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Improvement of reproducible resistance switching in polycrystalline
tungsten oxide films by in situ oxygen annealing
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The electric-field-induced resistance switching in polycrystalline tungsten oxide films was
investigated. Compared with the as-deposited film, the film annealed in an oxygen atmosphere
shows a more stable switching behavior, a higher low-to-high resistance ratio, and a better
endurance and retention. Based on the x-ray photoemission spectroscopy analysis, the resistance
switching was attributed to the change in the interfacial barrier potential, due to the electron
trapping/detrapping in the surface states, and the switching improvement was attributed to the
decrease in the surface density of states. The present work suggests a possible approach controlling
the resistance switching property by surface modification. © 2010 American Institute of Physics.

[doi:10.1063/1.3300637]

The phenomena associated with electric-field-induced
resistance switching in the electrode/oxide/electrode struc-
ture have attracted great attention in the last decade due to
their rich physics and potential application to the technique
of resistive random access memory (RRAM), a technique for
the next generation nonvolatile memory.1 One of the most
important challenges we faced is the physical origin for the
resistance switching. Although many models have been pro-
posed, the underlying physics is still not well understood.” ™
A further important issue is the exploration of appropriate
RRAM materials. Up to now, a large variety of materials
have been found to show the characteristics of resistance
switching, including binary and ternary transition-metal ox-
ides, solid electrolytes, and organic materials.” ™" Among
them, the binary transition-metal oxides, such as NiO, TiO,,
and CuO,, show very promising potential for the mass pro-
duction of the RRAM devices because of their relatively
simple composition, stoichiometric flexibility, and compat-
ibility with the comglementary-metal—oxide-semiconductor
(CMOS) technology. ~ Furthermore, the transition-metal ox-
ide can exhibit resistance switching in the polycrystalline
structure. It therefore can be deposited on various substrates
with different lattice constants and orientation, such as glass
and plastic substrates. This will allow the designing of light-
weight, flexible, and optic RRAM devices.

Tungsten oxide is an important wide band gap (2.57—
3.25 eV, depending on the sample preparation) semiconduc-
tor with interesting physical and chemical properties, and has
been widely studied for application, such as electrochromic
devices, gas sensing, and catalysis.mf16 Since tungsten is
used as interconnect material between different metallization
levels, tungsten oxide is compatible with the back-end-line
process in the CMOS technology.17 Recently, the resistance
switching property has been reported in both Cu-doped
amorphous tungsten oxide films by Kozicki et al. ' and non-
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stoichiometric tungsten oxide films prepared by plasma oxi-
dation by Ho et al.'® However, the mechanism for the resis-
tance switching is still in dispute. Kozicki et al. attributed the
resistance switching to localized Cu metal in the oxide, while
Ho et al. ascribed this phenomenon to the localized state
associated with oxygen vacancies. In this letter, we prepared
polycrystalline tungsten oxide films on conductive glass sub-
strates, and observed an improved reproducible resistance
switching after oxygen annealing, this, together with the
nonlinear current-voltage characteristics, suggests the domi-
nant role of the barrier potential at the film-electrode inter-
face.

Commercial glass sputtered with a ~150 nm thick
fluorine-doped tin oxide (FTO) thin film is used as a sub-
strate and simultaneously bottom electrode. A tungsten oxide
ceramic with the nominal composition of WOz was used as
the target. Tungsten oxide films of ~400 nm were deposited
on the substrates by the pulsed laser deposition technique
using a KrF excimer laser (A=248 nm) with a repetition rate
of 5 Hz and a fluence of 7 J/cm?. During the deposition, the
substrate temperature was maintained at 400 °C and the
oxygen pressure was kept at 10 Pa. The sample we obtained
is denoted as WO-1. A further in sifu annealing at 400 °C for
30 min under an oxygen pressure of 0.1 MPa was performed
for the WO-1 sample and the resultant sample is denoted as
WO-2. The x-ray diffraction (XRD) pattern indicates that the
films are polycrystalline. Atomic force microscopy (AFM)
analysis shows uniform grains with the size of 120—150 nm
in the films.'’ An Au electrode of ~100 nm in thickness was
deposited on the top of the WO; layer by ion sputtering. The
size of the top electrode is 50 X 50 um?, defined by the pho-
tolithography and lift-off technique. Current-voltage (I-V)
characteristics and resistance switching of the fabricated de-
vices were measured by a Keithley SourceMeter 2601. The
bias voltage was applied to the top electrode with the bottom
electrode being grounded.

Figures 1(a) and 1(b) shows the I-V characteristics of the
Au/WO-1/FTO device, measured by sweeping voltage in the
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FIG. 1. (a) and (c) show the I-V curves for the Au/WO-1/FTO and Au/WO-
2/FTO devices, respectively, with a voltage sweep cycle of 0—2 V—
—2 V—0. Inset in (a) shows the schematic of the samples and the measure-
ment. (b) and (d) show /-V curves with 100 cycles of voltage sweeping for

the Au/WO-1/FTO and Au/WO-2/FTO devices, respectively. Open rectangle
symbol denotes the first cycle of I-V curve.

sequence of 0 — V,,,—0——-V_.,,—0. The I-V curves show
a weak rectifying characteristic when V_,,=2 V, without
hysteresis. By extending the sweeping range to V,,,=4 V, a
weak I-V hysteresis, which is repeatable up to 100 cycles,
appeared, though the first cycle shows a somewhat different
behavior. The I-V hysteresis indicates the resistance switch-
ing of the Au/WO-1/FTO devices between a low resistance
state (LRS) and a high resistance state (HRS). In contrast, the
Au/WO-2/FTO device shows a significant rectifying behav-
ior in the sweeping region between —2 and 2 V [see Fig.
1(c)]. This means that the electronic transport was controlled
by one of the electrode/film interfaces. With raising V..,
the current of the device exhibits a sudden increase at
Vr=-2.6 V, which leads to a strong /-V hysteresis. The re-
sistance change at Vrp is called forming process, after which
the device never went back to the initial resistance state
(IRS).

The resistance switching triggered by electric pulses was
further studied. Electric pulses of +3 and —3 V (pulse
width=0.1 s) were alternatively applied to the devices and
the resistance were measured at 0.2 V between two neigh-
boring pulses. For the Au/WO-1/FTO devices, as shown in
Fig. 2(a), the resistance of the HRS first reduced gradually
with the number of switching cycles then stabilized in the
state with a HRS/LRS ratio of ~1.5. The retention measure-
ment shows that the LRS is unstable and its resistance grows
continuously with time. This feature is especially obvious at
high temperatures, as shown in Fig. 2(b). For the Au/WO-2/
FTO devices, the HRS to LRS resistance ratio is larger than
ten, without considerable degradation after 10* cycles,
which indicates a good endurance of the devices. The HRS
and LRS obtained after 10* cycles were quite stable for
more than 10* s even at 120 °C. These results reveal the
reliability of Au/WO-2/FTO as a nonvolatile memory device.

The stoichiometric WOj; is an n-type semiconductor
with a work function of 5.1-6.4 V.’ Based on the semicon-
ductor theory, no potential barrier could be formed at either
the Au/WO; or the WO;/FTO interface due to the lower
work function of Au (5.1 eV) and FTO [4.4 eV (Ref. 21)], if
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FIG. 2. (Color online) (a) and (c) show the electric-pulse-induced resistance
switching of the Au/WO-1/FTO and Au/WO-2/FTO devices, respectively.
(b) and (d) show the retention property of the resistance state of the Au/WO-
1/FTO and Au/WO-2/FTO devices, respectively. The resistance values were
measured at 0.2 V.

the surface states are neglectable.22 However, the rectifying
transport behaviors indicate the presence of a Schottky-type
contact in the Au/WO-1 and the Au/WO-2 interface, identi-
fied from the rectifying direction. We also measured the I-V
characteristics of the films with Ag (4.3 eV), indium tin ox-
ide [4.4-4.8 eV, (Refs. 20 and 21)], and Pt (5.3 eV) elec-
trodes, and similar rectifying behaviors were observed.
These results indicate that the interface barrier may be ex-
clusively determined by the surface states of the film, inde-
pendent of electrode, and, furthermore, the resistance switch-
ing characteristics are closely related to surface states of the
tungsten oxide films.

To get the information on surface state, an x-ray photo-
emission spectroscopy analysis (AXIS Ultra DLD, Shimadzu
Corporation) with a monochromatic Al K« line was further
performed. Figures 3(a) and 3(b) show the valance band and
W 4f core level spectra of the WO-1 and WO-2 films, re-
spectively. The valence band spectrum of the WO-1 (up
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.”> As well know, there is no electronic state near
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FIG. 3. (a) and (b) show the valence band and W 4f core level spectra of
the samples, respectively. Inset shows the magnification of the boxed por-
tion in (a).
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FIG. 4. (Color online) Schematic band diagrams of the WOj; film surface
based on the proposed mechanism of resistance switching in this study. (a),
(b), and (c) represents the IRS, LRS, and HRS, respectively. E, is the con-
duction band, E, the valence band, and E; the Fermi level, ¢V, the surface
potential barrier, and gV >qV,>¢gV;.

the Fermi level in stoichiometric WO3.23 The electronic
states near the Fermi level in WO-1 could be an signature of
the deviation of the oxygen content from stoichiometric
value. Oxygen-annealing improved the oxygen stoichiometry
of the sample, thus caused a density reduction of this state, as
demonstrated by the data of WO-2. This is in agreement with
the change in the W 4f core level spectra. As shown in Fig.
3(b), the W 4f core level spectrum is consist of the W 415,
and W 4f5,, doublet peaks, with the spin-orbit splitting en-
ergy of 2.1 eV.”" However, an evident shoulder at the low
energy side of the W 4f;, peak can be seen in the WO-1
sample [arrowed in Fig. 3(b)], due to the presence of W>*
(Ref. 25). This feature is not obvious in WO-2, which sug-
gests a reduction in the density of the W>* states after oxy-
gen annealing.

Based on these results, a model for the resistance switch-
ing in WO; can be proposed. The existence of W 5d states
near the Fermi level can be regarded as electron trap and ion
adsorption centers at the film surface.”® As a result, a nega-
tively charged surface is formed, which causes a Schottky-
type barrier (SB) by bending the energy bands near the film
surface [Fig. 4(a)]. The trapped electrons at the surface states
can be delocalized under high positive biases, which results
in the decrease in the SB potential, thus the IRS-to-LRS
switching [Fig. 4(b)]. On the contrary, the SB potential re-
covers partly under reverse biases due to the retrapping of
the electrons. Consequently, the devices back to the HRS
again [Fig. 4(c)]. Note that the device resistance cannot re-
store to the IRS in the switching process, probably due to
some permanent changes in the SB during the forming pro-
cess. The instable resistance switching behavior of the Au/
WO-1/FTO devices can be ascribed to the surface metallic
property due to the excessive surface density of states near
the Fermi level, which causes large leakage current, and thus
the instability of the formed SB during switching.27 These
explanations are similar to that proposed by Sawa et al®
However, the SB here is due to electron trapping and ion
adsorbing, instead of a simple electrode/semiconductor con-
tacting as occurred in the sample of Sawa et al. The present
work indicates that the resistance switching can be signifi-
cantly improved by a proper decoration of the film surface,
though further studies are required for a thorough under-
standing of the resistance switching in tungsten oxide.

In summary, the resistance switching of two types of
polycrystalline tungsten oxide films was investigated. The
Au/WO-2/FTO devices show a more reliable resistance
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switching behaviors with a larger HRS/LRS ratio, better en-
durance, and retention than that of the Au/WO-1/FTO de-
vices. The resistance switching was discussed based on the
change in interfacial barrier potential induced by the electron
trapping/detrapping in the surface states and the switching
improvement was attributed to the decrease in surface den-
sity of states. The present results suggest a possible way to
improve the resistance switching performance by the film
surface modification.
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