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ABSTRACT Forming functional circuit components in future nanotechnology requires systematic studies of solid-state chemical
reactions in the nanoscale. Here, we report efficient and unique methods, point and line contact reactions on Si nanowires, fabricating
high quality and quantity of multiple nanoheterostructures of NiSi/Si and investigation of NiSi formation in nanoscale. By using the
point contact reaction between several Ni nanodots and a Si nanowire carried out in situ in an ultrahigh vacuum transmission electron
microscopy, multiple sections of single-crystal NiSi and Si with very sharp interfaces were produced in a Si nanowire. Owing to the
supply limited point contact reaction, we propose that the nucleation and growth of the sugar cane-type NiSi grains start at the middle
of the point contacts between two Ni nanodots and a Si nanowire. The reaction happens by the dissolution of Ni into the Si nanowire
at the point contacts and by interstitial diffusion of Ni atoms within a Si nanowire. The growth of NiSi stops as the amount of Ni in the
Ni nanodots is consumed. Additionally, without lithography, utilizing the line contact reaction between PS nanosphere-mediated Ni
nanopatterns and a nanowire of Si, we have fabricated periodic multi-NiSi/Si/NiSi heterostructure nanonowires that may enhance
the development of circuit elements in nanoscale electronic devices. Unlike the point contact reaction, silicide growth starts at the
contact area in the line contact reaction; the different silicide formation modes resulting from point and line contact reactions are
compared and analyzed. A mechanism on the basis of flux divergence is proposed for controlling the growth of the nanomultiheterostructures.
KEYWORDS Silicide nanowires, point contact reactions, in situ TEM, multiple nanoheterostructures, nanodots, nanopatterns

T

barrier field effect transistors were fabricated by Weber et
al. based on similar heterostructures.8 Additionally, nanowires of different Ni silicide phases have been synthesized,
exhibiting various remarkable properties and receiving extensive attention.5,12-14 Well-defined nanoscale building
blocks such as ohmic contacts and gates on Si nanowires
must be developed for being assembled into functional
circuit components in future nanotechnology. To form these
circuit components, it requires systematic studies of solidstate chemical reactions in the nanoscale, which, however,
are not well understood. In this work, through an in situ
ultrahigh vacuum transmission electron microscopy, we
investigated the point contact reaction between Ni nanodots
and a Si nanowire and the line contact reaction between PS
sphere-mediated Ni nanopatterns and a Si nanowire, based
on which multiple heterostructures of NiSi/Si in nanowires
were fabricated with three important features. First, the very
sharp interfaces of NiSi/Si are expected to significantly
improve interface resistivity between NiSi and Si and enhance the performance of electronic devices.15 The flatness
of the interfaces may enhance the potential applications
such as single electron transistor.16 Second, the small nanogaps of Si is another contribution to better performance of

he development of nanoscale transistors based on Si
nanowires has been widely investigated for applications in electronics and life sciences since the end of
the very large scale integration of Si-based field effect
transistors is approaching according to the semiconductor
technology roadmap.1-3 To explore the potential of Si
nanowires, the formation of silicide4-6 and, more importantly, silicide/Si heterostructure in nanowires has been
studied.7-11 The single-crystal NiSi nanowire has one of the
lowest resistivity among all silicides, and it also has the
remarkably high failure current densities and no degradation
in electrical conductivity when being scaled to ultrasmall
dimension. Therefore, the nanowire heterosturctures of NiSi/
Si/NiSi are of interest and were created by Wu et al.7 On the
basis of those heterostructures, field effect transistors were
fabricated, the source and drain contacts of which were
defined by the metallic NiSi nanowire regions.7 Schottky
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Figure 2a-c shows in situ TEM images of a set of different
sections of the multi-nanoheterostructures of NiSi/Si in a Si
nanowire formed by in situ annealing of the samples prepared with the method described in Figure 1. Neighboring
the nanoheterostructures are Ni nanodots of about 10-30
nm in diameter. On the basis of selected area diffraction
patterns, the silicides have been verified to be single crystal
NiSi. In the Si nanowire, the darker regions are NiSi, while
the lighter regions are Si. Another feature that can be noticed
is that the interfaces between NiSi and Si appear as sharp
as the atomically flat interfaces previously reported through
point contact reaction between Si nanowires and Ni
nanowires.25,26 This is because the specific axial epitaxial
relationship between NiSi and Si occurs again when we used
the same single crystal [111] Si nanowires with surface oxide
to react with Ni dots through point contact reaction.
In forming the multiple heterostructures of NiSi in Si
nanowire, it seems that the NiSi might have nucleated right
below the point contact area. However, we propose that the
nucleation occurs within the Si nanowire between two Ni
nanodots. Figure 2d is a schematic diagram depicting the
nucleation and growth of the multinano-heterostructures of
NiSi/Si. After annealing at 650 °C, Ni atoms dissolve into the
Si nanowire through point contacts between the Ni nanodots
and the wire. Since Ni atoms diffuse interstitially in Si,32 the
interstitial Ni atoms diffuse away quickly from the point
contact and lead to nucleation and growth of NiSi at about
the middle of two adjacent contact points, where a higher
concentration and supersaturation of Ni atoms is achieved
due to the fluxes of Ni atoms coming from both sides.
Subsequently, as more Ni atoms are supplied from the Ni
nanodots by dissolving into the Si, diffusing from the contact
points to the NiSi/Si interfaces, the growth of the NiSi occurs.
Owing to the limited contact area and the oxide, the flux
dissolving into the Si is small. Then the fast diffusion of Ni
away from the contact point will not lead to supersaturation
of Ni under the point of contact, so the nucleation and
growth of NiSi does not start at the point of contact. Another
reason is that it is more difficult for Ni atoms to diffuse
through silicide than through Si since the latter occurs by
interstitial diffusion. We reported before that in the point
contact reaction between Ni and Si nanowires, the growth
of NiSi starts from both ends of Si nanowires.25,26 As for the
present case of the reaction between Ni nanodots and a Si
nanowire, the growth from the both ends of a Si nanowire
is possible too; however, the nucleation at the middle of two
adjacent point contacts requires a shorter distance of diffusion of Ni atoms as compared with that at both ends.
Since the amount of Ni atoms in a Ni nanodot is very
limited, the length of the sugar cane-type NiSi grain cannot
grow very long, and the growth of NiSi grains stops when
the Ni in the Ni nanodot is completely consumed so that
multisections of nanoheterostructures can be formed. To
reconfirm that the growth is limited by the supply of Ni
atoms or not, we further annealed the sample shown in

FIGURE 1. Top view of the preparation of point contact samples
between Ni nanodots and Si nanowires. (a) Cu grid covered with a
SiO2 thin film, (b) deposition of a Ni thin film of 10 nm in thickness,
(c) annealing at 650 °C to form Ni nanodots on the SiO2 thin film,
and (d) spreading of Si nanowires on the sample.

field effect transistors and biosensing due to the corresponding shorter channel length.17 Third, the multinanogap structure may lead to fabrication of multiple electrode contacts
for complex integrated circuits of nanoscale electronic devices.18 In addition, in situ transmission electron microscopy
(TEM)19-29 was utilized to study the kinetics of reaction and
the growth mechanism of the multinanoheterostructures of
single crystal NiSi/Si in a Si nanowire is proposed. Furthermore, how to fabricate and control periodic nanostructures
remains one of the biggest challenges in today’s nanotechnology; thus, using a distinctive method we have achieved
periodic nanowire heterostructures without lithography.
Figure 1 is the schematic illustration of how the multiNiSi/Si-nanowire-heterostructures were produced. To prepare the sample, we deposited a Ni film of 10 nm in
thickness using an ultrahigh vacuum electron beam evaporator on a Cu grid covered with a 50 nm thick Si oxide film
(window). Following the deposition, the sample was annealed at 650 °C in an in situ TEM. After about half an hour
of annealing, the Ni film became Ni nanodots dispersed on
the Si oxide window due to agglomeration and reduction of
surface energy. After that, we took the sample out and
dripped droplets of the Si-nanowire-solution on it. The
sample was dried under light bulbs and then it was annealed
again in the in situ TEM at 650 °C. Now we have point
contact reactions between Si nanowires and Ni nanodots
because the contact area between them is a point region.
The Si nanowires were fabricated on a p-type Si wafer by
the vapor-liquid-solid method using Au nanodots as nucleation sites for single-crystal Si nanowires with [111] growth
direction.30,31 These nanowires with lengths of a few micrometers were ranged in diameter from 20 to 40 nm and
stored in ethanol. Also, they have a thin surface oxide about
1-5 nm thick. All the in situ annealing was conducted in a
JEOL 2000 V ultrahigh vacuum TEM with a base pressure
better than 3 × 10-10 Torr.
© 2010 American Chemical Society
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FIGURE 2. (a-c) In-situ TEM images showing the formation of multinanowire-heterostructures of NiSi/Si within a Si nanowire. The inset in (c)
is the corresponding diffraction pattern with a [113] zone axis of a NiSi grain. (d) A schematic illustration of the growth of multinanowireheterostructures of NiSi/Si within a Si nanowire.

because the contrast is only due to overlapping in vision
rather than in real contact between them for two reasons.
First, during the annealing process, some Ni nanodots were
embedded in the SiO2 film as they formed. Second, the
diameters of the Ni nanodots vary, instead of being equal.
The growth stops due to the full consumption of Ni from the
Ni nanodots, and we proposed that the formation of the
multi-nanoheterostructures of NiSi/Si in a Si nanowire is
through the point contact reaction between Si nanowires and
Ni nanodots.
The above phenomenon proves that the NiSi growth
cannot occur by surface diffusion. If so, it should have been
able to support a nonstop growth. In addition, surface
diffusion of Ni on the SiO2 surface of the Si nanowire is much
slower than the interstitial diffusion of Ni within Si.33,34
Otherwise, we expect to find ripening among the Ni
nanodots.
To confirm whether there was ripening during this experiment, we annealed the same sample at 800 °C for over
2 h, focusing on the change among the Ni nanodots. Figure
4 shows the in situ TEM images of the Ni nanodots before
and after the annealing. It turns out that no obvious ripening
was observed; neither the sizes nor the relative positions of
the Ni nanodots had changed apparently. Since the gradient
of Gibbs-Thomson potential between nanosize Ni dots is
very large, the driving force of ripening should be large.
Thus, no ripening suggests that the surface diffusion of Ni
on the Si oxide surface is very slow, and so is the surface
diffusion of Ni on the SiO2 surface of a Si nanowire. It can
be inferred that all the silicide formation in this study is

FIGURE 3. In situ TEM images of the multinanoheterostructures of
NiSi/Si within the Si nanowire. (a) Before and (b) after further
annealing of over two hours at 650 °C showing the high stability of
the heterostructures.

Figure 2 for over two hours. Figure 3 is the resultant in situ
TEM images, in which it can be seen that before and after
the annealing, there is little change on the shape, size, and
distance between the sugar cane-type silicide grains. In
addition to the several grains of NiSi shown in Figure 3, we
checked other grains of silicide in the sample; it turns out
that almost no change was observed on all of them. The NiSi
is stable at the annealing temperature; it does not grow, nor
transforms to NiSi2.
In the images, some Ni nanodots seem to have made
contact with the Si nanowire without reaction. This is
© 2010 American Chemical Society
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FIGURE 4. In situ TEM images of the stability investigation on the
Ni nanodots at the SiO2 thin film. (a) Before and (b) after annealing
of over 2 h at 800 °C.
FIGURE 6. In situ TEM image sequence of fabrication of multiple
NiSi/Si/NiSi nanowire heterostructures on a regular Ni nanopattern.

attributed to interstitial diffusion of Ni atoms inside a Si
nanowire instead of surface diffusion of Ni atoms on a Si
nanowire. While the point contact reaction between Ni and
Si nanowires is a supply limited reaction due to the very
small dissolution rate of Ni into Si at the point contact,25 we
propose that the point contact reaction between Ni nanodots
and a Si nanowire is also supply limited.
If we can prepare a regular area array of nano-Ni particles
of the same size on a surface, we can form a periodic NiSi/
Si structure in Si nanowires using the method described
above. The conduction behavior of the structure in terms of
size, dopant, and strain is of interest.
To compare with the previously discussed point contact
reaction and fabricate periodic multiple nanowire hetero-

structures, we designed and investigated the line contact
reaction between a regular Ni nanopattern and a Si nanowire, where an essential property of nanoscale chemical
reactions is that the contact between the nanopattern and
the nanowire is a line contact. Additionally, with a unique
PS nanosphere-mediated method as shown in Figure 5, the
fabrication of the regular Ni nanopattern requires no lithography. Having the special pattern reacted with a Si nanowire
enables the fabrication of periodic multiple NiSi/Si/NiSi
nanowire heterostructures, the method and results of which
are described and shown in Figure 5 and Figure 6, respectively. In the nanowire of Figure 6, the bright area is Si and

FIGURE 5. Fabrication of periodic multi-NiSi/Si/NiSi nanowire heterostructures. (a) On a Si substrate covered with SiO2, nanospheres were
arranged to be closely packed in a monolayer. (b) The diameter of PS nanospheres was reduced by reactive ion etch with oxygen as the
etching gas at a flow rate of 40 sccm, a 4 Pa pressure, and a 30 W RF power. (c) After 150 s of plasma etching, 30 nm thick Ni was deposited
on the patterned substrate by electron beam evaporation in a vacuum better than 1 × 10-6 Torr. Then the PS nanospheres were removed in
an ultrasonic bath. (d) TEM image shows Si nanowires were dispersed on the Ni pore-array structure, forming contacts of equal spacing between
Si nanowires and the Ni pattern.
© 2010 American Chemical Society

3987

DOI: 10.1021/nl101842w | Nano Lett. 2010, 10, 3984-–3989

the dark area is NiSi. In contrast to the point contact reaction,
through the system of the line contact reaction here, the
contact of equal spacing between Si nanowires and the Ni
pattern, and the larger contact area facilitate supersaturation,
nucleation and growth; thereby, the silicide formation starts
at the contact points, contributing to the periodic silicide
structure (see Figure S1 in Supporting Information for other
examples).
Notably, the greatest advantage of this structure is that
after annealing, contact areas disappear due to fast Ni
diffusion into Si nanowires in large amount as shown in
Figure 6; this causes NiSi to stop growing and the supply
limited Ni makes the length of NiSi controllable, which is
beneficial for multi-NiSi/Si heterostructures more coherent
in length. The corresponding in situ TEM video was shown
in Movie 1 in Supporting Information.
Why do the contact areas disappear and cause the NiSi
to stop growing so that we can control the growth of the
periodic heterostructure? We shall use the mechanism of
atomic flux divergence in void formation to explain it. The
contact area disappears because the Ni atoms have diffused
away and have been replaced by vacancies. This is because
Ni was deposited on an oxidized surface and the thickness
of Ni is thin. We have already shown in the above that the
diffusivity of Ni on the oxide surface is very slow. As Ni in
the contact area is being depleted by the contact reaction,
the replenishment of Ni requires diffusion of Ni on the oxide
surface. It results in flux divergence in which the out-going
flux is larger than the in-coming flux, so vacancies will
accumulate to form a void, hence we found the contact
breaks and the growth of NiSi stops. Thus, we can use this
mechanism to control the growth of the nano heterostructure by controlling the size of the PS spheres and the
thickness of Ni thin film.
In conclusion, we report efficient and unique methods,
point and line contact reactions on Si nanowires, fabricating a number of high quality multiple nanoheterostructures of axial epitaxial single crystal NiSi in Si nanowires
and investigation of nano-NiSi. The growth mechanism
of the point contact reaction between Ni nanodots and a
Si nanowire has been proposed in which nucleation and
growth of NiSi start at the middle of the point contacts.
The growth of the nano-NiSi grains in a Si nanowire was
found to be supply limited due to finite provision of Ni
atoms in a Ni nanodot. Moreover, for long time annealing
at a very high temperature, the length of the nanosilicide
grains does not change and no obvious ripening among
the Ni nanodots was observed. Therefore, we can conclude that surface diffusion of Ni on SiO2 surface is
negligibly small. As a result, the reaction between Ni
nanodots and a Si nanowire occurs by the dissolution of
Ni into Si at the point contact and by interstitial diffusion
of Ni atoms within a Si nanowire, rather than by surface
diffusion. Additionally, without lithography we have successfully fabricated periodic multinanowire-heterostruc© 2010 American Chemical Society

tures of NiSi/Si using the line contact reaction between
regular Ni nanopatterns, which is PS sphere-mediated,
and Si nanowires. Our study here has demonstrated that
the nanochemical reactions with different contact modes
lead to different growth behaviors of silicide formation.
The distinctive methods of fabrication of multinanoheterostructures may enhance the development of circuit
elements needed in nanoscale electronic devices. A mechanism of controlling the period nanoheterostructure formation on the basis of flux divergence is proposed.
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