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There  is great  interest  in  one-dimensional  (1D)  nanostructures  that  allow  lateral  relaxation  and  can  be
used  to  reduce  pulverization  of  a silicon-based  anode  material.  However,  the  growth  of high  density
arrays  of  silicon  nanowires  (SiNWs)  on metal  current  collectors  using  a chemical  vapor  deposition  (CVD)
processing  is  challenging  due  to competing  metal  silicide  formation  during  the  Si  nanowire  growth  pro-
cess.  An  issue  with  the  metal  silicide  formation  is that  Si  is consumed  and  this  reduces  the  overall  specific
capacity  as  well  as the  rate  capability  of  a silicon  nanowire-based  anode  material.  Here,  we  demonstrate
eywords:
node
hemical vapor deposition
ithium-ion battery
etal silicide

ilicon nanowire

high  density,  electrically  contacted  Si nanowire  growth  on  stainless  steel  substrates  (metal  current  col-
lectors)  with  minimal  unwanted  substrate-silicide  formation  for high  Li  ion  battery  performance.  These
high-purity  silicon  nanowire-based  anodes  show  average  high  specific  capacities  of  3670  mA  h  g−1 at  0.2  C
and  3448  mA  h g−1 at 0.5 C over  40 cycles.  Moreover,  the  high-purity  silicon  nanowires  are  demonstrated
to  reach  extremely  high  capacities  at high  cycle  rates  (1912  mA  h  g−1 and  997  mA  h g−1 at  10  C  and  20  C,
respectively).

© 2012 Elsevier B.V. All rights reserved.
. Introduction

A  miniature rechargeable battery with maximized energy and
ower density is in high demand for portable electronic systems
nd electric vehicles. Among the many different kinds of recharge-
ble batteries, lithium-ion batteries are widely used in consumer
lectronics because of their relatively high energy and power den-
ity, lack of memory effects, and low self-discharge. However,
he energy density is not high enough for long-term operations
n a single charge. Further, the pace at which the energy capac-
ty of batteries is improving is not fast enough to mitigate the
nergy consumption of new electronic systems. The anode elec-
rode of a commercial lithium-ion battery is made of graphite
nd the theoretical capacity is 372 mA  h g−1 [1].  The energy capac-
ty of the anode can be increased up to an order of magnitude
y using Si (4200 mA  h g−1) [2];  however, the mechanical stress
ue to the huge volume increase of 300% upon lithiation quickly
egrades the electrode and leads to partial loss of electrical con-

act between the anode material (Si) and current collector [3].
s a result, these effects lead to capacity fade during cycling

poor cycling performance). Recently, there is great interest in

∗ Corresponding author. Tel.: +1 505 665 4240; fax: +1 1 505 665 9030.
∗∗ Corresponding author.
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one-dimensional (1D) nanostructures that allow lateral relaxation
and can be used to reduce pulverization of a silicon-based anode
material [4–7].

Silicon nanowires (SiNWs) grown with a chemical vapor deposi-
tion (CVD) synthesis process directly onto metal current collectors
have shown particular promise for improved electrical connection
between an anode material (each SiNW) and the metallic current
collector while providing for high capacity [4–6]. However, it is
challenging to grow 100 weight percent (wt%) of SiNWs directly on
metal substrates (metal current collectors) due to wetting of the
catalyst which limits NW nucleation and to competing unwanted
substrate-silicon reactions forming metal silicides. An issue with
the metal silicide formation is that Si is consumed and this reduces
the overall specific capacity as well as the rate capability of a silicon
nanowire-based anode material. Minimization of metal silicide for-
mation during Si nanostructure synthesis and the resulting effect
on electrochemical performance is a fundamental problem which
must be solved in implementing high performance silicon and/or
silicon composite anodes. However, previously reported work has
not examined the consequences of such silicon–electrode interac-
tions. In the present study, we  observe a significant effect of metal
silicide formation between the silicon NWs  and metal electrode on

the electrochemical performance of silicon nanowire based Li ion
half-cells. We  demonstrated a route to minimize silicide forma-
tion and show how this leads to enhancement in the rate capability
of silicon nanowires as well as increased specific capacity when

dx.doi.org/10.1016/j.jpowsour.2012.01.037
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jcho@lanl.gov
mailto:picraux@lanl.gov
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Fig. 1. (a, d) Schematic diagrams and (b, c, e, f) SEM images of SiNWs grown on a metal current collector (304 stainless steel) under different CVD growth conditions. (a–c)
Metal  silicides were formed during SiNW growth and showed higher mass gain and lower nanowire density than (d–f) that of silicon nanowires grown without metal silicide
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his electrode interaction effect is eliminated. Of particular signifi-
ance a rate capability of 1912 and 997 mA  h g−1 is observed at 10 C
42 A g−1) and 20 C (84 A g−1), respectively, for high-purity silicon
anowires, which is much higher than reported previously [4,8,9].

Silicide formation on the current collector decreases the weight
ercent (wt%) of SiNWs and leads to a lower density of SiNWs.
ig. 1a–c (case 1) and d–f (case 2) shows SiNWs grown on a stain-
ess steel substrate under different CVD growth conditions, with a

eight gain after growth of 889 ng mm−2 and 631 ng mm−2, respec-
ively. Although the weight gain of case 1 shown in Fig. 1a–c is
igher than that of case 2 shown in Fig. 1d–f, the SiNW density of
ase 1 is less than that of case 2 due to metal silicide formation
hich increases the total weight. A problem with the metal silicide

ormation is that Si which would otherwise contribute to SiNW
ormation is consumed and the overall specific capacity of a silicon
anowire-based anode material is reduced. The specific capacity of

he metal silicides is generally one to two orders of magnitude less
han silicon capacity (NiSi2: 327 mA  h g−1, FeSi2: 65 mA  h g−1, TiSi2:
7 mA  h g−1 [10], and CoSi2: 58 mA  h g−1 [11]) thus lowering the
verall anode capacity. In order to enhance the specific capacities
of the metal silicides, various nanostructured anodes; such as
nickel silicide (NixSiy) in the form of nanobelts (400 mA h g−1),
nanosheets (540 mA  h g−1) [12], and FeSi2 (∼580 mA  h g−1) in the
form of nanocrystalline powder [13], have been explored. However,
these values are still much lower than that of Si. Although sili-
con shows the highest gravimetric capacity, the resulting reduced
weight percent of silicon nanowire due to metal silicide forma-
tion on the substrates (current collectors) leads to reduced overall
capacities as given by

overall specific capacity = total capacity
total weight

= CSi · WSi + CMS · WMS

WSi + WMS

(1)

where CSi and CMS are the silicon capacity and metal silicide capac-
ity and WSi and WMS are the silicon weight and metal silicide
weight, respectively. In order to enhance the overall specific capac-

ity, the weight percent of active materials having high capacity
(SiNWs) should be maximized and the weight percent of unwanted
low specific capacity material (in this case metal silicides: WMS)
should be minimized. However, it is not easy to avoid the metal



J.-H. Cho et al. / Journal of Power S

Fig. 2. A control experiment with three different substrates. (a) The different sub-
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trates were loaded into a CVD reactor together, and Si film, SiNWs, and metal silicide
ere formed on the substrates during CVD processing. (b) The temperature and SiH4

as flow vs. time profiles for the CVD process.

ilicide formation during the CVD process at the SiNW growth
emperature (500–900 ◦C) [14–17] because silicide formation tem-
eratures range in or below the SiNW growth temperature range.
or example, SiNW growth was attempted on commonly used
opper current collectors, however, very poor nucleation of SiNW
rowth was observed due to strong wetting of the Au on the cop-
er and at the same time extremely thick layer of copper silicide
ormed at the NW growth temperatures. In fact it is well known that
ilicon easily reacts with most transition metals (e.g., Ni, Pt, W,  Cu,
r, Ti, Co, Mo,  Ta, Fe, Ir, Pd, etc.) over a wide temperature range to
orm silicides [18–23].  Fe3Si, for example, is the first phase to form
uring low-temperature annealing (75–175 ◦C) and FeSi and FeSi2
orm at 350–450 ◦C and 550–650 ◦C, respectively [24]. However, it
s possible to minimize the weight percent of metal silicide and

aximize the weight percent of SiNWs through optimizing CVD
rowth temperature.

. Experimental

In order to quantitatively characterize competing metal silicide
nd SiNW formation, a control experiment was  first carried out
ith three different substrates: Si chips, Si chips with a 2 nm thick

old (Au) catalyst which was deposited using an electron beam
e-beam) evaporator, and polished 304 stainless steel (SS) disks
Fig. 2a). The three different substrates were loaded into a cold wall
ow pressure CVD reactor together and the samples were heated
o a SiNW growth temperature. Once the temperature was  stabi-
ized, silane (50% SiH4 in H2) and doping gas (100 ppm phosphine)
ere introduced with the flow rates of 250 sccm and 100 sccm,
espectively, and a chamber pressure of 3 Torr for 20 min  (Fig. 2b).
uring the CVD process, only silicon (Si) film was deposited on the
i chip without metal silicide formation and SiNW growth because
ources 205 (2012) 467– 473 469

no catalyst was  present for SiNW growth and no metal for metal
silicide formation (Fig. 2a). On the other hand, SiNWs were grown
with Si film deposition on a Si chip which has 2 nm thick Au catalyst
for SiNW growth. On a stainless steel (SS) disk, metal silicide formed
without SiNW growth because there was  no Au catalyst. The weight
gain of Si film, SiNWs, and metal silicide per unit area (mm2) were
obtained by measuring the weight change of the samples before and
after a CVD process using a microbalance (Sartarious SE2: 0.1 �g
resolution). We  could directly measure the weight (�g mm−2) of Si
film from the Si chip sample. The weight of SiNWs was  obtained
from the weight change of a Si chip with Au catalyst after subtract-
ing the weight of Si film which was measured from a Si chip sample
without Au catalyst. The weight of metal silicide was determined
from the weight change of the SS disk. Three identical samples for
each substrate were prepared, and the average areal mass gains
(�g mm−2) of the each three materials (Si film, SiNWs, and metal
silicide) were obtained after CVD processing for different growth
temperatures.

To directly observe the metal silicide formation, we  used Sec-
ondary Ion Mass Spectrometry (SIMS) with an Atomika 4500
quadrupole and obtained the metal silicide depth profiles. An oxy-
gen primary ion beam was  used for sputtering the stainless steel
(SS) surface while positive secondary ions were recorded. The pri-
mary beam was  at near normal incidence in order to minimize
sample roughening artifacts. The beam was raster scanned over
a 120 × 120 �m2. The depth scale was calculated by measuring the
total crater depth using a Tencor surface profiler and assuming a
uniform erosion rate.

In order to grow SiNWs with minimized metal silicide forma-
tion on 304 stainless steel (SS) disks, SS disks were polished with
400, 600, 800, 1200 grit paper, followed by solvent rinsing and 2 nm
thick gold (Au) catalyst deposition using an electron beam (e-beam)
evaporator. The SS disks were loaded into a cold wall low pressure
CVD reactor at a base pressure of 1.0 × 10−6 Torr and the samples
were heated to 120 ◦C for 30 min. After that, silane (50% SiH4/H2)
and doping gas (100 ppm phosphine) were introduced with the
flow rate of 250 sccm and 100 sccm, respectively, with a cham-
ber pressure of 3 Torr. During the gas flow, the temperature was
increased up to growth temperatures and maintained for 30 min.
At the conclusion of growth all gases were closed and tempera-
ture was  set to room temperature. Based on our nanowire device
studies the resulting n-type doping concentration is estimated to
be >1019 cm−3.

Coin-type half cells (2032 size) were assembled in a helium-
filled glove box under less than 0.5 ppm oxygen and 0.5 ppm
moisture environments. The cells consisted of SiNW active materi-
als which were directly grown on a 304 stainless steel disk, a 25 �m
thick microporous monolayer membrane as a separator (Celgard,
2400), a 1.5 mm thick lithium foil as reference and counter elec-
trodes (Alfa Aesar), and electrolyte (Novolyte). The electrolyte was
1 M lithium hexafluorophosphate (LiPF6) in 1:2 mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC). Electrochemical
performances were carried out using a multichannel potentiostat
(Bio-Logic, VMP3) with a constant current mode within the volt-
age range of 0.02–1.5 V vs. Li/Li+ and current and voltage data were
collected at every 5 mV  changes. All the samples were cycled at a
low rate, 0.05 C (1 C = 4200 mA g−1) in the first cycle (both lithiation
and delithiation) in order to stabilize anode materials and then the
cycle rate was  increased in the remaining cycles.

3. Results and discussion
Fig. 3a shows the areal mass gain of the materials at different
growth temperatures. As the temperature was  increased, the areal
mass gains of the three materials increased with the Si film showing
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Fig. 3. (a) Areal mass gain of SiNWs, metal silicide, and Si film vs. growth tem-
peratures. (b) Secondary Ion Mass Spectrometry (SIMS) depth profile of Si from SS
surfaces before and after CVD process at 450, 525, and 570 ◦C. One sample was char-
acterized without CVD processing, and three samples were separately loaded into a
CVD system. And then the each samples were heated to three different CVD growth
t
i
o

t
t
a
t
4
g
m

emperatures, 450, 525, and 570 ◦C, respectively, with the flow of silane and dop-
ng  gas. (c) Weight percent of metal silicide vs. growth temperatures which were
btained based on the data shown in Fig. 3a.

he lowest growth rate. The overall mass gain of SiNWs was higher
han that of metal silicide, and no mass gain could be observed from
ll materials below 400 ◦C for a microbalance with 0.1 �g resolu-

ion capability. Metal silicide and SiNWs showed mass gain from
50 ◦C, but Si film did not show mass gain until 500 ◦C. Weight
ains above 600 ◦C were not measured because delamination of the
etal silicide film occurred from the 304 stainless steel (SS) disks
ources 205 (2012) 467– 473

during the CVD process due to excessive Si-rich metal silicide for-
mation. The Si-rich metal silicide layer induces high compressive
film stress [25,26],  and the high stress caused the metal silicide to
buckle and delaminate. The depth profiles of Si from the SS surfaces
were obtained before and after CVD processing at 450, 525, and
570 ◦C for 20 min  with a Secondary Ion Mass Spectrometry (SIMS) in
order to verify the metal silicide formation and characterize the sili-
cide thickness formed at three different CVD growth temperatures
(Fig. 3b). As shown in the figure, the depth of metal silicide is deeper
with increasing CVD growth temperature. This result is consistent
with our indirect observation of increasing mass gain with growth
temperature (Fig. 3a). CVD processing at 570 and 525 ◦C shows the
Si signals extend to a depth of 800 nm and 500 nm, respectively,
indicating the parasitic silicide reactions are significant at typical
SiNW growth temperatures. A sample processed at 450 ◦C shows
very shallow metal silicide formation (40 nm deep) and low signal
intensity compared to the other two  samples processed at 525 and
570 ◦C. Moreover, the depth profiles for 450 ◦C are very similar to
that of the samples before CVD processing. This means an extremely
small amount of metal silicide forms at or below this temperature
(450 ◦C).

Based on the measured areal mass gains of metal silicide
(AMGMS), SiNWs (AMGSiNWs), and Si film (AMGSiFm) shown in
Fig. 3a, the weight percents (wt%) of metal silicide vs. growth tem-
peratures were obtained by

wt% of metal silicide = AMGMS

AMGMS + AMGSiNWs + AMGSiFm
× 100

(2)

Fig. 3c shows the result which shows a parabolic increase in silicide
formation with growth temperature followed by a maximum at
550 ◦C. In order to reduce metal silicide formation on the SS current
collectors, one needs to avoid SiNW growth at 550 ◦C and grow at
low temperatures. However growth should be higher than 400 ◦C
because there is no metal silicide formation (AMGMS ≈ 0) as well as
no SiNW growth (AMGSiNW ≈ 0) at or below 400 ◦C.

The content of metal silicide on metal current collectors could
be controlled with the results of Fig. 3c, and three samples
with different proportions of metal silicide (∼0.6 wt% metal sili-
cide with ∼99.4 wt% SiNWs (wtSi), ∼40 wt%  metal silicide with
∼60 wt% SiNWs (wtMS/Si), and ∼100 wt% metal silicide (wtMS)),
were prepared to study the effect of metal silicide formation on
a SiNW-based Li-ion battery anode capacity. All samples were
prepared on SS disks, and the ∼100 wt%  metal silicide without
SiNW growth sample was  prepared at a 510 ◦C growth temper-
ature using no Au catalyst. Coin-type half cells (2032 size) were
assembled and the electrochemical performances of the three sam-
ples, 0.6 wt% metal silicide/99.4 wt%  SiNWs (wtSi), 40 wt% metal
silicide/60 wt% SiNWs (wtMS/Si), and 100 wt% metal silicide (wtMS),
studied (Fig. 4). The differential capacity curves for the three
samples (wtSi, wtMS/Si, and wtMS) captured after 2nd cycle at
0.5 C (0.5 C = 2100 mA  g−1) showed two major lithiation peaks near
200 mV  and 40 mV  and two  major delithiation peaks near 500 mV
and 300 mV,  which are in agreement with previous reports [27,28].
We did not observed a large lithiation and delithiation potential dif-
ference in the three samples from the differential capacity curves.
However, we observed that the differential capacity of wtSi is one
order of magnitude higher than that of wtMS as shown in Fig. 4a
due to the large portion of anode material (99.4 wt%  Si) which is
more highly reactive with Li than metal silicide. The magnitude
of differential capacity of wtMS/Si is intermediate between that of
wtSi and wtMS because of coexistence of silicon nanowires (60 wt%)

and metal silicide (40 wt%). Galvanostatic charge–discharge pro-
files (Fig. 4b) as well as specific capacity and Coulombic efficiency
vs. cycle number (Fig. 4c) generated by wtSi, wtMS/Si, and wtMS
were collected between 20 mV  and 1.5 V at a constant current
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Fig. 4. Electrochemical performances of three samples, 0.6 wt%  metal silicide/99.4 wt% SiNWs (wtSi), 40 wt%  metal silicide/60 wt%  SiNWs (wtMS/Si), and 100 wt% metal silicide
(wtMS). (a) Differential capacity curves captured after 2nd cycle at 0.5 C. Inset: a magnified differential capacity curve of wtMS. (b) Galvanostatic charge–discharge profiles for
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nd  and 25th cycles. (c) Specific capacity and Coulombic efficiency vs. cycle numbe
nd  0.5 C in the remaining cycles. (d) The specific charge/discharge capacities and C

ate of 0.05 C in the first cycle and 0.5 C in the remaining cycles.
he specific charge (lithiation) and discharge (delithiation) capac-
ties of wtSi were 3786 and 3629 mA  h g−1 at 2nd cycle with 0.5 C
ate, respectively, and the specific capacities were maintained over
400 mA  h g−1 until 25 cycles (Fig. 4b).

The specific charge and discharge capacities observed at a 0.2 C
ate for Si (wtSi) of 3871 and 3793 mA  h g−1 (Fig. 4d) after 5 cycles
re the highest values ever reported for silicon nanowire anodes
rown directly on metal current collectors. We note that here
e have used the total weights of the active materials includ-

ng metal silicide for specific capacity determinations (i.e. without
ubtracting the metal silicide weight gain from the total weight
ain after CVD growth). The average specific capacities of wtSi
ver 40 cycles are 3670 (charge) and 3537 mA  h g−1 (discharge)
t 0.2 C (Fig. 4d) and 3448 (charge) and 3319 mA  h g−1 (discharge)
t 0.5 C which are one order magnitude higher than that of wtMS
charge: 357 mA  h g−1, discharge: 329 mA  h g−1 at 0.5 C) and twice
s high as that of the 40% metal silicide, wtMS/Si, sample (charge:
874 mA h g−1, discharge: 1830 mA  h g−1) (Fig. 4c). Although the
resent specific capacity of wtMS in thin film form is significantly
igher than previous reports [10,11], it is still one order of magni-
ude smaller than that of wtSi. These results show that metal silicide
ormation with its low specific capacity for Li storage reduces
verall specific capacity of a silicon nanowire-based lithium-ion
attery anode. We  note that relatively low Coulombic efficiencies
95.9–98.1%) and cycling capacity retention (Fig. 4d) are obtained
n these measurements and understanding the influence of various
arameters on low Coulombic efficiencies and capacity retention is
n ongoing area of research.
In order to enhance specific capacity, the weight percent of
n anode material having high specific capacity should be max-
mized while that of any poorly reactive anode material with Li
hould be minimized provided the poorly reactive anode material
cted between 20 mV  and 1.5 V at a constant current rate of 0.05 C in the first cycle
bic efficiency of wtSi vs. cycle number at the cycle rates of 0.2, 0.5, and 1.0 C.

does not have any additional hybrid function to enhance battery
performance, such as cyclability or power density. To systemati-
cally explore such optimization for the influence of metal silicide
formation on overall specific capacity we carried out the experi-
ments and analysis shown in Fig. 5. Two  samples (wtSi and wtMS)
were prepared and cycled at 0.05, 0.1, and 0.25 C in the first, sec-
ond, and third cycle, respectively, and the remaining cycles were
cycled with increasement of 0.25 C up to 20.0 C. Fig. 5a shows
charging and discharging cycles of wtSi which was cycled until
a rate of 20.0 C. Fig. 5b shows discharge capacities (delithiation)
vs. cycle rate (0.1–20.0 C) of wtSi and wtMS, with the inset show-
ing the galvanostatic charge/discharge profiles of wtSi between
0.02 and 1.5 V vs. Li/Li+ at a rate of 0.1, 1.0, 10.0, and 20.0 C. The
discharge capacities of wtSi (the sample minimized metal sili-
cide: 0.6 wt%) at 10.0 C (42 A g−1) and 20.0 C (84 A g−1) were 1912
and 997 mA  h g−1 (Fig. 5b). We note that SiNWs with minimized
metal silicide (high-purity silicon nanowires) reach extremely high
capacities at high cycle rates and these values are much higher
than those reported previously [4,8,9].  On the other hand, the dis-
charge capacities of wtMS (100 wt%  metal silicide) showed very low
capacities at the high cycle rates (44 and 15 mA h g−1 at 10.0 and
20.0 C, respectively). Based on Eq. (1) and the experimental data
(specific discharge capacity measurements of wtSi and wtMS at dif-
ferent cycle rates) of Fig. 5b, the results given in Fig. 5c and d were
obtained. These plots show the influence of metal silicide formation
on overall specific capacity. An anode material with 50 wt% metal
silicide, for example, reduces about half of the overall capacity of sil-
icon nanowire-based anodes (∼100 wt% SiNWs) (Fig. 5c). Although
Fig. 5c uses only two experimental conditions of silicide forma-

tion (specific capacities for 0.6 and 100 wt%  metal silicide) at each
cycle rate and the specific capacities were linearized, we verified
the predicted data is in good agreement with the experiment data
for the measured specific capacity at 40 wt% metal silicide and 0.5 C
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Fig. 5. The effect of metal silicide formation on silicon nanowire-based lithium-ion battery anode capacity. (a) Voltage and current signals of wtSi during charge and discharge.
The  sample was  cycled at increasing rates of 0.05, 0.1, and 0.25 C for the first 3 cycles and then the rate was increased by 0.25 C for successive cycles until the rate of 20.0 C
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aken in the second cycle (filled circle in Fig. 5c). As is illustrated in
he contour plots of Fig. 5d, minimizing the metal silicide forma-
ion not only enhances overall specific capacity but also improves
he rate capability. For example, the discharge capacity of a sample
33 wt% SiNWs and 67 wt% metal silicide) reached 1500 mA  h g−1 at
ow cycle rate of 0.1 C. However, once we minimize the metal sili-
ide formation close to zero, the specific capacity of 1500 mA  h g−1

as achieved at 14.0 C (Fig. 5d).

. Conclusion

Here we have demonstrated that the effect of metal silicide
ormation on the rate capability and overall specific capacity of
ilicon nanowire-based Li ion anodes grown on stainless steel sub-
trates using a CVD processing. The metal silicide forms during the
VD process for SiNW growth at high temperature and reduces
verall specific capacity. The performance of a silicon nanowire-
ased lithium-ion battery anode is shown to be greatly improved
y optimizing the SiNW growth temperature to minimize metal
ilicide formation. Minimizing silicide formation shows that sili-
on nanowires not only have enhanced the overall specific capacity
rom that previously reported, but also that charge–discharge rate
apacities are significantly increased. These results demonstrate
he important role of nanomaterials synthesis (e.g., purity issue) for
he design of high performance batteries implemented by nanos-
ructured silicon and/or silicon-based composite anodes.
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