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Monodisperse copper-iron-sulfide (CuFeS2) nanoparticles as the infrared 
light absorbing material (chalcopyrite, 0.65 eV), were synthesized 
based on facile, one step heating up method, by dissolving of CuCl, 
FeCl3 and SC(NH2)2 as precursors in oleylamine (OLA) alone or in 
combination with oleic acid (OA) and 1-octadecene (ODE) as solvent. 
The phase, size, morphology, and size distribution were controlled by 
the reaction conditions and temperature. The CuFeS2 nanoparticles were 
characterized by transmission electron microscopy, X-ray diffraction, 
X-ray photoelectron spectroscopy, Raman spectrum and ultraviolet-
visible-near infrared. The three main absorbance region was observed in 
the ultraviolet, visible and infrared as a hybridization of Fe 3d-S 3p among 
the valence band (Cu 3d-S 3p) and conduction band (Cu 4s-Fe 4s). Well 
controlled CuFeS2 triangular pyramidal along with semi-hexagonal and 
hexagonal shape (~ 20-25 nm) was obtained by using OLA or a mixture 
of OLA along with OA and ODE, respectively, with 210 °C heating up 
and 4 h annealing time.

INTRODUCTION
The structural, optical and electrical properties 

of I-III-VI2 compounds can easily be modified 
in large extent by varying of stoichiometry and 
chemical composition. The high absorption 
coefficient, a changeable electrical conductivity 
from p-type to n-type with change of intrinsic 
composition ratio besides tuning of band gap (0.6 
eV for CuFeS2 to 3.5 eV for CuAlS2) [1-6] can be 
employed in the multi-junction solar cells [7, 8], 
lithium ion battery [9], thermoelectrics [10] and 
photocatalysts [11]. General creation method to 
produce CuFeS2 compounds become increasingly 
important with respect to their unique physical 
and chemical properties for potential applications. 

Wet chemistry process such as thermolysis [12], 
hot injection [13], solvothermal [14] hydrothermal 
15] and high temperature solid solution [16] and 
Bridgman technique [17] do not require post 
annealing treatments and are usually crystalline 
[18,19].

One-pot thermolysis method as one of 
the simple wet synthesis methods to achieve 
mentioned properties can be used to produce of 
CuFeS2 colloidal that applicable as Ink to produce 
of vacuum free thin films. In this research, we 
considered the effect of solvents and temperature 
on the structural and optical properties of 
CuFeS2 compound that synthesis by thermolysis 
technique.

http://creativecommons.org/licenses/by/4.0/
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MATERIALS AND METHODS
CuFeS2 nanoparticles were synthesized by 

mixing copper chloride (CuCl, Sigma-Aldrich), iron 
trichloride (FeCl3, Sigma-Aldrich), and thiourea 
(CH4N2S, Fisher) as precursors and oleylamine 
(OLA) (C18H37N, Acros), oleic acid (OA) (C18H34O2, 
Fisher), and 1-octadecene (ODE) (C18H36, Acros) 
as coordinating solvent, capping agent, and 
noncoordinating solvent under Ar. In a typical 
synthesis, 0.5 mmol of CuCl, 0.5 mmol of FeCl3, and 
2 mmol of thiourea (TU) were dissolved in OLA, 
OA, and ODE under Ar at room temperature using 
the Schlenk technique. The contents of the flask 
were evacuated at 90 °C for 45 min. After that, 
the flask atmosphere was changed to argon, and 
the reaction mixture was heated to 210 °C with a 
rate of 18−20 °C/min. During the heating process, 
smoke began to evolve at a temperature about 
140 °C, and the color turned darker, indicating 
nucleation and growth phenomena. The flask was 
held at the above-mentioned temperature for 4 
h before cooling it to room temperature (Fig. 1). 
Then, 30 mL of ethanol was added to the reaction 
flask and centrifuged for 10 min (9000 rpm) to 
collect the product. For XRD and XPS analysis, the 
process of washing was repeated several times 
and finally dried at 80 °C for 5 h in air condition. 
The structure, morphology, and optical properties 
of the products were characterized by X-ray 
diffraction analysis (Mo Kα radiation, energy-
dispersive detector SOLX), Raman spectrum was 
recorded by FT-Raman NXR FT-Raman module, 
Thermo Niolet that thermoelectricaly cooled 
InGaAs Detector (~ 0.9 - 2 µm) with CaF2 Beamspliter  
Nitrogen-cooled NXR Genie Germanium Detector 
(~ 0.9 - 1.6 µm), X-ray photoelectron spectroscopy 
(high-resolution excitation in the laboratory UV 
light and vacuum: 10−10 Pa), EDX-INCA350 Energy 
(FE-SEM/Quanta 200 FEG, 30 kV), the transmission 
electron microscope (Philips EM420 microscope 
operating at an acceleration voltage of 120 
kV), FT-IR spectroscopy (acquired on a Mattson 

Instruments 2030 Galaxy spectrometer), UV−Vis−
NIR absorbance spectroscopy (Ocean Optics Ins. 
USB-4000), and photoluminescence spectroscopy 
(Bruins Omega-10 spectrometer).

RESULTS AND DISCUSSION
Fig. 1 shows the X-ray powder diffraction of 

CuFeS2 nanoparticles synthesized with various 
temperatures at 1 hr (samples A, B and D) and 4 
hr (samples F, G and H). A close observation of the 
X-ray diffraction peaks of the samples shows the 
wurtzite structure excite (wurtzite simulated [12]) 
along with chalcopyrite structure (JCPDS 01-083-
0984) depending on the reaction temperature 
(polytypism). However, it is worth to mention that 
there is no binary sulfide, along with main ternary 
phases of CuFeS2. Fig. 1 reveals thermodynamically 
chalcopyrite structure is more stable in higher 
temperature. In fact, the wurtzite structure reform 
to chalcopyrite structure in higher temperature. 
Additionally, by increasing temperature more 
than 270 °C (310 °C for sample H) the CuFeS2 
compound decomposed to Cu2-xS. It is observed 
the chalcopyrite structure has been stabilized by 
increasing of OA. As seen in Fig. 1 (samples F, I and 
J), by using OA beside OLA along with ODE, the 
chalcopyrite structure can be produced as a major 
structure. The ODE as noncoordinating solvent 
was used to improve the morphology with more 
satiric effect. Other than oleic acid, the reaction 
temperature is also an important parameter to 
the formation of chalcopyrite structure (Fig. 1). 
However, reaction time and heating rate did not 
any influence on crystal structure (samples C, D, 
E and F). 

Frequency Raman spectroscopy to identify 
the molecular structure is very suitable for the 
determination of molecular vibrations, rotating 
and evaluate the geometry and symmetry of the 
molecule is even possible. In some cases where 
there is no possibility to determine the molecular 
structure, the frequency can be recorded on the 

Crystalline structure Synthesis 
duration 

Reaction 
temperature Heating rate Solvents Sample No. 

Wurtzite 1 hr 150 ̊C 18-20 ̊C/min 20cc OLA A-CFS-WOA-M3 
Less Chalcopyrite + More Wurtzite 1 hr 180 ̊C 18-20 ̊C/min 20cc OLA B-CFS-WOA-M4 

Chalcopyrite + Wurtzite 1 hr 210 ̊C 8-9 ̊C/min 20cc OLA C-CFS-WOA-M6 
Chalcopyrite + Wurtzite 1 hr 210 ̊C 18-20 ̊C/min 20cc OLA D-CFS-WOA-M7 
Chalcopyrite + Wurtzite 4 hr 210 ̊C 8-9 ̊C/min 20cc OLA E-CFS-WOA-M8 
Chalcopyrite + Wurtzite 4 hr 210 ̊C 18-20 ̊C/min 20cc OLA F-CFS-WOA-M9 

Chalcopyrite 4 hr 260 ̊C 18-20 ̊C/min 20cc OLA G-CFS-WOA-M10 
Decomposed to Cu2-xS  4 hr 310 ̊C 18-20 ̊C/min 20cc OLA H-CFS-WOA-M11 

More Chalcopyrite + Less Wurtzite 4 hr 210 ̊C 18-20 ̊C/min 20ccOLA+4ccOA+6ccODE I-CFS-WOA-M12 
More Chalcopyrite + Less Wurtzite 4 hr 210 ̊C 18-20 ̊C/min 20ccOLA+2ccOA+3ccODE J-CFS-WOA-M13 

 

Table 1. Experimental detail for one-pot thermolysis synthesis of CuFeS2.
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basis of the atom, in a molecule can be studied. 
Since the number of Raman active modes is 
different for each phase, this technique allows 
one to unambiguously detect the different phase, 

which did not have any special Raman peaks in 
literature; many references were taken in order 
to distinguish Raman peaks in our samples [12. 
20-23]. Spectrums showed the characteristic 

 

 

 

 

 

 

Fig. 1. PXRD patterns of the synthesized CuFeS2 at various synthesized conditions that mentions in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Raman spectrium of CFS-9 (sample 9) synthesized by thermolysis method.
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bands of the wurtzite (marked W), chalcopyrite 
(marked Ch) and covellite (marked C) phases (Fig. 
2). These results were confirmed in the results of 
XRD analysis. The optical mode peaks located at 
150, 220, 307.9, 408.4, 474.6 and 560.2 cm-1 can 
be attributed to wurtzite phase, the optical mode 
peaks located 293.5, 344.5 cm-1 can be attributed 
to chalcopyrite and the peak of 263.5 cm-1 can be 
attributed to covellite.

Formation of chalcopyrite or wurtzite CuInS2 
or structure can be attributed to initially formed 
nuclei of Cu2-xS structure [24]. When the first seed 
formed as Cu2S (Chalcite, hexagonal structure) 
after cation exchange reaction, the CuInS2 formed 
as wurtzite structure and if the first nuclei formed 
as Cu9S5 (Digenite, FCC anti-fluorite structure) 
after cation exchange reaction the CuInS2 formed 
as chalcopyrite [24-28]. Kuzuya [27] and Koo [29] 
showed that the OLA can stabilize the wurtzite 
structure in CuInS2.

Usually, the shapes of nanocrystals are 
controlled first by the nucleation stage and then 
by the particles growth stage. These parameters 
depend on solvent, capping agent and temperature 
[30-32]. 

Fig. 3 shows effect of reaction temperature 
on the morphology. In our system, it is found 

that when the crystalline structure is wurtzite 
(low temperature synthesis) for sample A and 
B, the shape of nanoparticles is grown along 
<001> direction as a result elongated nanocrystal 
obtained. When the chalcopyrite structure 
produced (by increasing synthesis temperature) 
for sample D, the polyhedron nanocrystals can be 
seen along with elongated nanocrystals (Fig. 3). 
In fact, in the special condition (border condition, 
reaction temperature more than 180 °C), the 
reaction proceeds and the chalcopyrite structure 
could be grown on the initial wurtzite crystal by 
stacking fault mechanism as a result the shape was 
similar to the semi-hexagonal shape.

The effect of oleic acid and oleylamine solvent 
ratio on the morphology of nanocrystals can be 
observed in the Fig. 4. The hexagonal shape of 
CuFeS2 nanocrystals can be attributed to wurtzite 
structure and the trigonal shape of CuFeS2 
nanocrystals can be attributed to chalcopyrite 
structure. Same as previous, the chalcopyrite 
structure could be grown on the initial wurtzite 
crystal (border condition, a mixture of OLA and 
OA solvents) as a result the shape was similar to 
the semi-hexagonal shape. Fig. 4 shows a TEM 
micrograph of the nanoparticles synthesized with 
different OA to OLA molar ratio at 210 °C for 4 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Effect of different temperatures on the morphology of synthesized nanocrystals.
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When the ratio of oleic acid increased compared to 
oleylamine, 0 ml OA for sample F < 4 ml OA for the 
sample I < 6 ml for sample J, mixture of the semi-
hexagonal (chalcopyrite-wurtzite polytypism) and 
hexagonal (wurtzite) shape (sample F) changed 
to semi-hexagonal and triangular (chalcopyrite) 
shape (samples I and J).

To study the composition and chemical state 
of the compounds, the samples of CuFeS2 were 
examined by X-ray photoelectron spectroscopy 
(XPS). The binding energies in the XPS analysis are 
corrected for specimen charging by referencing 
the C 1s and O 1s to binding energy of 285.0 eV 
and 532.2 eV, respectively. For the CFS-WOA-M9 
and CFS-WOA-M12 samples, all the Cu-related, Fe-
related and S-related peaks appeared in the XPS 
spectrum (Fig. 5). The Cu 2p3 and Cu 2p1 peaks are 
located in 931.4 eV and 951.4 eV for both of them 
that are shown Fig. 5. They confirm that the valence 
states of Cu ions are +1 in all synthesized samples, 
due to the absence of the satellite peak at about 
944.0 eV for Cu2+. Moreover, the electron binding 
energy of Fe 2p3 and Fe 2p1 position at 712.2 and 
726.6 eV and 711.4 and 725.0 eV for CFS-WOA-M9 
and CFS-WOA-M12, respectively, confirm that the 
valence state of Fe in the structure is 3+ for solid 
solution samples. The electron binding energy of 

S 2p3 that are observed at 163.4 for samples is 
attributed to S2- [13, 33-36]. 

The electronic structure for CuFeS2 (Fig. 
6) reveals that iron d-orbitals are hybridized 
with p-orbital of sulfur atoms which lead to 
formed intermediate band (including Fe 3d and 
S 3p) are located between occupied valence 
band composed of Cu 3d and S 3p orbital and 
unoccupied conduction band, including of Cu 4s 
and Fe 4s states [35-39].

The optical properties of CuFeS2 compound 
dispersed in n-hexan are measured at room 
temperature with UV-Vis-NIR absorption (Fig. 
7). The derived data shows that the edge of 
the absorption spectrum is around three main 
ultraviolet, visible and near infrared regions. 
The first edge absorbance around the 630 nm 
attributed to transition electron from valence 
band that was formed based on the hybridization 
of the Cu 3d orbitals and the S 3p orbitals to 
conduction band that was formed based on the 
hybridization of the Cu 4s orbitals and the  Fe 4s 
orbitals for samples F-CFS-WOA-9, I-CFS-WOA-10 
and J-CFS-WOA-12. 

A strong absorption region is observed on the 
lower energy around the 1127 nm that attributed 
to inter-band that was formed based on the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Effect of different solvents on the morphology of synthesized nanoparticles.
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Fig. 5. Whole XPS spectra and high resolution XPS spectra of Cu 2p, Fe 2p, S 2p to of CFS-WOA-M9 (black) and CFS-WOA-M12 
(red) compounds.

Fig. 6. Schematic of the possible optical absorption spectra and relaxation 
pathways of synthesized CuFeS2 nanoparticles.
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hybridization of the Fe 3d orbitals and the S 3p 
orbitals to conduction band that was formed based 
on the hybridization of the Cu 4s orbitals and the 
Fe 4s orbitals. The d-d absorption based transition 
from the Cu 3d-S 3p orbitals hybridization to the 
Fe 3d-S 3p orbitals hybridization that observed 
around the 2060 nm. Other absorption regions 
between 1500-1850 nm and 2250-2500 nm can 
be attributed to charge transfer that based on the 
transition from Cu 3d or Fe 3d orbitals to ligand 
orbitals or vice versa (Fig. 7).

CONCLUSION
A simple and convenient one-pot synthesis 

method was developed for the controlled 
synthesis of chalcopyrite and wurtzite structure 
by controlling synthesis temperature and solvent. 
The structure of CuFeS2 could be changed from 
wurtzite to chalcopyrite by controlling the synthesis 
temperature from 150 °C to 270 °C and using OLA 
alone to a mixture of OLA and OA. Because the 
wurtzite structure produced in the first stage, 
the further growth crystal with the chalcopyrite 
structure result that both of chalcopyrite-wurtzite 
crystalline structure existing in every nanocrystals 
(polytypism). The shape of nanoparticles could be 
changed from hexagonal to trigonal based on free 
surface energy by changing the functional groups 
of solvents, reaction temperature or time.
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