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Available online 2 July 2010 of nanocrystals is important for understanding the structure and stability of nanomaterials.
Transmission electron microscopy (TEM), one of the most powerful tools for characterizing

Keywords: nanostructured materials, is essential for the development of nanotechnology. In situ TEM is a

In situ TEM technique that allows a direct observation of dynamic properties in nanoscale. Recent development of
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Nanostructures
Epitaxial growth

Si nanorings

Si bicrystals

ultra-high vacuum TEM (UHV-TEM) further enables the investigation on atomic-scale materials systems
in a clean environment. The appropriate utilization of the UHV-TEM will be beneficial in studying the
fundamental mechanisms of dynamic reactions, formation of transient phase, solid-state amorphization,
epitaxial growth, growth kinetics and evolution of defects. In this paper, we present the most recent

Silicide nanowires progress in observing dynamic processes in nanoscale by in situ UHV-TEM.
Cu electromigration © 2010 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. In situ electron microscopy and nanotechnology

Low-dimensional nanostructures, such as nanodots, nanowires

and nanotubes, are essential building blocks for developing a
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The nanodots exhibit unique physical properties owing to the small
size and quantum effects. The dynamical change of nanodots during
growth is not only of interest itself; it may also provide key
understanding for the thin film growth. On the other hand, metallic
nanowires and nanotubes can both act as interconnects for the
transport of charge carriers as well as active device elements.
Semiconductor nanowires offer all the properties of traditional
semiconductors, such as excellent control of the electrical and
optical properties, as well as new benefits including possible carrier
mobility enhancements for less scattering attributed to reduction in
dimension. A wide variety of nanowires can be synthesized from
group IV, IlI-V, and II-VI materials, and can be exploited to make a
myriad of nanoscale devices, from transistors to light emitting
diodes and biosensors. These developments suggest that nanowires
are excellent candidates for bottom-up assembly of architecturally
complex integrated devices system [1-6].

As the critical dimensions for devices become smaller, it is
necessary to precisely specify the crystal structures, interface
morphology, shapes and sizes of individual features; also, control
in atomic scale is essential. Achieving this level of control requires
a detailed understanding of fundamental processes which occur
during processing. State-of-the-art atomic-resolution instruments
and techniques, such as UHV-TEM, variable temperature scanning
tunneling microscope (VT-STM) and atomic resolution TEM, are
utilized to investigate the structures and dynamic changes in
several technologically important materials systems, such as Si-
based nanowires and semiconducting oxide nanostructured
materials. Through observation of mass transport, phase transition
and/or growth in situ, one can understand the basic mechanisms
and model relevant processes [7,8].

This review covers the recent advances in the investigations of
dynamic changes of nanostructures utilizing in situ UHV-TEM. The
examples include: (1) growth of nanostructures on Si, (2) nano-
silicide formation from Si nanowires, (3) in situ TEM investigation
of copper electromigration and (4) growth kinetics of semicon-
ducting nanowires.

The electron beam voltage and emission current were set to be
200 KeV and 5 pA, respectively. All the TEM images were taken
from “top-view”. For the preparation of samples, the samples in
examples (1) and (3) are Si substrate prepared by chemical etching.
During the in situ observation, the heating of example (1) was by
directly applying current through Si. For example (2), metal and Si
nanowires were dispersed on Cu grids covered with SiO,. The
heating was realized by applying current to the filaments of the
special holder.

2. Growth of nanostructures on Si

2.1. Formation and evolution of self-assembled crystalline Si
nanorings on (0 0 1)Si mediated by Au nanodots [9]

Nanorings, which are artificial nanoscale clusters that confine
electrons in three dimensions, are attractive due to their unique
physical properties of large and negative excitonic permanent
dipole moment [10], high oscillator strength for the ground-state
band-to-band transition [11], possible tunable electronic states
[12], and optical emission from a charged single nanoring [13].
Nanorings of various materials have been fabricated, especially for
III-V compound semiconductors based on the growth of thermo-
dynamic [14] and kinetic models [15]. However, the investigations
on Si-based nanorings have been scarce [16,17].

Single-crystal, 3-5 () cm, phosphorous-doped (0 0 1) Si wafers
were used in the present study. Si wafers were cleaned chemically
by a standard Radio Corporation of America (RCA) cleaning
process. A 2-nm-thick Au thin film was then deposited onto Si
substrates at room temperature in an electron-beam evaporation

system. The vacuum was better than 5 x 10~° Torr during the
deposition of ultrathin Au films. For the formation of Au nanodots,
rapid thermal annealing (RTA) was employed in a high-purity N,
atmosphere at 400 °C for 30 s. Finally, the samples were placed into
a tube furnace. After the tube had been evacuated for several hours
to remove O, from the system by a rotary pump to a pressure of
1 x 1073 Torr, the samples were heated to 1050 °C at a rate of 5 °C/
min and held at 1050 °C from 5 s to 2 h in an ambient with Ar + 5%
H, flowing through the tube.

The growth of high-density Si nanorings has been achieved on
ultrathin Au films on silicon substrate. Au nanodots, 12 nm in
average size, were formed on Si substrate in the samples annealed
at 400 °C for 30 s. After annealing at 1050 °C, surface morphologies
were observed to change drastically. A typical atomic force
microscope (AFM) image reveals that the formation of a high
density of ring-shaped nanostructures in a sample after annealing
at 1050 °C for 2 h, as shown in Fig. 1(a). Energy dispersive X-ray

()

Fig. 1. (a) AFM image showing the formation of Si nanorings in a sample annealed at
1050 °C for 2 h, (b) high resolution TEM (HRTEM) image showing the recess of an Au
nanodot at centers of nanorings in a sample annealed at 1050 °C for a few seconds.
Inset is the high magnification image of the outlined region, (c) SEM image shows
the morphology of Si nanorings [9].



LJ. Chen, W.W. Wu/Materials Science and Engineering R 70 (2010) 303-319 305

e

Fig. 2. A sequence of in situ UHV-TEM images of Au-Si nanodots with different annealing times as indicated in minutes and seconds at 1050 °C [9].

spectroscopy (EDS) measurements revealed that the surface is free
from Au. The disappearance of the Au atoms will be discussed in a
later paragraph. The density of nanorings was determined to be
about 4.3 x 10'°cm™2. In addition, nanorings have a narrow
distribution of height and diameter of 1.4 + 0.3 and 24.9 + 4.0 nm,
respectively. Fig. 2 shows the burrowing of Au nanodot into the
silicon substrate. The Au nanodot was observed to be surrounded by
the Si nanoring, as seen in the inset of Fig. 1(b). The atomic image
reveals that Si nanoring is grown epitaxially on (0 0 1)Si. The presence
of shrunk Au nanodots at the centers of nanorings corroborates the
suggestion that the formation of nanorings is mediated by Au
nanodots. Fig. 1(c) shows SEM image of Si nanorings.

The evolution of the formation of nanorings was elucidated by in
situ UHV-TEM observations. Images captured from the video were
acquired for the same region so that the dynamic development of
nanorings from Au-Si eutectic droplets was observed, as shown in
Fig. 2. The liquid Au-Si alloy droplets are expected to form on the
surface of Si substrate at a temperature above the eutectic
temperature of the Au-Si (363 °C). After the sample was flashed
at 1000 °C for cleaning in a pretreatment chamber, the Au islands
were formed, as shown in Fig. 2(a). The Au-Si liquid droplets
underwent the growth-coarsening process as well as change in
shape during the observation, as seen in Fig. 2(b)-(f), indicating a
change in surface tension resulted from the variation in composition.
It has been reported that with SiO, on the surface, some Au will
aggregate through surface diffusion [3]. We also observed this
phenomenon. In addition, Au was identified from cross-sectional HR
TEM images. Lower density of droplets was observed after prolonged

annealing. It is remarkable that most of the Au-Si droplets remained
and did not migrate away after prolonged annealing at such a high
temperature. On the other hand, most Au-Si droplets faded away
suddenly instead of coalescing with one of their neighbors in 2 min
at 1050 °Cunder UHV. The disappearance of Au nanodots was rather
abrupt. It suggested that the diffusion of Au atoms into Si should not
be the dominant cause of disappearance of Au nanodots. Owing to
the lack of experimental data on vapor pressure of Au-Si eutectic
alloy at 1050 °C (near Au melting point: 1063 °C), the vapor pressure
of Au-Si eutectic alloy is deduced from the vapor pressures of the Au
and Si by linear interpolation herein. Clausius-Clapeyron equation,
applicable to both liquid/gas or solid/gas equilibrium curves, is used
to determine to vapor pressure with annealing temperature [18]:

P, —AHyp (1 1
r =k (5, M
where AH,,, is the enthalpy of vaporization (J/mol), R is the gas
constant and equal to 8.3145 J/mol K, T is the temperature in K, and
P is the vapor pressure in Torr. The enthalpies of vaporization at
boiling points of Au and Si at 760 Torr of Au and Si are (330 kJ/mol
and 2856 °C) and (359 kJ/mol and 2900 °C), respectively. There-
fore, the vapor pressures of Au and Si are calculated to be
2.3 x 107> Torr and 4.1 x 107% Torr at 1050 °C, respectively. It can
be inferred that the evaporation of Au-Si alloy is severe inside the
UHV chamber with a pressure of 3 x 10~ '° Torr at 1050 °C during
the in situ investigation. As a result, it is concluded that the Au
nanoparticles evaporated and left behind a nanoring structure at
1050 °C.
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2.2. Collective movement of Au nanoparticles on a silicon bicrystal

[19]

Understanding the growth and behavior of metal clusters on a
specific substrate is of prime importance in a wide range of areas.
Indeed such clusters may be used as the active parts in catalysts
[20,21]. Cluster growth has been the subject of intensive research
for decades. There have also some studies which allow one to
deduce the mechanisms in nucleation and coalescence regimes
[22-27].

Silicon bicrystal has been the potential substrate for nano-
devices due to its highly regular and controllable surface variation.
The image force, induced by the buried dislocation, leads to the
variation in strain field at the surface [28]. Au nanoparticles have
been shown to be an excellent catalyst for the growth of many
important nanostructures [4,5,14,15,29].

The silicon bicrystal was fabricated by hydrophobic bonding a
(0 0 1) silicon wafer to a silicon-on-insulator (0 0 1) wafer with 30-
nm-thick top silicon layer (Si (30 nm)/SiO, (145 nm)/Si(0 0 1)). The
thickness of the remaining top Si layer can be accurately controlled
to be as thin as 20 nm by the sacrificial thermal oxidation at 900 °C.
1-nm-thick Au thin film was deposited on the silicon bicrystal
substrate by electron beam evaporation at room temperature. The
sample was then transferred into the UHV-TEM without breaking
the vacuum. TEM examinations were carried out at 250 °C.

A series of electron micrographs showing the gradual change of
Au clusters in the same area are shown in Fig. 3. The images were
selected from a video file recorded over a period of about 45 s. The
dislocation grid has a spacing of 7 nm for a bicrystal misorientation
of 3.14°. The Au clusters are semi-spherical in shape, as those on
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blank Si substrate, but confined by the dislocation grids on silicon
bicrystal. Upon annealing, Au atoms agglomerated to form clusters
with sizes up to 3 x 3 grids, i.e. 21 nm in size (Fig. 3 (a)). A
theoretical model was proposed for self-assembly of 3D metal
islands, indicating the islands are influenced by edge and/or strain
effects. Furthermore, the edge effect induces a stable island size
against coarsening [30]. Au clusters were found to be confined by
the dislocation grids, highlighting both strain and edge effects, on
the silicon bicrystal surface.

Fig. 3(a)-(c) shows the change of small clusters. With reference
to video file, it appears that the disappearance of cluster led to the
protrusion of cluster 4 at the side facing cluster 1 (Fig. 3(a) and (b)).
Using the other clusters nearby as reference marks, it can be seen
that clusters 2 and 3 move to the right and downward, respectively,
by a distance of one dislocation grid spacing (Fig. 3(b) and (c)). The
continuing morphological change with transient migrations of the
Au clusters was evident. The “transient” is herein referred to the
extreme short time duration of an independent migration in two or
three continuous frames of the video images (i.e. ~within 1/10 s).
In Fig. 3(d)-(f), clusters 5 and 6 exhibit the typical Oswald ripening
behavior to the larger clusters in the vicinity. Cluster 5 shrank
gradually until ultimate disappearance (Fig. 3(f)). On the other
hand, the contrast of cluster 6 became weaker indicating that it
was in the process of dissolution. The confinement of Au clusters
by dislocation grids is apparent throughout the shrinkage process.
The observation indicates that the stress field induced by the
dislocation grid lines exerted strong influence on the shape and
discontinuous change of Au nanoparticles. During the same period,
cluster 4 grew substantially. The transient protrusion of both upper
and lower edges (Fig. 3(e)) represents the initial stage of
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Fig. 3. Sequential images captured with real-time video illustrating collective mass transport of Au clusters on (0 0 1) silicon bicrystal at 250 °C. The clocking times are (a) 0's,

(b) 10s, (c) 135, (d) 355, (e) 40 s and (f) 45 s [19].
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Fig. 4. Schematic plots of the movements of clusters on (a) blank silicon surface and
(b) silicon bicrystal surfaces [19].

coarsening with atoms dissolved from the neighboring clusters
smaller than the critical size. However, it soon morphed to conform
to the dislocation grids (Fig. 3(f)).

lijima and Ichihashi [31] investigated dynamic behavior of Au
nanoparticles and observed abrupt change of its shape through
internal transformation involving twins which took place in less
than 0.1 s. This behavior also led to the shift of the center of gravity
in any random direction. The Au island at this temperature was like
a quasi-liquid crystal and viscous flow became the most possible
mechanism of migration. The distribution of regular dislocation
lines at the silicon bicrystal interface provided a means to visualize
the movement of Au nanoparticles in real time. Fig. 4(a) and (b)
shows schematic plots of movements of Au clusters on blank
silicon and silicon bicrystal substrates, respectively.

The movement of the mass center of nanoparticles under
thermal agitation has often been considered as the “Brownian
motion”, which means that clusters can move in any directions
without any constraint. For Au clusters moved on a blank Si
surface, the transient collective movement similar to that on the
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Fig. 6. A schematic model for the evolution of Au-Si droplet on Si bicrystal. The
arrows with dotted lines indicate the Si flow diffusion into and through the droplet.
The arrows with full lines indicate the unbalanced surface [33].

silicon bicrystal was never observed. It is conjectured that for the
clusters on blank Si substrate, the shape accommodation is
relatively easy without constraint to adjust its mass movement
(Fig. 4(a)). As a result, the typical Oswald ripening with
accompanying dissolution and coarsening was observed. On a
silicon bicrystal surface, Oswald ripening is still significant.
However, viscous flow transport became evident with the presence
of grid lines. As seen in Fig. 4(b), the Au island was originally
confined by the dislocation grids. If the mass of Au island re-
condenses at one side, its contact angle will change and induce the
re-entrant angle to allow internal transformation by twinning
immediately. Within a very short time (<1/30s), the cluster
migrated along particular direction and was then confined by the
next grid. The motion of the cluster was no longer “Brownian.”
Furthermore, the shapes of confined islands were defined by the
strain field modulated by the presence of buried screw dislocation
grids in the silicon bicrystal. The influence appears to be more
significant than that specified by a theory proposed by Bourett,
which predicted that screw dislocations are two orders of
magnitude less effectives than edge dislocations to affect the
location of nanoparticles [32]. The present result shall serve as a
good reference to refine the theory to realize the control of self-
organized nanoparticles on silicon bicrystal. It is worth mentioning
that at the scale of 20 nm or so, the melting temperature lowing of
Au dots should be significant. However, in this experiment, the
temperature is only 250°C. Moreover, as the temperature

431"

Fig. 5. Sequent in situ images of Au-Si droplet migration on Si bicrystal at 500 °C. It demonstrates that the moving front was confined by dislocation grids and the motion path

was strictly guided by the existence of buried dislocation [33].
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increases, the eutectic reaction between Au and Si occurs to form
Au-Si droplets at a temperature far below the melting temperature
of Au.

To clarify the effect of electron beam damage, experiments with
electron beam on and no direct heating were conducted. No change
was found to occur even after exposure to electron beam for
prolonged time. On the other hand, once the sample was heated or
applied current to, abrupt change occurred. The result of control
experiment indicates that the effect of electron beam damage was
minimal.

2.3. Directed movement of Au-Si droplets towards buried dislocation
network on silicon bicrystals [33]

The movement of nano-size liquid droplets on the solid surface
has received increasing attention for the potential applications in
the emerging areas of microfluidics. The behavior of fluids at the
microscale can differ from macroscopic behavior in that factors
such as surface tension and energy dissipation may dominate the
system. Au-Si system is a model system for studying liquid alloy

Fig. 7. In situ TEM images of the interactions of titanium silicide nanowires at 700 °C. The images of nanowires in the same direction were obtained at elapsed times of (a)
0 min, (b) 9 min, (c) 18 min, and (d) 19 min. The images of nanowires in different directions were obtained at elapsed times of (e) 0 s, (f) 25 s, (g) 49 s, and (h) 80 s. The scale
bars correspond to 6 nm in (d) and 4 nm in (h) [37].

droplets. Among the various binary systems, Au-Si is the simplest
as one of eutectic alloys without the complications of the existence
of any stable intermetallic phase. The surface structure and
interface stability of liquid Au-Si droplets on Si shall affect the
shape and movement of the droplets.

Fig. 5 shows a series of images of the movement of Au-Si
droplet at 500 °C. It is evident that a distinct trace (in bright
contrast) is left behind the migrating path with the removal of
buried dislocations (Fig. 5(a)). From both bright-field images and
diffraction patterns, the bright contrast trace was found to
correspond to single crystal silicon. The Au-Si droplet was
observed to keep the flat front and the irregular-rim rear until it
reaches the trail of another Au-Si droplet. The moving front of the
droplet was largely confined by dislocation grids (Fig. 5(b) and (c)).
The growth fronts are always parallel to dislocation network lines
along (110) directions and apt to move along the (1 —10)
directions of the perpendicular set of dislocation lines. When the
droplet moved and encountered the trail which had been swept
over by another droplet, it would evade and turn to the region with
buried dislocation networks, as depicted in Fig. 5(d)-(g). In other

Fig. 8. In situ TEM images showing the interaction of one titanium silicide nanowire with another at its midsection at 700 °C. The images were obtained at elapsed times of (a)

0s, (b) 165, (c) 565, and (d) 81 s. The scale bar corresponds to 30 nm [37].
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words, the droplet tended to migrate only toward the region with
buried dislocation networks. On the other hand, the movement of
the flat fronts of the droplet was somewhat sluggish, i.e. the
movement appeared to be retarded on the dislocation lines and
slower than the parts neighboring the dislocation-free region. The
region of droplet with gray contrast at the rear indicates that the
droplet is thicker at the front than that at the rear indicating that
the movement of the droplet was hindered by the presence of
buried dislocations and the liquid droplet tends to accumulate near
the flat front. The flat front had been maintained (Fig. 5(d)) before
meeting the migrating trace of another droplet (Fig. 5(e) and (f)).
The droplet was then steered to the region with dislocation grids
(Fig. 5 (g)). As the front is lined up with dislocation grid, it started to
move along the perpendicular direction again (Fig. 5(h) and (i)).
Eventually, the droplet was quartered at a position without any
surrounding undestroyed bicrystal area.

The formation and migration of eutectic metal-Si droplets were
previously investigated. Yang et al. [34] concluded that the
migration of Pt-Si eutectic droplet is due to the dissolution-
diffusion-deposition flow of Si through the droplet driven by the Si
concentration difference in the droplet following the temperature
gradient. Bokhonov and Korchagin [35] found that the reaction flat
front of eutectic Au-Si islands in Au/(0 0 1) Si is parallel to (1 0 0)Si
directions. In contrast, the moving flat fronts of Au-Si droplets on
Si bicrystal are parallel to (1 1 0) directions of dislocation grids. The
difference is resulted from the dominant influence of stress field of
the buried dislocation network on the moving fronts of the
droplets on the Si bicrystal. On the other hand, although the
movement of Au-Si droplets on the Si bicrystal was not under a
temperature gradient, it is possible that the mechanism of the
migration of eutectic droplet via dissolution-diffusion-deposition
flow of Si, concluded by Yang et al. may still be operating [34]. It is
thought that the dissolution of buried dislocations lowered free
energy of the system which drives the movement of eutectic alloy
droplet. The precipitation of Si atoms from the supersaturated
droplet formed a new strain-free single silicon layer, giving rise to
an unbalanced solid surface tension at the different side of a
droplet. This unbalanced tension due to the variation in surface
structure leads to a driving force acting on the liquid without any
temperature gradient. As a result, the migration of droplet under
isothermal heating is driven by the stress generated by the buried
dislocation network and is enhanced by the variation in solid
surface structure. It is also consistent with the present in situ
observation that the moving fronts of droplets are always ahead of
the boundaries of eliminated dislocation network region. A
schematic drawing of the process for the migration of Au-Si
eutectic alloy droplets on silicon bi-crystal is illustrated in Fig. 6.

Wakayama et al. reported on the Au-Si alloy induced epitaxial
growth of Si [36]. The growth behavior is similar to vapor-liquid-
solid (VLS) growth [2], where Si precipitates at where Au is and
then Au is pushed to the top end; also, there is epitaxial
relationship between Au and Si interfaces. In the present in situ
observation, Au-Si droplets tend to move toward the locations to
eliminate surface defects and lower the total energy, the growth
mechanisms are therefore very different.

2.4. Growth of high-density titanium silicide nanowires in a single
direction on a silicon surface [37]

Nanowire-based materials have been synthesized for a wide
range of materials such as metals, semiconductors and oxides [38-
41]. Among these nanowires, a large number of epitaxial silicide
nanowires have been investigated due to their low resistivity,
small dimension and excellent compatibility with silicon device
processing [42-45]. Semiconducting silicide nanowires can be
used as active electric elements in integrated circuits. Metallic

silicide nanowires have been studied as electrical interconnect and
contact. The silicide nanowires exhibited novel physical and
electrical properties as promising elements for future nanoscale
devices. Understanding the formation mechanisms is a crucial step
to the successful implementation of nanowires for practical
employment. In situ UHV-TEM is an extremely valuable method
for clarifying the growth mechanism of silicide nanowires since it
can monitor in nanoscale the dynamic process as it occurs.

The interaction mechanisms of titanium silicide nanowires on
Si(1 1 1) substrate were investigated by in situ UHV-TEM [37]. The
TiSi, nanowires were oriented along three equivalent Si(1 —1 0)
directions and possessed small width and high aspect ratio. During
continuous Ti deposition, the length of nanowires increased
slowly, as visualized by the increase in the number of Moiré
fringes, while the width did not change appreciably at the same
time. When two nanowires grew in the same direction and
eventually collided with each other, they would merge to form a
single nanowire with the combined length of the two nanowires, as
shown in Fig. 7(a)-(d). On the other hand, for two nanowires in
different directions colliding with each other at the end, one of
them collapsed to the other along the side of the nanowire and was
absorbed by the other one, as shown in Fig. 7(e)-(h). The merging
of the two nanowires in different directions occurred as a result of
minimizing the total surface energy.

Fig. 9. Images of titanium silicide nanowires on Si(110). (a) TEM and (b) AFM
(1.5 wm x 1.5 wm) images of titanium silicide nanowires grown on Si(1 1 0) along
one [1-10] direction [37].
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Fig. 8 shows as one TiSi, nanowire continued to grow and
encounter the midsection of an inclined nanowire, it tended to
recede rapidly and the other one became thicker at the midsection,
as marked in Fig. 8(b) by the arrow. It indicates that the silicide
atoms migrated from nanowires “B” to “A”. According to the
Gibbs-Thomson equation [46], the concentration is strongly
related to the curvature along the nanowire ends. As a result,
the concentrations of constituent atoms (Ti and Si) at the curved
end of nanowire “B” are higher than those at the flat side of
nanowire “A”, resulting in the diffusion of Ti and Si atoms form
nanowire “B” to “A”. Owing to the supply of silicide for the
nanowire “B” taking a relatively long time to arrive from the far
end to the contact area, receding of the nanowire was observed.

Therefore, in order to grow a high density of long and high-
aspect-ratio nanowires, it is highly desirable to grow nanowires
along a single direction. This important insight has been fruitfully
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exploited to focus on the growth of titanium silicide nanowires on
Si(1 1 0), since crystallographically the nanowires are favored to
grow only in the [1-10] direction, as shown in Fig. 9. The results
demonstrate the powerfulness of the in situ UHV-TEM observation.
Most importantly, the achievement in controlled growth repre-
sents a significant advance in realizing the vast potential for
applications of silicide nanowires in nanodevices.

3. Nano-silicide formation from Si nanowires
3.1. Controlled growth of atomic-scale Si layer with huge strain in the
nano-heterostructure NiSi/Si/NiSi through point contact reaction

between nano-wires of Si and Ni and reactive epitaxial growth [47,48]

As the end of the roadmap approaches for very-large-scale-
integration of transistors on Si wafers, nanoscale transistor devices

N

Si nanowire

Fig. 10. Overview of NiSi formation within Si nanowires by point contact reaction. (a) ATEM image of Si and Ni nanowires dispersed on a Si3N4 membrane. (b-f) Sequence of in
situ TEM images depicting the growth of a bamboo-type grain of NiSi within a Si nanowire at 700 °C. Inset in (b) selected area diffraction pattern showing the [1-10] zone axis
of Si. Inset in (f) selected area diffraction pattern showing the [1-12] 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 unit of seconds and the following two smaller numbers are in unit 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 [48].
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based on Si nanowires are expected to have significant potential
and wide interest. To realize this potential, nanoscale device
elements such as ohmic contacts and gates on Si nanowires must
be developed [49]. The formation of these device elements requires
a systematic study of chemical reactions in the nanoscale. The
point contact reactions between Si nanowires and Ni nanowires
were investigated [47,48].

Ni and Si were selected for the study because the monosilicide
NiSi is one of the three silicides which have the lowest resistivity
for applications in shallow junction devices [50]. In addition,
single crystal NiSi nanowires can be scaled to ultrasmall
dimension without degradation of electrical conductivity and
exhibit remarkably high maximum transport current [42]. Si
nanowires were prepared on a Si wafer by the VLS method with
nano-Au dots as nucleation sites for single-crystal Si nanowires
with a [111] growth direction [51,52]. Polycrystalline Ni
nanowires were synthesized via the anodic aluminum oxidation
(AAO) method and stored in isoproponal [53]. The Ni nanowires
and Si nanowires have diameters ranged from 10 nm to 40 nm and
lengths of a few microns. The Si and Ni nanowires were stored in
solutions. To prepare point contact samples, droplets of both
solutions are put on Si grids having a square opening covered with
a window of glassy SisN4 films, as shown in Fig. 10(a). The
thickness of the glassy film is about 20 nm so that it is transparent
to the electron beam in the microscope and does not interfere with
the images of Si and Ni nanowires. The samples were dried under
light bulbs.

Fig. 10(b)-(f) shows a time-lapsed series of in situ TEM images
capturing the growth of a bamboo-type NiSi grain within a straight
Si nanowire at 700 °C. Based on the high-resolution TEM images
and selected area diffraction patterns, we determined the structure
of the material to be single-crystal NiSi. Fig. 10(g) is a schematic
diagram depicting the growth of NiSi, in which the Ni atoms
dissolve and diffuse interstitially in Si [54] and stop at the ends of
the Si nanowire, thereby nucleating growth of NiSi to form a NiSi/
Si/NiSi heterostructure. In point contact reaction, growth of single
crystal NiSi started from both ends of the Si nanowire with an
activation energy of 1.25eV/atom rather than from the point
contact with an activation energy of 1.7 eV/atom. This is attributed
to the ease of nucleation and fast diffusion of Ni atoms in Si
towards the ends.

Fig. 11 shows the linear growth behavior of the NiSi nanowire in
the Si nanowire of 20 nm in diameter over the temperatures
ranged from 500 °C to 650 °C. The activation energy of the epitaxial
growth was determined to be 1.25eV/atom, compared to the
activation energy of interstitial diffusion of Ni in Si of about
0.47 eV/atom [55], indicating that the growth may be interfacial-
reaction-controlled.

To identify the phase and structure of the NiSi nanowire, its
HRTEM image is provided in Fig. 12(a). The inset is the
corresponding diffraction pattern with a zone axis of [11 3],
which verifies that the wire is a single crystal of NiSi. Composi-
tional analysis has also confirmed that it is NiSi. Fig. 12(b) is a high-
resolution TEM image showing an epitaxial interface which is
atomically sharp between Si and NiSi within a Si nanowire.
Fig. 12(a) and (b) demonstrates that point contact reaction enables
the formation of nano-NiSi in perfect single crystal and atomically
flat NiSi/Si interface without misfit dislocations, which is impor-
tant for electrical contact properties.

The atomistic mechanism of the epitaxial growth involving a
moving interface is of interest. Reactive epitaxial growth is unlike
molecular beam epitaxy by deposition, in which atomic layers are
built on the substrate surface and film growth requires no
breaking of the substrate bonds. In the present case, the covalent
Si-Si bonds must be broken and transformed into metallic Ni-Si
bonds in order for NiSi to grow and have a moving interface.
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Fig. 11. Kinetic analysis of the NiSi epitaxial growth within a Si nanowire of 20 nm
in diameter. (a) Plot of the NiSi nanowire length versus reaction time at various
temperatures, illustrating a linear growth rate. The lines are drawn as guides. (b)
Arrhenius plot of the NiSi epitaxial growth, from which the activation energy was
determined [48].

Although the thermal energy at 700 °C is sufficient to break the
covalent Si-Si bonds, the interstitial Ni atoms are crucial in the
bond-breaking process [56].

Fig. 10(g) and (h) depicts the growth of NiSi from both ends of a
Si nanowire. It leads to the formation of a NiSi/Si/NiSi nano-
heterostructure as shown in Fig. 13(a) and (b). The darker regions
at the two ends are NiSi and the lighter region in the middle is Si. If
annealing is stopped before the entire nanowire transforms into
NiSi, as in Fig. 13(c), a nano-heterostructure is formed as shown in
Fig. 13(a) and (b). The nanoscale epitaxial growth rate of single-
crystal NiSi has been measured using high resolution lattice
imaging videos. Based on the growth rates, the remaining length
of the Si region between the two NiSi regions can be controlled as
illustrated in Fig. 10(h). Two Ni nanowires can be patterned or
deposited with a given spacing over a Si wire, and then the
reaction can be utilized to bring the two NiSi grains as close as
possible. At 500 °C, the reaction rate can be controlled down to
atomic scale. In Fig. 13(d)-(g), a set of lattice images of the nano-
heterostructure of NiSi/Si/NiSi with 10, 8.1, 5 and 2 nm lengths of
Si is shown. By measuring the length of the Si region and counting
the number of (1 1 1) lattice planes within the region, the strain
can be determined and it is found that the Si is highly compressed.
Fig. 13(h) shows the relationship between the compressive strain
and the length of the Siregion in the nano-heterostructure 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, due to the confinement of the oxide on the Si
nanowire, NiSi coming from both sides compressed the middle Si
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S50 nm

Fig. 12. (a) HRTEM image of a NiSi nanowire. The inset is the corresponding diffraction pattern with a[1 1 3] zone axis. (b) HRTEM image of an epitaxial interface between NiSi
and Si within a Si nanowire. (c) High angle annular dark-field image of the NiSi/Si/NiSi heterostructure. The bright image is NiSi and the dark image is Si [47].

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 the
length of the Si region can be controlled. Since one-dimensional
nano-heterostructures may have potential applications in nano-
electronic devices [57], the strain will affect carrier mobility in the
Si region.

To sum up, nano-heterostructures 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 UHV-TEM. The Si region was found to be highly
strained, more than 12%. It is proposed that 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.
Based on the rate, the consumption of Si can be controlled and, in
turn, the dimensions of the nano-heterostructure 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.

3.2. Repeating events of nucleation in epitaxial growth of nano-CoSi,
and NiSi in nanowires of Si [58,59]

Nanostructures in Si nanowires have been studied for basic
components in electronic and optoelectronics devices, especially
biosensors [60-62]. Well-defined nanoscale building blocks such
as ohmic contacts and gates on Si nanowires must be developed in
order to be assembled into functional electronic structures
[42,49,63]. It requires a systematic study of chemical reactions

in the nanoscale to form these circuit components. When a Si
nanowire touches a metal nanowire, a point contact is formed and
the chemical reaction between them starts from the point of
contact. The point contact reactions between Si nanowires and Ni
and Co nanowires or nanodots were investigated by in situ HRTEM.
The metallic NiSi and CoSi, may serve as the source-drain contacts
to the Si in the heterostructure; it is the first step to produce a
nanoscale field-effect transistor.

The formation of CoSi and CoSi, in Si nanowires was observed
at 700 °C and 800 °C, respectively, by point contact reactions
between nanodots of Co and nanowires of Si by in situ HRTEM.
The CoSi, has undergone an axial epitaxial growth in the Si
nanowire and a stepwise growth mode was found, as shown in
Fig. 14(a)-(d). We observed that the stepwise growth occurs
repeatedly in the form of an atomic step sweeping across the
CoSi,/Si interface, as shown in Fig. 14(e). It appears that the
growth of a new step or a new silicide layer requires an
independent event of nucleation. We are able to resolve the
nucleation stage and the growth stage of each layer of the
epitaxial growth in video images. In the nucleation stage, the
incubation period is measured to be much longer than the
period needed to grow the layer across the silicide/Si interface.
So the epitaxial growth consists of a repeating nucleation and a
rapid stepwise growth across the epitaxial interface. This is a
general behavior of epitaxial growth in nanowires. The nucle-
ation of silicides in Si nanowires is supply limited and source-
limited reaction by point contact reaction rather than diffusion-
controlled or interfacial controlled reaction. Besides, the axial
heterostructure of CoSi,/Si/CoSi, with sharp epitaxial interfaces
has been obtained, which are promising as high performance
transistors based on intrinsic Si nanowires.

The HRTEM videos show that the overall axial growth rate of the
Ni and Co silicide layers is linear. However, the linear curve can be
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Fig. 13. In situ TEM images showing the formation of NiSi/Si/NiSi heterostructures within a Si nanowire, and compressive strain in the Si region. (a and b) In situ TEM images of
the NiSi/Si/NiSi heterostructure. The bright area is Si and the dark area is NiSi. (d-g) HRTEM images of NiSi/Si/NiSi heterostructures. The bright and dark portions of the lattice
images correspond to Si and NiSi, respectively. (h) Plot of the compressive strain versus the length of the Si region in the nano-heterostructure NiSi/Si/NiSi [48].

decomposed into many stair-steps with the step height equal to an
atomic layer thickness and the step width equal to the incubation
time of nucleating a new step. After a step is nucleated, it
propagates very rapidly across the Si/silicide interface. The overall
reaction rate is limited by the incubation time of nucleation, so it is
a nucleation-limited reaction, neither diffusion-limited nor
interfacial-reaction-limited.

Repeating events of homogeneous nucleation in epitaxial
growth of CoSi, and NiSi silicides in Si nanowires by using in situ
HRTEM was observed as shown in Fig. 15. The growth of every

single atomic layer requires nucleation. Heterogeneous nucle-
ation is prevented because of non-microreversibility between the
oxide/Si and oxide/silicide interfaces so homogeneous nucleation
occurs. The incubation time of homogeneous nucleation is
determined to be 3s and 6s for NiSi and CoSi,, respectively.
Moreover, the calculated and the measured nucleation rates are in
good agreement. Using Zeldovich factor to estimate the number of
molecules in the critical nucleus; it is about 10 and reasonable.
A very high supersaturation is found for the homogeneous
nucleation.
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Fig. 14. In situ HRTEM image sequences of growing CoSi,/Si epitaxial interfaces within Si nanowires. (a-d) the growth of one atomic layer has occurred, and the step is
indicated by the arrow. The left-up and right-down regions are close to center and edge of nanowire, respectively. (e) Three sets of stair-type growth curve of CoSi; [58].

4. In situ TEM investigation of copper electromigration

4.1. In situ transmission electron microscope observations of
electromigration in copper lines at room temperature [64,65]

With continuous miniaturization of integrated circuits (IC), the
densities of electric current and heating power associated with the
interconnecting wires in ICs are rising in a rather fast manner.
Under a high current density of ~10°A/cm?, some voids and
hillocks may form in the interconnecting wires due to electro-
migration (EM) induced mass transport and eventually lead to
device failures [66,67]. In advanced semiconductor process
technology, copper has replaced aluminum as the interconnection
material of choice due to its superior electrical conductivity and
higher EM resistance. In recent years a number of in situ EM studies
have been carried out by observing void and hillock formation on
metal lines using scanning electron microscopy [68-70]. These
measurements were usually done at elevated temperatures in

order to observe EM-induced voiding or hillock formation within a
reasonable time frame. In this study, in situ TEM observation of
atomic-scale EM behavior in a Cu line is reported at room
temperature. The effects of crystal orientation and anisotropic
electric resistivity on atomic-scale Cu EM characteristics are also
discussed.

Fig. 16 reveals the atomic images of Cu grain along [2 1 1]
direction at different stages during electric current stressing. It is
noted that the direction of electron flux is from the right to the left
of the micrographs. Interestingly, the Cu atomic images appeared
to fade gradually from the lower-left of the examined grain.
Moreover, the atomic images of the grain disappeared completely
after stressing the Cu line for 25 min. It is a strong indication of EM-
induced atomic movement in the Cu grain. By examining the
sequential HRTEM images carefully, the atomic images of Cu grain
did not seem to shrink equally in all directions. Instead, the (21 1)
lattice image faded away from the edge of the (11 1) lattice plane
along the [01 1] direction. It is noted that Cu surface diffusion on
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Fig. 15. HRTEM images of motion of steps on epitaxial NiSi/Si interface at 450 °C. (a) One NiSi atomic layer grows from the middle region of the interface. (b) After two steps
reaches to the oxide ends, the layer growth ends and the interface becomes flat without steps [59].

Fig. 16. Real-time HRTEM images of a thin Cu line under electric current stressing recorded at (a) 6 min (b) 9 min (c) 12 min (d) 15 min (e) 21 min (f) 25 min. The inset is
HRTEM image of the (2 1 1) grain with two intersecting lattice planes.
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different crystal planes has distinct migration energies. Face-
center-cubic crystal structure, in general, has the lowest migration
energy on {111} planes among the major low-index planes
[71,72]. It was reported that the partial resistivities of Cu in the
directions of [100], [110] and [11 1] at room temperature and
found them in the order of p(111; > pr1oo; > Pr110) [73]. It implies
that electrons flowing in the (1 1 0) directions would experience
less resistance than in the (1 1 1) directions. By applying a voltage
across a crystalline copper, the partial current density in the (1 1 0)
directions is expected to be higher than that in the (111)
directions. Based on the anisotropic diffusion and electrical
resistivity of crystalline copper, the combination of {1 1 1} planes
and (110) directions is suggested to be the most favorable
electromigration system inside a grain, which is well supported by
in situ TEM observations of atomic-scale Cu EM behavior.

Fig. 17 shows the HRTEM images of Cu atoms on (01 1) crystal
planes in the stressed Cu line as a function of time. The atomic
images clearly show two intersecting lattice planes, (11 1) and
(111), with a zone axis in the [01 1] direction. The atomic images
were found to disappear gradually from right to the left in the same
direction as the electron flow. Interestingly, a surface step
structure has been observed at the side wall of the atomic image
shown in Fig. 17(b), which is consistent with the proposed EM
system when the dominant surface diffusion mechanism is
assumed. These findings lead to the conclusion that Cu (111)
oriented grains are more susceptible to EM damage than others
when surface diffusion is a dominant migration mechanism.
Moreover, the observed EM-induced surface step structure also
provides a clue of interfacial voiding in Cu interconnections.
Although a variety of techniques have been proposed to inhibit the
EM-induced interconnect voiding, including plasma treatment of
Cu metallization, dielectric passivation and metal capping [74-76],
the results sometimes are inconclusive. It is because the EM-
induced failure mechanism depends on crystal orientation and
surface structure of Cu interconnections, which can be easily
modified by thin film deposition, etching and thermal treatment
processes in IC fabrication. With the in situ TEM technique we are
capable of directly observing the EM paths of Cu atoms on a single
grain with different crystal orientations, which would lead to the
effective strategy for passivation to suppress the electromigration.

4.2. Observation of atomic diffusion at twin-modified grain
boundaries in copper [77]

Grain boundaries affect the migration of atoms and electron in
polycrystalline solids, thus influencing many of the mechanical
and electrical properties [78]. By introducing nanometer-scale
twin defects into copper grains, we show that we can change the
grain-boundary structure and atomic-diffusion behavior along the
boundary. Using in situ HRTEM, we observed electromigration-
induced atomic diffusion in the twin-modified grain boundaries.
The triple point where a twin boundary meets a grain boundary
was found to slow down grain-boundary and surface electromi-
gration by one order of magnitude. Fig. 18 shows a set of HRTEM
images of a twin-modified grain boundary at different stages
during electric current stressing. The grain has several {111}/
(11 2)-type coherent twin boundaries. Under the influence of EM,
the edge of this (0 1 1)-oriented grain in the grain-boundary plane
has evolved into a zigzag shape [79]. We observed that an atomic
step appeared at the triple point of the twin boundary (TB1) in
Fig. 18 and moved rather rapidly on the (111) plane toward the
other triple point of the twin boundary (TB2). The results indicate
that the Cu atoms move on the (11 1) surface along the direction of
electron flux, resulting in the atomic step moving in the opposite
direction. Once the atomic step reached TB2, we observed that it
was trapped for a while before moving out onto (42 2) plane. By

Fig. 17. The HRTEM images of Cu atoms on the (0 1 1) crystal planes in the stressed
Cu line as a function of time. The HRTEM images were analyzed by fast Fourier
transform (FFT) techniques. The arrows labeled indicate the atomic surface steps on
the Cu (111) crystal planes. The cross referred to a fixed point for the ease of
inspection [64].

tracing the atomic steps moving along the (11 1) and (42 2) planes,
we can plot the distances of different atomic steps from TB1 and
TB2, with respect to time, as shown in the Fig. 19. We found that
there exists a time lag of ~5 s for the atomic steps to cross the triple
points under electric current stressing. The moving speed of the
atomic step on the (11 1) and (4 2 2) surfaces were calculated to be
5.7 nm/s and 3.4 nm/s, respectively. Because of the {1 1 1} planes
have the lowest atomic-migration energies among the major low-
index planes of Cu. Nevertheless, the most important finding is that
the triple point can slow down or block the EM-induced atomic
migration in the twin-modified grain boundaries of Cu.

It is remarkable that the sample had more than one free surface;
thus, atoms diffused along more than one direction or plane. The
plane perpendicular to the electron beam was also a free surface
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Fig. 18. (a-d) HRTEM images of the (0 1 T) -oriented Cu grain under electric current stressing as a function of time. The time of the image capture (in minutes and seconds) is
given in the rectangular box at the lower left corner. The direction of electron flow is from right to left. The arrowheads indicate the atomic steps on the lattice planes. The
cross in each panel refers to a fixed point for ease of inspection. The HRTEM image was analyzed by fast Fourier transform technique [65].

along which atoms diffused during the process. Due to the
migration of the plane, the thickness decreased and atomic
columns disappeared eventually as observed in our experiment.
Furthermore, the effect of electron beam damage was also minimal
in this work.

5. Growth kinetics of semiconducting nanowires [3,80]

Due to applications in nanotechnology, silicon nanowires have
been drawing increasing attention and interest, especially
promising in nanoelectronics for the capability of engineering
nanowire properties. The most common way of growing Si
nanowires is the vapor-liquid-solid method. Despite being
studied for over 40 years, certain aspects of VLS mechanism
remain unclear. For example, it is conventionally assumed that no
change occurs in the catalyst droplet during growth and that the
nanowire sidewalls are composed of clean silicon facets. However,
Hannon et al. demonstrated that the above assumptions are not
true for silicon nanowires grown on Si(111) under carefully
controlled experimental parameters, including surface structure,
gas cleanliness, and background contaminants. They showed that
it is the gold diffusion during growth that controls the length,
shape, and sidewall properties of the nanowires. Wetting the
nanowire sidewalls, gold from the catalyst droplets eventually
consumes the droplets and terminates VLS growth. Gold diffuses
from the smaller droplets to the larger ones, a phenomenon of
Ostwald ripening, contributing to change of nanowire diameters
during growth [3]. These results suggest that the silicon nanowire
growth be fundamentally limited by gold diffusion; in other words,
growth of arbitrarily long and smooth nanowires requires
elimination of gold migration.

On the other hand, it has been observed that nanowires grow
below the eutectic temperature, and the state of the catalyst has
been uncertain. Utilizing in situ TEM, Kodambaka et al. reported
that, for the classic Ge/Au system, nanowire growth can happen
below the eutectic temperature with either liquid or solid catalysts
at the same temperature [80]. Another finding is that the catalyst
state is unexpectedly determined by the growth pressure and
thermal history. They indicated that kinetic enrichment of the
eutectic alloy composition may result in these phenomena,
expected to be relevant for other nanowire systems.

6. Nanothermometry

In the development of nanotechnology, high sensitivity
temperature sensor is urgently needed for both fundamental
understanding of nanosystems and functional applications.
Fabrication of nanothermometer based on core/shell nanostruc-
tures has recently attracted enormous attention. The operations of
those nanothermometers were based on calibrating temperature
with thermal expansion of filled metals in the TEM [81]. Recently,
Gong et al. reported a reversible wide range high temperature
nanothermometer (10 nm/100K with 670 nm Au(Si) filling in
Ga,03 with a high CTE (150 x 106 K~1) at temperatures higher
than 300 °C [82]. All these nanothermometers work with the filling
materials in liquid-like or liquid state. Yet, it is still a tremendous
challenge to fabricate high sensitivity nanothermometer working
in solid state at a temperature range of room temperature to about
300 °C. The primary advantage of a solid state nanothermometers
is that the demand on the structural integrity is considerably less
for the outer shell. Unlike liquid filling materials, solid is not prone
to leak out.

Among all the elements, solid lead (Pb) exhibits the highest
thermal expansion with the exception of mercury (Hg) and alkali
metals at room temperature. Bulk Pb has a linear CTE of
30x 10°°K"! (linear 0-300°C) and the CTE of Hg is
60 x 107 K~!. However, mercury is in liquid state and alkali
metals are hazardous at room temperature. Changes in the
dimension in the ZnO nanotubes can be disregarded since the
thermal expansion of the ZnO is rather small (4 x 106K 1!). As a
result, solid Pb is potentially useful as the filling material in
nanothermometers.

Galvanic displacement method was used to fabricate Pb(core)/
ZnO(shell) nanostructures and their application as high sensitivity
nanothermometer. The Pb/ZnO nanocables were spontaneously
reduced to nanostructures grown on zinc substrate at room
temperature [83]. The thermal expansion of Pb/ZnO nanocables is
readily detected at low temperature since the lengths of
nanocables and could be grown to a few tens of micrometers
and the inner Pb fillings are sufficiently long. The Pb-ZnO system is
unique in that it is the only available nanothermometer operating
in solid state. Compare to liquid thermal expansion, solid state
nanothermometer is advantageous for much less demanding on
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Fig. 19. Movement of different atomic steps on (a) the (1 1 1) surface, (b) the (42 2)
surface, and (c) the surface between TB1 and TB3 as a function of time. Insets in (a)
and (b) show the moving trace of the atomic steps. Black squares, atomic step 1; red
circles, atomic step 2; blue triangles, atomic step 3 [77]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

the structural integrity of the outer shell and with superior
reliability [84].

7. Conclusions

In situ TEM has provided a very useful method to directly
measure the dynamic changes of nanostructures on Si. Through
observing growth and phase transitions in situ, we can understand
their mechanisms and model relevant processes. With the precise
knowledge of the changes occurring in atomic scale, accurate
control of the growth process can be achieved. In situ TEM will

definitely continue to contribute to the major advance in the
nanoscience and nanotechnology in the future.
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