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Abstract. CuMS, (M=Al, In, Fe) ternary compounds were synthesized via the facile

KEYWORDS ! i ¢
. polyol method in autoclave. Depending on the functional groups of solvent and surfactant,
Chalcopyrite; . . .
Wartzite: the structure of the nanocrystals can be controlled in the form of wurtzite or chalcopyrite.
)

Structural properties;
Optical properties;

Solvothermal.

The chalcopyrite structure was obtained when the precursors solved in the mixture of
diethylene glycol, polyethylene glycol 600 and ammonium hydroxide. When the solvent
was replaced by ethylene diamine, the wurtzite was obtained along with chalcopyrite
(polytypism). The products were characterized by X-Ray Diffraction (XRD) for analysis of
structural properties, Transmission Electron Microscopy (TEM) for studying morphological
properties, and absorbance spectrophotometer (UV-Vis-NIR) and photoluminescence (PL)
for analysis of optical properties. The different optical band gap for CuAlS, (3.48 eV),
CulnS; (1.51 eV) and CuFeS, (0.65 eV) could be utilized for absorbance material in a whole
range of sunlight wavelengths. The possible formation mechanism was also discussed.

(© 2014 Sharif University of Technology. All rights reserved.

1. Introduction

I-III- VI, ternary compounds are known as important
semiconductors that can be utilized as in photovoltaic,
optic, electronic and bioimaging applications. The
CuMS; ternary compounds (M=Al, Ga, In and Fe),
due to a high absorption coefficient (> 10° cm™!),
changeable electrical conductivity (p-type or n-type)
and tunable band gap (0.6-3.5 eV), can be ideally
utilized in thin film solar cells as absorbance materials
in all the wavelength ranges of sunlight [1-5]. There
are two general approaches to producing these ternary
compounds. Using HyS gas to pass through the produc-
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tion of intermetallic compounds (in a vacuum chamber)
is the first method. The wet chemical method (non-
vacuum) to produce ternary CuMS, compounds is the
second. Low time-consumption, low cost, and low ma-
terial waste, besides well-controlled stoichiometry, are
advantages of the wet chemical process [6-12]. Among
wet chemical synthesis, the solvothermal process is
one of the best wet chemical methods, because the
control of stoichiometry is simple for the synthesis of
nanocrystals (NCs) along with good crystalline quality,
without any post heat treatment [13-19]. This method
proposes the use of temperatures well above their
boiling solvent to produce high pressure, which can be
helpful to easily dissolve and complete the formation of
chemical compounds with the solvent in the presence
of a capping agent (polyethylene glycol, oleic acid,
etc.) [20-21]. Sulfide chalcogenides compounds, such
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as Culn,Ga;_,Ss, CulnSy, CuAlS, and CuFeS,, are
more environmentally friendly than selenium com-
pounds. Currently, monodisperse nanoparticles with
small particle size and narrow distribution, with regard
to low cost techniques for the synthesis of non-toxic
CuMS,; compounds, play a key role in photovoltaic
or light emitting diode industries [22-34]. In our
previous work, we studied the various conditions of
synthesis for CuAlS; and CulnS, [25-27]. The aim
of this study is to understand the ternary compound
formation for the alloying of these compounds in the
future. Therefore, it is important to investigate the
common rules or mechanisms behind this process,
which contribute to the controllable synthesis of these
compounds. In this research, we use the solvothermal
reaction in an autoclave for synthesis of CuMS, ternary
compounds, where M is Al, In and Fe. The effect
of different functional groups on the structural and
optical properties of CuAlS,, CulnS, and CuFeS; is
investigated.

2. Experimental

All used chemicals were analytical grade: Copper chlo-
ride (for analysis EMSURE®ACS, Merck), aluminum
trichloride (anhydrous powder sublimed for synthe-
sis, Merck), indium sulfate (anhydrous for synthesis,
Merck), iron trichloride (for analysis EMSURE®ACS,
Merck), and thiourea (GR for analysis ACS, Merck);
diethylene glycol ((CH2CH2OH)»0), polyethylene gly-

col 600 (HO(C.H40),H) and ammonium hydroxide
(NH4OH) were used as initial materials provided by
the Merck company. The CuAlS,, CulnS, and CuFeS,
NCs were synthesized by a solvothermal approach in
an autoclave. First, stoichiometric amounts of metal
salts (AlCl3 or InCl; or FeCls and CuCl) were dissolved
into 10 cc PEG and 30 cc DEG. Then, the solution
was heated under argon until 140°C in a three neck
flask and stirred for at least 60 min to obtain a dark
blue solution. In another vessel, the 40 mmol thiourea
(SC(NHz)3) and amount of reducing agent were dis-
solved into 10 cc DEG at 30°C and stirred for at least
60 min to obtain a transparent solution. Subsequently,
the second solution was injected into the first solution
(including metal cations) at the defined temperatures
(140°C) and stirred for 15 min. The solution in the
flask quickly turned black. Then, the solution was
moved into the autoclave and sealed. After that, the
temperature rose to 210-220°C for a specified time,
and the crystallinity was quite good. After processing
completion, the autoclave was cooled down to room
temperature, the products were centrifuged, washed
several times with distilled water and ethanol and,
finally, dried at 60°C for 10 h under air condition (see
Table 1 for details concerning solution preparation).
As can be seen, the sample codes that were used in
this study were in the CIAFS-WA-n format. The
C, I, A, F and S symbols indicate Cu, In, Al, Fe
and S elements, while the W and A symbol showed
the “with autoclave” synthesis, and n indicated the

Table 1. Experimental detail of polyol synthesis method.

NH./
Sample (OHpra EDA® DEG® PEG*® (Cuw:ln:  Cation Plane Intensity Structure
no. Al:Fe) temp.
OHpgc)

CAS-WA-14  0.45/0.1620 30 cc 15 cc 15 cc (1:0:1:0) 70°C (112) 671 CH 4-CuAlS,
CAS-WA-19  0/0.5815 Oce  B55cc  10cc  (L:0:1:0) 140°C  (112) 1200  CH-CuAlS,
CFS-WA-2  0.45/0.1620 30 cc 15 cc 15 cc  (1:0:0:1)  70°C (112) 424 (W °4+CH)-CuFeS;
CFS-WA-3  0/0.5815 0 cc 55 cc 10 cc  (1:0:0:1) 140°C  (112) 1218 CH-CuFeS;
CIS-WA-1 0.45/0.1620 30 cc 15 cc 15 cc  (1:1:0:0) 70°C (103) 918 (W+CH)-CulnS,
CIS-WA-6 0/0.5815 0 cc 55 cc 10 cc  (1:1:0:0) 140°C  (112) 750 CH-CulnS,
CIS-WA-1 0.45/0.1620 30 cc 15 cc 15 cc  (1:1:0:0) 70°C (103) 918 (W+CH)-CulnS,
CIS-WA-2 0.45/0.1610 30 cc 15 cc 7.5 cc (1:1:0:0) T70°C (103) 1082 (W+CH)-CulnS,
CIS-WA-3 0.45/0.1630 30 cc 15 cc  225ce (1:1:0:0) 70°C (103) 784 (W+CH)-CulnS,
CIS-WA-4 0.67/0.1600 45 cc 15 cc 0cc  (1:1:0:0) T70°C (103) 1024 (W+CH)-CulnS,
CIS-WA-5  0.88/0.0 60cc  Occ  Occ (L:1:0:0) 70°C  (103) 1156  (W-+CH)-CulnS,
CIS-WA-6 0/0.5815 0 cc 55 cc 10 cc  (1:1:0:0) 140°C  (112) 750 CH-CulnS;
CIS-WA-7 0/0.4728 0 cc 45 cc 20 cc  (1:1:0:0) 140°C  (112) 975 CH-CulnS;
CIS-WA-8 0/0.3740 0 cc 35 cc 30 cc (1:1:0:0) 140°C  (112) 990 CH-CulnS,
CIS-WA-9 0/0.6500 0 cc 65 cc 0 cc (1:1:0:0)  140°C  (112) 1000 CH-CulnS,

aEDA: Ethylne diamine, PDEG: Diethylene glycol, “PEG: Polyethylene glycol, 4CH: Chalcopyrite, *W: Wurtzite
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sample number. The structures and optical properties
of the CuMS, NCs were characterized using an X-
ray diffraction spectrometer (Panalytical MPD), a
transmission electron microscope (TEM, Hitachi S-
4800), a UV-Vis-NIR spectrophotometer (Ocean Op-
tics In. USB-4000) and photoluminescence (Fluoro-
max).

3. Results and discussion

The AI*t is a one of the strongest Lewis acids, and the
reduction potential of AI** is highly negative compared
to Fe3t, In3t and Cut. As a result, the aluminum
salt dissolves and reduces really hard in reaction, in
comparison to copper, iron and indium precursors. For
proper solving and reducing of aluminum salts, the
oxidation/reduction reaction of AICl; needs a strong
reducer solvent, such as NH,OH. The high chemical
potential gap of the two half reactive species, and
the high pressure and high temperature of the media
provide energy to overcome a prohibitive activation
energy barrier. Also, the amount of reducer is very
important because the standard reduction potential
for A3t is highly negative compared to NH,;OH, and
adequate amounts of ammonium hydroxide are needed
to reduce the aluminum ions (Eq. (1)):

0 e
E2NH4OHHN2+HQO+6H+ = —0.092 Vv

Bt oy = T0.5180 V,
EQ s+ g = —1.660 V,
E) s ;. =—03382V,
Eloss po = —0.037V,

0 _ 20 0
E” = Ereduction - onidation =<

0. (1)
Recent research [2-10,27-29] explains the formation
mechanism of the complex for copper, aluminum,
indium and iron, as below. If the precursors react with
the amine functional group to form the complex, the

mechanism of the reaction can be described as follows:

Iny(SO4)3 + 3/2CoHy(NHy)o — [In(EDA)3]PT,  (2)
AlCl3 + 3/2CoH4(NHy )y — [AI(EDA)3]*T, (3)
FeCls + 3/2CoHy(NHy)y —— [Fe(EDA)3]3Y,  (4)
CuCl + 3/2C,Hy (NH,)s — [Cu(EDA)MF. (5)

If the metal salts react with the hydroxyl functional
group to form the complex, the mechanism of the

reaction can be described as follows:

IHQ(SO4)3 + 3(HOCH2CH2)ZO — [ID(DEG)3]3+, (6)
AlCl; + 3(HOCH,CH,),0 — [AI(DEG)s]**,  (7)
FeCls + 3(HOCH,CH,),0 —— [Fe(DEG)s]*t, (8)

CuCl + 3(HOCH,CH,),0 — [Cu(DEG)]'*. (9)

Also, the extra DEG, PEG and EDA can be used as
a capping agent with the surface of the nanocrystal,
which protects it from the agglomeration particles. At
solution 2, thiourea and NH,OH are used as sulfur ions
and reducing agent, respectively:

4SC(NH,); + 3(HOCH,CH,),0 + 8NH,OH
— 48?7 8H" + 16NH; + 4CO,

+ 3(HOCH,CH,),0. (10)

When the anions solution (sulfur included) was injected
into solution 1 (metal cations), fast nucleation was
followed by the slow growth of the nanocrystal:

Cu't + APt 4+ 28?2~ — CuAlS, + by products. (11)

After forming the nanocrystal, the high temperature
along with high pressure, in the autoclave, caused it to
reach a good crystallinity phase.

The extra DEG, PEG, EDA and thiourea played
the role of capping agent by reacting to the nanopar-
ticles surface (amine NHay, hydroxyl OH and thiol SH
ligands). The capping agent controlled agglomeration
with steric repulsion between particles.

The results indicate that the crystal structure of
CuAlS,, CulnSy; and CuFeS, compounds are affected
by different functional groups. This effect of the solvent
is investigated for these three compounds, as well as
the synthesis of CulnS,, with the various molar ratios
of functional groups. Figures 1 and 2 represent the
XRD patterns of NCs that were synthesized by the
amine and hydroxyl based solvents. Since AI3T is a
hard Lewis acid, the chemical reaction system needs
to be extremely strong, coordinating and reducing
the solvent in the synthesis of CuAlS,. Different
functional groups in the solvent can be investigated
on the CuAlS, structural formation. A close study
of the X-ray diffraction in Figure 1 shows that the
intensity of the CAS-WA-19 sample is more than CAS-
WA-14. Tt seems that the hydroxyl group can dissolve
and reduce better in comparison with the amine based
solvent. The structure of the synthesized CuAlS,
is chalcopyrite, which matches well with the JCPDS
25-0014 card (Joint Committee of Powder Diffraction
Standard). The main peaks for CAS-WA-14 are lo-
cated in 29.370, 46.845, 58.090, and for CAS-WA-19 are
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Figure 1. X-ray diffraction patterns of CuAlSy, CuFeSy and CulnSs samples synthesized in the same conditions.

located in 29.331, 46.795, 57.803, which are assigned to
(112), (204), (312) reflections of chalcopyrite CuAlS,,
respectively.

In contrast, the structure formation in the CulnS,
compound is different to CuAlS;. In the amine
based solvent, the wurtzite structure forms beside the
chalcopyrite structure. In fact, there is a polytypism
in the CulnS; nanocrystalline, while, in the glycol
based solvent, just the chalcopyrite structure exists.
The main peaks of the wurtzite structure for the CIS-
WA-1 sample are located in 26.3201, 27.8732, 29.8115,
38.6071 and 46.4041, which are assigned to (100),
(002), (101), (102) and (110). Also, the chalcopyrite
structure, along with the wurtzite structure, is also
deduced from the XRD pattern of this sample (depicted
in Figure 1). The (002) and (110) reflections of

the wurtzite overlap to (112) and (204) reflections of
chalcopyrite. For the glycol based solvent, the main
peaks of the chalcopyrite structure for the CIS-WA-
6 sample are located in 27.8919, 33.4151, 46.484 and
54.9632, which are assigned to (112), (200), (204)
and (312). There is no wurtzite structure in this
sample. The evolution of the XRD pattern (Fig-
ure 1) reveals that polytypism exists in the CFS-WA-
2 sample (amine based solvent). Major diffraction
peaks for CuFeS,; (NCs) are observed at 26 values
of 27.300, 29.355, 32.520, 40.560 and 54.740, which
are assigned to (100), (002), (101), (102) and (103).
Also, the (002), (110) and (112) reflections of wurtzite
are overlapped to (112), (204) and (312) reflections
of chalcopyrite. For the glycol based solvent, the
main peaks of the chalcopyrite structure for the CFS-



2472

Y. Vahidshad et al./Scientia Iranica, Transactions F: Nanotechnology 21 (2014) 2468-2478

Chalcopyrite: Ch IIWurtzite: w * CusS
20 30 40 50 60 70
Ch
Ch .
' Ch Ch§ Ch  cn CIS-WA-9 (CulnS,)
Ch
Ch h
\ Ch Cho§ Ch ¢y CIS-WA-8 (CulnSs)
Ch
volon g Ch§ Ch CIS-WA-7 (CulnSs)
Qh
* \Ch Ch ,Ch \ Ch oy — CIS-WA-6 (CulnS»)
Chaw v v o e 1 éh Vonan iyt S S A A S o
W w
w — CIS-WA-5 (CulnS»)
Ch W
R -
Ch+W ChtW
:‘E W W W Ch+W
2 ¥ Ch W Ch \yj\y{ Ch W —CIS-WA-4 (CulnSs)
z it ——
é Ch+W
= [ I Ch+4+W
- w | :"‘\ W ,"\'u
N C}l VY Ch /| AW \W Ch W CIS_,-WA_S (CulnSs)

W

Ch+4+W

Ch+4+W

Ch+W

w — CIS-WA-2 (CulnS3)

Ch+W

w —CIS-WA-1 (CulnS2)

g = g = . Wurtzite CulnSs simulated
= c g —
L[| R [ 7 %5E &
1 ] B e
o = ___ JCPDS 27-0159 CulnS:
S =) = 8% 98 3 g
I — =X ™~ ™ —N /= =
it e e "t 1T I .
20 30 40 50 60 70
26 (deg)

Figure 2. X-ray diffraction patterns of CulnSy samples synthesized in different ratios of functional groups.

WA-3 sample are located in 29.355, 35.375, 48.920,
and 57.775 and 62.685 are assigned to (112), (200),
(204), (312) and (224). In previous research, Kumar
and coworkers [30] and Korgel and coworkers [31]
investigated the polytypism of synthesized CulnS, and
CuFeSs NCs.

Figure 2 shows the XRD patterns of synthesized
CulnS; NCs of different functional group concentra-
tions (ratio of amine to hydroxyl) that are effective
in chalcopyrite or wurtzite structure formation. To
investigate the formation mechanism of the wurtzite
CIS NCs, the concentration ratio of NHy to OH was
carried out, which can be expressed as follows: CIS-
5>CIS-4>CIS-2>CIS-1>CIS-3. It can be seen that
the intensity of wurtzite reflections is enhanced by
increasing NH, concentration. Contrariwise, when
the hydroxyl concentration increases, the chalcopyrite

reflections enhance (as proof, increasing the intensity of
the (103) reflection of wurtzite to the intensity of the
(200) reflection of chalcopyrite). The intensity of the
wurtzite main peaks can approximately demonstrate
the amount of wurtzite structure formation. The
(100), (101), (102) and (103) reflections are just for
the wurtzite structure.

Table 1 confirms the (103) reflection for the
wurtzite structure that is the maximum and the min-
imum for the CIS-WA-5 and CIS-WA-3, respectively,
among the synthesized samples.

The lattice constants of the chalcopyrite and
wurtzite structure (Scheme 1) of synthesized NCs can
be calculated using the following formula [32]:

<h2+hk+k2) 2
C

a?

1 4

2 =3 (Wurtzite),

(12)
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Scheme 1. The unit cells of wurtzite and chalcopyrite
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d2

1 KR P

+ = (Chalcopyrite). (13)

a2
For the second batch of CulnS, samples, by synthesis
with a glycol based solvent, the chalcopyrite structure
is major. In these samples, the main peaks are just
(112), (211), (204) and (312), and there are no main
peaks for the wurtzite structure. Also, the crystallinity
is enhanced by the increased amount of the hydroxyl
functional group (Table 1). In fact, the types of
functional groups in the reaction system are really
effective on the formation of a major structure such
as CIS-WA-9. On the other hand, the functional group
properties of organic solvents are crucial to form a type
of crystal structure. Both chalcopyrite and wurtzite
structures are formed (polytypism) if there are both
amine and hydroxyl in the reaction system (CIS-WA-
1 to 5). It seems that the differences in strength of
coordination and interaction of the solvent with the
cations are critical to forming the crystal structure.
The coordinating strength between EDA and DEG to
metal ions is different to the formation of complexes.
Besides, the low boiling point of EDA compared to
DEG is really important. For EDA, the boiling point

100 nm

20 nm

(@
Figure 3. Representative TEM images of CuAlS; ((a) and (d)), CulnSz ((b) and (e)) and CuFeSz ((c) and (f))

nanoparticles.

CIS-WA-6

(b)

(e)

2473

is 116°C. So, the reaction should proceed vigorously
and the mixture may even be under a supercritical
condition. The reaction conditions with DEG (high
boiling point of 246°C) are quite different in these
solvents, leading to the formation of different crystal
phases [33-36]. It is interesting to see how mixtures
of these solvents affect the produced crystal structures.
By increasing contents of EDA from 30 cc to 60 cc, the
wurtzite phase gradually increases.

Figure 3 shows typical TEM images obtained
for three chalcopyrite compounds of CuAlSs, CulnS,
and CuFeS,; samples, which are synthesized under the
same conditions. As shown in Figure 3(a)-(f), the
morphology of the particles seems cloud-like, which are
attached to each other. It means that the cloud-like
particles consist of aggregates of many nanoparticles
with different sizes or morphology, or, probably, a
different compound (lateral phase), which are loosely
bound or interconnected with each other. In order
to understand the growth mechanism of the CuMS,
(M=Al, In and Fe) nanoparticles via the solvothermal
method, on the basis of the obtained results, the aggre-
gation morphology can be observed from Figure 3(a)-
(f). The TEM images of samples CuAlS,, CulnS, and
CuFeS; are shown in Figure 3((a) and (d)), ((b) and
(e)), ((¢) and (f)), respectively. The average nanoparti-
cle size of the aggregation products ranges from around
5-10 nm for CuAlS,, 10-15 nm for CuFeS, to 20-50 nm
for CulnS,. This aggregation of nanoparticles in the
solvothermal method can be obtained by high pressure
in an autoclave, polymerization of the capping agent or
solvent, an inappropriate capping agent (the length of
hydrocarbon chains or natural capping agent), cross-
linking molecules with two end groups and inadequate
capping agents [37-48].

CFS-WA-3

100 nm

(f)
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Scheme 2. The possible mechanism for synthesis of nanoparticles in autoclave.

A relative discussion of the aggregation model
shown in Scheme 2 is suggested. In our reaction system,
it seems that the aggregation has been resulted from
the polymerization of the capping agent at a high
pressure of the autoclave, and the small hydrocarbon
chain length of glycols in comparison with the primary
amine of the alkene (such as oleylamine).

The optical properties of CuMSs (M=Al, In and
Fe) compound dispersed in Ethanol are measured at
room temperature with UV-Vis absorption and PL
spectra. The derived data from the pictures (Figures 4-
7) shows that the edge of the absorption spectrum
is around 356 nm for CAS-WA-19, 820 nm for CIS-
WA-6 and 1880 nm for CFS-WA-3. Two absorption
edges at 486 nm and 693 nm for CuAlS, (CAS-WA-
19) are lateral phase (Cus_,S, x = 0 — 1). The
optical band gaps for chalcopyrite NCs can be cal-
culated from extrapolation of the linear portion of
the (ahv)? plots versus hv to a = 0. According to

Figures 4-6, the absorption spectrum of the CuAlS,,
CulnS; and CuFeS; synthesized NCs show that all
the samples have high absorption in the ultraviolet,
visible and infrared regions, respectively. The band
gap can be calculated to be 1.53 eV, 3.54 eV and
0.65 eV for CAS-WA-19, CIS-WA-6 and CFS-WA-
3, respectively, with regard to the function of the
photon energy hv (a=absorption coefficient, h=Plank’s
constant and v=frequency). Figure 7 shows the
room temperature photoluminescence (PL) spectra of
CuAlS; and CulnS,; synthesized NCs dispersed in
ethanol. A strong emission centered at 383 nm and
822 nm is observed in the photoluminescence (PL)
spectrum upon exciting the sample at A = 260 nm
and A = 790, respectively. The observed emission
band can be assigned to the emission from the recom-
bination of electrons and holes being conducted to the
valence band. Besides, the weak emission peak can be
assigned to trap surface states located in the Donor-



Y. Vahidshad et al./Scientia Iranica, Transactions F: Nanotechnology 21 (2014) 2468-2478 2475

—— CAS-WA-19 ‘

!

Absorption (a.u.)

400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

5.0E+11
4.5E+11
4.0E+11
3.5E+11
3.0E+11
2.5E+11
2.0E+11
1.5E+11
1.0E+11
5.0E+10

—— CAS-WA-19

(ahv)2

0
300 400 500 600 700 800
Wavelength (nm)

Figure 4. Optical absorption spectrum and band gap of
CAS-WA-19 sample dispersed in ethanol.
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4. Conclusion

In conclusion, a solvothermal approach has been devel-
oped for enhancing CuAlS, formation or for controlling
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chalcopyrite and wurtzite formation in ternary CulnS,
and CuFeS; compounds. For all these products, a
pure chalcopyrite structure can be synthesized if strong
coordinating solvents such as DEG are used, while the
wurtzite phase, besides the chalcopyrite of these com-
pounds, is favorable when using weaker coordinating
solvents. It was also found that more wurtzite struc-
tures form when the amine group is used more than the
hydroxyl group. By following the characterization of
the optical, we find that high absorption occurs in the
wavelength of the ultraviolet, visible and near infrared
regions, respectively, for CuAlSy, CulnS,; and CuFeS,
NCs.
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