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ABSTRACT: We report the critical effects of oxide on the growth of nanostructures
through silicide formation. Under an in situ ultrahigh vacuum transmission electron
microscope, it is observed from the conversion of Si nanowires into the metallic PtSi
grains epitaxially through controlled reactions between lithographically defined Pt pads
and Si nanowires. With oxide, instead of contact area, single crystal PtSi grains start
forming either near the center between two adjacent pads or from the ends of Si
nanowires, resulting in the heterostructure formation of Si/PtSi/Si. Without oxide,
transformation from Si into PtSi begins at the contact area between them, resulting in the
heterostructure formation of PtSi/Si/PtSi. The nanowire heterostructures have an
atomically sharp interface with epitaxial relationships of Si(20-2)//PtSi(10-1) and
Si[111]//PtSi[111]. Additionally, it has been observed that the existence of oxide
significantly affects not only the growth position but also the growth behavior and the
growth rate by two orders of magnitude. Molecular dynamics simulations have been
performed to support our experimental results and the proposed growth mechanisms. In addition to fundamental science, the
significance of the study matters for future processing techniques in nanotechnology and related applications as well.
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emiconductor nanowires (NWs) are attractive components
for future nanoelectronics since they can exhibit a range of
device functions and may serve as active elements in larger scale
integration. > Particularly, nanoscale transistors based on sili-
con nanowires have been extensively studied®” for their poten-
tials of replacing conventional planar metal-oxide-semiconductor
field-effect transistors (MOSFET) in integrated circuits>® and of
opening new opportunities in flexible macroelectronics” ! and
highly sensitive biosensors.'>'> Oxide is a very common and
important material, being indispensible especially in the semi-
conductor field and Si-based related processing. Additionally
here, for Si nanowires, one of the nanostructures having the
greatest potential in the future, oxide was even found to be able to
affect subsequent processing significantly. Metal silicides are
essential as electrical contacts in our current processing of
integrated circuits.'**° Lithographically defined metal contacts
are most often used in silicon nanowire transistors to facilitate the
device performance. However, the formation of metal silicide
nanowires and the structure and properties of silicide/silicon
heterostructures have emerged as interesting problems.'®"
According to our experiences on nanoheterostructures,18’19’21
we believe the surface oxide surrounding Si nanowires is worth
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studying carefully for being an important factor in silicide
formation at nanoscale. Platinum is an interesting interconnect-
ing material for nanoelectronics, being chemically stable in
ambient or oxidizing environment. Additionally, metallic plati-
num silicide (PtSi) can be used as ohmic contact to p- channel Si
nanowire transistors.”> Shown in our previous studies,” based
on PtSi/Si/PtSi nanowire heterostructures, p-channel enhance-
ment mode nanowire FETs with the best performance from
intrinsic Si nanowires have been fabricated. Therefore, we have
designed the following experiments, using controlled reactions
between lithographically defined Pt pads and Si nanowires with
or without oxide under in situ transmission electron microscopy
(TEM) for further investigation of the oxide effect on formation
of single crystal PtSi and PtSi/Si nanowire heterostructures. In-
situ TEM is powerful for the study on growth dynamics.”>>*
Silicon nanowires were prepared on a p-type Si wafer
by the vapor—liquid—solid (VLS) method using nano Au
dots as nucleation sites. The resultant single crystal Si
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nanowires are along a [111] growth direction® 7 and with
thin surface oxide (~1—5 nm thick). The Si nanowires with

Figure 1. Overview of sample preparation. (a) A TEM image of a
sample with multiple sets of a Si nanowire across Pt contact pads. (b) A
TEM image showing a closer look at one of the Si NW-Pt pad sets. (c) A
HRTEM image of a Si nanowire with 2 nm oxide and with smooth Si/
oxide interfaces. (d) A HRTEM image of a Si nanowire without oxide
and with rough Si/oxide interfaces.

lengths of a few micrometers ranged in diameter from 10
to 40 nm.

The Si nanowire samples with Pt contact pads were fabricated
on Si/Si3N, substrate using e-beam lithography and e-beam
evaporation (Figure la and b). Since each of our samples
contains multiple Si nanowires and there are many Pt pads
deposited on a single nanowire as shown in Figure 1a and b, we
can observe numerous examples in one sample and have done so
in different samples. All of our observation supports the mechan-
ism we report here. Prior to Pt deposition, some of the Si
nanowire samples were etched in buffered hydrofluoric acid for
S s to remove native oxide at the contact region, while some were
not. The etched samples were HF dipped again prior to being
loaded in ultrahigh vacuum TEM (UHV-TEM) to prevent native
oxide at regions other than contact areas. Figure 1c and d is high-
resolution TEM (HRTEM) images showing the samples with
and without oxide, respectively; thereby, we can investigate the
effect of native oxide on kinetics of phase transformation. For
nanowires with HF dipping, no oxide was seen, and the Si/oxide
interface was rough. For nanowires without HF dipping, the
surface oxide is of 1—2 nm, and the Si/oxide interface was
smooth. TEM examinations were conducted in a JEOL 2000 V
UHV-TEM under a base pressure of 3 x 10~ '’ Torr, where

Figure 2. Formation of single crystal PtSi nanowire and PtSi/Si/PtSi nanoheterostructures with varying length of the Si region. (a) A schematic
illustration depicting growth of a PtSi/Si/PtSi nanoheterostructure. (b) A schematic illustration showing full transformation from a Si nanowire to a PtSi
nanowire. (c) In situ TEM image of a Si nanowire before reaction. (d and e) In situ TEM images showing PtSi/Si/PtSi nanoheterostructures in which the
Si regions are 575 and 8 nm in length, respectively. The darker region is PtSi, while the brighter region is Si. The insets in (d) are the corresponding
selected area diffraction patterns of Si and PtSi, respectively. The inset in (e) is the magnification of the gap region and the scale bar is S nm. (f) In situ
TEM image of a PtSi nanowire after reaction and full transformation from Si into PtSi.
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Figure 3. In situ TEM images showing different heterostructures of PtSi/Si based on different growth mechanisms due to oxide effect. (a) In situ TEM
image of a PtSi/Si/PtSi heterostructure within a Si nanowire without surface oxide. The bright area is Si, and the dark area is PtSi. (b) In situ TEM image
of a Si/PtSi/Si heterostructure within a Si nanowire with surface oxide. The bright area is Si, and the dark area is PtSi. The inset in (b) is magnification of
the heterostructure in which the scale bar is 20 nm. (c) In situ TEM image showing the formation of PtSi within an overhang Si nanowire without oxide
from a single Pt pad. The PtSi grows from the contact toward the end of the Si. (d) In situ TEM image showing the formation of PtSi within an overhang
Si nanowire with surface oxide. The PtSi grows from the end of the Si nanowire toward the Pt pad.

sample can be heated to 1000 °C. Upon heating in UHV-TEM,
Pt reacts with Si nanowires to form PtSi nanowires. Phase
identification was carried out by electron diffraction pattern
and energy dispersion X-ray spectrometer (EDS) analysis.

Electron beam lithography and e-beam evaporation were then
used to define and deposit the Pt pads on Si nanowires
(Figure 2a). We recall that prior to Pt deposition, some of the
samples were etched in buffered hydrofluoric acid for S s to
remove native oxide. After Pt deposition, the samples are loaded
into TEM and annealed in situ at 500 °C to form PtSi
(Figure 2b).

Figure 2¢ shows an etched Si nanowire with Pt pads on both
sides before reaction. After annealing at 500 °C for about 5—
10 min, higher contrast sections with sharp interface with the Si
start to emerge from both ends of the nanowire near the Pt pads,
suggesting the formation of PtSi (Figure 2d). This is attributed to
the fact that many Pt atoms are able to dissolute into silicon
through the long contact between the Si nanowire and the Pt pad
so that supersaturation can be reached; thereby, nucleation and
growth of PtSi occur below the contact. Utilizing this phenom-
enon, nanowire heterostructure of PtSi/Si/PtSi, in which the
length of the middle Si, can be precisely controlled down to sub-
10 nanomometer regime (Figure 2e). Upon further annealing, all
the Si are consumed and transformed into a PtSi nanowire
(Figure 2f). Detachment of wires from pads is due to strain re-
sulting from volume expansion.”' However, it occurs at a late
stage of silicidation, while our point is at the beginning of
silicidation; thus, it does not affect the behavior we observed
and report. Also, if it had been the stress or contact condition that
matters, then we should have observed incoherent behaviors
among the many examples of a sample. Additionally, we have
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previously found that the stress effect is on the phase instead of
nucleation sites.>®

Based on the electron diffraction pattern corresponding to the
platinum silicide region (right part of Figure 2d), the silicide
material is identified to be single crystal PtSi with an orthorhom-
bic crystal structure having lattice constants a = 0.5567, b =
0.3587, and ¢ = 0.5927 nm. In addition, the epitaxial relationships
between Si and PtSi have been determined as Si(20-2)//PtSi(10-1)
and Si[111]//PtSi[111], according to the diffraction patterns in
Figure 2d.

The effect of surface oxide on PtSi formation is shown in
Figure 3. In the TEM images of Figure 3a and ¢, Si nanowires
were HF dipped so that they were free of oxide. At 500 °C, PtSi
forms within the Si nanowire from the contact area between the
Pt pad and the Sinanowire. However in Figure 3b and d, where Si
nanowires were not etched with HF and they had surface oxide of
1—5 nm in thickness, PtSi forms within the Si nanowire near the
center of the Si nanowire (Figure 3b) and from the end of the Si
nanowire (Figure 3d), respectively. Since all of the phase trans-
formations occurred in the Si nanowires, platinum atoms were
the dominating diffusion species. We note that in Figure 3a and b,
the Si nanowire was across two Pt contact pads, yet in Figure 3¢
and d, the Si nanowire was an overhang from one Pt pad.

The different mechanisms in forming different PtSi/Si nano-
heterostructures are depicted in Figure 4. Figure 4a and c is the
corresponding schematic illustrations of PtSi formation in
Figure 3a and c. In terms of nucleation where the PtSi starts,
supersaturation of Pt is needed. In Figure 4a, due to no impedance
of oxide and due to the line contact between a Pt pad and a Si
nanowire, a large number of Pt atoms can quickly dissolve into
the Si nanowire. Supersaturation of Pt in the Si nanowire can be
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Figure 4. Schematic illustrations of oxide effect on kinetics of nanosi-
licide formation. (a) A schematic illustration corresponding to Figure 3a,
showing growth of a PtSi/Si/PtSi heterostructure within a Si nanowire
without oxide. (b) A schematic illustration corresponding to Figure 3b,
showing growth of a Si/PtSi/Si heterostructure within a Si nanowire
with surface oxide. (c) A schematic illustration corresponding to
Figure 3¢, showing the PtSi formation within an overhang Si nanowire
without oxide. The growth occurs from the Pt pad to an end of the Si
nanowire. (d) A schematic illustration corresponding to Figure 3d,
showing PtSi formation within an overhang Si nanowire with surface
oxide. The growth occurs from an end of the Si nanowire to the Pt pad.

reached below the line contact because of the very low equilib-
rium solubility of interstitial Pt atoms in Si. Therefore, the
nucleation and growth of PtSi starts from the contacts, leading
to a PtSi/Si/PtSi heterostructure. Based on the same reason, in
Figure 4c, PtSi forms from the contact area between the Pt pad
and the overhanging Si nanowire.

Figure 4b and d are the corresponding schematic illustrations
of PtSi formations in Figure 3b and d, where the Si nanowire has
surface oxide. There are two reasons why nucleation cannot
occur at the contact area between the Pt pad and the oxidized Si
nanowire. The first is that the oxide on the Si nanowire surface
limits the dissolution of Pt atoms into the Si. The second is the
very rapid interstitial diffusion of Pt in Si. Thus, whenever a Pt
atom has dissolved into the Si nanowire, it will quickly diffuse
away, resulting in no supersaturation below the contact and also a
very low concentration gradient of Pt atoms over the entire Si
nanowire. However, around the center of the Si nanowire in
Figure 4b, an accumulation of Pt atoms appears with fluxes of Pt
atoms coming from both sides. It is the place where the solubility
of interstitial Pt in Si can reach supersaturation first, in turn the
nucleation of PtSi, contributing to the formation of a Si/PtSi/Si
heterostructure. This is analogous to the chemical reaction
between Ni nanodots and a Si nanowire,” where NiSi forms
between the two Ni nanodots instead of the contact point
between the dot and the wire. As for the case of Figure 4d, when
Pt atoms diffuse interstitially to the end of the Si nanowire, they
will pile up at the end since the reverse diffusion is against the

concentration gradient. Again, the PtSi formation in Figure 4d
starts at the end of the Si nanowire rather than at the contact.

In our previous reports on point contact reaction between Ni
and Si nanowires,"®'? besides interstitial diffusion of Ni in Si,
surface diffusion of Ni on the oxidized Si surface could have been
a competing mechanism. Similarly, some might think the Pt—Si
reaction here results from surface diffusion. However, surface
diffusion fails to explain the silicide formation from the pad—wire
contact, as shown here. Also, it cannot explain the silicide
formation starting from one end of Si nanowire to Pt pad nor
starting near the center between two adjacent pads. On the
contrary, interstitial diffusion in a Si nanowire applies to all these
conditions very well. Furthermore, we have conducted experi-
ments to demonstrate that these reactions are by interstitial
diffusion rather than by surface diffusion.*” We successfully fab-
ricated multiple sililicide/Si nanowire heterostructures through
the reaction between Si nanowires and metal nanodots. If it had
been surface diffusion, then we should have observed nonstop
growth, and the structure could not have been formed; also, we
should have observed ripening among the metal nanodots during
annealing, but we did not.*” Therefore, we propose that the
reaction in this work is assisted by Pt interstitial diffusion within
Si nanowires, since the silicide can be highly deficient in Pt, and
there are a large number of vacancies in the sublattice of Pt of the
silicide, making the diffusion of Pt through the silicide very fast.

In addition to the impact on the nucleation sites, the existence
of oxide affects the rate of silicide formation significantly
according to the Supporting Information movies S1 and S2. In
Supporting Information movie S1, the growth rate of the PtSi
growing within a Si nanowire without oxide was about 5 nm/sec,
while in movie S2, that of the PtSi growing within a Si nanowire
with 2 nm-thick oxide was about 0.05 nm/sec. The rate difference
by two orders of magnitude resulted from oxide acting as a
diffusion barrier. Notably, continuous growth was seen in
Supporting Information movie S1; however, it was stepwise
growth that was observed in movie S2, where an incubation time
was needed for nucleation and growth with a limited number of
Pt atoms supporting the silicide formation. This is coherent with
our previous studies.*’

In order to understand the role of surface oxide on the Si
nanowire during the diffusion process of Pt atoms, the molecular
dynamics (MD) simulations were performed based on Vienna
ab-initio simulation package (VASP).*""** The supercell was con-
structed with the existence of amorphous oxide, as shown in
Figure Sa.*’ The thickness of the oxide layer was varied from 0 to
1 nm. Without oxide, the Pt atoms dissolve rapidly into the Siand
build up a high-concentration profile below the Pt pads; thereby,
we expect the nucleation of PtSi to occur below the contact area.
With oxide, the effect of the oxide behaves like a weak diffusion
barrier. The Pt atoms were found to diffuse through the oxide and
distribute within the Si nanowire. The distribution length actually
increases as the square root of time, and the concentration profile
looks like a Gaussian function. In Figure Sb, the first concentra-
tion profile depicts that when we add the two concentration
profiles together, the green one from the left and the purple one
from right, it indicates that an uphill diffusion of Pt has to occur.
Based on the theory of nucleation and growth,** the diffusion of
both sides should stop at the middle when they meet, because
beyond that the diffusion will be against the concentration
gradient of the opposite side. Thus, a build-up of concentration
occurs, and it will lead to a flat concentration profile in the
middle. The interdiffusion will lead to saturation of Pt in the Si
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Figure 5. Simulation of oxide effect in kinetics of nanosilicide formation. (a) Supercell consisting of Si crystal covered with amorphous SiO,. The metal
cluster situating on the top of oxide. (b) Top-view schematic plot and profiles of silicide formation with the insets of projected concentration distribution.

nanowire, which will not be an equilibrium state since the system
wants to form a silicide phase, and then nucleation of a silicide
can occur at any place between the two contacts due to com-
position fluctuation; however, the most probable place will be the
middle. While the build-up might lead to a small back-flow, it is
negligible. When the build-up reaches the supersaturation needed,
the nucleation of PtSi occurs. After that, the change, as depicted
by the third concentration profile, is similar to that of a one-
dimensional precipitation. The plateau in the middle is PtSi, and
the concentration at the Si/PtSi interface is an equilibrium
concentration.

In summary, we have demonstrated that with or without
surface oxide on the Si nanowire, different PtSi/Si nanowire
heterostructures appear due to different growth mechanisms
by using in situ TEM observations. Specifically, when a Si
nanowire has no oxide, PtSi formation starts at the contact
area between the Si nanowire and the Pt pads so that a
nanoheterostructure of PtSi/Si/PtSi appears. When a Si
nanowire has oxide, PtSi formation starts near the center of
the Si nanowire between the two Pt pads or from one end of a
Sinanowire, leading to the formation of Si/PtSi/Si nanowire-
heterostructures. Additionally, it has been observed that the
existence of oxide seriously affects not only the growth
position but also the growth behavior and rate. Molecular
dynamics simulation results are coherent with our experimen-
tal observations and the proposed growth mechanisms. Since
one-dimensional nanoheterostructures may have potential
applications in nanoelectronic devices, the fundamentals of
nanoheterostructure growth are of great importance for future
device fabrication.
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