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Thermal instability and melting behavior of tin nanowires were studied with a decrease of wire
radius(ryw=7-30 nm) via differential scanning calorimetry (DSC). Two sequential DSC
measurements showed a 1/ryy dependency of the melting temperature depression; the first melting
temperature decreased from 502 to 486 K with 1/ryw whereas the second one was more depressed
between 0.8 and 5 K. The melting temperature difference between the first and second cycles
increased linearly with 1/ryw. This variation was attributed to fragmentation of nanowires due to
Rayleigh instability. Here, fragmentation of long nanowires was suppressed by a template
confinement, resulting in the formation of short nanorods. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2801520]

One-dimensional nanostructures are considered promis-
ing candidates for future nanoscale devices, which are ex-
pected to have considerably reduced size."” In relation to
this, extensive studies have been performed on the effects of
nanowire size on thermal stability,3 Young’s modulus,”
tensile/yield strengths,5 and melting/freezing tempe:rature:.6_9
Metallic nanowires (NWs) are candidate materials for pas-
sive interconnects in future nanodevices, and understanding
of the size-dependent thermal stability as well as the melting
features is a key element to realizing good metallurgical
bonding and reliability of NW interconnects.

Since the work of Pawlow'® was reported, it has been
shown that the melting temperature (Typ) of nanoparticles
depends linearly on the reciprocal of the particle size,
Tnp/T,=1—alr. Here, the subscripts NP and » denote nano-
particle and bulk, respectively, and « is a material constant
related to cohesive energy, surface tension, density, shape of
the material, etc.'"™ A similar relation between melting
point and radius holds for nanowires, even though Ty is
typically higher than TNP.&Q’16 Cylindrical nanowires are en-
ergetically unstable, as noted by several authors,'”"? and
break into nanoparticles when the wire length exceeds the
circumference and perturbations of the cylindrical radius oc-
cur; this is known as the Rayleigh instability. Recently, it was
reported that metallic nanowires such as Au and Cu are pe-
riodically fra;mented at temperatures lower than their melt-
ing points,zo’ ! a characteristic that could be applied to pat-
terning well-ordered metallic nanostructures.

In this letter, size-dependent depression of melting points
and thermal instability of tin nanowires confined within a
template are reported. Since metallic NWs are often structur-
ally supported by a template, the effect of the template on the
suppression of Rayleigh instability is considered.

Two nanotemplates of anodic aluminum oxide (AAO)
were made out of Al foil (99.99%) by a two-step anodization
process at 274 K;* one nanotemplate is produced in sulfuric
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acid (1.5M) at 15 V, and the other in oxalic acid (0.3M) at
40 V, thus creating nanotemplates (4 wm thick) with two
initial pore radii (ryw=7 and 15 nm). Pores were subse-
quently widened to have final radii of ryw=10, 20, 25, and
30 nm in phosphoric acid (0.1M, 303 K). In addition, the
barrier oxide layer between the pore bottom and the alumi-
num substrate was thinned to 5 nm by a voltage reduction
process24 for the purpose of subsequent electrodeposition.

Electrochemical deposition of Sn nanowires into the
nanotemplate was accomplished using two electrodes system
with a Pt counter electrode at room temperature under a sine
wave voltage (V,,,x=0 V, V,;,,=—10 V, 100 Hz) in an aque-
ous solution (18.8 g/l SnSO, and 25 g/l H;BO;, pH 1.8).
The NW length was controlled to 1-2.5 wm by changing the
deposition time (10-30 s), and the NW diameter was esti-
mated from three separate measurements of ten nanopores
from various locations of the AAO template using scanning
electron microscope (SEM).

Crystalline structure of the nanowires was analyzed us-
ing x-ray diffraction (XRD) (Cu Ka, 6-26 scan) and trans-
mission electron microscopy (TEM), while differential scan-
ning calorimetry was conducted to measure Tyw of Sn
nanowires embedded in the templates (heating rate of
3 K/min under N, gas). Melting points were determined
from the onset temperatures of endothermic peaks in the first
and second heating cycles to 510 K, and an average value
out of three specimens was used. The template was removed
in NaOH solution (pH 12) for the sake of preparing TEM
specimens of NWs.

SEM micrographs of Sn nanowires with radii of 7 and
15 nm (denoted as 7 Sn NW and 15 Sn NW, respectively) are
presented in Figs. 1(a) and 1(b). It can be seen that the 7 Sn
NW has a disordered and bifurcated structure compared to
the 15 Sn NW, which shows a well aligned array structure.
Subsequent TEM and XRD analyses in Fig. 1(c) revealed
that both NWs are single crystals with the [200] direction
along the pore axis.

Melting temperatures (Tyw) of Sn nanowires during the
first and second heating cycles were normalized against that

© 2007 American Institute of Physics
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FIG. 1. Cross-sectional SEM images of as-prepared Sn nanowires with radii of (a) 7 and (b) 15 nm, and (c) typical bright field image, electron diffraction
pattern of TEM, and XRD pattern of 15 Sn NW (1.5 um). The inset in XRD pattern depicts the geometry of 6-26 scan.

(T,=505 K) of bulk Sn and are plotted as functions of the
inverse of the wire radius (1/ryw) in Fig. 2. As the wire
radius decreased from 30 to 7 nm, the first melting points
(Tnw,1) linearly decreased from 502 to 486 K, as denoted by
the solid circle data in Fig. 2. This trend is in agreement with
previous results, indicating that the melting temperatures
(Txp) of Sn nanoparticles are depressed with decreasing
radius."""® The second melting temperatures (7 ,), which
were measured during the subsequent second differential
scanning calorimetry (DSC) cycle for the same Sn NWs,
decreased with the reciprocal radius (open circle data in Fig.
2). It should be noted that the difference (AT,=Tyw,
—Txw.) between the first and second melting points showed
a linear correlation with the reciprocal radius, i.e., the melt-
ing points were systematically lower during the first cycle
than during the second cycle in a range of A7,,=0.8-5 K.
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FIG. 2. The first and second melting temperatures (T, and Tyy,) are
normalized against the bulk melting temperature and are denoted by solid
and open circles, respectively. The difference (AT,,) between the first and
second depressions is denoted by asterisks with a linear fit of the dash-dot
line (a). According to Eq. (1), melting temperature depressions are theoreti-
cally predicted as a solid line (b) for long NW (h=0), a dashed line (c) for
fragmented NW (h=9ryw), and a dotted line (d) for spherical nanoparticles
(h=2ryw), respectively.

In Fig. 3, it can be observed that the 7 Sn and 15 Sn
NWs were fragmented after the first DSC cycle up to 510 K
[see Figs. 1(a) and 1(b)]. The fragmentation of Sn NWs has
been ascribed to the Rayleigh instability of liquid Sn
nanowire.'*!"” Also, it is noteworthy that the fragmentation of
7 Sn and 15 Sn NWs did not result in spherical nanopar-
ticles, as predicted by the Rayleigh instability, but rather in
short nanorods with a length of /5 g, nw=50-150 nm and
his sn nw=100-600 nm, respectively. According to Nichols
and Mullins, the radius of a fragmented nanoparticle is pre-
dicted to be ryp= 1.89rNW.19 Without a template, a freestand-
ing nanowire would be fragmented into a chain of spherical
nanoparticles, as delineated by the dashed lines in Fig. 42021
When the template confines the fragmentation of Sn NW
within the pore, short nanorods with a length of 4= 9ryy are
formed, as depicted by the solid line diagrams in Fig. 4.
Here, it was assumed that the spherical nanoparticle
(Volume=4'n'rl3\IP/ 3) is transformed to a nanorod (volume
=7Tr12\,wh) without a volume change. The predicted lengths
(h) of fragmentation are 63 and 135 nm for the 7 Sn and 15
Sn NWs, respectively, which fall in the range of the experi-
mentally fragmented lengths (77 g, nw and ;s sn Nw)-

As noted, Ty, was more depressed due to the fragmen-
tation, because the fragmented length of Sn NWs after a
thermal cycle decreased with a decrease of the wire radius.
In other words, AT, increased linearly with the reciprocal
radius; this is in agreement with a previous theoretical model
describing the size and shape effects on the melting tempera-
ture of nanomaterials.” Under the assumptions that surface
atoms are on the first layer of the nanosolid and cohesive
energy is linear to the melting temperature for the material,”
the following formula is derived:

mzl_ﬁzl_ﬂ(l L>.

1

h Nw

Here, N and n denote the number of surface atoms and the
total atoms of a nanowire, respectively. r, and ryy denote
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FIG. 3. Cross-sectional SEM images of (a) 7 Sn NW and (b) 15 Sn NW after the first DSC cycle up to 510 K showing that NWs are broken into short

nanorods compared to the as-prepared long NWs of Fig. 1.

the atomic radius (0.186 nm for tin'*) and the radius of the
nanowire, respectively.

For as-prepared long Sn NWs, the linear depression of
Txw.1 is in accordance with the theoretical prediction (solid
line, h=), as shown in Fig. 2(b). During the first DSC
cycle, as-prepared long Sn NWs were fragmented to form
short nanorods depending on the wire radius, as shown in
Figs. 3(a) and 3(b) and schematically described in Fig. 4.
Therefore, Tyw , decreased more with the reciprocal radius,
which is in good agreement with the theoretical prediction
(denoted by dashed line, h=9ryy) of Fig. 2(c). Both depres-
sions are comparable with the theoretical prediction (denoted
by a dotted line) of melting temperature for a spherical nano-
particle (h=2ryw). Tnw Was expected to approach the lowest
melting point of Typ with further fragmentation.

In summary, depression of the melting point of Sn NWs
increased linearly with the reciprocal radius, and NWs were
fragmented due to Rayleigh instability. This caused a reduc-
tion in the NW length and led to further depression of the
second melting point. The NW fragmentation into spherical

Pl =
- ~ - ~J
. N
. N 77 N
’ Y ’ b
1 \ h \
i [ N '
\ ’ H 1
\ ’ 1
N v \ ’
N \
’ \ ’
\ ’ ~ L/
SOl Stmome
A2
v
n
BN
AN == ==
’ N
. S g My r
’ ’ /'\‘
’ N [
’ \ 1 '
’ \ v !
1 1 \ 1
\ ’ \ /
\\ 4 N 4
N 4 ~ e
~ /’ ~~_—”
~.-
(@) (b) © (d)

FIG. 4. A schematic diagram delineating the following: (a) A nanowire
confined within a nanotemplate. (b) A perturbation in radius occurs to set in
the Rayleigh intability. (c) The perturbation amplitude increases. (d) It is
separated into nanorods (described by solid lines). In comparison, the
dashed lines indicate that a nanowire in a template-free state breaks into
particles in sequence from (a) to (d). & denotes the height of a short nanorod
when a nanoparticle with a radius (r) is transformed into a nanorod without
a volume change, as shown in (d).

nanoparticles could potentially be utilized for nanopattern-
ing; however, the fragmentation would be detrimental to the
NW interconnection. The present study revealed that tem-
plate supported NWs fragmented into short nanorods rather
than spherical particles. This finding could provide some in-
sight into problems related with nanowire thermal instability.
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