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Polycrystalline  Cu2ZnSnS4 (CZTS)  thin films  were  prepared  using  chemical  spray  pyrolysis.  We  examined
the  influence  of  concentration  of copper  in  spray  solution  and  spray  rate  on the properties  of  the  films.
Choice  of copper  concentration  in  the  precursor  solution  was found  to  have  a pivotal  role  in adjusting
composition,  band  gap  and  resistivity  of  sprayed  CZTS  thin  films.  Nearly  stoichiometric  CZTS  thin  films
eywords:
hin films
pray pyrolysis
ZTS
pray rate

with  desirable  band  gap  were  obtained  by  using  copper  concentration  of 0.015  M.  Spray  rate  also  has
crucial  role  in  adjusting  properties  like  band  gap  of  the  films.  Higher  spray  rates  resulted  in  rougher
films  with  secondary  phases  of  copper  sulfide.  Secondary  phases  were  also  observed  at  low  spray  rate  of
2 ml/min.  Good  films  without  any  secondary  phases  and  having  band  gap  of 1.5 eV  were  obtained  at  the
spray  rate  of  6 ml/min.
olar cell

. Introduction

Recently considerable work is being carried out on the quater-
ary compound semiconductor Cu2ZnSnS4 (CZTS) so as to optimize

ts opto-electronic properties for using as absorber layer of thin film
olar cells [1]. This is mainly due to its direct band gap, high opti-
al absorption coefficient, intrinsic p-type conductivity as well as
on-toxicity [2]. Moreover all the constituents of CZTS are abun-
ant in the earth’s crust reducing concerns of materials costs. CZTS

s derived from the copper indium gallium selenide (CIGS) struc-
ure by the isoelectronic substitution of two In (or Ga, respectively)
toms by one Zn and one Sn atom. As a consequence, CZTS has some
imilar properties as CIGS [3].

There are a variety of techniques reported for the deposition
f CZTS thin films like vacuum techniques involving sequential
eposition of constituent metallic layers followed by sulfuriza-
ion [4], sputtering [5], PLD [6] and non-vacuum techniques like
lectrochemical deposition [7], sol–gel [8], spray pyrolysis [9] or
eposition based on nanoparticle solutions [10]. CZTS thin films

eposited using spray pyrolysis has been of increased interest
hese days as the method is simple with the potential for large-
rea deposition with fine control over elemental stoichiometry and
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thickness; this enables significant cost reduction compared to other
techniques [11]. In spray deposition, properties of the deposited
films depend on several parameters of which the major ones are
substrate temperature, spray rate and concentration of precursors.
In our previous work, we reported the effect of precursor solution
on the properties of spray pyrolyzed CZTS films [9]. The right choice
of tin precursor was found to be stannic chloride. Present report
details the effect of variation in spray rate and copper concentra-
tions in the precursor solution on the properties of spray pyrolyzed
CZTS thin films.

2. Experimental details

2.1. Preparation of CZTS films

CZTS film deposition was  carried out using an indigenously
developed chemical spray pyrolysis unit [12]. Precursors used were
copper chloride (CuCl2·2H2O), zinc chloride (ZnCl2), stannic chlo-
ride (SnCl4·5H2O) and thiourea (CS(NH2)2) which were dissolved
in water and sprayed on to the preheated soda lime glass (SLG) sub-
strates. To prepare copper varied samples, substrate temperature,
spray rate and volume of solution were fixed at 350 ◦C, 8 ml/min
and 140 ml,  respectively; while molarity of copper chloride was
varied from 0.01 M to 0.03 M in steps of 0.005 M.  Molarities of ZnCl2,

SnCl4·5H2O and CS(NH2)2 in the spray solution were 0.01, 0.01 and
0.12 M,  respectively. Samples were named according to the molar-
ity of copper chloride in the precursor solution as C-0.01, C-0.015,
C-0.02, C-0.025 and C-0.03.

dx.doi.org/10.1016/j.jaap.2014.10.014
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
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Fig. 1. EDAX spectrum of st

To study the effect of spray rate, the parameters such as sub-
trate temperature and volume of solution were fixed as mentioned
efore while the spray rate alone was varied in steps of 2 ml/min
from 2 to 10 ml/min). Cu:Zn:Sn:S ratio in the precursor solution is
aken as 1.5:1:1:12. These samples were named as C2, C4, C6, C8
nd C10, respectively.

.2. Characterization of CZTS films

Film thickness was  measured using Dektak-6M stylus pro-
lometer. X-ray diffraction (XRD) was carried out using Rigaku
D.Max.C) X-ray diffractometer (having CuK� (� = 1.5405 Å) radia-
ion and Ni filter operated at 30 kV and 20 mA). Raman studies were
arried out in back scattering mode at room temperature using
icro Raman system from Jobin Yvon Horiba LABRAM-HR visible

400–1100 nm)  with spectral resolution of 1 cm−1. Argon ion laser
f wavelength 488 nm was used as the excitation source. Surface
orphology of the CZTS thin films was studied with scanning elec-

ron microscope (SEM) (JEOL, JSM-840). The elemental composition
f films was determined using energy dispersive X-ray (EDAX) ana-
yzer attached to the SEM. Optical absorption studies were carried
ut using a UV–vis–NIR Spectrophotometer (JASCO V-570 model).
esistivity of the films was measured using the two  probe method
mploying Keithley Source Measure Unit (SMU, K236).

. Results and discussion

.1. Effect of copper concentration
.1.1. Compositional analysis
In order to confirm whether we could achieve stoichiome-

ry through the variation of copper concentration, compositional

able 1
lemental composition of CZTS films prepared by varying the copper concentration.

Sample Cu (at.%) Zn (at.%) Sn (at.%) 

C-0.01 20.6 17.5 13.2 

C-0.015 25.2 13.2 12.4 

C-0.02 26.0 13.4 16.3 

C-0.025 30.2 10.3 12.3 

C-0.03 33.2 8.8 8.2 
metric CZTS film (C-0.015).

analysis using EDAX was  done. For each sample, measurement was
taken from different points on the surface and their mean values
are taken. As expected, copper incorporation in the film increased
with increase in copper concentration in the precursor solution
and the results are tabulated in Table 1. For C-0.015 we got almost
stoichiometric CZTS film. From the EDAX spectrum of the stoichio-
metric CZTS film shown in Fig. 1 peaks indicating the presence
of copper, zinc, tin and sulfur could be clearly seen. Peaks due to
silicon and oxygen could also be seen which were from the SLG
substrate.

3.1.2. Structural analysis using XRD and Raman spectroscopy
Since the copper concentration was increased considerably in

the precursor solution, there is a chance of formation of secondary
phases in the deposited films. In order to understand this, XRD and
Raman analysis were carried out for all the copper varied samples.
Fig. 2 shows the XRD pattern of CZTS films deposited with different
copper concentrations. From XRD, it is observed that all the samples
were polycrystalline with diffraction peaks corresponding to the
(1 1 2), (2 0 0), (2 2 0) and (3 1 2) planes of characteristic ‘kesterite’
structure. The d-values coincided with that of CZTS (JCPDS card no.
26-0575) with preferential orientation along the (1 1 2) plane. As
the concentration of copper increases secondary phase correspond-
ing to CuxS phase is visible in the pattern (JCPDS card no. 42-0564)
and the intensity of the peaks corresponding to CZTS increased.
From compositional analysis it was found that copper concentra-
tion in the film is high for samples C-0.025 and C-0.03. As evident

from XRD, secondary CuxS phase is also prominent in these sam-
ples. Crystallite size of the samples was  calculated using ‘Scherrer
formula’ and this was  maximum for the nearly stoichiometric film
C-0.015 (∼30 nm)  (Table 2).

S (at.%) Cu/Zn + Sn Zn/Sn S/metal

48.7 0.67 1.33 0.95
49.2 0.98 1.06 0.97
44.3 0.87 0.82 0.80
47.2 1.33 0.84 0.89
49.8 1.95 1.07 0.99
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Optical band gap was deduced from (˛h�)2 versus h� plot
ig. 2. X-ray diffractograms of CZTS samples prepared with different copper con-
entrations.

Presence of secondary phases in these films was also confirmed
y Raman microprobe measurements. Fig. 3 shows the Raman spec-

ra of CZTS films deposited with various copper concentrations. For
amples C-0.01 and C-0.015, the Raman spectrum has dominant
eak at 338 cm−1and a shoulder at 351 cm−1 spectral region which

Fig. 3. Raman scattering spectra of CZTS samples pr
d Applied Pyrolysis 110 (2014) 448–454

indicates formation of CZTS [13]. As copper concentration increases
beyond 0.015 M,  a peak at 475 cm−1 due to the CuxS phase appears
and its intensity increases as copper concentration increases. This
peak at 475 cm−1 is reported earlier in case of CZTS films prepared
using spray pyrolysis [14] and other methods also [15]. For C-0.03
sample, the characteristic CZTS peak was suppressed almost com-
pletely and the prominent peak is due to the CuxS phase. This
observation is in contrary to the XRD results for this sample in
which a strong peak of CZTS is observed along with that of copper
sulfide. This discrepancy is only due to the difference in analysis
depth of the two techniques and suggests that the copper sulfide
phase formed gets segregated over the surface of the sample, and
with increase in copper concentration in the precursor leads to the
formation of a thicker layer of CuxS over the surface, preventing the
detection of the underlying CZTS phase using Raman scattering.

3.1.3. Morphological studies
Fig. 4 shows the SEM image of CZTS thin films prepared with

various copper concentrations. It is well known that efficiency of
polycrystalline thin film solar cell increases with increasing grain
size of absorber layer, and therefore, larger grains are required
for improving the device efficiency [16]. In the present work, it
is obvious from the SEM images that, as the copper concentra-
tion increases there is improvement in grain morphology and size.
Increase in grain size could be clearly seen when copper concentra-
tion increases from 0.01 M to 0.015 M.  Beyond that agglomeration
of grains occurs. Similar observation was reported earlier for copper
variation in spray deposited CZTS films [17].

3.1.4. Optical studies
(Fig. 5) and it reduced from 1.55 to 1.21 eV as the copper concen-
tration increases from 0.01 M to 0.03 M (see inset of Fig. 5). Similar
range of band gap values was  reported earlier by Tanaka et al. [18]

epared with different copper concentrations.
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Fig. 4. SEM micrographs of CZTS samples prepared with different coppe
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ig. 5. (˛h�)2 versus h� graph of CZTS samples prepared with different copper
oncentrations.
or CZTS thin films. Decrease in band gap with increase in copper
oncentration was also observed by Kumar et al. [17] for sprayed
ZTS thin films and by Tuttle et al. [19] in the case of CuInSe2 thin
lms. Another observation is that absorption edge becomes less

able 2
RD data of CZTS samples prepared by varying copper concentration.

Sample Preferential
orientation

2� (degrees) 

C-0.01 (1 1 2) 28.82 

C-0.015  (1 1 2) 28.99 

C-0.02  (1 1 2) 28.84 

C-0.025  (1 1 2) 28.84 

C-0.03  (1 1 2) 28.84 

Standard values (JCPDS Card No. 26-0575) 28.53 
r concentrations. (a) C-0.01, (b) C-0.015, (c) C-0.02 and (d) C-0.03.

and less sharp and the absorption tail becomes more and more ele-
vated as the copper concentration is increased in the films. This
may  be due to low energy absorption as a result of the presence of
binary compounds of Cu and S which were confirmed from struc-
tural analysis. Similar observations of elevated absorption tail were
made earlier for electron beam evaporated CZTS thin films when
the Cu/(Zn + Sn) ratio increased beyond 0.94 [20].

3.1.5. Electrical studies
Sheet resistance of the samples (measured using two  probe

technique) decreased with increase in copper concentration while
thickness and roughness of the samples increased. However, resis-
tivity of the films calculated from sheet resistance and thickness,
decreases with increase in copper concentration (Table 3). All the
samples showed p-type conductivity.

3.2. Effect of spray rate

3.2.1. Structural characterization
X-ray diffraction patterns of the CZTS films deposited at differ-

ent spray rates were shown in Fig. 6. For sample C2 in addition to

peaks corresponding to CZTS phase there are peaks corresponding
to secondary phases such as Cu1.8S (JCPDS card no. 47-1748) and
CuxS (JCPDS card no. 42-0564). Also for high spray rate (sample
C10) there is formation of CuxS phase as indicated by the peak at

d-value (Å) FWHM
(degrees)

Crystallite size
(nm)

Secondary phases
observed

3.094 0.31 26.5 CuxS
3.077 0.28 29.6 CuxS
3.093 0.30 27.3 CuxS
3.093 0.34 23.8 CuxS
3.093 0.29 28.1 CuxS
3.126



452 V.G. Rajeshmon et al. / Journal of Analytical and Applied Pyrolysis 110 (2014) 448–454

Table 3
Thickness, roughness and resistivity of CZTS samples prepared with different copper concentrations.

Sample name Sheet resistance (�/�) Thickness (nm) Roughness (nm) Resistivity (� cm)

C-0.01 9280 875 216 8.12 × 10−1

C-0.015 376 1010 238 3.8 × 10−2

C-0.02 154 1165 277 1.8 × 10−2

C-0.025 91 1320 331 1.2 × 10−2

C-0.03 43 1530 373 6.6 × 10−3

Table 4
XRD data of CZTS samples prepared by varying the spray rate.

Sample Preferential
orientation

2� (degrees) d-value (Å) FWHM (degrees) Crystallite size
(nm)

Secondary phases
observed

C2 1 1 2 28.50 3.129 0.23 35.3 Cu1.8S, CuxS
C4  1 1 2 28.46 3.133 0.23 35.1 CuxS
C6  1 1 2 28.64 3.114 0.25 33.3 Nil
C8  1 1 2 28.58 3.120 0.24 34.8 CuxS
C10  1 1 2 28.60 3.118
Standard values (JCPDS Card

No. 26-0575)
28.53 3.126
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Fig. 6. X-ray diffractograms of samples prepared at different spray rates.

6.2◦. Sample C6 is devoid of any secondary phases. Crystallite size
f the films decreased as the spray rate increased up to 6 ml/min
nd then slightly increases (Table 4). Similar decrease in crystallite
ize with increase in spray rate is observed in the case of sprayed
uInS2 films also [21].
.2.2. Optical studies
(˛h�)2 versus h� plot of CZTS films deposited at different spray

ates are shown in Fig. 7. For C2, the band gap obtained is 1.6 eV
nd the absorption in the tail region was extremely elevated. As

able 5
heet resistance, thickness, roughness and resistivity of the CZTS samples prepared at dif

Sample name Sheet resistance (�/�) Thickne

C2 71 650 

C4 281 690 

C6 619 775 

C8 378 820 

C10 296 880 
 0.23 35 CuxS
 – – –

the spray rate increases band gap decreased and the elevation of
absorption tail also decreased. At the spray rate of 6 ml/min (sam-
ple C6) the band gap was  1.5 eV, suitable for photovoltaic energy
conversion. Beyond 6 ml/min there are two linear portions in the
˛h�2 versus h� plot, which indicates two band gaps, one due to
the CZTS phase (at ∼1.4 eV) other due to CuxS phase (∼1.8 eV). The
(direct) optical band gap of CuxS reported earlier in literature is in
the range 1.7–2.16 eV based on the value of ‘x’ [22].

3.2.3. Electrical studies
Resistivity of the films was calculated from sheet resistance and

thickness. Thickness of the samples was  increased from 650 nm to
880 nm when the spray rate increased from 2 ml/min to 10 ml/min.
Resistivity values increased steadily up to 6 ml/min and then
slightly decreases (Table 5). This increase in resistance might be
due to the decrease in crystallinity with spray rate. Roughness of
the films also increases with spray rate resulting in the surface being
uneven. This is usually expected in spray deposited films [21].

4. Summary

Effect of copper concentration in the precursor solution and the
spray rate on the properties of CZTS thin films deposited using spray
pyrolysis was investigated. Initially, the influence of copper concen-
tration was  studied by preparing CZTS films by varying the molarity
of copper chloride from 0.01 M to 0.03 M in steps of 0.005 M fixing
all the other spray parameters. Referring to the structural analy-
sis described previously, it may  be understood that the crystallite
size, composition and morphology of CZTS films depends strongly
on the concentration of copper in the starting solution. Band gap
of the films was also influenced by the amount of copper in the

solution. It can be seen as decreasing from 1.55 eV for low copper
concentration to 1.22 eV for high concentration. Resistivity of the
films also decreases with increase in the amount of copper in the
precursor solution. CZTS films that are nearly stoichiometric and

ferent spray rates.

ss (nm) Roughness (nm) Resistivity (� cm)

152 4.6 × 10−3

164 1.9 × 10−2

171 4.8 × 10−2

186 3.1 × 10−2

195 2.8 × 10−2
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Fig. 7. (˛h�)2 versus h� graph of CZT

aving a band gap of 1.4 eV was obtained for a copper concentration
f 0.015 M.

The influence of spray rate on the properties of CZTS thin films
eposited through spray pyrolysis was investigated by varying the
pray rate from 2 to 10 ml/min in steps of 2 ml/min. Higher spray
ates has detrimental effect on the film morphology, making films
ore rough and uneven. Moreover, secondary phases were also

bserved at higher spray rates. The analysis of film properties pre-
ared at various spray rates revealed that the spray rate of 6 ml/min

s suitable for our deposition conditions.
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