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Abstract

 Cu2ZnSnS4 (CZTS) thin films are fabricated on glass substrates using the spray pyrolysis method 
with different concentrations of Sn content were studied in this research work. All the CZTS thin 
films are fabricated at substrate temperature 200°C to minimize the formation of secondary phases. 
Here, we show how the variation in Sn content concentration influences the optical and structural 
properties of the CZTS thin films. The XRD patterns reveal that the concentration of Sn content has 
to be optimized to minimize the formation of secondary phases for a fixed substrate temperature. In 
turn, the band gap of the CZTS films is highly influenced by the formation of secondary phases. We 
have found that the films prepared from the precursor solution with 1.8 mM concentration of Sn 
content have the best crystal structure and an optical band gap of 1.55 eV. The CZTS thin films also 
have good carrier concentrations ranging from 4.2×1019 to 22.9×1020 cm-3.
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Introduction

The highest efficiency of CIGS-based solar cells was 
23.4% (Green et al., 2019). Nevertheless, these cells 
utilize expensive and scarce elements like indium, 
limiting the mass production of solar cells based on these 
materials. These problems have stimulated the research 
for an alternative absorber layer based on earth-abundant 
materials. Scientists started to explore new materials like 
Cu2ZnSnSe4, Cu2ZnSnS4, and other quaternary of these 
chalcopyrite-like semiconductors. Indium and gallium 
used in CIGS thin-film solar cells were replaced with 
relatively cheap and abundant zinc and tin.  Toxic 
selenium may be replaced with sulfur in Cu2ZnSnS4 
(CZTS) thin-film solar cells. Furthermore, CZTS is a 
potential material for solar cell applications due to its 
good electrical and optical properties (Mitzi et al., 2011), 
i.e., p-type conductivity, bandgap around 1.5 eV, and 
optical absorption coefficient around 10-4 cm-1.

The spray pyrolysis method is one of the chemical 
methods to obtain the CZTS thin film layer. It is a 
low-cost method with the capability of significant area 
deposition. The composition, morphology, optical and 
electrical properties of the CZTS thin films can be 
tailored by changing deposition parameters such as the 
precursor source (Tanaka et al., 2014), precursor 
concentration (Vigil-galán et al., 2013; Vigil-galán et al., 
2015), substrate temperature (Babichuk et al., 2018; 
Bhosale et al., 2014), deposition time (Mahjoubi et al., 
2017), etc.

The Effect of tin concentration on films properties has 
been investigated in this research work and structural, 
morphological, and optical properties characterized the 
obtained CZTS thin films.

Experimental

CZTS thin film deposition was performed by a pneumatic 
spray pyrolysis method in an air atmosphere with an 
ultrasonic spray nozzle. A precursor solution consisting of 
CuCl2.2H2O, ZnCl2, SnCl4.5H2O, and thiourea (with an 
intentional concentration in excess) was dissolved in distilled 
water. This solution was sprayed onto soda-lime glass 
substrates heated at 200 °C. The nozzle to substrates distance 
was around 25 cm, and a tota l100 ml solution was sprayed 
continuously at a flow rate of 0.01ml/ sec. Air was used as the 
carrier gas during the spray deposition. To investigate the 
influence of the tin concentration on the properties of 
CZTS thin films, it was changed from 0.5to 2.4 mM. The 
samples were denoted as S1 for tin concentration 0.5 mM, 
S2 for tin concentration 1.6 mM, S3 for tin concentration 
1.8m M, S4 for tin concentration 2mM, and S5 for tin 
concentration 2.4 mM.

All the spray deposited thin films were exhibited 
low-temperature annealing at 270 °C for 40 min, followed by 
high-temperature annealing at 550 °C for 40 min. Annealing 
was carried in an N2environment without any sulfur or tin 
powder. 

Characterization techniques

The structural as well as phase identification measurements 
were carried out by an X-ray Diffractometer (GBC-XRD, 
EMMA) with a step size of 0.02 deg. Using a Cu_Kα1 (λ
=1.54062Ǻ) radiation source operated at 35.5 kV and 28 mA. 
Elemental analysis of the CZTS thin films was done by a 
Scanning Electron Microscope (SEM) with dispersive 
electron X-ray (EDX) (Carl Zeiss, EVO 18). The optical 
transmittance measurements were made using a 
UV-VIS-NIR (Hitachi, UH4150) spectrophotometer coupled 
with an integrating sphere. Using a Stylus Profilometer 
(Bruker, DektakXT-A) thickness of the thin films was 
measured. Electrical properties were measured using a Hall 
Effect Measurement System (Ecopia, HMS-3300 with 
AHT55T3).

Results and discussion

The X-ray diffraction patterns of CZTS films synthesized 
with various tin concentrations are shown in Fig. 1. As can be 
seen, peaks are assigned to (112), (204), and (312) planes of 
the CZTS kesterite phase (according to the card JCPDS 
26-0575), with (112) plane as preferential orientation in all 
diffraction patterns (Kumar et al., 2009; Daranfed et al., 
2012). Peak intensities in an XRD spectrum are the result of 

total reflection from each crystal plane. Hence, it can be 
summarized from Fig. 1, initially the crystallinity of the thin 
films increases (from S1 to S3) with a tin concentration in the 
precursor solution and then again decreases for S4 and S5. 
Sample S3 has the highest intensity of kesterite phase with 
(112) plane as a preferential orientation. 

In a quaternary compound, such as CZTS, it is hard to avoid 
secondary phases formation regardless of the deposition 
method. From Fig. 1, it can be easily observed that S1 and S5 
films have lower intensity of kesterite phases compared to 
other secondary phases. Along with the CZTS kesterite 
phase, S1 film with 0.5mM tin concentration contains 
Cu3SnS4 (JCPDS card no. 36-0218) and CuxS (JCPDS Card 
no. 36-0380) phases. Whereas, in the case of S5 with tin 
concentration 2.4mM, ZnS (JCPDS card no. 10-0434) is the 
dominant secondary phase. It reveals that Sn concentration 
has to be optimized to improve the crystallinity of CZTS thin 
film and reduce the presence of impurity phases. 

The crystallite size, D, for the fabricated CZTS thin films are 
calculated by using Scherrer’s formula (Bashar et al., 2019):

   (1)

where, λ (= 1.54062 Ǻ) is the wavelength of the X-ray beam, 
θ is diffraction angle and β is the full width at half maximum 
(FWHM) of the diffraction peak.

To estimate the number of defects in the sample, the 
dislocation density (δ) is calculated for the samples by using 
the relation (Bashar et al., 2019):

   (2)

where D is the crystallite size, n is a factor, which is 
considered almost equal to unity for minimum dislocation 
density. To determine the crystal imperfection and distortion 
induced in the samples lattice strain (ε), which is caused by 
the variable displacement of the atoms with respect to their 
reference-lattice positions, is also calculated using the 
Williamson-Hall formula (Bashar et al., 2019):

   (3)

where θ and β have their usual significances. All these 
structural parameters are listed in Table I. This reveals the 
apparent variation in crystallite size, dislocation density, and 
strain value of the CZTS thin films with Sn concentration in 

the spray solution. Sample S3 has the largest crystallite size. 
Within a single crystallite, all the crystal planes are oriented 
in the same direction. Thus, larger crystallite size may have 
facilitated more significant peak intensity in the XRD spectra 
(Fig. 1). When the Sn concentration is more than 1.8 mM, the 
crystallite size of the CZTS thin film decreases. The 
dislocation density and strain are minima for sample S3. 

The optical absorption coefficient (α) was determined from 
the transmittance spectra of CZTS thin films with different 
tin concentrations. Variation in absorption coefficient with 

photon energy for different tin concentrations is presented in 
Fig. 2. Optical band gap values of the thin films are 
estimated, as shown in Fig. 3 from the plot of (αhν)2 as a 
function of photon energy hν, according to the Tauc 
formula for direct bandgap semiconductor (Bashar et al., 
2020).

(αhν)2 = B (hν - Eg)  (4)

Where α is the absorption coefficient, B is a constant, Eg is 

the optical gap energy, ν is incident photon energy, and h 
is the Plank’s constant.

The variation of the deduced optical band gaps with tin 
concentration is reported in Fig. 4. S2, S3, and S4 have 
band gaps within a range of 1.5-1.6 eV, which is in good 
agreement with CZTS band gap values reported by other 
authors (Daranfed et al., 2012; Diwate et al., 2017). S3 has 
the lowest band gap 1.55 eV, which is close to the 

stoichiometric value of CZTS. XRD patterns also show 
that S3 has a higher intensity of kesterite phases and lower 
intensity of other secondary phases. In comparison, S1 and 
S5 have wider band gaps. The presence of secondary 
phases in S1 and S5 was demonstrated from XRD patterns, 
which may cause the enlargement of the optical band gap. 
Also, the large optical band gap of the thin films may be a 
result of their composition.  

The EDX results are presented in Table II. Regarding the 
stoichiometric ratio of CZTS thin films, sample S3 
provides the best EDX result. This EDX result is also in 
good agreement with XRD patterns and optical data 
analysis. Table II reveals the presence of a lower 
concentration of Cu and Zn in the CZTS thin films. Hence, 
optimization of Cu and Zn concentration may give 
single-phase CZTS.

To study the electrical properties of the CZTS thin films, 
we carried out a Hall measurement of the samples at room 
temperature. Table III summarizes the electrical 
resistivity, mobility, and carrier concentration values for 
five CZTS thin film samples. It can be observed from 
Table III, and all the films have high carrier concentration 
compared to the CZTS thin films reported in (Vigil-galán 
et al., 2013; Diwateet al., 2017). 

Conclusion

In summary, CZTS absorption layers were fabricated by 
the spray pyrolysis method. Shallow and high 
concentrations of Sn content lead to the formation of 
secondary phases. It has been found that the spray 
pyrolysis solution with Sn concentration 1.8 mM (S3) has 
the highest structural quality of the CZTS film due to a 
minimum content of secondary phases. The band gap of 
the CZTS thin film is 1.55 eV. The elemental analysis also 
reveals that the sample has an atomic ration of 
1.8:1:1.4:2.9, which shows minimum deviation from the 
standard stoichiometric ratio (2:1:1:4 for Cu, Zn, Sn and 
S) compared to other samples. Whereas CZTS films with 
low and high Sn content have secondary phases related to 
copper, and Zn compounds give a higher optical bandgap. 
The main result presented in this work concerning the 
evolution of secondary phases in the CZTS with the 
variation of Sn content in the spray solution. All the CZTS 
thin films have good electrical properties. The elemental 
analysis also shows that the CZTS thin films are Cu poor. 
Future work will also study the optimization of Cu and Zn 
content for single-phase CZTS thin film. 
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Experimental

CZTS thin film deposition was performed by a pneumatic 
spray pyrolysis method in an air atmosphere with an 
ultrasonic spray nozzle. A precursor solution consisting of 
CuCl2.2H2O, ZnCl2, SnCl4.5H2O, and thiourea (with an 
intentional concentration in excess) was dissolved in distilled 
water. This solution was sprayed onto soda-lime glass 
substrates heated at 200 °C. The nozzle to substrates distance 
was around 25 cm, and a tota l100 ml solution was sprayed 
continuously at a flow rate of 0.01ml/ sec. Air was used as the 
carrier gas during the spray deposition. To investigate the 
influence of the tin concentration on the properties of 
CZTS thin films, it was changed from 0.5to 2.4 mM. The 
samples were denoted as S1 for tin concentration 0.5 mM, 
S2 for tin concentration 1.6 mM, S3 for tin concentration 
1.8m M, S4 for tin concentration 2mM, and S5 for tin 
concentration 2.4 mM.

All the spray deposited thin films were exhibited 
low-temperature annealing at 270 °C for 40 min, followed by 
high-temperature annealing at 550 °C for 40 min. Annealing 
was carried in an N2environment without any sulfur or tin 
powder. 

Characterization techniques

The structural as well as phase identification measurements 
were carried out by an X-ray Diffractometer (GBC-XRD, 
EMMA) with a step size of 0.02 deg. Using a Cu_Kα1 (λ
=1.54062Ǻ) radiation source operated at 35.5 kV and 28 mA. 
Elemental analysis of the CZTS thin films was done by a 
Scanning Electron Microscope (SEM) with dispersive 
electron X-ray (EDX) (Carl Zeiss, EVO 18). The optical 
transmittance measurements were made using a 
UV-VIS-NIR (Hitachi, UH4150) spectrophotometer coupled 
with an integrating sphere. Using a Stylus Profilometer 
(Bruker, DektakXT-A) thickness of the thin films was 
measured. Electrical properties were measured using a Hall 
Effect Measurement System (Ecopia, HMS-3300 with 
AHT55T3).

Results and discussion

The X-ray diffraction patterns of CZTS films synthesized 
with various tin concentrations are shown in Fig. 1. As can be 
seen, peaks are assigned to (112), (204), and (312) planes of 
the CZTS kesterite phase (according to the card JCPDS 
26-0575), with (112) plane as preferential orientation in all 
diffraction patterns (Kumar et al., 2009; Daranfed et al., 
2012). Peak intensities in an XRD spectrum are the result of 

total reflection from each crystal plane. Hence, it can be 
summarized from Fig. 1, initially the crystallinity of the thin 
films increases (from S1 to S3) with a tin concentration in the 
precursor solution and then again decreases for S4 and S5. 
Sample S3 has the highest intensity of kesterite phase with 
(112) plane as a preferential orientation. 

In a quaternary compound, such as CZTS, it is hard to avoid 
secondary phases formation regardless of the deposition 
method. From Fig. 1, it can be easily observed that S1 and S5 
films have lower intensity of kesterite phases compared to 
other secondary phases. Along with the CZTS kesterite 
phase, S1 film with 0.5mM tin concentration contains 
Cu3SnS4 (JCPDS card no. 36-0218) and CuxS (JCPDS Card 
no. 36-0380) phases. Whereas, in the case of S5 with tin 
concentration 2.4mM, ZnS (JCPDS card no. 10-0434) is the 
dominant secondary phase. It reveals that Sn concentration 
has to be optimized to improve the crystallinity of CZTS thin 
film and reduce the presence of impurity phases. 

The crystallite size, D, for the fabricated CZTS thin films are 
calculated by using Scherrer’s formula (Bashar et al., 2019):

   (1)

where, λ (= 1.54062 Ǻ) is the wavelength of the X-ray beam, 
θ is diffraction angle and β is the full width at half maximum 
(FWHM) of the diffraction peak.

To estimate the number of defects in the sample, the 
dislocation density (δ) is calculated for the samples by using 
the relation (Bashar et al., 2019):

   (2)

where D is the crystallite size, n is a factor, which is 
considered almost equal to unity for minimum dislocation 
density. To determine the crystal imperfection and distortion 
induced in the samples lattice strain (ε), which is caused by 
the variable displacement of the atoms with respect to their 
reference-lattice positions, is also calculated using the 
Williamson-Hall formula (Bashar et al., 2019):

   (3)

where θ and β have their usual significances. All these 
structural parameters are listed in Table I. This reveals the 
apparent variation in crystallite size, dislocation density, and 
strain value of the CZTS thin films with Sn concentration in 

the spray solution. Sample S3 has the largest crystallite size. 
Within a single crystallite, all the crystal planes are oriented 
in the same direction. Thus, larger crystallite size may have 
facilitated more significant peak intensity in the XRD spectra 
(Fig. 1). When the Sn concentration is more than 1.8 mM, the 
crystallite size of the CZTS thin film decreases. The 
dislocation density and strain are minima for sample S3. 

The optical absorption coefficient (α) was determined from 
the transmittance spectra of CZTS thin films with different 
tin concentrations. Variation in absorption coefficient with 

photon energy for different tin concentrations is presented in 
Fig. 2. Optical band gap values of the thin films are 
estimated, as shown in Fig. 3 from the plot of (αhν)2 as a 
function of photon energy hν, according to the Tauc 
formula for direct bandgap semiconductor (Bashar et al., 
2020).

(αhν)2 = B (hν - Eg)  (4)

Where α is the absorption coefficient, B is a constant, Eg is 

the optical gap energy, ν is incident photon energy, and h 
is the Plank’s constant.

The variation of the deduced optical band gaps with tin 
concentration is reported in Fig. 4. S2, S3, and S4 have 
band gaps within a range of 1.5-1.6 eV, which is in good 
agreement with CZTS band gap values reported by other 
authors (Daranfed et al., 2012; Diwate et al., 2017). S3 has 
the lowest band gap 1.55 eV, which is close to the 

stoichiometric value of CZTS. XRD patterns also show 
that S3 has a higher intensity of kesterite phases and lower 
intensity of other secondary phases. In comparison, S1 and 
S5 have wider band gaps. The presence of secondary 
phases in S1 and S5 was demonstrated from XRD patterns, 
which may cause the enlargement of the optical band gap. 
Also, the large optical band gap of the thin films may be a 
result of their composition.  

The EDX results are presented in Table II. Regarding the 
stoichiometric ratio of CZTS thin films, sample S3 
provides the best EDX result. This EDX result is also in 
good agreement with XRD patterns and optical data 
analysis. Table II reveals the presence of a lower 
concentration of Cu and Zn in the CZTS thin films. Hence, 
optimization of Cu and Zn concentration may give 
single-phase CZTS.

To study the electrical properties of the CZTS thin films, 
we carried out a Hall measurement of the samples at room 
temperature. Table III summarizes the electrical 
resistivity, mobility, and carrier concentration values for 
five CZTS thin film samples. It can be observed from 
Table III, and all the films have high carrier concentration 
compared to the CZTS thin films reported in (Vigil-galán 
et al., 2013; Diwateet al., 2017). 

Conclusion

In summary, CZTS absorption layers were fabricated by 
the spray pyrolysis method. Shallow and high 
concentrations of Sn content lead to the formation of 
secondary phases. It has been found that the spray 
pyrolysis solution with Sn concentration 1.8 mM (S3) has 
the highest structural quality of the CZTS film due to a 
minimum content of secondary phases. The band gap of 
the CZTS thin film is 1.55 eV. The elemental analysis also 
reveals that the sample has an atomic ration of 
1.8:1:1.4:2.9, which shows minimum deviation from the 
standard stoichiometric ratio (2:1:1:4 for Cu, Zn, Sn and 
S) compared to other samples. Whereas CZTS films with 
low and high Sn content have secondary phases related to 
copper, and Zn compounds give a higher optical bandgap. 
The main result presented in this work concerning the 
evolution of secondary phases in the CZTS with the 
variation of Sn content in the spray solution. All the CZTS 
thin films have good electrical properties. The elemental 
analysis also shows that the CZTS thin films are Cu poor. 
Future work will also study the optimization of Cu and Zn 
content for single-phase CZTS thin film. 
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Experimental

CZTS thin film deposition was performed by a pneumatic 
spray pyrolysis method in an air atmosphere with an 
ultrasonic spray nozzle. A precursor solution consisting of 
CuCl2.2H2O, ZnCl2, SnCl4.5H2O, and thiourea (with an 
intentional concentration in excess) was dissolved in distilled 
water. This solution was sprayed onto soda-lime glass 
substrates heated at 200 °C. The nozzle to substrates distance 
was around 25 cm, and a tota l100 ml solution was sprayed 
continuously at a flow rate of 0.01ml/ sec. Air was used as the 
carrier gas during the spray deposition. To investigate the 
influence of the tin concentration on the properties of 
CZTS thin films, it was changed from 0.5to 2.4 mM. The 
samples were denoted as S1 for tin concentration 0.5 mM, 
S2 for tin concentration 1.6 mM, S3 for tin concentration 
1.8m M, S4 for tin concentration 2mM, and S5 for tin 
concentration 2.4 mM.

All the spray deposited thin films were exhibited 
low-temperature annealing at 270 °C for 40 min, followed by 
high-temperature annealing at 550 °C for 40 min. Annealing 
was carried in an N2environment without any sulfur or tin 
powder. 

Characterization techniques

The structural as well as phase identification measurements 
were carried out by an X-ray Diffractometer (GBC-XRD, 
EMMA) with a step size of 0.02 deg. Using a Cu_Kα1 (λ
=1.54062Ǻ) radiation source operated at 35.5 kV and 28 mA. 
Elemental analysis of the CZTS thin films was done by a 
Scanning Electron Microscope (SEM) with dispersive 
electron X-ray (EDX) (Carl Zeiss, EVO 18). The optical 
transmittance measurements were made using a 
UV-VIS-NIR (Hitachi, UH4150) spectrophotometer coupled 
with an integrating sphere. Using a Stylus Profilometer 
(Bruker, DektakXT-A) thickness of the thin films was 
measured. Electrical properties were measured using a Hall 
Effect Measurement System (Ecopia, HMS-3300 with 
AHT55T3).

Results and discussion

The X-ray diffraction patterns of CZTS films synthesized 
with various tin concentrations are shown in Fig. 1. As can be 
seen, peaks are assigned to (112), (204), and (312) planes of 
the CZTS kesterite phase (according to the card JCPDS 
26-0575), with (112) plane as preferential orientation in all 
diffraction patterns (Kumar et al., 2009; Daranfed et al., 
2012). Peak intensities in an XRD spectrum are the result of 

total reflection from each crystal plane. Hence, it can be 
summarized from Fig. 1, initially the crystallinity of the thin 
films increases (from S1 to S3) with a tin concentration in the 
precursor solution and then again decreases for S4 and S5. 
Sample S3 has the highest intensity of kesterite phase with 
(112) plane as a preferential orientation. 

In a quaternary compound, such as CZTS, it is hard to avoid 
secondary phases formation regardless of the deposition 
method. From Fig. 1, it can be easily observed that S1 and S5 
films have lower intensity of kesterite phases compared to 
other secondary phases. Along with the CZTS kesterite 
phase, S1 film with 0.5mM tin concentration contains 
Cu3SnS4 (JCPDS card no. 36-0218) and CuxS (JCPDS Card 
no. 36-0380) phases. Whereas, in the case of S5 with tin 
concentration 2.4mM, ZnS (JCPDS card no. 10-0434) is the 
dominant secondary phase. It reveals that Sn concentration 
has to be optimized to improve the crystallinity of CZTS thin 
film and reduce the presence of impurity phases. 

The crystallite size, D, for the fabricated CZTS thin films are 
calculated by using Scherrer’s formula (Bashar et al., 2019):

   (1)

where, λ (= 1.54062 Ǻ) is the wavelength of the X-ray beam, 
θ is diffraction angle and β is the full width at half maximum 
(FWHM) of the diffraction peak.

To estimate the number of defects in the sample, the 
dislocation density (δ) is calculated for the samples by using 
the relation (Bashar et al., 2019):

   (2)

where D is the crystallite size, n is a factor, which is 
considered almost equal to unity for minimum dislocation 
density. To determine the crystal imperfection and distortion 
induced in the samples lattice strain (ε), which is caused by 
the variable displacement of the atoms with respect to their 
reference-lattice positions, is also calculated using the 
Williamson-Hall formula (Bashar et al., 2019):

   (3)

where θ and β have their usual significances. All these 
structural parameters are listed in Table I. This reveals the 
apparent variation in crystallite size, dislocation density, and 
strain value of the CZTS thin films with Sn concentration in 

the spray solution. Sample S3 has the largest crystallite size. 
Within a single crystallite, all the crystal planes are oriented 
in the same direction. Thus, larger crystallite size may have 
facilitated more significant peak intensity in the XRD spectra 
(Fig. 1). When the Sn concentration is more than 1.8 mM, the 
crystallite size of the CZTS thin film decreases. The 
dislocation density and strain are minima for sample S3. 

The optical absorption coefficient (α) was determined from 
the transmittance spectra of CZTS thin films with different 
tin concentrations. Variation in absorption coefficient with 

photon energy for different tin concentrations is presented in 
Fig. 2. Optical band gap values of the thin films are 
estimated, as shown in Fig. 3 from the plot of (αhν)2 as a 
function of photon energy hν, according to the Tauc 
formula for direct bandgap semiconductor (Bashar et al., 
2020).

(αhν)2 = B (hν - Eg)  (4)

Where α is the absorption coefficient, B is a constant, Eg is 

the optical gap energy, ν is incident photon energy, and h 
is the Plank’s constant.

The variation of the deduced optical band gaps with tin 
concentration is reported in Fig. 4. S2, S3, and S4 have 
band gaps within a range of 1.5-1.6 eV, which is in good 
agreement with CZTS band gap values reported by other 
authors (Daranfed et al., 2012; Diwate et al., 2017). S3 has 
the lowest band gap 1.55 eV, which is close to the 

stoichiometric value of CZTS. XRD patterns also show 
that S3 has a higher intensity of kesterite phases and lower 
intensity of other secondary phases. In comparison, S1 and 
S5 have wider band gaps. The presence of secondary 
phases in S1 and S5 was demonstrated from XRD patterns, 
which may cause the enlargement of the optical band gap. 
Also, the large optical band gap of the thin films may be a 
result of their composition.  

The EDX results are presented in Table II. Regarding the 
stoichiometric ratio of CZTS thin films, sample S3 
provides the best EDX result. This EDX result is also in 
good agreement with XRD patterns and optical data 
analysis. Table II reveals the presence of a lower 
concentration of Cu and Zn in the CZTS thin films. Hence, 
optimization of Cu and Zn concentration may give 
single-phase CZTS.

To study the electrical properties of the CZTS thin films, 
we carried out a Hall measurement of the samples at room 
temperature. Table III summarizes the electrical 
resistivity, mobility, and carrier concentration values for 
five CZTS thin film samples. It can be observed from 
Table III, and all the films have high carrier concentration 
compared to the CZTS thin films reported in (Vigil-galán 
et al., 2013; Diwateet al., 2017). 

Conclusion

In summary, CZTS absorption layers were fabricated by 
the spray pyrolysis method. Shallow and high 
concentrations of Sn content lead to the formation of 
secondary phases. It has been found that the spray 
pyrolysis solution with Sn concentration 1.8 mM (S3) has 
the highest structural quality of the CZTS film due to a 
minimum content of secondary phases. The band gap of 
the CZTS thin film is 1.55 eV. The elemental analysis also 
reveals that the sample has an atomic ration of 
1.8:1:1.4:2.9, which shows minimum deviation from the 
standard stoichiometric ratio (2:1:1:4 for Cu, Zn, Sn and 
S) compared to other samples. Whereas CZTS films with 
low and high Sn content have secondary phases related to 
copper, and Zn compounds give a higher optical bandgap. 
The main result presented in this work concerning the 
evolution of secondary phases in the CZTS with the 
variation of Sn content in the spray solution. All the CZTS 
thin films have good electrical properties. The elemental 
analysis also shows that the CZTS thin films are Cu poor. 
Future work will also study the optimization of Cu and Zn 
content for single-phase CZTS thin film. 
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Fig. 1. XRD patterns of CZTS thin films deposited
            with different tin concentration

Fig. 2. Absorption coefficient as a function of photon
           energy for films with different tin concentration

Fig. 3. (αhν)2 as a function of photon energy for films
            with different tin concentration

Fig. 4. Variation of band gap as a function of tin
            concentration in precursor solution
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Experimental

CZTS thin film deposition was performed by a pneumatic 
spray pyrolysis method in an air atmosphere with an 
ultrasonic spray nozzle. A precursor solution consisting of 
CuCl2.2H2O, ZnCl2, SnCl4.5H2O, and thiourea (with an 
intentional concentration in excess) was dissolved in distilled 
water. This solution was sprayed onto soda-lime glass 
substrates heated at 200 °C. The nozzle to substrates distance 
was around 25 cm, and a tota l100 ml solution was sprayed 
continuously at a flow rate of 0.01ml/ sec. Air was used as the 
carrier gas during the spray deposition. To investigate the 
influence of the tin concentration on the properties of 
CZTS thin films, it was changed from 0.5to 2.4 mM. The 
samples were denoted as S1 for tin concentration 0.5 mM, 
S2 for tin concentration 1.6 mM, S3 for tin concentration 
1.8m M, S4 for tin concentration 2mM, and S5 for tin 
concentration 2.4 mM.

All the spray deposited thin films were exhibited 
low-temperature annealing at 270 °C for 40 min, followed by 
high-temperature annealing at 550 °C for 40 min. Annealing 
was carried in an N2environment without any sulfur or tin 
powder. 

Characterization techniques

The structural as well as phase identification measurements 
were carried out by an X-ray Diffractometer (GBC-XRD, 
EMMA) with a step size of 0.02 deg. Using a Cu_Kα1 (λ
=1.54062Ǻ) radiation source operated at 35.5 kV and 28 mA. 
Elemental analysis of the CZTS thin films was done by a 
Scanning Electron Microscope (SEM) with dispersive 
electron X-ray (EDX) (Carl Zeiss, EVO 18). The optical 
transmittance measurements were made using a 
UV-VIS-NIR (Hitachi, UH4150) spectrophotometer coupled 
with an integrating sphere. Using a Stylus Profilometer 
(Bruker, DektakXT-A) thickness of the thin films was 
measured. Electrical properties were measured using a Hall 
Effect Measurement System (Ecopia, HMS-3300 with 
AHT55T3).

Results and discussion

The X-ray diffraction patterns of CZTS films synthesized 
with various tin concentrations are shown in Fig. 1. As can be 
seen, peaks are assigned to (112), (204), and (312) planes of 
the CZTS kesterite phase (according to the card JCPDS 
26-0575), with (112) plane as preferential orientation in all 
diffraction patterns (Kumar et al., 2009; Daranfed et al., 
2012). Peak intensities in an XRD spectrum are the result of 

total reflection from each crystal plane. Hence, it can be 
summarized from Fig. 1, initially the crystallinity of the thin 
films increases (from S1 to S3) with a tin concentration in the 
precursor solution and then again decreases for S4 and S5. 
Sample S3 has the highest intensity of kesterite phase with 
(112) plane as a preferential orientation. 

In a quaternary compound, such as CZTS, it is hard to avoid 
secondary phases formation regardless of the deposition 
method. From Fig. 1, it can be easily observed that S1 and S5 
films have lower intensity of kesterite phases compared to 
other secondary phases. Along with the CZTS kesterite 
phase, S1 film with 0.5mM tin concentration contains 
Cu3SnS4 (JCPDS card no. 36-0218) and CuxS (JCPDS Card 
no. 36-0380) phases. Whereas, in the case of S5 with tin 
concentration 2.4mM, ZnS (JCPDS card no. 10-0434) is the 
dominant secondary phase. It reveals that Sn concentration 
has to be optimized to improve the crystallinity of CZTS thin 
film and reduce the presence of impurity phases. 

The crystallite size, D, for the fabricated CZTS thin films are 
calculated by using Scherrer’s formula (Bashar et al., 2019):

   (1)

where, λ (= 1.54062 Ǻ) is the wavelength of the X-ray beam, 
θ is diffraction angle and β is the full width at half maximum 
(FWHM) of the diffraction peak.

To estimate the number of defects in the sample, the 
dislocation density (δ) is calculated for the samples by using 
the relation (Bashar et al., 2019):

   (2)

where D is the crystallite size, n is a factor, which is 
considered almost equal to unity for minimum dislocation 
density. To determine the crystal imperfection and distortion 
induced in the samples lattice strain (ε), which is caused by 
the variable displacement of the atoms with respect to their 
reference-lattice positions, is also calculated using the 
Williamson-Hall formula (Bashar et al., 2019):

   (3)

where θ and β have their usual significances. All these 
structural parameters are listed in Table I. This reveals the 
apparent variation in crystallite size, dislocation density, and 
strain value of the CZTS thin films with Sn concentration in 

the spray solution. Sample S3 has the largest crystallite size. 
Within a single crystallite, all the crystal planes are oriented 
in the same direction. Thus, larger crystallite size may have 
facilitated more significant peak intensity in the XRD spectra 
(Fig. 1). When the Sn concentration is more than 1.8 mM, the 
crystallite size of the CZTS thin film decreases. The 
dislocation density and strain are minima for sample S3. 

The optical absorption coefficient (α) was determined from 
the transmittance spectra of CZTS thin films with different 
tin concentrations. Variation in absorption coefficient with 

photon energy for different tin concentrations is presented in 
Fig. 2. Optical band gap values of the thin films are 
estimated, as shown in Fig. 3 from the plot of (αhν)2 as a 
function of photon energy hν, according to the Tauc 
formula for direct bandgap semiconductor (Bashar et al., 
2020).

(αhν)2 = B (hν - Eg)  (4)

Where α is the absorption coefficient, B is a constant, Eg is 

the optical gap energy, ν is incident photon energy, and h 
is the Plank’s constant.

The variation of the deduced optical band gaps with tin 
concentration is reported in Fig. 4. S2, S3, and S4 have 
band gaps within a range of 1.5-1.6 eV, which is in good 
agreement with CZTS band gap values reported by other 
authors (Daranfed et al., 2012; Diwate et al., 2017). S3 has 
the lowest band gap 1.55 eV, which is close to the 

stoichiometric value of CZTS. XRD patterns also show 
that S3 has a higher intensity of kesterite phases and lower 
intensity of other secondary phases. In comparison, S1 and 
S5 have wider band gaps. The presence of secondary 
phases in S1 and S5 was demonstrated from XRD patterns, 
which may cause the enlargement of the optical band gap. 
Also, the large optical band gap of the thin films may be a 
result of their composition.  

The EDX results are presented in Table II. Regarding the 
stoichiometric ratio of CZTS thin films, sample S3 
provides the best EDX result. This EDX result is also in 
good agreement with XRD patterns and optical data 
analysis. Table II reveals the presence of a lower 
concentration of Cu and Zn in the CZTS thin films. Hence, 
optimization of Cu and Zn concentration may give 
single-phase CZTS.

To study the electrical properties of the CZTS thin films, 
we carried out a Hall measurement of the samples at room 
temperature. Table III summarizes the electrical 
resistivity, mobility, and carrier concentration values for 
five CZTS thin film samples. It can be observed from 
Table III, and all the films have high carrier concentration 
compared to the CZTS thin films reported in (Vigil-galán 
et al., 2013; Diwateet al., 2017). 

Conclusion

In summary, CZTS absorption layers were fabricated by 
the spray pyrolysis method. Shallow and high 
concentrations of Sn content lead to the formation of 
secondary phases. It has been found that the spray 
pyrolysis solution with Sn concentration 1.8 mM (S3) has 
the highest structural quality of the CZTS film due to a 
minimum content of secondary phases. The band gap of 
the CZTS thin film is 1.55 eV. The elemental analysis also 
reveals that the sample has an atomic ration of 
1.8:1:1.4:2.9, which shows minimum deviation from the 
standard stoichiometric ratio (2:1:1:4 for Cu, Zn, Sn and 
S) compared to other samples. Whereas CZTS films with 
low and high Sn content have secondary phases related to 
copper, and Zn compounds give a higher optical bandgap. 
The main result presented in this work concerning the 
evolution of secondary phases in the CZTS with the 
variation of Sn content in the spray solution. All the CZTS 
thin films have good electrical properties. The elemental 
analysis also shows that the CZTS thin films are Cu poor. 
Future work will also study the optimization of Cu and Zn 
content for single-phase CZTS thin film. 
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Table I. Structural parameters of CZTS thin films

Sample 
Name  

Sn 
Conc. 
(mM)  

FWHM 
β (°) 

D (Å) 
δ 

(10−5nm−2) 
ε 

S1 0.5 0.276 296.868 1.135 0.0189 

S2 1.6 0.292 280.602 1.270 0.0200 

S3 1.8 0.263 311.542 1.030 0.0181 

S4 2.0 0.378 216.761 2.128 0.0259 

S5 2.4 0.392 209.020 2.289 0.0292 

Table II. Stoichiometric ratio of the spray deposited CZTS thin films

Sample 
name  

Tin 
conc. 
(mM)  

Composition of elements in atomic %  Atomic ratio  
Cu:Zn:Sn:S  Cu/Zn Cu/Sn Zn/Sn Cu/(Zn+Sn) 

S1  0.5  0.855  26.701  31.236  0.83 26.8:31.3:1:19.9 
S2  1.6  1.824  1.298  0.711  0.76 1.9 : 1 : 1.5 : 9.8 
S3  1.8  1.703  1.290  0.757  0.73 1.8 : 1 : 1.4 : 2.9 
S4  2.0  0.941  0.469  0.499  0.31 1 : 1.1 : 2.2 : 2.3 
S5  2.4  0.904  0.308  0.341  0.23 1 : 1.2 : 3.3 : 2 

Table III. Electrical properties of the spray deposited CZTS thin films

Sample  Sn Conc.  ρ (Ωcm)×10-3 µ (cm2/Vs) Carrier density 
(cm-3)×1020 

S1 0.5 2.299 1.186 22.89 
S2 1.6 5.428 4.257 2.70 
S3 1.8 6.746 2.197 4.21 
S4 2.0 2.193 0.492 57.89 
S5 2.4 93.51 1.605 0.42 
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Experimental

CZTS thin film deposition was performed by a pneumatic 
spray pyrolysis method in an air atmosphere with an 
ultrasonic spray nozzle. A precursor solution consisting of 
CuCl2.2H2O, ZnCl2, SnCl4.5H2O, and thiourea (with an 
intentional concentration in excess) was dissolved in distilled 
water. This solution was sprayed onto soda-lime glass 
substrates heated at 200 °C. The nozzle to substrates distance 
was around 25 cm, and a tota l100 ml solution was sprayed 
continuously at a flow rate of 0.01ml/ sec. Air was used as the 
carrier gas during the spray deposition. To investigate the 
influence of the tin concentration on the properties of 
CZTS thin films, it was changed from 0.5to 2.4 mM. The 
samples were denoted as S1 for tin concentration 0.5 mM, 
S2 for tin concentration 1.6 mM, S3 for tin concentration 
1.8m M, S4 for tin concentration 2mM, and S5 for tin 
concentration 2.4 mM.

All the spray deposited thin films were exhibited 
low-temperature annealing at 270 °C for 40 min, followed by 
high-temperature annealing at 550 °C for 40 min. Annealing 
was carried in an N2environment without any sulfur or tin 
powder. 

Characterization techniques

The structural as well as phase identification measurements 
were carried out by an X-ray Diffractometer (GBC-XRD, 
EMMA) with a step size of 0.02 deg. Using a Cu_Kα1 (λ
=1.54062Ǻ) radiation source operated at 35.5 kV and 28 mA. 
Elemental analysis of the CZTS thin films was done by a 
Scanning Electron Microscope (SEM) with dispersive 
electron X-ray (EDX) (Carl Zeiss, EVO 18). The optical 
transmittance measurements were made using a 
UV-VIS-NIR (Hitachi, UH4150) spectrophotometer coupled 
with an integrating sphere. Using a Stylus Profilometer 
(Bruker, DektakXT-A) thickness of the thin films was 
measured. Electrical properties were measured using a Hall 
Effect Measurement System (Ecopia, HMS-3300 with 
AHT55T3).

Results and discussion

The X-ray diffraction patterns of CZTS films synthesized 
with various tin concentrations are shown in Fig. 1. As can be 
seen, peaks are assigned to (112), (204), and (312) planes of 
the CZTS kesterite phase (according to the card JCPDS 
26-0575), with (112) plane as preferential orientation in all 
diffraction patterns (Kumar et al., 2009; Daranfed et al., 
2012). Peak intensities in an XRD spectrum are the result of 

total reflection from each crystal plane. Hence, it can be 
summarized from Fig. 1, initially the crystallinity of the thin 
films increases (from S1 to S3) with a tin concentration in the 
precursor solution and then again decreases for S4 and S5. 
Sample S3 has the highest intensity of kesterite phase with 
(112) plane as a preferential orientation. 

In a quaternary compound, such as CZTS, it is hard to avoid 
secondary phases formation regardless of the deposition 
method. From Fig. 1, it can be easily observed that S1 and S5 
films have lower intensity of kesterite phases compared to 
other secondary phases. Along with the CZTS kesterite 
phase, S1 film with 0.5mM tin concentration contains 
Cu3SnS4 (JCPDS card no. 36-0218) and CuxS (JCPDS Card 
no. 36-0380) phases. Whereas, in the case of S5 with tin 
concentration 2.4mM, ZnS (JCPDS card no. 10-0434) is the 
dominant secondary phase. It reveals that Sn concentration 
has to be optimized to improve the crystallinity of CZTS thin 
film and reduce the presence of impurity phases. 

The crystallite size, D, for the fabricated CZTS thin films are 
calculated by using Scherrer’s formula (Bashar et al., 2019):

   (1)

where, λ (= 1.54062 Ǻ) is the wavelength of the X-ray beam, 
θ is diffraction angle and β is the full width at half maximum 
(FWHM) of the diffraction peak.

To estimate the number of defects in the sample, the 
dislocation density (δ) is calculated for the samples by using 
the relation (Bashar et al., 2019):

   (2)

where D is the crystallite size, n is a factor, which is 
considered almost equal to unity for minimum dislocation 
density. To determine the crystal imperfection and distortion 
induced in the samples lattice strain (ε), which is caused by 
the variable displacement of the atoms with respect to their 
reference-lattice positions, is also calculated using the 
Williamson-Hall formula (Bashar et al., 2019):

   (3)

where θ and β have their usual significances. All these 
structural parameters are listed in Table I. This reveals the 
apparent variation in crystallite size, dislocation density, and 
strain value of the CZTS thin films with Sn concentration in 

the spray solution. Sample S3 has the largest crystallite size. 
Within a single crystallite, all the crystal planes are oriented 
in the same direction. Thus, larger crystallite size may have 
facilitated more significant peak intensity in the XRD spectra 
(Fig. 1). When the Sn concentration is more than 1.8 mM, the 
crystallite size of the CZTS thin film decreases. The 
dislocation density and strain are minima for sample S3. 

The optical absorption coefficient (α) was determined from 
the transmittance spectra of CZTS thin films with different 
tin concentrations. Variation in absorption coefficient with 

photon energy for different tin concentrations is presented in 
Fig. 2. Optical band gap values of the thin films are 
estimated, as shown in Fig. 3 from the plot of (αhν)2 as a 
function of photon energy hν, according to the Tauc 
formula for direct bandgap semiconductor (Bashar et al., 
2020).

(αhν)2 = B (hν - Eg)  (4)

Where α is the absorption coefficient, B is a constant, Eg is 

the optical gap energy, ν is incident photon energy, and h 
is the Plank’s constant.

The variation of the deduced optical band gaps with tin 
concentration is reported in Fig. 4. S2, S3, and S4 have 
band gaps within a range of 1.5-1.6 eV, which is in good 
agreement with CZTS band gap values reported by other 
authors (Daranfed et al., 2012; Diwate et al., 2017). S3 has 
the lowest band gap 1.55 eV, which is close to the 

stoichiometric value of CZTS. XRD patterns also show 
that S3 has a higher intensity of kesterite phases and lower 
intensity of other secondary phases. In comparison, S1 and 
S5 have wider band gaps. The presence of secondary 
phases in S1 and S5 was demonstrated from XRD patterns, 
which may cause the enlargement of the optical band gap. 
Also, the large optical band gap of the thin films may be a 
result of their composition.  

The EDX results are presented in Table II. Regarding the 
stoichiometric ratio of CZTS thin films, sample S3 
provides the best EDX result. This EDX result is also in 
good agreement with XRD patterns and optical data 
analysis. Table II reveals the presence of a lower 
concentration of Cu and Zn in the CZTS thin films. Hence, 
optimization of Cu and Zn concentration may give 
single-phase CZTS.

To study the electrical properties of the CZTS thin films, 
we carried out a Hall measurement of the samples at room 
temperature. Table III summarizes the electrical 
resistivity, mobility, and carrier concentration values for 
five CZTS thin film samples. It can be observed from 
Table III, and all the films have high carrier concentration 
compared to the CZTS thin films reported in (Vigil-galán 
et al., 2013; Diwateet al., 2017). 

Conclusion

In summary, CZTS absorption layers were fabricated by 
the spray pyrolysis method. Shallow and high 
concentrations of Sn content lead to the formation of 
secondary phases. It has been found that the spray 
pyrolysis solution with Sn concentration 1.8 mM (S3) has 
the highest structural quality of the CZTS film due to a 
minimum content of secondary phases. The band gap of 
the CZTS thin film is 1.55 eV. The elemental analysis also 
reveals that the sample has an atomic ration of 
1.8:1:1.4:2.9, which shows minimum deviation from the 
standard stoichiometric ratio (2:1:1:4 for Cu, Zn, Sn and 
S) compared to other samples. Whereas CZTS films with 
low and high Sn content have secondary phases related to 
copper, and Zn compounds give a higher optical bandgap. 
The main result presented in this work concerning the 
evolution of secondary phases in the CZTS with the 
variation of Sn content in the spray solution. All the CZTS 
thin films have good electrical properties. The elemental 
analysis also shows that the CZTS thin films are Cu poor. 
Future work will also study the optimization of Cu and Zn 
content for single-phase CZTS thin film. 
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Experimental

CZTS thin film deposition was performed by a pneumatic 
spray pyrolysis method in an air atmosphere with an 
ultrasonic spray nozzle. A precursor solution consisting of 
CuCl2.2H2O, ZnCl2, SnCl4.5H2O, and thiourea (with an 
intentional concentration in excess) was dissolved in distilled 
water. This solution was sprayed onto soda-lime glass 
substrates heated at 200 °C. The nozzle to substrates distance 
was around 25 cm, and a tota l100 ml solution was sprayed 
continuously at a flow rate of 0.01ml/ sec. Air was used as the 
carrier gas during the spray deposition. To investigate the 
influence of the tin concentration on the properties of 
CZTS thin films, it was changed from 0.5to 2.4 mM. The 
samples were denoted as S1 for tin concentration 0.5 mM, 
S2 for tin concentration 1.6 mM, S3 for tin concentration 
1.8m M, S4 for tin concentration 2mM, and S5 for tin 
concentration 2.4 mM.

All the spray deposited thin films were exhibited 
low-temperature annealing at 270 °C for 40 min, followed by 
high-temperature annealing at 550 °C for 40 min. Annealing 
was carried in an N2environment without any sulfur or tin 
powder. 

Characterization techniques

The structural as well as phase identification measurements 
were carried out by an X-ray Diffractometer (GBC-XRD, 
EMMA) with a step size of 0.02 deg. Using a Cu_Kα1 (λ
=1.54062Ǻ) radiation source operated at 35.5 kV and 28 mA. 
Elemental analysis of the CZTS thin films was done by a 
Scanning Electron Microscope (SEM) with dispersive 
electron X-ray (EDX) (Carl Zeiss, EVO 18). The optical 
transmittance measurements were made using a 
UV-VIS-NIR (Hitachi, UH4150) spectrophotometer coupled 
with an integrating sphere. Using a Stylus Profilometer 
(Bruker, DektakXT-A) thickness of the thin films was 
measured. Electrical properties were measured using a Hall 
Effect Measurement System (Ecopia, HMS-3300 with 
AHT55T3).

Results and discussion

The X-ray diffraction patterns of CZTS films synthesized 
with various tin concentrations are shown in Fig. 1. As can be 
seen, peaks are assigned to (112), (204), and (312) planes of 
the CZTS kesterite phase (according to the card JCPDS 
26-0575), with (112) plane as preferential orientation in all 
diffraction patterns (Kumar et al., 2009; Daranfed et al., 
2012). Peak intensities in an XRD spectrum are the result of 

total reflection from each crystal plane. Hence, it can be 
summarized from Fig. 1, initially the crystallinity of the thin 
films increases (from S1 to S3) with a tin concentration in the 
precursor solution and then again decreases for S4 and S5. 
Sample S3 has the highest intensity of kesterite phase with 
(112) plane as a preferential orientation. 

In a quaternary compound, such as CZTS, it is hard to avoid 
secondary phases formation regardless of the deposition 
method. From Fig. 1, it can be easily observed that S1 and S5 
films have lower intensity of kesterite phases compared to 
other secondary phases. Along with the CZTS kesterite 
phase, S1 film with 0.5mM tin concentration contains 
Cu3SnS4 (JCPDS card no. 36-0218) and CuxS (JCPDS Card 
no. 36-0380) phases. Whereas, in the case of S5 with tin 
concentration 2.4mM, ZnS (JCPDS card no. 10-0434) is the 
dominant secondary phase. It reveals that Sn concentration 
has to be optimized to improve the crystallinity of CZTS thin 
film and reduce the presence of impurity phases. 

The crystallite size, D, for the fabricated CZTS thin films are 
calculated by using Scherrer’s formula (Bashar et al., 2019):

   (1)

where, λ (= 1.54062 Ǻ) is the wavelength of the X-ray beam, 
θ is diffraction angle and β is the full width at half maximum 
(FWHM) of the diffraction peak.

To estimate the number of defects in the sample, the 
dislocation density (δ) is calculated for the samples by using 
the relation (Bashar et al., 2019):

   (2)

where D is the crystallite size, n is a factor, which is 
considered almost equal to unity for minimum dislocation 
density. To determine the crystal imperfection and distortion 
induced in the samples lattice strain (ε), which is caused by 
the variable displacement of the atoms with respect to their 
reference-lattice positions, is also calculated using the 
Williamson-Hall formula (Bashar et al., 2019):

   (3)

where θ and β have their usual significances. All these 
structural parameters are listed in Table I. This reveals the 
apparent variation in crystallite size, dislocation density, and 
strain value of the CZTS thin films with Sn concentration in 

the spray solution. Sample S3 has the largest crystallite size. 
Within a single crystallite, all the crystal planes are oriented 
in the same direction. Thus, larger crystallite size may have 
facilitated more significant peak intensity in the XRD spectra 
(Fig. 1). When the Sn concentration is more than 1.8 mM, the 
crystallite size of the CZTS thin film decreases. The 
dislocation density and strain are minima for sample S3. 

The optical absorption coefficient (α) was determined from 
the transmittance spectra of CZTS thin films with different 
tin concentrations. Variation in absorption coefficient with 

photon energy for different tin concentrations is presented in 
Fig. 2. Optical band gap values of the thin films are 
estimated, as shown in Fig. 3 from the plot of (αhν)2 as a 
function of photon energy hν, according to the Tauc 
formula for direct bandgap semiconductor (Bashar et al., 
2020).

(αhν)2 = B (hν - Eg)  (4)

Where α is the absorption coefficient, B is a constant, Eg is 

the optical gap energy, ν is incident photon energy, and h 
is the Plank’s constant.

The variation of the deduced optical band gaps with tin 
concentration is reported in Fig. 4. S2, S3, and S4 have 
band gaps within a range of 1.5-1.6 eV, which is in good 
agreement with CZTS band gap values reported by other 
authors (Daranfed et al., 2012; Diwate et al., 2017). S3 has 
the lowest band gap 1.55 eV, which is close to the 

stoichiometric value of CZTS. XRD patterns also show 
that S3 has a higher intensity of kesterite phases and lower 
intensity of other secondary phases. In comparison, S1 and 
S5 have wider band gaps. The presence of secondary 
phases in S1 and S5 was demonstrated from XRD patterns, 
which may cause the enlargement of the optical band gap. 
Also, the large optical band gap of the thin films may be a 
result of their composition.  

The EDX results are presented in Table II. Regarding the 
stoichiometric ratio of CZTS thin films, sample S3 
provides the best EDX result. This EDX result is also in 
good agreement with XRD patterns and optical data 
analysis. Table II reveals the presence of a lower 
concentration of Cu and Zn in the CZTS thin films. Hence, 
optimization of Cu and Zn concentration may give 
single-phase CZTS.

To study the electrical properties of the CZTS thin films, 
we carried out a Hall measurement of the samples at room 
temperature. Table III summarizes the electrical 
resistivity, mobility, and carrier concentration values for 
five CZTS thin film samples. It can be observed from 
Table III, and all the films have high carrier concentration 
compared to the CZTS thin films reported in (Vigil-galán 
et al., 2013; Diwateet al., 2017). 

Conclusion

In summary, CZTS absorption layers were fabricated by 
the spray pyrolysis method. Shallow and high 
concentrations of Sn content lead to the formation of 
secondary phases. It has been found that the spray 
pyrolysis solution with Sn concentration 1.8 mM (S3) has 
the highest structural quality of the CZTS film due to a 
minimum content of secondary phases. The band gap of 
the CZTS thin film is 1.55 eV. The elemental analysis also 
reveals that the sample has an atomic ration of 
1.8:1:1.4:2.9, which shows minimum deviation from the 
standard stoichiometric ratio (2:1:1:4 for Cu, Zn, Sn and 
S) compared to other samples. Whereas CZTS films with 
low and high Sn content have secondary phases related to 
copper, and Zn compounds give a higher optical bandgap. 
The main result presented in this work concerning the 
evolution of secondary phases in the CZTS with the 
variation of Sn content in the spray solution. All the CZTS 
thin films have good electrical properties. The elemental 
analysis also shows that the CZTS thin films are Cu poor. 
Future work will also study the optimization of Cu and Zn 
content for single-phase CZTS thin film. 
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