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Abstract As a promising and alternative solar absorber material, the Cu2ZnSnS4 (CZTS)

has gained a broad interest over recent years due to its excellent material properties such as

suitable and tunable band gap energy of 1.4–1.6 eV and absorption coefficient over

104 cm-1 (Jimbo et al. in Thin Solid Films 515(15):5997–5999, 2007; Katagiri et al. in Sol

Energy Mater Sol Cells 65(1–4):141–148, 2001). In addition, all components of the CZTS

are naturally abundant and non toxic. Nowadays solution based-approaches are being

developed for the deposition of CZTS to overcome the problem of expensive and com-

plicated vacuum-based methods. In this work, we report the study of properties of the

novel wurtzite CZTS material prepared by sol–gel sulfurization as a function of annealing

time. The effect of annealing time on structural and optical properties of the films was

investigated. The X-ray diffraction analysis confirmed the formation of the wurtzite CZTS

phase. The crystallinity of the films increases with an increasing sulfurization time. The

values of the optical absorption coefficients for the film were found to be 104 cm-1. The

optical band-gap values were estimated to be between 1.58 and 1.79 eV depending on the

sulfurization time.
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1 Introduction

Research on thin film photovoltaic (PV) technologies such as CdTe and Cu (In, Ga) (S,

Se)2 (CIGS) have recently made tremendous progress academically (Jackson et al. 2011)

and industrially (SOLAR FRONTIER 2011). However, the scarcity and the toxicity of raw

materials will become obstacles for CdTe and CIGS to significantly snatch PV market

share from dominant silicon wafer-based PV technologies. To overcome this issue, it is

necessary to develop new light absorber materials that are both nontoxic and easily

available. Cu2ZnSnS4 (CZTS) with an optimal direct band-gap of about 1.5 eV and a large

absorption coefficient over 104 cm-1 (Swami et al. 2013; Katagiri et al. 2001), is one of the

most promising candidates as the absorber layers in thin film solar cells. It is composed of

earth abundant elements which are copper, zinc, tin and sulfur (Wadia et al. 2009; Mitzi

et al. 2011). All of them are nontoxic and this allows classifying the CZTS as future

replacement for CIGS in the CIGS thin film solar cells. Until now, CZTS thin film solar

cells have achieved the power conversion efficiency of 12.6 % using the Cu2ZnSn (S, Se)4

kesterite absorber (Wang et al. 2014). There are a lot of reports on CZTS which utilize

vacuum based techniques such as thermal evaporation, sputtering, pulse laser deposition

etc. (Katagiri et al. 1997; Seol et al. 2003; Tanaka et al. 2005; Zhang et al. 2006; Moriya

et al. 2007; Schubert et al. 2011). Vacuum based deposition techniques present few

drawbacks like sophisticated devices and high energy consumption which raise the cost,

low throughput and difficulties of deposition on large areas. Unfortunately, these draw-

backs will not allow in achieving the main goal of low cost and sustainable energy

conversion of thin film solar cells. Thus, it is important and necessary to develop and to use

non vacuum based deposition techniques. Solution based methods offer the advantage over

vacuum based techniques in terms of input capita, throughput, material utilization and

large area deposition (Todorov and Mitzi 2010). Among these solution based techniques,

sol–gel especially associated to spin coating has gained high attention because of simple

deposition procedure and low-cost preparation to obtain high quality thin films. The sol–

gel method involves many process parameters such as molar concentration of precursor,

rotation speeds, annealing time, annealing temperature, stirring time and drying time,

which directly or indirectly influence the quality of thin films. Hence, it is important to

better understanding the relation amongst the process parameters in order to optimize the

quality of thin films.

In order to use the low cost non vacuum routes to prepare CZTS thin films, in this

present work, CZTS thin films were synthesized via sol gel method and deposited on

ordinary glass substrates by spin coating technique. The effect of sulfurizing time on films

properties has been investigated. The obtained CZTS thin films were characterized by

various measurements.

2 Materials and methods

The CZTS was obtained from a sol–gel precursor which consists of copper(II) acetate

monohydrate, zinc(II) acetate dihydrate and tin(II) chloride dihydrate dissolved in

2-methoxyethanol and monoethanolamine used as the solvent and the stabilizer respec-

tively. The solution was spin coated on ordinary glass substrates and dried at 230 �C in air.

The coated glasses were sulfurized by annealing at 340 �C in elemental sulfur powder at

different times. The annealing time was varied from 30 min to 1 h 15 min by step of

 134 Page 2 of 7 J. H. N. Tchognia et al.

123



15 min, while the annealing temperature was kept constant at 340 �C. The synthesis

process of CZTS film using spin coating technique is shown on the following

flowchart (Fig. 1).

The structural composition of films is determined from X-ray diffraction (XRD) pat-

terns taken with a diffractometer (XPERT-PRO) using Ni-filtered CuKa electrode and step

size of 0.067�. Optical spectra are recorded using a VIS spectrophotometer (SPECTRO

VIO C5210).

3 Results and discussions

3.1 Structure analysis

X-rays diffractions (XRD) of the as-prepared films were carried out to know the crystal

phase of this material. Figure 2 shows the XRD patterns of the CZTS thin films obtained at

different sulfurization time. It can be seen that all films have a polycrystalline structure

with peaks identified at 2h *26.3�, 28.5�, 30.2�, 33.8�, 47.4� and 51.8� positions corre-

sponding respectively to the (100), (002), (101), (102), (110) and (103) crystallographic

directions of the hexagonal structure and matching well with those of the previously

reported CZTS wurtzite structure (Lu et al. 2011).

Although there was no standard card for wurtzite CZTS in JCPDS databases, the crystal

orientation of XRD pattern for the wurtzite CZTS can be derived from the wurtzite ZnS by

replacing Zn(II) with Cu(I), Zn(II) and Sn(IV) (Lu et al. 2011). The XRD pattern of

wurtzite CZTS matches in particular the combined directions of hexagonal ZnS (JCPD

data n�.98-001-7525) and monoclinic Cu2SnS3 (JCPD data n�.98-005-8919). The broad-

ening of the Bragg peaks is due to the small size of the nanoparticles. The films have

Fig. 1 Flowchart of the experimental process
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random growth orientations; these random growth orientations are understandable because

of the amorphous nature of glass substrates. We notice in these spectra that the intensity of

peaks increases with the sulfurization time. This evolution can be interpreted by the fact

that increase the annealing time allows the sulfur to well react with other components. A

sufficiently long annealing time can lead to a good formation and a good growth of the final

compound. With a suitable annealing temperature, the crystallization of films can be

improved by increasing the annealing time to a reasonable value. It was not easy to

determine the crystal phases of CZTS, ZnS and Cu2SnS3 only by XRD measurements; so

the analysis of Raman spectra of films had been carried out to have more insight into the

phase identification. Figure 3 shows the Raman spectra of as prepared films annealed in

sulfur powder at 30, 45, 60 and 75 min. A single Raman intense peak located at

328.9 cm-1 is observed in all films and is close to the value reported for bulk CZTS (Zhou

et al. 2013; Xia et al. 2014). It is noticeable that there are no additional peaks for other

phases such as ZnS (351 cm-1) and Cu2SnS3 (298 cm-1) which confirms the single phase

of wurtzite CZTS.

We can notice also that the intensity of Raman peak increases when the annealing time

increases confirming thus the XRD results.
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Fig. 2 XRD patterns of CZTS with different sulfurization time
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3.2 Optical properties

Since CZTS is a direct band gap semiconductor, the variation of absorption coefficient a
with photon energy ht for allowed transitions between parabolic bands obeys to the

following Tauc’s relation (Ohta et al. 1997):

ahmð Þ2¼ A hm� Eg

� �
ð1Þ

where hm is the energy of photon, a the absorption coefficient, A is a constant and Eg the

band gap. Figure 4 shows the variation of (aht)2 as a function of photon energy (ht) for

films annealed with different sulfurization times. According to the direct allowed inter

band transition theory, the optical band gap of CZTS films can be determine by extrap-

olating the linear part of the curve to the zero absorption coefficient as shown on Fig. 4.
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The band gap of CZTS thin films is found to be 1.79, 1.77, 1.73 and 1.58 eV for

sulfurization times of 30, 45, 60 and 75 min respectively. These values are larger than the

reported value of 1.5 eV which may be owing to the quantum confinement effect of the

CZTS nanoparticles at sulfurization times relatively small. It is well known that the optical

band gap of nanoparticles can be tuned by controlling the size of the nanoparticles due to

the quantum size effect. The estimated exciton Bohr radius for CZTS nanocrystals is find

to be between 2.5 and 3.3 nm (Efros and Efros 1982). Thus the large band gap should be

due to the quantum confinement of those particles with sizes smaller than 2.5 nm. It is seen

that the band gap of films decreases as the sulfurization time increases. Increase the

annealing time gives more possibility to the material to grow completely and to the

particles to increase in size. Due to this, the band gap of nanoparticles reduces with

increasing radius, and the optical absorption and emission associated with electronic

transitions across the band gap shift towards lower energy. The increase in crystallite size

can allow the film to be less transparent due to the increase in film thickness and this might

be also a reason of the decrease in the band gap. The sample obtained after 75 min of

sulfurization exhibits the best band gap of 1.58 eV comparable with those reported by

others (Arba et al. 2013; Park et al. 2012) and close to the band gap of bulk CZTS based

thin film solar cells.

4 Conclusion

In this study, the influence of the sulfurization time on the structural and optical properties

of CZTS thin films obtained by a simple and low cost sol gel method was investigated. The

XRD studies revealed a pure wurtzite structure of CZTS and that the crystallinity of films

increases as the annealing time increases. The Raman analysis showed a single peak at the

328.9 cm-1 position without additional peak of other phases confirming the pure wurtzite

phase revealed by the XRD measurements. The optical band gap is found to be decreased

as annealing time increases and the best band gap energy was found for the sample

annealed during 75 min.
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