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Colloidal synthesis of pure CulnTe, crystallites
based on the HSAB theory+

N. Ntholeng,? B. Mojela,® S. Ggoba,® M. Airo,? S. Govindraju,®® M. J. Moloto,°
J. Van Wyk® and N. Moloto*®®

The colloidal method has extensively been used to synthesize ternary and quaternary copper sulfides
and selenides. The formation pathway and the crystallization mechanism of these nanostructures have
also been investigated. Although tellurides form part of the chalcogenides, little has been reported on
them particularly the crystallization mechanism of these nanostructures. Herein, we report on the
colloidal synthesis of CulnTe,. Typically reaction temperatures play a vital role in the formation of
colloidal nanostructures. At temperatures below 250 °C, no formation of CulnTe, was seen. At 250 °C
formation of CulnTe, could be observed with formation of binary impurities. A change in the sequence
in which precursors were added at 250 °C yielded pure CulnTe,. Therefore starting with InClz and
elemental Te dissolved in OLA and TOP, respectively, then adding CuCl dissolved in OLA yielded a pure
CulnTe, phase with agglomerated cubic structures. The pure CulnTe, crystallites had an optical band
gap of 1.22 eV in comparison to 0.93 eV of the impure CulnTe, phase.

1 Introduction

With increasing interest in fabricating low cost photovoltaic
devices, much attention has been focused on exploiting the use
of Cu-III-1V, chalcopyrite based semiconductor materials as
effective light absorber layers in thin-film solar cells." This is
due to their unique energy band gap and other advantages such
as a high absorption coefficient, a high radiation stability,
exceptional radiation hardness and defect tolerance.> Among
the various Cu-based ternaries, selenides and sulfides have been
well explored.” Solar-energy conversion efficiencies of about 20%
and 12% have already been reported for CulnSe, and CulnS,
respectively.® Although CulnSe, and CulnS, have been exten-
sively studied not much attention has been paid to studies on
tellurides in general and particularly CuInTe,.”

CulnTe, has a direct band gap in the range of 0.92 to 1.06 eV
and an absorption coefficient of more than 10° cm™" near the
band edge.* It exhibits a stronger quantum confinement effect
and a larger Bohr radius than CulnS, and CulnSe,, owing to the
covalent properties of tellurium.® Though CulnTe, films have
a distinct combination of pertinent characteristics making
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them suitable for use in solar cells as absorbers, synthesis of
these materials involves complex and expensive processes.”
Boustani et al. prepared CulnTe, films by thermal evaporation
from a single source.® Roy et al. also prepared CulnTe, films by
a three source co-evaporation technique.” In an attempt to cut
costs posed by vacuum based processes, various methods such as
solvothermal synthesis, microwave irradiation, polyol synthesis,
the silicate matrix method and the conventional colloidal method
have been adopted.®>® Recently, Kim et al. synthesized CulnTe,
particles using the solvothermal method.'® During the synthesis,
prolonged reaction times and various temperatures were explored
to obtain the materials."® Contrary to prolonged reaction times,
Malik and co-workers reported significantly shorter reaction times
for CulnSe, via the colloidal synthesis.""

Crystallization is one of the few most interesting yet mysterious
processes; however it is an important process to understand
and influences the ease with which a product is obtained. The
first and probably the most critical step of crystallization is
nucleation. Nucleation refers to the initial formation process of
a crystal phase from another phase, usually a liquid, a solution,
or a gas phase. Nucleation defines the boundary conditions
for a given crystallization system and most likely dictates the
following growth process at given temperature and pressure.?
Unfortunately, understanding the nucleation process is a big
challenge mostly because of the difficulty to quantitatively
determine the size and concentration of the newly formed tiny
clusters. Substantial progress made in colloidal synthesis has
shown that key controllable parameters such as temperature,
reaction time and the use of coordinating or non-coordinating

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016 New J. Chem., 2016, 40, 10259-10266 | 10259


http://crossmark.crossref.org/dialog/?doi=10.1039/c6nj02108e&domain=pdf&date_stamp=2016-11-05
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6nj02108e
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ040012

Open Access Article. Published on 21 October 2016. Downloaded on 8/2/2025 7:12:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

solvents are essential for controlling the nucleation process and will
result in the size-tunable properties, morphology, structure and
stoichiometry properties which can be used to shift absorption.**
Although colloidal syntheses have been proven to be cheap and
efficient for synthesizing Cu-III-1V, semiconductors, very little
work has been reported on the colloidal synthesis of CulnTe,.
Herein, a conventional colloidal method was used to synthesize
CulnTe, crystallites. Temperature as a factor that has a big
influence on crystallization was studied. In addition, it became
evident that the sequence in which the nuclei form was critical;
hence the effect of varying the sequence of adding the pre-
cursors to the reaction mixture was also studied. The optical
properties of the crystallites were determined to estimate their
use in photovoltaic applications as absorber layers.

2 Results and discussion

The objective of the study was to synthesize a ternary CulnTe,
semiconductor material via the colloidal method. In addition,
the reaction temperature was varied from 190 °C, 220 °C and
250 °C, and the temperature dependent optical and morphological
properties of the resultant materials were studied. The crystallization
process of the crystallites was also studied by changing the sequence
of precursor addition.

2.1 Effects of temperature on the formation of CuIlnTe,

2.1.1 XRD studies. In order to study the formation process
of CulnTe,, temperature studies were done on particles synthe-
sized using method 1. Fig. 1 shows the XRD patterns of the
synthesized materials at different temperatures. At 190 °C a
pronounced (111) peak at 32° 20 of the tellurium hexagonal
phase (PDF #: 00-036-1452) was seen indicating a preferred
orientation along this plane. At this temperature only a tellurium
phase was detected, indicating no formation of binary or ternary
phases.

This suggested that the reaction temperature was fairly low to
facilitate the reaction with the metal salts.'® Similarly Kim et al.
also observed a tellurium hexagonal phase at 200 °C which was

——190°C

—220 °C
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Fig. 1 XRD patterns of crystallites synthesized using method 1 at various
temperatures where ¢ = Te phase and @ = CusTes.
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attributed to a low reaction temperature and the same phase was
detected when the reaction was conducted over a prolonged
period.'® Formation of tellurium crystallites therefore was
indicative of unformed copper and indium ion monomers during
the reaction due to unreacted precursors.

As the temperature was further increased to 220 °C, the (111)
peak at 32° 20 became less intense indicating that the formation
of a tellurium phase was gradually disappearing. The less
intense peak at 29.2° 20 (PDF#: 00-026-1117) corresponding to
the CulnTe, phase was observed. Tellurium and binary CusTe;
phases were predominant. These findings were in agreement
with those of Kim et al. who obtained a mixture of CulnTe, and
Te phases after carrying a solvothermal reaction for 6 h.*°

At 250 °C, the CulnTe, chalcopyrite phase was the major
phase corresponding to (111) at 28.5° 26, (220) at 48° 26, (311)
57° 20, (222) at 70.3° 20 and (420) at 78.1° 20 planes. However,
the formation of a secondary phase of CusTe; was also observed.
Similar results have been reported in the literature at tempera-
tures of 260 °C and extended reaction times.'®'* Formation of
secondary phases can be attributed to the difference in stability
or reactivity of Cu'" and In’** ions. Based on the Hard and Soft
Acid Base (HSAB) theory, Cu'" is a soft acid while S*~, Se*” and
Te>~ are known to be soft bases. According to the theory,
soft acids will tend to react more readily with soft bases.**"*
In the present study formation of binary tellurium compounds
can be attributed to the strong affinity of Cu'" ions as soft acids
for Te®~ ions as soft bases. They react fast and form stronger
bonds thus hindering bond formation between indium and
tellurium.

2.1.2 Raman studies. Raman spectroscopy involves the
inelastic scattering of monochromatic laser light by molecules.
Energy from the laser interacts with the molecules in such a
way that the scattered light photons have a higher or lower
energy than the incident photons. The difference in energy is
due to a change in the rotational and vibrational energy of the
molecule and gives valuable molecular information. Since
different molecules show different energy changes, the Raman
technique can be used as a fingerprinting technique for the
determination of a molecular structure, for locating various
chemical bonds or functional groups in molecules and for the
quantitative analysis of complex mixtures. A feature of Raman
scattering is that each line has a characteristic polarization, and
polarization data can provide additional information about the
molecular structure.®

The Raman spectra of particles synthesized at different
temperatures using method 1 are shown in Fig. 2. The acquired
spectra of materials synthesized at 190 °C and 220 °C showed
two similar peaks at 117 cm™* and 140 cm™'. The observed
peaks were attributed to the A; and E vibrational modes of
tellurium. A slight shift was observed from the reported values
of 120 em™* and 139 em ™ *.*® This slight frequency shift may be
due to bond-stretching forces between the nearest-neighbor
atoms.'” Furthermore there was a shoulder peak observed at
188 cm ™' assigned to the E mode.'® The Raman spectrum of
particles synthesized at 220 °C was similar to those synthesized
at 190 °C. The A, vibrational mode of copper telluride usually
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Fig. 2 Raman spectra of crystallites synthesized using method 1 at various
temperatures.

observed at 259 cm !

originating from the motion of the Te
atom with the Cu atom was not seen.'® This suggested that
there was relatively a small amount of copper telluride particles
as compared to tellurium particles. A similar observation was
seen in the X-ray diffraction pattern in Fig. 1 where the major
peaks were associated with tellurium. The characteristic A,
mode of chalcopyrite at 127 cm™" due to the in-plane motion
of Te atoms with cations at rest was not observed for both
materials at 190 °C and 220 °C.*® For particles synthesized at
250 °C, only two peaks were observed. The broad peak was
deconvoluted to two peaks located at 129 cm ™' and 149 cm ™.
These peaks were attributed to the A; and B, vibrational modes
of chalcopyrite CulnTe, respectively.”® The small peak marked
as 188 cm ™" was associated with the E vibrational mode of Te.

2.1.3 Microscopy analysis at various reaction temperatures. The
morphology of the materials synthesized at different temperatures
was evaluated with TEM. TEM micrographs of the materials are
shown in Fig. 3. A mixture of cylindrical and spherical shaped
particles was observed at 190 °C with spheres being dominant. The
particles were polydispersed, with sizes well over 100 nm. As the
temperature was increased to 220 °C a mixture of rods and spheres
was seen with rods being dominant. Based on the XRD results in
Fig. 1 and the abundance of the rods, it may be deduced that the rod
particles are CusTe;, as this was the most dominant phase. A further
increase in temperature to 250 °C resulted in cubic structures. The
crystallites were polydispersed. A few rod shape particles were
detected with the majority of the sample made up of cubic particles.
This was again consistent with the XRD data where a mixture of
CulnTe, together with CusTe; was observed. It therefore became
evident that CuInTe, gave rise to a cube-like morphology.
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Fig. 3 TEM micrographs of crystallites synthesized using method 1
at varying temperatures. The insets are micrographs taken at higher
magnifications depicting the morphologies of the crystallites.

2.2 Effects of the order of precursor addition

Previously it has been reported that synthesis of ternary com-
pounds usually yields either binary products or additional
phases as impurities and these impurities hinder the use of
these materials in any application more so in devices. Recently,
Guo et al. demonstrated that the order of precursor addition in
CulnSe, synthesis via a colloidal method is of great importance
as it determines the formation pathway of the nanocrystals and
allows control over the crystal structure of the particles.”"
For instance, chalcopyrite CulnSe, was formed when all the
precursors were added simultaneously whilst the less stable
phase of sphalerite was formed when the selenium precursor
was injected later at a higher temperature. The consequence of
the order/time of precursor addition resulted in particles with
different morphologies and properties.”’ Herein, it was clear
that the ideal temperature was 250 °C as attempted reactions at
higher temperatures yielded a cocktail of different compounds.
Furthermore, at temperatures higher than 250 °C, OLA began to
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thermally decomposing. Since CusTe; was still detected at 250 °C,
the effect of the order of precursor addition was investigated.
The rationale behind this was that based on the HSAB theory,
tellurium will always have a higher affinity for copper, hence
by tempering with this, it may be possible to eliminate the
formation of CusTe;. Consequently the indium precursor and
the tellurium precursor were first added to allow for them to react.
Then the copper precursor was injected at 250 °C and the particles
were allowed to grow. This “hot injection” of CuCl induces abrupt
supersaturation of the reaction mixture. The supersaturation
results in rapid nucleation and growth of the particles which
result in the formation of the ternary phase.

2.2.1 XRD studies. A powder X-ray diffraction pattern of
the resultant particles is shown in Fig. 4. This is compared to
the particles synthesized by method 1. The XRD pattern showed
no evidence of binary phases and this can be clearly seen when
compared to the particles prepared by method 1. Thus only
pure CulnTe, was detected when using method 2. The sample
was indexed as a tetragonal crystal phase with the diffraction
characteristic peaks of (111), (220), (311), (222) and (420) planes
at 26 values of 29.2°, 48.6°,57.6°,71.0° and 78.8° respectively
and this was in good agreement with the reference data for
CulnTe, (PDF#: 01-0703086).

2.2.2 Raman studies. Tetragonal chalcopyrite structure of
CulnTe, has a primitive cell that contains eight atoms. This
gives rise to 24 vibrational modes where 3 are acoustic and
21 are optical."” These optical modes transform as 1A, + 2A, +
3B; + 3B, + 6E where all the modes are Raman-active except the
A, mode which is optically inactive.'***?*?? The Raman spectra
of the CulnTe, crystals synthesized by the two methods are
shown in Fig. 5. The spectra show a distinct difference with the
one obtained using method 1 showing only two vibrational
peaks associated with CulnTe, and one associated with an
impurity. It is therefore evident that the particles synthesized
via method 2 are purer and contain only CulnTe, particles as
more vibrations can be perturbed. The lines observed in the
spectrum of particles synthesized by method 2 and their
symmetry assignments are given in Table 1. Five vibrational
modes were observed due to the wavelength range. All lines

5 ——250 °C Method 1]
= g —— 250 °C Method 2|
N
T g
8 s 5
— (=3
8§ =
— A A
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2
7]
c
2
£
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Fig. 4 XRD patterns of CulnTe;, crystallites synthesized at 250 °C using
method 1 and 2, where @ = CusTes.
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Fig. 5 Raman spectra of CulnTe; crystallites synthesized at 250 °C using
method 1 and 2.

Table1l Frequency of the phonon modes in the Cu—In—Te system observed
in the present work and ref. 19 and their possible symmetry assignment

Line number CulnTe,” (cm ') CuInTe,” (cm ") Symmetry assignment

1 131 127 A
2 149 147 B,

3 175 170 E’ and or B,®
4 216 220 E® or [B, + E*]
5 244 237 B, + E°

“ present study. ? Ref. 19.

recorded appeared at slightly higher frequencies as compared
to ref. 19, except for the E® mode which appeared at a lower
frequency.

Miller et al. also reported shifts to higher frequencies for
HglIn,Te, chalcopyrite particles.>* The shifts were attributed to
the assumption made during calculations that the vacancy-
anion force constant was zero however this was later proven to
be non-negligible.”* Therefore the shifts to higher frequencies
suggested that cation vacancy was not an empty site in the
lattice but rather a localized region with a positive potential
thereby attracting the valence electrons of the surrounding
anions. It was also indicative of the difference in magnitude
of vacancy-Te and the Cu-Te stretching force constant.*®

At 131 cm~ ' the most intense line was observed corres-
ponding to the A; mode that is due to the motion of Te with
Cu and In at rest.>® A weak B, mode was observed at 149 cm ™"
arising from the motion of Cu and In moving in the antiphase.”®
This mode was weak due to the change in polarizability resulting
from the stretching of the Cu-Te bond compensated by the
compression of the In-Te bond.>® The line observed at 149 cm ™"
has been previously observed at 148 cm ' for CulnTe,.>
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Fig. 6 UV-Vis-NIR absorption spectra and Kubelka—Munk plot (insets) of
CulnTe; crystallites synthesized at 250 °C using method 1 and 2.

The highest phonon modes at 216 and 244 cm ™' are attributed
to the combination of B, and E mode.

2.2.3 Optical analysis. The absorption spectra of the materials
are shown in Fig. 6. From the absorbance measurements the
optical band gap of the material was estimated using the Kubelka-
Munk method which allows one to extract the band gap (E,)
of the powered semiconductor material unambiguously (see
ESIT for calculations). By converting absorbance to reflectance
using eqn (1):

1
A= Logﬁ (1)

where A is absorbance and R is reflectance. Hence R becomes:

1
R=15a 2)

Thereafter the Kubelka-Munk function, F(R), which allows the
optical absorbance of a sample to be approximated from its
reflectance was applied.?”

(1-R?

F(R) ="

(3)
Eqn (3) allows a plot of [F(R) x v " versus photon energy v

where n is a constant determined by the nature of the transition

that the sample undergoes. The values of n are 1/2, 3/2 and 2 for
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allowed direct transitions, forbidden direct transitions, and allowed
indirect transitions respectively. Because CulnTe, is known to be a
material with a direct band gap,®® n is therefore 1/2. By extra-
polating a straight line portion of the graph to the Av x-axis, the
optical band gap of the material was determined. The deduced
optical band gap of the crystallites synthesized by method 1 was
0.93 eV corresponding to the band edge of 1322 nm. The
measured absorption spectrum shown in Fig. 6 is however tailing,
making it difficult to extract the absorption band edge therefore
making the use of the Kubelka-Munk method even more relevant.
Nevertheless, the 1322 nm value does agree with reported band
gap energy determination from optical absorption measurements
and photoconductivity spectra.”® The band gap energy observed
is due to the transition of electrons from the shallow acceptor
level to the conduction band.>® Shallow acceptor levels have been
observed in several Cu-III-VI, compounds.*®

Sridevi et al. reported a band gap of 0.94 eV resulting from the
shallow acceptor transitions for CuInTe, thin films.?® The transitions
were attributed to the presence of copper vacancies (V,,,) and antisite
defects of indium on copper sites (In,,).>® Contrary to this Wasim
et al. argued that shallow acceptor levels were not due to the Cu
vacancies rather Te vacancies.*® They argued that if shallow acceptor
levels were due to Cu vacancies, the absorption energy of the
material with excess Cu and deficient Cu in its stoichiometry would
differ which was not the case.*® They attributed the transitions to
high hole concentration which has Te vacancies in the material.*
Furthermore, a decrease in the acceptor ionization energy due to the
screening effect evidently showed that the shallow acceptor level
observed in CulnTe, is due to Te vacancies.*® This is in agreement
with the covalent bonding model under which both the anion
interstitials and vacancies should act as acceptors.® However, in
the present case more studies are required to confirm the defect
present in the crystallites.

Employing method 2 resulted in an increased band gap of
1.22 eV and the band edge decreased to 1016 nm. This is
similar to the reported band gap of 1.26 eV for polycrystalline
thin films of CuInTe,.>® The transition is due to spin-orbit
interactions in the d level.>® In addition, the increase in the
band gap is indicative of smaller crystallite sizes.

2.2.4 Morphological analysis. The TEM images of the particles
synthesized via method 2 are shown in Fig. 7. Cubic particles were
observed, however, a high degree of agglomeration was also
observed. Nevertheless, the particles seemed to be more homo-
geneous than those synthesized by method 1. There was also no
evidence of rod shaped particles further suggesting that method 2
resulted in the formation of only CulnTe,. This was consistent with
the XRD and Raman data. The particles were however still large.
The size of the cubic particles varied from small to large. The insets
in Fig. 7(d) and (h) depict the lattice fringes of the cubed particles
with an interatomic distance of 3.58 A and 3.57 A for particles
synthesized via method 2 and 1 respectively. The insignificant
change in the interatomic distances is indicative of the similar
phases. The calculated d-spacing of the fringes corresponded to the
(111) peak at 29.2° 20 of chalcopyrite CulnTe,. Elemental analysis
shown in Fig. 8 also confirmed the formation of the CuInTe, phase
in both methods 1 and 2.
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Fig. 7 TEM and HRTEM micrographs of CulnTe; crystallites synthesized
at 250 °C using method 2 (a—d) and method 1 (e—h). The insets in (a) and
(e) are micrographs at higher magnification and the inset in (h) is a zoomed
image depicting the lattice fringes.

2.3 The proposed reaction path for the formation of phase
pure CulnTe,

In recent years it has been shown that successful synthesis of
colloidal nanostructures is ligand based.*’ The appropriate
ligand environment determines the overall thermodynamic and
kinetics of the reaction via coordination to metal centers.*!
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Fig. 8 EDS spectra of TEM and HRTEM micrographs of CulnTe, crystal-
lites synthesized at 250 °C using method 2 and method 1.

Furthermore, it provides the colloidal stability and the structure
direction by coordination to the surfaces of nanoparticles.’'
These properties have helped postulate the crystallization mecha-
nism of ternary and quaternary selenides and sulphides in the
ligand system. Kar et al. investigated the formation pathway of
CulnSe, nanocrystals dissolved in oleylamine.** Formation of
the nanocrystals proceeded by initially forming binary CuSe and
InSe which ultimately reacted forming CulnSe,.**> Carenco et al.
investigated the role of the binary ligand system consisting of
OLA and TOP in the synthesis of Ni nanoparticles.” They
delineated the roles of both OLA and TOP in the nucleation
and growth of the nanoparticles. OLA was thought to be the
reductant controlling the nucleation rate, while TOP provided a
surface stabilization through coordination on the Ni(0) surface.’
In this work, we have a binary ligand system composed of OLA
and TOP. OLA was selected as a solvent due to its basic capacity
and strong chelating effect.®® The metal halides (InCl; and
CuCl) were dissolved in OLA thus activating C1'~, In*" and Cu*
resulting from nucleophilic attack by OLA. Due to lower
reduction potential of Te compared to S and Se, dissolution
of Te in aliphatic solvents with considerable concentrations has
not been reported.'” Specifically, E°(V) of X° + 2e~ «> X*>~ for
X =S, Se, and Te are —0.48 V, —0.92 V, and —1.14 V,
respectively.'> However, dissolution of the tellurium in phos-
phines could be achieved at high temperatures (~350 °C) at
relatively low concentrations."” The reaction preceded by redox
transfer thus oxidizing Te to Te*". Based on the HSAB theory
(Fig. 9), we hypothesized that because weakly polarized
In*" ions deemed to be hard acids, they will easily interact with
Te®” ions as soft bases. The reaction will initially proceed by
converting precursors to monomers, where In** and Te®~ ions
will be activated. As temperature increases, the monomer
availability increases which facilitates the nucleation processes.
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Fig. 9 Proposed reaction path for the formation of phase pure CulnTe,.

This will permit the growth of In,Te; nanocrystals which have a
layered structure. During this time nucleation process will be
controlled by OLA while the particle stabilization is provided
by TOP. As temperature reaches 250 °C, we introduce the
CuCI-OLA precursor into the reaction system. The Cu'" ions will
be activated. The Cu"* ions will instantly react with In,Te, through
nucleophilic attack thus forming pure chalcopyrite CulnTe,
crystallites. Therefore, it is clear from the presented data the
sequence in which the precursors are added is important and
determines the reaction kinetics for the formation of pure
CulnTe, crystallites.

3 Experimental
3.1 Materials and reagents

Copper(1) chloride (CuCl), Indium(m) chloride (InCl;), and
elemental tellurium (Te) were all purchased from Sigma
Aldrich. Trioctylphosphine (TOP), oleylamine (OLA), dichloro-
methane (CH,Cl,), chloroform (CHCl;), methanol (CH;OH) and
ethanol (C,HeO) were all purchased from Sigma Aldrich and
used without further purification.

3.2 Synthesis of CulnTe,

Two methods were employed for the synthesis of CulnTe,. In
method 1, 2.5 mmol of copper chloride and 2.5 mmol of indium
chloride were added to 7 mL of OLA and heated to 120 °C under
nitrogen. The mixture was then left under vacuum for 20 min
before 2 mL of TOPTe (1 M) was injected. The solution was then
further heated to 190 °C for 30 min. The temperature was then
decreased to 60 °C. Methanol was added to the solution to
flocculate the particles. The particles were then collected through
centrifugation at 3000 rpm and washed with dichloromethane,
ethanol, and methanol to remove the impurities. The temperature
was varied from 190 °C-250 °C. In method 2, the sequence of
addition of precursors was changed. Typically, 2.5 mmol of
indium chloride was first added to 7 mL of OLA and heated to
120 °C under nitrogen. The mixture was then left under vacuum
for 20 min. Thereafter, 2 mL of 1 M TOPTe was added. The
solution was then further heated to 250 °C at which point
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2.5 mmol of copper chloride dissolved in 2 mL of OLA was quickly
injected. The temperature was maintained at 250 °C for 30 min.
The particles were then collected and washed following the
previous procedure.

3.3 Characterization

XRD patterns of the powdered samples were recorded on a Bruker
MeasSrv D2-205530 diffractometer using secondary graphite mono-
chromated CoKo radiation (4 1.78897 A) at 30 kv/30 mA. Measure-
ments were taken using the glancing angle of an incidence detector
at an angle of 2°, for 20 values over 20-90° in steps of 0.026° with a
step time of 37 s and at a temperature of 25 °C. A Horiba Jobin-Yvon
LabRAM HR Raman spectrometer equipped with a 514 nm argon
laser was used for Raman spectral analysis. The transmission
electron microscopy (TEM) was carried out on a FEI Technai T12
TEM microscope with an EDS detector operated at an acceleration
voltage of 200 kV with a beam spot size of 20-100 nm in the TEM
mode. UV-Vis-near-infrared spectroscopy of the powder samples was
acquired on a Praying Mantis DRS Cary 500.

4 Conclusions

Herein, we have shown that the colloidal method can be applied in
the synthesis of ternary CulnTe,. High synthesis temperature was
required for the formation of CuInTe,. At low temperatures 190 °C
and 220 °C no formation of CulnTe, was observed, only Te and
CusTe; phases were seen. The ideal synthesis temperature for
CulnTe, was 250 °C. At 250 °C, the sequence in which the
precursor added was not only important for pure phase formation
but it also aided in postulating the formation mechanism of
CulnTe,. Highly agglomerated cubic structures were observed for
pure CulnTe,, while mixed morphologies were obtained for
impure crystallites. An optical band gap of 1.22 eV was obtained
for pure CulnTe, crystallites which is close to that of polycrystalline
thin films. Therefore, it can be said that the colloidal method is an
effective way of producing high quality nanocrystals that can be
applicable in photovoltaics. However, further investigations into
parameters such as the concentration, time and type of the
capping agent are still needed in order to manipulate the optical
and morphological properties of this material.
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