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Abstract Electrodeposited copper zinc tin sulfide (CZTS)

thin films grown on conducting glass substrates are

investigated in this report. The photoelectrochemical cell

(PEC), optical, structural and morphological properties of

the deposited films have been characterized. PEC mea-

surements of the CZTS thin film showed p-type electrical

conductivity. Optical measurement showed that the trans-

mittance of CZTS films is observed to about 0.5–3.4% in

the wavelength range 300–1100 nm. It is also observed that

the absorbance of the CZTS thin films rapidly increases in

the wavelength range 580–620 nm and then it decreases

slowly. The band gap of the CZTS thin film is observed to

be in the range 1.6–2.2 eV. The transmittance and band gap

decreases upon annealing at different temperatures but the

absorbance and the grain size increases due to the

improvement of crystalline quality upon annealing. From

the X-ray diffraction study, the CZTS films are found to be

polycrystalline with (112), (200), (105), (204), (312), (220)

orientations of the tetragonal structure. The average crys-

tallite size is estimated to 23 nm for as-deposited film,

26 nm for annealed at 300 �C and 40 nm for annealed at

350 �C. It is found from SEM study that the precursor film

shows non-uniform distribution of agglomerated particles

with well-defined boundaries. As the annealing tempera-

ture increases, the crystallization of the films is observed to

improve, and hence the morphology of as-deposited

precursor film is observed to change into the larger flat

grains upon annealing.

Keywords Cu2ZnSnS4 thin films � Single step

electrodeposition � Optical properties � Structural
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Introduction

Producing electrical energy from sunlight using inexpen-

sive, profuse and nontoxic materials is considered a major

challenge in the photovoltaic community. Copper zinc tin

sulfide (CZTS) based solar cell is currently rising up as one

of the next generation thin film solar cells, due to the free

of scarce and toxic elements and the need of cost reduction

for mass production [1, 2]. It is known that CZTS has a

direct band gap between 1.45 and 1.6 eV and absorption

coefficient of 104 cm-1 in visible light range. The devel-

opment of Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe)

solar cells have reached efficiencies up to 8.4% [3] and

3.2% [4], respectively. In 2011 Todorov et al., achieved an

efficiency of 10.1% by preparing solar cells with an

absorber layer of Cu2ZnSn(S,Se)4 (CZTSSe) [5].

The first CZTS solar cell, with an open-circuit voltage of

400 mV and device efficiency of 0.66%, was produced by

Katagiri in 1997 [6]. Other approaches such as evaporation,

sputtering and electrodeposition have been developed and

reached an efficiency to 5.4% [2], 6.7% [7] and 7.2% [8],

respectively. During all the above approaches, the elec-

trodeposition process is low cost and environmentally

friendly for solar cell manufacturing technologies, which

make it possible for large-scale industrialization. Usually,

the electrodeposition process could be divided to two cat-

egories. One is two-step process which need to
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electrodeposite metal precursor and sulfurize afterwards,

the highest 7.2% solar cell by electrodeposition [8] and

many other groups were using this two-step method [9–11].

The other is one-step electrodeposition which adding

Na2S2O3 to the electrolyte to directly deposit CZTS com-

pound [12, 13].

Recently, Todorov et al. [14] reported fabrication of a

CZTS based Photovoltaic (PV) device, synthesized from

solution based method, with highest efficiency * 9.3%.

Several research groups have recently attempted produc-

tion of CZTS thin films using electrochemical methods. For

example, Zhang et al. [15] reported synthesis of CZTS on

Ag-substrates by Electrochemical-Atomic Layer Epitaxy,

while Araki et al. [11, 16, 17] and Scragg et al. [18]

reported the preparation of CZTS films on molybdenum

coated glass substrates by electroplating; Chan et al. [19]

reported the synthesis of CZTS thin films on copper coated

glass substrates using ionic liquids. To get the desired

2:1:1:4 stoichiometry of Cu:Zn:Sn:S in sulfurized films,

proper control of the molar stoichiometric ratio of

Cu:Zn:Sn in the electrodeposited film is required. In this

report, single step growth of CZTS film is performed using

electrodeposition method on transparent conducting oxide

(ITO) coated glass substrates and then annealing of the

grown films is carried out in nitrogen environment.

Experimental details

The electrodeposition cell employed a conventional three

electrode geometry comprising a Pt counter electrode, a

Ag/AgCl reference electrode and an ITO coated glass

substrate tied with a carbon rod as a working electrode. The

bath contains0.02 M CuSO4, 0.01 M ZnSO4.7H2O, 0.02 M

SnSO4, 0.02 M Na2S2O3, 0.2 M Na3C6H5O7, 0.1 M

C4H6O6 solution. In the bath Citric acid (Na3C6H5 O7)

acted as a complexing agent and tartaric acid (C4H6O6)

acted to control pH * 5.0 of the solution. The deposition

was carried out at room temperature and all the potentials

were measured with respect to the Ag/AgCl reference

electrode.

The deposition of CZTS thin films were carried out by

applying different potentials and different time. By getting

the idea of deposition potential from cyclic voltammetry,

the CZTS films were deposited within the potential range

of - 850 to - 1200 mV and time variation from 20 to

60 min. In this report, it is observed that good films have

been grown at potentials between - 1050 and - 1100 mV,

and deposition times between 40 and 50 min. Immediately

after the deposition, the grown CZTS films were rinsed in

deionized water to remove traces of the solvent so that the

unwanted dust particles could be removed, and then, those

were subsequently dried in blowing air.

Results and discussion

Determination of carrier type of CZTS thin films

In order to determine the carrier type of CZTS layers, a

simple photo-electrochemical cell (PEC) was used. The

CZTS/ITO/glass and a carbon rod were partially immersed

in a 10% NaCl aqueous solution, and these two electrodes

were connected to a digital voltmeter. The photo-voltage,

created with white light illumination, was estimated by

measuring the voltage under dark and illuminated condi-

tions. A positive photo-voltage was demonstrating the

p-type character of the material. The photosensitivity

confirmed that CZTS layer is a p-type material which can

be used in the solar cell [15, 20, 21].

Optical characterization of CZTS films

Transmittance measurements

Figure 1 shows the variation of transmittance, T (%) with

wavelength, k (nm) at wavelength range 300–1100 nm for

different as-deposited and annealed CZTS layers. Trans-

mittance is obtained to be about 0.5–3.4% in the wave-

length range 300–1100 nm. For as-deposited CZTS films,

it is to be about 2.9–3.4% and for annealed CZTS films to

be about 2.2–2.8% in the wavelength range 360–560 nm.

In the wavelength range 360–560 nm it changes irregularly

and in the wavelength range 560–620 nm it decreases

rapidly. Above that range, the transmittance increases

slightly with wavelength, this may be due to absorption by

carrier in the degenerate films. The transmittance of as-

deposited films was greater than that of the films which are

Fig. 1 Variation of transmittance T (%) with wavelength, k (nm) of

(a) as-deposited precursor film, (b) film annealed at 300 �C, and

(c) film annealed at 350 �C, respectively
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annealed in nitrogen environment. This behavior may be

due to improved crystalline quality of CZTS films upon

nitrogen environment annealing. The decrease in trans-

mittance is due to the increase in crystallinity of films

which results in higher scattering of light. The ripples in

transmittance spectra are attributed to optical interference

effects [22].

Absorbance measurements

Figure 2 shows the variation of absorbance, A with

wavelength, k (nm) at wavelength range 300–1100 nm for

as-deposited and annealed CZTS layers. It is observed that

the absorbance of the CZTS films rapidly increases in the

wavelength range 590–610 nm after that it decreases

slowly. It is observed that CZTS films show a slight change

upon annealing. It is also observed that overall absorbance

of annealed CZTS films is increased than that of as-de-

posited CZTS films. This behavior may be due to improved

crystalline quality of CZTS films upon annealing as

observed in the case of transmittance study [23]. In the

visible region, the fundamental absorption edges have been

clearly observed for all samples. It can be said that CZTS

film can be used as an absorber layer in a solar cell because

of its high absorbance in visible region of spectra [22].

Band gap measurements

CZTS thin films deposited at optimized preparative con-

ditions were characterized by optical absorption technique.

The band gap energy (Eg) for CZTS films was determined

by plotting (ahm)2 versus photon energy (hm) for the cor-

responding wavelength (k) graphs, where a is the

coefficient of absorption. From the optical data, the

absorption coefficient a was calculated using the Lambert

law [23].

2:303A ¼ ad ð1Þ

a ¼
Ao hm� Eg

� �n

hm
; n ¼ 0:5 or 2 ð2Þ

where hm is the photon energy, Eg is the band gap energy

and Ao is a constant which is related to the effective masses

associated with the bands, A is the optical absorbance, d is

the film thickness estimated by using Faraday’s electrolysis

formula i.e., d = ZQ/Aq, where Z is the electrochemical

equivalent, Q is the amount of charge, A is the deposition

area of the substrate and q is the density of CZTS film. The

value of n is equal to 0.5 for direct band gap material and 2

for indirect band gap material [24]. Since CZTS is a direct

band gap material so we used the value of n is equal to 0.5.

a ¼
Ao hm� Eg

� �0:5

hm
ð3Þ

ahmð Þ2¼ A2
o hm� Eg

� �
ð4Þ

Extrapolating the straight line portion of the curve in

energy axis gives the values of band gap energy (Eg) as

shown in Fig. 3. The Eg for as-deposited film is observed to

be about 2.2 eV. After annealing at higher temperature the

band gap of CZTS layers decreases from 2.2 to 1.6 eV. The

decrement in the band gap energies from 2.2 to 1.6 eV with

increase in annealing temperature has been observed which

is in agreement with the earlier reported Eg values for

CZTS thin films [6, 13, 18, 21]. The decrease in the band

Fig. 2 Variation of absorbance with wavelength k (nm) of (a) as-

deposited precursor film, (b) film annealed at 300 �C, and (c) film

annealed at 350 �C, respectively

Fig. 3 Variation of (ahm)2 as a function of photon energy (hm) of

(a) as-deposited precursor film, (b) film annealed at 300 �C, and

(c) film annealed at 350 �C, respectively
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gap after annealing is a consequence of phase change from

amorphous to polycrystalline nature [25]. The decrease of

band gap upon annealing indicates that at lower photon

energy transition rules are relaxed in the presence of a high

density of defects, impurities and disorders at the grain

boundaries, which may cause the decrease in the direct

band gap.

Structural analysis

X-ray diffraction (XRD) measurements

The X-ray diffraction patterns of as-deposited CZTS and

the films annealed at 300 and 350 �C in nitrogen envi-

ronment for 1 h are shown in Fig. 4. The XRD spectra

reveal that the as-deposited precursor films deposited at

room temperature are crystalline in nature for CZTS thin

film. This crystalline nature is improved with increasing

annealing temperature. With increase in annealing tem-

perature from 300 to 350 �C, the intensity of (112), (200),

(105) and (204) diffraction peaks for CZTS thin films

becomes relatively more intense and sharper

[18, 22, 25–34]. It indicates that the crystalline nature of

CZTS thin films is improved with increasing annealing

temperature. The process of crystallization seems to be

started during deposition at room temperature. With

increase in annealing temperature up to 350 �C, the

intensity of these peaks increases along with (312), (220)

peaks for CZTS thin films [18, 22, 25–34]. From the XRD

analysis, it is seen that the precursor film annealed at

350 �C have polycrystalline nature with kesterite crystal

structure [35].

Lattice parameter

The lattice parameter for each peak of each sample was

calculated by using the formula

1

d2
¼ h2 þ k2

a2
þ l2

c2
ð5Þ

where h, k and l are the Miller indices of the crystal planes.

To determine the lattice parameter for each sample, Nel-

son–Riley method was used. The Nelson–Riley function

F(h) is given as

F hð Þ ¼ 1

2

Cos2h
Sinh

� �
þ Cos2h

h

� �� �
ð6Þ

The values of lattice parameter ‘a’ and ‘c’ of all the

peaks for a sample are plotted against F(h). Then lattice

constant ‘ao’ and ‘co’ are determined using a least square fit

method. The point where the least square fit straight line

cut the y-axis (i.e., at F(h) = 0) gives the actual lattice

parameter of the sample. The value of lattice parameters

were estimated from the extrapolation of these lines to

F(h) = 0 or h = 90�. The lattice parameter ‘a’ and ‘c’ of the

deposited CZTS film are then plotted as a function of F(h),
as shown in Fig. 5.

Crystallite size

From the full-width at half-maximum (FWHM) of the

diffraction peak in the plane (h k l), it is just possible to

roughly estimate the nanoparticle size for different depo-

sition times from the Debye–Scherrer formula [36].

D ¼ 0:94k
bCosh

ð7Þ

where D is the mean particle size, k is the wavelength of

X-ray radiation, is the FWHM of the peak of (h k l) plane

and h is the diffraction angle.

It is known that Debye–Scherrer equation gives rea-

sonably accurate values for the particle diameter. Here, ‘k’
is the wavelength of the target used in XRD instrument and

is 0.15406 nm for Cu Ka target in this experiment. The

grain size of the CZTS crystallite varies in the range

7–45 nm for as-deposited film. For annealing at 300 �C it

varies from 22 to 31 nm and for annealing at 350 �C it

varies from 24 to 72 nm. It is observed that the values of

average crystallite size of CZTS film are increased after

annealing.

Fig. 4 XRD patterns of (a) as-deposited precursor film, (b) film

annealed at 300 �C, and (c) film annealed at 350 �C, respectively
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Morphological characteristics of CZTS films

Scanning electron microscopy (SEM) measurements

Figure 6 shows SEM micrographs of as-deposited and

annealed CZTS thin films. It is observed that the precursor

film shows non-uniform distribution of agglomerated

particles with well-defined boundaries. For as-deposited

films it is observed that the surface of the films covered

with small grains with some sulfur clusters. As the

annealing temperature increases, the crystallization of the

films starts to improve (as seen in the XRD spectra), the

morphology of as-deposited precursor film changes into the

larger flat grains. The increase in the average grain size and

Fig. 5 Lattice parameter, a ‘a’ and b ‘c’ as a function of F(h) of CZTS thin film

Fig. 6 SEM micrographs of a as-deposited precursor film, b film annealed at 300 �C, and c film annealed at 350 �C, respectively
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surface flatness with increase in annealing temperature is

observed. The agglomerated white particles with well-de-

fined boundaries indicate the presence of sulfur which

formed better bonding with Cu, Zn and Sn and finally

formed good polycrystalline of CZTS with increasing

annealing temperature. From the morphological study, it

can be said that the surface morphology of CZTS thin film

is strongly dependent on the annealing treatment.

Conclusion

CZTS films are deposited onto ITO-coated glass substrates

by low-cost, easy and simple single-step electrodeposition

method. The grown layers of CZTS have been character-

ized by PEC cell measurement for measuring carrier type,

UV–visible spectrophotometer for optical characterization,

XRD for structural analysis with crystallite size and lattice

parameter, and SEM for the surface morphology. The

transmittance of CZTS thin films was obtained to about

0.5–3.4% in the wavelength range 300–1100 nm. In the

wavelength range 360–560 nm it changes irregularly and

in the wavelength range 560–620 nm it decreases rapidly.

After that the transmittance increases with wavelength,

which may be due to absorption by carrier in the degen-

erate films. It was observed that the absorbance of the

CZTS thin films rapidly increases in the wavelength range

590–610 nm after that it decreases slowly. It was observed

that CZTS thin films have highest absorbance at 610 nm

wavelength. UV–Vis-spectroscopy result gives the band

gap of CZTS film is in the range 1.6–2.2 eV. For CZTS

films, annealing effect in the presence of nitrogen has also

been investigated and it is observed that after annealing the

transmittance and band gap of CZTS decreases but the

absorbance and the grain size increases due to the

improvement of crystalline quality. The CZTS thin films

were found to be polycrystalline with (112), (200), (105),

(204), (312), (220) orientations of the kesterite structure.

The average crystallite size is found to 23.22 nm for as-

deposited and 25.90 nm for annealed at 300 �C and

40.18 nm for annealed at 350 �C. The XRD results also

show that lattice constants of CZTS thin films are ao=-

0.55 nm and co= 1.11 nm. It is observed from SEM study

that the precursor film shows non-uniform distribution of

agglomerated particles with well-defined boundaries. As

the annealing temperature increases, the crystallization of

the films is observed to improve, the morphology of as-

deposited precursor film changes into the larger flat grains.

All these properties make these films suitable for using it as

an absorber layer in heterojunction solar cell structure.
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