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Abstract Cu2ZnSnS4 (CZTS) is considered to be one of the most promising absorber

materials capable of driving the development of low cost and high performance photo-

voltaic. Its direct and tunable band gap of 1.4–1.6 eV, high absorption coefficient over

104 cm-1, earth abundant and non-toxic constituents give it a number of advantages and

rise it above other thin film absorber materials like polycrystalline cadmium telluride,

copper indium diselenide and its combinations with gallium and/or sulfur

(Cu(In,Ga)(S,Se)2). In this present study, wurtzite CZTS nanocrystals have been prepared

by a sol–gel route associated to spin coating. The CZTS samples have been characterized

structurally by X-ray diffraction (XRD) and Raman spectroscopy, morphologically by

scanning electron microscope (SEM) and optically by a vis spectrophotometer. XRD result

and Raman analysis revealed a wurtzite structure. SEM studies showed a condensed sur-

face composed of agglomerated nanocrystals and optical absorption showed a band gap of

1.55 eV suitable for photovoltaic applications.
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1 Introduction

Thin films chalcogen materials such as CuInS2 (CIS), CuInGa(S,Se)2 (CIGS) and CdTe are

currently produced at large scale and have already reached the commercialization stage.

However, the scarcity of indium, gallium and tellurium in the earth crust will limit the

future development of CIGS- and CdTe-based solar cells. In addition, the price of indium

will increase in the near future because of the extensive use of indium in display tech-

nologies and opto-electronic devices. The toxicity of cadmium to health and environment

would be another problem to the development of CdTe-based solar cell. To solve these

issues, it is necessary to search and to develop new type absorber materials that are both

non toxic and abundant. Cu2ZnSnS4 (CZTS) and its alloy with selenium have recently

gained a broad interest thanks to their remarkable properties, namely large absorption

coefficient ([104cm-1) and ideal band gap energy between 1.4 and 1.6 eV for photovoltaic

devices (Kahraman et al. 2013). CZTS comparing to other quaternary semiconductors

above-mentioned has the advantages of earth-abundant and non toxic elements which

make it one of the promising candidates for cost-effective as well as environmentally

benign devices. The conversion efficiency of CZTS-based solar cells has been improved

recently from 6.7 % in 2008 to 9.7 % in 2010 and 11.1 % in 2012 indicating the promise of

this new thin film PV materials system (Todorov et al. 2010, 2013a; Katagiri et al. 2008).

The current record efficiency of CZTS-based thin film is 12.6 % and was reported by

Wang et al. (2014). Since 2010, the efficiency is improved by partly selenizing the CZTS

thin film in order to have a broader spectral photoresponse (Todorov et al. 2013b). In this

new record, Wang et al. have used hydrazine pure-solution approach targeting a Cu-poor

and Zn-rich condition (Todorov et al. 2013c). Many researchers have addressed on various

kinds of CZTS nanocrystals and CZTS nanocrystals with different crystalline structure and

shape had been synthesized. The first synthesis of kesterite CZTS nanocrystals were

reported by Hillhouse et al. (2009). Lu and coworkers were the first to synthesize the

wurtzite phase of CZTS nanocrystals using hot-injection method (Lu et al. 2011). Li et al.

(2012a) reported that wurtzite CZTS nanocrystals showed higher carrier concentration than

kesterite CZTS nanocrystals. Following this report, many research groups have focused on

the synthesis of wurtzite CZTS nanocrystals. Recently, many processing protocols have

been investigated for depositing wurtzite CZTS nanocrystals including noninjection

(Regulacio et al. 2012), hot-injection (Lu et al. 2011), hydrothermal (Wang et al. 2011),

one-pot (Kang et al. 2013).

The sol–gel method is based on poly-condensation and hydrolysis reactions. Oxyhy-

drate precursors can be usually deposited by the sol–gel method and oxides are obtained by

annealing in air (Tanaka et al. 2007). The method is very simple but however sulfides

cannot be deposited by this method. Kavanagh and Cameron reported that zinc sulfide thin

films were produced from films of zinc oxide obtained by annealing in air oxyhydrate

precursors. The zinc oxide films became zinc sulfide by an annealing in a hydrogen sulfide-

containing atmosphere (Kavanagh and Cameron 2001). Tanaka and coworkers have used

this idea to prepare the CZTS thin films with a kesterite phase by sulfurizing oxyhydrate

precursors directly in an N2 ? H2S (5 %) atmosphere without the oxide conversion pro-

cess (Tanaka et al. 2007).

In this paper, we are presenting the synthesis of CZTS nanocrystals with wurtzite phase

by sulfurizing oxyhydrate precursors in sulfur powder atmosphere which were deposited

by the sol–gel method. This revealed to be very simple and useful method for preparing

CZTS thin films.
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2 Experimental

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

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

2-methoxyethanol as solvent and monoethanolamine (MEA) as stabilizer. Copper (II)

acetate, Zn (II) acetate and tin (II) chloride of 0.044, 0.022 and 0.022 mol respectively

were dissolved in 45 ml of 2-methoxyethanol and 5 ml of MEA was added to the solution

as stabilizer. After adding the metals salts, a dark brown solution was obtained which has

been stirred during 2 h at 60 �C. The final solution was spinning coated on ordinary glass

substrates at 2500 rpm and dried at 230 �C in air. The coating and drying processes were

repeated 10 times to obtain a suitable thickness of the film. The coated glass was sulfurized

by annealing at 340 �C in elemental sulfur powder containing atmosphere during 60 min.

The prepared film was analyzed with an X-ray diffractometer (XRD), a Raman spectro-

scope and a scanning electron microscope (SEM) to carry out the crystal structure and

morphology of the as-deposited CZTS nanocrystals. The optical properties were recorded

by the measurements of the absorbance using a Vis spectrophotometer.

3 Results and discussion

In our sol–gel method, Cu(CH3COO)2�H2O, Zn(CH3COO)2�2H2O and SnCl2�2H2O were

used as the starting materials with the stoichiometry (2:1:1). The tin (II) chloride dehydrate

is a strong reducing agent (Guo et al. 2014). The Cu2? and Sn2? ions are changed into Cu?

and Sn4? through oxidation–reduction reaction, as shown in Eq. (1) below (Guo et al.

2014) (Fig. 1).

2Cu2þ þ Sn2þ ! 2Cuþ þ Sn4þ ð1Þ

Figure 2 shows the surface morphology of the CZTS thin film.

After spin-coating the precursor on ordinary glass substrates, the free sulfur ions were

released from the elemental sulfur powder during the annealing of the metal complex.
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Fig. 1 a XRD pattern of as-synthesized wurtzite CZTS nanocrystals. b Raman spectrum of wurtzite CZTS
nanocrystals
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Finally, the free sulfur ions react with Cu, Zn and Sn metal complex ions to form CZTS

nuclei as seen in Eq. (2).

2Cuþ þ Zn2þ þ Sn4þ þ 4S2� ! Cu2ZnSnS4 ð2Þ

X-ray diffraction of the resulting deposited film was carried out to know the crystal

phase of the nanocrystals. Figure 1 shows the XRD pattern of the as-prepared CZTS

nanocrystals synthesized at 340 �C during 60 min. The observed XRD pattern showed

(100), (002), (101), (102) and (103) peaks at 26.33�, 28.46�, 30.14�, 33.86� and 51.59�
respectively and matching well with those of the previously reported CZTS wurtzite

structure (Lu et al. 2011). This structure can be obtained by substituting zinc with copper

and tin atoms in the wurtzite ZnS (Lu et al. 2011).

In particular, the XRD pattern of the wurtzite CZTS matches the combined reflections

from hexagonal ZnS and monoclinic Cu2SnS3 (Singh et al. 2012). The Raman spec-

troscopy showed a single peak at 330.49 cm-1 which is close to the value reported for bulk

CZTS (Fernandes et al. 2009). The noted broadening of the Raman peak is due to the

phonon confinement within the nanocrystals (Bersani et al. 1998). The average crystallite

size of the CZTS film was estimated using Scherrer’s formula (Knuyt et al. 1996).

D ¼ 0:94k
b cos h

ð3Þ

where D is the average crystallite size, k is the wavelength of the X-ray radiation

(k ¼ 0:154nmÞ, h is the Bragg’s diffraction angle of the related peak and b is the angular

width of the peak at FWHM. The estimated average crystallite size of the sample is

30.12 nm. A thickness of 1518 nm was obtained from profilometer measurements.

From Fig. 2, we can see a homogeneous surface of the film formed from aggregation of

nanocrystals. The grains size is less large although they are densely packed. The small size

of the grains can be due to the low annealing temperature because it is well known that

higher temperature treatment above 500 �C of CZTS films showed increased crystallinity

Fig. 2 Surface SEM image of the CZTS thin film
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and grain size (Seol et al. 2003; Tanaka et al. 2006). To improve the cristallinity and grain

size in our film, higher annealing temperature in sulfur powder of the precursors is

required.

Figure 3 shows the absorption spectrum of the CZTS thin film annealed at 350 �C. The

sample exhibits broad absorption in the visible range. The dependence of the absorption

coefficient upon the photon energy for near edge optical absorption in semiconductors

takes the form of the following Tauc’s formula (Ghobadi 2013):

ahtð Þ ¼ B ht� Egð Þm ð4Þ

where Eg is the optical band gap, B is a constant, ht the incident photon energy, a the

absorption coefficient and m ¼ 1
2
; 3

2
; 2 and 3 for direct allowed, indirect allowed, direct

forbidden, indirect forbidden transitions respectively (Ghobadi 2013). Since CZTS is a

direct allowed transition semiconductor, the optical band gap was determined by taking

m ¼ 1
2
, (aht)2 was plotted versus ht using data obtained from the optical absorbance

spectra. A typical plot is shown in Fig. 3. The band gap of the CZTS film was estimated by

taking the value of ht for (aht)2 = 0 that means by extrapolating the linear part of the

curve as shown in Fig. 3. The band gap was estimated from the plot to be 1.55 eV. This

value is consistent with the reported values of 1.4–1.6 eV for CZTS (Kahraman et al. 2013;

Zhao et al. 2014; Li et al. 2012b), and is near the optimum value for photovoltaic solar

conversion in a single-band-gap device. This feature shows that the wurtzite-CZTS thin

film prepared by sulfurizing deposited precursors in a sulfur powder by the sol–gel method

can be suitable for thin film solar cells.

4 Conclusion

CZTS thin film with a wurtzite phase was prepared by annealing in sulfur powder the

precursors deposited by sol–gel spin coating method. XRD, Raman and SEM results

showed that wurtzite CZTS was formed on the substrate. The energy band gap of the film

was found to be 1.55 eV which lies in the optimal range of bulk CZTS band gap and can be

applied as an absorber layer in thin films solar cells.
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Fig. 3 Vis absorption spectrum of the film and the optical gap energy estimated from the absorption
spectrum
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Acknowledgments Joël. H. Nkuissi Tchognia is grateful to the ICTP (The Abdus Salam International
Centre for Theoretical Physics) and ANSOLE (African Network for Solar Energy) for financial support in
the framework of the Intra-African Exchange (INEX) program.

References

Bersani, D., Lottici, P.P., Ding, X.: Phonon confinement effects in the Raman scattering by TiO2

nanocrystals. Appl. Phys. Lett. 72, 73–75 (1998)
Fernandes, P.A., Salome, P.M.P., da Cunha, A.F.: Growth and Raman scattering characterization of Cu 2

ZnSnS 4 thin films. Thin Solid Films 517, 2519–2523 (2009)
Ghobadi, N.: Band gap determination using absorption spectrum fitting procedure. Int. Nano Lett. 3(2), 1–4 (2013)
Guo, Q.J., Hillhouse, H.W., Agrawal, R.: Synthesis of Cu2ZnSnS4 nanocrystal ink and its use for solar cells.

J. Am. Chem. Soc. 31, 11672–11673 (2009)
Guo, B.L., Chen, Y.H., Liu, X.J., Li, A.D.: Optical and electrical properties study of sol–gel derived

Cu2ZnSnS4 thin films for solar cells. AIP Adv. 4(097115), 1–10 (2014)
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