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ABSTRACT

Nanoheterostructures of NiSi/Si/NiSi in which the length of the Si region can be controlled down to 2 nm have been produced using in situ
point contact reaction between Si and Ni nanowires in an ultrahigh vacuum transmission electron microscope. The Si region was found to be
highly strained (more than 12%). The strain increases with the decreasing Si layer thickness and can be controlled by varying the heating
temperature. It was observed that the Si nanowire is transformed into a bamboo-type grain of single-crystal NiSi from both ends following the
path with low-activation energy. We propose the reaction is assisted by interstitial diffusion of Ni atoms within the Si nanowire and is limited
by the rate of dissolution of Ni into Si at the point contact interface. The rate of incorporation of Ni atoms to support the growth of NiSi has
been measured to be 7 x 10~* s per Ni atom. The nanoscale epitaxial growth rate of single-crystal NiSi has been measured using high-
resolution lattice-imaging videos. On the basis of the rate, we can control the consumption of Si and, in turn, the dimensions of the
nanoheterostructure down to less than 2 nm, thereby far exceeding the limit of conventional patterning process. The controlled huge strain
in the controlled atomic scale Si region, potential gate of Si nanowire-based transistors, is expected to significantly impact the performance
of electronic devices.

As the end of the semiconductor roadmap approaches forfield effect transistors based on similar heterostructures and
very large scale integration of Si-based field effect transistors, characterized with respect to their gate lengtm the other
the development of nanoscale transistors based on Sihand, how to achieve a precisely controlled nanostructure
nanowires is of wide interest for their applications in remains one of the most challenging problems in nanotech-
electronics industry and life sciences. To realize this nology today. In this work, we report a novel method to
potential, the formation of silicide nanowires, either by fabricate the heterostructures utilizing in situ point contact
substrate growth” or by free-standing growtf,'? and reaction between Ni and Si nanowires in a high-resolution
nanowire heterostructures has been investigaté#i**Wu transmission electron microscope (TEM). The growth kinet-
et al. created NiSi/Si nanowire heterostructur@&he single- ics of Ni silicide in nanoscale, which we found to be
crystal NiSi nanowires have ideal resistivities and remarkably distinctly different from that in thin films, has become very
high failure current densities. Field-effect transistors were important. In situ TEM is a powerful to®t>24 for the study
fabricated based on those heterostructures in which theon growth kinetics. Our method allowed us to study the
source-drain contacts are defined by the metallic NiSi growth process and reaction mechanism and thereby to
nanowire regiond.Weber et al. fabricated Schottky barrier control the dimension of the Si region, the potential gate of
: a Si nanowire transistérdown to atomic scale around one
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Figure 1. Overview of NiSi formation within Si nanowires by point contact reaction. (a) A TEM image of Si and Ni nanowires dispersed
on a SgN4 membrane. (bf) Sequence of in situ TEM images depicting the growth of a bamboo-type grain of NiSi within a Si nanowire

at 700°C. (b, inset) Selected area diffraction pattern with-1D] zone axis of Si. (f, inset) Selected area diffraction pattern withlf4]

zone axis of NiSi. The time of the image capture is given in the rectangular box at the upper-right corner. The first two numbers are in units
of seconds and the following two smaller numbers are in units of 1/100 s. (g) A schematic illustration of NiSi growth within a Si nanowire.
(h) A schematic illustration of growth of a NiSi/Si/NiSi heterostructure where the length of the Si section is controlled at the atomic scale.

Epitaxial Ni silicide formation in thin film reactions has been nucleation sites for single-crystal Si nanowires with a [111]
studied?® 32 In point contact reactions between Ni and Si growth directior®435Ni nanowires were synthesized via the
nanowires, we have observed reactive epitaxial growth of anodic aluminum oxidation method and were stored in
NiSi on Si in which the epitaxial interface is moving. The jsoproponaf® The Ni nanowires and Si nanowires ranged
growth rate is determined as a function of time and jn diameter from 10 to 40 nm with lengths of a few microns.
temperature, and the activation energy is calculated. A
mechanism of such dynamic epitaxial growth is proposed.

As aresult, we are able to tailor the NiSi growth by stopping ~". i X .
the reaction prior to complete consumption of the Si Window of a glassy SN, film. The thickness of the g

nanowire, thereby controlling the remaining length of the film is about 20 nm so that it is transparent to the electron
Si region down to atomic scale. Thus, we fabricate a seriesP®a@m and does not interfere with the imaging of the
of heterostructures of NiSi/Si/NiSi with varying Si length nanowires. The samples were dried under light bulbs.
from 2 to 200 nm. The interfaces between the Si and NiSi Figure 1a shows a typical TEM image of randomly oriented
are atomically flat, and the growth is epitaxial. Si and Ni nanowires on the window prior to annealing. Both

Silicon nanowires were prepared on a p-type Si wafer by the Si and Ni nanowires are single crystal with a thin surface
the vapor-liquid—solid method using Au nanodots as oxide (~1—5 nm thick). Darker contrast appears on the Si
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To prepare point contact samples, we drip droplets of both
solutions on Si grids with a square opening covered with a



have passed the point contacts requiring the Ni atoms to

o @ . 650°C A diffuse through the NiSi.
WOE o e00°C e To determine the growth kinetics of NiSi in Si nanowires,
a0l —a—ss0%C -~ we conducted dynamic observation in real time using in situ
3 —v— 500°C A~ TEM video. The atomic-scale microstructures were recorded
§ 200} P over time, allowing us to obtain lattice images of the
g A~ progression of the atomically flat epitaxial interfaces. Movie
sor el 1 in Supporting Information shows the growth of a single-
100k e " crystal NiSi nanowire within a Si nanowire at 10 times the
7 — actual speed.
sof — i ; ; ; Qi
gt kA Figure 2 shows the linear growth behavior of the NiSi
A v nanowire in the Si nanowire of 20 nm in diameter over the
0 30 60 920 120 150 180 210 240 270 300 temperatures ranged from 500 to 6%0. The activation
o8 Time (sec) energy of the epitaxial growth was determined to be
b « 850 1.11A% 1.25 eV/atom, compared to the activation energy of inter-
e N stitial diffusion of Ni in Si of about 0.47 eV/atoff,indi-
-102b 9-15& cating that the growth may be interface reaction controlled.
fatom \u 8007 0.458%8 Figure 3a-c shows a set of HRTEM images of the NiSi/
g -104f Si interface taken as the interface advances into the Si. The
E -106} o=tzaVMo}\\ interface is parallel to the (111) plane of Si as well as the
= . (311) plane of NiSi. Thus, the growth direction of NiSi is
35—, -108F M350 0164k normal to the (311) plane. The crystallographic orientation
2 10} .\ relationships between Si and NiSi, which has an orthorhom-
O=124eViatom N bic lattice with lattice constants o = 0.562 nm,b =
ner e 00848 0.518 nm, anct = 0.334 nn¥° are
11,4}
108 140 145 120 125 130 138 [1—1 0]Si // [1-1 2]NiSi, and (111)Si // (3+ 1)NiSi

Figure 2. Kinetic analysis of the NiSi epitaxial growth within a L L .
Si nanowire of 20 nm in diameter. (a) Plot of the NiSi nanowire ~ Across the epitaxial interface, the misfit on the basis that
length vs reaction time at various temperatures, illustrating a linear the interplanar spacing of Si (111) and twice NiSi (131) are

growth rate. The lines are drawn as guides. (b) Arrhenius plot of 0.31355 and 0.29594 nm, respectively, is
the NiSi epitaxial growth from which the activation energy was

determined.
_ Usi~ Qusi _ 0.31355- 0.29594_ 0.01761_ .o,
nanowire, resulting from the fact that the zone axis is dsi 0.31355 031355

accurately parallel to Si [110].

Most of our experiments on in situ annealing for point  |f misfit dislocations exist, the spacing between them
contact reactions were conducted in a JEOL 2000V ultrahigh should be about 1& 0.31 nm= 5.58 nm, which is smaller
vacuum TEM where the sample can be heated to @O0  than the~20 nm diameter of the Si nanowire. However, we
and the vacuum in the sample stage is aboutB)*° Torr. were unable to find any misfit dislocations at the NiSi/Si
High-resolution lattice images were also taken in a JEOL epitaxial interface, and this may be because of the difficulty
3000F high-resolution TEM (HRTEM), and the vacuum in in nucleation of the dislocations in a perfect nanowvfre.
the sample stage is better thari@orr. Movie 2 in Supporting Information shows the growth of the

Figure 1b-f shows a time-lapsed series of in situ TEM NiSi/Si epitaxial interface within a Si nanowire in high
images capturing the growth of a bamboo-type NiSi grain resolution.
within a straight Si nanowire at 700@. On the basis of the Figure 3d-f shows another set of HRTEM images of the
HRTEM images and selected area diffraction patterns, we growth of an epitaxial interface of NiSi/Si containing a large
determined the structure of the material to be single-crystal step of about 3 nm along the (111) plane of Si. The (111) Si
NiSi. planes are replaced by the (131) planes of NiSi as the

Figure 1g is a schematic diagram depicting the growth of interface advances. Knowing the diameter of the wire and
NiSi in which the Ni atoms dissolve and diffuse interstitially the growth rate, we can estimate the total number of Ni atoms
in Si¥” and stop at the ends of the Si nanowire, thereby in a given volume of the wire based on the unit cell volume
nucleating growth of NiSi to form a NiSi/Si/NiSi hetero- of NiSi and the number of Ni atoms per unit cell. Thus, we
structure. Some Ni atoms may be able to diffuse through ahave determined that for growth at 700 the time needed
grain of silicide; hence, we observed additional and smaller to incorporate one Ni atom on the growth interface is about
silicide growth at the tip, which is attached to the main 7 x 10 sec. The value is the same for the two sets of
silicide at the end. Figure 1h depicts two Ni nanowires epitaxial growth shown in Figure 3. At lower growth
making contacts to a Si nanowire in which the NiSi grains temperatures, the growth rate is slower, and we can achieve
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Figure 3. In situ HRTEM image sequences of the growing NiSi/Si epitaxial interfaces within Si nanowires). lfasitu HRTEM image
sequence of the growth of the NiSi/Si epitaxial interface. Frofrcfagrowth of 5 atomic layers has occurred, as indicated by the arrow in

(c). The insets in (b) are the corresponding selected area diffraction pattern witld][Bi zone axis and fast Fourier transform (FFT)
pattern confirming the [£12] NiSi zone axis, respectively. {d) In situ HRTEM image sequence of a moving NiSi/Si epitaxial interface

with a large step. The time of the image capture is given in the rectangular box at the upper-right corners. The first two numbers are in units
of seconds and the following two smaller numbers are in units of 1/100 s. Fdy, (@owth of 10 atomic layers has occurred. The length

of the red arrow in (f) indicates the number of layers grown betwegmand (f).

control of single atomic layer growth. Movie 3 in Supporting found. The result also suggests that the rate-limiting step is
Information shows the growth of the NiSi/Si epitaxial indeed transport of Ni through the SiGhell. Surface
interface with a large step within a Si nanowire in high diffusion of Ni on the SiQ surface of the Si nanowire was

resolution. considered; however, it is slower than the interstitial diffusion
We can estimate the time for Ni atoms to diffuse in a Si of Ni within Si,3"4which dominates the reactions.
nanowire fromx?> = Dt wherex is the length of the Si Figure 1g depicts the growth of NiSi from both ends of a
nanowire between the point contact and the Si/silicide Si nanowire. It leads to the formation of a NiSi/Si/NiSi
interface, D is interstitial diffusivity of Ni atoms in Si nanoheterostructure as shown in Figure 4a,b. The darker
nanowires, and is the time. If we takeD to be 10°° cn¥/ regions at the two ends are NiSi, and the lighter region in

sec andx to be 1um, we havet = 1072 s% Because the  the middle is Si. Silicide formation occurs at both ends of
diffusion time is much longer than what was estimated for the Si nanowire, as shown in Movie 4 in Supporting
the growth of one atom on the epitaxial interface, the growth Information, and if annealing is stopped before the entire
cannot be interfacial reaction controlled at the epitaxial nanowire transforms into NiSi, as in Figure 4c, a nanohet-
interface. Instead, we propose that the reaction may beerostructure is formed as shown in Figure 4a,b. Often, the
limited by the rate of dissolution of Ni into Si at the point growth rates of the two NiSi/Si interfaces in Figure 4a,b were
contact interface. Atomic flux by definition is the number not the same. When we consider the growth of the NiSi in
of atoms per unit area and per unit time, so that the numberFigure 1h, its growth has passed the point contact, and the
of Ni atoms diffusing into Si is equal to flux times area times Ni atoms must diffuse through the NiSi. The growth is found
time 32 If the contact area is very small, the number of Ni to be slow with an activation energy of 1.7 eV/atom, which
atoms diffusing into Si will be extremely small. As a result, is close to the value for NiSi growth in thin film silicide
the reaction is limited by how fast the Ni atoms can diffuse reactiong83?Therefore, in point contact reaction, the nano-
into the Si nanowire or how large the Ni flux is. This is a NiSi growth starts from both ends rather than from the point
unique feature of point contact reactions. A diameter contact for three possible reasons. First, the supersaturation
dependence on the axial growth rate, that is, nanowiresof Ni atoms at the point contact is impeded by the limited
(NWs) of smaller diameter showing greater growth rate, was contact area and the oxide. Second, the ends of Si NWs are
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Si/NiSi with 11.3, 8.1, 5, and 2 nm lengths of Si is shown.
By measuring the length of the Si region and counting the
number of (111) lattice planes within the region, we can
determine the strain, and we find that the Si is highly
compressed. Figure 4h shows the relationship between the
compressive strain and the length of the Si region in the
nanoheterostructure NiSi/Si/NiSi at room temperature. In the
process of NiSi formation, the diffusion of Ni atoms into Si
lattice could have led to volume expansion. However,
because of the confinement of the oxide on the Si nanowire,
NiSi coming from both sides compressed the middle Si
region, resulting in compressive stress on Si in the length
direction. As a result, the strain increased when the length
of the Si region decreased. The strain can be controlled
because we can control the length of the Si region. Since
one-dimensional nanoheterostructures may have potential
applications in nanoelectronic devicethe strain will affect
carrier mobility in the Si region.

In conclusion, we have demonstrated the controlled growth
of NiSi/Si/NiSi nanoheterostructures with the Si region as
small as 2 nm in length through point contact reaction. In
addition, it has been shown that the growth of single-crystal
NiSi within a Si nanowire that starts from both ends
attributed to the ease of nucleation and fast diffusion of Ni
atoms in Si toward the ends. In situ TEM images demonstrate
that the epitaxial growth of NiSi in Si nanowires is atomically
flat. Direct evidence from in situ TEM videos shows that
the single-crystal grains of NiSi have a linear growth rate

15 2 25 3 35 4 4.5 and we propose that point contact reaction is limited by the
Length of Si region (nm) rate of dissolution of Ni into Si at the point contact interface;
. . . . . .., in other words, we have demonstrated that the growth
Figure 4. In situ TEM images showing the formation of our NiSi/ . s s . .
Si/NiSi heterostructures within a Si nanowire and compressive strain mechanls'm Of_ N'_S' in nanoscale is fundamentally different
in the Si region.(a,b) In situ TEM images of the NiSi/Si/Nisi  from that in thin films?? Controlled strain up to more than
heterostructure. The bright area is Si and the dark area is NiSi. 12% in the Si region was observed. Also, from the growth
(d—g) HRTEM images of NiSi/Si/NiSi heterostructures. The bright  rate we are able to control the formation of nanoheterostruc-

and dark portions of the lattice images correspond to Si and NiSi, ,,re5 of silicide/Si/silicide to the nanometer or even atomic
respectively. (h) Plot of the compressive strain vs the length of the scale

Si region in the nanoheterostructure NiSi/Si/NiSi.
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