of the W 4f7, peak can be seen in the S-1 sample (arrowed
in figure 1(b)), due to the presence of W>* [22]. This feature is

not obvious in S-2, which suggests a reduction of the density
of the W7 states after oxygen annealing.

Figure 2 shows the topography and the corresponding
current images of the samples under a tip bias of 0.5 V. Both
S-1 and S-2 films have polycrystalline structure with a grain
size of 100—150 nm (figures 2(a) and (c)). However, the electric
property is significantly different. The corresponding current
of S-1 reached the current compliance (100 pA) almost in
the whole area measured, implying a good conductance. In
contrast, a much lower current, below 1 pA, was obtained
for S-2, implying an insulative character. Considering the
added annealing process for S-2, we suggest that the distinctly
different conductivity between S-1 and S-2 should be mainly
caused by the concentration of non-stoichiometric defects,
such as oxygen vacancies, which introduce donor levels into
the bandgap, thus yielding extra carriers from these donor
levels [23]. The oxygen-annealing process would reduce the
concentration of the oxygen vacancy in the films and thus the
film conductivity, as occurred in S-2.

The conductivity of S-2 was further investigated by chang-
ing the tip bias in the sequence of 1.0V — 1.5V - 2.0V —
—1.0 V> —1.5V — —2.0 V during scanning the same
area as in figure 2(c). When the tip bias came to 1.0 V
and then 1.5 V, some of the regions, corresponding to the
GS, became conductive, while the regions corresponding to
the GBS were still insulative (see figures 3(a) and (b)). This
trend became more obvious as the tip bias reached 2.0 V (see
figure 3(c)). Since the S-1 and S-2 samples have similar surface
morphologies but show a very different conductivity pattern,
the possibility of a tip-induced measurement artifact can be
ruled out. From the current distribution, it can be concluded
that the GS could be more conductive than the GBS. This
conclusion was further confirmed by the results obtained under
the negative tip bias of —1.0 and —1.5 V (see figures 2(d)
and (e)). Different from applying a 2.0 V bias, however, the
GBS also became conductive when the tip bias reached —2.0 V
(see figure 3(f)), implying an asymmetric current transport at
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Figure 2. Topography of the S-1 sample (a) and corresponding current image (b). Topography of the S-2 sample (c) and corresponding

current image (d). The tip bias during scanning is 0.5 V.

the GBS. This correlation between the current distribution and
the topographic structure can be seen clearly by comparison of
three linescans (see figure 3(g)), which are drawn at the same
place in the topography of figure 2(c) and the current images
of figures 3(c) and (d), respectively.

The resistance switching behaviors at the GS and GBS
were studied by exerting the tip bias back and forth between
3 and —3 V. The -V curves at both the GS and GBS of
S-1 exhibited a good linear feature, indicating a good ohmic
contact between the tip and the film, and no hysteresis (or
resistance switching) can be observed (not shown). Figure 4(a)
shows the -V curves of a typical position at the GS of S-
2. At the negative bias region, the current exhibited a sudden
growth in the compliance current (100 pA) at a voltage of about
—1.1 V in the bias ascending process whereas a decrease at a
lower critical voltage, about —0.4 V, in the bias descending
process. The resulting anticlockwise /—V hysteresis means a
resistance change from the HRS to the LRS. In the case of
reversed biases, the resistance switched back to the HRS again,
as indicated by the occurrence of a clockwise /—V hysteresis.
Repeating the /-V cycling, the resistance reversibly changed
between the HRS and LRS, with a slight shift of the /-V
curves to low bias. The spatial distribution of the switched sites
can be described by the current mapping under a fixed tip bias.

The inset plot in figure 4(a) shows the current images obtained
at the tip bias of —0.5 V. An obvious current bulge with the size
of ~10 x 10 nm? appeared after the negative voltage scanning,
signifying the resistance reduction in this region. The tip size
is ~25 nm in diameter, larger than the switched area. It is
possible that the current flowed mainly through a part of the
contact area between the tip and film due to the convex shape
of the tip. This assumption is partially reflected by the higher
lateral resolution in current images than in topography images.
After the positive voltage sweeping, the main current bulge
was erased although some residual current bulges (<5 pA)
can still be seen. Figure 4(b) shows the /-V curves of a
typical position at the GBS of the S-2 sample. The -V
curves showed an obvious asymmetric behavior, which was
consistent with the current image measurement (see figure 3).
When reducing the tip bias, a shift of the /-V curve to the low
bias always existed in the negative bias region, which might
be caused by charging accumulation effects at the tip. No so-
called reversible resistance switching can be observed. This
conclusion was further confirmed by the local current mapping
under the tip bias of —0.5 V after the negative voltage sweep
(see the inset in figure 4(b)).

To evaluate the repeatability and reproducibility of the two
resistance switching behaviors of the GS and GBS, a twofold
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Figure 3. Current images of the S-2 sample with the tip bias of 1.0 V (a), 1.5 V (b),2.0 V (¢), 1.0 V (d), 1.5 V (e) and 2.0 V (f). All images
correspond to the same area as figure 2(c). (g) Linescans of the current and topography at the position in part (c) (red line B), (e) (blue line C)
and figure 2(c) (black line A).
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Figure 4. Local /-V characteristics at GS (a) and GBS (b) of the S-2 sample, measured by the CAFM tip with the external biases ranging
from —3 to 3 V. The current compliance is 100 pA. Upper left and lower right insets in (a) show the current mappings after negative and
positive voltage sweep, respectively. Inset in (b) shows the current mappings after negative voltage sweep. The current images were obtained
under the tip bias of —0.5 V.

overwriting process, as explained below, was performed. First, was scanned under a tip bias of +3 V. The bright contrast in
a 0.6 x 0.6 um? area in the center of a 1 x 1 um? area was figure 5(b) indicates the LRS of the film resistance within the
scanned under a tip bias of —3 V. Then a smaller inner area  square image and the HRS outside. However, the current image
(0.3 x 0.3 um?) with the same center as the previous image  of the LRS here is different from that of S-1 (see figure 2(b)),
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Figure 5. Topographies (left side) and the corresponding current images (right side) of the S-2 sample after sequential overwriting processes.
The scattered spots in the dark region should be the artifacts due to a capacitance effect induced by the preamplifier. The current images were

obtained under the tip bias of —0.5 V.

as shown by the presence of dark fragments along the GBS
in the bright area. This further verifies no resistance change
occurred at the GBS. After the scanning under a reverse bias
(43 V), the inner part of the bright area switched to dark
(HRS) again (see figure 5(d)), indicating the reversibility of the
resistance switching at the GS. We also carried out the current
mapping in a vacuum environment (<1073 Pa) and obtained
similar results, which indicates the unimportance of surface
contamination of the sample and the external environments.
Up to now, the resistance switching mechanism in
transition-metal oxides is still unclear, although many models
have been proposed [24-27]. Recently, Waser et al
overviewed the resistance switching phenomena in metal
oxides based on electrochemical redox reactions and classified
them into electrochemical metallization, valence changes
and thermochemical mechanisms according to the dominant
contribution [28]. In the present experiments, since no
change of the surface topography can be observed during the
resistance switching at the GS of tungsten oxide films, the

electrode diffusion into the film as well as the electrochemical
metallization of the film with the external voltage can
be excluded. Moreover, the polarity-dependent resistance
switching excludes the dominant role played by the thermal
effect even if it probably exists. Therefore, the local resistance
switching at the GS of tungsten oxide films is suggested to be
related to the valence change of tungsten ions.

One possible reason for the valence change of tungsten
ions is electrochemical migration of protons under the electric
field. Protons could be originated from the adsorption water,
which hydroxylated tungsten ions to form W—O-H bands at
the film surface. In this process, the following electrochemical
reaction should be taken into consideration:

nH; + WOt 4 ne” — wWOF (1)

where H; denotes a proton. As shown in figure 6, when the
negative bias was applied between the film and the tip, protons
would be injected into the film and then migrated to the cathode
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Figure 6. Schematic sketches of the mechanism for the resistance switching at the grain surfaces of tungsten oxide films. (a) and (b) represent

the LRS and HRS, respectively.

and reduced the tungsten ions there. The reduced tungsten ions
and the protons can form a metallic phase, which play a role
of a virtual cathode. With the bias increasing, the reduced area
grew longer and the electric field in the remaining part of the
film increased. When the electric field reached the level to
drive electrons tunneling (or hopping) through the remaining
part of the film, the current increased greatly resulting in the
nonlinear character of the /-V curves, as shown in figure 4(a).
The reduced area was maintained by decreasing the voltage.
Consequently, electrons can tunnel (or hop) through the film
in the lower bias region, meaning the site above the reduced
area becomes LRS (see figure 6(a)). At the high reverse bias,
protons migrated towards the tip and reacted with oxygen to
form W—O-H bonds at the film surfaces. Then the tungsten
ions near the top region of the reduced area (encircled by a
dashed line in figure 6(b)) were re-oxidized. This results in
the increase of the electron tunneling (or hopping) distance
and then the electron tunneling (or hopping) process under the
lower bias was weakened (see figure 6(b)). Therefore, this site
was restored to the HRS.

Another possible reason for the valence change of
tungsten ions is electrochemical migration of oxygen
vacancies. Compared with oxygen vacancies, protons should
be easier to be driven by an electric field due to their lower

radius than oxygen ions. The two migration processes cannot
be differentiated in our experiments. To completely understand
the resistance switching mechanism, further detailed studies
are still needed.

The different resistance switching property between the
GS and GBS might be due to the lower density of oxygen
vacancies at the GBS. That should be caused by the more
preferential combination of oxygen with oxygen vacancies
along the grain boundaries during the annealing process, which
would be expected to form an oxygen-rich region at the
GBS [29]. Consequently, the conductivity at the GBS was
lower than the GS as well as the film bulk. As the electric
field was applied, the voltage drop was mainly produced at
the surface layer of the film, resulting in that the electric field
in the bulk was not enough to drive the migration of protons
or oxygen vacancies. Therefore, the resistance switching was
suppressed.

4. Conclusion

In summary, we have investigated the electric property of
two kinds of polycrystalline tungsten oxide films through
CAFM measurement. The S-2 samples (oxygen-annealed)
show a more insulative property than S-1 (as-prepared). For
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S-2, we have demonstrated the different conductivity between
the GS (grain surfaces) and GBS (grain boundary surfaces).
Reversible resistance switching behavior only occurred at
the GS of S-2 and the switching behavior was described
by the local valence change of tungsten ions induced by
electrochemical migration of protons or oxygen vacancies,
which resulted in electron tunneling through the films under the
lower bias. The different conductivity and resistance switching
behavior between the GS and GBS were attributed to the
different oxygen vacancy density caused by the post-annealing
process. The present results would be especially meaningful
for the fabrication of nanoscale resistive nonvolatile memory
devices.
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