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Vanadium oxide thin films with thickness of about 2000 Å have been prepared by radio frequency sputter
deposition using a V2O5 target in a mixed argon and oxygen atmosphere with different Ar/O2 ratio ranging from
99/1 to 90/10. X-ray diffraction and X-ray absorption near edge structure spectroscopic studies show that the
oxygen content higher than 5% crystallizes a stoichiometric V2O5 phase, while oxygen deficient phase is
formed in the lower oxygen content. The oxygen content in the mixed Ar + O2 has a significant influence on
electrochemical lithium insertion/deinsertion property. The discharge-charge capacity of vanadium oxide film
increases with increasing the reactive oxygen content. The V2O5 film deposited at the Ar/O2 ratio of 90/10
exhibits high discharge capacity of 100 µAh/cm2-µm along with good cycle performance.
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Introduction

Recently, thin film lithium secondary batteries have attracted
much attention1-5 due to their potential applications, such as
MEMS (microelectromechanical system) devices, smart cards
and small sensors. Thin film batteries are composed of thin
film cathode, anode and solid electrolyte. Most of the studies
for thin film secondary batteries have been focused on
preparation and electrochemical properties of thin film
electrodes. This is because the discharge-charge capacity of
thin film battery is mainly dependent on electrode materials.
As the cathode electrode for lithium battery, lithium cobalt
oxide (LiCoO2), lithium manganese oxide (LiMn2O4) and
vanadium oxide (V2O5) have been studied.6-9 Among these,
vanadium oxide is a promising material for the cathode of
thin film battery due to its high discharge capacity and good
cycle performance. Moreover, it can be prepared at room
temperature by vacuum system such as sputtering and such a
low-temperature preparation is of great beneficial to on-chip
applications.

In the preparation of vanadium oxide films by radio fre-
quency (RF) sputtering technique, the stoichiometry, structure
and orientation of vanadium oxide can be influenced by the
process parameters such as RF power, reactive gas atmosphere,
temperature and substrate. The nature of vanadium oxide
films can also affect their electrochemical properties. There-
fore, a careful control is required to obtain high quality
vanadium oxide thin films for battery application.

In this work, we have investigated an effect of reactive
oxygen content in the mixed Ar + O2 atmosphere on struc-
tural and electrochemical properties of vanadium oxide thin
films prepared by radio frequency (RF) sputtering method. 

Experimental Section

Vanadium oxide thin films were deposited by radio
frequency (RF) magnetron sputter using a V2O5 target (4.25-
inch diameter, CERAC, 99.9%) on a Si (100)/SiO2 (2000 Å)
/Pt (1000 Å) substrate at an ambient temperature. The target
to substrate distance was 5 cm. The RF power and the total
pressure during deposition were 100 W and 10 mTorr,
respectively. The films were grown in a mixed Ar + O2

atmosphere, where the argon flow rates were 70 ± 2 sccm
and the oxygen flow rates of 0.7-7 sccm were controlled to
give rise to the Ar/O2 ratios of 99/1, 95/5 and 90/10. The
thickness of the as-grown films were about 2000 Å as
measured by a Tencor Alpha-step profiler.

X-ray diffraction analysis was performed using Rigaku X-
ray diffractometer in the 2θ range from 5 to 60o with Cu-Kα
radiation (λ = 1.5406 Å).

The V K-edge X-ray absorption near edge structure
(XANES) spectra were recorded at beamline EXAFS3C1 at
the Pohang Accelerator Laboratory (PAL), operated at 2.5
GeV with ca. 100-150 mA of stored current. A Si (311)
double crystal monochromator was employed to collect high
resolution XANES spectra. The absorption energy was
calibrated by simultaneously measuring V K-edge XANES
spectrum for vanadium metal foil. All XANES spectra were
recorded in fluorescence mode. The data analyses for experi-
mental spectra were performed by the following standard
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procedure. The inherent background in the data was remov-
ed by fitting a polynomial to the pre-edge region and extra-
polated through the entire spectrum, from which it was
subtracted. The absorption, µ(E), was normalized to an edge
jump of unity.

Electrochemical characterization of the vanadium oxide
thin films was carried out in a non-aqueous half-cell, two
electrodes system, at ambient temperature using a Macpile II
equipment. Active areas of vanadium oxide films for electro-
chemical test were about 1 × 1 cm2. A lithium foil and 1 M
LiClO4 in propylene carbonate (PC) were used as an anode
and an electrolyte, respectively. The cells were fabricated in
dry room and tested galvanostatically at a constant current of
10-100 µA/cm2.

Results and Discussion

The XRD patterns for the vanadium oxide films deposited
at different Ar/O2 ratios are shown in Figure 1. The film
deposited at low oxygen content, the Ar/O2 ratio of 99/1,
shows only a peak at 2θ = 19.4º with weak intensity that
corresponds to neither V2O5 nor VO2. This unidentified peak
may be associated with oxygen-deficient phase due to low
oxygen atmosphere. On the other hand, the (001) diffraction
peak corresponding to V2O5 starts to appear when 5% oxygen
is introduced, but mixed phase is still existed. For the case of
the 10% oxygen-contained condition, a strong (001) peak is
observed, indicating a formation of highly oriented V2O5

film with the ab plane parallel to the substrate. The layer
structured V2O5 film is similarly observed in the previous
report.11

The XANES spectra of vanadium oxide thin films are re-
corded to investigate the oxidation state and local symmetry
of vanadium. Figure 2 shows the V K-edge XANES spectra,
in which pre-edge absorption feature (A) grows in intensity
and shifts to higher energy upon the increase of oxygen
content. It is well known that the intensity of pre-edge peak
A, which is due to the transition from 1s to 3d, is propor-
tional to the deviation from octahedral symmetry of the
vanadium site.12-15 In this respect, the change of intensity
and position of pre-edge peak suggests that vanadium ion in
the film deposited at the Ar/O2 ratio of 99/1 has higher
symmetric local structure and lower oxidation state in
comparison with that in the films deposited at the Ar/O2 ratio
of 95/5 and 90/10. Especially, the difference of 0.2 eV in the
position of pre-edge peak between the film deposited at the
Ar/O2 ratio of 99/1 and other films is well consistent with the
difference between the pre-edge peak positions observed at
V K-edge XANES spectra for bulk oxides of VO2 and V2O5.
Moreover, the XANES spectrum for the film deposited at
the Ar/O2 ratio of 99/1 exhibits the representative spectral
features of bulk VO2 with the slightly distorted octahedral
local structure around vanadium ion in the overall spectral
region from pre-edge to post-edges of B, C, and D. In the
same manner, the XANES spectra for the films deposited at
higher oxygen ratio have a strong resemblance to the overall
spectral features of bulk V2O5 with local structure of square
pyramidal. As previously mentioned, X-ray diffraction method
could not tell us a clear kind of material consisting of
deposited film, which might be due to the lack of long-range
ordered structure and/or highly oriented film structure. How-
ever, XANES spectra measured at V K-edge clearly suggest

Figure 1. X-ray diffraction patterns for vanadium oxide films
deposited at various Ar/O2 ratios. S and * denote substrate peak and
unidentified peak, respectively.

Figure 2. Normalized vanadium K-edge XANES spectra of
vanadium oxide films deposited at various Ar/O2 ratios.
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that materials consisting of film changes from VO2 or VO2-
like to V2O5, depending upon the oxygen partial pressure
during sputtering process.

The first discharge-charge profiles of the vanadium oxide
films deposited at various Ar/O2 ratios are displayed in
Figure 3. The current density for measurement is 100 µA/
cm2 that corresponds to about 4C rate. The film deposited at
the Ar/O2 ratio of 99/1 exhibits low open circuit voltage of
2.7 V and a plateau at 2.0 V in discharge curve (Fig. 3a).
This is attributed to the low oxidation state of vanadium ion.
The discharge profile is very similar to that of VO1.88

reported in previous report.16 While, the film deposited at the
Ar/O2 ratio of 90/10 (Fig. 3c) exhibits stepwise discharge
curve with three plateaus at about 3.35, 3.2 and 2.3 V, which
is in accordance with previous report on crystalline V2O5.6

The three plateaus imply α + ε, ε + δ and δ + γ phase
mixtures, respectively. In the case of the film deposited at
the Ar/O2 ratio of 95/5, the four plateaus at 3.0, 2.7, 2.3, and

1.9 V are observed. As observed in XRD and XANES
spectra, the mixed phase with a V2O5 phase and a VO2-like
phase obtained from the 5% O2-contained condition might
result in the multi-plateaus in discharge process.

The discharge capacity increases with increasing the oxygen
content as can be seen in Figure 3. The first discharge
capacities of the films deposited at the Ar/O2 ratio of 99/1
and 95/5 are only 26 µAh/cm2-µm and 45 µAh/cm2-µm,
respectively, which is significantly improved to over 100
µAh/cm2-µm when the film deposited at the Ar/O2 ratio of
90/10. For the first charge capacity, merely 40 and 55% of
the first discharge capacity are recovered for the films
deposited at the Ar/O2 ratio of 99/1 and 95/5, respectively,
indicating a poor reversibility for lithium ion insertion/
deinsertion. However, the film deposited at higher oxygen
flow rate exhibits the charge capacity corresponding to about
90% of the first discharge capacity.

Figure 4 shows the capacity as a function of number of
cycle. The capacity abruptly decreases during the first cycle,
which is attributed to irreversible phase for lithium ion
insertion/deinsertion formed during the first cycle. The capa-
city loss of our vanadium oxide films is similarly observed
for the case of crystalline vanadium oxide powder, in which
the irreversible phase transformation from α-V2O5 to ω-
Li xV2O5 via ε, δ, γ-phases accounts for the capacity loss at
initial discharge-charge process.6 The films deposited at the
Ar/O2 ratio of 99/1 and 95/5 show very constant capacities
after initial capacity loss, while the film deposited at the Ar/
O2 ratio of 90/10 shows a gradual decrease in capacity
during 100 cycles and then retains almost constant capacity
values. The capacity after 500 cycles is about 60 µAh/cm2-
µm for the film deposited at 10% oxygen.

Conclusions

Vanadium oxide films have been deposited by RF sputter-
ing method using a V2O5 target in a mixed Ar + O2 atmos-
phere. Low oxygen content in the mixed Ar + O2 atmosphere,
less than 5% oxygen at least in our experimental condition,

Figure 3. First discharge-charge profiles for the vanadium oxide
films deposited at the Ar/O2 ratio of (a) 99/1, (b) 95/5 and (c) 90/
10. Data are collected at a constant current density of 100 µA/cm2.
Arrows indicate plateau regions.

Figure 4. Cyclic performance for vanadium oxide films deposited
at various Ar/O2 ratios. Data are collected at a constant current
density of 100 µA/cm2.
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is found to be insufficient to form the V2O5 crystalline phase,
even though a V2O5 target is used. Almost pure crystalline
V2O5 phase is formed at the 90% argon and 10% oxygen
atmosphere. Oxygen partial pressure during film preparation
condition has a significant influence on electrochemical
performance. Films deposited at relatively low oxygen
atmosphere exhibit a poor electrochemical property for
lithium insertion/deinsertion. On the other hand, the film
deposited at 10% oxygen-contained condition shows better
electrochemical performance. From the current tests, we
propose that the deposition condition of 90% argon and 10%
oxygen atmosphere is desirable to produce a V2O5 thin film
cathode from a V2O5 target.
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