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Introduction

The II–VI semiconductor nanoparticles have attracted in-
creasing interest among the research community because of
their interesting size-dependent (or mesoscopic) properties.
These important properties make these materials highly de-
sirable for applications such as catalysis,[1] photovoltaics,[2–5]

phosphors,[6] light-emitting diodes,[7–10] and biological tag-
ging.[11–13] Mesoscopic properties arise mainly because of
quantum-confinement effects or high surface-to-volume
ratios. However, from the very beginning of nanoparticle re-
search, the stabilization of crystallographic phases with dif-
ferent structures to the bulk counterpart was considered as
another variable which might play a role in property modifi-
cation in accord with the structure–property correlation.[14]

It was recently observed that the shape of nanoparticles also
plays an important role in the modification of the proper-
ties,[15] and thus properties of materials were tuned by way
of their size, crystal structure, and shape.

The synthesis and applications of CdS and CdSe nanopar-
ticles have been extensively reported, whereas synthetic re-

ports of CdTe nanoparticles are very few.[16–24] Existing
methods for synthesizing CdTe nanoparticles mainly involve
approaches in aqueous media or the high-temperature orga-
nometallic route. Owing to the high monodispersity ach-
ieved by the organometallic approach, it seems most plausi-
ble for industrial applications, particularly for electronic de-
vices based on conducting polymers where the polymers are
very sensitive to moisture and air. Nanoparticles prepared
by using the organometallic route can be solution-processed,
and fabrication of various devices can be facilitated. The
controlled synthesis of branched CdTe nanocrystals together
with other morphologies have been achieved by using the
organometallic route.[19–21]

Better understanding and control of the structural proper-
ties of these low-dimension nanoparticles are needed, as they
may hold the key to many future applications. At present,
the parameters that control the crystal structure and transi-
tion from one structure to another are not well understood.
The phase diagram for nanoparticles may be different to that
of the corresponding bulk material. Regards II–VI semicon-
ductor nanoparticles, less attention has been paid to the effect
of reduced size on the material structure than synthetic aspects.
For the bulk material, it is well known that CdS and CdSe
have highly stable wurtzite phases, whereas bulk CdTe has a
sphalerite phase. Reports have been published in which
crystal phases are stabilized other than the stable bulk phase
for this class of nanocrystals.[19,25] Tang et al. demonstrated
the shape and structural transformation of CdTe nanoparti-
cles for the first time. The approach they adopted was based
on an aqueous synthesis of spherical CdTe nanoparticles
with a sphalerite-type crystal structure, in which by control-
led removal of surfactants and oriented attachment of dots,
nanowires with a wurtzite lattice were achieved.[26]
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The effect of pressure on the phase stability has been
studied for CdSe nanoparticles by using a high-pressure dia-
mond anvil cell ; a structural transition from the four-coordi-
nate wurtzite to the six-coordinate rock salt structure was
observed on increasing the pressure.[27] Although tempera-
ture effects on the properties of nanoparticles have not been
studied extensively, the temperature effects on the structure
and shape of ZnS[28] and CdTe[29] nanoparticles have been
reported; however, in both the cases the nanoparticles were
of stable crystallographic phases (sphalerite type) and not
many variations in the properties were observed except the
grain growth on annealing at high temperatures.

Herein, we present the synthesis of CdTe nanowires with
a predominantly wurtzite lattice, by using a high-tempera-
ture organometallic method. In addition, the effect of the
reaction temperature on the shape and structure of the
nanowires was investigated. These nanowires are promising
candidates for polymer photovoltaic cells, especially as they
can provide directionality to the current transport, and
hence a better performance of the device is anticipated.[2]

Results and Discussion

Figure 1a shows the photoluminescence (PL) and absorption
spectra of the CdTe nanoparticles. The particles have an
emission in the near infrared (NIR) region with a full-width
half-maximum (FWHM) of 75 nm. The absorption spectrum
shows an absorption edge at about 740 nm. The exciton
peak is not clear in the absorption spectrum, most probably
because of the longer period of heating which might lead to
Ostwald ripening. Figure 1b displays the TEM image of the
synthesized nanowires. The nanowires had a mean length of
71.2 nm, while the diameter was approximately 7.0 nm. The
particle size was estimated by measuring 100 particles in
magnified TEM images and taking the average. In addition
to the nanowires, some tetrapods were observed with arm
dimensions comparable to that of the nanowires.

Figure 2 displays a HRTEM image of a CdTe nanowire.
The spacing between adjacent lattice planes was observed to
be 394 pm, which corresponds to the reflections due to the
(110) plane of the wurtzite CdTe lattice, further confirming
that the preferential growth direction is [0001].

Figure 3 depicts XRD patterns of the CdTe nanoparticles,
synthesized and subsequently annealed at various tempera-
tures for 1 h. Figure 3a presents the room-temperature XRD
of CdTe nanoparticles. The diffraction pattern shows the
presence of characteristic (100), (101), and (103) reflections
of a wurtzite-type crystal of CdTe (space group P63mc ; a=

4.57, c=7.49 �). A qualitative analysis of reflection broad-
ening clearly shows influences of anisotropic crystallite size
and the presence of stacking faults. A comparison of the
narrow (002) with the broad (110) reflection indicates a
needle shape of the crystallites with [0001] as the preferred
growth axis. Broadening of diffraction peaks with h�k¼6 3n,
that is (102) or (103), is characteristic for stacking faults dis-
rupting the hexagonal arrangement of closed-packed layers

Figure 1. a) PL and absorption spectra of CdTe nanoparticles. b) TEM
image of CdTe nanowires (scale bar=100 nm).

Figure 2. HRTEM image of CdTe nanowire (scale bar=10 nm).
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along [001] in wurtzite by cubic stacking sequences. Similar
stacking faults have been already reported for dot-shaped
CdTe nanoparticles[21] and CdSe nanoparticles[31] prepared
by the organometallic route. Since the reflections of the
cubic sphalerite-type crystal lattice (space group F4̄3m ; a =

6.47 �) strongly coincide with diffraction peaks of the wurt-
zite lattice planes, the phase composition of the pattern was
refined by using the Rietveld method. It was found that the
sample consists predominantly of nanoparticles of the hex-
agonal wurtzite modification at room temperature.

Figure 3b–g present results of the structural transforma-
tion study of nanoparticles by heat treatment, using XRD. It
was observed that CdTe nanoparticles were still predomi-
nantly hexagonal after annealing at 100 and 200 8C. The re-
finement of the structure reveals that the cubic fraction is
less than 3 %. On increasing the annealing temperature, the
fraction of the cubic phase increased reaching 100 % at an
annealing temperature of 600 8C. The nanoparticles gradual-
ly increase in size as the temperature is increased over this
range. It is anticipated that the organic surfactants attached
to the surface of the nanocrystals will degrade with increas-
ing temperature.

In some of the diffraction patterns (at annealing tempera-
tures of 100, 300, and 500 8C) a small amount of a phase
with a cubic rock-salt structure is visible (space group

Fm3̄m, a= 6.46 �). CdTe with a rock-salt structure in bulk
material has been reported to be stable only under pressures
of 2 GPa.[32] It is not clear, if the rock-salt phase plays any
role in the observed transformation from the wurtzite to
sphalerite modification or is a by-product of the synthesis.

Thermogravimetric analysis (TGA) and differential ther-
mal analysis (DTA) of an as-prepared sample were carried
out simultaneously in an Netzsch STA 409 apparatus.
Figure 4 displays TG and DTA measurements of the nano-

particles. The TG data indicates a weight loss of 62.9 % in
the temperature range between 200 and 460 8C, which can
be attributed to the degradation of organic surfactants from
the surface of the nanocrystals. The DTA curve displays
three endothermic peaks. The onset of the first peak at
45.5 8C can be interpreted as the melting of excess surfac-
tant. The peak onset at 377.6 8C is attributed to the removal
of organic ligands from the surface of the nanocrystals as
most of the weight loss due to degradation of organic surfac-
tants occurs in this region. The third peak has its onset at
483 8C, which defines the phase transformation temperature
for the wurtzite-to-sphalerite modification.

Figure 5 presents the percentage cubic phase of CdTe
nanowires as a function of the annealing temperature ob-
tained by Rietveld refinement of the scaling parameters in
the XRD pattern. The cubic fraction increased significantly
in the temperature range between 400 and 600 8C reaching
100 % after annealing at 600 8C. This is in agreement with
the DTA data, which suggests that the onset of the phase
transformation occurs at 483 8C.

It is possible that during annealing at 500 8C the equilibri-
um may have established and heating for a longer period of
time may have completely transformed the nanocrystals into
the cubic modification. The phase transformation observed
above can be explained by considering the metastability of
the nonequilibrium wurtzite phase of CdTe nanoparticles.
This is reasonable given the method of synthesis, which in-
volves nucleation and rapid growth from a supersaturated
solution. The stacking fault energy differences for the cubic

Figure 3. X-ray diffractogram of CdTe samples without annealing (a) an-
nealed at 100 (b), 200 (c), 300 (d), 400 (e), 500 (f), and 600 8C (g). Theo-
retical reflection angles of CdTe wurzite, sphalerite, and rock-salt phases
are denoted by dotted lines and Miller indices.

Figure 4. TGA and DTA data for CdTe nanowires.
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and hexagonal phase has been found to be only 11 meV per
atom for CdTe,[33] indicating that the free energy difference
between the sphalerite and wurtzite crystal lattice is small,
supporting the metastability of the crystal structure. During
annealing, the thermal energy allows an activation of the
metastable hexagonal structure to the lower-energy stable
cubic phase, thus allowing the transition from the hexagonal
to the cubic phase.

Figure 6a presents the electron diffraction pattern of
CdTe nanocrystals annealed at 600 8C. The diffraction ring
corresponds to the cubic phase of CdTe nanocrystals. Very
sharp reflections due to the (111), (022), and (113) lattice

planes can be seen. Figure 6b displays the TEM image of
CdTe nanocrystals annealed at 600 8C, at which large clus-
ters of CdTe are observed. The transformation of nanowires
into large clusters can be explained by the degradation of
organic ligands from the surface of the nanowires. These or-
ganic ligands act as stabilizers for nanowires, preventing
them from agglomeration. Therefore it is possible that
during the degradation of these surfactants from the surface,
the nanoparticles agglomerate to form large clusters of
CdTe due to high surface energy.

The lattice parameters of the unit cell were determined
by the least-square fitting method. Table 1 presents the lat-
tice parameters together with the unit cell volume of the

nanoparticles after annealing at different temperatures. It
was observed that the unit cell volume changes only slightly
(0.5 %) on annealing. This indicates that the surface forces
are not very dominant in these nanowires, and that the
metastable phase was stabilized due to the synthetic method
only.

Conclusion

The above study provides a new scheme for the synthesis of
CdTe nanowires with a predominantly wurtzite lattice by a
high-temperature organometallic route. The effect of tem-
perature on the shape and crystal structure of these nano-
particles was studied, leading to a better understanding of
size-, shape-, and structure-dependent properties. It was ob-
served that the metastable wurtzite lattice of nanocrystals
achieved by this method is thermodynamically stable up to
an annealing temperature of 200 8C, and on further increase
of the temperature it gradually transforms into the more
stable sphalerite modification forming large clusters of
CdTe.

Figure 5. Percentage cubic phase fraction of CdTe nanowires as a func-
tion of annealing temperature.

Figure 6. a) Electron diffraction pattern of CdTe nanowires after anneal-
ing at 600 8C. b) TEM image of CdTe nanoparticles annealed at 600 8C
(scale bar= 1000 nm).

Table 1.

Annealing Phase Percent of Lattice Specific
temp. phase parameters volume
[8C] [�]

100 sphalerite 2.9 a =6.268 270.6
wurtzite 95.2 a=4.566 135.32

c =7.493
200 sphalerite 2.3 a=6.451 268.4

wurtzite 97 a=4.565 135.16
c =7.488

300 sphalerite 10 a=6.468 270.6
wurtzite 87.7 a=4.570 135.92

c =7.516
400 sphalerite 13.7 a=6.459 269.49

wurtzite 86.3 a=4.569 134.99
c =7.465

500 sphalerite 51.2 a=6.468 270.62
wurtzite 48.3 a=4.574 135.73

c =7.492
600 sphalerite 100 a=6.4722 271.11
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Experimental Section

CdTe nanoparticles were prepared by a slight modification of a previous-
ly published method.[19] Cadmium stearate (362 mg) was heated with tri-
n-octylphosphineoxide (4 g; TOPO) under vacuum at 65 8C for 3 h. Te
powder (56 mg) and tri-n-octylphosphine (2 mL; TOP) were added, and
the temperature was raised slowly to 220 8C under Schlenk conditions.
The particles were allowed to grow for 23 h, and then they were
quenched by removing the heating mantle. At room temperature, anhy-
drous methanol was added to precipitate the particles. These particles
were washed twice with MeOH and twice with n-butanol, and finally
dried under high vacuum overnight.

The X-ray structure analysis was carried with a Siemens D5000 diffrac-
tometer operating at 40 kV and 40 mA, by using CuKa1 radiation. Samples
were placed between two adhesive tapes and measured in transmission
geometry with a position-sensitive detector (PSD). Rietveld calculations
on powder diffraction data were carried out to obtain a quantitative esti-
mation of phases using the GSAS computer program.[30] Pseudo-Voigt
profile peak shape functions were used for the calculations. For annealing
experiments the as-prepared CdTe nanoparticles were placed in an alu-
mina crucible and heat-treated in a silica tube furnace at temperatures
between 100 and 600 8C under flowing argon (0.1 MPa). A heating rate
of 10 K min�1 and a holding time of 1 h at maximum temperature were
chosen. The temperature was controlled by using an encapsulated Ni-Cr-
Ni thermocouple with an accuracy of �5 K at the sample. The XRD
characterization was done at ambient temperature and pressure with a 2q

range from 108 to 1058. Shape and further structural characterization
were done by transmission electron microscopy (TEM) by using a LEO
912 operating at 120 kV. The photoluminescence (PL) and absorption
spectra were recorded on a J & M TIDAS diode array spectrometer
using dilute chloroformic solutions.
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