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ecause of the importance of Si-based

materials to the electronic industry,

considerable effort has been de-
voted to studying Si and metal silicide
nanowire structures.! Nickel silicides show
low electrical resistivity and excellent ther-
mal stability without the electron migration
effect at high temperatures. They are prom-
ising candidates as the electrical contacts
for Si nanowire devices because of their
good compatibility with Si and small lattice
mismatch at the interface. The conventional
methods for fabricating Ni silicide nanowires
are based on the phase transformation
through annealing treatment of Ni-coated
Si nanowires at temperatures higher than
550 °C in vacuum.! An excess of Ni coating
is normally needed and has to be removed
by chemical etching after reaction. The Ni si-
licide nanowires obtained by annealing
treatment are usually polycrystalline. Ni sili-
cide nanowires can be directly grown on
the Ni thin films (10—100 nm thick) depos-
ited on SiO; substrates using silane as the
vapor-phase Si source.? * The growth tem-
perature is low (about 370 °C); however, the
as-grown Ni silicide nanowires are polycrys-
talline and contain different phases.

Lu et al.>® demonstrated a novel method
of point contact reaction to transform Si
nanowires into single crystalline Ni silicide
structures in an electron microscope. The Ni
atoms could diffuse and interact with the
Si nanowire to form a NiSi structure. The in-
terface between the Si nanowire and the
newly formed NiSi wire was atomic flat and
epitaxial without any misfit dislocations. Be-
side NiSi/Si junctions, NiSi/Si/NiSi hetero-
structures were also synthesized using two
Ni nanowires to touch one Si nanowire.® Ni
displayed interesting behaviors when react-
ing with Si nanowires. For example, for the
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ABSTRACT Si nanowires coated with Ni showed interesting structural transformation behaviors as observed

by in situ transmission electron microscopy. Owing to the presence of the native oxide on Si nanowire surfaces, the

Ni thin shells initially segregated into nanosized droplets on the oxide surfaces. The native oxide shells protected

the Si cores from reacting with Ni at temperatures below 1350 °C. Ni started the reaction with Si nanowires

preferentially at the defects or bending regions of the nanowires. Because the reaction temperature was

sufficiently high, the structural transformation was extremely fast and completed within 0.1 s. The resulting

nanowires were single crystalline NiSi,, the most desirable Ni silicide structure for potential applications. Nanowire

junctions of NiSi,/Si and nanowire —nanotube junctions of NiSi,/SiC have been obtained upon further annealing.
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study - heterojunctions

point contact reaction of Ni and Si nano-
wires, the sites of the initial reaction or ini-
tially formed NiSi grains usually occurred at
the ends of the Si nanowire rather than the
contact points of the two nanowires. More-
over, because of the presence of the oxide
shells on Si nanowires, the diffusion and re-
action of Ni atoms through the oxide shells
become complicated, and the resulted sili-
cide nanowires included NiSi, Ni,Si, Ni3;Si;»,
etc’

It has been known that NiSi, nanowires
are more desirable than other Ni silicide
nanowires for potential applications be-
cause this crystal structure is stable at high
temperature conditions and shows lower
resistivity. In addition, NiSi, has the small-
est lattice mismatch with cubic Si structure
compared to other Ni silicides,® indicating
that the interface stress in the nanowire
heterostructure of NiSi,/Si should be very low.
In this paper, we report in situ observation
of the formation of single crystalline NiSi; si-
licide nanowires. We have found that the
native oxide shells on Si nanowires greatly
affected the reaction between Niand Si. The
reaction started preferentially at bending
regions of the nanowires and completed

structural transformation - in situ
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Figure 1. (a) The Ni coating formed droplets on the native oxide before
the transformation. (b—d) Formation process of NiSi,. (e,f) The starting
point of the reaction is indicated by the circles. () The nanowire is com-
pletely transformed into NiSi,. (f) The NiSi, nanowire starts to evaporate
by further increasing the temperature. The numbers at upper right are the
video recording time.

instantly. The resulting nanowires were single crystal-
line NiSi, for those Si nanowires containing thick native
oxide shells. Si nanowires with (or without) thin oxide
layers always formed polycrystalline Ni silicides of differ-
ent phases.

RESULTS AND DISCUSSION

Figure 1 panels a—f demonstrate the in situ observa-
tion of the structural change process of the Ni-coated
silicon nanowire as recorded by a video camera. Be-
cause of the native oxide, the Ni layer could not react di-
rectly with the Si nanowire at temperatures below 1350
°C (the heating filament temperature). Instead, Ni at-
oms segregated and formed different sizes of nano-
droplets (Figure 1a) at about 1300 °C.'® Some Ni drop-
lets migrated together resulting in large droplets
(50—100 nm in diameter). When the temperature was
slightly above 1350 °C, most Ni droplets were suddenly
“dissolved” into the Si nanowire. This reaction was sur-
prisingly fast and finished instantly. The temperature
mentioned above is the surface temperature of the
heating filament we calibrated (see also the descrip-
tion in Experimental Details). Such a high temperature
is needed to start the phase transformation of Si
nanowires (with thick oxide shells) with Ni. After phase
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Figure 2. (a) The point contact annealing for Ni and bend-
ing Si nanowires. The circle indicates the reacted regions. (b)
Enlarged picture of the nanowires marked by the circle.
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transformation, the resulted Ni—silicide nanowires
formed a NiSi; structure as observed by the selected-
area electron diffraction (SAED) patterns at room tem-
perature. According to the frames recorded by the
video camera (Figure 1d,e), the time needed for this
phase transformation is less than 0.1 s. We noted that
the reaction or structure transformation initially started
at one location of the nanowire as marked by the circle
in Figure 1 panels c and d. Then, the NiSi, grain grew
along the nanowire rapidly from this special location.
We have not observed multisite nucleation of NiSi, in
the Si nanowires with thick cladding native oxide. It is
apparent that at an elevated temperature, the nucle-
ation site for the phase transformation should be a de-
fect site at which the diffusion of Ni can easily take
place. The resulted NiSi, nanowires as shown in Figure
1e and Figure 4b,c displayed uniform contrast because
they were single crystalline as identified by SAED. The
SAED patterns taken from these silicide nanowires can
be indexed by the NiSi, structure. Figure 4c is an ex-
ample of these patterns which are obtained by tilting
the heating stage within a limited tilting angle.

Using the STM manipulator, we can move Si nano-
wires to touch the heating filament. Then, further
movement toward the filament can cause bending of
the nanowires. As shown in Figure 2a, we placed Ni on
the filament in order to generate Ni vapor source. We
observed that the nucleation of NiSi, crystals always oc-
curred preferentially at the heavily bending regions of
the nanowire (see Figure 2b). Such bending may result
in defects such as cracks on the oxide clad. Therefore,
these defects provide the channels for Ni fast diffusion
and the preferential nucleation sites for Ni silicides. In
Figure 2a, the Si nanowire tip which contacted the Ni
wire should gain a higher temperature. But, the reac-
tion did not happen on this high temperature region.
The bending regions are always the preferential reac-
tion places for Ni.

The formation of single crystalline NiSi, nanowires
in the present condition benefits from the thick clad na-
tive oxide on the Si nanowires. This is because the na-
tive oxide protects the Si cores from reaction with Ni at
relatively low temperatures. For Si nanowires with no
clad oxide, the Ni coating layer can directly react with
Si to preferentially form some other Ni silicide structures
at certain temperatures. For example, a NiSi structure
can easily form at about 550 °C."* According to our ex-
perience, because of the presence of the oxide layers,
the actual reaction temperature for Si nanowires is over
1350 °C (the filament temperature) which is higher
than the temperature (850 °C) normally required for
the formation of NiSi,. At such a high reaction temper-
ature, the Si nanowires can only be transformed into Ni-
Si>. To confirm our explanation for the formation of Ni-
Si,, we have removed the clad oxide from the Si
nanowire surfaces using chemical etching (2% HF acid)
treatment and repeated the in situ experiment. The
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Figure 3. (a) The Si nanowire treated by HF and then coated
with Ni before the transformation. (b) The reaction started
without forming Ni droplets. Panels c and d are the SAED
pattern of the resulted silicide nanowire shown in panel b.
The nanowire is polycrystalline. Some of the diffraction
spots can be indexed by the diffractions of Nis;Si;, along
the zone axis of [411].

phase transformation occurred at about 650 °C. At this
temperature, the Ni layer was still in the solid state. As
shown in Figure 3a,b, the reaction started at the high
temperature region (close to the heating filament) and
gradually extended to the entire nanowire. The result-
ing Ni silicide nanowire was polycrystalline and con-
tained more than one phase as identified by the
selected-area electron diffraction shown in Figure 3c.
One of the silicide structures has been determined to
be Nis;Siy, (see Figure 3d). From our investigation, the
native oxide shells acted as the reaction barriers to ef-
fectively resist the formation of different phases of Ni si-
licides. This finding also indicated a method for fabricat-
ing high quality NiSi, nanowires or NiSi,/Si nanowire
junctions. Since the reaction temperature for the Si
nanowires with thick oxide shells is high, the growth
rate of NiSi, is much faster than that of the Ni silicide
fabricated by the point-contact reaction (0.11 nm/s) as
reported by Lu et al.’

In previous studies,'”'® several methods for convert-
ing Si nanowires to NiSi; nanowires have been reported.
Using arc ion implantation in vacuum, we have synthe-
sized NiSi,/Si structure on Si nanowire surfaces. The
high-energy Ni ions (5 kV) were implanted into Si to
form a mixture of Ni/Si clusters on one side of the nano-
wire. The subsequent rapid annealing resulted in poly-
crystalline NiSi, structure. However, it was difficult to
improve the quality of these silicide nanowires by fur-
ther annealing at a higher temperature because a too
high annealing temperature caused change of the
nanowire morphology. Zeng et al."’ reported a sputter-
ing method to coat Si nanowires using the Ni ions with
a relative low kinetic energy (about 18 eV)." They sug-
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Figure 4. (a, b) The morphology of the heterojunction of
the NiSi, nanowire and SiC nanotube. (c) The SAED of the Ni-
Si; nanowire viewed along the [314] zone axis. (d) The SAED
of the SiC nanotube. The diffraction rings have been in-
dexed by the cubic SiC plus the (002) diffraction of graph-
ite. (e, f) The dark field images of the NiSi,/SiC heterojunc-
tion shown in panel b. The NiSi, nanowire appeared bright
in panel e when using the (—351) diffraction (shown in panel
) for imaging, while the SiC nanotube was bright when us-
ing the diffraction ring (111) in panel d for imaging.

gested that because of the damaging or implantation
effect some Ni ions could be implanted into the nano-
wire surface region. Consequently, the nucleation of the
Ni silicides started at everywhere throughout the nano-
wire simultaneously, resulting in polycrystalline NiSi,.
According to our in situ observation, the Ni atoms dif-
fused into the nanowire core through some special re-
gions of the native oxide shells. However, the shells
were unchanged after the formation of NiSi,. By fur-
ther increasing the filament temperature, the NiSi,
nanowire could be evaporated gradually leaving an
empty shell or a nanotube structure (see Figure 4a,b).
It is interesting to note that the native oxide shells
have been converted to polycrystalline 3-SiC during
the phase transformation of NiSi,. Figure 4 panels e and
fillustrate the dark-field images of the core—shell nano-
structure, that is, the NiSi, core is wrapped by a SiC
shell (@about 15 nm thick). The NiSi, nanowire appeared
bright in Figure 4e when using the (—351) diffraction
for imaging, while the SiC nanotube showed no con-
trast. However, when using the diffraction ring (111) of
the B-SiC in Figure 4d for imaging, the nanotube ap-
peared bright. As identified by the SAED patterns in Fig-
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Figure 5. The formation mechanisms of the Ni silicides nanowires and SiC heterojunction. (a) The catalytic effect of Ni may

result in the formation of SiC in the native oxide shells and this causes cracks or other defects. Ni atoms can diffuse into the
Si nanowire through these defects. (b) After Ni atoms penetrate the native oxide to react with the Si core, the released car-
bon will react with the oxide shell to form SiC. (c—d) The reaction mechanism for the Si nanowire without clad oxide. Ni at-
oms can directly react with the Si wire at low temperatures everywhere and thus result in polycrystalline silicide nanowire by

the multisite nucleation.

ure 4¢,d, the NiSi, wire was single crystalline and the
SiC nanotube was polycrystalline.

For the formation of SiC nanotube structure, the car-
bon source should come from the hydrocarbon mol-
ecules of the diffusion pump oil in the TEM chamber. It
is well-known that the hydrocarbon contamination has
to be reduced by a liquid nitrogen cold trap in TEM. In
this in situ study, the liquid nitrogen trap was not used
due to the heating experiment. We believed that the
Ni coating decomposed the hydrocarbon molecules
during the heating process. This is because Ni is an ex-
cellent catalyst and has been extensively used for cata-
lytic growth of carbon nanotubes and graphene
sheets.?272¢ The weak diffraction ring of (002) from
graphite structure can be seen in the SAED pattern in
Figure 4d. When the Ni atoms “dissolve” into the Si core,
the carbon in the Ni droplets has to be drained out, as
there is no stable Ni—Si—C compound at 1300— 1400
°C.%” With the assistance of the Ni catalytic effect, the Si
oxide shells can react with carbon to form SiC shells at
1300—1400 °C?8 through the following reaction:

C + Si0, — SiC + CO, (gas) (1

Figure 5 panels a and b schematically illustrate these
reaction mechanisms. We believe that the speed of re-
action 1 was slow at about 1300 °C (the filament tem-
perature). At some regions of the native oxide shell, the
formation of SiC grains may generate cracks (Figure
5a) on the shell and thus open up channels for Ni diffu-
sion and reaction with the Si core. Since the reaction
temperature is sufficiently high, the SiNi, nanowire is
single crystalline. For the Si nanowire without native ox-
ide clad (Figure 5c¢), phase transformation can start ev-
erywhere at a relative low temperature, resulting in

EXPERIMENTAL DETAILS
Si nanowires were fabricated on a Si wafer with gold nano-

particles as the catalysts. The Si vapor source was silane gas (pu-
rity > 99:99 and flow rate 15 sccm) which was mixed with hydro-
gen (purity > 99:99% and flow rate of 100 sccm) and fed into
the reaction quartz tube (pressure was about 50 Torr) placed in
a furnace. High-quality Si nanowires grew at about 520 °C. The in
situ experiments were carried out in a high-resolution transmis-
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polycrystalline Ni silicide grains (Figure 5d). The Ni-
Si,/Si and NiSi,/SiC nanoheterostructures are promis-
ing for potential technological applications in electrical
nanodevices. For example, the junctions of Ni silicide on
SiC have been determined to been be an excellent non-
uniform Schottky barrier with a low contact resistance
(3.6 X 107> Qcm?), an ideality factor n = 1.07 (a meas-
ure of how closely the diode follows the ideal diode
equation) and a good barrier height of about 1.3 eV.?*
Since the quality of the SiC shells is not good enough
for devices, further experiments are needed to improve
or eliminate the formation of SiC by using a controlled
carbon source and a dry pump such as a turbo-
molecular-pump instead of an oil diffusion pump in or-
der to control and improve the quality of the SiC shells
formed on the Ni-silicide nanowires. Further study on
the characterization of the electrical transport proper-
ties of the NiSi,/Si and NiSi,/SiC nanoheterostructures is
in progress.

In summary, we have observed interesting struc-
tural transformation behaviors and reaction processes
from Ni-coated Si nanowires using a specially designed
heating filament integrated with a commercial scan-
ning tunneling microscopy manipulator. The reaction
between Ni and Si nanowires started preferentially at
bending regions. The native oxide on the Si nanowires
played a critical role for the formation of single crystal-
line NiSi,. The structural transformation in the Si nano-
wires containing thick native oxide usually happened at
a relatively high temperature, and the resulted Ni sicil-
ide nanowires were single crystalline NiSi,. Nanowire
junctions of NiSi,/Si and nanowire—nanotube junctions
of NiSi,/SiC have been obtained upon further
annealing.

sion electron microscope (HRTEM, JEOL-2011) operated at 200
kV. The heating stage is homemade and integrated with a com-
mercial scanning tunneling microscopy (STM) manipulator
(Nanofactory Instrument) working under a high vacuum condi-
tion (107° Pa). Figure 6a shows the schematic diagram of this ex-
perimental setup. Different from the commercial in situ TEM
technique,®'? this STM-integrated heating stage is more suit-
able for nanowires manipulation, reaction, and structure investi-
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Figure 6. (a) The schematic diagram of the experimental setup. (b) The silicon nanowire coated with nickel is approaching

the heating filament.

gation. In recent years, the in situ HRTEM technique has be-
come a powerful tool for investigating the reaction of nanosized
material at the atomic level.”>'*

To realize the in situ observation of the nanowire reaction
and structural transformation, Si nanowires precoated with Ni
(about 50 nm thick) were mounted on the STM manipulator tip
which was integrated into the TEM specimen holder. The heat-
ing element was a tungsten filament, and its temperature was
controlled by a DC current source. Under TEM observation, the
Si nanowires were delicately driven by the STM tip to approach
the heating filament. Once the contact between the Si nanowire
and the filament was established (see Figure 6b), a DC current
was supplied to the filament to locally heat the nanowire sample.
We used different materials to calibrate the relationship be-
tween the filament surface temperature and the DC current ap-
plied to the filament. Because of this special heating method, the
actual temperature on the nanosized samples may deviate from
that calibrated for the filament. As tested for the sublimation
temperature of a ZnO rod and the melting temperature of a thick
Si wire, the temperatures measured was about 500 and 1400 °C
respectively, which are quite close to the sublimation tempera-
ture of ZnO (~500 °C)'* and the melting point of Si crystals (1414
°C). Using the calibrated temperature—filament current relation,
we measured the transformation temperature of the Ni—silicide
nanowires.
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