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Synthesis and characterization of Cu2ZnSnS4 thin 

films by the sulfurization of co-electrodeposited Cu-

Zn-Sn-S precursor layers for solar cell applications 

Jiahua Taoa, Junfeng Liua, Jun Hea, Kezhi Zhanga, Jinchun Jiangb, Lin Sun*a, Pingxiong 
Yanga, Junhao Chua, b 

Cu2ZnSnS4 (CZTS) absorbers have been successfully deposited on tin-doped indium oxide coated glass 
(ITO/glass) substrates by sulfurization process of co-electrodepositied Cu-Zn-Sn-S precursor thin films 
at various annealing temperatures ranging from 500 to 580 °C for 30 min in the atmosphere of Ar/H2S 
(6.5%). The effects of sulfurization temperature on the structure, morphology, composition and optical 
property of CZTS thin films have been investigated in details. XRD and Raman measurements reveal 
that the intensity of preferential orientation along the (1 1 2) direction becomes relatively more intense 
and sharp with increasing annealing temperature. The morphological and chemical composition studies 
indicate the formation of compact and homogenous CZTS thin films with Cu-poor and Zn-rich 
composition at a sulfurization temperature of 560 °C. And its band gap energy is around 1.50 eV. The 
AZO/i-ZnO/CdS/CZTS/ITO/glass thin-film solar cell is fabricated with the CZTS absorber layer grown 
at an optimized sulfurization temperature of 560 °C. It shows a power conversion efficiency of 1.98% for 
a 0.25 cm2 area with Voc = 490 mV, Jsc = 9.69 mA/cm2 and FF = 40.03%. 
 

1. Introduction 

Cu2ZnSnS4 (CZTS) is one of the most promising photovoltaic 
materials as an alternative absorber layer for the development of 
low-cost and environmentally friendly thin film solar cells, which 
has a large absorption coefficient of over 104 cm-1 with a suitable 
direct band gap of about 1.5 eV. 1 Furthermore, theoretical power 
conversion efficiency of CZTS-based solar cells is estimated about 
30%. 2 In 1988, Ito and Nakazawa first reported the photovoltaic 
effect of a CZTS thin film deposited by sputtering. 3 Since then, 
various processing techniques have been reported to fabricate CZTS 
absorber layers including thermal evaporation, 4, 5 sputtering, 6-8 
pulsed laser deposition, 9-11 hybrid sputtering, 12 solution process, 13 
sol-gel deposition, 14, 15 spray pyrolysis deposition 16 and 
electrodeposition. 17-22 Notably, vacuum-based deposition methods 
have relatively high production cost, so alternative low-cost and high 
throughput nonvacuum-based processes have been investigated and 
developed for the fabrication of CZTS absorber layers of high 
efficiency solar cells. 14, 18, 22-24 

Among the above-mentioned nonvacuum methods, the 
electrodeposition is considered to be a viable alternative technique to 
obtain low-cost CZTS precursor films. Generally there are two 
different approaches for the electrodeposition of CZTS precursor 
films: (i) stacked elemental layer, and (ii) co-electrodeposited layer. 
Current issue for stacked precursor is the morphology of Sn 
precursor was very rough compared to the other elemental 
precursors. In addition, the poor morphology of CZTS is due to non-
uniform nucleation of Zn precursor. Hence co-electrodeposition 
approach of CZTS precursors is preferred. Scragg et al. reported 
CZTS-based solar cells exhibiting 3.2% conversion efficiency via 

stacked elemental layer in the order of Cu/Sn/Cu/Zn followed by 
sulfurization at 575 °C for 2 h in the atmosphere of H2S. 22 Ennaoui 
et al. also reported the fabrication of CZTS absorber layer for thin 
film solar cell with 3.4% conversion efficiency using co-
electrodeposition of Cu-Zn-Sn precursors deposited followed by 
sulfurization in H2S atmosphere at 550 °C for 2 h. 25 A key 
drawback of these methods used in the previous literature is the long 
sulfurization duration compared with our short annealing process 
(~30min) required for rapid growth of homogenous CZTS thin films. 
In addition, the phase of CZTS easily deteriorates during the long 
time annealing process, which gives rise to Sn loss by the 
decomposition into volatile SnS. 26 As a powerful annealing 
technique, rapid thermal processing has several advantages, 
including short cycle time for reaction, reduced thermal exposure 
and more flexibility, over the use of a conventional furnace in terms 
of temperature uniformity. Therefore, these factors motivate us to 
explore optimizing RTP process to grow homogeneous and densely 
packed morphology for CZTS absorber layers fabricated by co-
electrodeposition. Up to date, the reported highest efficiency based 
on the electrodeposition has achieved 7.3% for CZTS solar cells 
fabricated by post-sulfurization of electrodeposited metal stacked 
layers at 585 °C for 12 min. 23 Current issue for metal stacked 
precursor is the morphology of Sn precursor is very rough compared 
to the other elemental precursors. In addition, the poor morphology 
of CZTS is due to non-uniform nucleation of Zn precursor. 22 In 
comparison with the stacked elemental approach, co-
electrodeposition approach has not been thoroughly investigated 
even though the simply fabrication process of the precursor is one of 
its significant advantages.  
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Generally, molybdenum (Mo) coated glass substrates are used 
for thin film solar cells in these reported literatures. 22-25 So far, there 
are still few reports on the electrodeposition technology in 
the fabrication of CZTS-based solar cells for top tandem and bifacial 
devices using ITO as a back contact, which propels us to research 
the photovoltaic performance of CZTS thin film solar cells directly 
deposited on ITO/glass substrates. In this study, we have 
investigated the fabrication of CZTS precursor films deposited on 
ITO/glass substrates by co-electrodeposition followed by 
sulfurization process. The significant influence of the annealing 
temperature on the structure, morphology, composition and optical 
properties of CZTS thin films has been studied. It is observed that 
CZTS absorber layers exhibit closely packed grains and the best 
surface morphology at a sulfurization of 560 °C for 30 min. 

2. Experimental 

The Cu-Zn-Sn-S precursor thin films were deposited 
successively on ITO/glass substrates by using a three-electrode 
system with a silver/silver chloride (Ag/AgCl) as the reference 
electrode, a platinum (Pt) foil as the counter electrode and 230 
nm ITO/glass substrates (20×25×1.1 mm2, ITO thin films with 
RS=10~15 Ω/□) as the working electrodes under potentiostatic 
control mode using a CHI660D electrochemical workstation (CH 
Instrument, USA). All raw chemicals are of analytical reagent grade 
(supplied by Sinopharm Chemical Reagent Co. Ltd., China). In order 
to get the close oxidation-reduction potential and a stable pH value, 
potassium tartrate (C4H4O6K2·1/2H2O) and sodium citrate 
(Na3C6H5O7) in certain concentration were added in the electrolyte 
to mainly act as complexing agent and buffering agent. Before the 
electrodeposition, ITO/glass substrates were ultrasonically cleaned 
in acetone and then rinsed thoroughly with deionized water, and 
subsequently dried under flowing nitrogen gas. Cyclic voltammetry 
was conducted to determine the oxidation/reduction potentials of the 
electrolyte solution. The deposited Cu-Zn-Sn-S precursor thin films 
on ITO/glass substrates at -1.15 V (vs. Ag/AgCl) in an electrolyte 
solution containing CuSO4·5H2O (0.01 M), ZnSO4·7H2O (0.02 M), 
SnSO4·2H2O (0.02 M), C4H4O6K2·1/2H2O (0.02 M), Na3C6H5O7 
(0.02 M), and Na2S2O3·5H2O (0.01 M) at room temperature for 10 
min without stirring. After the deposition, the samples were rinsed 
with deionized water and then dried under flowing nitrogen gas. The 
Cu-Zn-Sn-S precursor layers were loaded into a quartz container, 
which was inserted into a tube furnace. The rapid sulfurization 
annealing process was performed in the Ar/H2S (6.5%) atmosphere 
with the pressure of 10 Torr and heated to the temperature range 
from 500 °C to 580 °C at a ramping rate of 50 °C min−1, which was 
maintained for 30 min and then the system was cooled down 
naturally to room temperature. Sheet resistance of ITO films taken 
from ITO back contact after mechanical removal of the precursor 
and the CZTS thin films deposited on ITO/glass substrates. The 
completed CZTS solar cell device with the commonly employed 
structure of AZO/i-ZnO/CdS/CZTS/ITO/glass were prepared in the 
present study. The CdS buffer layer with 60 nm thickness was grown 
by chemical bath deposition from an aqueous solution of CdSO4 (1.5 
mM), thiourea (75 mM) and ammonia (1.8 M). Then undoped zinc 
oxide of about 50 nm thickness and Al-doped ZnO (AZO) of 
approximately 600 nm thickness were deposited by radio-frequency 
(RF)-magnetron sputtering. Finally, a mechanical scribing step was 
performed to define the cell area to 0.25 cm2. 

The structural properties of as-deposited and annealed films 
were determined by X-ray diffraction (XRD) using a BrukerD8 
diffractometer (D/MAX-2200, Rigaku Co.) with Cu Ka radiation 
(λ=1.5406 Å). Raman measurements were performed using a micro-

Raman spectrometer (Jobin Yvon Lab RAM HR 800UV Micro PL). 
For excitation, an Ar+ laser with 488 nm wavelength was used. The 
morphology and chemical composition were measured using a 
PhilipsS360 scanning electron microscope (SEM) attached to an 
energy-dispersive X-ray spectroscope (EDS). The element 
component of its average between two points in 2×2 µm2 area was 
determined. The optical properties of the films grown on ITO/glass 
substrates were recorded using an ultraviolet-visible-near-infrared 
(Perkin Elmer Lambda 950) double-beam spectrophotometer. Sheet 
resistance was measured by four-point probe (NI PXle-1062Q). 
Current density-voltage (I-V) characteristics of the CZTS solar cells 
were measured using a Photo Emission Tech solar simulator under 
AM 1.5 (100mW cm-2) illumination. 

3. Results and discussion 

3.1 Electrolyte formula and co-electrodeposition parameters of 

Cu-Zn-Sn-S precursor films 

The conditions of co-electrodeposition of Cu-Zn-Sn-S precursor 
layers are related to the individual electrochemical reactions which 
correspond with the following Nernst equations. 27 

2 - 2
0+2e 0.14 ln[ ] (vs.Ag / AgCl)

2
RT

Cu Cu E V Cu
F

+ +
→ = −

2 - 2
0Sn + 2e Sn 0.380 ln[Sn ] (vs.Ag / AgCl)

2
RT

E V
F

+ +
→ = − −

2 - 2
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2
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→ = − −

2- + - 2-
2 3 2 32 0O +6H 4e 3 0.5 ln[ O ] (vs.Ag / AgCl)

2
RT

S S H O E V S
F

+ → + = −
 

It is clear, from the above equations, that copper, zinc, tin and 
sulfur have the large difference in the standard reduction potentials. 
Reduction potential of zinc has a more negative than that of copper 
and tin. So it is more difficult to be co-electrodeposited from the 
electrolyte solution. In order to narrow down the potential gap 
among three elements, a certain amount of trisodium citrate was 
added to the electrolyte. It has been reported previously that the 
citrate anion and copper cation form complex compound, which 
induce the reduction potential of copper to the more negative 
potential. Cyclic voltammetery is a potentiodynamic electrochemical 
technique generally used to study the process taking place at the 
electrode-electrolyte interface through the use of advanced 
computational modeling and high performance computing. 
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Fig. 1 (a) Cyclic voltammetery diagram of the electrolyte solution, 
scanned from 0.12 to -1.3 V at a rate of 10 mV s-1. Arrows indicate 
scan directions. (b) Chronoamperograms during the 
electrodeposition with constant potential at -1.15 V (vs. Ag/AgCl) 
for 10 min. 

The cyclic voltammetery measurement was carried out in the 
range from 0.12 to -1.3 V (vs. Ag/AgCl) at a scan rate of 10 mVs-1 to 
investigate the growth parameters and optimize the co-
electrodeposited potential in the same electrolyte solution. Fig. 1(a) 
shows reduction of Cu2+ and Sn2+ ions starts at 0.1 and -0.45 V (vs. 
Ag/AgCl) respectively, whereas Zn2+ can be reduced at about -0.7 V 
(vs. Ag/AgCl). In order to get exactly the desired content of Zn 
concomitantly with Cu and Sn by adjusting the ionic concentration 
in the electrolyte solution and the deposition potential. Fig. 1(b) 
displays the typical current density-time curve of Cu-Zn-Sn-S 
precursor films on ITO electrode at Ep = -1.15 V (vs. Ag/AgCl). As 
can be seen in the chronoamperogram (Fig. 1(b)), the current density 
curve abruptly decreases due to the successive diffusion of 
monomers from the bulk and reduction of more monomers on the 
ITO electrode surface, reaching the minimum. This period of time is 
called induction time. 28 Then the process reaches a stationary state 
called current plateau before nucleation and growth of the polymer 
begin, which is commonly observed for the electrodeposition 
controlled by convective mass-transfer. 

3.2 Structure analysis 

 

Fig. 2 XRD patterns of (a) CZTS-Precursor, (b) CZTS-500, (c) 
CZTS-520, (d) CZTS-540, (e) CZTS-560 and (f) CZTS-580. 

Fig. 2 displays XRD patterns of the as-deposited and the 
samples annealed at various temperatures for 30 min in the 
atmosphere of Ar/H2S. The as-deposited and annealed CZTS 
precursor films at 500, 520, 540, 560 and 580 °C are designated as 
CZTS-Precursor, CZTS-500, CZTS-520, CZTS-540, CZTS-560 and 
CZTS-580, respectively, where numbers represent various annealing 
temperatures. For the CZTS-Precursor (Fig. 2(a)) reveals some 
peaks only corresponding to ITO diffraction peaks of (2 1 1), (2 2 2), 
(4 0 0), and (4 4 0) planes indicating that the precursor is 
amorphous in nature. 29 The annealed films exhibit a polycrystalline 
kesterite CZTS crystal structure with major diffraction peaks 
towards (1 1 2), (2 0 0), (2 2 0), and (3 1 2) planes, which is 
confirmed using JCPDS card 23-0677. Moreover, the intensity of 
preferential orientation along the (1 1 2) plane becomes relatively 
more intense and sharp due to the enhancement in the crystallinity 
with increasing annealing temperature. 20 As shown in Fig. 2(b) and 
Fig. 2(c), the XRD patterns of CZTS-500 and CZTS-520 have 
several reflections assigned to kesterite CZTS together with 
reflections of the SnS2 (JCPDS 23-0677) and SnS (JCPDS 32-1361). 
The CZTS-540 shows in Fig. 2(d), the minor peaks of SnS2 
disappear but there are some peaks from SnS besides those from 
CZTS, indicating the replacement of the SnS2 phase with SnS during 
high temperature sulfurization process. In particular, when the 
sulfurization temperature was 560 °C, the XRD pattern of the CZTS-
560 (Fig. 2(e)) is evident that there is no peaks related to the 
presence of binary and ternary compounds, which means that the 
film can be almost pure CZTS with better crystallinity. However, as 
further increase in annealing temperature, in CZTS-580 (Fig. 2(f)), 
secondary phases of Cu2S (JCPDS no. 29-0578), SnS, SnS2 and ZnS 
appear, as result of CZTS decomposition that occurs at temperature 
higher than 550 °C. 30, 31 Furthermore, the XRD results are needed to 
be confirmed by Raman spectra since CZTS, Cu2SnS3 and β-
ZnS share similar crystal structures. For the annealed CZTS films 
deposited on ITO/glass substrates, the intensity of and the FWHM of 
(2 2 2) peak at 2θ=30.581º for ITO films become relatively weak 
and broad, respectively; 29 However, for the annealed CZTS films 
deposited on Mo/glass substrates, the intensity of and the FWHM of 
(1 1 0) peak at 2θ=40.504ºpeak for Mo films are still strong and 
sharp, in addition, MoS2 phase is formed during the 
sulfurization process. 8, 14, 32 This suggests that post-annealed process 
can reduce the crystalline quality of ITO thin films, leading to 
degradation of conducting performance. This result is well 
consistent with sheet resistance of ITO thin films (Fig. 6). 

 

Fig. 3 Room temperature Raman spectra of (a) CZTS-500, (b) 
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CZTS-520, (c) CZTS-540, (d) CZTS-560 and (e) CZTS-580. Inset is 
the FWHM of CZTS films A1 mode at around 334 cm-1. 

Fig. 3 presents the Raman spectra of these films measured at 
room temperature using the excitation laser wavelength of 488 nm. 
The dominant Raman peaks of these films are at 330-338 cm-1 range. 
6, 9 The small peaks at 662 cm-1 are the second-order Raman 
scattering peaks of these dominant peaks. 7 Previous literatures have 
reported that the main Raman characteristic peaks of CZTS powders 
or films are near 338cm-1. 9 Therefore, the Raman peak of these 
films are slightly broader and shifted towards low wave number 
direction with respect to those of the bulk crystal, which maybe 
implies the existence of internal stress in these films, which is not 
conducive to completely release the internal stress during the rapid 
cooling process. 9, 10 The effect of annealing temperature can be 
better understood by comparing the width at half maximum 
(FWHM) values of Raman peaks. The variation FWHM of the A1 
mode at around 334 cm-1 with the change in the average size of 
CZTS particles shows that the main Raman peak becomes strong and 
narrow with increasing annealing temperature. In addition, FWHM 
of the Raman peaks are very broad, generally suggesting the poor 
crystallinity of thin films. Therefore, higher sulfurization 
temperatures are beneficial to the improvement of crystallinity for 
CZTS thin films. It has been observed from Fig. 3(a) and Fig. 3(b), 
peaks at 160, 190 and 219 cm-1 are assignable to SnS and a weak 
peak at 352 cm−1 may be convoluted peak of CZTS and ZnS, along 
with a moderate peak due to ITO at 307 cm-1. But SnS2 peaks 
observed in the XRD pattern is not appeared in Raman spectra SnS2 

peak 200 cm-1, possibly due to only a small amount of SnS2 impurity 
phase. When the temperature rises to 540 °C, SnS peak disappears, a 
weaker peak at 352 cm−1 is attributed to ZnS, and CZTS peak 
becomes stronger. When the temperature increases further to 560 °C, 
the Raman spectra of the CZTS-560 (Fig. 3(d)) displays peaks 
positioned at 251, 287, 334 and 368 cm-1, corresponding to CZTS. 32 
The CZTS-580 (Fig. 3(e)) reveals an intense peak assignable to a 
SnS2 at 200 cm-1, a peak at 352 cm−1 attributed to ZnS, and a weak 
In2O3 peak at 307 cm-1, which is entirely consistent with the 
XRD result. The secondary phase of CuS2 peaks detected in the 
XRD pattern is not observed in Raman spectra CuS2 peak at 475 cm-

1 in its corresponding Raman spectrum, which is possibly due to the 
fact that Raman measurements were performed using a micro-
Raman spectrometer (the detection area is only at micrometer scale) 
and it reflect the signal of micrometer-scale local area, whereas XRD 
(the detection area is at least centimeter scale) can give the total 
signal of samples. And CuS2 is possibly not in the scope of local 
Raman detection. 

3.3 Morphology and composition characterization 

 

Fig.4 Surface and cross-sectional SEM images of (a, b) CZTS-
Precursor, (c, d) CZTS-500, (e, f) CZTS-520, (g, h) CZTS-540, (i, j) 
CZTS-560 and (k, l) CZTS-580. 

Fig. 4 shows surface and cross-sectional SEM images of as-
deposited precursor films and CZTS films annealed at different 
temperatures. The surface of CZTS-Precursor is a uniform and 
compact distribution of cauliflower-like nanoparticles with average 

crystal sizes of 50-100 nm. Additionally, from the cross-section 
SEM (Fig. 4(b)), it can be seen that the precursor thin film is densely 

packed with thickness approximately 600 nm. These are no voids 
and crevices between the precursor thin film and ITO/glass substrate, 

indicating a strong adhesion. The surface SEM image of the CZTS-
500 indicates that the film exhibits a rough surface containing 
micron-sized particles, as shown in Fig. 4(c); the corresponding 
cross-section view shows a rough structure with a thickness of 
approximately 1 µm caused a substantial volume expansion which is 
around 1.5 times the original thickness of the precursor thin film 
(Fig. 4(d)). For CZTS-520 and CZTS-540 films, the disappearance 
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of the granular shape with micrometer-sized voids and crevices on 
the surface of the CZTS film, leads to forming a relatively uniform, 
smooth and compact films as evident from Fig. 4(e) and (g). Their 
cross-sectional images indicate the occurrence of growth 
accompanied by the formation of a double layer structure with 
grooved large grains at the top, and dense nanometric grains at the 
bottom near the back contact, as shown in Fig. 4(f) and (h); the 
thicknesses of the films are 1.45 and 1.85 µm, respectively. It 
demonstrates the annealing temperature not only improve the 
microstructure of CZTS films but also increase film thickness. When 
the annealing temperature is 560 °C, the micron-sized and densely 
packed larger grains and void-free structure are observed (Fig. 4(i)). 
There is a homogeneous and densely-packed morphology for the 
CZTS-560 film, which could reduce the recombination rate of the 
photo-generated electrons and holes. 32 The double layer structure 
existed in CZTS-520 and CZTS-540, becomes into one closely 
packed-grain layer which is desirable for yielding compact and 
faceted morphology with uniform surface, as seen in Fig 4(j). There 
are no voids and crevices at the interface between the film and the 
ITO/glass, indicating a fairly good adhesion of the film to the 
substrate. Although sulfurization at higher temperature of 580 °C 
results in further grain growth, the decomposition of CZTS thin film, 
the formation of voids and cracks become obvious, as shown in Fig. 

4(k). Indeed, the film sulfurized at 580 °C is easily peeled off from 
the ITO/glass substrate. The film thickness is approximately 1.5 µm 
(Fig. 4(l)). It is thinner than that of CZTS-560 film annealed at lower 
temperature, due to the decomposition of CZTS thin films at higher 
temperature. For the annealed CZTS films deposited on Mo/glass 
substrates, the formation of MoS2 interfacial layer at the CZTS/Mo 
interface is inevitable during sulfurization process, 14, 23 which may 
facilitate an electrical quasi-Ohmic contact and improve the adhesion 
of CZTS to the Mo back contact. However, this leads to high series 
resistance and accordingly degrades the solar cell performance if the 
layer is not thin enough. 5 For the annealed CZTS films deposited on 
ITO/glass substrates, the CZTS/ ITO interface easily forms a good 
adhesion with a fairly good ohmic contact (Fig. 4). Thus, ITO/glass 
substrates can prevent the formation of MoS2 layer and accordingly 
reduce the series resistance of the interface between CZTS and ITO. 
However, ITO itself contains high sheet resistance, leading to some 
degradation on device performance especially in Jsc and FF. 

Table 1 Chemical composition and composition ratios of the 
precursor and sulfurized CZTS thin films. 

Samples 
ID 

Chemical composition (at. %)  Composition ratio 

Cu Zn Sn S  Cu/(Zn+Sn) Zn/Sn S/metal 

CZTS-
Precursor 

40.80 24.94 17.60 16.66  0.96 1.42 0.20 

CZTS-500 21.09 16.35 15.24 47.32  0.67 1.07 0.90 

CZTS-520  21.32 15.58 14.39 48.71  0.71 1.08 0.95 

CZTS-540 19.15 17.69 13.95 49.21  0.61 1.16 0.97 

CZTS-560 19.67 16.36 13.02 50.95  0.67 1.26 1.04 

CZTS-580 19.93 15.61 12.56 51.90  0.71 1.24 1.08 

Table 1 presents the compositions of the Cu-Zn-Sn-S precursor 
(i.e. CZTS-Precursor) and the CZTS films sulfurized at various 
temperatures, determined by EDS measurements. The precursor is 
Cu-poor, S-poor and Zn-rich with composition ratios of Cu/(Zn+Sn) 
and Zn/Sn are 0.96 and 1.42. After sulfurization, the Cu and Sn 
contents in the CZTS films decrease with increasing annealing 
temperature. Moreover, the amount of sulfur and S/metal ratios also 
are gradually increase to about 50% and 1.00, indicating that 
sufficient sulfurization is achieved. It is beneficial to decrease the 
amounts of sulfur vacancies and improve the crystalline quality of 

CZTS thin films. 7 In addition, it is observed evidently that the ratios 
of Cu/(Zn+Sn) and Sn content decrease while Zn/Sn increases 
slightly in sulfurized thin films in comparison with the precursor (i.e. 
CZTS-Precursor), revealing the severe loss of Sn due to high 
volatility of tin sulfide during the sulfurization process. 33 The 
composition of the CZTS films are Cu/(Zn+Sn)=0.61 ∼0.71 and 
Zn/Sn=1.07∼1.26, which is lowly Cu-poor and seriously Zn-rich 
compared to the champion electroplated CZTS solar cell (with ƞ

=7.3%, Cu/(Zn+Sn)=0.78, Zn/Sn=1.35). 22 This reveals that the 
amount of Cu in our CZTS films is lower than that of those reported 
for previous record devices. 22-25 Further an optimization of the ratio 
of Cu/(Zn+Sn) in CZTS thin films could be approximately 
controlled by increasing the concentration of copper ions (ii) in the 
electrolyte solution and reducing the deposition potential. 27 In short, 
the compositions of CZTS thin films are strongly dependent on the 
sulfurization temperature as well as electrodeposition parameters. 

3.4 Optical properties of CZTS thin films 

 

Fig. 5 Plot of (αhυ)2 versus the photon energy (hυ) for CZTS-500, 
CZTS-520, CZTS-540, CZTS-560 and CZTS-580. 

The optical transmittance spectrum of the CZTS film annealed 
at various temperatures were measured for the determination of Eg. 
From the transmittance spectra, the absorption coefficient α was 
evaluated by equation α= -ln(T)/t, where T is the transmittance of the 
film and t is the film thickness. The band gap of the films is 
determined by extrpolating the linear region of the α2 versus photon 
energy (hv) curve to the intercept of the hv axis. 7, 34 As shown in the 
Fig. 5, these determined Eg values of five CZTS films (i.e. CZTS-
500 CZTS-520, CZTS-540, CZTS-560 and CZTS-580) are 1.42, 
1.44, 1.49, 1.50, and 1.52 eV, respectively. Eg value of CZTS-560 is 
quite consistent with that of the reported experimental results 6, 35 
and Eg increases gradually with the increase in annealing 
temperature. It is possibly due to the fact that secondary phases such 
as SnS (Eg=1.34 eV) might exist in the CZTS films (i.e. CZTS-500 
CZTS-520 and CZTS-540).35 Moreover, the secondary phase SnS 
has been confirmed in the part of XRD and Raman measurements. 
The presence of SnS in the CZTS thin films is possibly responsible 
for the lesser Eg. Obviously, the optical band gap of CZTS-580 is 
much larger than those of all other thin films. This is due to the fact 
that secondary phase such as ZnS (Eg=3.2 eV) is much larger values 
of band gap. 9 Actually, ZnS phase has been confirmed by Raman 
spectra of CZTS-580. As analyzed above XRD, Raman spectra, 
SEM, EDS, and optical analyses, the CZTS film grown at an 
optimized sulfurization temperature of 560 °C has better 
crystallinity, more homogeneous and compact surface morphology, 
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and more suitable band gap. 

3.5 Sheet resistance of ITO thin films 

 

Fig. 6 Sheet resistance of ITO films after sulfurization treatment. 

Fig. 6 shows sheet resistance (Rs) of ITO films obtained ITO 
back contact after mechanical removal of the precursor and the 
sulfurized CZTS films. Rs value measured by four-point probe 
almost linear increases with the increase in sulfurization 
temperatures ranging from 500 to 560 °C. It is possibly due to the 
fact that H2S gas can diffuse at the ITO/CZTS precursor interface. 
Rs value of the original ITO is ~9 ohm/sqr at room temperature. 
When the sulfurization temperature is 560 °C, Rs value of the ITO 
is ~43 ohm/sqr which is about 5 times the value of the original ITO 
due to increasing the sulfurization temperature. When the annealing 
temperature is up to 580 °C, Rs value of the ITO is 242 ohm/sqr 
which may be caused by over high sulfurization temperature. 

3.6 Properties of CZTS thin film solar cells 

 

Fig. 7 Current-voltage characteristics of the solar cell fabricated with 
the CZTS-560/ITO. 

Table 2 Photovoltaic parameters of reported conversion efficiencies 
for CZTS solar cells deposited on Mo/glass substrates processed by 
the electrodeposition. 

Method Sulfurizatio
n 
temperature 
and time 

Eff 
(%) 

Voc 
(mV) 

Jsc 
(mA/
cm2) 

Rs 
(Ω 
cm-2) 

Rsh 
(Ω 
cm-2) 

FF 
(%) 

Refs. 

SEL 585 °C for 
12 min 

7.3 567 22.0 4.1 368 58.1 23 

SEL 580 °C for 
10 min 

5.6 640 19.8 - - 45.0 32 

CEL 590 °C for 
15 min 

5.5 673 18.7 13.5 215.8 44.0 17 

CEL 550 °C for 2 
h 

3.4 563 14.8 2.9 95.2 41.0 25 

SEL 575 °C for 2 
h 

3.2 480  15.3 - - 45.0 22 

CEL 600 °C for 2 
h 

3.16 540 12.6 1.8 24.2 46.4 37 

CEL 550 °C for 2 
h 

1.2 315 12.27 - - 31.0 38 

CEL 600 °C for 2 
h 

0.98 262 9.85 - - 37.9 1 
 

CEL 560 °C for 
30 min 

1.98 490 9.69 106 788 40.0 Our 
study 

SEL, stacked elemental layer; CEL co-electrodeposited layer. Except 
for our using ITO/glass substrates. 

The CZTS-560 thin films have been fabricated to photovoltaic 
devices with the structure of AZO/i-ZnO/CdS/CZTS/ITO/glass 
configuration. The previously reported device parameters for CZTS 
thin films deposited on Mo/glass substrates were listed in table 2, 
including our devices deposited on ITO/glass substrates. The CZTS 
solar cells with conversion efficiency of > 5% have been fabricated 
by the sulfurization of precursor films with sulfurization time for < 
15 min at a temperature of > 580 °C. This suggests short 
sulfurization time and high sulfurization temperature were the 
critical sulfurization process of high efficiency CZTS/Mo solar cells. 
Cell-1, 2 and 3 in Fig.7 are made of CZTS-560 film. Solar cell-1 
gives a better conversion efficiency of 1.98% for a total area of 0.25 
cm2 under simulated AM1.5 illumination, as shown in Fig. 7. Solar 
cell-2, 3 are other devices in the same sample which are close to the 
solar cell-1. They have conversion efficiencies of 1.78% and 1.65%, 
respectively, which indicates a relatively well-controlled 
composition distribution in the CZTS-560 absorber layer. 
Comparing the photovoltaic parameters of CZTS-560 device with 
that of higher CZTS devices reported in Table 2. The efficiency of 
1.98% is much less than the reported the highest efficiency of the 
CZTS solar cell of 7.3%. The probable reasons are discussed and 
explained as follows: the series resistance of the solar cell with 
1.98% is 106 Ω cm-2, while these were 4.1, 13.5, 2.9 and 1.8 Ω cm-2, 
respectively, for the reported solar cells with higher efficiencies in 
Table 2. The high series resistance of our solar cell leads to the 
reduced the efficiency and a substantial loss in fill factor because of 
the deterioration of the transport charge transfer and the 
recombination of charge carriers at the CdS/CZTS interface. From 
Table 2, it can be seen clearly that short circuit current density of 
9.69 mA/cm2 is far less than those of other reported CZTS/Mo solar 
cells. So, there is much room for an improvement of circuit current 
density of our CZTS/ITO solar cell. In the present case, the high 
series resistance is possibly attributed to low electrical conductivity 
ITO electrode itself, especially after sulfurization process, as shown 
in Fig. 6. Moreover, the simulation of Merten et al. also identified 
that the series resistance is physically determined by the sheet 
resistance of the electrodes, especially that of the transparent 
electrode. 39 On the other hand, for our CZTS-560 sample, a small 
amount of the secondary phase (ZnS) may exist in the surface of the 
CZTS thin films due to the fact that the composition is a seriously 
Zn-rich (Table 1). Since ZnS with high series resistance is an 
inevitable question involved in the formation of CZTS thin films. It 
is also likely to contribute to the high series resistance of solar cell. 

Page 6 of 8RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7 

But the selective removal of the ZnS will become an effective 
method to improve device performance. 15

 High shunt resistance (Rsh 

=788 Ω cm-2) may result from densely packed large grains in CZTS 
thin films for our CZTS/ITO solar cell. So, further improvement of 
the conversion efficiency could be achieved through the optimization 
of the composition of the electrolyte, electrodeposition parameters, 
annealing process and interface treatment. 

4. Conclusions 

We have fabricated CZTS thin films using cost-saving co-
electrodeposition technique followed by annealing in the atmosphere 
of Ar/H2S. The structure, morphology and optical properties of 
CZTS thin films depend mainly on sulfurization temperature. The 
crystalline quality of the kesterite CZTS thin films and the S 
content in the films can be obviously improved during 
the sulfurization process. The surface morphological studies indicate 
that the formation of large densely packed grains with compact and 
faceted morphology after annealing. At a sulfurization temperature 
of 560 °C, CZTS thin films are fully sulfurized with Cu-poor and 
Zn-rich composition, and its band gap is about 1.50 eV which is very 
close to the optimum value of absorber layers in CZTS-based solar 
cells. An AZO/i-ZnO/CdS/CZTS/ITO/glass solar cell with about 2% 
conversion efficiency has been obtained using the CZTS absorber 
sulfurized at 560 °C. 
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