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ABSTRACT: Controlling the oxygen concentration in metal oxides is one of the most
effective ways to modulate their optoelectronic properties. However, such redox control is
difficult for metal oxide epitaxial films due to serious damages induced to the lattice,
especially around the film / substrate interface during the large volume change upon the
redox treatment. For overcoming this problem, the use of metal oxides with a stress-

resistant crystal structure can be effective. Here we show a reversible redox control in the



optoelectronic properties of hexagonal tungsten oxide (h-WO,) epitaxial films with
honeycomb structure. We fabricated highly c-axis oriented h-WOj epitaxial films on (111)
yttria-stabilized zirconia (YSZ) single crystal substrate. Upon electrochemical redox
treatment at 300 °C with the application of £3 V to the YSZ solid electrolyte, the oxygen
content x of h-WO, was reversibly controlled in the range of 2.93 < x < 2.99 without
inducing damage to the crystal lattice. Simultaneously, the electrical conductivity was
controlled from ~400 S cm ™! to an insulator, and the optical transmission at 1.5 pm in
wavelength was controlled in the range of 35 — 70%. The present results would be useful

for developing metal oxide epitaxial film-based electrochemical optoelectronic devices.

INTRODUCTION

Advanced memory devices that store optoelectronic property changes would be in
extremely high demand in near future because of the explosive amount of information to be
processed in the upcoming fourth industrial revolution.! In this regard, many transition
metal oxides (TMOs) can be considered as the promising candidate materials of advanced
memory devices since the optoelectronic properties of TMOs can be modulated by
controlling the oxygen concentration.”” The valence state of TM ions is versatile in a TMO
lattice due to their strong ionicity, and several TMOs show crystallographic phase transition
upon reduction or oxidation due to the difference in the ionic radius of TM ions before and
after the redox reaction. Thus, controlling the oxygen concentration in metal oxides is one

of the most effective ways of modulating their optoelectronic properties.



However, such redox control is difficult to apply for metal oxide epitaxial films since it
induces serious damage to the crystal lattice, particularly near the film/substrate interface
due to the large volume change during the redox treatment. Generally, TMO thin films are
grown heteroepitaxially on oxide single crystal substrates with a lattice mismatch.®
Therefore, the crystal lattice of the TMO thin film is highly strained at the heterointerface
between the film and the substrate if the film is thin and not relaxed. If such strained crystal
lattice is exposed to some stress, the crystal lattice is easily fractured into pieces. For
example, VO; epitaxial films grown on lattice-mismatched TiO, substrate brakes into tiny

pieces upon insulator-to-metal transition.” 1

To overcome this problem, we hypothesized that the use of metal oxides exhibiting a stress-
resistant crystal structure would be effective. In this study, we focused on hexagonal
tungsten oxide (h-WOy) epitaxial films for three reasons. First, h-WO, crystal is composed

11,12 "and honeycomb

of honeycomb layers with periodic holes stacked along the c-axis
structure is known as one of the strongest lattices against stress.'> 4 Second, c-axis oriented
h-WOx crystal can be grown heteroepitaxially on (111) yttria-stabilized zirconia (YSZ)
single crystal substrate.!> ! Thus, the one-dimensional tunnels are periodically aligned
along the growth direction. Third, YSZ substrate can be used as an oxide-ion conducting

solid electrolyte. By using YSZ substrate as the solid electrolyte, reversible electrochemical

redox control of oxygen contents in SrCoO25'7"!* and SrFeO2 5°° has been demonstrated



thus far. In this research, we choose h-WO, epitaxial film grown on (111) YSZ substrate

from these points of view.

Here we show reversible redox control of optoelectronic properties of c-axis oriented h-
WO, epitaxial films grown on (111) YSZ single crystal substrate. Upon electrochemical
redox treatment at 300 °C by applying £3 V to the YSZ solid electrolyte, the oxygen
content x of h-WO, was reversibly controlled in the range of 2.93 <x < 2.99 without
inducing any damage to the crystal lattice. Simultaneously, the electrical conductivity was
controlled from ~400 S cm™! to an insulator, and the optical transmission at 1500 nm in
wavelength was controlled in the range of 35 — 70%. The present results would be of great
value in developing metal oxide epitaxial films-based electrochemical optoelectronic

devices.

EXPERIMENTAL SECTION
Epitaxial growth of highly c-axis oriented h-WQO, films

Highly c-axis oriented h-WOx epitaxial films were heteroeptiaxially grown on (111) YSZ
substrate by pulsed laser deposition (PLD, KrF excimer laser, ~0.3 J cm 2 pulse!, 10 Hz)
technique at a substrate temperature of 500 °C under oxygen atmosphere (2 — 6 Pa). The
growth rate was ~8.7 pm pulse . Details of our PLD condition has been published

elsewhere.?!"2? Heteroepitaxial growth was confirmed using high-energy electron



diffraction (RHEED) after finishing the film growth. The film thickness and orientation
were analyzed by high-resolution X-ray diffraction (HRXRD, Cu Kai, 2 = 1.54059 A,
ATX-G, Rigaku Co.). Pendelldsung fringes in the out-of-plane Bragg diffraction patterns
were used to measure the thickness of the resultant h-WOj epitaxial films. The valence
states of W of the resultant h-WOj epitaxial films were measured by X-ray photoelectron
spectroscopy (XPS). We used Al Ka radiation (1486.6 eV) to generate the photoelectrons
while using a flood gun to prevent surface charge accumulation. The W 4f (30 — 40 eV)
core-level spectra were collected, and the x in WO, was determined as following.’

[WO % 3+ W] x 2.5
[W6+] + [W5+]

Electrochemical redox treatment

Figure 1(a) shows the schematic illustration of the electrochemical redox treatment. Atomic
arrangement of the top view of h-WO3 film is schematically shown in Figure 1(b). First, the
film surface was mechanically pressed on an Al foil (ground electrode). Then, we pasted
small amount of Ag paste on the back side of the YSZ substrate. After that the sample was
heated at 300 °C in air. We applied a gate voltage (V) of =3 V to the Ag electrode for 10
min (Figure 1(c) upper). After this oxidation treatment, the film was fully oxidized. Then,
we electrochemically reduced the film by applying Vs of +3 V for 5 to 200 s (Figure 1(c)
lower and Figure S1). The electron density (Q) was calculated by Q = [ I(t) dt, where [ is
current and ¢ is time. Then, the x in WO, was measured by XPS as described above (Figure

1(d) and Figure S2).



Characterization of electrochemically oxidized/reduced h-WO\ epitaxial films

Optical transmission spectra of the h-WO, films were measured using an ultraviolet-visible-
near-infrared spectrometer (UV-vis-NIR, SolidSpec-3700, Shimadzu Co.) and Fourier-
transform infrared spectrometer (FT-IR, IRPrestige-21, Shimadzu Co.) at room temperature
(RT). Electrical conductivity (o) was measured by dc four-probe method with van der Pauw
electrode configuration from RT to 20 K. Thermopower (S) was measured by steady-state
method. Temperature difference (A7) and thermoelectromotive force (A}) were measured
simultaneously at RT, and the S values were calculated from the linear slope of AT — AV

plots.

RESULTS AND DISCUSSION

Figure 2(a) (upper) shows the XPS spectrum of the as-grown epitaxial film. The XPS
spectrum is composed of W and W>*, and the value of x is 2.938. Figure 2(b) (upper)
shows the out-of-plane XRD pattern of as-grown h-WO» 933 epitaxial film. An intense
diffraction peak of 0002 h-WOx is observed with 111 YSZ substrate. Around the 0002 h-
WO, 938 diffraction peak, Pendellésung fringes are clearly seen, indicating strong c-axis
orientation in the film. From the Pendellosung fringes, the film thickness was calculated to
be ~42 nm. Then, the film was electrochemically oxidized at 300 °C in air. Figure 2(a)
(lower) shows the XPS spectrum of oxidized h-WOy. The XPS spectrum became sharper

and the W>* peak almost disappeared. The composition of oxidized h-WO, (namely Oxi 1)



was changed into 2.993 by the electrochemical oxidation. Figure 2(b) (lower) shows the
out-of-plane XRD pattern of Oxi 1 h-WOz.993. The diffraction peak position of h-WO2.993
shifted to smaller scattering vector side due to the c-axis lattice expansion from 0.758 to
0.769 nm upon oxidation. It should be noted that Pendellosung fringes are clearly observed
after the oxidation treatment, indicating that the oxidation treatment did not affect the c-axis
orientation of the film. This suggests that the crystal lattice was not damaged despite rather

large lattice expansions.

Next, we reduced the Oxi 1 sample electrochemically. We prepared 8 samples with varying
chemical compositions from h-WO 987 to h-WO».931. Figure 2(c) summarizes the out-of-
plane XRD patterns of the electrochemically reduced samples (linear scale). The peak
position of 0002 h-WO, almost unchanged after the reduction from x = 2.987 to x = 2.981,
while it gradually shifted to higher scattering vector side from x = 2.981 to x = 2.931
indicating that reversible redox reaction of h-WOy succeeded. This behavior of the c-axis is
opposite as compared to other metal oxides, which show lattice expansion upon reduction.
Presumably, the inter-atomic repulsion along c-axis is suppressed due to the 1D atomic
defect tunnel structure. The c-axis lattice parameter almost returned to 0.762 nm, which is

close to that of the as-grown sample.

Next, we measured the electron transport properties of the electrochemically reduced h-

WO, epitaxial films. Figures 3(a) and 3(b) show the electrical conductivity (o), and the



thermopower (S) measured at RT. For comparison, data for the PLD-grown h-WOx films
with various oxygen contents of x is also plotted with a grey solid line (Figures 3(a) and
3(b)). The crystallographic analyses of the PLD-grown films are shown in Figures S3—S5.
It should be noted that the data of the electrochemical redox treatment was almost perfectly
reproduced that of the PLD-grown films. The ¢ increases from ~0.2 (A) to ~400 S cm ™! (H)
with decreasing x. Since |S| decreased with increasing o, carrier concentration increased
with decreasing x. Thus, the carrier concentration of h-WO, was successfully controlled by

the electrochemical redox treatment.

Then, we measured the o —T curves of electrochemically reduced h-WO; epitaxial films in
the range of 20 — 300 K. All films showed semiconductor-like behavior of ¢; where the o
increased with temperature. The slope of ¢ —T curves gradually decreased with decreasing
x. The activation energy (Ea.) of the o around RT decreased from ~212 meV (A) to ~33
meV (H) with decreasing x (Table S1). The decreasing tendency of E, for the
electrochemically reduced h-WOx films is consistent with that of the PLD-grown h-WO,
films (Table S2). These results clearly suggest that carrier concentration was systematically
controlled by the electrochemical reduction treatment, and the crystal lattice of h-WOx film

was not destroyed during the process.

Next, we investigated the optical properties. Figure 4(a) shows the optical transmission

spectra of the h-WO, epitaxial films with various reduction states (as-oxidized: Oxi 1, A, E,



and G) from the electrochemical reduction treatments. The spectra of as-grown sample and
(111) YSZ substrate are also plotted for comparison. Although the bandgap of YSZ is ~4
eV, the optical transmission of (111) YSZ substrate is only ~75% in the range of 0.4 — 6 um
in wavelength; reflection of YSZ in the range of 0.4 — 6 pm in wavelength is large (~23 %)
due to its high refractive index. Compared to the transmission spectrum of YSZ substrate,
the Oxi 1 sample shows slightly lower transmission due to an absorption peaking around
1.5 um in wavelength. The absorption peak intensity gradually increased with oxygen
reduction, indicating free carrier absorption. Finally, the optical transmission spectrum of
the reduced sample G became similar to that of as-grown sample. Figure 4(b) plots change
in the transmission at 1.5 pm in wavelength as a function of x in WO,. For comparison, data
for the PLD-grown h-WO, films with various oxygen content x (Figure S6) is also plotted
with grey solid line. The transmission increased with oxidation and decreased with
reduction. The control in the optical transmission control at 1.5 pm in wavelength is clearly

demonstrated in the range of 35 — 70%.

Finally, we repeated the electrochemical redox treatment to check the cyclability. Figures
5(a) and 5(b) show the ¢ and optical transmission at 1.5 pum in wavelength of the redox-
treated h-WO, epitaxial films. Upon reversible electrochemical redox treatment, the o is
controlled from ~300 to ~0.1 S cm™!, and the optical transmission at 1.5 um in wavelength
is controlled in the range of 35 — 70% (Figure S7). Also, surface morphology was not

changed during electrochemical redox treatment while keeping less than 0.5 nm of root



mean square roughness (Figure S8). These results indicate an excellent cyclability and

stability.

The results we present here demonstrate that our electrochemically redox treatment did not
cause serious structural damage to the crystalline lattice of h-WO, with stress-resistant
honeycomb lattice. The optoelectronic properties of h-WO, were repeatedly controlled
electrochemically. The present results would be of great use in the development of metal

oxide epitaxial films-based electrochemical optoelectronic devices.

CONCLUSIONS

In summary, we showed reversible redox control in the optoelectronic properties of
hexagonal tungsten oxide (h-WOy) with honeycomb structure epitaxial films. We fabricated
highly c-axis oriented h-WO\ epitaxial films on (111) YSZ single crystal substrate. Upon
electrochemical redox treatment at 300 °C with the application of +3 V to the YSZ solid
electrolyte, the oxygen content x in h-WO, was reversibly controlled in the range of 2.93 <
x <2.99 without inducing damage to the crystal lattice. Simultaneously, the electrical
conductivity was controlled from ~400 S cm™! to an insulator, and the optical transmission
at 1500 nm in wavelength was controlled between 35% and 70%. The present results would
be useful for developing electrochemical optoelectronic devices based on metal oxide

epitaxial films.
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Figure 1. Solid-state electrochemical redox treatment of a h-WOy epitaxial film. (a)
Schematic illustration of the solid-state electrochemical cell composed of h-WO3/YSZ
substrate. (b) Honeycomb lattice of h-WOs crystal with periodic holes along the c-axis. (¢)
Change in the current density through the h-WO3/YSZ bilayer at 300 °C in air. (d) Change
in the oxygen content x in h-WO, as a function of the electron density during the
electrochemical reduction treatment.
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Figure 2. Cross-plane crystal lattice of the h-WO\ films. (a) XPS spectra of (upper) as-
grown and (lower) electrochemically oxidized h-WO films. The x values in WO, were
determined as 2.938 (as-grown) and 2.993 (oxidized). (b) Out-of-plane XRD patterns of
(upper) as-grown and (lower) electrochemically oxidized h-WOx films. Intense diffraction
peak of 0002 h-WO is seen together with 111 YSZ both as-grown and oxidized films.
Further, Pendellésung fringes are seen around the diffraction peak of 0002 h-WOx,
indicating strong orientation of the films. (c) Change in the out-of-plane XRD patterns of
0002 h-WOx (linear scale) with x in the electrochemically reduced WO, films.
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Figure 3. Electronic properties. (a) Electrical conductivity (RT), (b) thermopower (RT),
and (c) temperature dependence of the electrical conductivity for the electrochemically
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the PLD data very well, suggesting the crystal lattice of h-WO; film was not destroyed during
the redox treatment. (c) Temperature dependence of electrical conductivity of the h-WOx
films. The electrical conductivity is systematically controlled.
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Figure 4. Optical property (a) Optical transmission spectra of the c-axis oriented h-WO;
film epitaxially grown on (111) YSZ substrate after the electrochemical reduction treatment.
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wavelength as a function of x in WOx. Gray solid lines indicate optical transmission at 1.5
pm in wavelength of the h-WO, epitaxial films by the PLD method with modulated oxygen
pressure during the film growth.
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Figure 5. Reversible redox modulation of optoelectronic properties of the h-WO,
epitaxial films. (a) Electrical conductivity and (b) optical transmission at 1.5 um in
wavelength for the h-WO, epitaxial films. Upon reversible electrochemical redox
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