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Abstract

Vacuum-deposited Si—-Sn two-component films were prepared by depositing Si and Sn simultaneously on a metal foil substrate. The
composition of the films was estimated from the ratio of consumption of the two evaporation sources. SEM and XRD revealed the film
structure consisting of two different phases, where Sn nanoparticles were dispersed homogeneously in the amorphous Si matrix. The filr
with higher Sn content gave unsatisfactory results, which is in contrast to the much improved results obtained with a film containing less Sn.
The conductivity of the Si—Sn film was found to be higher than that of a pure Si film, which was attributed to the homogenously deposited
Sn nanoparticles. This enabled us to realize a discharge capacity of 400théwven after 500 charge/discharge cycles at a very high rate of
20C.
© 2005 Published by Elsevier B.V.
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1. Introduction cycle performance whenever the film is not th{ekL0]. The
thicker film, however, gave depressed performance. This
In response to the high demand for advanced portable elec-was found to attribute to the decreased electric conductivity
tronic equipment, numerous studies have been conducted orof the thicker film. The reason for this remains unclear, but
active materials for Li-ion batteries in view of enlarging the we were able to improve performance by using impurity
Li accommodation capacifit]. Attempts have been madeto doped Si as evaporation source, in which case the original
replace commonly used graphitized anode materials havingconductivity was as high as 4@rders of magnitude higher
atheoretical capacity of 372 mAr§ by Si materials, which ~ than that of the intrinsic Si crystdll0]. The high rate
have an extraordinarily large Li accommodation capacity, as capability, however, did not improve appreciably.
high as over 4000 mAh! [2]. A great shortcoming of Si is Here in this study, we would like to provide a novel method
its large volume expansion during Li insertion which leads to improve the conductivity by depositing a two-component
to a reduced cycle life due to the crystal collapse. Several film where a substance having a high conductivity is incor-
effective methods have been proposed to prevent the capacporated. Practically in the present study, we prepared a film

ity decrease, involving the use of Si composit8g nano- consisted of a Si matrix and Sn nanoparticles dispersed ho-
structured Sj4], amorphous 9b,6], thin Si films fabricated mogeneously within the Si matrix. Vacuum deposition of the
by sputterind7], and pillar structuref8]. two-component film was performed by simultaneous evap-

We proposed vacuum deposition to fabricate a thin Si oration of Si and Sn from separate evaporation sources. The

film on a metal foil substrate, which showed satisfactory homogeneously dispersed conductive Sn particles yielded
a highly conductive Si film. We chose Sn as a conductivity
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The Si—Sn (two-component) film comprising an optimal
mixture of Si and Sn exhibited a stable cycle performance

even under very high charge/discharge rate. B

2. Experimental 0

2.1. Evaporation sources and vacuum deposition method 10
Si-Sn films of varying thickness were prepared by
vacuum deposition under a pressure of A0Morr. As a
substrate, we used a surface roughenedr8ehick Ni foil
(etched with a 0.5 mol £ aqueous FeGlsolution for 3 min)
[12,13] or a surface roughened g8n-thick electrolytic Cu 201
foil (deposited by a special electrolytic method in an aqueous
solution of CuSQ) [14,15] Negative carrier doped Si wafer
(5x 107%2molm~—2 phosphor doped, & cm, Shin-Etsu
Chemical Co. Ltd.) granulated, and Sn grains (purity 99.99%,
Nilaco Co. Ltd.) were used as evaporation sources. The two -20 -
evaporation sources were loaded on separate tungsten boats
placed in a parallel manner in the vacuum chamber, and
heated by supplying power directly to the tungsten boats.
The deposition rate was controlled by adjusting the power Fig. 1. Cyclic voltammograms of (a) a 488@thick Si-Sn film (atomic ratio
supply; the amount deposited was monitored by a quartz si:sn was 7:2) vacuum-deposited on an etched Ni foil; (b) a £200ck
vibrating microbalance mounted near the substrate. Thepure Sn film on a nominally identical Ni foil for the initial 20 cycles. Sweep
thickness and atomic ratio Si/Sn of the Si-Sn film were rate:1mvst.
estimated on the basis of the amounts evaporated from the
two evaporation sources. The weights of the evaporation Ni foil are shown inFig. 1(a). Two different types of Li
sources were measured before and after vacuum depositiontnsertion and extraction peaks with respect to Si and Sn
the We|ght difference was assumed to be proportiona| to thewere observed. The peaks due to insertion and extraction
amount deposited. The composition of the Si—Sn film was ©Of Li in Si were very stable, while the corresponding peaks
adjusted to be Si-rich because the theoretical capacity of Sifor Sn were unstable, showing a gradual depression in

=20

Current/A g’

Potential /Vvs. Li /Li*

(4200 mAh g1) is larger than that of Sn (1000 mAR). height (indicated by arrows), that disappeared after 20
cycles. This degradation is ascribed to the collapse of the Sn
2.2. Electrochemical evaluation microcrystals due to the large volume change associated with

the insertion and extraction of Li, resulting in poor electrical

The electrochemical cell was a three-compartment cylin- contact between particles and the current collector. Similar
drical Pyrex glass cell (15ml) where pure metallic Li foils  cycle performance degradation was observed in the case of a
were used as counter and reference electrodes. The metal fON/acuum-deposited pure Sn filfig. 1(b)). XRD patterns of
bearing the Si—Sn film was cut into a 1ol cm and used  the Si—Sn film are shown iRig. 2(b) and (c). XRD peaks of
as a test electrode. The electrolyte was a 1:1 (v/v) mixture sp could be identified even after repeated charge/discharge
of ethylene carbonate (EC) and dimethyl carbonate (DMC) cycles, suggesting that the microcrystals of Sn particles
containing 1 M LiCIQ; (Tomiyama Chemicals; contaminant  pecome too loose for supporting electrical contact, resulting
water was less than 15 ppm). Electrochemical measurementsn the isolation of the particles from the electrochemical
were performed by cyclic voltammetry (CV) at a sweep rate reaction. After 20 cycles, the film showed stable CVs.
of 1mVs™%, and repeated constant current charge/discharge  The SEM image of the 4808-thick Si—Sn film is shown
tests (CC). All measurements were conducted in a glove boxin Fig. 3 The image shows a number of small spots dispersed
filled with dried argon gas at ambient temperature. X-ray homogeneously over the deposited Si film. Such spots were
diffraction (XRD) patterns and SEM images were obtained not observed for the pure silicon film: these spots can be iden-
to characterize the Si-Sn film. tified as nano-dispersed Sn particles. We will show later that
the spot size diminishes with decreasing Sn conteigt ).

The constant current cycle performance of the 4800
thick Si—Sn film was unsatisfactory. Since we found that the
3.1. Estimation of the composition of the Si-Sn film performance was dependent on the Si/Sn ratio, we examined

deposited films of varying composition. We found that

Cyclic voltammograms of a 480B-thick Si-Sn film the film having a reduced amount of Sn gave better cycle
(atomic ratio Si:Sn=7:2) vacuum-deposited on an etched performance.Fig. 4 shows the cyclic voltammograms of

3. Results and discussion
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Fig. 4. Cyclic voltammograms of a 35@0thick Si—Sn film (atomic ratio
: . ' Si:Sn was 8:1) vacuum-deposited on an etched Ni foil for the initial 20
20 30 40 50 60 cycles. Sweep rate: 1 mv'&,

20 (Cu Ka) / deg

these peaks were broader than that of pure Sn film both be-
Fig. 2. XRD patterns of films vacuum-deposited on an etched Nifoil: (a) a fore and after the charge/discharge cycles. This may imply
;igoi'zt;“g'ég:;ecszlg”Tés(t?r)] af‘(i‘)’gj‘é%‘;ﬁiijgif”g‘n(i:lcr’nm:ﬁgig OS'CS\'/“ that the incorporated Sn in this case was amorphous or in the
cycles; (d) a 350@%/-thick Si—g’n film (atomic ratio Si:Sn was 8:1) before form of nanOpart!CleS' ThUS,. the'conductlwty of this f,llm IS
cycling; (e) a 3506k-thick Si-Sn film after 40 CV cycles. expected to be higher and give rise to an excellent high rate
charge/discharge performance.

Next, we attempted to evaluate cyclability under a very
high charge/discharge rate. We compared the 10 C rate cy-
cle performance of a 3508-thick Si-Sn film (atomic ratio
Si:Sn=8:1) and a 3308&-thick pure Si film. As can be seen
in Fig. 6, the Si—Sn film showed a very high capacity retention
even after 500 cycles of charge/discharge under a high rate
of 10 C. In addition, the initial irreversible capacity of this
film was only 12%, which is significantly improved com-
pared with the 26% for a pure Si film. This remarkable im-
provement in cycle performance can well be attributed to the
increase in electrical conductivity of the matrix. We studied
the performance of this film under higher charge/discharge
rates still. The charge/discharge profiles are showsign7.

We see that the discharge curve remains smooth, maintaining

a 3500A-thick Si-Sn (atomic ratio Si:Sn=8:1) vacuum-
deposited on an etched Ni foil. Peaks due to Sn could not
be identified on CVs, leaving only Si peaks, resulting in
very stable performance. The SEM image of this film is
shown inFig. 5 where we see the size of the spots of Sn
was remarkably reduced and buried deeper in the Si matrix
as compared with those Fig. 3

XRD patterns for the sample ifig. 5 are shown in
Fig. 2(d) and (e) before and after 40 charge/discharge cy-
cles, respectively. No distinct peak was observed near 28
where silicon crystal gives a very intense (1 1 1) peak, imply-
ing that the deposited film was amorphdd8]. The XRD
patterns showed Sn peaks at about a88d 44, however,

2k U Xlie.e00

Fig. 3. SEMimage of a 4808-thick Si—Sn film (atomic ratio Si:Snwas 7:2) Fig. 5. SEM image of a 3508-thick Si—Sn film (atomic ratio Si:Sn was
vacuum-deposited on an etched Ni foil, before cycle testing. SEM image 8:1) vacuum-deposited on an etched Ni foil before cycle testing. The Sn
reveals small spots of Sn. spots were smaller than thoseRig. 3.
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Fig. 6. 10 C rate cycle performance of a 350ehick Si-Sn film (atomic
ratio Si:Sn was 8:1) vacuum-deposited on an etched Ni foil and a®300
thick pure Si film on a nominally identical Ni foil.
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Fig. 7. 30 C rate charge/discharge profiles of a 3&anick Si-Sn film
(atomic ratio Si:Sn was 8:1) vacuum-deposited on an etched Ni foil.
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Fig. 9. 20 C rate charge/discharge profiles of a 18@6ick Si-Sn film
(atomic ratio Si:Sn was 13:1) vacuum-deposited on an electrolytic Cu foil.
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Fig. 10. 20 Crate cycle performance of a 18,66thick Si-Sn film (atomic
ratio Si:Sn was 13:1) vacuum-deposited on an electrolytic Cu foil.

Si films [14,15] Figs. 9 and 10show, respectively, the
charge/discharge profiles and cyclability obtained for a

a potential of around 0.5V, which is acceptable performance 18,000A-thick film at a rate of 20C. By contrast, under

for battery applications. Cyclability under very high rates is
plotted inFig. 8 showing that the present film could retain
800mAh g discharge capacity under a high rate of 30C
even after 500 cycles, while keeping the initial irreversible
capacity loss as low as 14%.

3.2. Cycle performance of a thicker Si—Sn film

Since a 350@-thick film is too thin for use in a battery in

such heavy current charge/discharge conditions, a pure Si
film of the same thickness gave no capacity. Thus, we have
successfully demonstrated that the Si—Sn film system can
afford to retain a high Li discharge capacity even under an
extremely high current charge/discharge cycle test.

4. Conclusion

Vacuum-deposited Si-Sn films were prepared by si-

practice, we tried to fabricate a thicker film on a Cu substrate multaneous deposition of Si and Sn using two tungsten
foil deposited by a special electrolytic technique that yielded evaporation boats. In these films, Sn was dispersed in the
a roughened foil surface, enabling the foil to support thick form of nanoparticles within an amorphous Si matrix, as
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Fig. 8. High rate cycle performance of a 358ahick Si-Sn film (atomic
ratio Si:Sn was 8:1) vacuum-deposited on an etched Ni foil.

revealed by SEM and XRD observations. High Sn loading
worsened performance. A 3586thick Si—Sn film (atomic
ratio Si:Sn=8:1) showed excellent high rate performance
retaining a discharge capacity of over 1400 mAH gven
after 500 charge/discharge cycles under 10 C rate loading.

A 18,000A-thick Si—Sn film (atomic ratio Si:Sn=13:1)
kept over 400 mAhg! discharge capacities even after 500
cycles under 20 C rate charge/discharge. This improvement
in performance may be attributed to the highly enhanced con-
ductivity owing to the Sn particles dispersed homogeneously
in the Si film. In addition, Si-Sn films showed lower ini-
tial irreversible capacities than pure Si films. Achieving high
conductivity in a Si film is key in imparting a high capacity
anode with good cyclability for lithium-ion batteries.
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