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Preface

The present book focuses on the preparation of copper tin sulphide thin films by using
chemical bath deposition method. The advantage of this deposition method is that it needs
in it’s the simplest form only solution and substrate. In other words, this method is one of
the cheapest methods to deposit thin films. In this work, thin films will be prepared under
various deposition conditions such as bath temperature, deposition time, complexing agent,
concentration of solution and pH. Characterization of obtained films will be investigated
using X-ray diffraction, atomic force microscopy, UV-Visible spectrophotometer and energy
dispersive X-ray analysis. Lastly, this book will support the students, researchers and all
the persons interested towards the study in metal chalcogenide thin films.
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Introduction to the eBook

The chapters in this eBook include topics from the thin films, solar cells, thin film deposition
method, influence of optical, structural, morphological and compositional properties of
films under various deposition conditions. On these topics, a compilation of all the relevant
information/experimental results covered in each topic and subtopic was held. Also,
references are provided for readers such as academician, students, and researcher who
wish to delve deeper into some of the issues. This book will be very useful as networking and
literature citation about metal chalcogenide thin films.
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Introduction

Solar energy is radiant light and heat from the Sun. It is a free, clean energy and inexhaustible
resource. Solar cell is consisting of two types of semiconductors, namely p-type and n-type
materials. When sunlight is absorbed by these materials, the solar energy knocks electrons
loose from their atoms, allowing the electrons to flow through the material to produce
electricity. A few decades ago, the search for thin film materials for solar energy conversion
has been identified by many researchers all over the world. The optimum band gap value,
high absorption coefficient and the interesting structural properties satisfy most of the
criterion to make them candidate in the low cost thin film solar cell technology.

Silicon Based Solar Cells

The most important material for solar cells is still silicon due to availability, no toxicity, long
lifetime and sustainability. Up-to-date, there are approximately 90% of solar cells modules
are based on crystalline silicon technology. The biggest global producers of crystalline
silicon based solar cells such as Suntech Power, Q-cell, JA Solar, Tianwei Yingli SC, Motech
Industustries, SunPower, CSI Canadian Solar, Gimtech Energy, Trina Solar and Sharp
Corporation.

Solar Star project is the largest solar power plant. The plant produces 579MW capacity
and generates enough electricity to power around 255000 homes. The site uses 1.7 million
Sun Power made monocrystalline silicon modules on single axis trackers. The Erlasee Solar
Park is located in Germany. This solar plant is an 11.4 megawatt station and uses 1464
double axis solar trackers. Each tracker shoulders twelve conventional solar panels made
of crystalline silicon.

Thin Film Based Solar Cells

There are two types of thin film namely, cadmium telluride (CdTe) and copper indium gallium
diselenide (CIGS) solar panels on the market today. This type of solar cells is potentially
cheaper than traditional panels but less efficient. Companies involved in CdTe and CIGS panel
production including Siva Power, Antec solar, Advanced Solar Power, CTF solar, Solar Frontier,
Global Solar Energy, Ascent Solar, Solar Power, First Solar, Calyxo, Dmsolar and Nexcis.
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Desert Sunlight Solar Farm is located in California. This farm is built using 8 million plus
cadmium telluride solar modules. Energy produced (550 MW) serves about 160000 homes
in the country. The Agua Caliente Solar Project is 290 MW power plant and is located
in Arizona. Thin film technology based cadmium telluride photovoltaic panels from the
developer. It was completed in 2014 and powers 100000 homes.

Polymer Solar Cells

Organic solar cells are flexible solar cell, prepared from earth abundant materials and
inexpensive polymer hold the promise of capturing solar power in a low cost, light in weight
and environmentally friendly way. This type of solar cell can also display transparency,
suggesting applications in glass, rods, cabinet, windows, flexible electronics and walls. The
researchers from University of California, Los Angeles have developed a new transparent
polymer solar cell to produce electricity while still allowing people to see outside. They explain
that this solar cell produces energy by absorbing mainly infrared light; the photoactive
plastic cell is nearly 70% transparent to the human eye.

Dye Sensitized Solar Cell

A dye sensitized solar cell (DSSC) is a low cost solar cell belonging to the group of thin film
solar cells and was developed by Gratzel and his team. The working of the DSSC is entirely
different from other types of solar cells. Generally, it is based on a semiconductor produced
between a photo sensitized anode and an electrolyte, a photo electrochemical system. The
efficiency of DSSC has continued to increase in the last 20 years, with a confirmed record of
14.1%, was achieved by Gratzel and his team. DSSC has many advantages such as low light
performance, variety of substrate, higher temperature performance, ecologically friendly
solar and optimized performance.

Thin Film Deposition Methods

There is several deposition techniques have been used in order to prepare thin films. For
example, spray pyrolysis, pulsed electro deposition method, chemical bath deposition, electro
deposition, chemical vapor deposition, brush plating, successive ionic layer adsorption
and reaction, magnetron sputtering, dip sol method, vacuum evaporation, and thermal
evaporation. Among these methods, chemical bath deposition method is more attractive
since this method offers the advantages of simple, low-cost and convenient for large area
deposition at low temperature. In most of the experimental approaches, substrates are
immersed in an aqueous solution (alkaline or acidic solution) containing the chalcogenide
source, metal ion and complexing agents. In chemical bath deposition, a complexing agent is
used to bind the metallic ions to avoid the homogeneous precipitation of the corresponding
compound. The formation of a complex ion is essential to control the rate of the reaction
and to avoid the immediate precipitation of compound in the solution. When the solution
is saturated, the ionic product is equal to solubility product. As the ionic product slowly
exceeds the solubility product the solution becomes supersaturated and precipitation
occurs. The deposition begins with nucleation phase followed by growth phase in which the
thickness of film increases with duration up to the terminal phase where film depletion into
constituent ions occur after a certain time.

Power Conversion Efficiency in Thin Films

There are many researchers have reported the photovoltaic characteristics in their
experiments. The obtained thin films were used as absorbers materials during the fabrication
of heterojunction solar cell. Power conversion efficiency of films was defined as the ratio of
power produced by the fabricated solar cell to the incident sunlight energy into the cell per
time. The overall power conversion efficiency ranges from 0.12 — 13% as reported by them
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[1-10]. Furthermore, researchers have suggested that the solar cell device efficiencies of less
than 3% are too low for commercialization and need to be improved.

Binary Thin Films

Binary thin films consist of two different elements. In the past few decades, there were a
number of reports on the properties of thin films prepared by different deposition methods
[11-19]. They have a wide range of applications. These materials were used as optical
mass memories, solar cells, hologram recording, solar selecting coatings, sensor devices,
laser devices, photo-luminescent and electro-luminescent devices. They are attracting
considerable attention due to many reasons such as simple, inexpensive and convenient
for large area deposition process. Generally, thin binary films will be deposited onto various
substrates such as soda lime glass, indium tin oxide glass, stainless steel, and microscope
glass slide.

Ternary Thin Films

Deposition of ternary metal sulfide films, selenide films and telluride films has been reported
by many scientists [20-36]. The precursors used were metal ions, chalcogenide ions, and
complexing agent. Variation in structure, morphology and composition of thin films was
observed at different deposition conditions.

Quaternary Thin Films

In recent years, quaternary thin films [37-48] such as I-II-IV-VI semiconductor have attracted
attention. For example, most of the researchers have prepared Cu,ZnSnS, thin films onto
different substrates for the use as the photo absorber in photovoltaic cells. Due to the
fact that these materials are low cost, direct band gap, high optical absorption coefficient
and non-toxic constituents. In order to improve the performance of these films, efforts
should be committed to the development of the approaches for producing pure phase. Also,
another suggestion was the detection techniques of secondary phases produced during the
deposition of the films.

Penternary Thin Films

Solution deposition method, electrodeposition method, physical vapor deposition and
evaporation technique have been used to prepare Cu(In,Ga)(S,Se), and Cu,ZnSn(SSe), thin
films. Researchers found that these films could be employed as absorbing materials in
photovoltaic application. For example, the power conversion efficacy values ranges from
6.03% to 12.4% for these materials. The competitiveness of production cost and band gap
energy matching solar spectrum lead to chalcogenide materials are attractive for solar
energy conversion. Currently, the types of research done by various scientists [49-53] are
mostly related to the investigation of materials properties especially suited to solar cell
applications.

Materials and Methods
Chemicals Used

All the chemicals used for the deposition were analytical grade without further purification.
The chemicals include copper sulfate (CuSO,), tin chloride (SnCl,), sodium thiosulfate
(Na,S,0,.5H,0), potassium hexacyanidoferrate (II) (K,[Fe(CN),], Potassium hexacyanoferrate
(ITT) (K,[Fe(CN),], sodium hydroxide, ethanol (C,H,OH) and hydrochloric acid. All the solutions
were prepared using deionised water from Millipore Alpha-Q System.



Characterization tools

Thenumberofmetalchalcogenidethinfilmsusedinsolarcellandoptoelectronicapplicationshas
rapidlyincreased in the past two decades. There are many tools will be used in order to study the
physical, electrical, opticaland chemicalbehaviorsofthinfilmsasreported bymanyresearchers
[54-80].

X-ray diffraction (XRD)

X-ray diffraction technique was used to investigate the structure of obtained films. The
position and the intensities of the peaks are used for identifying the underlying structure
of the materials. The patterns obtained from experimental samples were compared to
Joint Committee on Powder Data Standards (JCPDS) data to identify crystalline phases. A
SCINTAG XRD 2000 X-ray diffractometers using CuK_ (A=1 .5418A) was used for this study.
The scanning rate was set to 2°/min with a 0.02° step size and the range from 20° to 60°.
The relationship describing the angle at which a beam of X-rays of a particular wavelength
diffracts from a crystalline surface is known as Bragg’s Law.

ni = 2dsin® (1)
A = wavelength of the X-ray

0 = diffraction angle

n= integer representing the order of diffraction peak

d = interplanar spacing generating the diffraction

Atomic force microscopy (AFM)

The Atomic Force Microscopy (AFM) was performed on the sample to analyze the surface
morphology of thin films from angstroms (A) to 100 um. In this study, AFM was carried
out using a Q-Scope 250 (Quesant Instrument Corporation) which operating in contact
mode with a commercial Si,N, cantilever. It is the most popular Quesant model, primarily
used in stand-alone applications. It is equipped with PC-based video subsystem using a
CCD camera for 90° tip and sample viewing and a manual X-Y translation stage for sample
positioning. It also provides a three-dimensional surface profiles.

UV-Visible spectrophotometer

Ultraviolet Visible spectroscopy involves the spectroscopy of the photons and
spectrophotometry. It uses light in the visible and ultraviolet region. In this region of
energy space molecules undergo electronic transitions. In this study, Perkin Elmer UV-Vis
Spectrophotometer Lambda 20 has been used for investigation of the absorption spectra
of the samples. The indium tin oxide coated glass substrate was placed in the reference
path while the deposited films in the sample radiation path. The optical properties of films
deposited on ITO glass substrates were investigated from the absorption measurements
in the range of 300-800 nm. The band gap energy and transition type were derived from
mathematical treatment with the following relationship for near-edge absorption

 k(hv—Eg)™?
- hv

A (2)

Where A is absorbance, E, is band gap energy, h is Plank’s constant (6.63x103%), v is
frequency in Hertz, k equals a constant value, n carries the value of either 1 or 4. The
arrangement of the equation (1) gives the following equation:

(Ahv)?/" = k(hv — Ey) (3)
For a direct transition when n=1, the equation (2) becomes
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(4hv)? = k(hv — E,) @)

For an indirect transition when n=4, the equation (2) becomes

(Ahv)*/2 = k(hv — E,) (5)

The data were used to plot a graph of (Ahv)?/ versus hv. Extrapolation of the line to the base
line, where the value of (Ahv)*™ is zero, will give band gap energy.

Photoelectrochemical test (PEC)

The photoactivity of the samples were test in 0.01 M [Fe(CN),]*/[Fe(CN),]* redox system by
running linear sweep voltammetry technique (LSV) between two potentials limits (-1000 mV
to 1000 mV versus Ag/AgCl). The BAS Potentiostat was used to control the process and to
monitor the current and voltage profiles. The system consists of deposited film as a working
electrode, platinum wire as counter electrode and Ag/AgCl as reference electrode. The
photocurrent (I) and darkcurrent (I ) of the PEC cells were recorded under light illumination
and dark condition. The halogen lamp (300 W) was used for illuminating the electrode. The
light path towards the PEC cells was chopped manually to study the effect on photoactivity
behavior.

Energy dispersive and x-ray analysis (EDAX)

The elemental composition of the films was studied by scanning the electron microscope
(JEOL JSM 6400) attached with energy dispersive analysis of the X-ray (EDAX) analyzer.

Chemical Bath Deposition of Thin Films
The influence of bath temperature and deposition time on films

The chemical bath deposition process is a slow process which facilitates better orientation
of crystallites with improved grain structures. Here, the effect of deposition temperature
(40°C to 60°C) towards the properties of thin films was investigated. The experiments were
carried out for 80 min at 50°C in acidic medium (pH 1.5) using 0.05M of copper sulphate,
tin chloride and sodium thiosulfate. The presence of 0.05M Na,EDTA improves the lifetime
of chemical bath as well as to improve quality of thin films.
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Figure 1: X-ray diffraction patterns of Cu,SnS, films deposited at different chemical bath temperatures.
[(a) 40°C (b) 50°C (c) 60°C [Cu,SnS, (A)]
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Figure 2: Atomic force microscopy images of Cu4SnS4 films deposited at different chemical bath temperatures

[(a) 40°C (b) 50°C (c) 60°C]

X-Ray Diffraction (XRD) method is one of the most convenient tools for qualitative and
quantitative analysis of crystalline compounds. The information obtained includes types
and nature of crystalline phases as reported by many researchers [81-103]. X-rays are not
absorbed very much by air, so the specimen need not be in an evacuated chamber. Figure
1 shows the XRD patterns of the films deposited at different chemical bath temperatures. All
the samples showed a polycrystalline in nature. There are six peaks occurred at 260 =28.6°,
30.1°, 35.2°, 42.9°, 47.2° and 50.6° were detected for the films deposited at 40°C, 50°C and
60°C respectively. The corresponding d-spacing values are well in agreement with JCPDS
data (Reference code: 010710129) of 3.12, 2.96, 2.54, 2.10, 1.92 and 1.80A which attributed
to the (102), (221), (420), (331), (040) and (711) planes, respectively. All these peaks are
related to the compound of Cu,SnS, of orthorhombic structure (a=13.5580A, b=7.6810A,
c=6.4120A, a=p=y=90°). As the chemical bath temperature is increased from 40°C to 50°C,
the intensity of diffraction peak (211) increases and this peak becomes narrower indicating
an improvement of the crystallinity.

On the other hand, the thickness of the films was investigated using AFM images. At
the right side of the images, an intensity strip is shown, which indicates the depth and
height along the z-axis. The thickness values of 602, 146 and 368 nm have been observed
for samples deposited at 40°C, 50°C and 60°C, respectively. This result indicates that bath
temperature have great influence on the morphology of thin films.
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Figure 3: Optical absorbance versus wavelength of the Cu4SnS4 films deposited at different chemical bath temperatures
(4#40°C; ¢ 50°C; m 60°C).
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Figure 4: Comparison of photosensitivity of the films deposited at different chemical bath temperatures (450 °C; 40 °C; m 60 °C)

Based on the studies of the effect of deposition temperature, 50°C was found to be
the optimum deposition temperature to produce good quality thin films under the current
conditions. The thin films were deposited at different deposition periods (40-180 min)
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in order to investigate the best conditions for the deposition process; other deposition
parameters were maintained as before. (deposition temperature=50°C, pH 1.5, solutions
concentration=0.05M, Concentration of Na,EDTA=0.05M).
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Figure 5: X-ray diffraction patterns of Cu4SnS4 thin films deposited at different deposition periods (a) 40 min (b) 80 min (c) 150
min (d) 180 min [Cu4SnS4-, indium tin oxide ¥].

Figure 5 shows the X-ray diffraction (XRD) patterns of Cu4SnS4 thin films deposited at
different deposition periods. The XRD patterns from all the samples have shown a major
diffraction peak at 26=30.2° which is corresponding to (221) orientation of orthorhombic
structure of Cu4SnS4. In addition to the (221) plane, we also observed other diffraction
peaks at 26 = 28.5°, 35.2°, 47.2° and 50.6° which are attributed to (102), (420), (040) and
(711) planes, respectively.

In particular, the film deposited for 80 min showed higher intensity for all diffraction
peaks indicating that this deposition period is favorable for the Cu,SnS, films growth. The
observed d-spacing values were compared with standard d-spacing values (Reference code:
01-071-0129) and are in good agreement with standard d-spacing values. On the other
hand, the presence of the indium tin oxide peaks (Reference code: 01-089-4598) in the XRD
patterns is due to the glass substrate used during deposition. There is only single peak
occurred at 26 = 21.3° corresponding to (211) plane was detected as shown in Figure 5 (a)-
(d). According to XRD patterns, the higher intensity of Cu,SnS, peaks could be observed as
compared to the substrate peaks.
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Figure 6: Atomic force microscopy images of Cu,SnS, thin films deposited at different deposition periods (a) 40 min (b) 80 min

(c) 150 min (d) 180 min.

Figure 6 shows three-dimensional AFM images (20 ym X 20 ym) for Cu,SnS, thin films
deposited onto ITO glass substrates at different deposition periods. The films deposited
at 40 min showed incomplete coverage of material over the surface of substrates (Figure
6a). It is also pointed out that the film formation was irregular and the film thickness was
estimated to be 960 nm. As the deposition time was increased to 80 min, more surface
coverage was noticed. There are more materials to be deposited onto substrate and thicker
film (2422 nm) to be formed (Figure 6b). However, thinner films could be observed when
the deposition time was increased further to 150 min (664 nm) and 180 min (322 nm),

respectively as shown in Figure 6c and 6d.
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Figure 7: Optical absorbance versus wavelength of the Cu,SnS, thin films deposited at different deposition periods

(a) 80 min (b) 150 min (c) 180 min (d) 80 min




The optical properties of Cu,SnS, thin films were measured in the range of 300-800 nm
using UV-Vis Spectrophotometer. Figure 7 presents the absorbance spectra of Cu,SnS, thin
films deposited at different deposition periods. The results showed that the film deposited
at 80 min produced higher absorption characteristics as compared with other deposition
periods. This could be due to thicker films formed onto surface of the substrate.
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Figure 8: Difference between photocurrent and dark current for the Cu,SnS, thin films deposited at various deposition periods
(a) 80 min (b) 150 min (c) 180 min (d) 40 min.

Figure 8 shows the difference between photocurrent (Ip) and dark current (Id) response for
the Cu4SnS4 thin films deposited at various deposition periods in contact with [Fe(CN)6]3-/
[Fe(CN)6]4- redox system solution. When the deposition time was increased from 40 to 80
min, the difference in the photoresponse increased. This is due to more Cu4SnS4 grains are
exposed towards the redox system. The results are match with AFM analysis. The decrease
in the difference between the photocurrent and dark current could be observed as the
deposition time was increased to 180 min. The current change with illumination exhibits
semiconductor behavior of the materials. Apparently, the photocurrent occurs on negative
potential shows the films prepared are of p-type material.

)

Figure 9: Plot of (Ahv)?" versus hv when n=1 of the Cu,SnS, thin films deposited at different deposition periods. (a) 40 min (b)
80 min (c) 150 min (d) 180 min
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Band gap energy and transition type can be derived from mathematical treatment of data
obtained from optical absorbance versus wavelength with Stern relationship of near-edge
absorption.

lk(hv—E,)"]

Where vis t}{levfrequency, his the Planck’s constant, k equals a constant while n carries
the value of either 1 or 4. The value of nis 1 and 4 for the direct transition and indirect
transition, respectively. Figure 9 shows the plot of (Ahv)? versus hv for Cu,SnS, thin films
deposited under various pH values. The band gap values were determined from the intercept
of the straight-line portion of the (Ahv)? against the hv graph on the hv-axis using computer
fitting program. The linear part shows that the mode of transition in these films is of direct
nature. The band gaps deduced for all thin films in this manner decreased from 2.1 eV to
1.6 eV as the deposition time was increased from 40 to 80 min. However, the band gap was
found slightly increased to 1.8 and 2.1 when the deposition time was further increased to
150 and 180 min, respectively.

The influence of solution concentration and complexing agent on films

Based on the studies of the effect of deposition time, 80 min was found to be the best
deposition time to produce good quality thin films under the current conditions. In order
to study the effect of electrolytes concentration on the film properties, deposition at various
concentrations was carried out. The first set of experiment was carried out using constant
concentration of 0.05M of CuSO,, SnCl, and varying concentrations of Na,S,0, (0.01M and
0.05M) solutions.

- 221

Intensity (a.u.)

20 25 30 35 40 45 50 55 60
2 theta/degrees

Figure 10: XRD patterns of samples prepared at various CuSO, concentrations:(a) 0.01M (b) 0.05M. Concentration of SnCl,and
Na_S,0, are fixed at 0.05M. [Cu,SnS, (A)]

The second set of experiment was carried out using fixed concentration of 0.05M of
CuS04, Na2S203 and varying concentrations of SnCl2 (0.01M and 0.05M) solutions.
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The third set of experiment was carried out using constant concentration of 0.05 M of
SnCl2, Na2S203 and varying concentrations of CuSO4 (0.01M and 0.05M) solutions. Other
deposition parameters were maintained as before. (deposition temperature=50°C, pH 1.5,
deposition time=80 min, concentration of Na2EDTA=0.05M).

Figure 10 shows the XRD patterns of the films deposited at various CuSO4 concentrations
(0.01 and 0.05M) and constant Na2S203, SnCl12 at 0.0SM. The film prepared using 0.01M
CuS04 showed three peaks at 26 =30.1, 35.3° and 50.5° corresponding to interplanar
distances of 2.96, 2.54 and 1.80A respectively. These peaks are in a good agreement with
the JCPDS data (Reference code: 010710129) for Cu4SnS4 (a =13.5580A, b = 7.6810A,
c = 6.4120A, a = B = y =90°). As the concentration of CuSO4 was increased to 0.05 M,
the intensity of peak corresponding to (221) plane increased. Also, the additional peak
corresponding to 2.67A at 26 =33.2° was obtained.

- 221

Intensity (a.u.)

20 25 30 35 40 45 50 55 60

2 theta/degrees

Figure 11: XRD patterns of samples prepared at various SnCl, concentrations: (a) 0.01M (b) 0.05M. Concentration of CuSO,and
Na,S,0,are fixed at 0.05 M. [Cu,SnS, (A)]

Figure 11 shows the XRD patterns of the films deposited at various SnCI2 concentrations
(0.01M and 0.05M) and fixed Na2S203, CuSO4 at 0.05M. Each pattern contains several
diffraction peaks indicating that the films are polycrystalline in nature. There are three
Cu4SnS4 peaks at 20 =30.1°, 35.1° and 50.5° for the sample prepared at lower concentration
of SnCI2 (0.01M). The corresponding interplanar distances are well in agreement with the
JCPDS data of 2.96, 2.55 and 1.80A. When the concentration of SnCl2 was increased to
0.05 M, the intensity of (221) plane increased. This is accompanied by the appearance of
two other peaks of Cu4SnS4 at 20 =28.6° and 46.4° with interplanar distances of 3.14 and
1.95A.
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Figure 12: XRD patterns of samples prepared at various Na,S,0, concentrations: (a) 0.01 M (b) 0.05 M. Concentration of
CuSO0, and SnCl, are fixed at 0.05M. [Cu,SnS, (A)]

Figure 12 shows the XRD patterns of the films deposited at various Na2S203
concentrations (0.01M and 0.05M) with constant CuSO4, SnCI2 at 0.05M. There are five
Cu4SnS4 peaks at 26 =26.5°, 30.1°, 33.1°, 35.1° and 50.7°, corresponding to d-spacing
values 3.36 2.96, 2.68, 2.55 and 1.79A for the samples prepared at 0.01M and 0.05M of
Na2S203. Comparison between the films deposited at 0.01M and 0.05M of Na2S203 showed
that the intensity of the peaks increased indicating greater crystallinity as the concentration
was increased. This could be seen in the (221) plane which is more intense.

Figure 13: Atomic force microscopy images of Cu,SnS, films deposited at various CuSO, concentrations: (a) 0.01M (b)
0.05M. Concentration of Na,S,0, and SnCl, are fixed at 0.05M
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Figure 13 shows the AFM images of films prepared at different CuSO4 concentrations
(0.01M and 0.05M) and constant SnCl2, Na2S203 at 0.05M. The film prepared using 0.01M
CuS0O4 showed low appearance of grains over the substrate. The size of the grains varies
from one another and randomly distributed over ITO substrate.

However, the film prepared using 0.05SM CuSO4 indicated better morphology compared
to the lower concentration. The grain size of these films was much bigger and has complete
coverage over the substrate surface. This result is consistent with the observation from
XRD. On the other hand, the film thickness was investigated using atomic force microscopy
images. We can conclude that the films deposited using lower solution concentration (0.01M)
have thinner surface (599.1 nm) while the films deposited at higher solution concentration
(0.05M) produce thicker films (1004 nm).

Figure 14: Atomic force microscopy images of Cu,SnS, films deposited at various SnCl, concentrations: (a) 0.01M (b) 0.05M.
Concentration of Na,S,0,and CuSO, are fixed at 0.05M

27273

Figure 14 shows the AFM images of films prepared at different SnCI2 concentrations
(0.01M and 0.05M) and constant Na2S203, CuSO4 at 0.05M. The AFM image of film
prepared using 0.01M SnCl2 showed the surface of substrate was not covered completely.
This observation suggests an incomplete nucleation step with irregular growth rate of the
grains. However, there seems increase in the number of grains for the film deposited at
0.05M SnCl2. The surface of the ITO glass substrate was covered completely as can be seen
in Figure 14a and b. On the other hand, the film thickness was investigated using atomic
force microscopy images. We can conclude that the films deposited using lower solution
concentration (0.01M) have thinner surface (492.4 nm) while the films deposited at higher
solution concentration (0.05M) produce thicker films (1142 nm).
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Figure 15: Atomic force microscopy images of Cu,SnS, films deposited at various Na,S,0, concentrations:(a) 0.01M (b)
0.05M. Concentration of SnCl,and CuSO, are fixed at 0.05M

Figure 15 shows the AFM images of films prepared at different Na2S203 concentrations
(0.01M and 0.05M) and constant SnCl2, CuSO4 at 0.05M. The images pointed out that
the deposits are crystalline and their grain size varies with the variation of Na2S203
concentrations. The sample prepared at 0.01M of Na2S203 exhibits smaller crystal size
(Figure 15a) while sample prepared at 0.05SM of Na2S203 leads to bigger crystal size (Figure
15b). The sample prepared at higher concentration showed the surface of the substrate
was covered completely. The size of the grains varied from 1 to 2 um. The improvement of
crystallinity of the film is consistent with the results of XRD. On the other hand, the film
thickness was investigated using atomic force microscopy images. We can conclude that
the films deposited using lower solution concentration (0.01M) have thinner surface (377.3
nm) while the films deposited at higher solution concentration (0.05M) produce thicker films
(1124 nm).
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Figure 16: The photoresponse of the Cu,SnS, films deposited at various CuSO, concentrations: (a) 0.01M and (b) 0.05M.
Concentration of SnCl,and Na,S,0, are fixed at 0.05M
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Figure 17: The photoresponse of the Cu,SnS, films deposited at various SnCl, concentrations: (a) 0.01M and (b) 0.05M.
Concentration of CuSO, and Na,S,0, are fixed at 0.05M
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Figure 18: The photoresponse of the Cu,SnS, films deposited at various Na,S,0, concentrations (a) 0.01M and (b) 0.05M.
Concentration of SnCl,and CuSO, are fixed at 0.05M

Figure 16, Figure 17 and Figure 18 show the photoresponse of the films prepared using
different concentrations of CuSO4, SnCI2 and Na2S203, respectively. The current change
with the illumination confirms that the films possess semiconducting behavior. The films
prepared using higher concentration (Figure 16b-18b) showed better photosensitivity
compared with lower concentration (Figure 16a-18a). This is probably due to the improved
crystal compactness or density of the deposit. The fact that the photocurrent occurs on the
negative potential indicates the films prepared are p-type semiconductor.

The use of complexing agents is very common in the preparation of thin films
through the chemical bath deposition method [104-133]. In this study, the disodium
ethylenediaminetetraacetic acid (Na2EDTA) is used as complexing agent to improve the
lifetime of chemical bath as well as the quality of thin films. In order to investigate the
influence of the complexing agents on the chemical bath deposited films, the deposition was
carried out under different concentrations of Na2EDTA ranging from 0.01M to 0.10M. Other
experimental set-up was maintained as mentioned before. (deposition temperature=50°C,
pH 1.5, solutions concentration=0.05M, deposition time=80 min).

Intensity (a.u.)

20 25 30 35 40 45 50 55 60
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Figure 19: X-ray diffraction patterns of the Cu,SnS, thin films deposited at different concentrations of Na,EDTA. (a) 0.01 M(b)
0.05M (c) 0.10M
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Figure 19 shows the XRD patterns of the films deposited at different concentrations of
Na2EDTA. All the samples showed a polycrystalline in nature. There are nine peaks occurred
at 26 =22.3°, 28.4°, 30.2°, 35.1°, 39.1°, 42.8°, 47.0°, 50.6° and 56.6° were detected for the
films deposited with 0.05 M Na2EDTA (Figure 19b). The XRD data obtained matches the
standard JCPDS data (Reference code: 010710129) for orthorhombic phase of Cu4SnS4. (a
=13.5580A, b = 7.68104, ¢ = 6.4120A4,

a =B =y =90°). However, the number of Cu4SnS4 peaks decreased to three (Figure 19a)
and five (Figure 19c) for the films deposited with 0.01M and 0.10M Na2EDTA, respectively.
The strongest peak for all samples occurred at 26 =30.2° with d-spacing value of 2.96A.
This indicates that the preferred orientation lies along (221) direction for the chemical bath
deposited Cu4SnS4 thin film. The (221) plane showed the highest intensity peak for the film
deposited using 0.05M Na2EDTA indicating more favorable condition for the formation of
thin film.

The AFM measurements were performed to study the differences in the surface
morphology for the samples deposited under different concentrations of Na2EDTA. Figure
20 shows the AFM images of thin film deposited with 0.01M, 0.05M and 0.10M Na2EDTA
on a scale of 20 ym x 20 pm. Comparing the three AFM images, it is clearly seen that the
surface of the film deposited with 0.05M Na2EDTA is very smooth. The material was found
to cover the surface of the substrate completely.

640.4nm 124.6nm

Figure 20: The atomic force microscopy images of the Cu,SnS, thin films deposited at different concentrations of Na,EDTA.
(a) 0.01M (b) 0.05M (c) 0.1M
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Formation of grain was uniformly distributed over the deposit layer could be observed
(Figure 20b). The sizes of these grains are quite similar and vary from 0.9 to 1.2 um. The
morphology study shows that the thin films obtained with 0.01M and 0.10M Na2EDTA
are very thin, not compact and incomplete coverage over the substrate surface (Figure 20a
and 20c). On the other hand, the thickness of thin film was increased from 640 nm to 981
nm as the concentration of Na2EDTA was increased from 0.01M to 0.05M. However, the
thickness of the thin films was reduced (125 nm) as the concentration of Na2EDTA was
further increased to 0.1M. Based on the AFM results, we can conclude that the presence of
Na2EDTA has great influence on the properties of thin films.

Optical properties of thin films have been investigated by many researchers using UV-
Visible spectrophotometer. The absorption spectra and band gap value will be reported as
shown in their paper [134-150].
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Figure 21: The optical absorption versus wavelength of the Cu,SnS, thin films deposited at different concentrations of
Na,EDTA. (a) 0.05M (b) 0.10M (c) 0.01M.

The optical properties of thin films were measured in the range of 300-800 nm by using
UV-Vis spectrophotometer. Figure 21 shows the absorption spectra of the samples deposited
with different concentrations of Na2EDTA, ranging from 0.01M to 0.10M. With increasing
concentration of Na2EDTA from 0.01M to 0.05M, the absorption value of the films increases
(Figure 21c and 21a) and then decreases at higher Na2EDTA concentration (Figure 21b). Itis
believed that the complexing reaction was complete with higher concentration of complexing
agent. Therefore, hinders the deposition of Cu4SnS4 thin films.
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Figure 22: Plot of (Ahv)?" versus hv when n=1 of the Cu,SnS, thin films deposited at different concentrations of Na,EDTA.
(a) 0.01M (b) 0.05M (c) 0.1M

Figure 22 shows the plot of (Ahv)2 versus hv for Cu4SnS4 thin films deposited under
various pH values. The band gap values were determined from the intercept of the straight-
line portion of the (Ahv)2 against the hv graph on the hv-axis using computer fitting program.
The linear part shows that the mode of transition in these films is of direct nature. The band
gaps deduced for all thin films in this manner increased from 1.56 eV to 1.60 eV as the
concentration of Na2EDTA was increased from 0.01M to 0.05M. However, the band gap was
found slightly reduced to 1.59 when the concentration of Na2EDTA was further increased
to 0.1M

The influence of various pH values on films

From the data obtained, we can conclude that the optimum concentration of Na2EDTA
is 0.05M. The following experiment was carried out using this Na2EDTA concentration to
study the optimum pH value. Other experimental conditions were not altered to maintain
a constant approach towards uniform set-up. (deposition temperature = 50°C, deposition
time = 80 min, solutions concentration = 0.05M, concentration of Na2EDTA = 0.05M).
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Figure 23: X-ray diffraction patterns of Cu,SnS, thin films chemically deposited for 80 min at different pH (a) pH 0.5 (b) pH
1.0 (c) pH 1.5 (d) pH 2.0 [Cu,SnS, A]

Figure 23 shows the XRD patterns of thin films chemically deposited for 80 min at
different pH ranging from 0.5 to 2. The chemical bath deposited thin films are found to
be polycrystalline in nature. The films prepared at pH 0.5 produced two peaks at 26 =
30.3° and 50.6° corresponding to d-spacing values of 2.95 and 1.81A, respectively. The
observed d-spacing values were compared with standard d-spacing values (Reference code:
010710129) and are in good agreement with standard d-spacing values. As the pH value
was increased to 1.5, the intensity of the peak corresponding to (221) plane increased. This
is accompanied by the appearance of three other peaks which attribute to Cu4SnS4 at 26 =
28.6°, 35.5° and 47.1° with d-spacing values of 3.12, 2.56 and 1.91A for the films deposited
at pH 1.0, 1.5 and 2.0 respectively.

Figure 24: Atomic force microscopy images of Cu,SnS, thin films chemically deposited for 80 min at different pH. (a) pH 0.5
(b) pH 1.0 (c) pH 1.5 (d) pH 2.0
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Figure 24 shows three-dimensional AFM images for an area of 20 um X 20 um for Cu4SnS4
thin films. These films were chemically deposited for 80 min at different pH ranging from
0.5 to 2. The irregular surface of films is detected for the sample deposited at pH 0.5 (Figure
24a). Its three-dimensional image shows that larger surface roughness is observed. The
discontinuous distribution of grains on the surface of substrate could be observed for the
sample prepared at pH 1 (Figure 24b). When the pH was further increased to 1.5, the film
shows uniform, dense and well-covered entire substrate surface (Figure 24c). However, the
decreased of grain size could be observed as the pH was increased to 2 (Figure 24d).

On the other hand, the thickness of the films was studied using AFM images. At the right
side of the images, an intensity strip is shown, which indicates the depth and height along
the z-axis. The thickness values of 1478, 2124, 1548 and 890 nm have been observed for
samples deposited at pH 0.5, 1.0, 1.5 and 2.0, respectively. This result indicates that an
increase in pH up to 1 allows more materials to be deposited onto indium tin oxide substrate
and thicker films to be formed. However, further increase in pH caused thinner films to be
produced.
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Figure 25: Optical absorbance versus wavelength of the Cu,SnS, thin films chemically deposited for 80 min at different pH.
(a) pH 0.5 (b) pH 1.0 (c) pH 2.0 (d) pH 1.5

Figure 25 shows the UV-Visible absorption spectra of the films grown from a chemical
bath for 80 min under different pH values. The results show that the films deposited at pH
1.5 produced higher absorption characteristics as compared with other pH values. This
response associated with the fact that more polycrystalline Cu4SnS4 materials are formed
at this pH value. Thus, pH 1.5 is more preferable in the preparation of Cu4SnS4 films of
better quality on ITO substrate.
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Figure 26: Plot of (Ahv)*" versus hv when n=1 of the Cu,SnS, thin films deposited at different pH values. (a) pH 0.5 (b) pH
1.0 (c) pH 1.5 (d) pH 2.0.

Band gap could be measured by using spectra using UV-Spectrophotometer. Figure 26
shows the plot of (Ahv)2 versus hv for Cu4SnS4 thin films deposited under various pH
values. The band gap values were determined from the intercept of the straight-line portion
of the (Ahv)2 against the hv graph on the hv-axis using computer fitting program. The
linear part shows that the mode of transition in these films is of direct nature. The band
gaps deduced for all thin films in this manner reduced from 1.24 eV to 1.17 eV as pH was
increased from pH 0.5 to 1.0. However, the band gap was found increased to 1.45 and 1.62
eV, respectively when the pH was further increased to pH 1.5 and 2.

Finally, the different deposition parameters such as bath temperature (50°C), deposition
time (80 min), Na2EDTA concentration (0.05M), solutions concentration (0.05M) and pH
(pH 1.5) are optimized to obtain good quality of thin films. The compositional analysis of the
thin films is carried out by the Energy Dispersive Analysis Of X-Ray (EDAX) technique. This
tool is fast and easy to study chemical characterization of samples such as thin films and
semiconductor [151-200]. The EDAX spectrum of the Cu4SnS4 thin films deposited under
optimized deposition conditions is shown in Figure 27. The quantitative elemental analysis
was carried out only for Cu, Sn and S. The atomic percentage (%) for these elements is 49.1,
12.6 and 38.3%, respectively. The ratio of 4:1:3 of copper (Cu), tin (Sn) and sulphur (S) has
been confirmed by EDAX analysis. The sulphur concentration is slightly less as compared
to stoichiometric of Cu4SnS4.
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Figure 27: EDAX spectrum of Cu,SnS, thin films deposited on indium tin oxide glass substrate at optimized parameters
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