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AbSTRACT

 Undoped and Sb-doped, Cu2ZnSnS4 (CZTS) thin films have been synthesized on ordinary 
glass slides using the sol-gel spin coating method. The effect of variation in Sb doping concentration on 
structural, optical, and surface morphological characteristics of CZTS thin films has been investigated. 
The XRD analysis reported that these samples show a kesterite phase which is further confirmed by 
Raman spectra. The crystallite size for CZTS thin film samples increases from about 9nm to 15nm. 
The surface morphology of CZTS thin films has been investigated by SEM analysis. The chemical 
composition of existing elements has been presented by EDS analysis. The optical properties have 
been examined by UV-Vis spectrometer. For synthesized thin films energy band gap values vary from 
1.90eV to 1.62eV and the refractive index varies from 2.74 to 2.85. Additionally, the high-frequency 
dielectric constant (e∞) and static dielectric constant (e0) values have been determined.
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INTROdUCTION

 Alternative energy sources are available to 
meet the global need for energy, with solar energy 
being the best choice1. Thus, it is essential to discover 
such environmentally acceptable, affordable, and 
readily accessible semiconductor materials for the 
manufacturing of solar cells. Silicon is utilized as a 
semiconductor material in silicon solar cells, which 
are the first-generation photovoltaic cells. Although 
such solar cells have significant power conversion 

efficiency, they also have several disadvantages, 
including overpriced, a small absorption coefficient, 
and a lack of silicon in the natural world. Copper 
Indium Selenide (CIS), Cadmium Telluride (CdTe), 
and Copper Indium Gallium Selenide (CIGS) are 
utilized as semiconductor materials in the second-
generation photovoltaic cells, which are referred to as 
thin-film solar cells. CIGS photovoltaic cells are high 
power conversion efficient of over 20% efficiency2-9. 
On the other hand, In and Ga are not abundant on 
Earth, hence the presence of these elements makes 
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large-scale commercial manufacture of CIGS solar 
cells more problematic10. It is critical to investigate 
developing an alternate absorber material to tackle 
the problem of high cost and scarcity. Copper 
Zinc Tin Sulphide (CZTS) could be considered a 
potential component for thin film solar cells as a 
consequence of its numerous advantages such as 
it is made up of cheaper, earth-abundant, and non-
hazardous elements, as well as an absorber layer 
with a high absorption coefficient (104 cm-1) and a 
wide energy band gap 1.4-1.5 eV which is fitted with 
ideal energy band gap for thin film solar cells11-13. 
CZTS is a quaternary compound containing a large 
number of impurities and defects compared to 
ternary and binary compounds, which have a direct 
impact on charge generation, charge separation, 
and electron-hole pair recombination14-15. On this 
basis, the formation of single-phase CZTS material 
with larger grain sizes is critical to enhancing device 
characteristics16. As a result, research on CZTS thin 
films is ongoing to enhance the characteristics of 
these thin films. The incorporation of alkali metals 
in CIGS and CZTS absorber layers described an 
improvement in the thin film's grain size, surface 
morphology, electrical, and optical characteristics. 
Hence, the device's performance was improved17-25. 
Although numerous new studies on the integration 
of Li, Rb, and Cs alkaline elements were reported 
in recent years, most of the investigations have 
concentrated on Na incorporation26-30. In earlier 
research, CuIn1xGaxSe2ySe (CIGS) photovoltaic 
cells are manufactured at low temperatures (400°C) 
utilizing the Sb-doping approach, with the absorber 
films being deposited using a hydrazine-based 
procedure. It was discovered that utilizing cross-
sectional SEM, Sb-induced grain size enlargement 
was notable at these relatively low processing 
temperatures. These Sb-doped samples showed an 
enhancement in the efficiency of approximately 2-3% 
over their Sb-free sister counterparts31. It studied 
the optical and electrical characteristics of cation 
(Sb, Al, Ga, Ba) incorporated CZTS/Se materials, 
in which Sb and Ba have lower formation energies 
than Al and Ga. Additionally, the bulk modulus of 
the Sb substitute (65/51.25 GPa) with pure CZTS/ 
Se (65.8/53 GPa) shows its suitability as a dopant. 
The obtained results show that the Sb-doped CZTS/
Se is an ideal candidate for use as a component 
in relatively high-efficiency solar cells due to its 
reduced formation energy, preferred energy gap, 
and outstanding optical absorption32. Quantum 

mechanical investigations on Sb incorporated CZTS 
thin films revealed that Sb prefers to replace Sn 
atomic positions. Due to Sb incorporation, a half-filled 
intermediate band is formed by the Sb 5s states at 
0.5eV over the valence band maxima. It may help 
improve the photocurrent and enhance the efficiency 
of photovoltaic cells33.

 In this study, we synthesized Sb-doped 
CZTS thin films using a spin coating technique 
with various doping concentrations in the ratio of 
Sb/Cu (w%)=0%, 5%, 10%, and 15%. Thus, we 
used Sb as a dopant with low and high doping 
concentrations. Hence we have investigated the 
impact of variation in Sb doping concentration on 
the structural, surface morphological and optical 
characteristics of CZTS thin films.

MATERIALS ANd METHOdS

Preparation of a sol-gel precursor
 Step-I: Initially, 0.030 M of CuCl2.2H2O 
and 0.015 M of ZnCl2 were dissolved into 50 mL 
of 2-Methoxy ethanol and the solution was put 
on a magnetic stirrer with a hot plate at 50°C for  
30 minutes. Then 0.015 M of SnCl2.2H2O and 0.120 
M of thiourea (SC (NH2)2) were added to the above 
solution and finally, 30 drops of monoethanolamine 
(MEA) were added to the aforementioned solution, 
which aids in the complete dissolution of the metal 
salts. After one hour of magnetic stirring at 50°C on a 
hot plate, a transparent yellow solution was achieved.
Step-II: Antimony (III) acetate (Sb(OAC)3) was added 
to the above solution. Thus four types of precursors 
solution were formed with a weight percentage of 
Sb/Cu (w%)=0%, 5%, 10%, and 15%, and named 
S0, S5, S10, and S15 respectively. 

Fabrication of CZTS thin film
 Firstly the glass slides were cleaned via 
isopropyl alcohol, acetone, and distilled water 
respectively. Then, the precursor solution was 
spin-coated at 2500rpm on a cleaned glass slide; 
a thin film-coated glass slide was put on a hot 
plate for 5 min at 100°C. To obtain the thin films 
of the appropriate thickness, this operation was 
repeated 3 to 4 times. These thin films were then 
annealed for 10 min at 350°C in the air. This thin 
film fabrication process was operated for S0, S5, 
S10, and S15 solutions.
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Characterization Techniques 
 Different approaches were used to 
analyze the CZTS thin films. An X-ray diffraction 
spectroscopy (XRD; Panalytical X Pert Pro using 
CuK radiation) was used to determine the crystal 
structure of the Sb-doped thin films. A field emission 
scanning electron microscopy (FESEM) was used 
to determine the elemental composition (Nova 
Nano FE-SEM 450). A UV-Vis spectrophotometer 
(LAMBDA 750 Perkin Elmer) was used to calculate 
the optical properties of Cu2ZnSnS4 thin films in the 
200-800nm wavelength range. Raman spectroscopy 
(STR 500 CONFOCAL MICRO) was used to get the 
Raman spectra at ambient temperature. The 532nm 
wavelength emission line of an Argon ion laser was 
used to capture these Raman spectra. Surface 
morphology was analyzed using a ZEISS scanning 
electron microscopy (SEM).

RESULTS ANd dISCUSSION

Structural properties
 The XRD patterns of samples S0, S5, S10, 
and S15, are displayed in Fig. 1(b). The diffraction 
maxima occur in the neighbourhood of angles 
2 equal to 28.58o, 47.45o, and 56.16o, which are 
compatible with diffraction at the planes (112), (220), 
and (312) respectively. The kesterite CZTS phase 

is confirmed by the development of these peaks. 
The JCPDS#26-0575 card is in agreement with 
this34. These XRD spectra show that the diffraction 
angle for doped samples shifts to smaller values as 
compared to the undoped sample. The decrease in 
diffraction angle describes the increment in lattice 
constant which demonstrates the inclusion of Sb into 
the CZTS lattice. These doped Sb atoms tended to 
occupy Cu vacancies35. Table 1 shows the diffraction 
details at the plane (112) of Cu2ZnSnS4 thin films for 
various Sb doping levels. It has been noted that by 
raising the level of Sb doping, the FWHM of the plane 
(112) decreases which shows that the crystallinity 
has enhanced. Also, the I(112)/I(220) ratio for 
sample S15 is larger compared to other samples. It 
shows that 15 w% Sb doping aids (112) the favored 
orientation of CZTS films, which promotes crystalline 
growth36-37. The Debye–Scherer formula.

 (1)

 Where l=1.54 Å and b is the full width at 
half maximum (FWHM); may be utilized to compute 
samples’ crystallite size D. The S0, S5, S10, and S15 
samples have crystallite sizes of ~9, 10, 11, and 15nm, 
respectively. It also confirms that 15 w% Sb-doped 
CZTS thin films have better crystallinity in comparison 
to other Sb-doped as well as undoped films.  

Table 1: The sample-specific data of FWHM (b), crystallite size (D), 
dislocation density (d), strain (e), and peaked intensity ratios of  

planes (112) and (220), for samples S0, S5, S10, and S15.

Sample b(112)  D(nm) δ d×10-3 (nm-2) δ d×10-2 I(112)/I(220)

   S0 1.52 9.38 11.36 36.93 2.57
   S5 1.37 10.46 9.13 33.11 2.17
  S10 1.27 11.27 7.87 30.74 2.44
  S15 0.98 14.58 4.70 23.77 4.07

 Furthermore, to obtain additional information 
regarding the defects in the CZTS thin films, we 
calculated the dislocation density and strain.

 The dislocation density (d) is given by the 
formula.38

 (2)

While the strain is given by the relation.39

 (3)

 The values of b, D, d, e, and peaked 

intensity ratios of planes (112) and (220), are 
shown in Table 1. From Table 1, we conclude that 
crystallite size grows by the increment in Sb doping 
concentration, whereas FWHM, dislocation density, 
and strain diminish. Thus, for the enhancement in 
crystallinity of thin films; b, d, and e, should be lower 
and D should be greater. As a result, sample S15 
exhibits better crystallization than the other samples.

 Raman spectroscopy is a convenient 
technique for determining the phase of CZTS.  
Fig. 1(a) exhibits the Raman spectra for the samples. 
The samples S0, S5, S10 and S15, have their single 
intense peaks at ~331 cm-1, 329 cm-1, 327 cm-1 and 
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Fig. 1(a). Raman spectra and (b) XRD spectra of undoped (S0) and doped samples (S5, S10, & S15)

326 cm-1 respectively. These peaks are assigned to 
the CZTS structure40. For all the samples Raman 
shifts are between 310 and 340 cm-1, which is 
attributed to the vibration of sulfur atoms41. The 
presence of only a single peak for each sample 
confirms the development of a single-phase CZTS 
thin film42. Also, the Raman spectra show that as 
Sb doping concentration increases, the intensity of 
Raman peaks changes. The Changes in the high-

frequency dielectric constant are responsible for the 
variation in Raman intensity43. As demonstrated in 
Fig. 2, as the level of Sb doping rises, the Raman 
peak slightly shifts on the way to a lower wave 
number. As we know the radius of Sb+3 is larger 
than the radius of Cu+2. Hence force constant for 
the Sb-S bond is smaller as compared to that of the 
Cu-S bond. Thus decrease in the bond force constant 
causes red shifting of the Raman peak44. 

Elemental analysis and surface morphology
 The elemental compositions of undoped 
and doped CZTS samples have been investigated 
by Energy Dispersive Spectroscopy (EDS). The 
EDS graphs (with inset tables) of the samples are 
displayed in Fig. 2(a,b,c,d). The inset tables show 
atomic and weight percentages of present elements. 
The EDS analysis verifies the presence of Cu, Zn, 
Sn, S, and dopant material (Sb), indicating that Sb 
doping concentration is maximum for the sample S15  
(15 w%). The EDS graph for each sample shows a 
sharp intense peak of Si, which are because of the 
synthesis of CZTS thin films on the glass substrate.

 The influence of Sb incorporation on 
surface morphological characteristics of CZTS 
thin film has been investigated by applying SEM. 
The SEM images of undoped and doped samples 
are displayed in the Fig. 3(a,b,c,d). The undoped 
sample S0 has a layer-type surface, in which no 
particle surface is identified. For the doped samples,  
(S5 and S10) the layer-type surface transforms into the 
particle-type surface. The sample S15 also shows a 
particle-type surface with increased grain size. Thus, by 
increasing Sb concentration crystallite size increases. 
The above findings match with the results of XRD.

Optical properties
 For the selection of good absorbing 

material for thin film solar cells, optical parameters 
like absorbance (A), transmittance (T), and band 
gap (Eg) are extremely important. We used a  
UV-Vis spectrophotometer to examine the optical 
characteristics of CZTS films. Fig. 4(b) displays the 
graphs between % transmittance vs wavelength, 
for all the samples in the wavelength range 200-
800nm.  These graphs show that transmittance 
is maximum around 700nm, which is in the 
neighbourhood of the absorption edge of CZTS. 
It confirms the presence of a direct band gap in 
semiconducting materials. Fig. 4(a) shows the 
graphs between absorbance vs wavelength, for all 
the samples. The absorption coefficient (a) of a thin 
film can be calculated using the relation.45

 (4)

 Where A and t denote absorbance and 
thickness of the thin film, respectively. Tauc formula 
can be applied to calculate the optical band gap 
value of these samples.46

(ahn)2= b (hn-Eg) (5)

 Where b and Eg represent energy 
independent constant and band gap energy, 
respectively.



600Prasad et al., Orient. J. Chem., Vol. 39(3), 596-603 (2023)

Fig. 3. SEM micrographs for (a) sample S0, (b) 
sample S5, (c) sample S10, and (d) sample S15

Fig. 2. EDS graphs of (a) sample S0, (b) sample S5, 
(c) sample S10, and (d) sample S15

Fig. 4(a). Absorbance vs. wavelength, (b) Transmittance vs. 
wavelength, and (c) (ahn)2 vs. (ha) graphs of CZTS thin film 

samples
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 Figure 4(c) shows the graphs between hn 
and, (ahn)2 for all the samples. The intercept between 
the tangent {drawn to the graph between hn and 
(ahn)2} and the hn axis provides the band gap value 
(Eg). The observed optical energy band gap value 
for the samples S0, S5, S10, and S15 are 1.90, 
1.85, 1.71, and 1.62 eV, respectively. It concludes 
that by raising the Sb incorporation concentration, 
the energy band gap value of the CZTS thin film 
diminishes. According to reports, the quantum 
confinement effect causes the band gap to grow as 
the size of the crystal decreases. When a quantum 
dot's dimension matches or exceeds the exciton 
Bohr radius, confinement occurs, and as the size 
decreases, the amount of electrons that can be held 
in a quantum dot increases substantially. Additionally, 
when the particle size decreases, the continuum in 
conduction and valence band that is seen in bulk 
materials is replaced with discrete atomic-like energy 
levels; hence band gap energy increases47,48. Thus, 
the above finding matches with the results of XRD. 
The refractive index (n) of a semiconductor can be 
determined using the Moss equation.49,50

Egn
4=k (6)

 Where k is a constant. The value of k is 
108eV48,49. The optical high frequency dielectric 
constant (e∞) may be determined by the equation. 

e∞=n2 (7)

 Where n is the refractive index47. The optical 
static dielectric constant (e0) for CZTS thin films can 
be determined by the relation.

e0=18.52-3.08 Eg (8)

Where, Eg is band gap energy49,50. 

 The calculated values of Eg, n, e∞, and 
e0, for CZTS films having various Sb incorporation 
concentrations are shown in Table 2.

CONCLUSION

 The undoped and Sb-doped CZTS thin 
films were successfully fabricated by sol-gel spin 
coating technique on glass slides. We reported 
the impact of variation in Sb concentration on 
the structural, optical, and surface morphological 
characteristics of CZTS films. The XRD analysis 
shows the development of the kesterite phase 
in undoped as well as Sb-doped samples and 
we conclude that crystallite size grows by the 
increment in Sb doping concentration, whereas 
FWHM, dislocation density, and strain diminish. 
Thus, for the enhancement in crystallinity of thin 
films; b, d, and e, should be lower and D should 
be greater. As a result, sample S15 exhibits 
better crystallization than the other samples. 
Raman spectra show the presence of a single 
intense peak for each sample which confirms 
the development of single-phase CZTS thin 
film. These Raman peaks shift towards lower 
wave number with increment in Sb doping 
concentration. This red shifting of Raman peaks 
is due to a decrease in bond force constant by 
increasing Sb doping concentration. The EDS 
analysis verifies the presence of Cu, Zn, Sn, S, 
and dopant material (Sb), indicating that the Sb 
doping concentration is maximum for sample 
S15. The SEM results show that by increasing 
Sb doping concentration, the layer-type surface 
transforms into a particle-type surface with an 
increment in crystallite size. The UV-Visible 
spectra results show that by increasing Sb 
incorporation concentration band gap values of 
CZTS thin films decrease from 1.90 eV to 1.62 eV, 
whereas refractive index (n) increases from 2.74 
to 2.85. An increase in crystal size is what causes 
the band gap value to drop when the Sb doping 
concentration is increased. Also, we studied the 
impact of Sb incorporation concentration on the  
high-frequency dielectr ic constant (e∞) and 
static dielectric constant (e0). Thus, SEM and 
UV-Visible results are consistent with the above 
mentioned XRD results. Thus, the CZTS sample 
with maximum Sb doping concentration (sample 
S15) has optimal photovoltaic characteristics.  
As a result, the recommended inorganic sol-
gel process may offer a suitable path for the 
fabrication of doped CZTS thin films having better 
crystallinity and favourable optical characteristics 
for the production of an efficient solar cell.   

Table 2: The values of optical energy band gap 
(Eg), refractive index (n), high-frequency dielectric 
constant (e∞), and static dielectric constant (e0) for 

samples S0, S5, S10, and S15

Sample Eg(eV) n δe∞ δe0

   S0 1.90 2.74 7.53 12.67
   S5 1.85 2.76 7.64 12.82
  S10 1.71 2.81 7.95 13.25
  S15 1.62 2.85 8.12 13.53
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