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Spontaneous Chemical Vapor Growth of NiSi Nanowires
and Their Metallic Properties**
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One-dimensional metallic nanostructures offer challenging
opportunities to investigate their possible applications as in-
terconnects in electronic circuitry[1] and as field emitters in
field emission displays.[2] In particular, metallic silicide nano-
wires are promising candidates, because their growth can be
easily integrated with silicon processing technology.[3–5] In-
deed the synthesis of single-crystalline, transition metal sili-
cide nanowires, such as TaSi2,[6] e-FeSi,[7] and CoSi,[8] has been
recently reported using diverse methods. The synthetic meth-
ods employed involve relatively high temperature process-
es,[6–8] and may not be compatible with the low temperature
processes required for their practical applications into elec-
tronic and display devices. In contrast, single-crystalline Ni-si-
licide nanowires, which have been experimentally verified to
possess intrinsically low resistivity at low dimensions com-
pared with the others,[3] can be processed at relatively low
temperatures, thus can provide practical advantages. For ex-
ample, Wu et al.[3] reported highly metallic properties of sin-
gle-crystalline NiSi nanowires fabricated by a solid-state reac-
tion at 550 °C between individual Si nanowires and Ni
overshells. Here a simpler and controlled synthesis at low
temperatures (∼400 °C) is reported, where single-crystalline
NiSi nanowires spontaneously grow by SiH4 chemical vapor
deposition (CVD) on Ni thin films predeposited on various
substrates, such as SiO2/Si, quartz, and indium tin oxide (ITO)
substrates. In fact, the Ni-catalyzed vapor phase thin film

deposition has been previously investigated for applications
into Si microelectronics and photovoltaics.[9,10] Specifically,
the dimensionality of the Ni-silicides have been reproducibly
directed from thin films to single-crystalline nanowires, as well
as their phases, by fine-tuning of growth parameters during
CVD of a SiH4 gas precursor on predeposited Ni thin films. It
is noted that Decker et al.[4] and Kim et al.[11–13] recently re-
ported similar Ni-silicide nanowire growth by CVD and sput-
tering, however, the detailed growth mechanism, which is the
main focus of this study, is unavailable to date. Here, by pro-
viding close observations of the morphological and phase evo-
lution of Ni-silicide nanowires under optimized growth condi-
tions, the spontaneous nanowire growth mechanism is
discussed based on one-dimensional nucleation and growth of
NiSi at a low supersaturation limit along with one-dimen-
sional Ni diffusion during the chemical vapor reaction. Single-
crystalline NiSi nanowires in this study exhibit typical metallic
behaviors, and show promising field-emission properties. It is
suggested that our simple method to spontaneously grow NiSi
nanowires at low temperatures can provide a practical strat-
egy to fabricate metallic nanostructures based on bottom-up
synthetic approaches.

Our synthetic approach employs the Ni-catalyzed decompo-
sition of SiH4,[14] which can occur well below the thermal de-
composition temperature of SiH4 at above 600 °C. Thermally
evaporated Ni thin films of 60–80 nm in thickness are used.
During the CVD of SiH4 within the wide range of precursor
partial pressures and growth temperatures of 10–100 torr and
250–600 °C, the reaction produces either Ni-silicide thin films
or nanowires of various phases. Figure 1 illustrates the evolu-
tion of the morphology and the phases of Ni-silicides, grown
at 250, 400, and 600 °C at 50 torr of SiH4, with the correspond-
ing scanning electron microscopy (SEM) images, X-ray dif-
fraction (XRD), and element depth profiling by Auger spec-
trometry. Within the entire growth range, Ni-silicide thin films
have been commonly formed on the substrates; however, the
surface morphology of the Ni-silicide thin films has been mod-
ified from planar sheets to nanowires, as well as phases in
Ni-to-Si stoichiometry. The observations from Figure 1 are
summarized in the following within the framework of SiH4 va-
por–Ni solid reactions, where SiH4 decomposition and solid
Ni diffusion are both thermally activated. First, at 250 °C, the
catalyzed decomposition of SiH4 and the Ni out-diffusion
from the pre-deposited Ni thin films are not sufficient to turn
the Ni film into a Ni-silicide thin film during the reaction, and

C
O

M
M

U
N

IC
A
TIO

N

Adv. Mater. 2007, 19, 3637–3642 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3637

–
[*] Prof. M. H. Jo, C. J. Kim, K. Kang, Y. S. Woo, K. G. Ryu

Department of Materials Science and Engineering
Pohang University of Science and Technology (POSTECH)
San 31, Hyoja-Dong, Nam Gu, Pohang, Gyungbuk 790-784 (Korea)
E-mail: mhjo@postech.ac.kr
H. S. Moon, J. M. Kim, D. S. Zang
Samsung SDI Coporate R&D Center
428–5, Gongse-Ri, Geheung-Eup, Yongin-Si, Geonggi-Do 449-577
(Korea)

[**] This work was supported by the Nano R&D Program through the
Korea Science and Engineering Foundation (2007-02864), the Korea
Foundation for International Cooperation of Science & Technology,
(KICOS) through a grant provided by the Korean Ministry of Science
& Technology (MOST) in 2007 (No. K20716000006-07A0400-00610),
the Korean Research Foundation Grant MOEHRD (KRF-2005-005-
J13103), the “System IC 2010” project of the Korean Ministry of
Commerce, Industry and Energy, and the POSTECH Core Research
Program.



consequently it only forms a very thin NiSi
overlayer on the Ni thin films. Meanwhile, at
600 °C, the decomposition of SiH4 and Ni diffu-
sion is sufficient or even excessive, and as a re-
sult the reaction forms 470 nm thick films of
various Ni-silicide phases, which include both
Ni-rich and Si-rich Ni-silicides. Lastly, Ni-sili-
cide nanowires are formed at the surface dur-
ing the reaction at around 400 °C, and they ap-
pear to be a NiSi phase on top of a Ni-rich
phased film of 200 nm in thickness.

The spontaneous growth of Ni-silicide nano-
wires at 400 °C can be adapted to grow on
other transparent substrates. Figures 2a–c show
representative plan-view SEM images of Ni-si-
licide nanowires grown on SiO2/Si, quartz, and
ITO substrates, and essentially the same
growth characteristics as seen in Figure 1 are
observed, although the nanowire density is not
optimized in each case. The synthesized nano-
wires typically range from 20 to 50 nm in diam-
eter with a length of above 20 lm. Transmis-
sion electron microscopy (TEM) images of
Figures 2d–f demonstrate that the nanowires
are single-crystalline NiSi, i.e., the lattice spac-
ing of 0.2 nm corresponds to that of (210)
planes of NiSi, despite that the crystallographic
orientation along the wire axis differs from
nanowire to nanowire. The energy dispersive
X-ray (EDX) spectra measured in various
spots on individual nanowires (Fig. 2f) also
confirms that the relative composition of Si and
Ni is almost 1 : 1, i.e., they are NiSi nanowires.

Electrical resistivity of individual NiSi nano-
wires was measured by two-terminal configura-
tions by applying direct current (DC) voltage
from Ni/Au contacts across the individual
nanowires, as representatively seen in the inset
of Figure 3a. Figure 3a shows the typical cur-
rent–voltage characteristics of a NiSi nanowire
of 20 nm in diameter, from which the resistivity
is calculated to be about 2.86 mX cm at 300 K.
The maximum current that flows though this
nanowire is 106 lA at 2.1 V, which corresponds
to a current density of 3.4 × 107 A cm–2. The
measured resistivity is higher than the lowest
value of 10 lX cm of NiSi thin films and nano-
wires measured with four-probe configurations,
which can preclude contact resistance.[3,15,16] At
the moment the relatively higher resistivity of
the NiSi nanowires reported here are currently
under investigation. Nevertheless, as in Fig-
ure 3b, the measured resistivity linearly de-
creases with decreasing temperature down to
77 K, as is typically expected for a metal. As for
the practical application of the metallic proper-
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Figure 1. The evolution in the morphology and the phase of Ni-silicides grown at different
temperatures on SiO2/Si substrates. The first row shows plan-view and cross-sectional
SEM images of: a) pre-deposited Ni films, b) Ni-silicide thin films grown at 250 °C, c) Ni-
silicide nanowires grown at 400 °C, and d) Ni-silicide thin films grown at 600 °C. The corre-
sponding XRDs and elemental profiles by Auger spectrometry of (b) (c) and (d) are in the
second and third row, respectively. The plan-view of (b) is slightly tilted for clarity.



ties of the NiSi nanowires, they have been characterized for
their field-emission properties based on square-shaped sam-
ples grown on SiO2/Si and ITO substrates of 0.7 × 0.7 cm2 in
area in a vacuum of 1 × 10–7 torr, as shown in the inset of Fig-
ure 4a. In both cases, the underlying Ni-silicide thin films
were used as cathode contacts. Figure 4a shows the current
density (J) versus the applied electrical field (E) between the
anode and the cathode. The turn-on field for field-emission is
defined as the value of the applied voltage to produce
10 lA cm–2, and they all fall in the values below 3–4 V lm. Al-
though the values reported here are higher than the lowest
values reported for carbon nanotube strands, they are still
lower than those recently reported for silicon[17] and other sili-
cide nanowire emitters.[18,19] The quantitative degree of the lo-
cal field enhancement from the emission tip geometry can be
often assessed by the linear fit to the ln (J/E2) – (1/E) relation
based on the Fowler–Nordheim tunneling emission, expressed
by J = (AbE2/U)exp(–BU3/2/bE), where b is the field enhance-

ment factor, U is the work function of the emitter, and A and
B are constants. The relation of ln (J/E2) – (1/E) in the SiNi
nanowire emitters, as in Figure 4b, is linearly fitted in the
emission region with U = 4.7 eV of NiSi, and the value of b is
extracted to be 2200, which is higher than other nanowire
emitters, such as Si nanowires,[17] TaSi2 nanowires,[6] and oxide
nanowires.[20,21]

A growth mechanism for the NiSi nanowires in the context
of chemical vapor reactions based on the experimental obser-
vations of this study is presented. Specifically, the morphologi-
cal evolution of the synthesized NiSi nanowires is discussed
with respect to the role of Ni as a self-catalyst and a diffuser
during the reaction, when the degree of supersaturation of Si
vapor is closely controlled near the optimum nanowire syn-
thesis conditions. Figures 5a–c show the morphological
changes of the NiSi nanowires when the pressure is varied
slightly near the optimum conditions of 50 torr of SiH4 at a
constant temperature of 400 °C. When the SiH4 pressure in-
creases from 50 to 75 and 100 torr, the nanowires are not
clearly separated from one another and rather form a dendrit-
ic structure. As has been reported in several nanowire synthe-
ses that employ vapor phase reactions, the relatively low
supersaturation degree favours one-dimensional morpholo-
gies because of the limited nucleation sites, whereas the rela-
tively higher supersaturation leads to a bulk morphology be-

C
O

M
M

U
N

IC
A
TIO

N

Adv. Mater. 2007, 19, 3637–3642 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.advmat.de 3639

Figure 2. Plan-view SEM images of Ni-silicide nanowires grown on:
a) SiO2/Si substrates, b) quartz, and c) ITO substrates. TEM images of
Ni-silicide nanowires at different magnifications in (d) (e) and (f) show
the nanowires are single-crystalline NiSi.
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Figure 3. a) The current–voltage characteristics of an individual NiSi
nanowire by two-probe configurations, as shown in the SEM image in the
inset. b) The resistivity normalized with that measured at room 300 K as
a function of temperature down to 77 K.



cause of homogeneous nucleation in the vapor phase.[22–25]

Provided that the SiH4 pressure is the measure of supersatura-
tion of the gaseous Si phase during the reaction and the Ni
diffusion is constant at a fixed temperature, the above obser-
vation can be understood with the prevailing role of supersa-
turation on the morphological determination. That is, the rela-
tively low supersaturation at the low pressure favours the
formation of a nanowire morphology as in Figure 5a, over the
dendritic morphology at the relatively high supersaturation of
high pressures as in Figures 5b and c. A similar morphological
variation can be clearly observed in the sequence of Fig-
ures 5d–f, when the growth temperature increases from 350 to
400 and 450 °C. Short nanowires, scarcely formed on the
rough surface of Ni-silicide thin films at 350 °C, increase their
spatial density and length at 400 °C, and finally form a den-
dritic structure at 450 °C. Since Ni-catalyzed decomposition of
SiH4 is known to be thermally activated in this temperature
range,[5] the structures observed in Figures 5d–f can be in-
ferred from the fact that the higher temperature promotes the
higher supersaturation, as discussed above.

In the solid-solid reactions of Ni and Si at the intermixing
interface, it is generally accepted that the reaction is diffu-
sion-limited and Ni is the faster diffuser.[5,26] Ni diffusion oc-

curs through preformed silicide layers, thus the various silicide
phases form sequentially starting from Ni-rich phases to Si-
rich phases.[5,25] A similar observation has been made in the
case of the Ni-catalyzed Si crystallization from Si vapor.[9] It is
noted that this is also consistent with the observations of Fig-
ure 1, in which Ni-diffusion is thermally activated in the tem-
perature range from 250 to 600 °C. Figure 6 shows the compo-
sition gradient in individual nanowires of Figure 5a,
determined from the EDX spectra probed by the convergent
electron beam along the entire nanowire, as also summarized
in Table 1. It is observed that Ni is gradually depleted at the
top end of the nanowires (marked as ‘d’ and ‘e’) over several
hundreds of nanometers in length, whereas it is more accumu-
lated at the bottom (marked as ‘a’ and ‘b’), which is attached
to the rumps over a similar length scale. The majority of the
middle regions in the nanowire (marked as ‘c’) over several
micrometers have a Ni-to-Si stoichiometry of approximately
1 : 1. The results suggest that Ni is supplied to the reaction
front by one-dimensional diffusion across the several Ni-sili-
cide phases within the nanowires as well as silicide thin films
underneath, and catalytically reacts with the SiH4 vapor to
form Ni-silicides.

It is of particular interest to investigate the epitaxial and
morphological relationship in the growth of NiSi nanowires
on Ni-silicide thin films. Recent studies on the growth of sili-
cide nanowires suggest that one-dimensional growth occurs
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Figure 4. The field emission current versus the applied electrical field
measured in a vacuum of 1 × 10–7 torr from a Ni-silicide nanowire sample
grown on SiO2/Si and ITO substrates. The sample is square-shaped and
0.7 × 0.7 cm2 in area, and the distance between the cathode and the an-
ode is 450 lm.

Figure 5. The morphological evolution of Ni-silicide nanowires near the
optimum conditions, when the pressure varies from a) 50, b) 75, and
c) 100 torr of SiH4 at a constant temperature of 400 °C. A similar trend is
observed for the growth temperature changes from d) 350, e) 400, and
f) 450 °C at a constant pressure of 50 torr of SiH4.



on the top of islands because of thermodynamic energy mini-
mization.[4,6,11–13] It has also been long suggested that the one-
dimensional growth proceeds by axial screw dislocation[27]

during the vapour condensation. In this study, however, a uni-
fied morphological relationship during the initial stages of
nanowire growth has not been observed, as typically shown in
Figure 7, where NiSi nanowires grow out from either the top

or the valley of islands. The exact relation between the micro-
scopic surface morphology and the one-dimensional nuclea-
tion/growth requires further investigation.

In summary, a simple chemical vapor growth of single-crys-
talline NiSi nanowires at 400 °C is demonstrated. One-dimen-
sional growth of NiSi in our study can be understood based on
the combination of the control of supersaturation of SiH4 and
Ni diffusion, which are both thermally activated. Specifically,
observations of the nanowire growth are discussed based on
limited nucleation at low supersaturation degree during the
reaction and one-dimensional Ni diffusion. The NiSi nano-
wires synthesized here exhibit typical metallic properties and
promising field-emission properties. The simple and low tem-
perature synthesis of single-crystalline NiSi nanowires in this
study can provide interesting strategies to fabricate metallic
nanostructures for their possible applications as interconnects
in Si microelectronics and field emitters in field emission dis-
plays.

It is noted that during the submission of this Communica-
tion, Song et al. reported a synthesis of Ni2Si nanowires by va-
por transport using Ni2Si powders.[28]

Experimental

Single-crystalline NiSi nanowires were synthesized by CVD using a
SiH4 gas precursor on pre-deposited Ni films. Ni thin films were pre-
pared by thermal evaporation of Ni with a nominal thickness of
60–80 nm on SiO2/Si (100) substrates, as well as quartz and ITO sub-
strates at room temperature. Hot-wall CVD growth was carried out in
a quartz tube under a 50 sccm flow of SiH4 (specifically, 10 % SiH4

premixed in H2) for 15 min at various temperatures. The effects of the
growth temperature and the SiH4 partial pressure on the optimum
growth of NiSi nanowires was investigated, where they varied from
250 to 600 °C and 10 to 100 torr, respectively. The Ni-silicide nano-
wires were characterized by SEM for their morphology, and by TEM
and EDX for their crystallinity and composition. Two-terminal elec-
trical transport measurements were performed on individual NiSi
nanowires under vacuum at various temperatures, where electrical
contacts were defined by e-beam lithography and the Ni/Au
(30/100 nm) lift-off. The electron field-emission from the NiSi nano-
wires was measured using as-grown, square-shaped samples of
0.7 × 0.7 cm2 in a vacuum of 1 × 10–7 torr by applying a DC voltage
across the distance of 450 lm between the anode and the cathode.
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Figure 6. The composition gradient in individual nanowires of Figure 5d,
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tends to 15 lm is not shown, because of the scale of the image.

Figure 7. SEM images of the initial stages of Ni-silicide nanowires, where
the nanowires grow out from either the top of islands or the valley of is-
lands of thin films.
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