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ABSTRACT: The melting behavior of ZnTe nanowires has been investigated using a
transmission electron microscope in both bright ﬁeld and high-angle annular dark ﬁeld
modes. The ZnTe nanowires, 30−160 nm in diameter, were heated using a controllable
heating system, and their melting temperature was studied. The results showed a signiﬁcant
reduction of the melting temperature of about 450 °C, depending on the diameter of the
nanowire, compared to the bulk melting point of 1300 °C. In addition, scanning
transmission electron microscopy using high-angle annular dark ﬁeld imaging was carried
out to structurally analyze the ZnTe nanowires after melting.

1. INTRODUCTION
One-dimensional (1D) nanostructures such as wires, rods,
belts, ribbons, and tubes have attracted a great deal of attention
in the fabrication of nanoscale devices, and the size-dependent
properties of various inorganic nanowires have been studied to
promote applications.1−3 Semiconductor nanowires prepared
by various growth techniques have many applications in
nanoelectronics, light emitters, photovoltaics, thermoelectrics,
energy storage devices, and biosensors.1 Employing the
nanowires as building blocks for nanoscale electronics warrants
consideration of the relevant thermodynamic properties due to
their dependency on low dimensionality and large surface area.4
The melting temperature of nanomaterials as one of the basic
thermodynamic properties has been studied and compared with
bulk melting point for some nanowires,5−7 nanoparticles,8,9 and
nanorods.10,11 The thermal behavior of nanostructures in
nanoelectronics and other applications plays a key role in their
function inﬂuencing their performance and reliability. Therefore, their melting temperature should be investigated in order
to avoid melting or partial melting of these active components
during the lifetime of the devices.
Generally, the melting point of the nanomaterials decreases
with a reduction in size compared to the bulk material. For
example, Hui et al.7 employed molecular dynamic simulations
to study the melting behavior of a Zr nanowire and found it to
melt at 900 K, compared to the bulk melting point of 2125 K.
Pan et al.12 reported partial melting of a submicrometer-sized
grain of iron at 650 °C, which is signiﬁcantly lower than the
melting temperature of bulk Fe at 1536 °C. Size dependency of
melting point in Ga clusters has been reported by Breaux et
al.,13 where size reduction lead to a higher melting point than
© 2014 American Chemical Society

the bulk material. The investigation of the melting temperature
in nanowires has focused more on metals than semiconductors,
except for a few reports. A marked reduction in melting
temperature of 10−100 nm diameter Ge nanowires was
observed at 650 °C for nanowires versus 930 °C for bulk
material.14 A similar suppressing trend in melting point of
In2Se3 nanowires has been reported at 680 °C compared to the
bulk melting temperature of 890 °C.5 A 46% reduction in
melting temperature was reported for 40−80 nm diameter
GeTe nanowires for their use in phase change random-access
memory application. 6 Diﬀerential scanning calorimetry
(DSC)15,16 and transmission electron microscopy (TEM)5,6
have been typically used in the nanomaterial melting behavior
studies. TEM as a standard tool to investigate the melting
behavior of a nanomaterial was ﬁrst reported by Takagi.17 In
situ TEM has been previously utilized as a powerful tool for
atomic-level observation of phase transformation,18 welding of
nanostructures,14 electromigration,19 nano-heterostructure
growth,20 and nanodevice fabrication.21
ZnTe is a II−VI semiconductor with a direct bandgap of 2.26
eV at room temperature and a Bohr radius of 6.2 nm. ZnTe has
been considered for optoelectronic devices such as green lightemitting diodes,22 photovoltaics,23 electro-optic devices,24
visible-light photodetectors,25 and thermoelectric devices.26
Given the wide range of applications, the melting behavior of
ZnTe is of interest, and here, we present the results from our
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and several micrometers in length (Figure 1a). Figure 1b shows
a higher magniﬁcation SEM image of a single ZnTe nanowire
with a diameter of 72 nm. A low-magniﬁcation TEM image of a
nanowire with a uniform diameter of 63 nm is shown in Figure
1c. The EDXS analysis of a single nanowire (not shown here)
conﬁrmed the composition of the nanowire of only zinc and
tellurium with an atomic ratio of 1:1. The TEM images in
Figure 1 (panels c and d) reveal that the nanowire has a
crystalline FCC lattice structure, which is uniform with a
regular stacking fault structure. The measured lattice spacing of
the grown ZnTe nanowire of 0.35 nm is in good agreement
with the d-spacing of the (1 1 1) plane of ZnTe structure. The
growth direction of the nanowire was determined as <1 1 1> by
using the selected area diﬀraction pattern (SAD) (not shown
here) being indexed to the cubic FCC structure.
A ∼3 nm native oxide was inevitably formed on the surface
of the nanowire and could be due to exposure to the ambient
environment right after the synthesis or oxygen leakage during
growth. The composition of this layer has been determined as
ZnO by Kirmse et al.28 with a speculation of its origin as the
post-growth formation due to the absence of oxygen in their
molecular beam epitaxy system. Our investigation by local
electron energy loss spectroscopy (EELS) conﬁrmed the oxide
composition of this layer (as discussed later). The selected area
diﬀraction pattern is used here to deﬁne the melting
temperature Tm of the nanostructure. The temperature
corresponding to the disappearance of electron diﬀraction
peaks associated with the solid phase is deﬁned as the melting
temperature of the solid nanostructure.8 Figure 2 exhibits

study on the size-dependent melting behavior of ZnTe
nanowires using in situ transmission electron microscopy.

2. EXPERIMENTAL WORK
The ZnTe nanowires were grown on silicon substrates covered
with a 3 nm gold layer via the vapor−liquid−solid technique, as
described in detail in ref 27. The nanowires were dispersed in
ethanol using an ultrasonic technique and the droplets of the
dispersion were deposited on a copper grid with a holey carbon
ﬁlm, which was mounted in the heating stage holder. The asgrown ZnTe nanowires were imaged with a scanning electron
microscope (SEM) (JEOL JSM-7401F) to study the morphology. Transmission electron microscopy (TEM) images in both
bright and dark ﬁeld modes (BF, HAADF-STEM) were
recorded using a Tecnai F30 (FEI) scanning transmission
electron microscope (STEM) operated at 300 kV equipped
with electron energy loss spectrometer (EELS) and energy
dispersive X-ray spectrometer (EDXS) to determine the
chemical composition. The isothermal in situ heating experiments were performed using a Gatan heating holder. A oneminute waiting time was considered before recording data to
allow for the stabilization of the target temperature. The realtime melting behavior and monitoring the morphology of the
nanowires were investigated in the bright-ﬁeld mode. The
sample stage was resistively heated during the experiments in
50 °C steps from room temperature to 375 and 5 °C steps from
375 to 520 °C, while the heating rate ranged from 10 to 20 °C/
min.
3. RESULTS AND DISCUSSION
Electron microscopy images of ZnTe nanowires grown by the
VLS technique are shown in Figure 1. The mat of nanowires
shows a high-yield with diameters in the range of 30−120 nm

Figure 2. Melting process of an individual ZnTe nanowire during in
situ heating and monitored by TEM. (a) The ZnTe nanowire at room
temperature. Inset: the correspondent SAD pattern shows the
crystalline structure of the nanowire. (b) The molten nanowire at
445 °C. The remaining oxide shell can be clearly seen from the image.
The inset shows the SAD pattern without crystalline reﬂections. All
scale bars are 50 nm.

sequential TEM images during the melting process of a 70 nm
ZnTe nanowire. The electron diﬀraction pattern (shown in the
inset) before the commencing of the heating conﬁrms the
crystalline structure of the ZnTe nanowire. The melting process
was started by heating the holder stage resistively at a rate of 10
°C/min, while monitoring the phase transformation of ZnTe
nanowire from solid crystalline phase to the liquid phase. The
melting point of this ZnTe nanowire was determined to be 445
°C from the characteristic vanishing of the crystalline
reﬂections of the SAD pattern shown in the inset of Figure 2b.
Figure 3 shows low-magniﬁcation TEM images of ZnTe
nanowires with two diﬀerent diameters (74.2 and 30.6 nm)
during the melting process. The TEM images at 160 and 320
°C show that the nanowires still remain in the solid phase

Figure 1. (a) SEM image of a mat of high-yield ZnTe nanowires
grown by VLS technique. (b) Higher magniﬁcation SEM image of an
individual ZnTe nanowire. (c) Low-magniﬁcation TEM image of a
single ZnTe nanowire. (d) High-resolution TEM image of a ZnTe
nanowire, showing a 3 nm oxide shell around the nanowire.
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Figure 4c shows the HAADF-STEM brightness across the
whole diameter of the nanowire, where the brightness
diﬀerence indicates the presence of diﬀerent elements based
on diﬀerent atomic numbers. The distribution of oxygen on the
sidewall of ZnTe nanowire across its diameter is displayed in
Figure 4d. Oxygen was detected signiﬁcantly at the two outer
areas of the nanowire (16 and 45 nm), indicating the oxide
composition of the shell. Since the melting temperature of bulk
ZnO (1976 °C) is higher than that of bulk ZnTe (1300 °C),
only the ZnO shell remained when the temperature rose up to
the melting temperature of ZnTe nanowire. The melting
temperature of ZnO nanorods has been reported as 750 °C,
which is signiﬁcantly lower than that of bulk material but still
higher than that of the ZnTe nanowire.10
A similar trend of reduction in melting temperature of
nanomaterials with comparable conﬁgurations has been
reported by other groups. Huang et al.30 monitored the
melting behavior of a 50 nm diameter ZnO nanowire covered
by an alumina shell structure where the ZnO nanowire started
to melt at 600 °C, far from the bulk melting temperature of zinc
oxide. They surmised that the alumina shell around the ZnO
nanowire acted as a heating barrier withstanding the heating
while the inner core melted. A high suppression of melting
temperature compared to the bulk material was also observed
for Ge nanowires encapsulated in the carbon nanotube,14 where
the initial and ﬁnal melting temperature dropped 120−300 °C
and 50−200 °C, respectively, from that of the bulk value.
A STEM image of a ZnTe nanowire after completion of the
melting process is shown in Figure 5a, and the sphere-shaped
bright spot in the image was conﬁrmed as gold by EDAX
analysis (Figure 5b). The existence of the catalyst bead in the
VLS-grown nanowires is well-known,27 and here, the gold
nanoparticle (92 nm diameter) was intact during the melting
process of the ZnTe nanowire due to its high melting
temperature. The melting temperature of the gold in bulk
material is 1064 °C, while the size dependency melting
behavior of gold nanoparticles is observable below 10 nm.31
The EDAX results for the catalyst particle do not show any Zn
or Te, indicating that no dissolved residuals remained in the
particle leading to volume and diameter expansion.
The results show that ZnTe nanowires melt around 450 °C,
which is 65% less than the bulk melting temperature of ZnTe
(1300 °C). As seen in Figure 6, the melting temperature
reduces from 490 to 425 °C by decreasing the diameter of the
nanowires from 160 to 31 nm. Many models, including the
classical thermodynamic model,8 surface-phonon instability
model,32 and liquid-drop model,33 have been introduced to
describe the size-dependent behavior of the melting temperature of nanomaterials since the pioneering work by Pawlow34
in 1909. Interestingly, the predicted values of melting
temperature of nanoparticles by Pawlow were much higher
than the experimental measurements.35 Nanda et al.33
introduced the liquid-drop model, suggesting the size dependency of melting temperature based on the relation between
surface energy and cohesive energy. Considering the volume
and surface energy of atoms, the cohesive energy of N-atom
nanoparticle of diameter d can be written as

Figure 3. Low-magniﬁcation TEM images of two ZnTe nanowires
(diameters of 31 and 74) taken in a wide range of temperatures to
study their melting behavior. (a−e) Diﬀerent steps of the melting
process at room temperature, 160, 320, 425, and 450 °C, respectively.
(f) The ﬁnal step of the melting process of the molten nanowires with
a diameter of 31 and 74 nm. All scale bars are 200 nm.

(Figure 3, panels b and c). The smaller nanowire with a
diameter of 31 nm started to melt at 425 °C, but the larger one
still remains solid at this stage (Figure 3d). The melting of the
ZnTe nanowire seems to initiate from the middle part of the
nanowire at kinks. However, the nanowire melting process is
generally thought to start at the two ends, where the melting
point is the lowest probably due to the highest curvature.14
Figure 3e shows the melting of the larger nanowire at 450 °C,
while the ﬁnal step of the melting of both nanowires results in
only the empty oxide shell (Figure 3f).
Further STEM investigation was conducted in order to study
the chemical composition of the very thin shell around the
nanowire in Figure 3f. Figure 4a shows a high-angle annular
dark ﬁeld-STEM image of a 35 nm diameter nanowire.
Elemental proﬁles across the melted ZnTe nanowire were
measured by scanning a ﬁnely focused electron probe across the
structure and recording EEL spectra at each position. A set of
41 EEL spectra was acquired across the nanowire marked with
the red line in the STEM dark-ﬁeld image (Figure 4a) with a
spatial step size of about 1.5 nm. An example of the oxygen-K
edge measured at the shell29 is shown in Figure 4b, which is in
good agreement for the EELS result for ZnTe nanowires.28

aυ , d = aυ −

6υ0γ
d

(1)

where aυ,d and aυ represent the corresponding cohesive energies
for the nanoparticle per atom and bulk, respectively, υ0 is the
atomic volume, and γ is the surface energy of the solid−vapor
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Figure 4. (a) A high-angle annular dark ﬁeld (HAADF)-STEM image of a ZnTe nanowire after melting. The scale bar is 50 nm. (b) Measured EELS
O K-edge at the shell around the ZnTe nanowire. (c) The brightness proﬁle of the HAADF-STEM image along the red line shown in (a). (d) EELS
line scan along the red line across the ZnTe nanowire shown in (a).

Tm(NW)

interface. By employing the empirical relations, the melting
temperature of nanoparticle (Tm(NP)) in terms of bulk melting
temperature (Tmb) can be expressed as
Tm(NP)
Tmb

⎛ γ ⎞
⎛β⎞
6υ0
=1−
⎜
⎟=1−⎜ ⎟
⎝d⎠
0.0005736d ⎝ Tmb ⎠

Tmb

(2)

Δθ =
⎛ γ ⎞
6υ0
⎟
⎜
0.0005736d ⎝ Tmb ⎠

Tmb

=1−

β
A
6

(3)

For a cylindrical particle with height of l and diameter d, the
surface-to-volume ratio is (A = 4/d + 2/l), which when
substituted in eq 3 gives
Tm(NP)
Tmb

=1−

β⎛4
2⎞
⎜
+ ⎟
⎝
6 d
l⎠

(5)

σTb
1⎛
1 ⎞⎟
× ⎜1 +
⎝
γ
Lρ
AR ⎠

(6)

where σ is the surface tension of the nanowire, ρ is the
nanowire density, L is the latent heat of fusion, and AR is the
nanowire aspect ratio. Unfortunately, it is often hard to
compare measurements against any of these predictions due to
a lack of knowledge of nanowire properties needed in the above
relations. The use of available values for bulk ZnTe provides
poor predictions substantially diﬀerent from measurements.
The surface energy plays a key role in determining some
macroscopic properties such as thermal stability. In accordance
with the thermodynamic model for the surface energy of a
nanowire proposed by Quyang et al.,36,37 the surface energy of
a nanowire (γ) consists of structural and chemical contributions, namely, γ = γstru + γchem, where the structural component
is related to the density of surface strain energy and the
chemical component is related to the surface atomic dangling
bond energy.36 The structural part of surface energy of a
nanowire is given by
2
2
2
1
γ stru = {K1(εxs + εys ) + K 2[(εxs + εys)2 + 4εxys ]}
(7)
2

In the case of spherical particles with a diameter (d), the
relevant melting temperature after substituting the surface-tovolume ratio (A = 6/d) can be expressed as
Tm(NP)

2β
3d

Alternative models based on thermodynamic considerations
and simple energy balance provide a relationship for melting
point reduction Δθ as,

where
β=

=1−

(4)

The melting temperature (Tm(NW)) of a thin wire with l ≫ d,
employing the same model, is given by
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where Γ(hkl) = [1 − (Zs/Zb)1/2]EB, in which Zs, Zb, and EB are
the coordination number (CN), the bulk one, and the cohesive
energy, d is the nanowire diameter, h is the atomic diameter, R
is the ideal gas constant, and Smb is the melting entropy. As seen
from these relations, the surface energy of nanowires exhibits a
size-dependent trend, leading to size-dependent melting
temperature of the nanowires.36
On the other hand, the under-coordinated atoms at the
surface of nanosolids have diﬀerent bond interaction energies
compared to the bulk interior. Generally, the required energy
for breaking the atoms of the solid into isolated pieces is
deﬁned as the cohesive energy of a solid, in which the atomic
cohesive energy is related to the single bond energy in bulk
with a portion of atomic coordination numbers (EC = zEB,
where z and EB are the atomic CNs and single bond energy in
bulk, respectively). For a core−shell conﬁguration of a
nanostructure with a diameter D containing N atoms, the
cohesive energy with pressure and temperature approach can
be expressed as38
EC(D , p , T ) =

∑ Nzi iEis + zbEB(N − ∑ Ni)
i<3

(9)

where zi and zb are the CN of the ith atomic layer and core bulk,
Esi is the single bond energy in the surface shell, and Ni is the
number of atom in surface shell. On the basis of this model,
apparent reduction in CN cannot occur for the core part (i >
3). By reducing the CN, the radius of the atoms would shrink
and the bonds of the under-coordinated atoms will be
shortened by the CN imperfection.38 In other words, the CN
of a surface atom decreases when the remaining bonds of the
lower-coordinated surface atoms relax spontaneously. This
would aﬀect the atomic cohesive energy, since it can be derived
by multiplying the single bond energy and the CN.39 The CN
imperfection could be attributed to the presence of defects at
the interface of the core and shell structure,40 and this could
happen here at the interface of the ZnTe core and ZnO shell in
our core/shell structure. Hence, the size-dependent behavior of
the surface energy of a nanowire and the reduced atomic
cohesive energy of ZnTe core and ZnO shell can contribute to
the suppressed melting temperature of ZnTe nanowires.

Figure 5. HAADF-STEM image of the molten ZnTe nanowire. The
white part on the tip of the nanowire is an Au catalyst [conﬁrmed by
the EDAX analysis shown in (b)].

where K is the surface spring coeﬃcient and ε is the surface
strain. The chemical part of the surface energy of a nanowire is
given by
⎛
3h ⎞ ⎛ 2Smb 3h ⎞
⎟exp⎜ −
⎟
γ chem = Γ(hkl)⎜1 −
⎝
d − 3h ⎠ ⎝ 3R d − 3h ⎠

i<3

(8)

Figure 6. Measured melting temperature and the melting point suppression of ZnTe nanowires as a function of nanowire diameter.
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4. CONCLUSION
The melting temperature of ZnTe nanowires of varying
diameters was investigated using in situ TEM measurements.
The composition of the shell around the ZnTe nanowire was
conﬁrmed by STEM-EELS to be zinc oxide. A signiﬁcant
decrease in melting temperature by about 65% was observed for
the nanowires compared to the bulk material, and the extent of
melting point suppression depends on the nanowire diameter.
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