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Quaternary stannite CuyFeSnS, thin films (CFTS) have been grown on well cleaned amorphous glass substrates at
various deposition temperatures (175 °C-325 °C) by chemical spray pyrolysis. CFTS thin films have been char-
acterized to examine the structural, morphological, compositional, optical and electrical properties. Tetragonal
crystal structure has been confirmed from X-ray diffraction. Crystalline size was found to be 10-18 nm. Scanning
electron microscopy showed monodisperse particles with hexagonal morphologies. Energy dispersive analysis by
X-rays study confirmed stoichiometric deposition of CFTS thin films. The direct bandgap was found to be 1.54 eV

for CFTS thin film deposited at 250 °C. It was observed that film resistivity drop at deposition temperature of
250 °C. The structural, morphological, compositional, optical and electrical properties of CFTS films have been
found to be deposition temperature dependent. An appropriate optical band gap of 1.54 eV and a noteworthy
and stable electrical property indicate their prospective for solar cell applications.

1. Introduction

Presently, severe energy crisis and the environmental pollution have
forced researchers to advance clean energy resources as an alternative to
the fossil fuels. Renewable energy sources including hydro, wind, geo-
thermal, solar and tidal are unlimited, pollution free and environmental
friendly [1-3]. Amongst these sources, solar is the best alternative to
meet the rising energy demands of the modern society. The resurgence of
interest in photovoltaics has stimulated research on new materials and
approaches for the fabrication of inexpensive thin film solar cells [4,5].

Several renowned materials including Cu(InGa)Se, (CIGS) [6],
Cu,ZnSn(Se,S)4 (CZTS) [71, CuyFeSnS, (CFTS) [8], CdTe [9], TiO, [10]
have been broadly studied for thin film solar cells. CIGS based solar cells
have revealed impressive photo conversion efficiency [11]. But, because
of its expensive and scarce elements like indium and gallium, CIGS solar
cells cannot be used extensively. To achieve the goal of cost effective
photovoltaic technology, it is necessary to explore other semiconducting
materials containing less toxic sulphur instead of selenium and more
abundant iron than indium for CFTS. Stannite CFTS is considered to be
one of the most eligible photovoltaic materials due to the abundant and
nontoxic constituents, high absorption coefficient (10" *em ™Y and sui-
table bandgap (1.2-1.5eV) for solar cell applications [8,12].

Vanalakar et al. [13] has provided a review on CFTS thin films for
solar cell applications. The same group has developed a simple, low cost
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and industrial scalable ball milling procedure for the eco-friendly synthesis
of CFTS powder [14]. They confirmed pure CFTS phase through XRD,
Raman spectroscopy and EDX analysis with a band gap of 1.42 eV. Fidha
and colleagues [15] deposited tetragonal quaternary CFTS films onto glass
substrates at 370°C for one hour with post-sulfurization treatment at
450 °C for 30 min. Raman spectrum confirmed appearance of two main
peaks corresponding to the CFTS situated at the positions 289 cm ™" and
318cm™ L Wang and coworkers [8] synthesized CFTS thin films via a
convenient blade-coating technique. It have been witnessed that the ad-
dition of Rb ions in CFTS improves the grain size and surface morphology.
Meng and coworkers [16] studied the effect of holding times of sulfur-
ization on the morphological properties of CFTS films. SEM images
showed that films have smooth, closely packed and no voids surface. They
concluded that the longer holding time was in favor of the grain growth.
Zhang et al. [17] have synthesized oblate spheroid and triangular plate
shape CFTS nanocrystals with band gap of 1.54 *= 0.04eV and
1.46 = 0.03 eV respectively using solution based method.

Guan and colleagues [18] have prepared CFTS films through suc-
cessive ionic layer absorption and reaction combined with chemical
bath deposition. The measurements showed large agglomeration of
rod-shaped CFTS grains, with bandgap of 1.22eV and absorption
coefficient of > 10*cm™'. Dong and colleagues [19] have prepared
CFTS nanoparticles on FTO substrates by spin coating. The CFTS film
had a band gap of 1.53 eV and an absorption coefficient higher than
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Fig. 1. Photograph of CFTS thin films spray deposited at various deposition temperatures.
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Fig. 2. Variation of film thickness with deposition temperature for spray de-
posited CFTS thin films.
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Fig. 3. XRD pattern of CFTS thin films spray deposited at various deposition
temperatures (The major peaks of possible impurities Cu,S, FeS and SnS, are
included at the bottom).

10*cm™'. Jiang and coworkers [20] synthesized tetragonal CFTS
nanoparticles with high crystallinity using solvothermal method.
Mokurala et al. [21] have synthesized single phase CZTS and CFTS by
thermal decomposition. The morphology displayed equiaxed nano-
particles of approximately 10-20 nm and 8-15nm size, respectively.
The optical bandgaps are found to be 1.48 eV and 1.40 eV respectively
for CZTS and CFTS.
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Fig. 4. Variation of crystalline size with deposition temperature for spray de-
posited CFTS thin films.

Ozel and colleagues [22] have fabricated tetragonal CFTS nanocrys-
talline fibers with diameters of 100 = 50 nm through electrospinning
technique. Prabhakar and coworkers [23] produced spray deposited p-
type CFTS. The CFTS based dye-sensitized solar cell revealed an effi-
ciency of 8.03%. Khadka et al. [24] explored properties of spray de-
posited CusFeSnXy (X: S, Se) thin films. Yan et al. [25] synthesized tet-
ragonal CFTS nanocrystals by a simple hot-injection method. Meng et al.
[26] fabricated two Cu based selenide semiconductors using radio-fre-
quency magnetron sputtering. The literature survey shows that various
techniques are available to prepare CFTS. However, the methods for
synthesizing CFTS are usually complex and time consuming. Keeping in
view all these aspects an effort has been made to deposit CFTS thin films
at various deposition temperatures and additionally its influence on
various properties have been studied. In the course study, it is found that
the spray deposited quaternary stannite CFTS thin films have most sui-
table absorption coefficient and optical bandgap for a thin film solar cell.

2. Experimental

CFTS thin films were deposited on properly cleaned amorphous glass
substrates by chemical spray pyrolysis method discussed elsewhere [27].
The equimolar (0.025M) solutions of Cu(NO3)>3H,0O, FeSO47H,0,
SnCl,5H,0, and CH4N,S were prepared in double distilled water. The
precursor solution was obtained by mixing above equimolar solutions
together in appropriate volumes to have Cu:Fe:Sn:S ratio 2:1:1:4 and then
sprayed through a nozzle onto the preheated glass substrates. The de-
position temperature was varied from 175 °C to 325 °C at the intervals of
25 °C, by keeping all other parameters constant, especially the molarity of
spraying solution (0.025M). Spray rate employed was 4-5mlmin” and
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Table 1
Structural data of spray deposited CFTS thin films.

Deposition Temperature (°C) film thickness (nm) 20 (") Observed d(A) Standard d(A) hkl (A) a=b(A) cA) D (nm)

175 285 27.99 3.186 3.157 112 5.50 10.65 11
32.52 2.752 2.725 200
33.46 2.677 2.684 004
47.71 1.905 1.913 204
54.99 1.669 1.641 312

200 297 27.40 3.254 3.157 112 5.52 10.61 13
32.40 2.762 2.725 200
33.57 2.668 2.684 004
38.18 2.356 2.377 211
47.59 1.910 1.913 204
54.99 1.669 1.641 312

225 315 27.29 3.266 3.157 112 5.63 10.72 16
31.73 2.819 2.725 200
32.99 2.714 2.684 004
47.81 1.901 1.913 204
55.54 1.654 1.641 312

250 335 27.56 3.235 3.157 112 5.63 10.74 18
31.78 2.814 2.725 200
32.66 2.740 2.684 004
47.83 1.901 1.913 204
55.34 1.659 1.641 312

275 307 18.20 4.872 4.859 101 5.31 10.51 14
28.22 3.161 3.157 112
33.48 2.675 2.725 200
33.71 2.657 2.684 004
47.43 1.916 1.913 204
55.78 1.647 1.641 312

300 275 28.07 3.177 3.157 112 5.50 10.72 12
31.37 2.850 2.725 200
38.01 2.366 2.377 211
47.43 1.916 1.913 204
55.57 1.653 1.641 312

325 252 27.90 3.196 3.157 112 5.61 10.76 10
31.84 2.809 2.725 200
32.82 2.727 2.684 004
39.09 2.303 2.377 211
47.50 1.913 1.913 204
55.78 1.647 1.641 312

the nozzle to substrate distance was 30 cm. CFTS films were allowed to
cool at room temperature after deposition and it was observed that film
adhesion on substrates was quite good.

Thickness of film was determined by using gravimetric weight differ-
ence method with sensitive microbalance by assuming bulk density of
corresponding materials. Structural characterization of the films was carried
out by analysing the XRD patterns obtained through X-ray diffractometer
with Cu-Ka radiation (A = 1.5406 10\), within the 26 angles between 10° and
80°. Surface morphology and compositional analysis was carried out using
JEOL-JSM-6360A microscope. A UV-Vis spectrophotometer (SHIMADZU
UV-1700) was used to study optical properties. D.C. two point probe
method was used for electrical resistivity measurements. Silver paste was
employed to CFTS films to ensure good electrical ohmic contacts.

3. Results and discussion
3.1. Film formation

When a mixed aqueous solution of copper nitrate, ferrous sulfate,
stannic chloride and thiourea was sprayed over the preheated glass
substrates, a pyrolytic decomposition of solution took place resulting in
the formation of well-adherent and uniform CFTS thin films.
Photograph of CFTS thin films spray deposited at various deposition
temperatures is shown in Fig. 1. The possible reaction mechanism for
growth of CFTS thin films can be given as:

2Cu(NO3),3H,0 + FeSO,TH,0 + SnClySH,O + 4CH,N,S & Cu,FesnsS, + 4NO,
1+ 4C0, 1 + SO, 1 + 4NH,CI 1 + 4NH; 1 + 12H,0 1 + 20,1

@

Simillar type of reaction has been reported by Chen and colleagues
[28] for spray deposited CFTS films. The film thicknesses were de-
termined by simple gravimetric weight difference method using sensi-
tive microbalance [29]. Fig. 2 displays variation of film thickness with
deposition temperature for CFTS thin films. It is perceived that the film
thicknesses upsurges with rise in deposition temperature from 175 °C to
250 °C, reaches maximum (335 nm) at 250 °C and falls further with rise
in deposition temperature above 250 °C. The probable reason for such a
behavior is: initially the deposition temperature may be insufficient for
decomposition to occur, at 250 °C the decomposition of precursor so-
lution occurs at optimum rate resulting in maximum film thickness for
CFTS. Above 250°C the evaporation of precursor material may
shrinkage the CFTS film thicknesses [30].

3.2. Structural studies

Fig. 3 shows typical XRD pattern of CFTS thin films spray deposited
at various deposition temperatures. XRD analysis revealed that the
CFTS films are polycrystalline. The comparison of observed and stan-
dard data from JCPDS card [No.44-1476] show a stannite phase of
CFTS in tetragonal space group [-42m, with main diffraction peaks at 20
value of; 18.25°, 28.25°, 32.85°, 33.37°, 37.83°, 47.51°, and 55.99°
corresponding (101) (112), (200), (004), (211), (204), and (312) planes
respectively. These results match well with literature [18,20,25,31].
XRD analysis shows no other impurity peaks, (CuS, FeS, SnS), in-
dicating formation of stannite phase of CFTS. Fig. 3 also shows the
major peaks of possible impurities Cu,S [JCPDS card No. 84-1770], FeS
[JCPDS card No. 80-1029], and SnS, [JCPDS card No. 83-1707]. It is
witnessed that CFTS film deposited at 175 °C is amorphous with few
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Fig. 5. SEM pictures of CFTS thin films spray deposited at (a) 175 °C, (b) 200 °C, (c) 225 °C, (d) 250 °C, (e) 275 °C, and (f) 300 °C respectively.

peaks of very low intensity consistent to the stannite phase. When de-
position temperature rises, the amorphous background weakened and
the intensity of the diffraction peaks enriched, this performance is
owing to the fact that at low deposition temperature the starting ma-
terials (Cu(NOs3)»'3H,0, FeSO47H,0, SnCly-5H,0, and CH4N,S) and
undesired by-products are present in the films, signifying that the de-
position temperature is not adequate for finishing the chemical reac-
tion. CFTS films prepared at and above 200 °C have polycrystalline
structure. The lattice parameters are estimated using the relation [24],

a_meR P
d}fkl a2 CZ

(2)

where d is interplanar spacing and (hkl) are the miller indices. The
average lattice parameters are estimated to be a = b = 5.53A and
c=10.68A respectively, which are in close agreement with standard
JCPDS values a=b =5.54A and ¢ = 10.73A. The shifts in peak

106

position have been perceived with deposition temperature. The peak
shifting to lower angles is associated to the increased lattice spacing
with decreased deposition temperature.

Crystalline size was estimated by using well known Scherrer's for-
mula [32,33],

_ kA
Bcosb

3

where symbols have their usual meaning. The variation of crystalline
size with deposition temperature for CFTS thin films is shown in Fig. 4.
It is witnessed that crystalline size upsurges with rise in deposition
temperature reaches 18 nmat 250 °C and declines thereafter with fur-
ther increase in deposition temperatures. The obtained values of
thicknesses, 20, lattice parameters and crystalline size of CFTS thin
films are given in Table 1.
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Fig. 6. EDAX patterns of CFTS thin films spray deposited at (a) 175 °C, (b) 200 °C, (c) 225 °C, (d) 250 °C, (e) 275 °C, (f) 300 °C and (g) 325 °C respectively.
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Fig. 6. (continued)

3.3. Morphological and compositional studies

Fig. 5 shows the SEM pictures of CFTS thin films deposited at var-
ious deposition temperatures and 10,000 X magnifications. The CFTS
film deposited at 250 °C show uniform and monodisperse particles with
hexagonal and double hexagonal pyramid type morphologies. Simillar
hexagonal type morphology has been witnessed for solvothermal syn-
thesized of Cu,Zn;_Fe,SnS, thin films [34].

EDAX patterns of CFTS thin films spray deposited at various de-
position temperatures are shown in Fig. 6. Table 2 shows the atomic
percentages in CFTS films deposited at various deposition temperatures
from 175 °C to 325 °C. EDAX spectrum indicated peaks corresponding to

108

Cu, Fe, Sn and S, approving the phase and purity of CFTS. EDAX analysis
illustrates that atomic ratios of Cu, Fe, Sn and S in CFTS thin film are
closer to 2:1:1:4 indicating stoichiometric deposition of CFTS thin films
at 250 °C. Above 250 °C, the sulphur deficiency in CFTS films increases
with the deposition temperature; this effect could be documented with
the copper rich CFTS phases developed during the deposition [35].

3.4. Optical studies

Optical absorption spectra of CFTS thin films deposited at various
temperatures were measured in the wavelength range 350-950 nm. In
visible region CFTS films have a high coefficient of absorption (10* cm ™),
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Table 2
Compositional analysis of spray deposited of CFTS thin films.
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Deposition Temperature (°C)

Atomic percentage in film by EDAX analysis (%)

Cu Fe Sn S
Solution 25.0 12.5 12.5 50.0
175 25 12.2 11.4 51.4
200 25.1 12.4 12 50.5
225 25.1 12.6 12.1 50.2
250 25.9 12.4 12.4 49.3
275 26 12.5 12.3 49.2
300 26.1 12.6 12.4 48.9
325 26 12.5 13 48.5
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Fig. 7. (a) Variation of (ahv)? vs. ho for CFTS thin films spray deposited at various deposition temperatures. (b) Variation of bandgap with deposition temperature for

spray deposited CFTS thin films.

Table 3
Optical and electrical parameters of spray deposited of CFTS thin films. (L.T. -
low temperature; H.T. - high temperature).

Deposition Bandgap Eg Room temperature Activation energy
Temperature (°C) (eV) (eV)
Electrical resistivity H.T. L.T.
( x 10° Qcm)
175 1.88 24.00 0.33 0.09
200 1.72 6.03 0.37 0.10
225 1.58 1.26 0.32 0.10
250 1.54 0.64 0.31 0.12
275 1.68 3.16 0.37 0.13
300 1.75 1.23 0.33 0.10
325 1.89 5.13 0.35 0.08

signifying it's suitability for thin-film solar cell applications. Fig. 7a shows
the Tauc's plots (ahv)? versus ho for CFTS thin films. The nature of Tauc's
plots suggest direct bandgap for CFTS thin films [36,37]. Fig. 7b shows
variation of bandgap with deposition temperature for spray deposited
CFTS films. From figure it is witnessed that the bandgap decreases with
rise in deposition temperature, becomes minimum (1.54 eV) at 250 °C and
upsurges thereafter for further increase in deposition temperature. Above
250 °C, it is perceived that the bandgap marginally upsurges with the rise
in deposition temperature. This marginal shift in the bandgap with the rise
in deposition temperature is mostly correlated to the increased carrier
density. Simillar deposition temperature dependent behavior was pre-
viously reported by Bilgin et al. [38] for CdS films. The obtained energy
band gaps are 1.88 eV, 1.72eV, 1.58 eV, 1.54 eV, 1.68 €V, 1.75 €V, 1.89 eV
for substrate temperature of 175 °C, 200 °C, 225 °C, 250 °C, 275 °C, 300 °C,
and 325 °C respectively, which are in the ideal bandgap range for absorber
material normally used in solar cells. The bandgap of 1.54 eV acquired in
present case is comparable with 1.508 eV reported for post sulfurized CFTS
thin films by Khadka et al. [39]. The bandgap values for CFTS films are
given in Table 3.

109

7 L] L] L] L]
. /"_‘
’/ ./.-—-I
i ¢ g —>
6 /’:././>/>/:"'. o
AT e 4
/’/. >/> - 4/4
54 N e A
’/0:./> /: /0:4 /<:A /A:: _v—" |
P |
e A T 475
- o 4 v
5% 4 o¥n ,»':/:24:1/:: v —e—200°C
ke o > e g 0
& - -
3] AT T4-225C
»>e® (4:‘ v —-v-250°C
o A v o
o < ANV —<4—275°C ]
2] A :
N —»—300°C
v —e—325°C
1 r r r r v v
20 22 24 26 28 30 32

1UT X 10° /K™

Fig. 8. Variation of logp vs. with inverse of absolute temperature for spray
deposited CFTS thin films.

3.5. Electrical studies

The variations of logp versus inverse of absolute temperature (1000/
T) for CFTS thin films are shown in Fig. 8. It is found that this resistivity
variation obeys the Arrhenius equation [40] and the resistivity shrin-
kages with rise in temperature, demonstrating typical semiconducting
performance. It is witnessed that room temperature electrical resistivity
shrinkages firstly with upsurge in deposition temperature, becomes
lowest (0.646 x 10° Qcm) at 250 °C, and then increases with further
upsurge in the deposition temperature. Activation energies are calcu-
lated from the slopes of the logp against inverse of absolute temperature
(1000/T) graph. The activation energies are 0.08-0.13eV and
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0.31-0.37 eV in low and high temperature zones respectively. The ac-
tivation energies confirm that the conduction mechanism in the high-
and low-temperature zones is a thermally activated process recognized
as thermionic emission and variable range hopping mechanism, re-
spectively [41]. Table 3 presents electrical parameters of the CFTS films
deposited at various deposition temperatures.

4. Conclusions

1. The quaternary CFTS thin films are successfully spray deposited on
preheated glass substrates at various deposition temperatures
(175°C-325°C).

2. The crystalline sizes are computed and their dependency on de-
position temperature has been inspected.

3. The SEM images show uniform and monodisperse particles with
hexagonal and double hexagonal pyramid morphologies. EDAX
studies confirmed nearly stoichiometric CFTS films.

4. The optical bandgap of 1.54eV obtained for film deposited at
250 °C, indicates that CFTS films are well suited for thin film solar
cell applications.

5. Electrical resistivity study shows semiconducting performance of
CFTS thin films.
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