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We epitaxially grew rutile-structured VO, films with various out-of-plane lattice constants on (001) TiO, substrates by pulsed laser deposition and
investigated their protonation by electrochemically injecting protons to the films in transistor structures with gate layers of proton conducting Nafion
membranes. We found that VO, films with out-of-plane lattice expansion are less protonated. On the basis of the experimental results, we discuss
the correlation between the out-of-plane lattice expansion and protonation of (001) VO, epitaxial films and highlight that reducing lattice defects is
key to promoting the protonation of VO, films. © 2025 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP

Publishing Ltd
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accumulate hydrogen and identifying factors that

promote hydrogen accumulation are crucial to both
fundamental science and the application of hydrogen to
energy devices."” Moreover, electrochemically accumu-
lating hydrogen into solids or protonation, which results in
structural phase changes and electron donation, has been
recognized as a way to explore their novel phases with
functional properties.'~®

Epitaxial films of rutile-structured vanadium dioxide VO,
have been shown to be protonated by hydrogen-spillover-
induced reduction reactions and electrochemical hydrogen
injection.™”~'” Protonation leads to a two-step transition in
VO,; as protons accumulate, the low-temperature insulating
phase first changes to a metallic phase and then the
protonation-stabilized metallic phase undergoes a transition
to an insulating one. While it has been established that
protonation enables the structural and transport properties of
VO, to be controlled, it remains elusive as to which factors
affect and particularly promote protonation processes that are
considered to involve proton diffusion in vacancy channels
along the c-axis of the rutile structure and bonding to oxygen
in VO, lattices.'”'>'>'>1%19 Furthermore, depending on
lattice mismatch between the film and substrate and the
growth conditions, film lattices often have point defects like
oxygen vacancies and lattice deformations that might affect
proton diffusion and protonation.”?** Therefore, key
structural factors for protonation remain elusive, and deli-
neating how the structural properties of VO, epitaxial films
correlate with proton accumulation is needed in order to gain
deep insight into protonation processes.

In this study, we grew VO, epitaxial thin films with various
out-of-plane lattice constants by pulsed laser deposition and
investigated the correlations between their structural properties
and electrochemical proton accumulation. On the basis of the
experimental observations, we discuss key structural factors
that affect the protonation of VO, epitaxial films.

VO, thin films were epitaxially grown on TiO,(001) single
crystal substrates by pulsed laser deposition (PLD). A V,0;

D eveloping solids and artificial structures that can

pellet, which was prepared with solid-state reactions, was
pulsed with a KrF excimer laser (A =248 nm) with a laser
spot density of ~1Jcm ™2 (laser intensity of 120 mJ) and a
repetition rate of 5 Hz. The target-to-substrate distance was
fixed at ~8 cm. VO, epitaxial thin films with thicknesses of
20-50 nm were deposited at substrate temperatures of 350 °C
and under oxygen pressures of 8—22 mTorr. The deposition
conditions for each sample are shown in Table SI.
Figure 1(a) shows X-ray 20/0 patterns around the (002)
reflections. All films exhibited (002) Bragg reflections
together with clear thickness fringes, which indicated their
high quality. While there were some variations in the out-of-
plane lattice constants of the fabricated films, the lattice
constants were shorter than that of the bulk VO, due to the
lattice mismatch between TiO, and VO,. Figure 1(b) shows
reciprocal space mappings around the (112) TiO, reflection
for the films with the shortest and longest out-of-plane lattice
constants (Samples A and F, respectively). The (112)
reflections from the films appear at the same reciprocal-space
position along the in-plane direction (Q;qo) as those of the
substrate reflections, indicating that all of the films were fully
tensile-strained regardless of their out-of-plane constant.
These observations imply that some lattice defects are
accommodated in the films due to subtle variations in the
deposition conditions, like the deposition temperature and
oxygen pressure during deposition, resulting in out-of-plane
lattice expansion.

Figure 1(c) shows the temperature dependence of the
electrical resistance of Sample A, Sample C, Sample D,
and Sample F. The data were obtained using a physical
property measurement system (PPMS) by sweeping the
temperature from 300 to 250K, from 250 to 320K, and
then back to 300 K. The resistance changes AR due to metal-
insulator transitions, which is defined as the ratio of
resistances at 250 K and at 300 K (as-grown state), correlated
with the films’ out-of-plane lattice constants. The film with
the shortest out-of-plane lattice constant (Sample A) under-
went large AR by about three orders of magnitude due to a
metal-insulator transition at 287 K. On the other hand, the
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(a) X-ray 26/6 patterns for (001) VO, epitaxial films. (b) Reciprocal space mappings around the (112) reflection for the (001)-oriented VO, films

(Sample A and Sample F) whose X-ray diffraction patterns are shown in (a). The diffraction intensity is plotted on a logarithmic scale. (c) Temperature
dependence of electrical resistance of VO, films [Samples A, C, D, and F in (a)]. The resistance of each film is normalized by that of the as-grown state (Ry).
The inset shows the definition of the metal-insulator transition temperature Tyyr. (d) The magnitude of the resistance change associated with the metal-insulator
transition AR (upper) and Tyt (bottom) as a function of the out-of-plane lattice constant of (001) VO, epitaxial films. The AR is defined as the ratio of the
resistance at 250 K and R, which were measured during the first temperature down sweep.

AR and the transition temperature Tyyr (definition in the
inset) decreased as the out-of-plane lattice constant increased.
The correlations between the out-of-plane constant and AR
and Tyt are highlighted in Fig. 1(d). These observations are
consistent with previous studies.”* > It should be noted
that the observed correlation cannot be explained by strain-
induced effects,”*~* which would increase Tyt through
lattice expansion along the c-axis of the VO, lattice. Our
observations, therefore, imply that the defects causing the
out-of-plane lattice expansion suppress the metal-insulator
transition of the VO, films and that films with less out-of-
plane lattice expansion show a more pronounced transition.

We also found that the out-of-plane lattice expansion is
correlated with hydrogen accommodation in the (001) VO,
epitaxial films. Here, we electrochemically inserted protons
into the VO, films by employing electric field-effect tran-
sistor structures with gate layers of solid-state proton
conductor Nafion membranes (Fig. S3). The films were
capped with 3nm thick TiO, epitaxial layers grown at a
substrate temperature of 350 °C and oxygen partial pressure
of 45 mTorr as a protection layer from possible reactions with
the Nafion. The transistor structures were fabricated by first
sputtering Pt source and drain electrodes (20 nm thick) on the
film channels at room temperature and then compressing and
bonding the Nafion membranes (Nafion 115, 25pum in
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thickness, Sigma Aldrich) to bare VO, channel region at
130 °C. The electrochemical proton injection and the re-
sulting reduction reaction in the film channels were induced
by applying a gate voltage, Vg, of +3.5V at 80°C for
30 min.

Figure 2 summarizes the results for electrochemical
hydrogen insertion into Sample B (with the second shortest
lattice constant) and Sample E (second longest). Figure 2(a)
shows the gate voltage Vg sequence and changes in the
resistance during proton injection into the transistor structures
at 80°C. Here, the proton-induced changes in the VO,
channel resistance were measured at Vg=0V to avoid
possible contamination of the source—drain current by gate
leakage current. The resistances of both films increased with
the total time of proton injection, indicating that the protons
accumulated in the VO, lattices and caused non-volatile
changes in the resistance. Interestingly, the magnitude of the
resistance change depended on the out-of-plane lattice
expansion in the VO, films. The change in the resistance of
Sample B (with the smaller out-of-plane lattice constant) was
much larger than that of Sample E. This result implies that
more protons accumulate in the lattice of (001) VO, films
with less out-of-plane lattice expansion and that defects
resulting in out-of-plane lattice expansion suppress proton

accommodation in VO, lattices.
© 2025 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig.2. (a) Changes in the resistance of VO, channels (Sample B and Sample E) during proton injection at 80 °C. The bottom panel shows the gate voltage V,

sequence used for the proton injection. The duration of the gate voltage pulses was set to 300 s. The VO, channel resistance was measured under V, = 0 V. (b)
X-ray 26/0 diffraction patterns for Sample B and Sample E after proton injection at 80 °C (V, = 3.5 V and 30 min). The diffraction patterns were taken at room
temperature. For comparison, the diffraction patterns for Sample B and Sample E before proton injection (the as-grown state) are also shown in the light blue
and pink lines, respectively. (c) Elastic recoil detection analysis (ERDA) spectra for Sample B and Sample E after proton injection at 80 °C (V, =3.5 V and

30 min). The spectra were taken at room temperature.

The effect of the out-of-plane lattice expansion on proton
accumulation in the VO, lattice was further investigated by
carrying out an X-ray diffraction characterization and elastic
recoil detection analysis (ERDA) for Sample B and Sample E
before and after the proton injection process, as shown in
Figs. 2(b) and 2(c). These characterizations for films after the
proton injection were performed on surfaces exposed by
peeling off the Nafion membranes. X-ray diffraction patterns
in Fig. 2(b) show that the proton injection decreases the
intensity of the (002) VO, reflection and results in the
additional reflections indicating the protonation of VO, films
to H,VO,. We note that VO, films under source and drain
electrodes remain unreacted with injected protons. This is
part of the reason why the protonated samples exhibit (002)
VO, reflections. Previous studies have indicated that the out-
of-plane lattice constant of a protonated phase (HVO,) made
from (001) VO, films was ~3.026 A (the corresponding 26
value is 61.21°).”” The H,VO, in Sample B exhibited two
reflections. The one at 20 ~ 61.65° was slightly larger than
that of HVO, (x=1), while the other at 26~ 63.93°
occupied a larger 26 region compared with the former,
implying that the proton concentration of H,VO, in Sample
B was less than x ~ 1. In addition, the H,VO, reflection in
Sample E appeared at a larger 26 value than in Sample B;
thus, Sample E would have been less protonated than Sample
B, although they had the same protonation conditions.

We carried out ERDA and examined the concentrations of
hydrogen in Sample B and Sample E. The measurements
were conducted at the 1.7 MV tandem accelerator facility of
the Quantum Science and Engineering Center, Kyoto
University. The spectra were obtained with 7.5 MeV Si*"
beams incident at an angle of ~75° to the surface normal and
by detecting H atoms recoiling from the films at a scattering
angle of 30°. The obtained ERDA spectra were simulated and
fitted with the SIMNRA 7.03 software. The spectra for the
protonated Samples B and E and their fitting results are
shown in Fig. 2(c). The plot shows a broad peak that can be
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accounted for by assuming two contributions: H adsorbed on
the VO, surfaces (~510 keV, referred to as surface H) and H
in the bulk film (~450keV, referred to as bulk H). Bulk H
made a much larger contribution to the spectrum of Sample B
than to Sample E. The fitting results indicated that the H
concentrations (per VO, formula unit) were 0.51 in Sample B
and 0.22 in Sample E. These values are in accord with
expectations from the XRD measurement results in Fig. 2(b).
It is worthwhile pointing out that as shown in Fig. S4,
accumulating a small amount of proton (like in Sample E and
Sample F) lowers the metal-insulator transition temperature
and stabilizes the metallic phase of VO,, which is consistent
with the previous reports [Refs. 7, 11]. This primarily
explains why the resistance difference by several tens of
times were seen between the protonated Sample B and
Sample E (and F) even though the proton concentration of
Sample B is larger only by a factor of two to three than that of
Sample E. Our results indicate that defects and dislocations
expanding VO, lattices suppress proton insertion and that
VO, films with fewer defects, and thus shorter out-of-plane
lattice constants, can accommodate large amounts of hy-
drogen.

To obtain more insight into lattice defects that suppress the
protonation in VO, lattices, we carried out cross-sectional
(scanning) transmission electron microscopy ((S)TEM) ob-
servations and electron energy loss spectroscopy (EELS)
characterizations on samples that had out-of-plane lattice
constants very close to those of Sample B and Sample E.
Cross-sectional TEM samples were prepared by a focused
ion-beam system (Hitachi NX5000). TEM and STEM
experiments were conducted at room temperature by JEM-
ARM200F with an EELS spectrometer (Gatan Quantum
ERS). The acceleration voltage was 200kV. In STEM-
EELS experiments, the probe convergence semi-angle was
24.6 mrad, and the EELS collection semi-angle was
573 mrad. EELS spectra were obtained in dual EELS

mode. The results are summarized in Fig. 3. While the
© 2025 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 3. (a), (b) Cross-sectional TEM images and (c), (d) electron diffraction
patterns for Sample B and Sample E. The insets of (c), (d) are enlarged views
of the (002) diffraction spots of VO, films and TiO, substrates. (¢) Electron
energy loss spectroscopy (EELS) spectra of V L-edge and O K-edge for
Sample B and Sample E. The spectra of reference powder samples of V,03
and V,0s are shown for comparison.

interfaces between VO, films and TiO, substrates are
apparently sharp in both samples, film regions with homo-
geneous image contrast are much wider in Sample B than in
Sample E [Figs. 3(a), 3(c), and S1]. In addition, as shown in
Figs. 3(b) and 3(d), diffraction spots from the VO, region of
Sample E are elongated along the [100] direction. These
observations imply that Sample E had more defects and
dislocations, with a larger out-of-plane lattice expansion,
compared with Sample B. Figure 3(e) shows EELS spectra
around the V L, 3-edge and O K-edge from Sample B and
Sample E, together with spectra of reference powder samples
of V3+2O3 and V5+205. The peak positions of the V
L, 3-edge spectra for Sample B and Sample E are essentially
the same, and their peaks are at larger energy-loss values than
those of V37,05 and smaller values than those of V>,0s.
These observations imply that the V valence states in the VO,
film regions of the films are essentially the same regardless of
the films’ out-of-plane lattice expansion, ruling out the
possibility that oxygen vacancies, which would lead to a
reduction in the V valence state, have the primary influence
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on the lattice expansion and protonation in the VO, lattices
investigated in this study. If oxygen vacancies were at play
and promoted proton diffusion in oxide lattices,'” the VO,
films with expanded out-of-plane lattice constants and
suppressed metal-insulator transitions would be more proto-
nated. Such an expectation is opposite to what we experi-
mentally observed. Therefore, the suppressed protonation of
the VO, films with out-of-plane lattice expansion is probably
related to lattice defects like stacking faults rather than point
defects like oxygen vacancies.

It should be noted that the rutile structure of MO, (M:
transition metals) consists of oxygens arranged in (distorted)
hexagonal-close-packed (h.c.p.) array and cations occupying
half of the octahedral sites in the h.c.p. oxygen array, as shown
in Fig. S2. We think that (001) VO, films with out-of-plane
lattice expansion (for example, Sample E and Sample F) should
have more disorder in V occupation at the octahedral sites of the
h.c.p. oxygen array (a mixture of type-A and type-B occupations
in Fig. S2). Such disorder in VO, lattices would make the in-
plane grain size small and block vacancy channels along the c-
axis, and as a result, proton diffusion along the channels and
protonation would be suppressed, which explains why VO,
films that undergo lattice expansion are less protonated.

In summary, we investigated the protonation of rutile-
structured (001) VO, epitaxial films with various out-of-
plane lattice constants and revealed the correlation between
the out-of-plane lattice expansion and protonation of the VO,
epitaxial films. We showed that VO, films with out-of-plane
lattice expansion have large numbers of defects that block the
vacancy channels and that the defects result from the
disordered occupation of V in the octahedral sites of the
h.c.p. oxygen array. These findings explain why the proto-
nation of the films with out-of-plane lattice expansion is
suppressed. Our study indicates that reducing such lattice
defects in VO, films is key to promoting their protonation.
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