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Abstract

The effect of platinum co-sputtering on the characteristics of amorphous V,0s5 films, grown by dc reactive sputtering, is investigated. The
co-sputtering process influences the growth mechanism as well as the characteristics of the V,05 films. Glancing-angle X-ray diffraction
(GXRD), transmission electron microscopy (TEM), and Fourier transform infrared (FT-IR) results indicate that the microstructure of the
V,0:s films is affected by the rf power of the co-sputtered platinum. In addition, it is found that the platinum co-sputtered V,0O5 cathode film
exhibits better cycleability than an undoped V,0s cathode film. This is due to the absence of short-range order, which is generally present in
undoped V,Os cathode films. Possible explanations are given to describe the dependence of the cycleability V,0s films on the platinum rf

power and the growth mechanism of the V,05 film.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Due to successes in the development of microelectronic
mechanical systems (MEMS) and micro-devices, the fabri-
cation of high-quality micro-power sources, such as thin-
film batteries (TFBs) and thin-film supercapacitors (TFSCs)
is of great technological importance [1-5]. Because a TFB
has a unique advantage, in that it can be imcorporated into
the same integrated circuit with other electronic elements, it
has great potential for use in areas such as smart cards, on-
chip power sources, and portable electronic devices.

A variety of oxide films, such as LiCoO,, LiNi,_,Co,0,,
LiMn,0,, and V,0s5 are potential cathode materials for use
in a thin-film microbattery [6-10]. Among these oxide
materials, V,0s is particularly promising due to its unique
isotropic structure and faster ion channels, high specific
energy, and ease of preparation [3,10,11]. In particular,
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conventional annealing processes, typically used in LiMO,
systems (M = Ni, Co, and Mn), are not required for amor-
phous V,0s5. As aresult, amorphous V,05 could be used as a
cathode film in on-chipped thin-film microbatteries. In order
to improve the electrochemical properties of the V,Os,
several workers have employed alloying or doping pro-
cesses. Recently, Coustier et al. [12] investigated both
copper and silver-doped vanadium oxide, and reported that
the electronic conductivity of V,0s5 was increased two- to
three-fold by such doping. The gel type copper- or silver-
doped V,0Os samples are not suitable, however, for the
fabrication of thin-film microbatteries. Therefore, it is
imperative to develop suitable doping or co-sputtering pro-
cesses, which can modify the characteristics of a cathode
film, for use in the fabrication of thin-film microbatteries.
Although some research groups have studied doping or
alloying effects on V,0Os films [13], most research has
focused the electrochemical properties of such films. In
order to grow amorphous V,05 with good cycleability, it
is very important to obtain a better understanding of the
growth mechanism and characteristics of co-sputtered cath-
ode films.

In this study, we evaluate the effect of platinum co-
sputtering on the electrochemical, structural, chemical
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and surface properties of amorphous V,Os films grown on
Pt-Ti—Si substrates by dc reactive magnetron sputtering.
Based on Rutherford backscattering spectroscopy (RBS),
TEM, glancing-angle X-ray diffraction (GXRD), transmis-
sion electron diffraction (TED), Fourier transform infrared
spectroscopy (FT-IR), scanning electron microscopy (SEM),
atomic force microscopy (AFM) and electrochemical
results, a possible mechanism for enhancing the cyclea-
bility of a V,0s5 cathode film by platinum co-sputtering is
proposed.

2. Experimental

Amorphous V,05 (a-V,0s) cathode films were deposited
on Pt-Ti—Si substrates by means of a specially designed,
dual-target, magnetron dc sputtering system using a pure
vanadium metal target (99.99% Super Conductor Inc.) at
room temperature. The platinum film (300 nm thick), acting
as a current-collector, was grown on to the titanium adhesive
layer by dc sputtering using a pure platinum metal target
(99.99% Super Conductor Inc.). The a-V,Os films were then
grown over the platinum current-collector by means of a dc
reactive sputtering system using a vanadium target at a
power of 370 W. The a-V,0s films were simultaneously
co-sputtered with a high-purity metal platinum target at an rf
power which ranged from 0 to 50 W. For simplicity, a V,05
film co-sputtered at an rf power of 10 W is referred to as ‘a
10 W V,0s film’, and so on. A schematic of the co-sputter-
ing system used to deposit a-V,0s5 or platinum co-sputtered
V5,05 films is shown in Fig. 1. The base pressure in the
chamber was 2 x 107® Torr and the working pressure was
maintained constant at 5 m Torr during the deposition. The
extent of platinum incorporation into the V,05 cathode film
was characterized by Rutherford backscattering spectrome-
try (RBS: NEC 6SDH-2). After film deposition, half-cell
structures were fabricated to analyze the electrochemical
properties of the as-deposited vanadium films. The anode
and electrolyte were pure lithium metal and polypropylene
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Fig. 1. Schematic figure of rf and dc sputtering system used for platinum
co-sputtering.

with liquid 1 M LiPF¢ (EC:DMC = 1:1), respectively. The
room temperature charge—discharge property based on a
half-cell with constant current of 50 pA cm ™2 was measured
by a cycler (Wonatech com. WBCS300) between 3.6 and
2.2 V. Fourier transform infrared (FT-IR: Polaris™ Matt-
son) was employed to investigate the chemical binding states
of V,05 with increasing platinum rf power. The surface
morphology change of the V,05 film with increasing Pt rf
power was examined by scanning electron microscopy
(SEM: Hitachi 4-4100) and atomic force microscopy
(AFM: PSIA). The microstructure of the undoped and
platinum co-sputtered V,05 films was examined by GXRD
(Rigaku diffractometer: D/MAX-RC) and HREM (JEM
2010) operated at 200 kV. Cross-section, thin-foil specimens
for electron microscopy examination were prepared using
standard procedures and finished by Ar™ ion thinning with
the specimens cooled to ~77 K.

3. Results and discussion

The growth rate of a-V,0s film with increasing platinum
rf power from 0 to 50 W is shown in Fig. 2. The platinum co-
sputtering with 10 and 30 W rf power resulted in a remark-
able decrease in growth rate to half that of an undoped V,05
film. Increasing the platinum rf power to 50 W led to an
increase in the growth rate up to 21 A min~'. Thus, it
appears that different mechanisms are involved in the growth
of a-V,05 with increasing platinum rf power, which result in
a variation of growth rate. The composition of the undoped
and platinum co-sputtered V,Os5 films was determined from
RBS analysis. The composition of platinum in the V,Os is
Pty 01V204.76, Pto72V204.73 and Pty 57V,0495 for the 10-,
30- and 50-W V,05 films, respectively. Compared with the
30- and 50-W V,05 films, the 10-W V,Os film shows a
lower level of platinum atoms, which is similar to that of
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Fig. 2. Growth rate of V,0s films with increasing platinum rf power co-
sputtering with low rf power (10 and 30 W reduces remarkably the growth
rate of V,0s5 film.
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Fig. 3. RBS spectrum for (a) undoped, (b) 10-W, (c) 30-W, and (d) 50-W platinum sputtered V,Os films on silicon substrate. Continuous line is calculated

backscattering.

undoped films, as shown in Fig. 3. These results indicate that
a 10-W platinum co-sputtered V,0Os film can be legitimately
characterized as doped V,0Os. Similar behaviour was
observed with an Auger electron spectroscopy investigation
(AES) of depth profile analysis (not shown).

To investigate the dependence of platinum co-sputtering
on the electrochemical properties of the V,0s films, a half-
cell was fabricated with the configuration; Li polypropylene
with liquid 1 M LiPFg (EC:DMC = 1:1)/V,05/Pt/Ti-Si. The
specific discharge capacities of the platinum co-sputtered
V,05 films at different rf power are shown in Fig. 4 as a
function of cycle number. The cells were cycled between 3.6
and 2.2 Vat a constant density of 50 pA cm 2 (the area of all
V,05 cathode films was 1.44 sz)_ It is clearly seen that the
platinum co-sputtered V,05 films exhibit better cycleability,
compared with the undoped film (a-V,0s). For the undoped
sample, the capacity is drastically degraded with increasing
cycle number. For the 10 W V,0s, however, the specific
capacity is degraded slowly with increasing cycle number. In
other words, after 500 cycles, the capacity drops by ~70 and
~20% of the initial value for the undoped and 10 W V,05
film, respectively. Although the cycleability of 30- and 50-W

V5,05 films is inferior to that of 10-W V,0s, the performance
of the formes two films is superior to that of undoped V,0Os.

The discharge curve for the first and 500th cycle for
undoped and platinum co-sputtered V,0s5 films are given
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Fig. 4. Discharge capacities of differently doped a-V,Os films cycled
between 2.2 and 3.2 V as function of cycle number.
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Fig. 5. Discharge curves of undoped and platinum co-sputtered V,0s films measured at 1, 5, 10, 100, and 500 cycles with constant current density of
50 pA cm™ % (a) undoped, (b) 10-W, (c) 30-W, and (d) 50-W platinum co-sputtered V,05 films.

in Fig. 5. Even though all samples show amorphous char-
acteristics with no plateau, a dependence of cycleability on
platinum rf power is clearly evident. The discharge curve of
10-W Pt V,0Os displays the least capacity fade among the
platinum co-sputtered samples. This indicates that dilute
platinum co-sputtering (10 W or 30 W) could be used to
improve the cycleability of V,0Os films, while high power co-
sputtering above the doping level degrades the cycleability
of samples. For undoped V,0s, however, a drastic capacity
fade from 55 pAhpm~'cm 2 on the first discharge to
10 pAh pm ' ecm ™2 on the 500th discharge is observed.
Although the initial capacity of undoped V,0Os5 is higher
than that of each platinum co-sputtered sample, a faster
capacity fade with increasing cycle number is a distinct
disadvantages with the undoped sample. In a previous
studies [10,14,15], we showed that an amorphous vanadium
oxide film without short-range order can be obtained by the
platinum doping process. Therefore, it is possible that the
electrochemical characteristics of the V,0s5 film can be
changed via structural modification of the cathode film,
which can be effected by a platinum co-sputtering process.

The FT-IR absorption bands for V,0s films deposited
with increasing platinum rf power are presented in Fig. 6. All
samples show broadened absorption bands, which are char-
acteristic of a random structure with a wide distribution of
the V-0 bond length and angle. By comparison with crystal-
line V5,05 (V=0 band: 1020 cm™ " and V-0 band: 820, 600,
500 cmfl), the broadened peaks, which indicate double
bond V=0 vibration around 1000 cm ™" and V-O vibration
around 800 and 600 cm ™!, remain in the amorphous state.
As shown in the FT-IR spectra, an increase in platinum rf
power reduces the intensity of the band at 1000 cm ™', In
addition, the V,05 samples, except for 50-W V,0s, have
similar bonding characteristics, including V=0 and V-O
bonding. For the 50-W V,05 sample, a shift in the absorp-
tion band at 1000 cm™ ' to a higher wave number is
observed. This shift is different to that reported by Yamaki
and co-workers [16,17] for V,05 with P,Os and TeO,
dopants. These authors showed that the V=0 band was
shifted to a lower wave number, while the other V-O peaks
moved to a higher wave number with increasing P,Os
content. It was suggested that these shifts were caused by
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Fig. 6. FT-IR spectra of V,05 films with increasing platinum rf power.

microstructural changes in the V,05 sample from a crystal-
line to an amorphous structure. Therefore, the different band
shifting of the 50-W platinum co-sputtered V,0s5 film
indicates the presence of very small microcrystalline regions
in the amorphous V,0s matrix. In addition to the shift in the
V=0 absorption band, a Pt—O absorption band is present at
about 570 cm™'. This absorption band suggests that co-
sputtered platinum atoms in the V,0s5 at a 50-W rf power
are present in an amorphous phase or/and a crystalline PtO
phase. Therefore, the incorporation of a large amount of
platinum atoms into V,0s film result in the formation of
microcrystalline structures, such as semiconducting PtO, or
PtO phases, in amorphous V,05 matrix.

In order to examine the dependence of co-sputtering on
the microstructure of the V,0s5 films, a GXRD analysis was
performed; the results are shown in Fig. 7. The GXRD plots
of the undoped and platinum co-sputtered films show the
characteristic diffraction peaks of the (1 11) and (200)
current-collector film on the Ti—Si substrate. In addition, the
GXRD plots for all the V,05 films show an additional broad
peak (20 = 13.01°), which is identified as amorphous V,Os.
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Fig. 7. Glancing angle X-ray diffraction plots of V,0s films.

This indicates that both undoped and Pt co-sputtered films
consist of an amorphous V,05 phase. The GXRD structural
details of the films doped at rf powers of 10 and 30 W are
fairly similar to that of the undoped sample. For the film
doped at 50 W, however, an additional broad peak
(20 = 33.32°) is present and is assigned to a PtO, phase.
This result is consistent with the FT-IR results, as shown in
Fig. 6.

The dependence of platinum co-sputtering on the micro-
structures of the V,0Os films was further investigated by
HREM and TED measurements. Cross-sectional HREM
images obtained from the interface regions including plati-
num layers and V,0s5 films, are given in Fig. 8. The HREM
image of the undoped sample reveals an amorphous feature
(Fig. 8(a)), which is consistent with the GXRD result (Fig. 7).

Fig. 8. Cross-sectional HREM images obtained from interface regions
including platinum layers and V,Os films; (a) undoped, (b) 10-W, and (c)
30-W platinum co-sputtered samples.



72 H.-K. Kim et al./Journal of Power Sources 112 (2002) 67-75

L2

Fig. 9. TED patterns for (a) undoped, (b) 10-W doped, and (c) 30-W
doped V,0s films. A very weak diffuse ring indicated by arrows in
undoped and 30-W V,0Os films indicates films have some short-range
order. For 10-W V,0s5 film, however, there is no extra diffuse ring.

ATED pattern obtained from the undoped sample (Fig. 9(a))
exhibits diffuse ring patterns, which are characteristic of an
amorphous material. In addition, a very weak diffuse ring
can be seen, as indicated by the arrow. This diffracted feature
indicates that the undoped V,0Os film is not completely
amorphous, but has some short-range order. A similar
structure was observed in V,05 xerogel films [18,19]. Based
on XRD results, Aldebert et al. [18] and Legendre and
Livage [19] reported that spin-coated V,0Os films were
amorphous with short-range order and consist of self-
aligned, ribbon-like fibres. For the 10-W V,0Os film
(Fig. 8(b)), the HREM image shows a very uniform amor-
phous contrast. ATED pattern of the 10-W V,0Os film reveals
diffuse ring patterns (Fig. 9(b)), which is characteristic of
amorphous materials. It is noteworthy that, unlike the
undoped sample, extra diffuse ring is not present for this
sample. This indicates that the 10-W V,0Os film is completely

amorphous and contains no short-range order structure.
Thus, the addition of a small amount of platinum can play
a substantial role in randomizing the short-range ordered
V,0:s. For the film doped at 30 W (Fig. 8(c)), however, the
HREM image reveals a somewhat non-uniform contrast,
compared with the image for the 1-30-W film. A TED
pattern for the 30-W V,05 film shows that, in addition to
the characteristic amorphous ring patterns, a weak extra
diffuse ring (Fig. 9(c)) is present, as indicated by the arrow.
This diffracted ring is the same as that for the undoped
sample, which implies that a feature related to range order is
formed again in the 30-W V,Os film. An HREM image
obtained from the 50-W V,0s film is given in Fig. 10. There
is a high density of dark blobs from ~1 to ~3 nm across. It
should be noted that in addition to the dark blobs, nano-
crystallites are also present. The inset in Fig. 10 shows a
TED pattern for the 50-W V,Os film. His clearly seen that, in
addition to the characteristic features similar to those for the
30-W V5,05 film, an extra diffuse ring containing small-
diffracted spots is present. This is indicative of the presence
of amorphous and crystalline phases. The enlarged image of
a 50-W V,0s film in Fig. 11 displays the embedded micro-
crystalline structure in the V,0s5 matrix. These crystallites
typically range from ~1.2 to ~4 nm in size and are believed
to be PtO, crystallites. The GXRD, HREM and TED results
show that the 50-W V,Os film consists of three different
phases, namely, amorphous V,0s with some short-range
order, amorphous PtO,, and crystalline PtO,. The dark blobs
in the inset of Fig. 10 are thought to be contrast associated
with these three phases. The HREM and TED results
indicate that as the platinum content is increased, the
cathode films undergo structural changes from an amor-
phous structure, to an amorphous structure with short-range
order, and then to an amorphous structure with short-range
order containing amorphous and crystalline PtO, phases. Yu
et al. [20] investigated the effects of doping on the kinetics of
the solid-phase growth of amorphous alumina films on
sapphire. They showed that the introduction of dopants
(Cr and Fe) could modify the growth rate. If the addition
of platinum and/or PtO, could affect the growth of V,0s5
films, Then a modified growth behaviour might be respon-
sible for the occurrence of the different microstructures.

The change in surface morphology with increasing pla-
tinum rf power was examined by SEM and AFM analysis.
Electron micrographs of V,0s grown on the Pt/Ti—Si sub-
strate with increasing platinum rf power are presented in
Fig. 12. The surface of the undoped V,Os film (Fig. 12(a)) is
smoother than that of the platinum doped samples. Further-
more, increase in the platinum rf power is found to lead to an
increase in surface morphology of the platinum co-sputtered
V5,05 films. In particular, the 50-W film has a larger cluster
shape with a higher root mean square (RMS) roughness of
72 K, compared and with the undoped (35 A) and 30-W
41 1&) samples.

The previous results indicate that the platinum co-sputter-
ing process affects the electrochemical, microstructural,
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Fig. 10. Cross-sectional HREM image of 50-W V,0s film with inset showing TED pattern.

surface, and chemical properties of V,0Os5 films. This beha-
viour can be attributed to microstructural changes in V,05
films as a result of the platinum co-sputtering process. This
microstructural change is caused by change in growth
mechanism during platinum co-sputtering. A schematic
diagram of the effect of platinum co-sputtering on the
growth mechanism given Fig. 13. During reactive sputtering
in oxygen, large numbers of negative oxygen ions are
present. A fraction of these oxygen ions will be accelerated
in the space charge field and will be directed towards the

Fig. 11. Enlarged HREM image of 50-W V,0Os film. In addition to dark
blobs, nanocrystallites are present, as indicated by arrows.

growing V,0s film, and in an opposite direction to the
positively changed argon ions. As the platinum is co-sput-
tered to the growing film, the V,0s layer contains some
platinum in addition to V and O atoms. When a small
concentration of a heavy element (atomic weight of
Pt = 195) is added to a lower mass element (V = 51), a
sputtering yield amplification effect (SYA), which was
observed by Berg and Katardjiev [21], will occur, as shown
in Fig. 13(a). The result of this effect is that the re-sputtering
yield of the lower mass element may increase significantly.
Therefore, the net-growth rate of the 10- and 30-W V,05
films, as shown in Fig. 2, is considerably lower than that of
undoped V,0s5 film. Furthermore, the energetic bombard-
ment by negative oxygen ions of the V,0Os film could assist
in the amorphization of the V,0s5 film, as shown in TEM
analysis. Therefore, the improved cycleability of 10 and
30 W V,0s cathode films could be related to microstructural
changes induced by the platinum co-sputtering process. As
the platinum rf power is increased, however, some of the
platinum may start to shadow part of the V,05 film and
therefore present it from being bombarded by energetic
negative oxygen ions. In a collision, a platinum atom at
the surface of the growing V,0s5 film can easily reflect an
energetic oxygen ion, as shown in Fig. 13(b). This may also
explain why a PtO, microcrystalline phase begins to appear
at higher platinum concentration. Another reason for
improving cycleability by platinum co-sputtering may be
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Fig. 12. SEM surface images of the V,0s films with increasing Pt rf power: (a) undoped, (b) 10 W, (c) 30 W, and (d) 50 W Pt co-sputtered V,0s films.
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volume buffering effects due to the presence of platinum
and/or PtO, crystallites. The a-V,05 cathodes can, undergo
volume expansion during the lithium insertion—extraction
process. The uniformly dispersed platinum and PtO, crystal-
lites could suppress this volume expansion which could be a
main cause of degradation of the reversibility of lithium
intercalation, and consequently give rise to an improved
performance.

Therefore, the enhanced cycleability of a platinum co-
sputtered V,0O5 cathode film is attributed to the combined
effects of a random structure without short-range order
caused by the platinum co-sputtering process and the result
of platinum buffering effects.

4. Conclusions

The effect of platinum co-sputtering on V,05 films has
been investigated using GXRD, TEM, TED, RBS, FT-IR,
AFM, and SEM. It is found that the platinum co-sputtered
samples exhibit better cycleability than undoped ones, due to
a change in microstructure. In particular, a 10-W platinum
co-sputtered V,05 film shows a remarkably improved cycle-
ability. From HREM results, it is observed that the platinum
co-sputtering process with 10-W rf power results in a
completely amorphous V,Os film without short-range order,
which is shown in undoped V,05 and 30-W V,05 samples.
This indicates that there is a close relationship between the
cycleability and microstructure of the V,0s cathode. In
addition, a possible mechanism for the effect of platinum
co-sputtering on the V,0s films is suggested.
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