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Quaternary compounds Cu,FeSnS, (CFTS), a promising alternative material for solar cell absorber layer, were successfully synthesised by a
liquid reflux method in a mixture solvent of triethylenetetramine-ethylene glycol (TETA-EG, 1:1, v/v) at 230°C for 3 h under the atmospheric
pressure condition. The phase, micro-structure, morphology, chemical composition and optical properties of the as-synthesised CFTS micro/
nano particles were characterised using X-ray diffraction, scanning electron microscopy, energy dispersive X-ray spectrometry and ultraviolet-
visible absorption spectrophotometer. The results showed that the stannite structured CFTS micro/nano particles with close to theoretical
stoichiometric ratio were pure and well-crystallised, the particle size ranged from 70 to 240 nm and the particles were well-distributed, the
band gap was about 1.25 eV which indicated its suitable application as the absorption layer of thin film solar cells.

1. Introduction: Recently, quaternary chalcogenides attract
increasing attention due to their excellent optoelectronic
properties which are suitable for a light absorber in thin film solar
cells. Among them, Culn,Ga;_.(S,Se),(CIGS) has been studied
extensively and achieved rapid development. The laboratory
conversion efficiency of CIGS solar cell has been beyond 20%
[1]. However, the production cost increases due to the scarcity of
indium and gallium which restricts the large-scale application of
CIGS thin film solar cells [2].

The quaternary stannite structured Cu,FeSnS, (CFTS), with a
direct band gap of 1.1-1.54 eV, higher optical absorption efficient
(>10* cm™"), abundant and non-toxic elements, is an ideal alterna-
tive material for CIGS [3-5]. Several methods have been used to
prepare CFTS particles. Guan er al. [6] prepared flower-liked
CFTS particles with sphere structure by a microwave irradiation
method and its band gap was ~1.52 eV; Jiang et al. [7] successfully
prepared CFTS particles with the composition closing to the stoi-
chiometry by solvothermal method under 250°C using N,
N-dimethyl formamide (DMF) as reaction solvent, the average
size of the CFTS particles was about 200 nm and it had a band
gap of ~1.28 eV. Moreover, some other methods were also devel-
oped to the preparation of CFTS particles, such as hot-injection
method [8], solution-based method [9], chemical method [4] etc.
In this Letter, an easy-to-operate and low-cost liquid reflux
method was developed, the structure, morphology and optical prop-
erties of the CFTS particles were also studied.

2. Experimental details: The initial materials used for the
experiment were copper (II) chloride dehydrate (CuCl,-2H,0),
iron(Ill)chloride hexahydrate (FeCl;-6H,0), tin (IV) chloride
pentahydrate (SnCly-5H,0), thiourea (CH4N,S,Tu), precipitated
sulphur (S), triethylenetetramine (TETA), ethylene glycol (EG),
triethanolamine (TEA), DMF. All reagents were of analytical
grade and used without any further purification.

First, CuCl,'2H,O (4 mmol), FeCl;:6H,O (2 mmol),
SnCly-SH,0 (2 mmol), CH4N,S (8 mmol) or S (8 mmol) were dis-
solved in 30 ml reaction solutions in a three-necked round bottomed
flask equipped with a reflux condenser which was fixed on the
magnetic stirrer. The high purity nitrogen was inlet as protected
gas. Then the temperature was maintained at 200°C~250°C for
30 min—5 h. After the reaction completed and cooled down to
room temperature naturally, the products were cleaned by deionised
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water and ethanol for several times, respectively. Finally, the black
precipitate was dried in air at 60°C for 3 h.

All tests were conducted at room temperature. The micro-
structure of CFTS particles was carried out using a Y-2000 auto-
mated X-ray diffraction (XRD) with Cu Ko radiation (4=0.154
nm). The morphology of the products was investigated using scan-
ning electron microscope (FEI, Sirion 200). The chemical compos-
ition was measured from energy disperse spectroscopy
(EDX-GENESIS 60S). The optical property was characterised
using a ultraviolet-visible absorption  spectrophotometer
(UV-vis)-NIR spectrophotometer (TU-1800PC).

3. Results and discussion: In the reaction process, the
decomposition of the precursors at a particular temperature mainly
depends on the reducibility of the reaction solvent and sulphur
source. As shown in Fig. 1, when TETA-EG (1:1, v/v) was used as
reaction solvent and thiourea was used as sulphur source, the
diffraction peaks appeared at 260=28.4°, 32.8°, 47.1°, 47.3°, 56.0°,
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Fig. 1 XRD patterns of CFTS particles synthesised using different sulphur
source in different reaction solution at 200°C for 3 h

a DMF/CH4N,S

b TEA/CH4N,S

¢ TETA-EG/S

d TETA-EG/CH4N,S
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Fig. 2 XRD patterns of CFTS particles synthesised in TETA-EG (1:1, v/v)
a 230°C/30 min

b 230°C/1 h

¢230°C/3 h

d 230°C/5 h

e 250°C/3 h

76.6° corresponded well with (112), (200), (220), (204), (312) and
(316) planes of the stannite structured CFTS (JCPDS Card No.
44-1476) in the tetragonal space group [-42 m, the crystallinity was
better than CFTS particles synthesised in other conditions, but the
impurity of CuySnS, (JCPDS Card No. 29-0584) was also appeared
in the product.

The XRD patterns of CFTS particles synthesised in TETA-EG
(1:1, v/v) at 230°C-250°C for 30 min—5 h were shown in Fig. 2.
For the sample synthesised at 230°C for 3 h, no impurity peaks
were detected in the XRD patterns, which indicated a high purity
of CFTS phase. The lattice parameters were calculated to be a =
b=5.442 A, ¢=10.764 A which had slight deviation with the
standard values (a=b=5.450 A, ¢c=10.739 A, JCPDS Card No.
44-1476), indicating that there exist longitudinal tensile stress in
the unit cell of CFTS particles. When the temperature increased
to 250°C, the impurity of CuS (JCPDS Card No. 06-0464)
appeared, which was due to the decomposition of CFTS particles
at high temperature. When the temperature was 230°C and the reac-
tion time was less or longer than 3 h, the diffraction peaks of the
products were weaker, and the impurity peak could be indexed to
CuySnS, (JCPDS Card No. 29-0584). The average grain sizes cal-
culated from the FWHM of the (112) plane using Debye Scherrer
formula were 12.8, 13.0, 21.9 and 17.2 nm for the CFTS particles
synthesised for 30 min, 1 h, 3 h and 5 h, respectively.

Fig. 3 Scanning electron microscopy images of CFTS micro/nano particles
synthesised in TETA-EG (1:1, v/v)
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Fig. 4 Absorption spectra of CFTS particles synthesised in TETA-EG (1:1,
v/v) at 230°C for 3 h. The inset shows the band gap value to be 1.25 eV

The morphology analysis of CFTS particles was shown in Fig. 3.
At the temperature of 230°C, the CFTS particles in Fig. 3b were
well-dispersed and the particle size was about 70-240 nm.
However, when the temperature were 200°C and 250°C, the
CFTS particles were aggregated remarkably, it may be due to EG
acted as dispersion agent and capping agent during the reaction
which slowed down the nucleation rate and the crystal growth
rate and decreased the agglomeration effect of the particles [10,
11]. However, at the temperature of 250°C, some EG in the
solvent evaporated which decreased the dispersion of the particles.
When CFTS particles synthesised at 230°C for less than 3 h, the
products showed layered structure. The formation of layered struc-
ture was due to EG in the solvent could adsorb on certain crystal
surface and inhibited the growth of corresponding surface. When
the reaction time increased to 3 h, the products showed blocky
structure, the reason may be EG in the solvent had been consumed
out and atoms in the layered structure rearranged under the action of
TETA. When the reaction time increased continually, as shown in
Fig. 2f, the morphology of CFTS particles was destroyed which cor-
responded well with the XRD pattern in Fig. 2. For the samples
synthesised at 230°C for 3 h, the composition of Cu:Fe:Sn:S was
2:0.75:0.98:3.71 which was closed to the theoretical value of
2:1:1:4, and the composition ratio of Fe/Sn was less than 1 due to
their different chemical reactivity in the reaction solvents.

During the reaction process, metal cations in the solvent com-
plexed with TETA and Tu to form metal-TETA and metal-Tu com-
plexes. When the temperature reached above 180°C, the melted
thiourea decomposed to NH,CN and H,S [12]. Due to the reduci-
bility of reaction solvent and H,S, Fe** and Cu*' in the metal-
complexes were reduced to Fe** and Cu®. With the temperature
and reaction time increased, the metal-complexes decomposed
rapidly and released the metal ions of Cu®, Fe** and Sn**. The
crystal nucleus were formed spontancously at the same time.
Based on the results above, the first generated products of Cu,S
and SnS, leaded to the formation of Cu,SnS,. Finally, CusSnS,
reacted with FeS and formed stable black powders of CFTS.

Fig. 4 showed the UV-vis absorption spectra of the CFTS parti-
cles synthesised at 230°C for 3 h. CFTS particles exhibit a broad
optical absorption in the UV-visible region. The optical bandgap
was estimated using the following equation [13]

(ahv)’ = A(hv — E,) 1)

where « is the optical absorption coefficient, / is Plank’s constant,
v is frequency, 4 is a constant and E, is the band-gap energy. As
shown in the inset, the bandgap value was estimated to be 1.25
eV which matched well the references report [4, 14].

Micro & Nano Letters, 2016, Vol. 11, Iss. 6, pp. 299-301
doi: 10.1049/mnl.2015.0479



4. Conclusion: In summary, the pure stannite structured CFTS
micro/nano  particles which was  well-crystallised were
successfully synthesised in TETA-EG (1:1, v/v) at 230°C for 3 h
by a liquid reflux method. The particle size ranged from 70 to
240 nm and the particles were well-dispersed. The chemical ratio
of Cu:Fe:Sn:S was 2:0.75:0.98:3.71 which was closed to the
theoretical value. The band gap was about 1.25 eV, indicating it
was promising for the application of solar cells.
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