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We report real-time high temperature scanning electron microscopy observations of the growth of
bismuth nanowires via the on-film formation of nanowires �OFF-ON� method. These observations
provide experimental evidence that thermally induced-stress on a Bi film is the driving force for the
growth of Bi nanowires with high aspect ratios, uniform diameter, and high-quality crystallinity. Our
results show that immobile grain boundaries in the Bi film are required for the growth of nanowires
so that grain broadening resulting in hillock formation can be prevented. This study not only
provides an understanding of the underlying mechanism, but also affords a strategy for facilitating
nanowire growth by OFF-ON. © 2011 American Institute of Physics. �doi:10.1063/1.3535956�

During the past 50 years, the formation of metal whis-
kers on the surface of electrical components has been an
issue of great technological concern that could threaten elec-
tronic device reliability. The majority of failure includes
commercial satellites,1 military,2 medical,3 and industrial
devices4 which result in costly repairs. Simultaneously, at-
tempts to understand the mechanism of spontaneous growth
and formation of metal whiskers in an effort to develop a
practical strategy to prevent the whisker formation have been
developed.5–8 Due to the complex dependence of the whisker
formation on the thermodynamics and kinetics of nucleation
and growth, however, the mechanism is still under investiga-
tion.

On the scientific side, however, whiskers are “nearly”
perfect single crystal structures �diameters of �1–10 �m
and lengths up to several millimeters� that are potentially
suitable for exploring material and size-dependent properties.
In particular, the nanometer length scale where such proper-
ties can be quite different from the bulk is more desirable for
this context. Recently, we have developed a methodology,
termed the on-film formation of nanowires �OFF-ON�, to grow
high quality, single-crystalline nanowires in a similar fashion
with that of a whisker formation,9,10 which presumably uti-
lizes thermally induced compressive stress within a polycrys-
talline thin film. OFF-ON combines the concepts and advan-
tages of simple thin film deposition with whisker formation
that produces highly crystalline one-dimensional nanomate-
rials. Unlike other whisker formation method, it is worth
noting that OFF-ON offers significant advantages of �1� pro-
viding tunability where one can control the nanowire diam-
eter, i.e., Bi, as small as a few tens of nanometers9 and �2�
enabling the synthesis of thermodynamically stable com-
pound semiconductors, i.e., Bi2Te3,10 which uses conven-
tional whisker formation as a positive tool to make func-
tional materials for device applications. The utility of this
method has been demonstrated in the context of oscillatory11

and nonoscillatory magnetoresistance measurements12 in Bi

nanowires that provide evidence for the high-quality crystal-
line of the nanowires grown by OFF-ON. In fact, the demand
for OFF-ON become increasingly important as bismuth and its
alloys have emerged as attractive candidates for high-
efficiency thermoelectric materials �Bi,13 Bi2Te3,14 Bi–Sb�
�Ref. 15� and topological insulators �Bi,16 Bi2Te3,17 Bi2Se3,18

BixSb1−x� �Ref. 19� where the crystallinity of the wires needs
to be exceptionally high. In this regard, an attempt to identify
the growth mechanism which expands the range of materials
readily available for synthesis by OFF-ON must be investi-
gated. Herein, we report the direct observation of Bi nano-
wire growth that allows one to clarify the growth mechanism
of OFF-ON as a tool for producing high-quality nanowires.
The mechanism is found to be thermal stress-induced mass
flow along immobile grain boundaries in the polycrystalline
film. Fast growth of nanowire having uniform diameters with
aspect ratios exceeding 103 was observed; these materials
ultimately can be used as building blocks for one-
dimensional nanoscale devices.

In a typical experiment, a Bi thin film was deposited
onto a thermally oxidized Si�100� substrate at a rate of
�30 Å /s using an ultrahigh vacuum radio frequency sput-
tering system and heated up to 270 °C, one degree below the
melting point of Bi. More experimental details have been
presented in previous work.9 Figure 1�a� shows a series of
scanning electron microscope �SEM� images of a Bi nano-
wire that grows with time at various temperatures. By heat-
ing the Bi-deposited Si /SiO2 sample in situ, it was possible
to observe the resulting nanowire evolution in real time and
at high spatial resolution. Here, the length of the nanowire
was found to be 12, 20, 25, 41, 66, and 80 �m with increas-
ing annealing temperatures and time corresponding to 90 �30
min�, 95 �60 min�, 100 �90 min�, 115 �125 min�, 130 �160
min�, and 160 °C �200 min�, respectively. The average
growth rate is approximately 4.6 nm/s in these images and
can be up to 27.7 nm/s, which will be discussed later. These
direct observations provide experimental evidence that
clarify the driving force for Bi nanowire growth; compres-
sive stress is generated by a mismatch between the thermal
expansion of the Bi thin film �13.4�10−6 / °C� and SiO2 /Si
��0.5�10−6 / °C� / �2.4�10−6 / °C�� when heat is applied.
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The Bi film expands when it is annealed, while the substrate
restricts expansion, putting the Bi film under compressive
stress. Importantly, no change in diameter was observed as
the nanowire grew as shown in Fig. 1�a�, indicating that the
Bi nanowire grew through continuous addition to its base, as
opposed to possible thermal evaporation from the Bi film at
high temperatures. Quantitative analysis of the uniformity in
diameter is more visualized in a series of 27 SEM images
taken along the length of a representative ultralong Bi nano-
wire in Fig. 1�b�. The length of this nanowire is 77 �m and
the diameter does not change significantly with starting and
end diameters of approximately 50 and 47 nm, respectively.
The entire Bi nanowire can also be readily seen in dark-field
optical microscopy images that make them more accessible
to conventional device fabrication processes. Therefore, it is
especially important to point out that OFF-ON retains many of
the advantages of whisker formation, namely, fast growth
rate with uniformity in diameter, as well as high-quality crys-
tal with control over size. In this study, Bi nanowires were
single crystals as characterized by transmission electron
microscopy �TEM� and shown in Figs. 1�c� and 1�d�. The

growth axes were found to be �1̄02� and �110�.
In general, whisker and hillock formation occur on the

same surface. Figure 2�a� shows a SEM image of Bi thin film

surface after annealing for 10 h at 270 °C where the tem-
perature is close to the melting point of Bi �271.3 °C�. A
nanowire whisker and spherical hillocks are evident on the
surface of a Bi thin film. The hillocks are larger �7.4 �m in
width� than the whisker diameter �770 nm in diameter�. Ac-
cording to previous studies, the motion of grain boundaries
is largely responsible for the growth of whiskers and
hillocks.5,20 The high mobility of grain boundaries during
migration results in broad hillocks on a surface, whereas low
mobility or pinned boundaries promotes whisker formation
by maintaining a laterally small grain where atom flux accu-
mulates. In addition, it has been reported that the diameter of
Bi nanowires was strongly coupled to the grain size of a film;
the diameter of nanowires grown on a film decreases as the
grain size of a film decreases.9 By combining the role of
grain boundary motion with the correlation between nano-
wire diameter and the grain size of a film, a proper model for
the growth of Bi whiskers and hillocks is shown in Fig. 2�b�.
One grain with a mobile grain boundary can be broadened
laterally by grain boundary migration as it is pushed upward
�Fig. 2�b��, while the other grain broadening can be hindered
with pinned grain boundaries that promote the nanowire for-
mation.

To obtain a better understanding of the growth mecha-
nism, a Bi nanowire of 150 nm in diameter grown on a Bi
thin film was selected �Fig. 3�a�� for a cross-sectional sample
�Fig. 3�b�� prepared by a focused ion beam �FIB�/field
emission-SEM dual-beam system �FEI, Nova nanoLab200,
USA�. To prevent damage from the Ga+ ion beam during the
TEM sampling process, electron beam-induced Pt deposi-
tion, followed by ion beam inducing Pt deposition were per-
formed all around the nanowire and substrate �see Fig. 3�b��.

Figures 3�c� and 3�d� show the cross-sectional dark-field
TEM images, grown the Bi nanowire on an annealed Bi film.
The low magnification TEM image �Fig. 3�c�� shows that the
Bi thin film is polycrystalline and consists of many columnar
grains, and that the Bi nanowire is a single crystal. From the
analysis of corresponding electron diffraction patterns �inset
of Fig. 3�c�� as indicated, the growth direction of the Bi
nanowire is �110�. These results provide insights into the
mechanisms of Bi-wire growth. Using the measurements of
the wire length, times, and temperatures shown in Fig. 1�a�,
it is clear that the average velocity measured over a given
time interval at a certain temperature is relatively uncorre-
lated with temperature, for example, the average velocity de-
creases as the temperature is increased from 90 °C, and then
suddenly increases at 115 °C, and then decreases on going

FIG. 1. �Color online� Growth and structural characterization of single-
crystalline Bi nanowires. �a� A series of six SEM images of a Bi nanowire
grown by OFF-ON with time at various temperatures. �b� A series of 27 SEM
images of a 77 �m long Bi nanowire transferred onto a SiO2 /Si substrate.
The inset �top right and bottom left� show SEM images of starting and end
segments of this NW. The inset �middle� shows SEM image of as-grown
ultralong Bi nanowires. A low-magnification TEM image of Bi nanowires

with the growth axis of �c� �1̄02� and �d� �110�. Inset �top right� shows the
electron diffraction pattern of the corresponding nanowire.

FIG. 2. �Color online� Coexistence of whisker and hillock. �a� SEM image
of Bi whisker and hillocks on a surface of Bi thin film. �b� Schematics of
different response of surface grains to the biaxial stress depending on the
mobility of the grain boundary.
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from 130 to 160 °C. A likely explanation for this is that the
instantaneous growth rate at a given temperature is not con-
stant, as observed experimentally in other systems.6,7,21

Complex competition between driving force and kinetics,
which determines the growth rate, may account for noncon-
stant growth rate of the Bi nanowires but the exact mecha-
nism regarding the temperature dependence of the growth
rate remains unclear. Figure 3�d� shows that the SiO2 sub-
strate beneath the wire is nonplanar, but the thickness of the
film in this region is unchanged. This indicates that the local
stress in this area is sufficient to induce diffusion of SiO2
away from this region. However, on careful inspection of
Fig. 3�d�, it is clear that the degree of nonplanarity is larger
on the left side of the wire than the right. This may be due to
grain boundary sliding of the grain, denoted by the arrow,
since this boundary is inclined with respect to the applied
stress. This grain boundary sliding process concentrates the
stress in this region, leading to the stress in the SiO2 layer.
By contrast the grain boundary on the right side cannot slide
since it is perpendicular to the substrate. This sliding process
reduces the stress that drives wire growth. If the grain
boundary-sliding rate was not constant this would introduce
a time-changing stress that would lead to the nonconstant
instantaneous growth rate mentioned above. Finally, the
growth direction of the wires is unrelated to the orientation
of the grain boundaries at the root of the wire, unlike Bi2Te3
wires.10 As shown in Fig. 3�d�, the �110� planes are inclined
with respect to the SiO2 substrate. This implies that growth
occurs not one �110� plane at a time, but by atom attachment
where the ends of the �110� planes contact the grain bound-
ary and substrate. This is also why, although there is clear
preferred growth direction of the wires, the angle of the
wires with respect to the substrate is not fixed �see Fig. 1�b��.
Finally, Fig. 3�c� shows hillocks as well. These also form in
response to the compressive stress, but since the hillocks are
bounded by mobile grain boundaries, lateral motion of the
boundary is significant and a wire does not form.5,20

Moving forward, an investigation that consists of con-
trolling various spatial growth direction of nanowires and
making functional heterostructures such as core-shell and su-
perlattice nanowires will be needed to fully exploit the capa-
bilities afforded by this technique.
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FIG. 3. �Color online� SEM and TEM study of the cross-section of a Bi nanowire-Bi thin film. �a� Representative SEM image of an individual Bi nanowire
grown on a Bi thin film. �b� The cross-sectional Bi nanowire prepared by a FIB/FE-SEM dual beam system. The cross-section was sliced down to a thickness
of 60 nm and lifted by a manipulating probe �Model 100.7™, Omniprobe, USA�. Then the thickness of the nanowire was reduced to 5–60 nm using FIB
milling for TEM analysis. To prevent the formation of an amorphous layer on the surface caused by the Ga+ ion beam-induced damage, the sample was finally
cleaned under low energy conditions �accelerating voltage of 5 kV and ion current of 70 pA�. �c� High resolution TEM image of the cross-sectional Bi
nanowire grown on a Bi thin film. �d� Magnified image of the Bi nanowire grown at the grain of the Bi thin film.
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