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ABSTRACT

We report a controllably reproducible and spontaneous growth of single-crystalline NiSi x nanowires using NiO x/Ni seed layers during SiH 4

chemical vapor deposition (CVD). We provide evidence that upon the reactions of SiH 4 (vapor) −Ni seed layers (solid), the presence of the NiO x

overlayer on Ni seed layers plays the key role to promote the spontaneous one-dimensional growth of NiSi x single crystals without employing
catalytic nanocrystals. Specifically, the spontaneous nanowire formation on the NiO x overlayer is understood within the frame of the SiH 4

vapor-phase reaction with out-diffused Ni from the Ni underlayers, where the Ni diffusion is controlled by the NiO x overlayers for the limited
nucleation. We show that single-crystalline NiSi x nanowires by this self-organized fashion in our synthesis display a narrow diameter distribution,
and their average length is set by the thickness of the Ni seed layers. We argue that our simple CVD method employing the bilayers of
transition metal and their oxides as the seed layers can provide implication as the general synthetic route for the spontaneous growth of
metal −silicide nanowires in large scales.

In the catalyst-assisted syntheses of one-dimensional nano-
crystals, the metal catalytic nanoparticles are the prerequisites
for the dimensionally confined nucleation and the subsequent
one-dimensional crystal growth.1,2 By serving as alloy
liquids1,2 or solid solutions,3 these metal catalytic nanopar-
ticles mediate the catalytic crystallization by providing lower
activation energy for given reactions at lower temperatures
than the melting points of given crystals. By contrast, the
synthetic routes for nanowires without the presence of the
metal nanoparticles can be also available,4,5 and one class
of such examples recently investigated is the vapor-phase
syntheses of various silicide nanowires. Although the first
synthesis of silicide nanowires were prepared by solid-state
reactions between individual Si nanowires and thin Ni
overshells,6 several vapor-phase synthetic routes to spontane-
ously form various single-crystalline silicide nanowires have
been recently reported.7-14 These spontaneous growth meth-
ods for various silicide nanowires can be classified into two
schemes: the first scheme employs silicon vapor deposition
on transition-metal thin films,7-9 and the second involves
variousmetal-vapor-phasereactionswithsiliconsubstrates.10-14

Therein they commonly observed the one-dimensional
crystallization of silicides without the presence of the
catalytic metal nanoparticles self-seeded from the metal or
Si thin films. We have also demonstrated that one can direct

the dimensionality of NiSix from thin films to nanowires on
predeposited Ni thin films during SiH4 chemical vapor
deposition (CVD) in the low supersaturation limit of SiH4

vapors.9 Such one-dimensional crystal growth via self-
catalytic vapor-solid reactions using a simple SiH4 CVD
on the metal surfaces is an interesting scheme, particularly
because it can offer practical advantages to produce single-
crystalline nanowires in large scales using conventional Si
processing techniques to be easily integrated into Si-based
electronics. Nevertheless, the growth mechanism of this
spontaneous nanowire formation is not well understood, and
it is mainly because controllably reproducible synthetic
methods are not available to date. Here, we provide
experimental evidence that the presence of the oxide over-
layer on Ni seed layers significantly promotes the spontane-
ous one-dimensional growth of NiSix single-crystals in a
robustly reproducible manner. Specifically, the spontaneous
nanowire growth on the NiOx overlayer in this study is
understood with the SiH4 vapor-phase reaction with Ni out-
diffused from the Ni underlayer, where the Ni supply is
controlled by NiOx for the limited nucleation during the
SiH4-Ni reactions. We also show that single-crystalline NiSix

nanowires by this self-organized manner display a narrow
diameter distribution and a defined length distribution set
by predeposited Ni thickness.

We start off our syntheses with thermally evaporated Ni
thin films of 80 nm in thickness on SiO2/Si substrates. The* Corresponding author. E-mail: mhjo@postech.ac.kr.
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Ni thin films are subsequently loaded into a quartz-tube
furnace, where we carry out CVD of SiH4 (specifically, 10%
of SiH4 diluted in high purity H2) below the thermal
decomposition temperature of SiH4. Figure 1a shows the
schematics of our syntheses; the furnace temperature was
raised to the growth temperature of 400°C, and the thermally
evaporated Ni films were annealed in the presence of various
gases such as H2, N2, or O2 for 10 min before each SiH4
CVD process. Figure 1b-d is the representative plan-view
of scanning electron microscope (SEM) images of the
reaction products using 50 Torr of SiH4 at 420°C for 15
min on annealed samples in H2, N2, or O2 for 10 min,
respectively. Our synthetic approach exploits Ni-catalyzed
decomposition of SiH4, which can occur well below the
thermal decomposition temperature of SiH4 at above 600°C,15

and from all the samples we commonly identified the
formation of NiSix phases on the surfaces. Interestingly,
however, we found the significantly distinctive surface
morphologies of NiSix from different gas-annealing proce-
dures before the SiH4 CVD. In particular, we observed a
high density of NiSix nanowires from the O2-annealed sample
with the remarkable contrasts from the H2-annealed sample
with NiSix planar sheets along with large NiSix grains. The
N2-annealed sample displays mixed features with large grains
of NiSix and few embryonic nanowires. We emphasize here
that these growth characteristics per different gas-annealing
processes are robustly reproducible, and with the presence

of Ni oxide overlayers we observed this spontaneous
nanowire growth regardless of the choice of substrates we
employed, such as glass and indium tin oxides. The
transmission electron microscope (TEM) images in Figure
1e-g demonstrate that the nanowires are single-crystalline
NiSix, and this particular nanowire shows the [100] crystal-
lographic orientation of Ni2Si along the wire axis, despite
that the crystallographic phases and the growth orientation
differ from nanowire to nanowire. We analyzed four
representative nanowires with electron diffraction patterns
and found three out of four were Ni2Si phases and the other
was a NiSi phase; also, see Supporting Information (S1 and
S2) for more thorough TEM diffraction analyses along with
their high-resolution images. From many nanowires as
typically shown in Figure 1f, we found that the acute-angled
tips without the presence of any catalyst tip at the end of
the nanowires that is the typical characteristic of the catalytic
nanowire syntheses.1 The average diameters of the synthe-
sized nanowires are typically ranged from 10 to 15 nm in
diameter with a relatively narrow distribution, as shown in
the inset of Figure 1e.

The most prominent feature in Figure 1b-d (that whether
the reaction products of NiSix are sheets or nanowires) can
be inferred from the modification of the chemical state of
Ni surfaces during the H2- and O2-annealing steps. The
chemical states of the Ni surfaces at atmospheric conditions
have been extensively investigated for its wide use as

Figure 1. (a) The schematics of the spontaneous nanowire growth in this study.(b-d) The representative SEM images of the reaction
products on H2-, N2-, and O2-annealed samples, respectively. The scale bar is 1µm. (e) TEM image of an individual NiSix nanowire.
Nanowires in the inset exhibit a relatively uniform distribution of diameters. The scale bar is 100 nm.(f,g) High-resolution TEM images
of panel e at the different locations marked with circles, showing the crystal orientation along the length is [100]. The acute-angled tip at
the end of the nanowires shows the absence of any catalyst tip. The scale bar is 3 nm.
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catalysts,16 and in our synthesis procedure we identified it
covered with the native oxide of Ni by secondary ion mass
spectrometer (SIMS). The O2 annealing for 10 min further
oxidizes Ni surfaces by a significant amount and leaves its
oxide of 20-30 nm in thickness, as verified by SIMS in
Figure 2f; note that the estimated thickness from SIMS data

is only provisional due to rough surfaces and interfaces and
thus roughly represents the upper limit. To the contrary,
during the H2 annealing the native oxide is reduced by H2,
which is also very well known,16 and the bare Ni surfaces
are exposed to SiH4 vapors during the subsequent CVD
growth; see also Supporting Information (S5). We also note

Figure 2. Series of plan-view SEM images of samples where the NiOx thickness varies by oxidizing the 80 nm thick Ni thin films for (a)
1, (b) 10, (c) 30 and (d) 60 min at 100 Torr of O2, respectively. The scale bar is 1µm. (e-h) The corresponding series of secondary ion
mass spectrometer depth profiles before the nanowire growth, respectively.
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that there is a persistent reducing agent of H2 during the CVD
growth as well, because our SiH4 process gas is 10% diluted
in H2. Thus, it is clear that the spontaneous nanowire growth
in our observations is directly related to the presence of Ni
oxide overlayers on Ni surfaces. To this end we further
investigated these unique growth characteristics around the
critical role of the NiOx/Ni seed layers. Specifically, we then
carried out the NiSix nanowire growth varying the thickness
of NiOx overlayers and Ni seed layers independently with
the close observations of the nanowire density and the
average length. Figure 2a-d shows a series of SEM images
of samples where the NiOx thickness varies by oxidizing the
80 nm thick Ni thin films for 1, 10, 30, and 60 min at 100
Torr of O2, respectively. As verified in Figure 2e-h, the
corresponding series of SIMS depth profiles before the
nanowire growth indeed show that the thickness of NiOx

increases by increasing oxidation time. We also note that
there is significant intermixing of Ni and SiO2 increasing
NiOx upon longer oxidations. Interestingly, we found that
the maximum density of nanowires is achieved by 10 min
oxidation, and the O2 annealing below and above 10 min
significantly reduces the nanowire density. In fact, only the
short nanowires with a scarcely scattered density are observed
from both the samples of thinner or thicker NiOx films by
shorter or longer oxidation than 10 min. In turn, Figure 3a-d
shows the growth characteristics when varying the thickness
of Ni seed layers oxidized for the constant period of time of
10 min, followed by 30 min SiH4 CVD. The density and
length of NiSix nanowires are strongly dependent on the Ni
thickness as well; they linearly increase upon increasing Ni
thickness from 5 nm up to 80 nm. However, we have not
observed much difference in the density and length of NiSix

nanowires when the Ni thickness is above 80 and up to 300
nm; see also Supporting Information (S4). Considering the

10 min oxidation forms the NiOx overlayers of 20-30 nm
in thickness, as shown in Figure 2b,f, we speculate that Ni
thin films in the samples of Figure 3a,b are almost fully
oxidized with little content of pure Ni upon the SiH4 CVD.
We have only observed that the short nanowires with a small
density are present in the samples of thinner Ni films than
10 nm, and that the density and the length of these nanowires
remain almost constant even for the longer growth time.

On the basis of our experimental observations, we now
further discuss the growth behavior of NiSix nanowires in
the context of vapor (SiH4) solid (Ni) reactions, around the
role of NiOx overlayers in particular. The importance of
oxides was pointed out in earlier reports of several silicide
nanowires13,17,18 and Si nanowires19 by vapor transport
syntheses where highly reactive oxide species might act as
catalysts. In our study, however, the oxides are rather too
thick for any catalytic function and we do not see any direct
relevance to our case. Our observations that the NiSix

nanowire density is maximized at a certain thickness of NiOx

can be summarized into at least two rationales; first the NiSix

nanowires in our synthesis tend not to grow on stand-alone
NiOx seed layers, and second the appropriate condition for
the spontaneous nanowire growth requires a combination of
NiOx/Ni seed layers, where the NiOx thickness should be
optimized on the top of Ni underlayers. The chemical
reactions to produce NiSix nanowires in our synthesis may
involve multiple reactions due to the presence of both NiOx

and Ni in series, and the complications of their silicidations.
For simplicity, two plausible reaction paths can be surmised
here as

and/or

Figure 3. Series of plan-view SEM images of samples where the Ni underlayer thickness of(a) 5, (b) 10, (c) 50, and(d) 80 nm are
oxidized for the constant period of time of 10 min. The scale bar is 1µm.

SiH4 (g) + Ni (s) f NiSi (s) + 2H2 (g) (1)
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SiH4 (g) is 10% diluted in H2, therein. Whether Ni is
originally supplied from the surface NiOx layers by H2

reduction or the Ni seed layers underneath cannot be directly
determined. Nevertheless the observation that NiSix nanow-
ires do not spontaneously grow on thicker NiOx overlayers
on Ni or stand-alone NiOx layers suggests that they are
produced by the reaction of gas-phase SiH4 with Ni supplied
from the Ni layers. This is also consistent with our observa-
tions that the length of NiSix nanowires remains constant
for the extended growth time up to 30 min in the samples of
the very thin Ni (below 15 nm), which can be inferred to
the fact that the Ni supply from the Ni seed layers is depleted
due to the finite amount. Otherwise, we would expect that
nanowires grow longer with a higher density by consuming
Ni reduced from NiOx during the reaction. Indeed, we
verified that the length of NiSix nanowires can be determined
with the preset amount of Ni seed layers, as shown in Figure
4. With the 5 min growth from the NiOx/Ni seed layers,
where the Ni thickness varies from 5 to 80 nm, the average
nanowire length proportionally increases, as in Figure 4a.
We comment here that for the longer growth than 5 min on
the thicker Ni samples above 15 nm the nanowire length is
typically above few microns at a very higher density, and it
is technically impossible to statistically measure their length
distribution with SEM images. Instead, when the Ni thickness
is below 15 min the average nanowire length is measurable,
and we observed that the nanowire length starts to saturate
for the longer growth, as shown in Figure 4b. We also found
that with increasing Ni thickness from 5 to 10 and 15 nm,
the length of nanowires saturates at the longer length. In the
solid-solid reactions of Ni and Si at the intermixing
interfaces, it is generally accepted that the reaction occurs
by thermally activated diffusion of Ni and Si, and Ni is the
faster diffuser.20,21 Ni diffusion through NiOx is well under-
stood and it occurs via the O vacancies in the NiOx lattices,
and it can also migrate via grain boundaries or dislocations
in NiOx at elevated temperatures.22 The cross-sectional TEM
images of NiOx/Ni layers prepared by 10 min oxidation in
Figure 5 shows that NiOx layers are polycrystalline with
irregular grains of few nanometers in size. In our synthesis,
it is therefore reasonable to conclude that the surface reaction
of out-diffused Ni from Ni seed layers with SiH4 vapor is
responsible for the spontaneous growth of NiSix nanowires.
We speculate that the limited diffusion pathways of Ni in
NiOx are further developed during the SiH4 CVD growth as
a result of NiOx reductions by H2 that is supplied both from
the reactions of (1) and (2), and/or the background H2 of
SiH4 precursors; see also Supporting Information (S3 and
S6).

In vapor-phase syntheses of various nanowires, the relative
low supersaturation degree in the vapor-phase favors one-
dimensional morphologies due to the limited nucleation,
whereas the relatively higher supersaturation leads to the bulk
morphology due to the homogeneous nucleation.4 This
growth behavior is indeed observed in our previous report
on the SiH4 (g)-Ni (s) reactions, where we have observed
the spontaneous NiSi nanowire growth in the low super-

saturation degree in the vapor-phase of SiH4 on bare Ni thin
films.9 Whereas the present study provided that Ni for the
SiH4 (g)-Ni (s) reactions is supplied from the Ni layers
underneath the NiOx overlayers, the role of polygrained NiOx

overlayers in our synthesis can be regarded as a diffusion
barrier to kinetically and spatially control the out-diffusing
Ni supply from Ni films underneath at a given thickness.
Then the spontaneous nanowire formation can be understood
with the unique role of NiOx on the limited nucleation by
controlling the limited diffusion supply of Ni at an optimally
low supersaturation of solid-phase Ni for the vapor-solid
reactions. On the other hand, the thin film morphology of
NiSix is preferred at the relatively high supersaturation of
Ni by unlimited Ni supply across the minimum thickness of
NiOx, as shown in Figure 2a, or from the highly H2-reduced
surface, as shown in Figure 1b.

In summary, we report a controllably reproducible and
spontaneous growth of single-crystalline NiSix nanowires by
SiH4 CVD on NiOx/Ni seed layers without employing
catalytic nanocrystals. We show experimental evidence that
the presence of the NiOx overlayer on Ni seed layers is
critical to promote the one-dimensional growth of NiSix

single crystals in a self-organized manner during the SiH4-
Ni reactions. Specifically, we discussed the roles of the NiOx

overlayers on the top of the Ni seed layers for the spontane-

SiH4 (g) + 2Ni (s) f Ni2Si (s) + 2H2 (g) (2)

Figure 4. (a) Variation of the NiSix nanowire lengths for the 5
min growth when varying the thickness of the Ni underlayers from
5 to 80 nm. (b) Variation of the NiSix nanowire lengths on the 5,
10, and 15 nm thick Ni when varying the growth time up to 30
min. Dotted lines are guides for clarity.
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ous growth of NiSix nanowires as the diffusion barrier for
the kinetically and spatially limited Ni supply for the reaction.
Then the spontaneous nanowire formation can be understood
with the limited nucleation during the vapor-solid reactions
in the low supersaturation limit of the solid-phase of Ni
controlled by NiOx. We argue that our synthetic method,
employing the bilayers of transition metal and their oxides
as the seed layers, provide implication for the spontaneous
growth of metal-silicide nanowires in general.
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Figure 5. Cross-sectional TEM images of 10 min oxidized Ni
layers. (a) Energy dispersive X-ray data across the NiOx/Ni interface
is overlaid on the scanning TEM image. The scale bar is 50 nm.
(b-d) TEM images at different magnifications of different spots
from panel a. The scale bar of panel b is 20 nm, and the scale bar
of panels c and d is 5 nm.
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