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Abstract
Micro- and nano-crystalline polymorphs of  CuFeS2 have been synthesized by using simple, low temperature solvother-
mal and precipitation methods. A solvothermal process at 170 °C, using ethylenediamine produced micro- and nano-
crystalline  CuFeS2 with various shapes and morphologies, which include polygons, pyramids, hexagonal rods and plates 
etc. In addition to the expected tetragonal, chalcopyrite phase, a new, relatively low symmetry, hexagonal, wurtzite 
phase of  CuFeS2 was also obtained. The wurtzite phase fraction was found to be ~21 wt% by Rietveld analysis using 
X-ray powder diffraction data. Further, the effects of solvent concentration, reaction temperature and annealing on the 
crystallites have been studied. By the solvothermal process carried out at 140 °C, hexagonal, wurtzite phase  CuFeS2 was 
obtained with a phase fraction as high as ~92 wt%. A relatively, simple and low-temperature precipitation process using 
 (NH4)2S and distilled water produced micro- and nano-crystalline  CuFeS2 with various shapes including rods, hexagonal 
plates, and spheres etc. The synthesis methods reported here are believed to be beneficial for the further development 
of  CuFeS2 in the field of nanotechnology.
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1 Introduction

The developments of nanoscience and nanotechnology 
have allowed scientists to realize newer functionalities of 
(even previously known) materials and improve the effi-
ciency of preparing the materials while reducing produc-
tion cost [1]. Irrespective of the technology that is involved, 
large-scale, bulk production is a proven way to reduce 
the cost of the end-products. In the case of nanomateri-
als, the choice of synthetic route could be considered the 
first step toward low-cost end-products. Essentially, the 

synthesis/production of various kinds of nanomaterials/
nanostructures and their characteristic studies is still an 
active area of research [2]. For semiconductor nanocrys-
tals/nanostructures, the ability to tune the optical band 
gap in the quantum confinement regime is appealing 
for finding applications in solar cells and other optoelec-
tronic devices etc. [3]. These days, studies on high-quality 
nanocrystals and nanostructures of a few nanometers in 
size are often reported [4]. For example, the optical band 
gap of ZnS nanocrystals has been tuned over a span of 
0.5 eV by reducing the size of the crystallites to a few 
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nanometers [5]. Similarly, Yu et al. have shown how the 
dimensionality of the quantum confinement changes the 
band gap and exciton wavelength in InP nanocrystals [6]. 
Yet another interesting report from Yong et al. presents 
PbSe nanocrystals having various exotic shapes [7].

Chalcopyrite  (CuFeS2) is a naturally existing mineral 
that crystallizes in the noncentrosymmetric, tetragonal 
space group I42d , with lattice constants, a = 5.289 (1) Å 
and c = 10.423 (1) Å [8]. The crystal structure of the chalco-
pyrite  CuFeS2 is shown in Fig. 1a. The tetragonal, chalco-
pyrite structure can be derived from the cubic structure 
of zinc blende (ZnS). In  CuFeS2, the  Cu+ and  Fe3+ metal 
cations have tetrahedral coordination with the  S2− anions. 
The  CuS4 and  FeS4 tetrahedra of  CuFeS2 are ordered in the 
3D crystal lattice, such that the cubic symmetry ( F43m ) 
of the zinc blende structure is reduced to the tetragonal 
symmetry ( I42d ) by nearly doubling the unit cell along the 
c-axis. Moreover, the  S2− anions undergo a displacement, 
which contracts the c-axis of the unit cell, such that the 
c/a ratio is less than 2. Therefore, in a perfectly ordered 
structure of  CuFeS2, the Cu, Fe and S atoms occupy the 
4a (0, 0, 0), 4b (0, 0, 1

2
 ) and 8d (0.2574, 1

4
 , 1
8
 ) sites of the unit 

cell, respectively [8]. A typical c/a ratio of about 1.971 [8] 
is an indicative parameter of the tetragonality of the chal-
copyrite structure.

The chalcopyrite  CuFeS2 is one of the many techno-
logically important diamond-like semiconductor materi-
als having the general formula I-III-VI2, where I, III and VI 

represent the number of valence electrons of the atoms. 
Chalcopyrite type  CuFeS2 exhibits n-type semiconducting 
properties with a relatively narrow optical energy band 
gap (Eg) of 0.5–0.6 eV [9] and antiferromagnetic ordering 
below its Néel temperature, TN = 823 K [10]. Even though 
the chalcopyrite  CuFeS2 has been known for quite a long 
time, a dispute about the ordering of magnetic moment of 
Cu has only been recently resolved [11]. Several relatively 
recent reports show that nanocrystalline  CuFeS2 can be 
used to improve the performance of the devices and often 
displays enhanced physicochemical properties compared 
to that of the bulk material. For example, Nengtao et al. 
[12] have demonstrated the detection of bioactive cati-
ons  (Cu2+ and  Fe3+), with high selectivity and sensitivity, 
by  CuFeS2 quantum dots [12].

In the literature, dye sensitized solar cells (DSSC) with 
a counter electrode (CE) made of cubic (zincblende type) 
 CuFeS2 nanocrystals have been found to exhibit slightly 
higher (8.10%) power conversion efficiency than that of 
a DDSC having a Pt CE [13]. The use of thin film chalco-
pyrite  CuFeS2 nanocrystals as a hole transport layer in 
cadmium telluride (CdTe) solar cells brought its efficiency 
to ~12% [14]. The photo-thermal (light-to-heat) conver-
sion property of colloidal chalcopyrite  CuFeS2 nanocrys-
tals (with 49% efficiency), when exited by a near infra-
red laser (λ = 808 nm), within the biological window of 
λ = 650–900 nm (in which the light has more depth of 
penetration into tissues), has been reported by Sandeep 

Fig. 1  Crystal structures of 
 CuFeS2: (a) tetragonal ( I42d ), 
chalcopyrite phase and (b, c) 
hexagonal (P63mc), wurtzite 
phase
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et al. [15]. Chalcopyrite  CuFeS2 nanocrystals synthesized 
using a facile, solution-phase method have been found to 
exhibit enhanced thermoelectric performance (ZT = 0.264 
at 500 K), 77 times the value of bulk chalcopyrite [16].

In this article, we present an interesting work involving 
in the synthesis of micro- and nano-crystalline  CuFeS2 by 
low-temperature solvothermal and precipitation methods 
using a set of simple chemical reagents and procedures. 
We obtained nanocrystalline  CuFeS2 in various exotic 
shapes including prisms, hexagonal rods and plates, etc. 
More notably, a symmetry lowered, hexagonal, wurtzite 
phase  CuFeS2 (see Fig. 1b, c) was also obtained. Since low-
ering (or altering) the fundamental crystal symmetry of a 
material by utilizing synthetic degree of freedom is still an 
area ripe for development, we believe our work presents 
a timely achievement.

2  Experimental details

In the solvothermal method, aqueous solutions of 1 mmol 
CuCl (99.9%), 1  mmol  FeCl3 (99.99%) and 2.02  mmol 
 (NH4)2S (20–24 wt% from Fisher Scientific) were used. The 
reactant solutions were taken in a Parr bomb, Teflon auto-
clave enclosed by a stainless-steel outer vessel. Anhydrous 
ethylenediamine (en) of variable quantities, 1 to 4 ml, was 
used as the solvent. The reactant mixture was tightly 
closed in the Parr bomb and heated using a laboratory 
oven for 24 h. The solvent quantity and the reaction tem-
perature were varied; two sets of samples corresponding 
to the reaction temperatures of 170 °C and 140 °C were 
obtained. The products of the reactions were separated 
from the residual liquids by filtering and washed further 
using deionized water to remove the  NH4Cl byproduct (see 
Eq. 1). The cleaned products were dried in air and black 
powders were obtained as the final products. The powder 
materials were annealed at different temperatures, result-
ing in different crystalline quality and microstructure.

In the precipitation method, 2 mmol CuCl and 2 mmol 
of  FeCl3 salts were taken in a conical flask (25 ml volume). 
Using a magnetic stirrer, the salts were dissolved in 5 ml of 
deionized water. Once a transparent, bluish-green solution 
was obtained at room temperature, the temperature of 
the solution was raised to 80 °C. A 4.04 mmol  (NH4)2S solu-
tion (diluted by 1:4 ratio with deionized water) was added 
slowly (for about 30 min) to the hot solution contain-
ing  Cu+ and  Fe3+ ions. The addition of the dilute  (NH4)2S 
solution readily produced a black precipitate. [View the 
video  (CuFeS2 by precipitation method.wmv) found in the 

(1)
CuCl(aq.) + FeCl3(aq) + 2

(

NH4

)

2
S(l)

�

→ CuFeS2(s) + 4NH4Cl(l)

supplemental material]. The precipitate was kept at 80 °C 
for 1 h while it was continuously stirred. Thereafter, it was 
allowed to cool down to room temperature and settle 
overnight. Later the precipitate was repeatedly washed 
several times using deionized water by vacuum filtration 
using a porous funnel. Alternately, a portion of the sam-
ple was washed repeatedly by centrifuging using deion-
ized water. The products were dried at room temperature 
for 1 day. The final products were annealed at different 
temperatures.

The crystallinity and phase purity of the synthesized 
materials were examined using an X’Pert Pro MPD X-ray 
powder diffractometer (PANalytical) operating in Bragg 
Brentano geometry and employing Cu Kα radiation. Using 
X-ray powder diffraction data, Rietveld refinements were 
performed for a set of selected samples using the General 
Structure Analysis System (GSAS) [17, 18]. Micrographs dis-
playing the micro- and nanostructures of the samples were 
collected at 2.0 kV using an ultra-high-resolution Hitachi 
S5500 cold Field Emission in lens Scanning Electron Micro-
scope (FESEM) by Hitachi High-Technologies Corp.

3  Results

3.1  CuFeS2 nanocrystalline materials prepared 
by a solvothermal process

Figure  2 shows the X-ray powder diffraction patterns 
of four samples synthesized by a solvothermal reaction 
carried out at 170 °C for 24 h. The samples, S1, S2, and 
S3, were synthesized using 2, 3 and 4 ml of ethylenedi-
amine (en) as the solvent, respectively. The sample S4 was 
obtained after annealing the sample S3 at 150 °C for 3 h. 
(See Table 1 for an outline of sample labeling, S1–S4, pre-
pared by the solvothermal process.) An indexed X-ray pow-
der diffraction pattern of polycrystalline, bulk chalcopyrite 
 CuFeS2 with tetragonal (T) structure is shown for reference. 
The X-ray powder diffraction pattern of S1 contains many 
additional peaks of considerably high intensity that can-
not be indexed using the tetragonal  CuFeS2 phase. Rather, 
the X-ray powder diffraction pattern looks similar to that 
of nanocrystalline Cu-In-S with a wurtzite-type struc-
ture reported by Michelle et al. [20] and wurtzite-CuInS2 
hexagonal plates reported by Xia et al. [19]. Therefore, a 
two-phase model was employed for Rietveld refinement 
using both hexagonal, wurtzite-type and tetragonal, chal-
copyrite-type  CuFeS2 structures. The X-ray powder diffrac-
tion data of S1 were reasonably fit using the combined 
two-phase model. A summary of the results of Rietveld 
analysis can be found in the supplemental material. The 
refined lattice constants of the wurtzite-phase  CuFeS2 
are a = 3.6971(8) Å and c = 6.1672(2) Å. The refined weight 
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fractions of wurtzite and chalcopyrite phases for S1 are 
~21 wt% and ~79 wt%, respectively. The unit cell of the 
hexagonal  CuFeS2 is shown in Fig. 1b, c. In this structure, 
both Cu and Fe atoms occupy the same crystallographic 
site (1/3, 2/3, 0.3934), each with an occupation factor of 0.5 
and have tetrahedral coordination with the S atoms. The 
unit cell contains one formula unit.

From the X-ray powder diffraction analysis, we find that 
if the quantity of en is increased to 3 and 4 ml, the inten-
sity of the diffraction peaks (see S2 and S3 in Fig. 2) cor-
responding to the hexagonal phase is reduced and that of 
the tetragonal phase is increased. Further, annealing the 
sample S3 at 150 °C for 3 h resulted in the growth of the 

tetragonal phase at the expense of the hexagonal phase 
(see S4 in Fig. 2).

Figure  3 shows the secondary electron (SE) images 
of the samples S1, S2, S3 and S4. It is evident that the 
concentration of the solvent, en, may be used to obtain 
nanocrystalline  CuFeS2 of different sizes and shapes, such 
as (hexagonal) rods (about 50 nm in diameter and longer 
in length), hexagonal plates (about 100 nm in width) (see 
Fig. 3a), various kinds of polygons (about 40 nm to 150 nm 
in size) (see Fig. 3b) and also some irregular shapes (with 
a crystallite of size about 100 nm to 170 nm or less) (see 
Fig. 3b, c). As one would normally expect, even though it 
is obtained by a low temperature and short time anneal-
ing (at 150 °C for 3 h), the sample S4 has ~7 times larger 
crystallites than S3 (see Fig. 3d).

The morphologies of the micro-/nanocrystalline  CuFeS2 
are not limited to those shown in Fig. 3. Other representa-
tive SE images of the samples (S1, S2, S3 and S4) are shown 
in Fig. 4. In the solvothermal process,  CuFeS2 hexagonal 
rods of more than 1 μm in length and ~100 nm in diameter 
(see Fig. 4a,c) were obtained. Moreover, there were many 
twinned and untwinned polygons (see Fig. 4b, d, e) includ-
ing hexagonal plates (see Fig. 4f, h) and many rod-like 
structures (see Fig. 4a, b, g). A  CuFeS2 prism, indicated by 
a schematic picture inserted in Fig. 4g, is another interest-
ing nanostructure obtained by the solvothermal method. 
Similarly, the SE images of samples S5–S8 (for details, see 
Table 1), shown in Fig. 5, confirm the presence of  CuFeS2 
micro- and nano-crystalline particles with many different 
shapes, such as rods, polygons, plates etc. Figure 5 also 
evidences that the sample S7 has a relatively higher frac-
tion of hexagonal rod-like structures (see Fig. 5e, f ). The 
sample S8 has no distinct microstructure; it appears as an 
aggregation of the particles (Fig. 5g, h).

The X-ray powder diffraction patterns of the samples 
S5, S6, S7 and S8 are shown in Fig. 6 with reference to that 
of the bulk, tetragonal (T), chalcopyrite  CuFeS2. It is evi-
dent that both the tetragonal, chalcopyrite and hexagonal, 
wurtzite phases of  CuFeS2 are present in all the samples. 
However, it is easily identified that sample S7 contains a 
relatively higher fraction of the hexagonal wurtzite phase. 
This is confirmed by the phase fractions of the hexago-
nal (~92 wt%) and tetragonal (~8 wt%) phases of  CuFeS2 
obtained from the Rietveld analysis using the X-ray pow-
der diffraction data of sample S7 (see Table S2 in supple-
ment material).

3.2  CuFeS2 nanocrystalline materials 
by precipitation process

Aqueous  (NH4)2S is a highly reactive reagent; it can read-
ily produce sulfide derivatives of transition metals when 
added to an aqueous solution containing transition 

Fig. 2  The X-ray powder diffraction patterns of bulk polycrystal-
line  CuFeS2 with chalcopyrite, tetragonal (T) structure (bottom), 
nanocrystalline samples (S1, S2, S3, and S4) synthesized by sol-
vothermal reaction at 170  °C for 24  h and different quantities of 
ethylenediamine (en). Here, (H + T) indicates that the sample con-
tains both hexagonal, wurtzite-type and tetragonal, chalcopyrite 
phases. Sample S4 was obtained by annealing S3 at 150 °C for 3 h. 
The Miller indices given for bulk, tetragonal  CuFeS2 (T) [8], and that 
given for sample, S1 correspond to the hexagonal structure were 
obtained in the Rietveld analysis [19]
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metal cations. These transition metal sulfide molecules 
agglomerate and produce precipitates. If a small amount 
of heat energy is supplied to the precipitates produced 
in the reaction, nucleation and crystal growth occurs that 
eventually produce transition metal sulfide nanocrystals 

[21]. Interestingly, we could obtain nanocrystals of the 
ternary transition metal-sulfide,  CuFeS2 at relatively low-
temperature, 80 °C, via this precipitation process. (Find a 
video-graphic summary, CuFeS2 by precipitation method.
wmv, given in the supplemental material.)

Table 1  Synthetic details 
for  CuFeS2 nanocrystalline 
samples prepared by 
solvothermal process

en ethylenediamine

VFF vacuum funnel filtered

CD centrifuged and dried in fume-hood for 2 days

A annealed at 150 °C for 3 h

Sample code Solvent amount 
(en)

Reaction tem-
perature

Reaction time Post processing

S1 2 ml 170 °C 24 h VFF
S2 3 ml 170 °C 24 h VFF
S3 4 ml 170 °C 24 h VFF
S4 (S3 annealed) N.A. N.A. N.A. CD + A
S5 1 ml 140 °C 24 h CD
S6 2 ml 140 °C 24 h CD
S7 3 ml 140 °C 24 h CD
S8 4 ml 140 °C 24 h CD

Fig. 3  Secondary electron images of the samples (a) S1, (b) S2, (c) 
S3 and (d) S4, showing the effect of solvent amount, ethylenedi-
amine (en), and annealing (at 150 °C for 3 h) on the particle size and 

shape. (Other shapes of the nanoparticles are shown in Fig. 4). Note 
that the scale bars are not the same in all micrographs
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Figure 7 shows the X-ray powder diffraction patterns 
of the as-prepared  CuFeS2 obtained by the precipitation 
process (P1) and that of samples annealed (P2, P3 and 
P4) at various temperatures. (See Table 2 for an outline 
of sample labeling.) The X-ray powder diffraction pattern 
of sample P1 shows broad peaks matching the expected 
Bragg reflections for bulk chalcopyrite  CuFeS2. There 

are a few barely distinguishable diffraction-peaks cor-
responding to the wurtzite-type  CuFeS2. Moreover, there 
are some additional peaks, which cannot be indexed 
to either the chalcopyrite or wurtzite  CuFeS2. These 
unknown peaks are suppressed almost completely by 
annealing at 150 °C for 24 h, but some new unidentified 
peaks are produced. The relatively sharper peaks in the 

Fig. 4  Secondary electron 
images of the samples (a, b) 
S1, (c, d) S2, (e, f) S3 and (g, h) 
S4, showing various morpholo-
gies. (Note that the scale bars 
are not the same in all micro-
graphs)
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X-ray powder diffraction data of the sample P2, is likely 
due to the greater presence of micron-sized particles. 
It should be noted that the sample P2 was obtained by 
centrifuging and annealing at 150 °C for 3 h, while the 
two other samples P3 and P4 were obtained by vacuum 
filtration and annealing at 150  °C for 12  h and 24  h 
respectively.

Figure  8 shows the SE images of the samples P1, 
P2, P3 and P4. The as-prepared sample (P1) contains 
agglomerated nanoparticles lacking a regular shape 
(see Fig. 8a); yet there are some spherical particles with 
sizes as small as 30 nm (see Fig. 8b). Annealing has an 
interesting effect on the morphology of the particles 
(see Fig. 8c–h). The sample, P2, annealed at 150 °C for 

Fig. 5  Secondary electron 
images of the samples (S5, S6, 
S7 and S8) synthesized by a 
solvothermal reaction carried 
out at 140 °C for 12 h using 1, 
2, 3 and 4 ml of solvent, ethyl-
enediamine (en) respectively. 
(Note that the scale bars are 
not the same in all micro-
graphs)
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3 h, contains mostly rod-like particles of ~200 nm in 
length or longer (see Fig.  8c). The same sample also 
contains a few hexagonal plates (see Fig. 8d). This is 
likely the wurtzite-type  CuFeS2, which is evident in the 
X-ray powder diffraction patterns, as discussed above. 
The sample P3, annealed at 150 °C for 12 h, contains 
agglomerated rod-like particles, as well as hexagonal 
plates and some irregularly shaped particles (see Fig. 8e, 
f ). As shown in Fig. 8g, h, annealing at 150 °C for 24 h 
seems to hinder the formation of any regularly shape 
particles and the crystallites grow in size.

Fig. 6  The X-ray powder diffraction patterns of bulk polycrystal-
line  CuFeS2 with chalcopyrite, tetragonal (T) structure (bottom), 
nanocrystalline samples (S5, S6, S7, and S8) synthesized by solvo-
thermal reaction at 140 °C for 24 h and different quantities of eth-
ylenediamine (en). Here, (H + T) indicates that the sample contains 
both hexagonal, wurtzite-type and tetragonal, chalcopyrite phases. 
The Miller indices given for bulk, tetragonal  CuFeS2 (T) [8], and that 
given for sample, S7 corresponding to the hexagonal structure 
were obtained in the Rietveld analysis [19]

Fig. 7  X-ray powder diffraction patterns of bulk polycrystalline 
 CuFeS2 with chalcopyrite, tetragonal (T) structure (bottom) and 
nanocrystalline  CuFeS2 sampels synthesized by precipitation pro-
cess carried out at 80 °C for 1.5 h. Except P1, other samples (P2, P3, 
and P4) were annealed at 150  °C for 3, 12 and 24  h respectively. 
The Miller indices given for bulk, tetragonal  CuFeS2 (T) [8], and that 
given for sample, P2 corresponding to the hexagonal structure 
were obtained in the Rietveld analysis [19]. The peaks indicated by 
* and # belong to unidentified phase(s)

Table 2  Synthetic details for  CuFeS2 nanocrystalline samples pre-
pared by precipitation process

a Time, taken to add the diluted  (NH4)2S into the solution containing 
 Cu+ and  Fe3+ cations

VFF vacuum funnel filtered.

CD centrifuged and dried in fume-hood for 2 days

A annealed at 150 °C

Sample code aReaction condition Post processing

P1 At 80 °C for 1.5 ha VFF
P2 (P1 annealed) N.A. CD + A (3 h)
P3 (P1 annealed) N.A. VFF + A (12 h)
P4 (P1 annealed) N.A. VFF + A (24 h)
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4  Discussion

In the past research works, nanocrystalline  CuFeS2 mate-
rials were mostly synthesized by a solvothermal [22, 23] 
or a hydrothermal [24] process employing different rea-
gents. To the best of our knowledge, there are no reports 
in the literature that present low temperature synthesis of 

micro- and nano-crystalline  CuFeS2 materials using very 
simple reagents like those reported here. Additionally, our 
procedures have resulted in  CuFeS2 with various exotic 
morphologies. The results of Prashant et al. [25] and Yaser 
et al. [26] compare to some extent, with those reported 
here; in that, the mixed phases of chalcopyrite (tetragonal) 
and wurtzite (hexagonal)  CuFeS2 polymorphs were found. 

Fig. 8  Secondary electron 
images of the nanocrystalline 
 CuFeS2 samples synthesized by 
precipitation process carried 
out at 80 °C for 1.5 h. (a, b) 
P1 is the as-prepared sample 
(without annealing). (c, d) P2, 
(e, f) P3 and (g, h) P4 are the 
samples annealed at 150 °C for 
3 h, 12 h and 24 h respectively. 
(Note that the scale bars are 
not the same in all micro-
graphs)
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However, Prashant et al. have only reported flower-like 
morphology, while, Yaser et al have only reported polyhe-
dral-shaped nanocrystals.

From our work, we understand that both the volume 
of the solvent (en) and the reaction temperature of the 
solvothermal process are crucial to stabilize the wurtzite-
type  CuFeS2. Basically, lowering the reaction temperature 
requires relatively higher volume of en to grow wurtzite-
type  CuFeS2. On the other hand, the precipitation pro-
cess produced tetragonal chalcopyrite phase with the 
least amount of wurtzite-type  CuFeS2. The unknown and 
unwanted phase obtained in the precipitation process 
can be eliminated if the reaction is carried out at slightly 
higher temperature followed by annealing.

We outline a probable reaction sequence for the forma-
tion of the wurtzite-phase  CuFeS2 as follows. In the first 
step, metastable mono-sulfides, CuS (called covellite) [27] 
and FeS (called troilite) [28, 29], both with hexagonal sym-
metry, are formed just like the mono-sulfide of zinc, ZnS 
with hexagonal (wurtzite) structure. In the second step, 
powered by the heat energy supplied for the reaction, the 
transition metal cations of Cu and Fe in the metastable 
mono-sulfides diffuse across their interface and form the 
 CuFeS2 product. Ultimately, the final product  CuFeS2 ends 
up having hexagonal symmetry of the wurtzite structure.

The low-temperature synthesis procedures described 
here were also tested to synthesize nanocrystalline  CuInS2. 
The corresponding results were presented elsewhere [30]. 
Similarly, the wurtzite and chalcopyrite phases of  CuInS2 
could be obtained via a synthetic procedure using a simple 
solution route like that reported by Xia et al. [19]. Further, 
a review by Dmitry et al. [4] points out that many ternary 
and quaternary metal chalcogenide nanocrystals can be 
synthesized in various exotic shapes. The review article 
describes the formation of spherical as well as pyrami-
dal chalcopyrite  CuFeS2 [31]; however, the synthetic pro-
cedures outlined there are not as simple as those that 
we have reported. Therefore, we believe that the work 
reported here outlines a promising, low-temperature 
synthesis route to obtain technologically important metal 
chalcogenide nanocrystals.

5  Conclusion

We have developed two low-temperature procedures for 
synthesizing a technologically important class of ternary 
diamond-like semiconductor materials of the formula I-III-
VI2. The low-energy, solvothermal reaction process (170 °C 
and 140  °C), allowed access to a hexagonal, wurtzite-
type  CuFeS2 micro- and nano-crystals together with the 
tetragonal, chalcopyrite  CuFeS2 nanocrystals. It has been 
found that the volume of the solvent, (en) and the reaction 

temperature, both have important role in the relative 
amount of wurtzite-type  CuFeS2 nanocrystals produced 
in the synthesis. On the other hand, a low-temperature 
(80 °C) precipitation process was found to produce mostly 
the chalcopyrite phase, with the least amount of wurtzite 
phase  CuFeS2 nanocrystals. The interesting results and 
great potential of the synthesis procedures discussed 
here are to be explored further towards obtaining mono-
disperse, phase-pure nanocrystals of specific shapes and 
sizes. We have already demonstrated that the method can 
be used for  CuInS2. We believe that these low-temperature 
synthesis procedures could be easily extended to other 
ternary and quaternary diamond-like semiconductor 
nanocrystals such as  CuInTe2 and  CuInSe2, etc.
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