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ARTICLE INFO ABSTRACT

Keywords: In an aqueous bath, quaternary thin films (TFs) of copper zinc iron sulphide (CZFS) were deposited on glass (soda-
Substrates lime) substrates. The present study aimed to analyse the effect of deposition periods on the properties of the
OP.tica'l prepared CZFS TFs using Chemical bath deposition (CBD). The precursor and films were examined by Fourier
;:;I:i;algls Transform Infrared (FTIR) spectroscopy to check for the chemical formation present. Rutherford backscattering
Transmittance spectroscopy (RBS) was used to determine the elemental compositions and stoichiometry of the deposited films.

The optical characteristics were observed by a UV-Vis Spectrophotometer and a four-point probe (FPP) for the
electrical properties. The optical characterization revealed a direct transition band-gap energy that decreased
from 1.96 to 1.50 eV with an increase in deposition period. The optical constants were studied with respect to the
wavelength within the range of 300-900 nm. The films exhibited high resistive properties with a conductivity that
varied with an increase in deposition period. The effect of deposition periods on the optical properties of
refractive index, extinction coefficient, and real and imaginary parts of dielectric constants has been reported. All
these parameters were found to increase with deposition period except for the film deposited for 18 h (C3). These

Chemical bath deposition
Deposition time

results confirm that the aqueous deposited CZFS films can be tuned for various optoelectronic applications.

1. Introduction

The investigation of semiconducting materials has become part of the
work of many research groups due to their ease in adjusting their
bandgap and physical parameters for device applications. In particular,
copper and zinc chalcogenide thin films are potential semiconductor
materials for solar cell fabrication, light-emitting diodes (LEDs), plasma
display devices, lasers and sensors [1, 2, 3]. The accessibility of copper,
zinc, and sulphur in the earth’s crust makes the materials readily avail-
able [4]. Nonetheless, researchers are finding it difficult to comprehend
the process of depositing ternary copper-zinc sulphide thin films due to
the inappropriateness of the two cations in the sulphide system [5].
Naturally, the copper sulphide and zinc sulphide minerals have poor or
absent solubility, even though they are usually linked with most ore [6].
Certainly, copper content in sphalerite is limited by weight to about 1%,
and it is influenced by the presence of trivalent cations such as Ga>*,
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AP, In®" and Fe3*. Besides the difficulty of dissimilarities in the crystal
structure, one more difficulty is the formation of defect complexes, which
could destroy the charge carriers [7]. Additionally, the problem of the
creation of highly disordered phases and structures, as well as the crys-
talline dupability, could be significantly different, and, therefore, so are
their characteristic charge compensation mechanisms [7]. Owing to
these indications, the redox property of copper in the sulphide system
seems to play a decisive role in limiting the stability of the structures
thermodynamically, which could be overcome by adding transition ele-
ments as impurities.

Reports on the fabrication and characterization of various ternary
copper-zinc-sulphide TFs using different deposition techniques are rela-
tively common in the literature [8, 9, 10], but work on their quaternary
compounds such as CuZn(Sn, In, Fe, Pb, Ga)S is less common. In this
work, we investigate the effect of the deposition period on the properties
of CZFS TFs using the chemical bath deposition (CBD) technique. The
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versatility of the CBD method has led to its choice as the major deposition
method for the fabrication of TFs and coatings for various applications
[11, 12]. The interest in quaternary materials comes from the possibility
of engineering the compound parameters with deposition. Then again,
quaternary compounds are attracting increasing attention due to their
good performances with moderately simple chemistry and the absence of
environmental concerns associated with their uses. Even though qua-
ternary chalcogenide materials have been fabricated, there is limited
study on the growth and characterization of CZFS TFs. This research
presents the synthesis of the quaternary CZFS thin films via the CBD
technique. In addition, the effects of the deposition period on the
morphology and optical properties of the CZFS TFs were studied and
examined.

2. Materials and method
2.1. Experimental procedures and characterization

CBD was used to create copper zinc iron sulphide TFs from copper (II)
chloride dehydrate (CuCl.oH20) [Assay, % purity = 99.0%], zinc chlo-
ride (ZnCly) [BDH, % purity = 99.0%], iron (III) chloride (FeCls) [Pub-
Chem, % purity = 99.0%], thiourea (CS(NHy),) [LABOSI, % purity =
98.0%], triethanolamine [TEA] (C¢H15NO3) [Stenfy Chemicals, % purity
= 99.0%], ammonia solution (NH4OH) [Alfa India, 25%], and
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ethylenediaminetetraacetic acid [ArochemPvt. % purity = 98.0%]. The
chemicals are all analytic and applied without additional purification. In
this experiment, 0.5 M of CuCl.2H,0 (20 ml), 0.5 M of ZnCl, (20 ml), 0.1
M of FeCl3 (20 ml) and 0.2 M of CS (NH>)5 (50 ml) were mixed in distilled
water in the ratio of 2:1:1:2. The complexing agents (TEA and EDTA)
were employed to slow down the formative reactions, along with an
ammonia solution that stabilizes the pH of the bath at 10.0. The solution
was stirred for 45 min at normal room temperature to produce a uniform
solution using a magnetic stirrer. Then, the substrates (soda-lime glass)
were dipped into the aqueous bath in a vertical position. The reaction
periods of 12, 15 and 18 h were set and tagged as C1, C2 and C3.
Thereafter, the substrates were washed and dried at room temperature.
The deposited CZFS films have good adherent properties to the soda-
lime substrates. Fourier transform infra-red (FTIR) spectroscopy of the
precursors and films was done using a Shimadzu 8400 FTIR Spectrom-
eter. The structural morphology was examined using the Scanning elec-
tron microscopy (SEM) system of model JEOL JSM-7600 operating at
1000 V. Rutherford backscattering spectroscopy (RBS) procedure was
employed in determining the elemental compositions of the films. The
optical measurements of the films were done using a UV-1800 Spectro-
photometer at room temperature and wavelengths of 300-900 nm. The
bandgap energy (Eg), absorption coefficient («) and refractive index (n)
were determined from the optical records. The electrical measurement
was done with a four-point probe (FPP) method at room temperature.
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Figure 1. Infrared spectrum of CZFS (a) precursor and (b) Sample C1.
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3. Results and discussion

Figure 1(a) indicates the infrared spectrum of the CZFS precursor as
well as the expected absorption bands. The spectrum shows that the CZFS
bonding was below the 1000 cm ™! mark. The O-H and N-H bands have
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peaks at 3500.92 cm ™! and 3408.33 cm ™}, respectively. Other major
spectra include-H stretching vibrations between 2912.61 and
2360.96cm . The regions ranging from 2000 to 1600 cm ™! are related
to the weak sharp combinations bands, which could be the result of the
polar bonds associated with the C=C vibrations [4]. The band observed
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Figure 2. SEM of CZFS thin films of (a) C1, (b) C2 and (c) C3.
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at 1492.96 cm™! was attributed to the C=0 stretching mode. Bands
formed at 1400 and 1250 cm ™! are linked to C-H bending vibrations, as
well as bands at 1116.82 and 1016.52 cm ™! originating from the C-C
vibrations. Similar observations have been made in the literature for
metal-metal semiconducting thin films [1, 4].

Figure 1(b) shows the infrared spectra of the deposited CZFS TFs at 12
h (Sample C1). The figures reveal no trace of the characteristic band
associated with the precursor, which suggests a complete deposition of
the precursor to yield CZFS TFs [4]. The result is comparable to
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metal-metal sulphide thin films reported in the literature [1, 13, 14].
Other CZFS TFs, (Samples C2 and C3) have similar characteristics.
However, the visible bands at 3500 cm™! may perhaps be linked to the
presence of hydroxide ions within the deposited films [15].

3.1. SEM analysis

Figure 2 shows the surface morphologies of CZFS TFs at various
deposition periods. From the surface morphology, it is clear that the
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Figure 3. RBS spectrum of CZFS thin films at (a) C1, (b) C2 and (c) C3.
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deposition time influences the phases exhibited by the films. Partially
dense and compact nano-grains covering parts of the substrates are
formed for C1 (Figure 2(a)). As the deposition time increases, the nano-
grains increase in size with an agglomeration of clusters into larger
grains, as indicated in Figure 2(b) for C2. After 18 h (Figure 2(c)), the
clusters of larger grains metamorphose into large numbers of particle-
like, rough, and irregular grains. The main explanation was that the
deposition time not only reduces the defects in the material structures but
also increases the crystalline (grain) roughness. This rough morphology
is beneficial for photovoltaic production as rough edges attract more
photons and increase the absorption and current densities within the
system [16].

3.2. Elemental analysis of CZFS thin films

The chemical composition and purity of the samples are ascertained
by the RBS study, which indicates the presence of copper (Cu), zinc (Zn),
iron (Fe) and sulphur (S) as the elemental components within the
deposited films. The normal RBS spectra of CZFS thin films are shown in
Figure 3(a-c). The characteristic composition of the films is presented in
Table 1, as well as the composition of the starting solutions in brackets.
From the elemental analysis of the deposited films and starting solutions,
it was noted that the metals-to-sulphide ratios in the starting solutions
were not preserved in the films. This can be credited to the breakdown
and successive reconstitution of the metal-metal-sulphide bonds during
deposition due to an increase in the deposition time of the samples.
Table 1 obviously reveals that the intensity of sulphur increases with the
rise in deposition time, which indicates that the deposited CZFS TFs are
anion rich. Therefore, the increase in deposition time has a dominant
effect on the physical properties of CZFS thin films. Also, it was observed
that the ratio of S/(Cu + Zn + Fe) in the CZFS-system is not constant as
the deposition time is increasing, which suggests that the deposited
material is non-stoichiometric. Notably, it is reasonable to assume that
the elevation of deposition time induces the rate of nucleation within the
atoms of the starting solution and therefore the elements in CZFS thin
films, as indicated in the various morphologies in the SEM measurements
[4, 13].

3.3. Optical measurements

To ascertain the suitability of the CZFS TFs for various device appli-
cations, absorbance (within 300-900 nm) was investigated at room
temperature. At the reference beam, all measurements were performed
on blank (clean) substrates. The absorbance spectra against wavelength
are demonstrated in Figure 4. The plot confirms a strong absorption
within the 300-450 nm regions. Afterwards, it falls sharply with an in-
crease in wavelength continuously to about 900 nm. The absorption also
decreases with an increase in the deposition period. This may be attrib-
uted to the perfection and improvement in crystalline sizes in the CZFS
thin films [17, 18]. Comparable observations have been detailed in the
literature for metal chalcogenide thin films [13, 19].

Figure 5 illustrates the variation of transmittance against the wave-
length of the CZFS thin films. The plot revealed that the transmittance
consists of two main regions: The first region (between 300 and 450 nm)
is characterized by a comparatively lower transmittance that is
increasing from about 0.6 to 0.75 as the wavelength is increasing. The

Table 1. The elemental analysis of CZFS TFs.

Samples Elemental Composition (%) SACu + Zn + Fe)
Cu Zn Fe S

Cl 30.66 (40) 14.92(20) 15.20 (20)  39.22 (40)  6.45

c2 29.02 (40) 1298 (20) 14.52(20) 43.48 (40) 7.69

Cc3 30.53(40) 09.64 (20) 16.03 (20) 43.81 (40) 7.80
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Figure 4. Absorbance spectrum of CZFS TFs.

second region (>600 nm) is characterized by higher transmittance,
confirming the smooth-like nature of the deposited films. In addition,
Figure 4 shows a significant increase in the transmitting properties of all
the CZFS TFs, with the highest being 0.91 (91% for C3), and the lowest is
found to be 0.85 (85% for sample C2). Generally, the transmittance
considerably rises with an increase in the time of deposition. Low scat-
tering and absorption losses within the CZFS system contribute signifi-
cantly to the elevated transmittance observed in this study [13, 20]. It
could also be a result of the increase in the period of deposition, which
restructures the crystalline sizes and, thus, improves the transmittance of
the deposited films, as indicated by the SEM studies. The elevated
transmittance within the spectra range indicated in Figure 4 makes CZFS
thin films a good conducting material for solar cells, pyro-electric de-
tectors, and LED applications [4, 21].

According to the solid-band theory, the (direct) bandgap (Eg) for
semiconductor materials is determined using the following expression
[11, 18]:

A .
ae <E> hv—E] (1)
When n = 0.5.

Recall that 0.5 = 3 =1,

Therefore; a = & (hv — Fg)?
ahv= A (hv — Eg)?
Squaring both sides, (ahv)?= A (hv — Eg)

where A is a constant. Therefore, the plot of (ahv)® against hv, when
(ahv)2 = 0 gives the band-gap of the material [13, 14, 15, 19]. Here, o, hv,
E; are the absorption coefficient, photon energy, and bandgap respec-
tively. Also, from Eq. (1), “A” characterizes an energy-dependent con-
stant and the index n has a size of 0.5 [1]. Figure 6 presents the notable
Tauc plots of (ahv)? versus (hv) for all the films based on Eq. (1) [13, 14,
15, 19]. The E; was estimated by extrapolating the linear section of the
plot onto the x-axis. The Eg varies from 1.30 to 1.78 eV with an increase
in the period of deposition. Interestingly, numerous factors are respon-
sible for the variation in the estimated E; values. Among these is the fact
that the nature of CZFS thin films results in films with larger crystalline
sizes with a rise in deposition time. Accordingly, the E; of the material
tends to fall as the deposition period is increased, owing to growth in the
crystalline sizes [18]. It is also suggested that the band trailing initiated
by the disorder within the CZFS system of the films contributes
significantly to the variations in the Eg values [21]. Furthermore, the
effects of impurities and defects, transition tail, shift effects, and re-
sidual strain all have a significant impact on the Eg of a semiconductor
thin film system [13, 21]. Still, the varying E; due to deposition dura-
tions makes the films beneficial for solar cell fabrication, as a result of
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Figure 5. Transmittance spectrum of CZFS TFs.
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Figure 6. Band-gap values of CZFS TFs.

allowing more photons to have access to the absorbing films and
creating more photocurrents [4, 22].

Determining the refractive index (n) of a material is a central
consideration in the building-up of many optical devices like modulators,
switches, filters, waveguides, detectors, solar cells, etc., owing to its close
connection with the electronic polarization of the material [23, 24, 25].
Usually, n is related to the polarization (electronic) of ions and is eval-
uated using the following relation in Eq. (2) [26]:

2

Respectively, R and k are the reflectance and the extinction coef-
ficient. The graph of n versus the photon energy is shown in Figure 7.
From the plot, it is seen that the average n increased with the CZFS
TFs photon energy. C2 has the highest (average) refractive index of
2.51 at 3.5 eV. Nonetheless, as the deposition time is increased,
the refractive indexes were found to alternate within the range of
2.19 and 2.51 at 3.5 eV. These changes evident in the n-values may
be due to the trapped photon energy within the grain boundary
system of the films [4]. The high n-values of CZFS films could be
used to improve the visual properties of various optoelectronic ap-
plications such as quantum dot light-emitting diodes (QDLED) and
liquid crystal displays (LCD), where electronic display mechanisms are
needed [26].
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Figure 7. Refractive Index and photon energy of CZFS TFs.

For semiconductors, the extinction coefficient (k) is calculated using
the expression in Eq. (3) [14]:

al
R

Here, o and A expresses the absorption coefficient and wavelength of
the spectrum. The plot of k against photon energy is indicated in Figure 8.
It is observed that k increases with photon energy as well as with
deposition time for all the films as indicated in the Figure (Figure 8).
Generally, the estimated values of the extinction coefficients were low
over the photon energy (eV) regions, consequently losing very low ab-
sorption energy down the regions [4].

The optical dielectric constants (real and imaginary parts) are directly
related to the electronic structure and the density of states within the
energy gap of the CZFS films [14]. These constants are determined by the
following relations, indicated in Egs. (4) and (5) [13, 23].

3

g =n> -k 4
and
g = 2nk )

where ¢, and ¢, are the real and imaginary dielectric constants. The plot of
the e, and g, against photon energy is shown in Figures 9 and 10
respectively. Figure 9 reveals that the real dielectric constants are
increasing with photon energy as well as with the deposition time.
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Figure 9. Real dielectric constant and photon energy of CZFS TFs.
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Figure 10. Imaginary dielectric constant and photon energy of CZFS TFs.

However, C2 has the lowest value of 4.5 at photon energy of 3.5 eV. The
behaviour may be associated with the nature of the film (C2), which has
the least speed when agitated with electromagnetic radiation [27]. A
similar trend has been outlined by Efe et al. [13] and Olofinjana et al.
[14] for crystalline semiconductor thin films and linked the development

The resistivity results were determined using the FPP measurements.
The current-voltage (I-V) readings were taken several times to reduce
errors in the measurements. The average values of the I-V were recorded
and used to determine the sheet resistance (Rg) according to the relation
in Eq. (6) [28];

z (V
R=p3(7) ©

The resistivity (p) of the films was evaluated by multiplying the R
with the various thicknesses. Furthermore, the conductivity (c) was ob-
tained from the inverse of the resistivity. The summary of the determined
electrical properties and thickness are listed in Table 2. It was observed
that the deposition period has a great effect on the electrical properties of
CZFS TFs, as the sheet resistances were found to be high for all the films.
The high sheet resistance may result from the high impurity content
within the CZFS system [28] and increased deposition time. The reason is
connected to the swift production of more pairs of charge-carriers
(electrons and holes) within the CZFS system occasioned by the in-
crease in deposition time [17]. Hence, the determined values of the
electrical conductivity confirm the semiconducting nature of the depos-
ited CZFS thin films [19, 28].

Typically, the conductivity nature of semiconducting thin films is
dependent on the thickness and crystalline nature of the material [28].
Consequently, in CZFS thin films, the increase in electrical conductivity
were due to the increase in both thickness and deposition time (Table 2).
This indicates that limited (grain) electron-scattering will take place in
C3 rather than in C1, since electron-scattering is inversely related to the
electrical conductivity [19, 29], thus increasing conductivity with
thickness and deposition time.
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Table 2. The thickness and electrical properties of CZFS thin films.

Samples Thickness (nm) Sheet resistance Resistivity Conductivity
(Q/Sq) x 10° (Q cm) (Q.cm) ™!

C1 53.70 18.60 0.99 1.01

c2 69.52 7.25 0.50 2.00

C3 86.10 2.66 0.23 4.34

4. Conclusion

CZFS thin films at room temperatures were synthesized via the CBD
technique. The CBD technique generally allows for a simplified synthesis
of CZFS thin films while retaining exceptional influence over the chem-
ical, SEM, and optical properties of the material. The FTIR and RBS re-
sults of the films indicated that the spectrum contains copper (Cu), zinc
(Zn), iron (Fe) and sulphur (S) in various stoichiometry at different
deposition times. The SEM observations showed that the deposited CZFS
thin films consist of rough and compact nano-grains that depend on the
deposition time. The films exhibited excellent absorbing and transmitting
properties that varied with an increase in the wavelength (300-900 nm)
and deposition times. A variation in the band gap within 1.30-1.78 eV
was estimated as the deposition period was increased. The n, k, and
dielectric constants (e, and ¢;) showed that the optical measurements of
the CZFS were determined by deposition periods. Thus, the I-V mea-
surement implies that CZFS thin films are naturally semiconducting, and
there is the possibility of using CBD in depositing high-quality semi-
conducting films for optoelectronic device applications with comparable
properties.

Since, a surface-sensitive quantitative spectroscopic method based on
the photoelectric effect called X-ray photoelectron spectroscopy (XPS)
can identify the elements present in a material (its elemental composi-
tion) or that are present on its surface, as well as their chemical state,
general electronic structure, and density of the electronic states in the
material. It is therefore suggested that future studies be conducted on
XPS data (which will reveal the oxidation states of elements) as well as
XPS depth profiling. Also, the EDX was not considered during this study
due to limitations in the device used for the study. However, this will be
considered in future scope so as to show the distribution of elements in a
selected area wherein RBS measurements cannot provide such a feature.
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