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ABSTRACT: In this work, a tungsten oxide (WO,) film is
prepared using a thiourea-assisted solution process. We demon-
strate a device composed of fluorine doped tin oxide (FTO)-
glass/WO,/electrolyte/indium-tin oxide (ITO)-glass stacking
electrochromic (EC) structure and Al electrodes that are locally
patterned and interposed between the WO, film and electrolyte,
which form an Al(top electrode)/WO,/FTO(bottom electrode)
resistance random access memory (RRAM) unit. According
to transmission electron microscopy and X-ray photoelectron
spectroscopy analyses, the WO, film contains nanosize pores
and metallic-tungsten nanoclusters which are scattered within the tungsten oxide layer and concentrated along the interface between
the Al electrode and WO, film. With application of voltage to the ITO electrode, multiple transmittance states are achieved for the
EC unit due to the different quantity of intercalated Li ions in the WO, film. As for the Al/WO,/FTO RRAM unit, a bipolar
nonvolatile resistive switching behavior is attained by applying voltage on the Al top electrode, showing electrical bistability with an
ON/OFF current ratio up to 1 X 10*,
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1. INTRODUCTION

Tungsten oxide has demonstrated several potential applica-
tions, including electrochromic (EC) devices," 3 gas sensors,”
and photocatalysts,” etc. As one of the most studied cathodic EC
materials, the color of tungsten oxide switches from transparent
to blue upon intercalation of lithium ions (Li") or protons
(H")." > General applications of EC devices include smart
windows,® mirrors,” and eyewear.8 In addition, Sonmez et al.’
and de Ruiter et al.'® have demonstrated EC polymeric memory
devices with recording states based on variations in optical
density. The colored/bleached states of EC devices are analo-
gous to memory states in data storage devices.

On the other hand, many transition metal oxides, such as NiO,'"*?
TiO,,"*'* WO, $i0,,"” SrTiO;," and Lag,SrMng305," have
been reported their resistive switching behavior in a metal/insulator/
metal (MIM) structure. The resistive switching character constitutes
the data recording mechanism of resistance random access memory
(RRAM), which is an emerging category of nonvolatile memories
(NVM) due to its simple structure, high integration density, high
speed and low power consumption.”® Although tungsten oxide is not
the most investigated transition metal oxide for RRAM, Ho et al®®
have reported a 9 nm half-pitch tungsten oxide based RRAM cell
fabricated using the nanoinjection lithography technique. The minute
pitch size potentially allows the fabrication of high-density memory;
however, the delicate nanoinjection lithography technique inevitably
increases the process complexity and decreases the throughput.'>">
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In this study, we investigate the EC and resistive switching
properties of a solution-derived tungsten oxide (WO,,) film in a
composite device comprised of EC and RRAM units. The
composite device is fabricated on a fluorine doped tin oxide
(FTO)-glass substrate with the WO, film spin-coated on top.
The EC unit is constituent of an FTO-glass/WO,/electrolyte/
indium—tin oxide (ITO)-glass stack and the RRAM units are
constructed by locally interposing patterned Al electrodes
between the WO, film and electrolyte to form the Al(top
electrode)/WO,/FTO(bottom electrode) MIM structure. Here
the WO, film synthesized via a thiourea-assisted route” is com-
posed of nanosized pores and metallic-tungsten nanoclusters
embedded in the tungsten oxide matrix. Transmittances of porous
WO, film in the EC units are controlled by the quantity of
intercalated Li ions. The Al/WQO,/FTO RRAM unit exhibits
bipolar resistive switching behavior with an ON/OFF current
ratio up to 1 x 10*% Transport of Li ions for modulation of
transmittance, as well as and the formation/rupture of conduc-
tive paths during resistive switching, shall be associated with the
specific microstructure of thiourea-assisted WO, film and the
correlation in between will be explored.
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Figure 1. (a) Schematic presentation of WO,-based device prepara-
tion: (i) preparation of WO, film onto FTO-glass; (ii) sputtering of Al
electrodes onto WO, film; (iii) assembly of device. (b) Schematic
diagram of WO, -based device composed of EC and RRAM units (sizes
and thicknesses of the various components are not to scale).

2. EXPERIMENTAL SECTION

Figure 1a shows a schematic diagram of the process flow of preparing the
WO, film and the structure of the WO,-based device composed of EC and
RRAM units. First, the WO, film was deposited onto FTO coated glass
(Solaronix) using the thiourea-assisted method as reported in our previous
work® (step i in Figure 1a). 1.5 g of tungsten powder (99%, Merck) was
dissolved in a mixture of 9 mL of hydrogen peroxide (30%, Sigma-Aldrich)
and 1 mL of deionized water to form the peroxopolytungstic acid (PTA)
precursor. Subsequently, 0.4S g of thiourea (99%, Sigma-Aldrich) was
added to the PTA solution. The PTA/thiourea precursor was stirred to
remove the solvent until the weight of the solution was 3.5 g. The PTA/
thiourea solution was spun onto FTO-coated glass (Solaronix) followed by
heat treatment at 400 °C for 30 min. As shown in step ii in Figure 1a, the Al
metal lines were locally deposited on the tungsten oxide film by sputtering
through a shadow mask. The active area of the resistive switching region,
i.e. AI/WO,/FTO RRAM units, is 1.6 mm?. Subsequently, the
Al(patterned) /WO, /FTO-glass and ITO-glass were sandwiched using
60 um thick hot-melt Surlyn spacers (Solaronix). The electrolyte solu-
tion of 1 M lithium percholorate (LiClO,, Sigma-Aldrich) in propylene
carbonate (PC, Alfa Aesar) was introduced between Al(patterned)/WO,,
and the ITO counter electrode by capillary action to form the EC unit
(step iii in Figure 1a). A schematic of the WO,-based device composed of
EC and RRAM units is shown in Figure 1b.

The cross-sectional microstructures of Al/WO,/FTO-glass sample
were investigated using field-emission transmission electron microscopy
(TEM, JEOL JEM-2100F CS STEM) and chemical bonding state of the
WO, film was examined using X-ray photoelectron spectroscopy (XPS,
PHI 5000 VersaProbe). The coloration efficiency and transmittance of
the EC unit were obtained using a Si photodetector (model 71640,
Newport) and a red laser module (M&T OPTICS, Taiwan) (intensity:
3.8 mW; wavelength: 650 nm) when intercalating/extracting Li ions at a
constant current density of 1 mAcm > (controlled using a Keithley 2400
sourcemeter).3 The resistive switching behavior of the Al/WO,/FTO
RRAM units is characterized using a precision semiconductor parameter
analyzer (Agilent 4156C) with a sweeping voltage applied to the Al top-
electrode while the FTO bottom-electrode was ground. The current—
voltage (I—V) measurement apparatus is set in a metal dark box to prevent
the disturbance of light and electromagnetic waves.

3. RESULTS AND DISCUSSION

Figure 2a shows the cross-sectional TEM bright-field (BF)
image of the Al/WO,/FTO structure. This micrograph reveals
the thicknesses of the Al top-electrode and WO, layer (100 and
370 nm, respectively) and some lightly contrasted, drop-like
features in WO,. The microstructure of WO,, is further unveiled
with a magnified scanning TEM (STEM) BF image, as shown in
Figure 2b. The image shows dark-contrasted grains with a size of
~5—10 nm and white-contrasted speckles with a size of ~15 nm
scattered in the WO, layer. Due to the porous nature of our
thiourea-assisted WO, film,®> we suggest that the lightly con-
trasted drop-like features and white speckles in a and b in
Figure 2, respectively, are pores. On the contrary, the dark-
contrasted grains in Figure 2b shall be related to materials whose
chemical composition is heavier than that of the WO, matrix;
these grains are more concentrated near the Al/WO, interface
than inside the film.

To qualitatively perceive the compositional differences in the
WO, layer, Figure 2c shows a high-angle annular dark-field STEM
(HAADF-STEM) image of the Al/WO, interface. The contrast
in the HAADF-STEM micrographs is strongly correlated with the
atomic mass of the imaged region: heavier elements contributing
to the brighter contrast and vice versa. The HAADF-STEM image
of WO, in Figure 2c contains dark- and bright-contrasted regions
embedded in a gray matrix. The dark-contrasted area represents
the low-atomic-mass regions, which shall be related to the pores
in WO, and correspond to the lightly contrasted, droplike
features shown in Figure 2a, as well as the white-contrasted
speckles in Figure 2b. On the other hand, because the atomic mass
of Wis much heavier than that of O, the bright-contrasted clusters
with a size of ~5—10 nm in the WO,, HAADF-STEM image of
Figure 2c should correspond to the dark-contrasted grains
revealed in the BF STEM image of Figure 2b, both suggesting a
tungsten(W)-rich composition in these clusters (or grains).
These clusters are not only scattered within the WO, layer but
also concentrated along the interface between the Al top-elec-
trode and the WO, film, which is involved in the formation of
conductive paths during resistive switching and will be dis-
cussed later. In addition, the chemical element analysis of Al/WO,/
FTO-glass sample has been carried out by energy dispersive
X-ray spectrometry (EDX) combined with the STEM. Figure S1
(see the Supporting Information) shows the EDX spectra
obtained from the WO, layer and the interfacial region between
Al electrode and WO, layer of Al/WO,/FTO sample. In Figure
Slain the Supporting Information, the intensity of oxygen signal
(at ~0.52 keV) from WO, layer is about 75% of that of tungsten
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Figure 2. Cross-sectional (a) TEM BF and (b) STEM BF images of
Al/WO,/FTO sample. (c¢) HAADF-STEM image of Al/WO,/FTO
sample.

signal (at ~8.39 keV). In contrast, the oxygen/tungsten intensity
ratio is less than 25% in the interface region (where the
nanoclusters are abundant), as shown in Figure S1b in the
Supporting Information. Because of the nanoclusters are in
spherical shape and embedded in oxide matrix, the oxygen signal
from the oxide matrix will also be detected in the interfacial
regions. However, because of the relatively weak peak intensity
(see Figure S1b in the Supporting Information), the nanoclusters
in the interfacial region shall be rich in metallic-W.
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Figure 3. W 4f core level XPS spectrum taken from the WO, film. The

spectrum is deconvoluted into W4f; , and 4f; ;, doublets associated with
W°, W, W, and we* configurations.

The chemical bonding state in the WO, film was further
examined using XPS. The W4f XPS spectrum is depicted in
Figure 3. The spectrum has been calibrated for the charge effect
with reference to the Cls peak at 284.5 eV.>' The W4f spectrum
was deconvoluted into four pairs of W4f doublet peaks pertaining
to four tungsten oxidation states: W’ W**, W™, and W°*. The
W4t , peaks associated with W°, W, W, and W®" are located
at31.3,32.7,34.2, and 35.6 eV, respectively.”' ~** Multiple W—O
bonding states, i.e, W*", W**, and W®" oxidation states, are
observed, which implies that a substantial amount of oxygen
vacancies exits in the WO, layer. Some of W atoms are in the
metallic state (i.e, W°). The integrated intensity for W XPS
signals of different oxidation states has been calculated from
Figure 3. A substantial W° peak area of ~37.6% exists in our WO,,
layer, which is much greater as compared to that in the mono-
clinic film*® and it suggests a significant quantity of metallic W
atoms (in W° state) exists. Accordingly, the presence of the W°
state in XPS spectrum and the rich W content at the interfacial
region observed in EDX analysis confirm that the heavy-element,
nanosized grains observed in the TEM micrographs are com-
posed of metallic-W nanoclusters.

The modulation of transmittance for the EC unit, i.e., FTO-
glass/WO,/electrolyte/ITO-glass, is founded on the EC perfor-
mance of WO, upon current injection through the ITO-counter
electrode. An EC material with a high coloration efficiency can
provide a large transmittance modulation via a small change in
the number of intercalated cations, which might result in good
cycling reversibility due to the low charge needed for coloration.
Figure 4a shows a plot of optical density (O.D.) versus injected
charge density (Q) of the EC unit during the intercalation of Li
ions at a constant current density of 1 mAcm > The coloration
efficiency is estimated to be 40 cm®C ™" from the slope of O.D.
to Q. The coloration efficiency is comparable to those of
nanocrystalline,” thermally evaporated®® and nanobundle®”
films. When the injected charge densities, i.e., the quantities of
intercalated Li ions, are set at 0, 2, 5, 10, and 20 mCcm ™2, the
transmittances and associated photographs are shown in
Figure 4b. As the number of injected Li ions increases, the EC
unit becomes cyan, blue, and navy blue in sequence. The colored
EC unit bleaches to a transparent state after a complete extrac-
tion of intercalated Li ions (i.e., when the total injected charge
returns to 0 mCem ™ *). Time evolution of the transmittance of
the EC unit with different quantities of intercalated Li ions in the
WO, layer is shown in Figure S2 (see the Supporting In-
formation). It reveals that the transmittance of the EC unit is
sustained within =3% deviation for a retention time of 1800 s,
indicating the existence of nonvolatile transmittance-states of the
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Figure 4. (a) Optical density versus intercalated charge densities for the
EC unit during the intercalation of Li ions at a constant current density
of 1 mA cm 2. The coloration efficiency estimated from the slope of this
curve is 40 cm” C™". (b) The time-dependent transmittance regulation
and corresponding photographs with different quantities of intercalated
Li ions in the WO, layer of the EC unit (the blue slash region and red
crisscross region indicate the progressions of coloring and bleaching,
respectively).

device. The slight divergence of the transmittance always occurs
in the early stage of the retention time measurement as shown in
Figure S2 in the Supporting Information. After the extraction/
intercalation of Li ions with applied current, it will take a short
period of time to reach the compositional homogeneity of WO,/
Li,WO, layer by diffusion of the Li ions at open circuit.*®
Consequently, a slight divergence of the transmittance is de-
tected in the beginning of the retention measurement. After the
retention test shown in Figure S2 in the Supporting Information,
the same device was switched between multiple-states for several
times. Although multiple states are still demonstrated, the
transmittances of the WO, layers with various amounts of Li
intercalation are different from those recorded in Figure 4b. It
indicates that the reversibility of the EC unit is not good in the
present version of the device due to the formation of bubbles by
electrochemical reaction with the electrolyte. In addition, the
ITO counter electrode of EC unit becomes opaque at a large
applied voltage, which decreases the transmittance of the device
as well after several intercalation/extraction processes. We
suggested that the issues may be solved by employing another
suitable electrolyte and FTO counter electrode in the EC unit. It
should also be noted that the nanosized pores in WO, not only
increase the surface area but also provide channels for electrolyte
to enfold WO,, decreasing the needed diftusion distance for Li
ions.' > Therefore, the pores in WO,, promote ion-intercalation
kinetics and are critical to EC performance. Accordingly, the EC
unit possesses multiple transmittance states that depend on
degree of intercalation/extraction of Li ions, which is similar to
those of EC polymeric memory devices which record data based
on variations in transmittance.”"

The current—voltage (I—V) characteristic curves in Figure Sa
reveal the bipolar resistive switching character of the solution-
processed WO, RRAM unit. The Al/WO,/FTO RRAM unit
initially exhibits a high-resistance state (HRS) and is switched to
a low-resistance state (LRS) at a threshold voltage of —5.2'V, as
illustrated in step 1 of Figure Sa. The LRS current is limited by a
compliance value of 10 mA to prevent permanent dielectric
breakdown. Once the negative bias sweep is again applied to the
Al top-electrode, the I—V curve (step 2) reveals that the RRAM
unit remains at the LRS. Subsequently, the RRAM unit is
switched back to the HRS after a positive bias sweep is applied,
as shown in step 3. The RRAM unit remains in the HRS under a
subsequent negative bias (applied to the Al electrode) sweep
until the threshold voltage is reached, as displayed in step 4.
Therefore, the RRAM unit exhibits bipolar resistive switching
behavior. Since electrical stability is an important issue for NVM,
the RRAM units at LRS and HRS have been examined using a
retention test under a constant readout voltage of 0.1 V. As
shown in Figure Sb, both the LRS and HRS are well maintained
over 12000 s in the retention test, confirming the nonvolatile
nature of the resistive switching behavior. The resistance ratio of
the HRS to the LRS can be as high as 1 x 10* (1 x 10*to 1 x 10*
in general). In addition, good endurance is the fundamental
challenge for NVM and electric-pulse-induced resistive switching
measurements of our RRAM units are conducted. Figure S3 (see
the Supporting Information) shows the nondegradable endur-
ance characteristics of RRAM units and acceptable electrical
endurance of 100 cycles is obtained. Therefore, WO ,-based
RRAM units possess the bipolar resistive switching behavior
with acceptable retention and endurance characteristics, which
are suitable for the NVM application and comparable to those of
previously reported tungsten oxide-based RRAM devices.'>'¢

The resistive switching of our RRAM unit shall be associated
with the formation of filament-like conductive paths in the oxide
layer (via the alignment of defects)*® or the dynamic filament
terminal,*”*® but unlikely originated from change of Schottky
barrier width at the interface between the electrode and oxide,**
because of the area-independence of resistances for the HRS and
LRS in our RRAM unit (see Figure S4 in the Supporting
Information). However, the switching polarity of our RRAM
unit is the exact opposite of the model with dynamic filament
terminal (in which a negative bias shall be applied to the
nonohmic electrode (i.e., the FTO electrode in our case)).
Therefore, the dynamic filament terminal model may not be
applicable to our RRAM unit and the resistive switching of our
RRAM device shall be related to the construction of conductive
paths based on moving and aggregation of oxygen vacancies.

To elucidate the resistive switching mechanism, we present a
schematic drawing in Figure Sc, where the thickness of the WO,
layer is enlarged for clarity. Because W atoms in the WO, film of
our RRAM units are in the form of multiple oxidation states, as
revealed by TEM and XPS analyses (Figure 2 and Figure 3),
there will exist substantial number of metallic W clusters and
oxygen vacancies (as shown in the pristine panel of Figure Sc). It
has been reported that metallic nanocrystals embedded in
semiconductors and/or insulators produce a localized enhanced
electric field along the direction of externally applied electric
field, no matter the metallic nanocrystals are distributing in
parallel with or perpendicularly to the electrodes.”*** Accord-
ingly, the metallic-W nanoclusters embedded in the WO, layer
shall play a key role in the electric field enhancement, which
promotes the aggregation (i.e., local alignment) of oxygen

2619 dx.doi.org/10.1021/am200430y |ACS Appl. Mater. Interfaces 2011, 3, 26162621
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Figure 5. (a) I—V characteristics of the Al/WO,/FTO RRAM unit (the current compliance of the LRS is set at 10 mA). (b) Retention test for the LRS
and the HRS of the RRAM unit under a continuous 0.1 V readout voltage. Both LRS and HRS are maintained the retention data for over 12 000 s. The
LRS/HRS current ratio is more than 1 x 10* (¢) Schematics for bipolar resistive switching mechanism of the Al/WO,/FTO RRAM unit (thickness of

WO, is enlarged for clarification).

vacancies between metallic-W nanoclusters. In addition, the
metallic-W nanoclusters gathered along the interface between
the Al electrode and WO, film are possibly related with the
reduction of WO, by Al owing to the thermodynamic driving
force® and it shall be accompanied with the generation of oxygen
vacancies (as shown in pristine panel of Figure Sc).

The conducting paths formed by aggregation of oxygen vacan-
cies generally exhibit a conical shape, with a wider diameter at the
negatively biased electrode.** ** The bipolar switching polarity
(negative-ON/positive-OFF with respect to the Al electrode) is
associated with the rich oxygen vacancies near the Al/WO,
interface, which plays a decisive role in the formation of conductive
paths. As illustrated in the LRS panel of Figure Sc, the rich oxygen
vacancies near the Al/WO, interface provide the “broad base” for
the conducting paths. A negative voltage applied to Al electrode of
our RRAM unit attracts the positively charged oxygen vacancies.
The aggregation of oxygen vacancies between metallic-W clusters
forms a cone-shaped path that electricallgr connects the top and
bottom electrodes in the RRAM unit.>**° As a result, the RRAM
unit of the WO,-based device is switched to the LRS.

To switch the RRAM unit back to the HRS, a positive bias on
the Al top-electrode is needed, as shown in the HRS panel of
Figure Sc. Under this bias polarity, oxygen vacancies are repelled
away from the Al/WO, interface. The vacancies are driven to the
WO,,/FTO interface; however, it is difficult to construct a conical
conductive path with a larger diameter at the WO,,/FTO inter-
face because the quantity of oxygen vacancies is rather limited
around the FTO electrode. Consequently, the conductive paths
are ruptured and the RRAM unit is switched back to the HRS.
Note that the RRAM unit cannot switch from the HRS to the
LRS when the applied voltage to the Al electrode is positive, even
when it is up to +30 V. Similar to the situation drawn in the HRS
panel of Figure Sc, the positive bias on Al electrode drives oxygen

2620

vacancies to the FTO electrode but it is difficult to build a
continuous, conductive path of conical shape with a broad
diameter at the WO,/FTO interface. As a result, the RRAM
unit cannot be switched on under this polarity.

4. CONCLUSION

We have synthesized WO, films via a thiourea-assisted route.
A WO,-based device composed of Al(patterned top electrode)/
WO,/FTO(bottom electrode) RRAM and FTO/WO,/electro-
lyte/ITO EC units is demonstrated. The EC unit possesses
multiple transmittance states depending on the quantity of
intercalated Li ions in the WO, films. On the other hand, the
RRAM unit exhibits bipolar resistive switching behavior with an
ON/OFF current ratio of more than 1 x 10*. Cross-sectional
TEM images reveal that the WO, film contains nanosized pores
and metallic-W nanoclusters embedded in the tungsten oxide
matrix. Multiple W—O bonding states are observed in the W 4f
XPS spectrum, which implies the existence of oxygen vacancies in
the WO, layer. In addition, some metallic-W nanoclusters are
concentrated along the interface between the Al electrode and
WO, film, which shall be accompanied with a substantial amount
of oxygen vacancies near the Al/WO,, interface. The nanosized
pores in the WO, film facilitate the transport of Li ions for the
modulation of transmittance, while the metallic-W clusters
enhance the local electric field for the aggregation of oxygen
vacancies. Furthermore, the rich oxygen vacancies near the
Al/WO, interface play a decisive role in the formation/rupture of
cone-shaped conductive paths during bipolar resistive switching.
As a result, the specific microstructure of thiourea-assisted WO,
film brings forth the multiple EC states and resistive switching
behavior, which may be implemented to optical and electrical
nonvolatile data storage devices, respectively.

dx.doi.org/10.1021/am200430y |ACS Appl. Mater. Interfaces 2011, 3, 26162621



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

B ASSOCIATED CONTENT

© Ssupporting Information. Figures of material analysis
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