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In this work CZTS thin films with different layers were coated on n-type Si substrate kept at 350  C using the spray pyrolysis 

technique. FESEM results showed a crack-free and smooth surface. XRD results proved that all samples had a 
polycrystalline tetragonal type kesterite phase. Raman spectrum of the samples also confirmed the kesterite structures. The 
electrical measurements showed that all CZTS films had a p-type character with high absorption coefficient of 10

5
 cm

- 1
 and 

ideal band gap energy (1.52 eV). The effect of film thickness and annealing on the mobility of charged particles and the 
crystallinity was studied. An increase of more than one order of magnitude was observed in the mobility after increasing the 

thickness of the film. As the thickness increased from 0.15 m to 11.6 m, the mobility increased from 1.33 cm
2
V

-1
S

-1
 to 

30.5 cm
2
V

-1
S

-1
. A significant enhancement was observed in XRD peaks through annealing. An increase of 30% was 

obtained in the XRD peak even at 150  C. To our knowledge, this is the first time the effect of annealing at such low 

temperatures has been reported. 
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1. Introduction 
 

The use of coal, oil and natural gas for energy 

production has caused serious environmental problems 

such as global warming mainly due to carbon emission. 

Producing clean energy by the use of sustainable and 

renewable sources is of vital importance for solving all 

these environmental problems and also to meet the 

growing energy needs. Among the renewable energy 

sources the most abundant, sustainable and cheapest one is 

solar power. In spite of this abundancy, only 0.04% of 

basic power comes directly from solar sources [1]. 

Research done in the past two decades has concentrated 

mainly on finding highly efficient, stable, environmentally 

friendly and cheap photo-voltaic (PV) materials. These 

materials should also be highly absorptive, non-toxic and 

suitable for mass production. 

The first generation PV materials consists of either 

single or poly silicon crystals [2-5]. The silicon solar cells 

are stable, have a high photo-voltaic conversion efficiency 

(PCE) (%26.7) [6], and are easy to produce on a large 

scale. The disadvantages of Si solar cells are the high cost 

and pollution caused by the Si raw material. 

The second generation materials consists of 

semiconductors such as Cu(In,Ga)(S,Se)2 (CIGS) and 

CdTe [7-9]. CIGS materials have a high PCE 

(23.35%) [10] and stability. The drawbacks of these 

materials are their high cost, scarcity of the Ga and In used 

in CIGS [11], and toxicity of the Cd in CdTe [11]. 

Third generation solar cells can be classified into 

three groups. The first two groups are organic material-

based solar cells such as dye-sensitized solar cells 

(DSSCs) [12-14] and perovskites [15-19]. Although the 

efficiency of perovskite has increased immensely from 

3.4% (2009) up to 28.3% (2021), perovskite suffers from a 

serious stability issue [19, 20]. The third group is the 

quaternary chalcogenide family Cu2XSnS4 (X = Ni, Zn, 

Co, Mn, Fe), namely Cu2ZnSnS4 (CZTS) [20-22]. 

Although the PCE of CZTS (12.6%) [23] is low 

compared to that of the previous two groups, it became an 

optimal material because of its ease of fabrication and low 

cost, high absorption coefficient (10
4 

cm
-1

), earth-

abundance, ideal band gap (1.4 eV), and p-type 

conductivity [24-27]. 

Some of the reports published in the last decade are 

related to the effect of stoichiometry on the structural, 

optical and thermo-electrical properties of CZTS thin films 

[25, 28-30]. It has been reported that a Cu-poor, Zn-rich 

chemical composition causes a high carrier 

concentration [29, 30]. A Cu-rich, Zn-poor chemical 

composition causes an increase in crystallinity and band 

gap energy [31]. 

In other works, the effect of incorporating metal 

nanoparticles into CZTS has been investigated [32, 33]. It 

was reported that doping Ag nanoparticles into CZTS 

increased the electrical and decreased the thermal 

conductivity [32]. The doping of Na nanoparticles had 

similar effects on electrical and thermal conductivity [33]. 

While the measured conductivity of the bare CZTS sample 

was 852 Sm
-1

; the conductivity of 0.5 wt% and 1 wt% Ag-

doped samples were 4291 Sm
- 1

 and 6369 Sm
-1

 

respectively [32]. This enhancement in conductivity 

increased the figure of merit by 40% [33]. Additionally, an 

increase of more than 40% in PCE has been reported on 

Na-doped CZTS [34]. 

The effect of sulfurization on the thermal, optical, and 

electrical characteristics of CZTS thin films was also 

investigated [34]. Increasing the sulfurization duration has 
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caused an increase in the crystalline size of grown CZTS 

grains and the intensity of CZTS active modes, and has 

decreased the number of secondary modes [34]. 

Thermal annealing is an important step during 

manufacturing, which significantly affects morphology, 

improves the interface properties of the material, and 

eliminates the recombination centers at the p–n junction 

interface [20, 35–37]. Annealing has a considerable effect 

on the performance of all types of materials: 

polycrystalline (pc) Si-based [38], Cu(In,Ga)(S,Se)2 [39], 

CdTe/CdS [40] and even polymer-based organic solar cell 

materials [41]. Because of stress and dislocations among 

the grain boundaries, the efficiency of pc-Si solar cells is 

less than that of the monocrystalline ones [42]. It is 

reported that annealing reduces the stress and dislocations, 

and increases the efficiency of pc-Si [38]. 

Various methods have been applied to CZTS thin film 

fabrication such as evaporation [43, 44], pulsed laser 

deposition [45], sputtering [46,47], spray pyrolysis [24, 25, 

48], spin coating [49] etc. Each method has its own 

advantages and disadvantages. In this work the spray 

pyrolysis method was used because of its simplicity, 

moderate temperature processing, and ability to prepare 

homogeneous and highly crystalline thin films. Because of 

its decent characteristics such as excellent stability, earth-

abundance, low cost, non-toxicity, high absorption and 

ideal band-gap energy, CZTS has been used as an absorber 

layer for solar cell applications.  

In this paper, the morphological, structural, optical, 

and electrical characteristics of CZTS films have been 

analysed through FESEM, XRD, Raman spectroscopy, 

UV-Vis spectrophotometer and Hall-effect respectively. 

The effects of film thickness and annealing on mobility of 

charged particles and crystallinity of CZTS films were 

investigated. 

 

2. Sample preparation 
 

The precursor solution was prepared with 0.2M 

copper chloride (>99%, Sigma Aldrich), 0.1M zinc 

chloride (>99%, Sigma Aldrich), 0.1M tin chloride (>99%, 

Sigma Aldrich) and 1M thiourea (ACS reagent, ≥99.0%, 

Sigma Aldrich), which were dissolved separately in 

distilled water and mixed together before spraying. The 

solvent was a 60 ml mixture of ethanol in water: ethanol 

(20 ml), H2O (40 ml). The final solution was filtered 

through a 2 µm pore-size PTFE filter. The substrate 

temperature was kept at 350  C and the spray pyrolysis 

nozzle rate was 2 ml per minute. The substrate distance 

was 25 cm. Si substrates were etched within ethanol+HF 

(Hydrofluoric acid) for 10 min. Right after etching, 

Cu2ZnSnS4 layers were deposited onto the n-type Si 

substrate. 

The crystal structures were determined using a Rigaku 

D/max-2400 Advanced XRD diffractometer. X-ray 

diffraction analysis was carried out at a speed of 1 /min in 

the 2 range of 10-90  with CuKα (λ= 1.5406  ̇   
Surface morphology was studied with a FEI Quanta 

FEG450 FESEM. The Raman mapping of the CZTS thin 

films was done with a Raman RXN1, MR Probe. A λ= 785 

nm diode laser was used as a light source. Raman spectra 

of the samples were taken in the 150-500 cm
-1

 spectral 

range. The film thickness was measured with SEM and 

FESEM.  

 
3. Results and discussion 
 
The FESEM images of the CZTS thin films are shown 

in Fig. 1. The nanoparticles forming the homogenous 

crystalline structure of CZTS were stuck together on the  

substrate which were kept at 350  C. Morphology of the 

as-prepared Cu2ZnSnS4 layers showed a crack-free, 

smooth surface. The FESEM of the cross-section of four 

CZTS films are also shown in Fig.1. CZTS thin films at 

various thicknesses were fabricated at the range of 0.15-

11.6 m. Measured thickness of four different samples are 

given Fig.1 a)-d).  

One can see from Fig.1 that as the thickness of a 

sample increases, the surface quality and crystallinity 

increase as well.  

Optical properties of CZTS thin films were 

investigated through UV-vis absorption spectrum. One can 

see from Fig. 2 (a) that the absorption coefficient of CZTS 

samples is quite high in the entire visible range (10
5 

cm
-1

). 

Because of the higher thickness, we obtained an 

absorption coefficient one order of magnitude higher than 

the absorption values reported by various groups 

[16,24,26-33]. 

The band-gap of the CZTS were determined using an 

(     vs    graph. One film’s band-gap energy was 

calculated as 1.52 eV (Fig. 2(b)), which is the ideal value 

for solar cell applications. 

The crystal structure of all samples were determined 

with x-ray diffraction. Fig. 3 (a) shows the XRD of a 

CZTS sample. The three sharp peaks at 28 , 47  and 56  
are attributed to the (112), (220), and (312) planes of the 

CZTS respectively. These XRD results show that our 

sample has a tetragonal crystal structure matching with the 

JCPDS card no. 26-0575. 

We also performed XRD measurements on CZTS 

samples with different thicknesses (0.15 m- 11.6m). 

All samples showed the same characteristic peaks. 

Additionally, we observed that peak intensity increases 

with thickness (Fig. 3b). FESEM (Fig. 1) and XRD of 

samples at different thicknesses (Fig. 3b) show that as the 

thickness increases, the crystallinity and surface quality 

also increase. The same characteristic peaks and similar 

increase in crystallinity were observed by various groups 

in the literature [21,22,24,43].  

The crystalline size ( ) was calculated through the 

Debye-Scherrer formula [21, 37], 

 

  
    

     
 

where   is the x-ray wavelength (0.154059 nm),   is the 

full-width half maxima which is calculated with the origin 

software, and   is the Bragg’s diffraction angle. The 

estimated crystal size of the sample annealed at 150  C 

was 24.6 nm, while it was 42.8 nm. 
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FESEM Image (Surface)                                                 FESEM Image (Cross-section) 

 

 

 

 

Fig. 1. FESEM and SEM surface and cross-section images of five different samples: 

(a) 0.15 µm, (b) 0.99 µm, (c) 6.36 µm, (d) 9.80 µm 
 

 

(a) 

(b) 

(c) 

(d) 
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Fig. 2. (a) The UV-visible absorption spectrum of a CZTS thin 

film, (b) (     vs    graph of a CZTS sample (color online) 
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Fig. 3. (a) XRD of a CZTS thin film, (b) XRD responses of CZTS 

samples with various thickness (0.9-11.6 m) (color online) 

The Raman spectrums of the samples were also taken 

to prove the formation of the CZTS phase. Fig. 4 shows 

the Raman spectrum of one such sample. 
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Fig. 4. The Raman spectrum of a CZTS thin film 
 

 

The Raman spectrum of all samples showed a single 

Raman intense peak located at 338 cm
-1

. This value falls 

within the range of previously reported Raman intense 

peak values: from 331 cm
-1

 to 338 cm
-1

 [44-48]. The 

Raman results confirm the XRD results and the fact that 

the CZTS samples crystallized in the kesterite tetragonal 

structure. 

The effect of annealing on the crystal structure was 

studied at a lower temperature range (150  C – 250  C). 

To our knowledge, this is the first time the effect of 

annealing at such low temperatures has been reported. The 

XRD of the sample before and after annealing is shown in 

Fig. 5. 

 

 

 
 

Fig. 5. XRD of the CZTS thin film before and after  

annealing (color online) 

 

 

An increase of 30% occured in the XRD peak at 150 

 C. At 200  C this increase was over 30%. After 200  C, 
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the increase in XRD response gradually slowed down until 

250  C, where it became stable. It is clear that the peaks at 

47  and 56  become sharper as the annealing temperature 

increases. Two shallow peaks were also observed: one at 

about 70  and the other at 76 . Sayed et al. observed a 

similar increase in XRD in annealed CZTS samples [35]. 

They also observed a peak at 70 , yet their un-annealed 

samples didn’t show a similar result. The increase in XRD 

at higher annealing temperature may be due to the increase 

in the crystallite size. As we increased the annealing 

temperature, we obtained bigger crytallites: the size was 

24.6 nm at 150  C and 42.8 nm at 400  C. An increase in 

XRD intensity obtained by annealing has been reported by 

various groups in the literature [35, 36].  

The electrical properties of the CZTS samples were 

investigated through the Hall effect. Since the Hall effect 

is dominated by majority carrier transport, our 

measurements show that CZTS is a p-type material. Table 

1 shows our Hall measrement results.  
 

Table 1. The resistivity, mobility, carrier density and  

conductivity of the CZTS samples 

 

Thickness 

m 

Volume 

Resistivity 

Ω.cm 

Mobility 

cm2V-1s-1 

Bulk 

Carrier 

Dens. 

1 1017cm-3 

Conductivity 

1 102 Ω.cm-1 

0.99 16.9 1.33 2.78 7.10 

6.36 25.0 1.94 1.28 4.80 

9.80 72.1 7.11 0.12 3.14 

11.60 65.9 30.5 0.03 2.86 

 

 

In Table 1, we can see that as the thickness of a CZTS 

film increases, the mobility and volume resistivity also 

increase, but the carrier density and conductivity decrease. 

As the thickness increased from 0.99 m to 11.6 m, the 

mobility increased from 1.33 cm
2
V

-1
S

-1
 to 30.5 cm

2
V

-1
S

-1
. 

The increase in mobility may be primarily due to the 

decrease in carrier concentration. Another cause for the 

increase in mobility may be the decrease in grain boundary 

scattering. It is reported that as the grain size increases, 

grain boundary scattering decreases [42]. The increase in 

volume resistivity may be due to lattice mismatches and 

impurities that might have occurred between CZTS layers 

during fabrication. The decrease in carrier density, and 

thus the conductivity, may be due to the deep-level defects 

such as CuZn [20, 42]. The CuZn deep-level defects are 

predicted to have the lowest formation energy of any 

defect and provide shallow acceptor states [42, 49]. The 

increase in the amount of active material may lead to an 

increase in the number of deep-level defects.  

Since the resistivity of the n-type Si substrate is 

1       Ωcm, the resistivity obtained in Table 1 should 

be the resistivity of the CZTS thin films themselves. The 

effect of Si substrate on the resistivity is negligibly small. 

Sarsıcı et al. measured the resistivity of their CZTS as 

65 Ωcm and carrier concentration as          [57], and 

Peksu et al. measured resistivity, mobility and carrier 

concentration of their CZTS samples as 1.2 cm
2
/V.s, 

16.2 Ω.cm and 3.1 × 10
17

 cm
−3 

respectively [28]. Also the 

record IBM device showed the carrier density between 

1×10
15

 cm
−3

 and 1×10
17

 cm
−3 

[42]. Our findings are in line 

with these three reports. 

 
4. Conclusions 
 

In this work, CZTS thin films were coated on a Si 

substrate by the use of the simple spray pyrolysis 

technique. CZTS samples at different thicknesses (0.15 – 

11.60 m) were prepared. XRD and Raman spectrum of 

all films proved that only a CZTS phase was obtained. 

Electrical measurements showed that increasing the 

thickness of the film from 0.99 m to 11.60 m led to an 

increase in the mobility of the charged carriers from 1.33 

cm
2
V

-1
S

-1
 to 30.5 cm

2
V

-1
S

-1
, as well as that CZTS is a p-

type material. Annealing CZTS samples at a relatively 

lower temperature range of 150-250  C caused a 

substantial increase in XRD intensity. An increase of 30% 

was observed at 150  C, and an increase of over 30% was 

recorded at 200  C.  Increasing the thickness of CZTS also 

contributed to the significant increase in XRD intensity. 

This level of increase at such low temperatures may 

improve the device performance of CZTS solar cells. 

CZTS solar cells may reach this temperature with 

concentrated sunlight. Further research needs to be done to 

prove the effects of annealing on device performance and 

longevity. 
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