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Abstract

Vanadium pentoxide thin films have been prepared by reactive DC magnetron sputtering from a vanadium metal target without annealing
posttreatment. XRD, Raman and electrochemical experiments on 800 nm thin films show a high crystallinity of the deposits. Chronopotentio-
metric measurements performed in the two voltage range 3.8-2.8 and 3.8-2.15 V have demonstrated the promoting éff@6titeered
orientation of \LOs films in terms of polarization, kinetics and rate capability. The same reproducible deposition method is successfully applied
to get films thicker than fum in order to optimize the specific capacity. Effective high specific capacities can be then obtained with films
2.4um thick tested at high constant current density (L@@&m~2): a stable capacity of 7BAhcm~2 is available over 100 cycles in the
3.8-2.8V potential range and 18@&h cm~2 are still recovered in the range 3.8-2.15 V. These results indicate a promising cycling behaviour
can be expected with thick films exhibiting a preferred orientation correspondingdepfanes perpendicular to the substrate.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction parameters such as the oxygen flow ratio and DC power on
the morphology of the film oxides is investigated.
Recently, attention has been focused on the research and
development of microbatteries owing to the growing minia-
turization of electronic devices. The reduction of the current 2. Experimental
and the power requirements of the electronic devices has
resulted in the development of thin-film materials. The energy ~ Vanadium oxides films were deposited in a Plassys IMD
storage capacity of the thin-film battery is mainly dependent 700 apparatus on a nickel substrate gh@thick Ni foils) by
on the cathode material used. Among various kinds of transi- DC magnetron reactive sputtering using a vanadium metal
tion metal oxides, YOs exhibits the most attractive capacity target (99.7%) of 100 mm diameter. The target to substrate
in the potential window 3.8-1.5Y1-4] and very promis- distance was 130 mm. Before deposition, the substrates were
ing properties have been reported when vanadium oxide thinfirst cleaned in an ultrasonic bath with acetone and ethanol
films are grown by sputtering methods. In the present work, andthen exposed to an Agldtmosphere for 15 minto ensure
we report the structural and electrochemical characteristicsa complete cleaning of the surface. The films growth was per-
of V205 films prepared by DC sputtering using a vanadium formed in an Ar/Q atmosphere with a constant argon flow
metal target. In particular, the influence of some deposition of 46 sccm (partial pressure of 0.5Pa) and a variable oxy-
gen flow rate. Two DC powers were used, 500 and 1000 W.
The film thickness was controlled by deposition time and
* Corresponding author. measured by a profilometer. The surface morphology of
E-mail addresspereira@glvt-cnrs.fr (J.P. Pereira-Ramos). the deposited films was investigated by scanning electron
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microscopy using a LEO 1530SEG apparatus. X-ray diffrac- r L

tion (XRD) data were collected using a Brucker D8 Advance a 5 éi _ g T
diffractometer with Cu K radiation ¢.xo = 1.5406A). The —-.,_i_,ﬂ & & == g
Raman spectra were recorded using a Labram spectrome- _ [ b T S8 A i_

ter including a charge coupled device (CCD) detector. A
Nd:YAG laser generating a green beam at the wavelength
532 nm was used as the excitation source.

Electrochemical studies were carried out in two-electrodes
cells (Swagelok® type) using 1 mot LiClO4 in propylene
carbonate as electrolyte. The cell was prepared inside a dry 3 = 20 Se 30 = 0 ' 5 50
box by placing a clean lithium metal disk (12 mm diameter), 26 4(Cu)

a glass fiber separator soaked with the electrolyte solution

and the cathode film (0.5 &hinto a Teflon container with  Fig. 1. XRD patterns of 800 nm 30s thin films deposited on Ni foil by
two stainless steel terminals. Galvanostatic and voltammetric DC sputtering (DC power=1000W for samples A and B, and 500 W for
measurements were made with a 1470A Solartron controlledSamples C and D).

by a computer. The current densities applied are in the range

1-100pAcm~2. strongly oriented with thab planes parallel to the substrate

Impedance measurements were made, in the frequencyshowing a 00| preferred orientation (samples A and B). Con-
range 4x 10*to4 x 10-3 Hz, withan E.G.G. 273A apparatus versely, in samples C and D, the crystallites ¢fO¢ films
connected with an E.G.G. 5208 Two Phase Lock-in Analyser preferentially grow with a direction and théplanes perpen-
drived by an IBM computer. The excitation signal was 10 mV dicularto the substrate indicatingp@ O preferred orientation.
peak to peak. The equilibrium potential was considered to be Fig. 2 shows the Raman spectra of purgd4 film with 001
reached when the drift in open circuit voltage remained less (sample B) anch00 (sample C) orientations. Both spectra
than 0.2mV for 1 h. exhibit well resolved Raman lines, which is indicative of the
high degree of crystallinity of the films. The frequencies of the
nine Raman bands observed in the 100—1000'dnequency
range correspond to those expected for polycrystalline
V20s.

Depending on the oxygen flow ratiox(@r, the power
used and the substrate, the trends in a specific orientation of
V205 films strongly differ with deposition conditions. Using
rf sputtering and an @partial flow rate of 5%, YOs films
have been obtained on ITO substrates also wiliD& pre-
ferred orientation but only for very thin films which do not
exceed 150 nnj5]. Crystallized vanadium pentoxide thin
films prepared by sputtering withta0 O preferred orienta-
tion as thick as 800 nm have never been proposed as lithium
intercalation compounds as yet. Indeed previous attempts to

Intensity

3. Results and discussion

The experimental sputtering conditions for the deposition
of four vanadium oxide films are summarized Table 1
The thickness of all samples was 800 nm except for sam-
ple A, 550 nm thick. The YOs active mass was determined
by weighing experiments and by analysis for vanadium con-
tent (atomic absorption spectrometry) after dissolution of the
depositin 0.5 M HSO;.

Fig. 1shows XRD diffraction patterns of vanadium oxide
films as obtained. Depending on the sample, seven diffrac-
tion lines corresponding to the orthorhombieQf phase
(space groupmmn appear,the200,001,101,110,400,
002 and 600 diffraction peaks [JCPDS 41-1426]. The lat-
tice parameters calculated frafig. 1 for the orthorhombic

cell of vanadium pentoxide are very close to that of the poly-
crystalline oxide powdea=11.50A, b=3.57A, c=4.43A.
The unusual large value of the interlayer parameteas to
be outlined. .
Whatever the oxygen flow, the use of a DC power of =
1000 W leads to the formation of well crystallized®s films i
2
8
Table 1 =
experimental conditions for MOs deposition by DC sputtering
Sample DC power O; flow O3 partial
(W) rate (sccm) pressure (Pa)
A 1000 40 0.16 200 400 600 800 " 1000
B 1000 80 0.45 1
o 500 0 0.28 Wavenumber (cm’)
D 500 80 0.50

Fig. 2. Raman spectra of 800 nmWs thin films (samples B and C).
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Fig. 3. Discharge—charge curves of® thin films at 1u.A cm~2 (samples
A-D). Fig. 4. Influence of the current density on the first discharge capacity of
800 nm \LOs thin films characterized by R0 0 (O, sample C) and a 001

. . . . . (@, sample B) preferred orientation (3.8-2.8 V).
prepare a crystallized 800 nm thick film using rf sputtering

led to a mixture of MOs and V013 [6], while thicker films
were characterized by a 110 preferred orientation but poor arranged perpendicular to the substrate enhance the porosity
electrochemical features. Most of works in this area mainly of the deposit and then allow an efficient contact between the
indicate a 0 0 | preferred orientation fop®s thin films[4,7]. active material and electrolyte.
SEM micrographs confirm samples A and B consistina A typical ac impedance diagram of a two electrodes cell
stacking of more or less long platelets all arranged parallel working with sample C with the composition digV 205
to the substrate, i.e. as relatively dense deposits. Sampless shown inFig. 5 In addition to the two semi-circles
C and D are viewed as standing platelets perpendicular toascribed to the charge transfer for lithium and the thin-
the surface of the substrate in good accord with XRD data film oxide, a Warburg’s region (straight line at 95is
presented above. This morphology induces a high porosity. observed (0.16—0.016 Hz) which is relative to the semi-
Fig. 3 summarizes the first discharge—charge cycle at infinite diffusion phenomenon. At low frequencies, the phase
10pA cm~—2 for the four samples in the 3.8-2.8V voltage angle increases and the quasi vertical line obtained corre-
range. For samples C and D characterized By0® pre- sponds to the finite diffusion process. From the relation-
ferred orientation, the stepwise discharge—charge curve withship ReZ=f (w~12) drawn from the Warburg ‘region’, the
the two well-defined voltage plateaux located at 3.4 and Warburg prefactor is calculated which allows to determine

3.2V is found, as expected in the case of the discharge pro-an apparent diffusion coefficient for lithium ionaﬂop of
file for a composite electrode made of polycrystallingO¢ 4 x 10~19¢n? s~1. This high value is consistent with the high

powder[8]. The efficiency of the charge process is 100% rate capability reported above.
and the working potential during reduction and oxidation
practically superimpose showing the reversibility of the Li

insertion reaction into ¥Os thin films. The discharge capac- 800
ity corresponds to 2aAh cm~2, which compares very well i
with values reported for amorphous thin films in the same so0k-

voltage rangd9]. Taking the deposit mass found for these
samples £200wg cm2) into account, it comes out around
0.9 lithium ions per mole of oxide are intercalated. For more 400
dense deposits, (samples A and B with a 0 0| preferred orien- j
tation), the two redox steps near 3.4 and 3.2V are shortened
and the capacity is much lower. More information is provided
when the influence of the current density on the discharge i
capacity is investigated for the two kinds of deposits with the 2001
same thickness~{g. 4). Indeed, the 001 deposits are very [
sensitive to the current density as showrrig. 4.
Except at low rates, the capacity exhibited by thg0

so0f

AmZ @)

L f=16 mHz

[
deposit is significantly larger than that of the 001 deposit, at [ 15 T =016 Hz ]
0 -2 M N SN .4 . o] A
least by 30% at 20 and 40A cm™<. O 00 o300 o500 500

It comes out that thé 00 oriented \$Os films probably
promotes the kinetics of the electrochemical lithium insertion
reaction. This can be explained by an optimization of the rj; 5 Ac impedance diagram for a 800 nmoiV20s thin film/1 M
electroactive surface area because most of the oxide particlesicio, in PCILi cell. (V205 film = sample C).

Re Z ()
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so——————————T— involved in the range 3.8-2.8V, the capacities are very stable
7ok E over at least 50 cycles with 22Ah cm~2 for the 800 nm thick

‘3‘; i E film and 75uAh cm~2 over 100 cycles for the 24m V2Os

2 el i film. In the voltage range 3.8-2.15V, the sample with thick-

3 KX X% KK X X e 213 ness of 800 nm exhibits a stable capacity ofu#h cm—2

= 9 TRy (Fig. 6) after an initial capacity loss, which has not been

g 30F asecsssssersrescessossessrrrsaserssreesiiZiVsel elucidated. Attractive properties are obtained for the thicker

8 20f . film (Fig. 7) with 130pAh cm~2 available after 100 cycles at
1ok g 100unAh cm—2 (C rate). In that case the mid-discharge volt-
o ‘ . . t age is 2.8 V. These results compare very well with the best

0 10 20 30 40 50

one reported on crystalline and amorphous but thinr&:sv

film [3,6,10] In fact, the specific capacity achieved, with the

Fig. 6. Evolution of the specific capacity as a function of cycles number for 2.4p.m thick film constitutes a real improvement insofar as

800 nm \,Os thin film at 10pA cm2. films with thickness over fum are known to display poor
cycling properties due to the instability of interface between

With the aim at improving the specific capacity available film and substrate.

with suchh 0 0 oriented thin films, discharge—charge cycling Furtherwork isin progress in order to improve the stability

experiments have been performed as a function of the depthof the specific capacity in the potential range 3.8-2.15V.

of discharge and of the thickness of the deposit. Therefore,

films with thickness of 2.4m have been successfully syn-

thesizedFigs. 6 and display the cycling properties of)Ds References
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