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a b s t r a c t

CdTe nanorods with diameter of �150 nm and length of �1 mm are formed via a self-assembly process

of CdTe nanoparticles using thermal chemistry method. Individual nanorod is usually composed of

nanoparticles stacking along the rod growth direction, and multiple twins are observed both along

the rod’s growth and radial directions. The effect of the substrate-to-source distance, evaporation

nanoparticle surface energy reduction and the limited quantity of the evaporated species serve as

the driving force for the self-assembly process. A ‘‘two-orientation’’ growth model is proposed for the

growth pattern.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

As a direct band gap semiconductor with high atomic number
and electron density, CdTe has wide applications in photovoltaics,
sensors and detectors [1–3]. In particular, it is an excellent light
harvester for solar energy applications due to its large optical
absorption coefficient and band gap of �1.5 eV, which matches
the preferred absorption range of the solar spectrum [4]. In recent
years, it has been found that its low-dimensional nanostructures
such as nanoparticles, nanowires and nanorods may have
strong quantum confinement effects and improved photoelectric
property [5–9], and thus have great potential in serving as
functional building blocks for photovoltaic and optoelectronic
nanodevices [10,11].

Compared to the versatile methods of the synthesis of CdTe
quantum dots [12–16], the preparation of CdTe nanowires and
their growth mechanism discussions are rather limited. Several
techniques have been used to fabricate CdTe nanowires. For
example, template-directed electrodeposition has been used to
grow CdTe nanowires, for they can be restricted into the pores of
porous anodized aluminum oxide (AAO) template, resulting in
one-dimensional (1D) growth [17–19]. Alternatively, CdTe nanor-
ods growth has also been demonstrated using catalytic driven
ll rights reserved.
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pulsed laser deposition (PLD) technique, in which a selective area
epitaxy on sapphire substrate and a catalytically driven vapor–
liquid–solid growth mode are found to be critical for the 1D
growth [20,21]. In the AAO templating method, the nanowires
crystallinity highly depends on the growth temperature, as
electrodeposition at room temperature results in amorphous
whereas higher temperature always leads to polycrystalline
nanowires. Although the PLD method could generate CdTe
nanorods with single crystallinity, control over the size and
distribution of the catalytic seeds and substrate surface alteration
serves as key factors to limit Ostwald ripening of the seeds and
prevent the lateral growth, and ensure the 1D growth. As a
comparison, self-assembly of CdTe nanoparticles is a simple
method to obtain CdTe nanowires both in well-dispersed and
aggregated system. In a well-dispersed CdTe nanoparticle system,
Tang et al. [22] have found that the nanoparticles can sponta-
neously organize into nanowires in solution after partial removal
of the capping stabilizer of the nanoparticles. The driven force for
such nanoparticle self-assembly into nanowires has been attrib-
uted to the strong dipole–dipole interaction among CdTe
nanocrystals as well as the Van der Waals force and the hydrogen
bonding of the ligand molecules [22–24]. Recently, Cao et al. [25]
reported that the CdTe nanoparticles percolated on silicon
substrate can also self-organize into long nanowires and nanor-
ibbons after hydrothermal treatment. In such an agglomerated
system, the nanowires are formed through the linear aggregation
of numerous small particles via oriented attachment, and such a
self-assembly process is driven by the surface energy reduction.
Although this self-assembly was achieved on a solid substrate
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surface, the initial CdTe nanoparticles were pre-synthesized using
wet chemical method in a condensed solution. Up to date, few
reports are available for CdTe nanowires or nanorods formation
via nanoparticles self-assembly from a gas phase system.

In this work, CdTe nanorods with an average diameter of
�150 nm and length of �1 mm were prepared via nanoparticles
self-assembly from the gas phase using thermal chemistry growth
method. An individual nanorod has been found to be composed of
zinc blende nanocrystals with multiple twins. These twins share
the {1 1 1}CdTe planes as the mirror planes along both the nanorod
longitudinal and radial directions. The effect of the growth
parameters on the nanorod formation have been investigated,
based on the results which, the growth mechanism that governs
the self-assembly process is discussed, and a ‘‘two-orientation’’
growth model has been proposed here for the nanorod formation.
2. Experimental methods

The CdTe nanorods were deposited on ITO substrates by thermal
evaporation. The substrate was sequentially cleaned in acetone,
alcohol and distilled water using ultrasound for 10 min each, before
it was placed in a glass tube with a flat bottom and transferred into
an alumina vacuum tube furnace (F3.5 cm�95 cm). High-purity
CdTe powder (5 N) was loaded into an alumina crucible placed at
the center of the furnace. The glass tube was positioned at the
downstream of the furnace with open end oriented to the source
material. Before growth, the oven was evacuated to 2�10�1 mbar
to reduce the amount of the residual oxygen. The furnace
temperature was then raised to 700 1C at a rate of 20 1C/min and
held for 30 min during the growth. The substrate was located at a
temperature zone 350–400 1C. No carrier gas was used during the
whole growth process. The sample was cooled down to room
temperature after growth, and a yellow–black film could be clearly
seen on the substrate.

The morphology and crystallinity of the CdTe nanorods
were examined respectively by field-emission scanning electron
microscopy (FE-SEM, FEI Quauta 400F) and X-ray diffraction
(XRD, Ragiku RU300) using a Cu Ka1 line. More detailed
microstructure characterizations and chemical composition
analysis were carried out using a transmission electron micro-
scope (TEM, Tecnai 20, FEG) equipped with an energy dispersive
X-ray (EDX) spectrometer.
Fig. 2. XRD pattern of the CdTe nanorods on ITO substrate.
3. Results and discussion

Fig. 1a is a low-magnification SEM image of the as-grown
sample on ITO substrate, with rod-like structures on the substrate
in a large area. From a higher magnification SEM image (Fig. 1b),
Fig. 1. (a) Low- and (b) high-magnification SEM images of CdTe nano
a dense layer of nanocrystals with average size of 35 nm can be
seen covering the ITO substrate, and the rod-like structures are
found to stem out from the dense nanocrystal layer. The nanorods
are oriented randomly with an average diameter of �150 nm and
length of �1 mm. In addition, each nanorod seems to be com-
posed of a number of nanocrystals stacking along the rod growth
direction.

XRD taken from the sample is shown in Fig. 2. Besides the
diffraction peaks from the ITO film denoted by asterisk, several
reflection peaks can be clearly observed at 23.721, 39.241 and
46.391, which can be indexed to the (1 1 1), (2 2 0) and (3 1 1)
planes of zinc blende (ZB) CdTe (JCPDS file No. 65-880) with the
lattice constant of a¼6.48 Å, respectively. The intense diffraction
intensity of the {1 1 1} plane suggests a preferential orientation of
the nanocrystals in the CdTe nanorods and/or film beneath the
rods. No other impurity is detected in the XRD spectrum.

The detailed microstructure of individual CdTe nanorods was
investigated using TEM-related techniques. Fig. 3a shows a low-
magnification TEM image taken from a CdTe nanorod, in which
obvious interfaces were observed at the crystal boundaries
among the nanoparticles without any void formation. In the
EDX spectrum taken from the nanorod (Fig. 3b), only Cd and Te
signals could be detected with atomic ratio close to 1:1 (the Cu
signal is from the TEM grid). The absence of oxygen signal in the
EDX suggests little oxidation of the Cd and Te at a growth
pressure of �10�1 mbar. This agrees well with the XRD results.

The orientation relationships among the adjacent individual
nanocrystals in the nanorods are investigated using high-resolu-
tion TEM (HRTEM). Here, we illustrate the results by taking three
adjacent nanocrystal grains (marked as A, B and C in Fig. 3a) as an
example. As shown in Fig. 3c and d, all three crystals have ZB
rods on ITO substrate fabricated by thermal chemistry method.



Fig. 3. (a) Low magnification TEM image showing the morphology of single CdTe nanorod; (b) EDX spectrum of the CdTe nanorod shown in (a); and (c) and (d) typical

HRTEM images taken from different nanocrystal components in a single CdTe nanorod, when heavy stacking faults could be found in nanocrystals B and C.

Table 1
CdTe samples prepared by changing one parameter from that used in sample A.

Sample

code

Growth pressure

(mbar)

Distance from

substrate-to-

source (cm)

Source

temperature (1C)

Sample A 2�10�1 29 700

Sample B1 2�10�1 26 700

Sample B2 2�10�2 29 700

Sample B3 2�10�1 29 730

Sample B4 2�10�1 29 660
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structure. Epitaxial relationship was identified between grains A
and B, but with only one set of the {1 1 1} planes parallel to each
other, i.e., {1 1 1}A grain99{1 1 1}B grain. Heavy stacking faults (SFs)
were found in some regions of grain B. The generation of SFs is
very likely in CdTe due to their low formation energy as suggested
by the ab initio calculation [26]. This is similar to the SFs occurred
during the growth of CdTe thin films on Si and sapphire substrates
[27]. The twin relationship between grains B and C is revealed in
Fig. 3d, in which one can find the other set of {1 1 1} plane in
nanocrystal B serving as the twin mirror plane.

The CdTe nanorods growth occurs in the absence of any
catalyst or substrate modification. Although the melting point of
CdTe is up to 1098 1C, its decomposition can occur at a much low
temperature in a vacuum system [28]. In the present study,
we found decomposition of the CdTe source material occurs at
�700 1C. Considering the low melting temperatures of Te (452 1C)
and Cd (321 1C), Cd and Te atoms are expected in vapor phase
at 700 1C. Then at the low temperature zone (350–400 1C),
Te droplets condense first while most of the Cd remains in vapor
phase [29,30]. This would promote the reaction between the Te
droplets and Cd vapor to form CdTe nanocrystals.

In order to understand how the CdTe nanorods are formed
from the small nanocrystals, the effect of the growth parameters
on the morphology of CdTe products have been studied by
independently changing several growth parameters, including the
distance between substrate and source, the growth pressure and
the source evaporation temperature. Four samples B1, B2, B3 and
B4 (Table 1) were obtained when single growth parameters were
changed from those adopted by the previously discussed sample
(denoted as sample A in Table 1), with others being kept the same.
Fig. 4a shows the SEM images of sample B1 when the ITO
substrate was located at a position close to the source (�26 cm
away from the source). It is clear that single crystalline CdTe
nanorod arrays with an average diameter of about 100 nm can be
formed on the substrate, while the CdTe nanorods composed of
nanocrystals assemblies only appear at a position farther away
from the source (�29 cm away from the source). In a conven-
tional tube furnace, as the source-to-substrate distance increases,
the concentrations of the evaporated species decrease gradually
and the growth takes place much slower due to the limited
amount of the source material. Hence, for substrate placed closer
to the source, the crystal growth will be faster due to the
abundant supply of the evaporated atoms in such a region. The
observed 1D growth of CdTe is then determined by the fast
growth of high energy crystalline planes (anisotropic growth)
[31]. At positions father away from the source, the growth process
is much slower, which limits the crystal to grow into larger sizes



Fig. 4. SEM images of the CdTe samples prepared by changing one of the growth parameters: (a) ITO substrate was located at a position much closer (26 cm) to the source;

(b) growth pressure was lowered to 2�10�2 mbar; and (c) and (d) evaporation temperature of the source was held at 730 and 660 1C.

Fig. 5. Schematic illustration of the ‘‘two-orientation’’ growth model for the CdTe

nanorods and nanoclusters, which includes the growth of CdTe nanocrystals along

longitudinal (indicated by the brown circles) direction (nanorod assembly) and

random orientation growth (nanocluster assembly). (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version

of this article.)
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[32], although nucleation would still occur as long as
supersaturation is reached. This is consistent with the
observation of large amount of small-sized nanocrystals and the
fact that the CdTe nanorods are composed of nanocrystals in such
a region.

The results of samples B2, B3 and B4, in which the concentra-
tion of the evaporated atoms (at the same position as sample A)
has been tuned by independently changing the growth pressure
and source evaporation temperature, also support this hypothesis.
Sample B2 was grown at a much lower pressure of 2�10�2 mbar
(Fig. 4b). In addition to the CdTe nanorods, plenty of larger sized
CdTe nanoclusters (with larger size than the nanocrystals that
cover the ITO surface) are also observed. Compared to sample A,
these CdTe nanorods have a smaller aspect ratio. Since the
concentration of the evaporated atoms is inversely proportional to
growth pressure, this result suggests that the assembly of
nanocrystals into nanorods depends highly on the vapor phase
supply. Fig. 4c and d shows samples B3 and B4 that were grown
with a source evaporation temperature of 730 and 660 1C,
respectively. Similar CdTe nanorods can be found in sample B3
at the same distance and growth pressure (2�10�1 mbar) as that
of samples A and B1. As a comparison, only CdTe nanocrystal film
was formed in sample B4 due to the shortage of the source supply
from vapor phase when the source evaporation temperature was
decreased to 660 1C. Compared with sample B2, samples A and B3
have better rod-like morphologies with higher aspect ratio and
uniformity, which suggests it will benefit the growth of CdTe
nanorods at higher growth pressure and source temperature.

For all of the above samples, dense CdTe nanocrystals were
formed on ITO surface with the size ranging from 20 to 80 nm.
Such nanocrystal layers can serve as a template for the selective
growth of CdTe nanorods. Here we propose a ‘‘two-orientation’’
growth model for the self-assembly of the CdTe nanocrystals into
nanorods and large sized nanoclusters (illustration schematic can
be found in Fig. 5). The CdTe nanorods start from a single CdTe
nanocrystal that is formed via reactions of Cd and Te during the
thermal evaporation process. Although multiple nucleation is
expected, lateral expansion of the nucleated CdTe nanocrystals
(further growth) is limited by the shortage in supply of the source
from the vapor phase. On the other hand, difference in surface
energy of anisotropic crystalline facets makes the {1 1 1} surface
of a ZB crystal more active in most of the common cases [32]. As
confirmed by the TEM results, the CdTe nanoparticle components
have ZB structure. Therefore, the exposed {1 1 1} surfaces of the
already nucleated CdTe nanocrystals could further serve as
accommodating planes, allowing another CdTe nucleus to attach
to it (the assembly process). Such a process would result in
reduction in the surface energy of the nanocrystal nuclei. In such a
manner, one should expect to see continuous stacking of the
nanocrystal nuclei along the CdTe /1 1 1S crystalline direction
(the ‘‘longitudinal growth’’ mode), leading to the preferred 1D
growth (assembly) into CdTe nanorods, such as samples A and B3.
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Nevertheless, the nanocrystal nucleus could have more than one
{1 1 1} planes as the termination surface, so that side attachment
of other nanocrystals is also possible, leading to the lateral
expansion of such nanorods. In fact, when such possibility
dominates the growth, larger sized CdTe nanoclusters will be
easily formed as those found in sample B2, and a ‘‘random
growth’’ mode was adopted to describe such a case.
4. Conclusion

In conclusion, CdTe nanorods, with an average diameter of
�150 nm and length of �1 mm, have been synthesized via the self-
assembly of CdTe nanocrystals by a catalyst-free thermal chemistry
method. The nanorods were composed of ZB CdTe nanocrystals
with a mean diameter of 35 nm by sharing {1 1 1}CdTe planes and/or
forming twins along their longitudinal growth direction. Based on
the investigation of several growth parameters on the morphology
of the final products, the formation mechanism of the CdTe
nanorods is understood as driven by the limited concentration of
evaporated source and reduction of surface energy.
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