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Abstract: Thin films of copper zinc tin sulphide (CZTS) have been deposited on glass substrate at various solution
concentration and angular speed using sol-gel spin coating technique. Surface morphology showed that the deposited layers are
continuous and pinhole free. The film’s particles are evenly distributed and adhered firmly to the substrates. X-ray diffraction
studies revealed that the films are polycrystalline with tetragonal kesterite structure. Interplanar spacing and average crystallite
size were estimated as 3.732 A and 56.53 nm. Film’s thickness and stoichiometry were determined from Rutherford
Backscattering Spectroscopy (RBS) as127 nm and Cu,sZn; ¢Sn;;S;4033. Optical studies showed that the deposited films
exhibit direct band transition. The values of the energy gap were found between 1.30 and 1.60 eV. The result of the study
suggested that the deposited CZTS thin films can perform as a good absorber material in nanostructured optoelectronic

devices.
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1. Introduction

One of the very viable clean energy supply that can meet
the demand of human population and industries is solar
energy, but its production is costly because of the technology
involved. Many thin film materials have been investigated
for the development of next generation efficient and cost-
effective solar devices. Among them are Copper Indium
Gallium Selenide (CIGS), Cadmium Telluride (CdTe),
perovskites and so on. Their syntheses have reached
commercialisation stage [1-3]. However, scarcity and toxicity
of some of the elements, for example, Indium, Cadmium and
Selenium, increasingly impede the development of solar
devices based on these materials. To develop photovoltaic
materials that are cost-effective and eco-friendly, elements

that are non-toxic and readily available are desired. In this
context, Copper, Zinc and Tin have been found as respective
replacements for Indium, Cadmium and Tellurium in the
making of Copper Zinc Tin Sulphide thin film (CZTS).
CZTS thin films have been reported to be efficient and
sustainable solar cell materials. They possess good
optoelectronic properties, near optimal direct band gap
energy ranging from 1.4 to 1.6 eV and high optical
coefficient (>10* cm™) [4, 5]. Several deposition techniques
have been used to synthesise CZTS thin film. These include
pulsed laser deposition, co-sputtering, thermal evaporation,
electrodeposition, sol-gel spin coating, spray pyrolysis, and
so on [6-8]. Among them, sol-gel method is one of the most
widely used because of its simplicity, high material
utilization, and facile control of the precursor ratio [7].

In this study, we report the growth of CZTS thin film from
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precursor containing inorganic reagents and EDTA
(complexing agent) using sol-gel spin coating technique. The
substrate is microscopic glass slide. The properties of the
samples were examined by various surface characterization
studies. From the results of the characterization, the growth
process could easily be scaled up for industrial production.

2. Experimental

All chemical reagents in the experiment are analytical
grade (Sigmal — Aldrich). They were used as received. The
microscopic glass slide substrates were cleaned by scrubbing
thoroughly with cotton bud and soap solution, rinsed with
running tap water and then ultrasonicated with distilled
water, acetone and methanol at 40°C for ten minutes each.
They were dried briefly in open furnace. The growth device
is Osilla spin coater (E440) from Osilla Limited, Sheffield,
UK.

2.1. Samples Preparation

Three different samples were prepared. They are named
Al, A2 and A3, respectively. Each of the samples was
obtained from separate sol-gel precursor. Sample Al was
deposited from precursor comprises 20 mL of 0.25 M of
CuS0,4.5H,0, 10 mL of 0.15 M of Zn(NO3),, 10 mL of 0.15
M of SnSO,, 20 mL of 0.3 M of Na,S,05.5H,0 and 10 mL of
0.04 M of EDTA. The dissolving agent was methanol. The

solution was stirred at 50°C for 10 minutes after which a
brownish gel was formed. The gel was allowed to cool. It
was then spin coated on the clean glass substrate at an
angular speed of 2500 rpm for 30 seconds. Coating was
repeated seven times to obtain desirable thickness and
uniformity of the film. For samples A2 and A3, the
precursors were prepared in the same way. The concentration
of Na,S,0;.5H,0 in the precursor of A3 is 0.075 M and it
took longer time for it to become gelatinous. The spin speeds
for the deposition were the same. Details of the coating
conditions are presented in Table 1. After obtaining the
samples, they were dried in open furnace at about 120°C for
5 minutes. Figure 1 gives a schematic representation of the
preparation processes.

2.2. Characterisation Techniques

Crystal structure of the films was studied by X-ray diffraction
(XRD) technique wusing an XPERTPRO Diffractometer
(PANalytical BV, The Netherlands) with CuKa radiation source
(A=1.5406 A). Surface morphology of the films was observed
by field emission scanning electron microscopy (FE-SEM) and
optical properties were examined by a SHIMADZU UV-1800
double beam spectrophotometer in the wavelength range 200 —
800 nm, respectively. Compositional studies, films’ thickness
and stoichiometry were obtained using Rutherford back-
scattered spectroscopy (RBS) technique.

Table 1. Details of the Precursor and Growth Condition for Spin Coated CZT (S, O) Samples.

Samples Spin speed (rpm) CuSO0.4.5H,0 Zn(NO3), SnSO4

Al 2500 0.25M, 20 mL 0.15M, 10 mL 0.15M, 10 mL

A2 3000 0.25M, 20 mL 0.15M, 10 mL 0.15M, 10 mL

A3 3000 0.25M, 20 mL 0.15M, 10 mL 0.15M, 10 mL
Table 1. Continued.

Samples Na,$,0;.5H,0 EDTA Spin time (sec) Spin count

Al 0.3 M, 20 mL 0.04M, 10 mL 30 7

A2 0.3 M, 20 mL 0.04M, 10 mL 30 7

A3 0.075 M, 20 mL 0.04M, 10 mL 30 7

LT 1

[ ]

Figure 1. Schematic diagram of the experimental procedure.
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3. Results and Discussion
3.1. Crystal Structure

The diffraction patterns of the samples are presented in
Figure 2. From the figure, the presence of multiple peaks in all
the patterns confirmed the polycrystalline nature of the
deposited films [9]. In samples Al and A2, the diffraction
peaks observed at 20 = 28.27°, 32.26°, 37.49° and 47.35°
correspond to reflections from planes (112), (200),(211) and
(220) of Cu,ZnSnS, (CZTS). Also in sample A3, the peaks at
20 = 18.13°, 33.34°, 37.49° and 47.35° correspond to
reflection from planes (101), (202), (211) and (220). These
reflections are identifiable characteristics of tetragonal
Cu,ZnSnS havingkesterite body centered structure (JCPDS
card no. 26-0575). Little peak broadening noticed in samples
Al and A2 at plane (200) can be attributed to unintended ions
impurity from higher concentration of Na,S,0;.5H,0.
Additional peak found in sample A3 at 20 = 26.39° can be
assigned to (100) crystal plane of Cu;SnS;phase according to
JCPDS card no. 29-0584. This observation can be supported
with the findings of Subramaniam et al. (2014) which
indicated that a quaternary compound of Cu,ZnSnS, often
contains other binary or ternary phase [10]. Therefore, a good
control of synthesis to achieve the required phase of the
material is essential. Other peaks in the patterns can be traced
to the substrate and likely impurities from the precursor. The
generally low peak intensities observed in samples Al and A2
can be attributed to the presence of oxygen in the preparation
of precursors (as confirmed from the RBS result). It has been
reported that peak intensity of thin film can decrease with
increase in oxygen component [11]. The dominant peak
observed at angle 206=28.27° in samples Al and

A2indicatesthat their preferred growth orientation is along
(112) plane, while the peak at 18.13° in sample A3 shows its
preferred orientation along (101) plane. Other parameters (see
Table 2) for further appraisal of the crystal structure of the
films are estimated according to some expressions below.
Lattice parameters of the deposited film were estimated
using the relation for tetragonal crystal structure given as

1 h2+k?2 12
2z a2 T2 M

Where d is the interplanar spacing; /4, k and [/ are Miller
indices; a and c are the lattice constants.

The crystallite size D of the film was determined from the
XRD peaks using the Debye-Scherrer’s equation [12]

0942
Bcos6

@)

Where g is full width at half maximum (FWHM) of the
peak in radians, 6 is the peak angle and A is the x-ray
wavelength.

Dislocation density, J is determined from the Williamson
and Smallman’s relation [12].

1
5= 3)

The induced strain in the samples was calculated using:
— Lcos6 ( 4)

4

The number of crystallites per unit area was also
determined using the equation:

t

Table 2. Some calculated parameters for evaluation of the crystallinity of the samples.

S/n Samples 20 () (hkl) FWHM (B)  Lattice Contants (A) a b d(A) Dmm) &(mm)? ¢ N
1 Al 28.27 (112) 0.197 5.349 10.690 3.154 75.82 1.74 0.05 289.06
2 A2 28.27 (112) 0.253 5.349 10.690 3.154 59.11 2.86 0.06 615.01
3 A3 18.13 (101) 0.423 3.431 6.856 4.888 34.67 8.32 0.10 3071.75
s 8
; = il diffraction patterns of CZTS thin film
10%10™ 2] =
o_ &

(112)

Intensity (a.u)

2 theta (deg)
Figure 2. XRD patterns of deposited CZTS thin films.
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3.2. Surface Morphology

The SEM images are presented in Figure 3 (a-c). The images
correspond to samples Al, A2 and A3 respectively. From the
micrographs, it is observed that films are well adhered to the
substrate with presence of numerous nanoclusters across the
substrate’s surface. The nanoclusters get agglomerated to
each other to form polycrystals. Samples obtained at higher
spin speed show bigger grains that are also evenly distributed
(A2 and A3). They appear sharper with more distinct grains.
From the Figures, very little voids and pores are noticed in all

the films; and this suggests that the films can minimize
migration of impurities. Such little number of voids in thin
film absorber solar devices does not significantly mitigate
photon conversion efficiencies [13]. Also, the observed
nanopores are useful for better performance of the films in
the fabrication of dye sensitised solar cells and gas sensor
devices [14]. Therefore, agood control of atomic content is
important to obtain a large grain size, less number of voids
and considerable porous layer.
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Figure 3. SEM images of the deposited samples: (a) at 2500 rpm, 0.3 M Na2S5203, (b) at 3000 rpm, 0.3 M Na2S5203, and (c) at 3000 rpm, 0.075 M Na,S0s.

3.3. Films Composition, Thickness and Stoichiometry

Energy dispersive X-ray spectroscopy (EDX) spectra of
CZTS thin film is shown in Figure 4. From the spectrum,
signals of the films composition (Cu, Zn, Sn and S) are
identified. Other observed signals in the spectrum may
probably originate from the glass substrate. Furthermore,
investigation of constituent elements, thickness and
stoichiometry of the film were carried out by RBS studies.
The results confirmed the presence of copper, zinc, tin,
sulphur and oxygen in the samples (see Figure 5). Estimated
values of the stoichiometry are presented in Table 3. From
the Table, the ratio of Cu, Zn, Sn, S and O can be written as
Cu, 5Zn; oSn; 1844053, indicating that the deposited film is

Energy [keV]

0 290 490 6?0 890 1 [)PO 1 2PO

oxy-sulphide. The estimated thickness of the samples Al, A2
and A3 are 126, 127 and 128 nm respectively.

Figure 4. EDX spectrum of the deposited CZTS film.
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Figure 5. RBS spectrum of the sample.
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Table 3. Elemental composition of the spin coated CZT (S, O) thin film.

Element Composition (%) Ratio
Cu 13.10 1.5
Zn 8.74 1.0
Sn 9.73 1.1
S 38.51 4.4
O 28.92 3.3

3.4. Optical Characterisation

3.4.1. Film’s Absorbance and Transmittance

The optical investigation depends on the measurement of
absorbance, A (A), and transmittance, T (A) in the spectra
range between 200 and 800 nm. These data are utilised to
obtain absorption coefficient (0), optical band gap energy
(Ep), and skin-depth () [13, 14]. Absorbance spectra of the
samples are presented in Figure 6. It is observed from the
spectra that sample A3 deposited at 3000 rpm and 0.075 M of
Na,S,0;.5H,0 showed highest absorption power in UV-Vis
region. This can be attributed to longer time taken by the
precursor of sample A3 to become gelatinous during
preparation. The precursor also appears considerably thicker
and stickier than those of samples Al and A2. However, it
can also be seen from the spectra that sample A2 has higher
absorption than Al. This variation can be traced to lower
coating speed (2500 rpm) of the sample Al.

Effects of r.p.m and precursor conc...

244 —a— A1_grown at 2500 rpm, 0.3M of Na_$.0,
] —a—A2_grown at 3000 rpm, 0.3M of Na,8.0,
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[
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Figure 6. UV-Vis Absorbance Spectra of the films.
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Figure 7. UV-Vis Transmittance Spectra of the Samples.

Figure 7 shows the optical transmittance of the samples. It
can be generally seen that all the deposited films exhibit
higher absorption and lower transmission throughout the
wavelength region. It can be deduced from the spectra that
the highest transmittance is about 40% in sample Al. This
implies that all the films possess high absorption [9, 13].

3.4.2. Absorption Coefficient and Energy Band Gap
The absorption coefficient, « , was generated from
measured optical data using the relation below

o«=2.303% (6)

where ¢ is the film thickness and 4 is the absorbance.

Figures 8 showed the plots of absorption coefficient ()
versus wavelength. It is observed that the absorption
coefficients are sufficiently larger than 10* cm™ in the
wavelength region. This suggests that film can effectively
absorb photon energy from the visible down to infrared
region [13]. Therefore, this material can be considered as a
good absorber material for thin film solar cell devices.

25x10°

—a— A1_grown at 2500 rpm, 0.3M of Na,§,0,
—o— A2_grown at 3000 rpm, 0.3M of Na,§,0,

] —a— A3_grown at 3000 rpm, 0.075M of Na_S_ O,
2.0x10"

1.5%x10" 4

Absorption coefficient, « (cm™)

1.0x10"

Wavelength (nm)

Figure 8. Plot of Absorption coefficient against Wavelength

Tauc’s plot for estimating band gap energy was obtained
using the equation below:

ahv = A(hv — Eg)" @)

Where n = %
constant, hv is the photon energy and Ej; is the band gap energy.
Values of (ahv)? are plotted against hv. The band gap
energy was estimated by extrapolating the linear portion of
the plot to the photon energy axis at (ahv)? = 0. The plots
are shown in Figure 9. It was revealed that the films (A1, A2
and A3) possess direct allowed energy transition with band
gap values of 1.30, 1.42 and 1.60 eV respectively. It was also
observed from the plots that the band gap energy increases
with increase in spin speed. These results are consistent with
some reported values for effective photoabsorption in
optoelectronic components [13-16].

for direct allowed transition, 4 is an empirical
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Figure 9. Tauc's plot for estimation of energy band gap.
3.4.3. Skin Depth

Conductivity in semiconductors depends strongly on the
optical band gap. Therefore, correlation between the optical
properties and the skin depth of any semiconductor is desired
[17]. The skin (penetration) depth, &, is related to the
absorption coefficient by the following equation:

8= ®)

Figure 10 showed the dependancy of the skin depth on
incident photon energy. It is seen from all the samples that
the skin-depth decreases as the incident photon energy
increases (wavelength decreases) [18]. For A greater than A
off Where hv = 4.17 eV, the absorption effect vanishes and
reduction in amplitude occurs at longer wavelength [17].
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9.0x10°
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8.5x10° ke
8.0x10°

7.5x10° 4

7.0x10° A
6_5“0_3_‘ —3— A1_grown at 2500 rpm, 0.3M of Na,5,0,
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6.0x10" { —A— A3_grown at 3000 rpm, 0.075M of Na,S,0,

Skin depth, & (cm)

55x10° i

5.0x10® 4+ e R ———r e

Photon energy (eV)

Figure 10. Dependence of skin depth upon the photon energy.

4. Conclusion

In this study, spin coating has been successfully used to grow
CZT (S, O) on microscopic glass substrates at room temperature.
The films were annealed to improve crystallinity and morphology.
The presence of multiple characteristic peaks in the XRD patterns
showed that the deposited film is polycrystalline. The reflections
from all the prominent planes are peculiarities of Cu,ZnSnS,

tetragonal kesterite structure. The calculated lattice constants are
in good agreement with many reports on CZTS thin film. The
micrographs revealed that the films are well adhered to the
substrate and continuous. The observed nanopores on the film’s
surface may enhance its performance for solar cell and gas
sensing devices. EDX spectra showed peaks corresponding to
elements in the film and the substrate. Optical absorption
coefficients of the deposited films were observed to be sufficiently
larger than 10*cm’. Estimated direct energy gap suggested that
the films can function as a good absorber electrode in
optoelectronic devices. The obtained constituent elements from
the RBS result revealed that the deposited film is oxy-sulphide
with approximated ratio 2:1:1:4:3.
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