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V, 05 thin films were deposited by means of dc-ion beam sputtering. To determine the influence of various
deposition parameters, samples were characterized by X-ray diffractometry and transmission electron
microscopy. Using electron energy loss spectroscopy, the oxidation state of vanadium was quantified
based on the chemical shift of absorption edges. Measurement of in-plane direct current showed that the
electronic conductivity varies over several orders of magnitude depending on the preparation conditions.
The desired structure suitable for battery applications is achieved by sputtering under partial pressure
of oxygen and suitable post-annealing under ambient atmosphere. Reversible intercalation of Li into the
produced thin films was demonstrated.
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1. Introduction

Vanadium pentoxide is used in a wide range of scientific and
technological applications. Electrochromic devices as well as elec-
tronic and optical switches are based on V,0s5. Furthermore the
oxide is used as a catalyst for chemical reactions. In addition to
LiCoO; or LiMn,Qy4, vanadium oxide is used as electrode mate-
rial in rechargeable Li-ion batteries and research concentrates on
improving the characteristics for the latter application [1-3]. V5,05
crystallizes in a layered orthorhombic structure (group: Pmmn)
that consists of distorted VOs pyramids (unit cell parameters:
a=11.512A; b=3.564A; c=4.368A) [4].

The goal of this work is creating this orthorhombic structure
in thin film geometry by means of ion beam sputtering aiming at
applications in all-solid-state batteries or innovative data storage
devices. Although ion beam sputtering is more relevant for funda-
mental studies rather than industrial production, basic information
concerning e.g. structure and microstructure, oxygen and defect
concentrations, and Li transport within the thin layers, is of interest
for industrial applications and basic research as well.

In contrast to the widely used magnetron technique [5-7], in dc
ion beam sputtering a beam of energetic particles, usually neutral
Ar, is produced by combining an ion gun with a subsequent neu-
tralizer. This allows growing thin films in a field-free environment
so that any charging of target and deposited layers can be reliably
avoided which may turn into an important advantage, if thin mem-
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branes and electrodes are to be made of materials of low electronic
but high ionic conductivity. On the other hand, with the ion beam
technique, working pressures are two orders of magnitude lower
than in conventional magnetron sputtering (10~ mbar instead of
102 mbar) and the possibility of using oxygen as sputter gas is
restricted. Therefore, achieving stoichiometric contents of oxygen
represents a critical issue.

Owing to the described inherent differences between the depo-
sition techniques, structure, microstructure, and properties of
produced films may differ significantly. So in general, all important
parameters (film thickness, partial pressure of oxygen, substrate
temperature during sputtering and, if necessary, post-annealing
conditions) have to be carefully optimized.

X-ray diffractometry (XRD) and transmission electron
microscopy are carried out in this study to characterize the
lattice structure and microstructure of produced films. For a quan-
titative evaluation of composition and therefore oxidation state of
V, electron energy loss spectroscopy (EELS), a very sensitive tech-
nique for chemical analysis on smallest length scales, is employed.
It will be shown that the EEL spectra depend significantly on
preparation parameters. For vanadium oxides all characteristic
absorption edges are found in a narrow energy range of only 30eV,
which makes quantification of absolute peak intensities difficult.
Therefore, the widely used L3 /L, ratio method based on the white
line intensities of transition metal compounds [8] is hard to apply,
since subtraction of background intensities cannot be performed
in a reproducible manner due to peak overlap. As an alternative,
Laffont and coworkers suggested measuring the chemical shift of
characteristic edges in the energy scale [9]. Most EELS studies of
vanadium oxides that have been published yet refer to powder
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materials. In this work, a comparative study between powder
(acting as reference) and sputter-deposited thin films is given. The
analysis is underlined by theoretical calculations [10].

Based on the EELS data, it will be demonstrated that addition of
oxygen to the process gas during sputtering and a post-annealing
under ambient atmosphere are necessary in order to avoid oxygen
deficiencies in the prepared layers.

To complete the extensive sample characterization and to
demonstrate the functional efficiency of the thin films working
as electrodes, electrochemical investigations such as chrono-
potentiometry and cyclic voltammetry (CV) are carried out.

2. Thin film deposition

Thin films of this study were prepared by means of the dc-ion
beam sputtering technique. A beam of Ar-ions is produced by elec-
tron collisions in an ion gun (Kaufmann type, 40 mm in diameter,
delivered by Roth & Rau) and accelerated towards a target with an
acceleration voltage of 600V. Close to the exit grid of the gun, a
plasma neutralizer was mounted to discharge the produced beam.
Targets (circular discs of 8 cm diameter) were produced by press-
ing commercial V,05 powder (purity 99.5%, Riedel de Haen). The
discs were sintered in air (600 °C, 4 h) to improve mechanical sta-
bility. Electronic grade, polished Si(111) served as substrate for
samples dedicated to XRD and TEM characterization. For measure-
ment of electronic conductivity, thin films were deposited upon
glass substrates. The film thickness was measured in situ by means
of an oscillating quartz balance which was calibrated by com-
parison to cross-section electron micrographs.Before starting the
deposition process, the background pressure of the UHV cham-
ber was always better than 10~7 mbar. During deposition, an Ar/O,
atmosphere was maintained with a total pressure in the order of
10~* mbar and varying oxygen fractions between 5% and 50%. Sub-
strate temperatures were chosen between room temperature and
500 °C controlled to 5 K by a combination of active water cooling
and an UHV compatible hot stage. Subsequent annealing treat-
ments of thin films were performed under ambient atmosphere
in a conventional laboratory furnace at 250°C or 400 °C for up to 3
days. All parameters were carefully controlled in order to generate
reproducible conditions in each step of the preparation process.

3. Structural and chemical characterization
3.1. XRD and TEM measurements

XRD measurements were carried out in Bragg-Brentano (6 — 26)
geometry (Siemens Kristalloflex, D5000) using Cu K, radiation
(A=1.5405A). The scanning range was chosen between 10° and
90° for 26. For microscopic characterization, electron transpar-
ent cross-sections were prepared by grinding and usual ion
milling. Prepared cross-sections were investigated by conventional
transmission electron microscopy, revealing layer thickness, grain
structure and morphology of the interfaces.

Furthermore, electron energy loss spectroscopy (EELS) was used
to determine the oxidation state of selected oxide films. As refer-
ence, commercial pure powders of VO, and V,05 were suspended
in anhydrous dimethylcarbonate as suggested in the literature
[9]. The suspensions were dropped onto copper TEM-grids coated
with a carbon film and dried under ambient atmosphere. Oxide
films to be analyzed by EELS were deposited onto identical grids
in order to make the comparison as direct as possible. A Zeiss
Libra 200 FE microscope, equipped with an in-column energy fil-
ter was employed to determine the spectra. The energy resolution
of the energy filter amounts to AE=0.7eV (FWHM of zero loss
peak). Since the characteristic energy loss edges (VL3, VL, and

Ok) appear all in an energy interval of only 30eV, quantification
based on the usual L3 /L, ratio method [8] becomes difficult due to
significant peak overlap. Therefore, as an alternative the chemical
shift between different edge positions was evaluated as is detailed
below.

3.2. Measurements of dc conductivity

Direct current measurements (current-in-plane geometry, CIP)
were carried out to determine the electrical characteristics of the
thin films. Samples for this measurement were sputtered onto glass
substrates of negligible electric conductivity (object slides for opti-
cal microscopy). For contact, Pt electrodes of defined geometry
were sputter-deposited on top of the oxides. A constant voltage of
U=1V was applied to a pair of electrodes spaced by about mm and
the electronic current was recorded as a function of temperature.
The latter was varied in the range between 50 °C and 350°C.

3.3. Electrochemical measurements

To investigate the electrochemical behavior of sputter-
deposited electrodes, chrono-potentiometry and cyclic voltamme-
try (CV) were carried out. For this, V,05 thin films (120 nm in
thickness) were sputter-deposited onto ITO coated glass slides act-
ing as contact material.

In the case of chrono-potentiometry, two identical V,05 elec-
trodes were employed as working as well as reference electrode,
while LiCoO, served as counter electrode acting as Li-donator. The
latter was also sputter-deposited from a powder target using a
conductive glass slide (ITO covered) as substrate. The described
electrodes were dipped into a beaker containing a liquid electrolyte
of EC/DMC (1:1) doped with 1M LiClOy.

For cyclic voltammetry, Li wires served as counter and refer-
ence electrodes. To avoid oxidation of Li, the setup was held under
inert gas atmosphere using a glove box. Several CV cycles were
performed. A scan rate of 1mVs~! was chosen to investigate the
potential range between 1.5V and 4V [11].

4. Results and discussion
4.1. Sputtering and XRD

4.1.1. Sputtering under pure Ar

To begin with, sputtering under pure Argon atmosphere at room
temperature was studied. Layers of 200-600 nm in thickness were
deposited. The resulting films are black colored, which is typical for
tetravalent VO,, whereas a transparent yellow color is expected for
V;,0s5. From the respective diffractograms (see Fig. 1a), revealing
only the clear reflection of the crystalline Si substrate but no dis-
tinguished feature of the produced films, an amorphous structure
of the produced layers can be deduced. Second, films of a constant
thickness (300 nm) were deposited upon heated Si(1 1 1) substrates
in a temperature range of T=200-500°C. In addition to the domi-
nating Si signal a slight peak appears which is related to a crystalline
VO, phase (Fig. 1a).

4.1.2. Sputtering under oxygen partial pressure

To reduce a probable deficit in oxygen, an O, partial pressure
was added to the gas background inside the deposition chamber to
a fraction between 5% and 50% with respect to the total pressure. In
contrast to the previous cases, now the color of the deposited films
appears to be orange-yellow indicating a substantial increase in
oxygen content, but still films of amorphous character are formed
(Fig. 1a). Thus, it can be concluded that the desired crystalline
orthorhombic V, 05 structure cannot be achieved by the applied ion
beam sputtering technique without a post treatment, even under
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Fig.1. X-ray diffractograms of (a) as-deposited samples and (b) after post-annealing
(400°C, 3 days). All spectra are normalized to identical integrated intensity allowing
the direct quantitative comparison of peak intensities.

variation of oxygen content and substrate temperature within the
technical applicable range.

4.1.3. Post-annealing treatments

Different samples were post-annealed for 3 days at 400 °C under
ambient atmosphere (i.e. about 160 mbar partial pressure of oxy-
gen) to induce crystallization, possibly of the desired orthorhombic
lattice structure. Fig. 1a and b compare diffraction spectra of the as-
deposited (a) to the annealed states (b) of samples prepared under
the discussed different sputtering conditions. Irrespectively of
the sputtering conditions, a characteristic V,0s5 reflection (mostly
(001)) appears after post-annealing in all cases. But as judged from
the intensity of the respective peaks, the crystallinity and c-axis tex-
ture become most clear for samples which were deposited under
partial pressure of oxygen (50% O,). In further experiments, we
studied the influence of different oxygen:argon ratios in the depo-
sition atmosphere. The related diffractograms are shown in Fig. 2.
Remarkably, it is found that an increase of the oxygen fraction
during sputtering has no significant effect. Actually, the sample pro-
duced under 10% oxygen shows even slightly higher intensities in
the crystalline V,05 reflections than the samples produced under
25% and 50% oxygen.

Finally, we investigated to which extent the annealing treat-
ment may be varied. It is found that a crystalline V,05 phase is
already established under the much less demanding annealing of
2h at 250°C, see Fig. 2b, which represents an important advan-

Fig. 2. X-ray diffractograms: (a) after 3d post-annealing at 400°C deposited with
different partial pressures of oxygen, (b) development of crystalline V,05 during
post-annealing at 250 °C under ambient atmosphere (deposition under 10% oxygen).

tage, if a layer sequence of different materials should be deposited
to form e.g. a thin film battery. In complex layer sequences it is
important to keep the total thermal budget as low as possible. For-
mer studies [19] showed e.g. that thin films of Li-borate glass may
be used as ion-conducting membranes in all-solid-state batteries.
In this case however, all deposition and annealing steps must be
kept below the respective glass transition temperature which is
around 300°C. We were able to produce vanadium oxide films of
reasonable performance under a maximum annealing temperature
at 250°C. Thus, these conditions would be suitable to produce a
battery device based on this material combination. In addition the
coherent dependence of the data shown in Fig. 2b on annealing
conditions emphasizes the reproducibility of the layer deposition
technique used in this study.

Table 1 summarizes the peak intensities of all annealed sam-
ples in quantitative figures and thus provides information about
the degree of thin film crystallinity. In the left columns, the frac-
tions concentrated in the V,05 peaks are stated relative to the
total intensity. In calculation of the total intensity, the overwhelm-
ing Si(111) signal caused by the substrate (20=27°...30°) was
excluded, but the diffusive background in between the distin-
guished peaks caused by amorphous structures was included. In
the two further columns at the right, the intensity is always nor-
malized to the respective reference state that is listed in the first
line of each of the three data blocks, respectively.
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Table 1

V,0s peak intensities in post-annealed samples (400°C and 3 days, or 250°C and
variable time last data block (indicated by *)). The layer thickness was 300 nm in all
cases.

Compare Sample I[001)[%] 1(002)[%] I,(001) I,(002)
Fig.1b Ar 51.0 4.0 1.00 1.00
Ar, T=300°C 74.2 5.8 1.99 1.96
50% O, 86.3 6.5 7.94 7.67
Fig. 2a 10% O3 82.4 7.0 1.00 1.00
25% 0, 78.8 9.2 0.77 0.95
50% O, 86.3 6.5 0.92 0.82
Fig. 2b 10%2022h(*) 733 10.2 1.00 1.00
10%0,4h(*) 629 10.4 0.80 0.95
10%0,8h(*) 678 8.4 1.27 1.13
10%20, 1d(*) 64.3 9.7 0.73 0.79
10%0,3d(*) 8038 8.9 2.28 1.80

4.2. Electron microscopy

TEM also demonstrates that thin film morphology and crys-
tallinity strongly depend on the parameters used for deposition
and post-annealing. In Figs. 3 and 4, a sample deposited under pure
Ar atmosphere is compared to a layer which was deposited under

Fig.3. (a)Vanadium oxide layer (deposited under pure Ar) in bright field, (b) diffrac-
tion pattern, possible indices of V,05 and VO, are given, the latter marked by *.

Fig. 4. (a) V,0s layer (10% O,, post-annealed at 250°C for 3d) in bright field, (b)
diffraction pattern, a few reflections of V,05 are indexed.

oxygen addition (10%) and post-annealed under ambient atmo-
sphere. In the case of sputtering under pure Ar atmosphere the
film is mostly amorphous. Only weak spots which can be assigned
to both, the tetravalent VO, and the desired pentavalent V,05 are
detected in the diffraction pattern (Fig. 3b). By contrast, deposition
under partial pressure of oxygen and post-annealing under ambient
atmosphere leads to a crystalline structure, of which the corre-
sponding reflections are assigned to vanadium pentoxide (Fig. 4b).
The grains (20-100nm in diameter) reveal a globular morphol-
ogy, no dominating growth direction is observed. In general the
TEM measurements are of qualitative character with regard to the
degree of crystallinity. For a detailed quantitative evaluation see
Table 1 summarizing the XRD results.

To further characterize the oxidation state of vanadium in
dependence on the sputter conditions, EELS was carried out. First,
commercial pure powder materials of VO, and V,05 were analyzed
as reference materials. Fig. 5 presents the observed energy loss
spectra of the two powder samples of different, but well known
oxidation states.

With increasing oxidation state, the onset of the VL3 edge is
shifted towards higher energy losses. Furthermore, the oxygen
signal shows a clear double-peak structure in the case of the pen-
tavalent oxide compared to the only weak double structure in the
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Fig. 5. Background subtracted EEL spectra for VO, and V,05 powder samples.

case of VO,. Similar differences between the EELS of various vana-
dium oxides are also described in the literature [9] for the bulk case.
EEL spectra of the sputter-deposited thin films are presented in
Fig. 6.1t is clearly seen that the characteristic edges of V shift signifi-
cantly towards higher values, if oxygen is present during sputtering.
The shift gets even more pronounced, if the sample is annealed after
deposition. By contrast, the position of the oxygen peak s preserved
so that the relative distance between the vanadium and oxygen
edges are suggested as a characteristic measure of the chemical
shift of the V absorption edges. The corresponding energy inter-
vals are marked by AE; in the figure. Furthermore, it is remarkable
that none of the oxygen edges of the sputtered films does reveal
a double-peak substructure in obvious contrast to the calibration
spectrum of V,05 powder. Interestingly, this feature of missing
double edges of oxygen was also reported for the metastable so-
called y-V,05 phase [12], which is distinguished by buckled oxide
planes in comparison to the ideal orthorhombic structure. Thus, our
EELS data of the deposited thin films suggest, that the lattice struc-
ture that has formed by post-annealing of amorphous thin films
represents just this metastable modification.As mentioned previ-
ously, the characteristic absorption edges of vanadium and oxygen
do partly overlap in the tiny energy window of about 30eV. This
hinders the exact determination of peak intensities and therefore
prevents the quantification of the ratio between the white lines of

Fig. 6. EELS data of thin films produced under different conditions: sputtered in
pure Ar, sputtered in a mixture of Ar/O; (1:1), and sputtered in Ar/O; (1:1) and
subsequently annealed at 400°C.

Fig. 7. Quantitative determination of the V-oxidation state in dependence on differ-
ent sputter parameters, calibration by powder materials. For comparison literature
data by Laffont et al. [9] are also shown.

V. Because of this, we chose the shift of the VL3 edge relative to the
Ok peak as a measure of the oxidation state.

The chemical shift of the V edge is a consequence of the redis-
tribution of electrons induced by different electronegativities of
vanadium and oxygen. If electronic charge is partly withdrawn
from the central vanadium by surrounding oxygen ligands, screen-
ing of the positive V nucleus gets less effective and therefore the
remaining electron states get stronger bonded to the V atom. In
other words, the energy loss due to excitation of one of these elec-
trons from the inner K or L shell increases. A varying oxidation state
may be imagined as the central atom (vanadium) being bond to dif-
ferent numbers of identical ligands (oxygen). Based on Kunzl's law
dealing with chemical shifts in X-ray absorption near edge spectra
(XANES), the shift is a linear function of the so-called coordination
charge m of V [13,14].

The constant single bond ionicity I of the vanadium-oxygen
bond is given by

I=1-exp [~ 10y~ xo)’] = 0.56 (1)

in which xy=1.63 and xo=3.44 denote the electronegativites of
both partners following Pauling. In combination with the valency Z
(i.e. the coordination number) the coordination charge is given by
[13]

n=2-1 (2)

so that also a linear dependence of the chemical shift on the average
coordination number, meaning the average oxidation state of the
V atoms, is expected.

Because of this linearity, a straight line, joining the calibration
points of the powder materials (pure VO,, V,05), is used for quanti-
tative evaluation (see Fig. 7). Having determined the chemical shifts
of the sputter-deposited thin films, their oxidation state can be
derived directly from the position at this calibration line as demon-
strated in the figure. In samples which were sputtered under pure
argon, vanadium shows the lowest oxidation state of about +3.2
corresponding to an energy loss distance of about 14.5 eV between
VL3 and O. Ifa significant fraction of oxygen is present during sput-
tering, this difference decreases and the oxidation state shifts to
that of tetravalent oxide, VO,. But only after the additional anneal-
ing treatment, the established oxidation state (+4.7) approaches the
ideal one (+5), although still a slight but significant deficit must be
stated. Table 2 summarizes the respective quantitative data on the
chemical shift and the derived oxidation states. From the compli-
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Table 2
Quantitative determination of the V-oxidation state in dependence on different
deposition and annealing conditions.

Sample 0, peak [eV] VL3 peak [eV] AE(0-VL3)[eV] V-oxidation
state

VO, powder 5354 521.7 13.7 4

V,0s powder 535.1 522.4 12.7 5

Ar 535.6 521.1 14.5 32+0.2

50% O, 535.6 521.9 13.7 4.0+0.2

50% O, heat  535.6 522.6 13.0 4.7+0.2

mentary methods diffractometry and analytical microscopy, it can
obviously be concluded that ion beam sputtering under optimized
conditions is well suited to deposit V505 films with structure and
chemistry very close to the bulk properties.

4.3. Measurement of electronic conductivity

The electronic conductivity has been measured in CIP geometry.
In general, an increase of specific conductivity o with increas-
ing temperature is found, as summarized in Fig. 8. This behavior
underlines the semiconducting nature of all samples. Quantita-
tively the electronic conductivity of the deposited layers strongly
depends on the preparation conditions. The highest conductivities
together with the lowest activation enthalpies are obtained in the
case of sputtering under pure Ar using a heated substrate. Samples
sputtered under additional oxygen partial pressure without post-
annealing are in the mid-range and the lowest values are obtained
in the case of annealed samples (highest activation enthalpy). Sam-
ples sputtered at room temperature undergo an amorphous to
crystalline transition which is reflected by an increase in conduc-
tivity during the first measurement cycle during which the sample
is heated to 350°C.

These experimental observations may be naturally under-
stood by the electronic conductivity of a defective structure:
with sputter deposition under pure Ar (and under Ar/O, without
post-annealing), amorphous films are obtained and the desired sto-
ichiometry is not reached due to a deficit of oxygen. The deficit in
oxygen together with the random structure of the network results
in the dispersion of lower-valent charge centers (V4*, V3*) which
allow a hopping mechanism of the type

V4+_0_v5+ N V5+ _O_V4+ (3)

Fig. 8. dc conductivity (first heating cycle) of prepared thin films.

Fig. 9. Chrono-potentiometry (5 wA/cm?) of a 120nm V,0s thin film produced
under optimum conditions. Different LiyV,0s phases are indicated as reported in
[18].

for example, leading to a conductivity proportional to the number
of oxygen defects [15,16]. Deposited under addition of oxygen to
the sputter gas, the samples are still amorphous but the amount of
oxygen has increased (as is also indicated by their orange-yellow
color) so that the number of possible hopping paths is reduced.
In contrast, the annealed crystalline samples are probably better
understood as a doped semi-conductor with a clearly defined band
gap and localized inter-band states which are easily activated. Thus,
the higher the perfection of the structure of the deposited film, the
lower is the expected conductivity, since the number of inter-band
states gets reduced.

Nabavi et al. prepared amorphous V,05 platelets (a few wm in
thickness) by melt spinning [20] resultingino =4 x 10~ Scm~! (at
room temperature). Interestingly, this order of magnitude is veri-
fied by the thin films of this work sputtered at room temperature
under oxygen atmosphere, for which the amorphous structure was
proven.

Benmoussa obtains 6=8.7 x 10~7 Scm~! for magnetron sput-
tered V,05 thin films in optimum structure at room temperature
[5]. It is noteworthy that the conductivity of the layers prepared
in this work is even less (6=2x10"2Scm~! at room tempera-
ture) after the post-annealing treatment. This suggests that the
layers prepared here under optimum conditions are even more
perfect.

4.4. Liintercalation

Depending on the amount of Li intercalated into the V,05 mate-
rial, different compounds based on LixV,05 are known [17,21]:
(i) a-LixV,05 for 0 <x <0.1, (ii) e-LixV,0s5 for 0.2 <x <0.4, (iii) 8-
LixV50s5 for 0.9 <x <1.0. Rocquefelte and coworkers investigated
structures with even higher Li concentrations ({-phase (x=2) and
w-phase (x=3)) [18].

For electrochemical characterization conventional chrono-
potentiometry and cyclic voltammetry (CV) were applied to our
thin film electrodes of 120 nm in thickness. A constant current of
5 wAcm~—2 was applied to investigate insertion of Li with the first
method. Variation of the potential with increasing Li content is
plotted in Fig. 9. Since V5,05 in the as prepared state is used as
reference, the initial voltage necessarily amounts to 0V. However,
knowing the equilibrium potential of this reference to Li*/Li (see
results of the CV presented later) the potential axis can be recalcu-
lated to the usual Li reference as shown at the right y-axis of the
plot. Several “plateaus” in the U(x) dependence indicate two-phase
regions of constant chemical potential, while an increased slope of
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Quantitative evaluation of Li-intercalation processes; * refers to a volume of one stoichiometric unit V,0s.

Cycle Li inserted” Li extracted” Li stored” Charge capacity [mAhcm=2 wm~1] Discharge capacity [WAhcm=2 pm~!]
1 3.54 2.32 1.22 88.3 57.8
2 2.79 2.37 0.42 69.9 59.7
3 2.72 2.42 0.30 68.4 60.5
4 2.72 247 0.26 68.4 61.6

the function indicates the existence range of a single phase. With
this interpretation, the measured curve only coarsely matches the
phases reported in the literature [18,21]. It cannot be excluded that
phase boundaries may shift in the thin film case due to elastic stress.
Itis noteworthy that a stoichiometry of Li3V, 05, which is also called
the w-phase [18], can be reached.

In order to study reversibility of intercalation, the CV technique
is adequate. The first four voltammetric cycles of a vanadium oxide
thin film in its optimum structure are shown in Fig. 10a. A volt-
age range from 1.5V to 4V was scanned with a ramp of 1 mVs~!
(in technical sense this corresponds to a charge/decharge rate of
about 1C). During the first scan from the open circuit voltage
(3.54V) down to 1.5V versus Li*/Li, two characteristic cathodic
peaks appear at 2.84V and 2.30V, which naturally matches to the
plateau like two-phase regions in Fig. 9. For later cycles these peaks
are broadened but mostly maintain their positions at about 3.0V
and 2.3V, respectively. Li extraction is represented by an anodic
peak at 3.04V (first scan), which shifts towards higher values and

Fig.10. (a) Cyclic voltammogram of a 120 nm V, Os thin film. The first four cycles are
shown. (b) Integrated charge stored in the thin film. (c) Quantitative data of charge
and decharge capacities. Difference is presented as loss.

seems to reach 3.3V as a nearly constant value for the following
cycles. As underlined by the EELS measurements, these CV cycles
refer to the metastable y-V,05 phase.

The changes in shape of the voltammograms with increasing
cycle number may be due to structural changes induced by Li inter-
calation. The charges participating are evaluated by integration of
the current as presented in Fig. 10b. Clearly, the capacity of the
first charging is significantly larger than that of the first decharg-
ing which indicates that a considerable amount of Li becomes
trapped. The development of capacities during the first few cycles
is plotted in Fig. 10c. Clearly, between the amount of inserted
and extracted Li a finite difference is seen. However, this differ-
ence (“loss”) decreases with the cycle number, i.e. the reversibility
of Li intercalation improves. After three cycles a loss of about
0.3 Li per stoichiometric unit V505 is still seen for each cycle.
However, this remaining amount seems to saturate. Probably, this
saturation loss is due to some side reaction of the electrolyte.
Only the higher amounts of Li stored in the material during the
first two cycles may correspond to the filling of deep traps in
the structure. The initial charge capacity (Li insertion into V,05)
amounts to 88 wAhcm~2 um~! and decreases to a constant value
of 68 wAh cm—2 wm~! for higher cycles (see Fig. 10a). The discharge
capacity (Li extraction) even slightly increases with the cycle num-
ber and approaches the charging one, which indicates a sufficient
reversibility of intercalation.

Table 3 summarizes the measured capacities.

5. Conclusions

In this study, we have demonstrated that V,05 films suitable
for battery applications can be produced by dc-ion beam sputter-
ing followed by a post-annealing treatment. The desired layered
crystal structure can only be obtained by applying oxygen dur-
ing the deposition process and additional post-annealing under
ambient atmosphere. In order to offer compatible conditions to
other components of thin film batteries, the parameters for elec-
trode preparation and post-annealing were optimized to decrease
the thermal budget. As a minimum temperature required for post-
annealing 250 °C was identified.

The evaluation of chemical shifts in the electron energy loss
spectra represents a valuable alternative to the widely used L3/L;
method [8] and allows the quantitative determination of oxygen
contents and V-oxidation states.

Furthermore, an extensive study of the dc conductivity of
the produced thin films was performed, which has verified a
semiconducting behavior of the sputter-deposited material. The
intercalation function of deposited vanadium oxide thin film elec-
trodes was demonstrated in model electrochemical cells using
chrono-potentiometry and cyclic voltammetry. The layers revealed
a reversible charge capacity of at least 60 wAhcm—2 pm~1.
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