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Formation of 1-D ZnTe nanocrystals by aerosol-assisted spray pyrolysis
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Abstract—One-dimensional (1-D) ZnTe nanowires were prepared by aerosol-assisted spray pyrolysis using a mixture
of ZnO (1 mmol)/OA (4 mL)/TOPO (0.8 g)/ODE (4 mL) as Zn precursor and Te/TOP (3 mL of 0.75 M) as Te pre-
cursor. The shape, size, and crystal structure of products were characterized by means of transmission electron mi-
croscope (TEM) and X-ray diffraction (XRD). The shape evolution of ZnTe nanocrystals from nanodots to nano-
wires was achieved by controlling the reaction temperature. ZnTe nanodots with average diameter of 8.3 nm were syn-
thesized at 300 °C. “Earthworm-like” shaped ZnTe (linear ZnTe aggregates) consisting of primary ZnTe nanodots of
about 16 nm in diameter were obtained at 400 °C. In addition, 1-D ZnTe nanowires were prepared at reaction tempera-
ture higher than 450 °C. Those experimental results suggest that ZnTe nanowires with zinc blende structure are formed
from ZnTe nanodots by the oriented attachment due to insufficient surface capping of surfactant molecules and by strong
dipole-dipole interaction of nanodots, followed by self-organization of linear aggregates at higher reaction tempera-
tures. The linear ZnTe aggregates consisting of primary ZnTe nanodots may be an intermediate stage in the formation

process of nanowires from nanodots.
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INTRODUCTION

Semiconductor nanocrystals are of great interest for both funda-
mental studies and their potential applications because their distinct
optical and electronic properties are strongly dependent on their par-
ticle size and shape [1-4]. Therefore, control of the size and shape
of semiconductor nanocrystals has been the most important issue
in the synthesis of semiconductor nanocrystals in the past decades
[5-8]. One-dimensional (1-D) semiconductor nanowires are of par-
ticular interest since they serve as key building blocks for the ‘bot-
tom-up’ construction in the field of nanoscale electronic and photonic
devices [9]. Among those semiconductor systems, the II-VI com-
pound semiconductors such as CdSe, CdTe, and ZnSe have been
widely studied due to their potential applications in solar cells, pho-
todetectors, and light-emitting diodes (LEDs) [10-12]. Semicon-
ductor nanowires can be prepared by various methods including
the vapor-liquid-solid and solution-liquid-solid approaches, solvo-
thermal methods, template-assisted growth, kinetic control of crys-
tal growth direction, self-assembly, and thermolysis of a single source
precursor in ligands [13,14].

Zinc telluride (ZnTe) is one of the most important semiconduc-
tor materials with a direct optical band gap of 2.26 eV at room tem-
perature and a Bohr exciton radius of 6.2 nm [15,16]. It has poten-
tial applications in optoelectronic devices, such as green LEDs and
solar cells [17,18], operating in the blue-green region of the spec-
trum and thermoelectric devices [19]. The crystal structure of ZnTe
is very similar to that of CdSe or ZnSe, a commonly studied semi-
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conductor [1,20,21]. However, size- and shape-controlled synthesis
of ZnTe nanocrystals has received little attention compared with
that of other chalcogenides such as CdSe, ZnSe, and PbSe. This
may be due to the difficulty in production of ZnTe nanoparticles
from a direct reaction between metal zinc and tellurium because
zinc source is easily precipitated from the solution and elemental
Te is not easily educed to Te anion [22]. The synthesis of spherical
and rod-like shaped ZnTe nanocrystals by injecting a single molecu-
lar precursor ([Zn(TePh),][TMEDAY]) into a mixed-surfactant solu-
tion was reported by Jun et al. [23]. They proposed a mechanism
that the surfactants form rod-like micelles and they template the 1-D
crystal growth. Recently, Yong et al. [24] synthesized ZnTe nano-
wires under a fixed moderated concentration of precursor: a mix-
ture of ZnO (2 mmol)/phenyl ether (5 mL)/myristic acid (1.4 g)/
dodecylamine (12 mmol) and trioctylphosphine tellurium (TOPTe,
2mL of 0.75 M). Those ZnTe nanowires have an average diame-
ter of 19 nm and typical lengths of more than 1 um. Wang et al.
[25] and Fanfair and Korgel [26] reported the synthesis of ZnTe
nanowires using a solution-liquid-solid method. Bismuth (Bi) nano-
particles were used as seeds of 1D growth of ZnTe. ZnTe nanowires
synthesized by the hydrogen-assisted thermal evaporation method in
the presence of Au catalyst via the vapor-liquid-solid growth mech-
anism were also reported by Meng et al. [27]. However, to date,
study on the formation of ZnTe nanowires is in an infant stage.

We have produced II-VI semiconductor nanoparticles including
CdSe, CdTe, and ZnSe using aerosol-assisted spray pyrolysis [28,
29]. Typically, nanostructured materials prepared by that method,
including CdS, CdSe, CdTe, ZnS, ZnSe, MoS,, NiO, TeO,, BaZrO,,
Y,0,-Z10,, and Ti,_,,Zr,0,, have thermodynamically stable spheri-
cal shape [28-37]. In the present work, 1-D ZnTe nanowires pre-
pared by controlling the reaction temperature are demonstrated, and
their formation mechanism are discussed with temperature-depen-
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dent results of experiments.
EXPERIMENTS

1. Materials

Zinc oxide (ZnO, 99.99%), tellurium powder (Te, 99.5%), tri-n-
octylphosphine oxide (TOPO, tech. 90%), tri-n-octylphosphine (TOP,
tech. 90%), oleic acid (OA, tech. 90%), and 1-octadecene (ODE,
tech. 90%) were purchased from Sigma-Aldrich. Ethanol (99.5+%,
HPLC grade) and toluene (99.5+%, HPLC grade) were from J. T.
Baker. All chemicals were used as received without further purifi-
cation.
2. Preparation of Zn Stock Solution

Zinc stock solution was prepared by mixing 1 mmol of ZnO, 4
mL of OA, 0.8 g of TOPO, and 4 mL of ODE under argon, and
then heating the mixture to flask to 330 °C in a three-neck flask under
argon and cooled to room temperature.
3. Preparation of Te Stock Solution

0.75 M stock solution of TOPTe was prepared in advance. Typi-
cally, this was prepared by mixing 37.5 mmol (4.785 g) of Te pow-
der with 50 mL of TOP under argon, and then heating the mixture
to 250 °C for 6 hours until the tellurium was completely dissolved.
The resulting transparent yellow solution was cooled to room tem-
perature and kept under argon for subsequent use in the synthesis.
4. Preparation of ZnTe Nanocrystals

Fig. 1 represents the experimental setup for aerosol-assisted spray
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Fig. 1. Experimental setup for an aerosol-assisted spray pyrolysis
system.

pyrolysis consisting of an ultrasonic nebulizer (1.7 MHz), a fur-
nace with an 80 cm long quartz tube reactor with a 2.8 cm diame-
ter and the heating length is 50 cm, and a bubbler for collection of
nanocrystals produced. The tube reactor was vertically equipped to
prevent additional reaction by condensation of reactant solution. In a
typical experiment, Zn stock solution and 3 mL of Te stock solu-
tion were diluted with addition of 30 mL of toluene at room tem-
perature and then ultrasonically nebulized into microdroplets. The
dense mist produced was carried by argon gas (1 L/min) through a
quartz tube in a tube furnace kept at 400 °C, where solvent evapo-
ration and precursor reaction occurs and ZnTe nanocrystals are pro-
duced. ZnTe nanocrystals formed in the reaction tube were col-
lected in a toluene-filled bubbler. Finally, ZnTe nanocrystals were
precipitated with ethanol (30 mL) and isolated by centrifugation and
decantation.
5. Characterization

Powder X-ray diffraction (XRD) patterns were measured using
a Rigaku MiniFlex X-ray diffractometer operated at 30 kV and 15
mA with graphite-monochromatized Cu K o radiation (1=1.5418 A).
The scanning rate was 1.0 deg/min. Samples were prepared by wash-
ing with ethanol and dried under vacoum. A JEOL JEM-2100F field
emission transmission electron microscope (TEM) operating at 200
kV was used to obtain images of ZnTe nanocrystals. Samples for
TEM were prepared by putting a drop of toluene diluted solution
of semiconductor nanocrystals onto an amorphous carbon substrate
supported on a copper grid and then allowing the solvent to evapo-
rate at room temperature. The elemental composition of the sam-
ples was analyzed using a HITACHI S-4300 scanning electron field
emission microscope with X-ray energy-dispersed spectrometry
(EDX) that is performed with precipitated ZnTe nanocrystals from
bubbler.

RESULTS AND DISCUSSION

1-D ZnTe nanowires as well as zero-dimensional (0-D) ZnTe
nanodots were produced by controlling reaction temperature rang-
ing from 300 to 500 °C in a moderated concentration of precursor:
a mixture of ZnO (1 mmol)/OA (4 mL)/TOPO (0.8 g)/ODE (4 mL)
as Zn precursor and Te/TOP (3 mL of 0.75 M) as Te precursor. The
surfactant molecules with suitable chain lengths should be consid-
ered since they affect both nucleation and growth of nanocrystals.
Preparation of the liquid state of precursor solution is especially es-
sential to obtain nanocrystals in the present system, because the pre-
cursor solution should transfer as mist to a reactor at room temper-
ature. In general, short chain length carboxylic acids like lauric acid
(C,H,,0,) [38] and myristic acid (C,,H,0,) [24] are more effective
oft dissolving ZnO than long chain length carboxylic acids like oleic
acid since those smaller ligands can be readily coordinated to Zn
ion. However, as described in our previous work on formation of
ZnSe nanospheres [29], the use of organic molecules for the dis-
solution of ZnO is very limited in aerosol-assisted spray pyrolysis
because Zn stock solutions with short chain length ligands are solidi-
fied as their temperature is decreased to room temperature. There-
fore, TOPO as a coordinating surfactant and ODE as a non-coord-
inating surfactant were employed, respectively, to achieve complete
dissolution of the ZnO precursor. Synthesis of ZnTe should not differ
much from that of ZnSe due to the similarity of the organometallic
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Fig. 2. TEM images of ZnTe nanocrystals: (a) ZnTe nanodots pre-
pared at 300 °C and their size distribution (inset), (b) ZnTe
nanowires prepared at 450 °C.

precursors; thus the precursor solutions and the experimental con-
ditions are similar to those of ZnSe [29].

The shape and size of ZnTe nanocrystals prepared in the present
work were found to be dramatically affected by the reaction tem-
perature. Fig. 2(a) shows TEM image of ZnTe nanodots obtained
at 300 °C and their size distribution. The average diameter of ZnTe
nanodots calculated from TEM image is 8.3 nm and its standard
deviation (o) is 0.7.

It is noted that “earthworm-like”” shaped ZnTe nanoparticles (lin-
ear ZnTe aggregates) are formed at 400 °C as shown in Fig. 3. High-
magnification TEM images show that linear ZnTe aggregates ob-
tained at 400 °C consist of primary ZnTe nanodots. Average diam-
eter of primary ZnTe nanodots calculated from high-magnification
TEM image of Fig. 3(c) is approximately 16 nm. We think those
linear ZnTe aggregates seem to be an intermediate stage in the for-
mation of nanowires from primary spherical nanodots. This linear
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Fig. 3. TEM images of ZnTe nanoparticles prepared at 400 °C: (a)
low-magnification TEM image, (b), (c) high-magnification
TEM images.

0.35nm

Fig. 4. TEM images of ZnTe nanocrystals prepared at 500 °C: (a)
low-magnification TEM image, (b) high-magnification and
high-resolution TEM images.

aggregation of primary nanodots may be explained by oriented at-
tachment and insufficient surface capping of surfactant molecules
acting as a surface stabilizer, which may lead to increase in dipole-
dipole interactions between primary nanodots [7,39-41].

On the other hand, 1-D ZnTe nanowires were found to be syn-
thesized at higher reaction temperature. Figs. 2(b) and 4 show the
TEM images of ZnTe nanowires prepared at 450 and 500 °C, respec-
tively. The wires obtained at 450 °C are long and straight with diame-
ter ranging from 20 to 35 nm and aspect ratio ranging from 120 to
250, as can be seen from Fig. 2(b). The length of nanowires is typ-
ically longer than 2 pum, and the longest one as can be seen from
Fig. 2(b) is 7.6 pm.

When ZnTe was synthesized at 500 °C, smooth and straight nano-
wires, with an average diameter of 21 nm and aspect ratio of 65 to
140, were produced as shown in Fig. 4(a). Fig. 4(b) shows high-
magnification and high-resolution images of crystalline ZnTe nano-
wires. The lattice fringe spacing is 0.35 nm, which corresponds to
the (111) lattice planes of cubic structure of ZnTe.

Powder XRD diffraction measurements were conducted to exam-
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Fig. 5. Powder XRD patterns of (a) ZnTe nanoparticles prepared
at 400 °C, (b) JCPDS No. 15-0746 (zinc blende structure of
ZnTe), (c) ZnO powder, and (d) Te powder.

ine the crystal structure of ZnTe nanocrystals and their purity. In
the present experiments, all ZnTe nanocrystals synthesized in the
present work have zinc blende lattice structure. Fig. 5(a) shows that
XRD pattern of ZnTe nanoparticles obtained at 400 °C and the po-
sitions of all diffraction peaks match well with the standard pow-
der diffraction data of zinc blende (Joint Committee for Powder
Diffraction Studies (JCPDS) No. 15-0746, Fig. 5(b)). The diffrac-
tion peaks at 25.24°, 29.92°, 41.84°, 49.52°, 51.88°, 60.66°, 66.72°,
and 68.80° of ZnTe nanocrystals could be indexed to the (111), (200),
(220), (311), (222), (400), (331), and (420) planes of the cubic-phase
ZnTe with a crystal constant of a=6.103 A. The powder XRD pat-
terns of ZnO and Te powder were also examined to investigate the
presence of unreacted precursors in final products (Fig. 5(c) and
5(d)). The absence of crystalline peaks of ZnO, Te, and others in
the XRD pattern clearly indicates that those chemicals are dissolved
completely in a precursor solution and the as-synthesized ZnTe nano-
crystals are highly pure. On the basis of the full width at half-maxi-
mum (FWHM) of ZnTe (111) diffraction peak, the average diame-
ter of the primary nanodots was calculated using Scherrer’s formula:
D=(0.94)/(B cosé), where D is the average diameter of nanocrys-
tals, A is the wavelength of the X-ray used, B is the full width in
radians at half-maximum of the peak, and &is the Bragg angle of
the X-ray diffraction peak. The calculated value for the average diam-
eter of the primary nanodots with the (111) peak at 26=25.24° is
16.2 nm, which agrees with the value of about 16 nm obtained from
TEM results as shown in Fig. 3(c).

The composition of the ZnTe nanocrystals obtained at 400 °C
was also analyzed by EDX (Fig. 6). The EDX pattern clearly con-
firms the presence of Zn and Te, and the atomic ratio of Zn : Te is
1 : 1.06 which is in agreement with stoichiometry of ZnTe. The pres-
ence of peaks for oxygen, carbon, and phosphorus in the EDX spec-
trum indicates that the residual chemicals such as OA and TOPO
are bound around the surface of ZnTe nanocrystals.

In general, there are three key parameters for anisotropic growth
of nanocrystals in solution-based routes: crystal structure of nanoc-
rystals, monomer concentration in solution, and ability of surfactant
molecules in growth stage of crystal. First, when the nanocrystals
have a highly symmetric crystal structure such as zinc blende struc-
ture, faceted crystals with no unique growth direction have been
reported to be produced [42]. On the other hand, when the nanoc-
rystals have a lower symmetry structure such as wurtzite structure,
anisotropic growth tends to occur [1,5,20]. Secondly, the anisotropic
growth of nanocrystals occurs when there is a high concentration
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Fig. 6. EDX measurement of ZnTe nanocrystals prepared at 400 °C.
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of monomer in solution [1]. Lastly, the significant surface energy
differences between the various facets of nanocrystals and the se-
lective adhesion of surfactant molecules on specific facets of nanoc-
rystals make it possible to synthesize 1D semiconductor nanocrys-
tals [43-45]. However, in the present work, the formation mechanism
of 1D ZnTe nanocrystals differs from general growth mechanism
mentioned above because 1D ZnTe nanocrystals with highly sym-
metric zinc blende structure were obtained at low monomer con-
centration. Recently, other anisotropic growth mechanism, which
is oriented attachment, of semiconductor nanocrystals including
CdSe [7], CdTe [39], and ZnS [40] in solution-based routes with-
out the addition of high monomer concentration, has been reported.

We found that the reaction temperature is the most important par-
ameter to control the shape of ZnTe nanocrystals in a moderate con-
centration of precursor. From TEM images, the temporal shape evo-
lution of the ZnTe nanocrystals can be described as follows: spher-
ical nanocrystals which are thermodynamically stable are formed
at low reaction temperature (300 °C) due to the low concentration
of monomers (Fig. 2(a)), and then, they are spontaneously aggre-
gated and formed as linear aggregates as reaction temperature is
elevated to 400 °C (Fig. 3). This may be an intermediate step in the
formation of nanowires from primary nanodots by oriented attach-
ment and linear aggregation. The linear aggregation process is driven
by strong surface energy of primary nanodots caused by insufficient
surface capping of surfactant molecules and strong dipole-dipole
interaction between primary nanodots [29,39]. In addition, zinc blende
structure of ZnTe has higher surface energy than does wurtzite struc-
ture, leading to strong dipolar interactions [24,40]. Those interac-
tions can lead to oriented attachment. As the temperature increases,
ZnTe nanowires may be subsequently formed from intermediate
step by self-organization at higher reaction temperature (Fig. 2(b)
and 4). The mean diameter of ZnTe nanowires obtained at reaction
temperatures of 450 and 500 °C is about 20-35 nm, and the mean
diameter of “earthworm-like” shaped ZnTe nanoparticles is about
43-60 nm. It seems that intra-diffusion and reordering of molecules
occur in a nanoparticle at high reaction temperature; thus, smooth
and thin ZnTe nanowires are formed. Schematic diagram given in
Fig. 7 summarizes nucleation and growth mechanism of ZnTe nano-
wires by oriented attachment. ZnTe nuclei can be easily obtained
under suitable synthetic conditions. Then, the nuclei grow to primary
nanocrystals and linear aggregates are formed from primary nanoc-
rystals by oriented attachment and linear aggregation. Finally, 1-D
nanowires can be produced by self-organization processes such as
intra-diffusion and reordering of molecules at higher reaction tem-
perature.
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Fig. 7. Schematic illustrating the formation and shape evolution
of zinc blende structure of ZnTe nanocrystals.
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CONCLUSIONS

We have produced 1-D ZnTe nanowires by aerosol-assisted spray
pyrolysis using a moderate mixture of ZnO (1 mmol)/OA (4 mL)/
TOPO (0.8 g)/ODE (4 mL) as Zn precursor and Te/TOP (3 mL of
0.75 M) as Te precursor. From the observation of temperature-de-
pendant results of experiments, the shapes of ZnTe nanoparticles
are found to be significantly affected by reaction temperature in the
present condition. We believe that 1-D ZnTe nanowires were formed
from primary ZnTe nanodots by oriented attachment and linear ag-
gregation and subsequent self-organization such as intra-diffusion
and reordering at reaction temperature above 450 °C. Those results
suggest that the present method contributes to the production of 1-
D semiconductor nanowires with a large-scale by continuous feed-
ing of monomer precursors.

ACKNOWLEDGEMENT

This work was supported by the Sogang University Foundation
Research Grant in 2009 and the Nano/Bio Science & Technology
Program (M10536090001-05N3609-00110) of the Ministry of Edu-
cation, Science and Technology (MEST).

NOMENCLATURE

LED : light-emitting diode

EDX : energy-dispersed spectrometry

FWHM : full width at half maximum

JCPDS : joint committee for powder diffraction studies
OA :oleic acid

ODE : 1-octadecene

TEM : transmission electron microscope

TOP : tri-n-octylphosphine

TOPO : tri-n-octylphosphine oxide

TOPTe : trioctylphosphine tellurium

XRD : X-ray diffraction

: full width in radians at half-maximum of the peak [degree]
: average diameter of nanocrystals [nm]

: Bragg angle of the X-ray diffraction peak [degree]
: wavelength of the X-ray used [nm]
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