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Abstract Thin films of Cu2SnS3 (CTS) was successfully

grown on glass substrates by sol–gel spin coating technique.

In this work, the effect of drying time on structural, mor-

phological and optical characteristics is investigated while

drying temperature was kept at 300 �C. The samples were

characterized by means of X-ray diffraction (XRD), scan-

ning electron microscopy (SEM), atomic force microscopy

(AFM), UV–Vis–NIR spectroscopy and four probe analysis.

The XRD patterns of the samples proved the polycrystalline

nature and the formation of pure cubic Cu2SnS3 structure

with (111) preferential orientation. No peak referring to

other binary or ternary phases were detected in the patterns.

The average crystallite sizes calculated using the Debye–

Scherrer formula was about 7.5 nm. The AFM and SEM

images revealed that the CTS films have continuous and

dense morphology. The films roughness increases from 8 to

68 nm with increasing drying time from 2 to 10 min. The

thin films absorption coefficients were in the range

0.66 9 105–1.38 9 105 cm-1 at 2.14 eV. We found that by

increasing the drying time, the sheet resistance increased

from 22 to 574 kX and the direct optical band gap increased

from 1.19 to 1.65 eV. The synthesised material seems to be

a good candidate for flexible, cheap and friendly environ-

ment solar cells applications.

1 Introduction

The limitation of conventional sources with fossil fuels and

the constantly increasing of global need of energy give great

importance to the conversion of energy by the photovoltaic

technology which should reach the tetrawatt scale.

Despite their outdoor stability, great technical promise

of CuInGa(S,Se)2 (CIGS) and CdTe thin film photovoltaic

(PV) devices technologies [1–3] and the high achieved

record of conversion efficiency 20.4 % for CdTe based

solar cell, they have limitations. Tellurium, indium and

gallium are high cost and non abundant on Earth’s crust,

furthermore cadmium is toxic element [4–8].

Owing to its large absorption coefficient (a[ 104 cm-1)

[9–12] and promising photovoltaic properties [13], wide-

spread attention has been focused on Cu–Zn–Sn–S (CZTS)

and Cu–Sn–S (CTS) materials to be used in new generation

of thin films solar cells. As it contains non-toxic, low cost

and abundant elements, it has high potential for mass

production as absorber layers [14, 15]. Furthermore, recent

computations confirmed by experiments suggest that Cu2
SnS3 is the most promising compound in the Cu–Sn–S

system because of its wide stability range and lack of Fermi

level pinning [16].

CTS and CZTS(Se) based thin film solar cells have been

synthesised with conversion efficiency 2.7 % [17], 2.84 %

[18], 11.1 % [19], however, the most efficient thin film

solar cells currently using the CZTSSe as absorber layers

gave laboratory efficiency of 12.6 % [20].

Thin CTS films have been made using several tech-

niques, spin coating [21–24], pulsed laser deposition from

Cu2SnS3 mulitcomponent targets [25]; doctor blade

method [26] nano ink [27]; spray pyrolysis [28, 30]; direct

liquid coating [31, 32]; sulfurizing Cu/Sn stacked precur-

sors deposited on glass substrates by electron beam
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evaporation [33], sulfurizing, (Cu, Sn)S structured precur-

sors prepared by successive ionic layer absorption and re-

action (SILAR) [34, 35]; annealing in sulphur atmosphere

electrodeposited metals [18, 36]; heat treatment of elec-

trodeposited SnS–Cu layers [37], sulfurization of DC mag-

netron sputtered Sn–Cu stacks [38–41], direct evaporation of

a synthesized Cu2SnS3 powder [42], three steps method

based on sulfurization of evaporated copper on sprayed SnS2
film [43], sulfurization of a stack of vacuum-evaporated Cu

and Snfilms [44–46] route earlier used byRezig andDahman

to prepare thin films of iron pyrite [47, 48].

In this study, pure cubic structure Cu2SnS3 films were

grown by simple one-step spin coating technique from a

single precursor’s solution of Cu–Sn–thiourea complex.

The samples were synthesized at constant temperature with

various drying times and have been characterized by sev-

eral techniques: X-ray diffraction (XRD), atomic force

microscopy (AFM), scanning electron microscopy (SEM),

optical and four probe analysis.

2 Experimental

Thin CTS films were grown using spin coating route on

glass substrates. The substrates was first cleaned by suc-

cessive ultrasonic bath during 15 min, of acetone, deio-

nised water and ethanol respectively and dried with jet

dried-air. All the reagents and solvents were used without

further purification. Copper acetate monohydrate C4H6

CuO4.H2O (1 mmol), tin chloride dehydrate SnCl2�2H2O

(0.5 mmol) and thiourea H2NCSNH2 (1.5 mmol), were

used as precursors for copper, tin and sulphur respectively.

Further experimental details were given in our previous

work [21]. The precursors were dissolved into 20 ml

methanol and the mixture was then stirred at 60 �C during

2 h to yield a clear and homogenous solution. The resultant

solution was spin-coated using the spin coater Model

P6700. The films were dried in air on hot plate at constant

temperature of 300 �C for several times 2 (S1), 5 (S2), 7

(S3) and 10 min (S4). To obtain the final film, the spin

coating and drying steps were repeated five times.

The phase present in the samplesmaterialswas identified by

using Bruker D5005 diffractometer with Cu Ka1 radiation

(k = 1.5418 Å) operating at 40 kV, 40 mA. The microstruc-

ture of the films was carried out using Veeco DI CP-II Atomic

Force Microscope and Field Emission Scanning Electron Mi-

croscope (FEI SEM, NNL 200, Japan). The optical properties

were investigated, in the range 400–2000 nm, by using Shi-

madzu 3101PC UV–visible–infrared spectrophotometer. Four

probeLucasLabs-Pro4was used tomeasure the sheet electrical

resistance of the films. DekTak profilometer was used to

measure film thickness and found to be 500–600 nm.

3 Results and discussion

3.1 Structural results

Figure 1 shows the X-ray diffraction patterns of the syn-

thesized thin films on glass substrates for various drying

times at 300 �C. For all recorded patterns, three pro-

nounced diffraction peaks were observed at 2h = 28.417�,
47.312� and 56.115� which can be attributed respectively

to (111), (220) and (311) planes of Cu2SnS3 cubic structure

according to JCPDS File no. 89–2877. No other XRD lines

are detected signifying that synthesized materials are de-

void of any impurity. The observed peaks indicate the

polycrystalline nature of the materials. The presence of

strong principal diffraction line corresponding to (111)

plane indicates that the obtained films may have a prefer-

ential orientation.

One can note that our synthesis protocol seems to be the

simplest one to obtain pure CTS thin films. Indeed,

Kharaman et al. [22], Yaşart et al. [23] used many steps

including sulfurization one at 550 �C, while Huan et al.

[24] baked the synthesized films, at 80 �C for 5 min, then

at 425 �C for 2 min and finally at 600 �C in sulfur atmo-

sphere for 20 min.

Varieties of material structures have been reported in

literature: cubic [6, 34, 48–50], tetragonal [22, 23, 32–35,

38, 39, 50, 51–53], monoclinic [36, 37, 54], triclinic [24,

29, 55, 56] and hexagonal phases [30, 57]. The CTS

polymorph is strongly affected by the grown temperature,

however the influence of other parameters such as stoi-

chiometry of the elements is not excluded. Chalapathi et al.

observed on sprayed films that the samples exhibit poly-

morphism with tetragonal and monoclinic CTS phases.

While the as-deposited and annealed films at 400 and

450 �C contain tetragonal as well as monoclinic phases, the

films annealed at 500 �C are found to be mostly monoclinic

CTS [30]. CTS films deposited at 150 �C using PLD

technique clearly indicates tetragonal structure whereas at

250 �C the diffraction peaks consistently match of CTS

cubic phase with other phases such as Cu4SnS3 and SnS

[24]. Films grown by sulfurization of DC magnetron

sputtered Sn–Cu metallic precursors in a S2 atmosphere

exhibited tetragonal, cubic and orthorhombic structures

when sulfurized at 350, 400 and 520 �C respectively [37].

In a recent study, Baranowski et al. observed the zinc

blende derived cubic structure of Cu2SnS3 as a single phase

over a Cu-rich composition range. This wide phase sug-

gests that the material may contain a large Cu on Sn an-

tisite defect concentration or that allowing with a

neighboring Cu-rich phase may be occurring [41]. Never-

theless, Aihara et al. [46] has reported, on materials grown

by the sulfurization of evaporated Cu–Sn precursors, that
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cubic CTS phase was obtained in the case of Sn-rich

samples, while lines detected in Cu-rich materials could be

attributed to monoclinic polymorph. In our recent work

[58], Cu2SnS3 nanoparticles synthesized by solvothermal

route exhibited pure cubic phase. The same structure was

also observed on nanoparticles elaborated by microwave

irradiation [59].

The analysis of reported works revealed controversy

results concerning the effect of both grown temperature

and elements stoichiometry on material structure. However

more investigations will be needed to understand the origin

of the CTS materials polymorphs and their obvious influ-

ence on their optical and electrical properties.

The average sizes (D) of the samples crystallites can be

estimated according to the Debye–Scherrer formula:

D ¼ 0:9k
bcosh

ð1Þ

where k is the used X-ray radiation wavelength, b the full

width half maximum (FWHM) and h is the peak Bragg

angle.

After a correction for the instrumental broadening, an

average value of the crystallites is found to be 6.9–8.2 nm.

The calculated interdistance planes (d), the lattice pa-

rameter (a) and the average grain size (D) values are

summarized in Table 1.

The lattice parameters values are in good agreement with

those reported by Fernandes et al. [38] on sample with cubic

phase sulfurized at 400 �C: a111 = 5.434 Å
´
, d111 = 3.14 Å

´
.

However the obtained grain sizes are comparable to those

reported by Tiwari [32] and lower than those reported by

Kahraman [22] and Yaşar [23] on samples synthesized by

spin coating route. Table 2 shows reported results on ma-

terials synthesized by several techniques.

As can be seen, the highest crystallite sizes were ob-

tained by sulfurization of sputtered metals while samples

grown by chemical based route exhibited crystallites sizes

less than 40 nm.

3.2 Microstructure analysis

Atomic force microscopy is one of the most effective

means for the surface analysis. It is a non-invasive and

convenient technique to study the morphological charac-

teristics and surface roughness of semiconductor thin films

and to observe microstructure of CTS layers.
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Fig. 1 XRD patterns of grown

thin films at 300 �C at various

drying times

Table 1 Interdistance planes, lattice parameter and crystallite size

values for grown films

Sample t (min) d111 (Å
´
) a111 (Å

´
) D (nm)

S1 2 3.142 5.442 6.9

S2 5 3.138 5.435 6.7

S3 7 3.140 5.438 7.8

S4 10 3.140 5.438 8.2
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The surface morphology analysis of deposited films on

glass substrates by 2D and 3D AFM are shown in Fig. 2.

According to these micrographs, it is evident that the sur-

faces were rough compact without any visible cracks or

holes. These characteristics are suitable to avoid shunting

problems in solar cells. Furthermore, large grain size is

preferred in the aim to reduce recombination at grain

boundaries and involve carrier transport within the grain

[60]. As can be depicted from micrographs shown in

Fig. 2, the root mean square roughness (RMS) increases

from 8 to 68 nm with increasing drying time from 2 to

10 min. The Fig. 3a shows (500 9 500) nm2 2D AFM

micrograph of S3 sample exhibiting agglomeration-like

morphology. The observed grain size is higher than crys-

tallite size calculated from XRD results using Scherrer

equation. The difference between crystallite size and grain

size was explained that grains may be formed by several

crystallites. This phenomenon was also observed by other

researchers, Elarbi et al. in thermal evaporated Sn3Sb2S6
thin films [61] and Ares et al. [62] in polycrystalline pyrite

films. However from top view SEM micrographs of sam-

ples surfaces, except for S1, were covered partially by

homogeneous spherical shape microcrystallites. Figure 3c,

d show typical SEM photos for S1 and S3 samples. The

microcrystallites diameters are ranging between 200 and

600 nm depending on drying time. Similar microcrystal-

lites sizes (200–500 nm) were observed on surface samples

grown using spray pyrolysis [63]. The observation was

related to the possible vaporization of small drops during

film growth. Droplets with dimensions ranging from hun-

dreds of nanometers up to one micron have been observed

on surfaces films synthesized by pulsed laser deposition

route [25]. In our case, the drying time seems to affect the

surface quality of the deposited film and may be the cause

of the presence of such forms. At increasing dying time

more particles on the surface may agglomerate to form

Table 2 Structure and

crystallite size of CTS material

for several techniques

Preparation technique Film structure Crystallite size D (nm) Ref.

Spin coating Cubic 7.5 Our result

Tetragonal 17–25 [22, 23]

Spray pyrolysis Monoclinic–tetragonal 15–40 [30]

Triclinic 7–30 [29]

SILAR Tetragonal 20–40 [35]

Direct liquid coating Tetragonal 6 [32]

Sulfurization of sputtered metals Tetragonal 83–229 [38]

Tetragonal 60 [39]

Heat of electrodeposited SnS–Cu layers Monoclinic 13 [37]

Fig. 2 2D and 3D AFM micrographs for S1, S2, S3 and S4 samples, scale (3 9 3) lm2
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bigger grains. Other parameters such as drying tem-

perature, solution viscosity and spinning speed may affect

the surface film morphology.

3.3 Optical analysis

Figure 4 shows results of transmittance, absorbance, and

absorption coefficient measurements of the synthesised

films in the wavelength range 400–2000 nm. From Fig. 4a,

the transmittance of S3 and S4 is very low for k\ 650 nm

and increases for higher wavelengths, however for S1 and

S2 samples, the transmittance is very low in the whole

visible range and increases for k[ 860 nm.

The UV–Vis–NIR absorbance measurements shown in

Fig. 4b indicate that the material present a broad absorp-

tion in a wide wavelength range.

The absorption coefficient a(hv) was calculated using

the following equation [64]:

/¼ 1

d
ln 1� Rð Þ2=T
h i

ð2Þ

where d is the sample thickness, R and T are respectively

the reflectance and the transmittance of the film.

The variation of the absorption coefficient a with the

incident energy is shown in Fig. 4c. These curves exhibit

large absorption coefficient a[ 3104 cm-1 in UV–Vis

range for all synthesised films, while a[ 6104 cm-1 for S1
and S2 samples. From Fig. 4c, one can also notate for S1,

that a[ 105 cm-1 for wavelengths less than 600 nm

indicating the high absorbing quality of the film.

The band gap energy Eg is related to absorption coef-

ficient within Tauc formula:

ahm ¼ A hm� Egð Þn ð3Þ

where a is the absorption coefficient, A, hm and Eg are

respectively constant, incident photon energy and the op-

tical gap, n = 1/2 for a direct allowed transition and n = 2

for an indirect allowed transition. For direct transition, the

band-gap energy of the material is determined by ex-

trapolating the linear region of the plot of (ahm)2 versus

photon energy (hm) as shown in Fig. 5a. The point of the

extrapolation of the linear part that meets the abscissa will

give the value of the material band gap energy. The Fig. 5b

presents the variation of Eg versus drying time and outlines

a globally increasing in gap energy by increasing drying

time. The obtained values 1.19–1.65 eV, are suitable for
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Fig. 3 a RMS roughness versus

drying time, b 2D AFM
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top view SEM micrographs of
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photovoltaic solar conversion and in good agreement with

reported values obtained by spray pyrolysis 0.93–1.65 eV

depending on grown temperature [30]. However, samples

grown by RF magnetron sputtering at temperatures of

350–425 �C in hydrogen sulfide and nitrogen atmosphere,

showed band gap in the range 1.77–2.19 eV [65]. Whereas

smaller values were reported for thin films synthesised by

other techniques [12, 17, 35, 37].

3.4 Sheet resistance measurement

The film sheet resistance R! variation versus drying time is

shown in Fig. 6a. A clearly increasing in R! can be ob-

served. The sheet resistance increases from 22 to 575 kX
when drying time increases from 2 to 10 min. Spectral

shifts of the energy gap as a function of the growth pa-

rameters have been reported by several groups, the results
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being rather confusing. In our case, we have seen an in-

crease of optical energy gap and the sheet resistance with

the drying time. This effect was observed by Hamburg and

Granquist [66] and attributed to the combined effects of a

Burstein–Moss shift and impurity scattering. The increase

of the optical band gap can be attributed also to the in-

crease of the grain boundaries and crystal defects.

The Fig. 6b exhibits the sample sheet resistance evolution

versus time for sample S3 under polychromatic light exci-

tation of about 300 mW/cm2. The observed light sensibility

of the film leads to think that material is a promising can-

didate for photovoltaic applications. Photo-current activity

was observed on structures based on Cu2SnS3 materials

grown, by spin coating technique [23], sulfurization of

electron beam evaporated Cu–Sn alloy [17] and by sul-

furization of electrodeposited SnS–Cu layers [37].

4 Conclusion

Thin films of the ternary Cu2SnS3 material was successfully

synthesised by simple one-step spin coating technique at

constant drying temperature of 300 �C during several times.

The X-ray diffraction results show that the obtained layers

was composed by a pure single cubic phase Cu2SnS3 with

(111) preferential orientation without any secondary phases.

The calculated crystallite sizes using Debye-Scherer formula

were found about 7.5 nm. SEM and AFM analysis revealed

good surface morphology without any cracks or holes. The

room temperature sheet resistance increases significantly

from 22 to 575 KX with increasing drying time from 2 to

10 min and shows a visible light sensibility. The deposited

films exhibited high optical absorption coefficient a[ 3104

cm-1 for k\ 1200 nm and a[ 105 cm-1 in the range

400–690 nm for sample dried for 2 min. We found that by

increasing the drying time, the direct optical band gap in-

creased from 1.19 to 1.65 eV which is optimum for photo-

voltaic solar conversion. The found results make the

material as good candidate as absorber layer in low cost,

friendly environment and flexible solar cells.

Acknowledgments The authors would like to thank Dr. A. Alya-

mani for morphological analysis.

References

1. M.A. Green, K. Emery, Y. Hishikawa, W. Warta, Prog. Photo-

volt. Res. Appl. 17, 85–94 (2009)

2. M.A. Green, K. Emery, Y. Hishikawa, W. Warta, Prog. Photo-

volt. Res. Appl. 18, 346–352 (2010)

3. D. Butler, Nature 454, 558–559 (2008)

4. J.J. Scragg, P.J. Dale, L.M. Peter, G. Zoppi, I. Forbes, Phys.

Status Solidi B 245, 1772–1778 (2008)

5. H. Deligianni, S. Ahmed, L.T. Romankiw, Interface 20, 47–53
(2011)

6. N.S. Lewis, D.G. Nocera, Proc. Natl. Acad. Sci. USA 103,
15729–15735 (2006)

7. C. Wadia, A.P. Alivisatos, D.M. Kammen, Environ. Sci. Technol.

43, 2072–2077 (2009)

8. B.A. Anderson, Prog. Photovolt. Res. Appl. 8, 61–76 (2000)

9. K. Jimbo, R. Kimura, T. Kamimura, S. Yamada, W.S. Maw, H.

Araki, K. Oishi, H. Katagiri, Thin Solid Films 515, 5997–5999
(2007)

10. H. Katagiri, Thin Solid Films 480, 426–432 (2005)

11. H. Katagiri, K. Saitoh, T. Washio, H. Shinohara, T. Kurumadani,

S. Miyajima, Sol. Energy Mater. Sol. Cells 65, 141–148 (2001)

12. M. Bouaziz, M. Amlouk, S. Belgacem, Thin. Sol. Films 517,
2527–2530 (2009)

13. S.W. Shin, J.H. Han, Y.C. Park, G.L. Agawane, C.H. Jeong, J.H.

Yun, A.V. Moholkar, J.Y. Lee, J.H. Kim, J. Mater. Chem. 22,
21727–21732 (2012)

14. R.A. Wibowo, W.S. Kim, E.S. Lee, B. Munir, K.H. Kim, J. Phys.

Chem. Solids 68, 1908–1913 (2007)

15. L.J. Chen, Y.J. Chuang, J. Cryst. Growth 376, 11–16 (2013)

16. P. Zawadzki, L.L. Baranowski, H. Peng, E.S. Toberer, D.S.

Ginley, W. Tumas, A. Zakutayev, S. Lany, Appl. Phys. Lett. 103,
253902 (2013)

17. N. Aihara, A. Kanai, K. Kimura, M. Yamada, K. Toyonaga, H.

Araki, A. Takeuchi, H. Katagari, Jpn. J. Appl. Phys. 53, 05FW13

(2014)

18. J. Koike, K. Chino, N. Aihara, H.A. Nakamura, K. Jimbo, H.

Katagiri, Jpn. J. Appl. Phys. 51, 10NC34 (2012)

19. T.K. Todorov, J. Tang, S. Bag, O. Gunawan, T. Gokmen, Y. Zhu,

D.B. Mitzi, Adv. Energy. Mater. 3, 34–38 (2013)

20. W. Wang, M.T. Winkler, O. Gunawan, T. Gokmen, T.K.

Todorov, Y. Zhu, D.B. Mitzi, Adv. Energy. Mater. 4, 1301465
(2014)

21. H. Dahman, S. Rabaoui, A. Alyamani, L. El Mir, Vacuum 101,
208–211 (2014)

0 2 4 6 8 10 12
0

100

200

300

400

500

600

Sh
ee

t r
es

is
ta

nc
e 

(K
)

Drying time (min)

(a)

0 10 20 30 40 50 60 70 80 90 100
80

90

100

110

120

130

(b)

Light on

Exponential fit

Sh
ee

t r
es

is
ta

nc
e 

(K
)

Time (s)

S3 under illumination
Data

Fig. 6 a Sheet resistance versus
drying time, b S3 sheet

resistance under illumination

versus time

6038 J Mater Sci: Mater Electron (2015) 26:6032–6039

123
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