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Abstract

Copper barium sulphide (CuyBa,;_,S) thin films (TFs) were fabricated via the chemical bath
deposition (CBD) approach on glass substrates. The study used solutions of copper (II) sulphate,
barium chloride dihydrate, and thiourea as the sources of the elements (copper, barium, and
Sulphur). The thin films were characterized using the x-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive X-ray (EDX) and ultraviolet-visible spectroscopy. XRD
examination of the films revealed that they were polycrystalline and increased with doping
concentrations. However, increasing copper incorporation led to an increase in the average
crystallite sizes from 18.80 to 21.96 nm, accompanied by a decrease in dislocation density ()
(2.83x 1073 t02.08x103nm™3), and strain (¢) (1.84x 1073 to 1.58x1073) respectively.
Energy-dispersive X-ray analysis reveals good agreement between detected and selected
element ratios with different stoichiometry. Optical examination indicated that Cu,Ba;_,S TFs
have a transmittance that increased from 20% to 50% with an increase in copper concentrations,
while the optical band gap varied from 1.65 to 3.12 eV. These results indicate that the
synthesized CuyBa;_4S TFs hold significant potential for applications in solar energy and
optoelectronics.
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1. Introduction efficient and renewable alternative that researchers have

extensively developed to convert sunlight photons into

The widespread pollution caused by traditional energy useful electrical energy for numerous applications [1- 4].
sources necessitates a strong shift towards renewable and The application of thin films (TFs) in solar cell fabrication

sustainable alternatives [1, 2]. Solar energy is a highly is currently of great interest to researchers and industrialists
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because of their excellent properties, such as a tunable
band-gap, low production cost, and ease of forming charge
pairs, which enables the conversion of photons to
electricity [5, 6]. Although thin-film solar cell-based
photovoltaic modules like CdTe and Cu(In,Ga)Se, have
demonstrated remarkable efficiencies of over 20% [7],
their toxicity has been a significant concern [7, 8].
However, to be a practical source of green energy for the
society, thin film solar panels must be manufactured on a
wide scale using inexpensive, readily available, and
environmentally benign components [9].

Copper zinc sulphide (CZS), copper zinc tin sulphide
(CZTS), and copper aluminum oxide (CuAlO,) are among
the recently created, inexpensive, and nontoxic copper-
based-nanoparticle compounds that have shown the
highest efficiency in solar cell fabrication [9, 10].
Nevertheless, these materials still have a lot of issues [10].
For example, their limited single phase region in the phase
diagram and their numerous secondary phases within the
material prevent future advancements in cell efficiency [5,
9 - 11]. Current research efforts are increasingly directed
towards copper barium sulphide (CuyBa;_4S) thin films, a
ternary semiconductor compound valued for its abundance
in the earth's crust and low toxicity [9]. This I-II-VI
semiconductor material is characterized by a desirable
band gap, significant transparency, and a high absorption
coefficient (around 10°cm’), attracting considerable
interest from researchers working on optical detectors,
light-emitting diodes, solar cells, and nonlinear optics [7 —
9]. Also, it exhibits a stable structure at room temperature,
making the thin film well-suited for photo-electronic
applications due to their proximity to the optimal region of
the visible solar energy spectrum [7, 11 - 13].

Various methods have been employed for the deposition of
copper-based-nanoparticle TFs, including solution-base
spin coating synthesis [11, 14], sputtering [12], RF
magnetron co-sputtering [13], and hydrothermal method
[15 — 17]. Although these procedures produce crystalline
or amorphous films, their cost, ease of large-scale
production, and temperature make them undesirable [18].
The chemical bath deposition (CBD) technique is
recognized as one of the most straightforward and cost-
effective methods due to its requirement of very low
synthesis temperatures, good uniformity, reproducibility,
suitability for various substrates, and capability for large-
scale production [19 - 21]. Consequently, the application
of the CBD technique has garnered significant attention
due to its great potential for fabricating high-quality films
[21]. Historically, CBD was used to synthesize crystalline
and polycrystalline binary sulphides and oxides. More
recently, the CBD technique has been sought after for
synthesizing high quality ternary thin films materials for
device applications [5].
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Review of literature showed that the microstructural
parameters and optical properties of polycrystalline
CuyBa;_4S thin films is scarce. Moreover, detailed
compositional analysis in many ternary nano-materials
studies is limited by preparation challenges. Consequently,
this study's primary objective was to synthesize ternary
CuyBa,;_S thin films using the CBD method, chosen for
its distinct advantages in substrate deposition [5, 21].
Secondly, the authors investigate how varying copper
content impacts the films' compositional structure, thereby
enhancing their optical and opto-electrical performance.
Therefore, this work aims to investigate the
crystallographic, microstructural, and optical properties of
CuyBa,;_S thin films, including their dependence on film
composition and Cu-ratios. The material was chosen
because it has good optical and electrical properties and are
less toxic when compare to other ternary materials like
copper zinc telluride (CuZnTe,), copper zinc selenide
(CuZnSe;) and copper aluminium selenide (CuAlSey).
Besides, the authors specifically studied the
microstructural properties of CuyBa;_4S thin films and
related them to optical transmittance, bandgap, refractive
index, extinction coefficient, and dielectric constants for
device applications.

2. Materials and method

2.1. Chemicals

Copper barium sulphide TFs were prepared using pure
chemicals of analytical grade, employed exactly as
purchased.

The chemicals included copper (II) sulphate
(CuS0,) [Assay, % purity = 99.0], ammonia  solution
(NH,OH) [AlfaChem India, % purity = 99.3], barium

chloride dihydrate (BaCl,.2H,0) [Akshya Chemicals Pvt. %
purity = 99.0% ], thiourea (CS(NHz)2 [LABOSI, % purity =
98.0], triethanolamine [TEA] (CsH15NO3)
[Stenfy Chemicals, % purity = 99.0],
ethylenediaminetetraacetic acid (EDTA) [ArochemPvt. %
purity = 98.0%], and distilled water.

2.2. Preparation of copper barium sulphide TFs

The procedure for cleaning the substrate and creating the
precursor is based on one of our recent works [22]. A two-
step chemical precursors techniques was employed to
synthesized CuyBa;_S thin films onto glass substrates. In
solution I, for copper sulphide (CuS) preparation, 0.2 M
copper (IT) sulphate was dissolved with 0.5 M thiourea and
three drops of triethanolamine in a 50 mL beaker. In
solution II, for barium sulphide (BaS) preparation, 0.3 M
barium chloride dihydrate was dissolved in 0.5 M thiourea
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with four to five drops of ethylenediaminetetraacetic acid
in a different 50 mL beaker. However, the CuyBa;_,S thin
films were obtained by mixing precursors solutions of CuS
and BaS based on the ratios detailed in Table 1. These
mixtures were thoroughly stirred and deposited using the
setup illustrated in Figure 1, then left at room temperature
for 12 hours. This procedure yielded three thin-film
samples of copper barium sulphide (CuyBa;_,S), labeled
Al or Cu;¢BagyS, A2 or CuzyBa;yS, and A3 or
CusoBasS, each possessing a different concentration of
the material.

Table 1. Percentage combination of CuyBa;_,S TFs

Samples Precursors Ratio Thickness

CuygBagS 10% Copper Sulphide + 90% 68.60
Barium Sulphide

CuzoBa;oS 30% Copper Sulphide + 70% 74.42
Barium Sulphide

CusgBasoS 50% Copper Sulphide + 50% 80.16
Barium Sulphide

Substrate

Chemical bath

Thin film

Figure 1. Chemical bath deposition setup [23]

2.3. Characterization of the deposited TFs

The crystallinity of CuyBa;_4S TFs was examined via a
D8-High Resolution x-ray diffractometer (XRD) with A =
1.5406 A.

Scanning electron microscope (SEM) machine, model
JEOL JSM-7600F incorporated with Electron dispersive x-
ray (EDX) analyser was employed to study the
morphological structures of the deposited films at 1000 V.
For optical characterization, a Double Beam UV-1800s
Shimadzu Spectrophotometer was used to measure
wavelengths ranging from 300 to 1100 nm. The thickness
of the film was measured using the weight difference

method using the relations: t= %,

Here m, is the mass of the substrates before deposition,

and M =m, — my,

and my, is the mass of the substrates after deposition. A is
the area of the deposited surface and D is the density of the
material.
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3. Results and discussion

Figure 2 illustrations the XRD patterns of the deposited
CuyBa;_4S TFs. The results indicate that the film is
polycrystalline, with five major peaks at 12.08°, 17.06°,
26.89°, 40.0°, and 56.24° corresponding to the diffraction
lines of (112), (121), (111), (211), and (311), representing
an orthorhombic a-phase crystalline structure (# PDF 98-
001-9167) [24]. The Figure shows peak patterns in the
samples that was increasing as copper concentrations rise.
The peaks of Samples Cu;yBagy,S were seen to increase
gradually with rise in copper concentrations. This indicates
a progressive transformation from the barium-sulphide-
binary phase to a distinct, oriented, polycrystalline
CuyBa,_,S structure, suggesting a unification of the binary
components into the deposited ternary CuyBa;_,S thin
films as the copper concentration increases [25]. The
polycrystalline structure of the deposited material in
Samples CuzoBa;,S and Cugz¢Bas, shows varying peak
orientation as they shift to the (101) plane. This
phenomenon may be attributed to a chemical reaction
between the film's precursors, leading to the formation of a
new chemical phase [5, 21]. The observed variations in the
deposited ternary films suggest that the elements within the
ternary system can integrate and substitute within the
matrix without significant distortions as doping levels
increase [26]. Comparable outcomes have been reported in
the literature by Ref. [27], and were attributed to the nature
of the substrates used as well as the presence of other
phases not observed by the XRD measurement.

Moreover, the impact of copper incorporation on the
crystallite size (Dy), dislocation density (), and strain ()
of the nanostructured CuyBa;_,S thin film were
investigated on (101) plane by employing the Debye—
Scherrer formula [28, 29].

_09xA

X~ BcosO (M
1
8= 17 2
0
o= P2 3)

In these formulas, the diffraction angle is denoted by 6, the
full width at half maximum (FWHM) of the diffraction
angles is given by P, and A is the X-ray wavelength (A =
1.54). Table 2 depicts the estimated XRD parameters for
CuyBa;_,S thin films. The table shows that as the copper
concentration increases, both dislocation density (8), and
strain (g) decrease, while the crystallite size (Dy) increases
from 18.80 to 21.95 nm. The development in the crystallite
size could be ascribed to the incorporation of copper ions
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into the barium sulphide lattice, where they substitute for
Ba?* ions. This substitution introduces strains and defects
within the barium sulphide lattice, disrupting the regular
crystal structure and promoting the formation of larger
crystallites.

o
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Figure 2. XRD pattern of Cu,Ba;_,S TFs
Table 2. XRD parameter of Cu,Ba,_,S TFs
Samples D, §x1073 £x1073
(nm) (nm~3)
CujoBas,S 1880  2.83 1.84
CuzoBa;,S 19.28 2.69 1.79
CuggBag,S 21.95 2.08 1.58
Table 3. Elemental parameters of CuyBa;_,S TFs
Samples Elemental Composition (Cu+Ba)/S
(%)
Cu Ba S
CuypBagyS  32.09 25.81 41.10 1.41
CuzgBa,;,S 30.53 28.33  40.92 1.44
CuggBag,S 29.40 30.70  30.20 1.53

Additionally, the presence of copper induces compressive
stress and lattice distortion, further influencing the growth
of crystallites [6, 30]. Figure 3 illustrates the surface
morphologies of CuyBa;_,S thin films at various
concentration. The surface morphology clearly indicates
that the copper concentration impacts the phases displayed
by the films. Samples Cu;yBagyS and CuzyBa,,S feature
partially dense, well-defined columnar nano-grains on
some areas of the substrates (Figure 3(a, b)). As the copper
concentration increases, the nano-grains increase in size,
forming clusters that develop into larger grains with well-

d. 10.57647/jtap.2026.2002.12

defined grain boundaries, as shown in Figure 3(c) for
sample CusyBasg. This enhanced morphology is consistent
with XRD results, which show that higher copper contents
produce more uniformly sized grains, characteristic of
well-ordered crystal structures [26].

CuscBa-S

CusoBaseS

Figure 3. SEM pattern of Cu,Ba;_,S TFs

The main reason is that a higher copper concentration leads
to fewer defects in the material's structure and also
enhances its crystalline roughness [5, 21].

This rough texture is beneficial for photovoltaic
manufacturing as it helps to capture more photons, which
in turn boosts the absorption and current densities within
the thin films [5]. Furthermore, the absence of cracks in all
deposited films is a crucial factor for their use in sensing
applications [31].
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Figure 4. EDS Analysis of CuyBa;_,S TFs

Figure 4 shows the elemental compositions of the
CuyBa;_,S TFs, confirming that the main elements within
the films are copper (Cu), barium (Ba), and sulphur (S),
with little or no detectable impurities. Compositional
analysis, detailed in Table 3, indicates that the [Cu + Ba/S]
ratio is not constant; rather, it increases as the copper
concentration increases, suggesting that CuyBa;_,S films
are non-stoichiometric [5]. Interestingly, increasing the
doping concentration appears to accelerate nucleation in
the starting solution's atoms, which consequently affects
the elements present in CuyBa;_,S TFs, as evidenced by
the diverse morphologies observed in SEM analyses. This
behavior aligns with the findings of Ref. [5] regarding
copper zinc iron sulphide TFs deposited via the CBD
method. Additionally, Table 3 shows that the intensity
(percentage) of copper diminishes with increasing copper
concentration in CuyBa; _4S TFs. This phenomenon can be
attributed to several factors, including the formation of
secondary phases and changes in the local stoichiometry

@) 10.57647/jtap.2026.2002.12

within the material [32]. For instance, in Cu-doped B-
In2S3, the addition of copper can cause cuprous sulphide
to precipitate, substantially affecting the elemental
composition and thermoelectric characteristics [33].
Additionally, the smaller ionic radius of copper ions
(relative to larger ions like barium) and the difficulty in
achieving uniform mixing of precursors during solid-state
reactions can lead to non-uniform dopant distribution [34,
35]. This non-uniformity can result in localized variations
in elemental percentages and distorted surface
morphologies [34]. Such non-uniformity may then cause
the lattice constant and the elemental fraction of the doping
element to gradually decline in accordance with Vegard's
law [35]. This implies that a higher copper content
significantly influences the physical properties of
CuyBa;_4S thin films. To determine their optical
properties, the transmittance (T) and absorbance (A)
spectra of the deposited CuyBa;_4S thin films were
recorded using a UV-1800 Spectrophotometer.
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However, the reflectance (R) was subsequently assessed
using Eq. (4) [16, 36]:

R+T+A=1 (4)

where R is the reflectance, T is the transmittance, and A is
the absorbance given by [36]:

T= 104 (%)
and
R=1-(T+A) (6)

Figure 5(a) displays the optical transmittance spectra as a
function of wavelength, revealing that the films possess
high transmittance within the visible and near-infrared
ranges. Sample Cu,gBag,S had the highest transmittance at
wavelength of above 500 m region. Also, sample CusyBas,
was found to be between Cu,yBag,S and CuzgBa;(S with
increasing wavelength, likely due to the non-homogeneous
nature of CuyBa;_,S TFs as observed by the SEM
micrograph (Figure 3) [21]. This increase in transmittance
with wavelength may be attributed to the formation of
copper doped barium sulphide nano-particles [37]
Therefore, the rise in copper concentrations makes the
films more transparent. Moreover, the high transmittance
seen in this study occurred because the films had increased
crystallinity, which lowered grain boundary defects [26].
Films with such high transmittance could be useful as
transparent conducting materials in LEDs and solar cells
[37]. Similar observations have been reported in literature
for semiconducting thin films [38, 39]. Figure 5(b)
illustrates the optical absorbance of the films, indicating
low absorbance in the ultraviolet region. This absorbance
decreases with increasing wavelength up to the near-
infrared region as doping concentrations increase.
Generally, the films exhibit poor absorbance throughout
the wavelength ranges.

However, the low absorbance observed in this study could
be a result of a decrease in the number of defects as well as
an elevation in grain sizes [40]. The reflectance spectra of
the deposited thin films with different copper ion
concentrations are illustrated in Figure 5(c). The
reflectance values of all the films were found to be between
0 and 20. The plot reveals that doping with copper alters
the reflectivity throughout the wavelength regions.
Nevertheless, the reflectance values indicate that the
deposited materials do not reflect light well, which makes
them appropriate as a p-type material for solar cell
applications [41]. In general, the reflectance of thin films
tends to increase sharply at wavelengths shorter than 600
nm, which may be attributed to higher concentrations of
copper. This observation is linked to the increase in copper
doping, leading to greater surface roughness, as
demonstrated in the SEM images. Furthermore, the low
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reflectance of these films makes them potentially useful as
anti-reflection coatings [37, 42]. The energy gap (Eg) of
the CuyBa;_4S TFs was estimated using the Tauc’s
formula [43, 44]:

ahv = B(hv — Eg)" (7

Here, the index 'n' can be 2, 3, 3/2 and 1/2, varying with
the electronic transition responsible for absorption [43, 45].
Specifically, 'n' is 1/2 for direct allowed transitions, 2 for
indirect allowed transitions, 3 for indirect forbidden
transitions, and 3/2 for direct forbidden transitions [45].
E represents the energy gap, hv is the photon energy, and
B is a constant related to the transition probability [45].
Figure 6(a) depicts a curve of the square of absorption
(ahv)? against photon energy (hv), and the energy gap of
the deposited thin films is calculated [5]. This calculation
involves extrapolating the linear region of the plot to where
the square of absorption equals zero [45]. This single linear
part indicates that direct transitions are dominant in the
films. The estimated energy gap increased from 1.65 to
3.12 eV with copper doping (Figure 6a). The observed
near-linear relationship between the energy gap and copper
concentration arises from the difference in energy gaps
between CuS and BaS thin films, with CuS exhibiting a
larger gap [46, 47]. This upward shift in energy is
consistent with established patterns for semiconducting
thin films reported in the literature [6]. The increase in the
direct optical band gap suggests an increase in crystalline
size and a reduction in structural defects, as indicated by
the XRD study [5]. This could also be a result of the
Burstein-Moss effect [5]. When copper atoms are deeply
doped into barium-sulphide films, the lower energy levels
in the conduction bands are occupied by electrons,
resulting in an increased Fermi level and wider optical
band gaps [44]. Another possibility for the rise in the Eg
can be attributed to the presence of secondary phases in
small quantities that may not be detected within the films
[37]. The increased copper incorporation modifies the
energy gap, improving the films' suitability for electronic
applications by enabling more short-wavelength photons to
reach the absorber layer and generate a greater
photocurrent than barium-sulphide thin films [5, 6].

The refractive index (n) of a material is a crucial property
for many optical devices because it is strongly related to
the material's electronic polarization [37, 48, 49]. The
refractive index is connected to the electronic polarization
of ions, as described by the following Eq. (8) [48].

()¢ 2w ®

Here, R is the reflectance, while k is the extinction
coefficient of CuyBa;_4S thin films.
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Figure 6(b) shows a graph of n against photon energy. The
graph indicates that the average n decreased as the photon
energy of the CuyBa;_4S TFs increased. Furthermore, with
increasing doping concentration, the refractive indexes
varied from 2.30 to 2.54 at 2.5 eV. The observed variations
in n-values might stem from the confinement of photon
energy within the grain boundary structures of the films
[16, 37]. The enhanced n-values of CuyBa;_,S TFs may be
advantageous for improving the visual performance of
optoelectronic applications such as quantum dot light-
emitting diodes and liquid crystal displays, which depend
on electronic display mechanisms [5]. The extinction
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coefficient k was determined utilizing the relationships
outlined in the Eq. (9) [45, 49]:

k=2 )
4T
where, 1 denotes the wavelength of the spectrum. Figure
6(c) depicts the curve of k against photon energy, which
reveals that k increases with both photon energy and
doping concentration for all films. In general, the behavior
of the extinction coefficient is caused by consecutive

internal reflections or stored photon energy in grain
boundaries [37].
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Ref. [45] reported similar results for ternary thin films.
Furthermore, the optical conductivity as an important
parameter characterizes the relationship between the
strength of the induced electric field and the induced
current density across various frequencies [49]. The optical
conductivity of CuyBa;_4S TFs was evaluated using the
Eq. (10) [49, 50]:
anc

Oopt = 41

(10)

In the formula, ¢ denotes the speed of light. Figure 7(a)
presents the optical conductivity of the films as a function
of photon energy across various doping concentrations. It
was generally observed that an increase in copper
concentration leads to a higher charge carrier density in the
films, consequently enhancing the o4, of the deposited
materials [48]. The high value of the o, observed at
photon energies above 2.5 eV is due to the expansion of the
energy gap between the valence and conduction bands with
increasing doping concentration [37, 48, 49]. Therefore,
more photon energy is needed for electrons to move from
the valence band to the conduction band. This behavior is
consistent with previously reported results [ 10].

On the other hand, Egs. (11) and (12) were used to
determine the real and imaginary components of the
dielectric constant [10, 45, 517]:

€. =n2-k2 (11)
and
€ =2nk (12)

These equations use & and & to represent the real and
imaginary parts of the dielectric constants. Figures 7(b) and
7(c) show how &, and €; vary with photon energy. Similar
to the refractive index, the real dielectric constant varies
with both photon energy and copper concentration.
Nonetheless, the plot indicates that increasing copper
concentrations, decreases the magnitude of €, along the
photon energy range. This pattern within the films is
comparable to those reported in Ref. [10], linking the
development to the correlations between the extinction
coefficient, refractive index, and real dielectric constant, as
stated in Eq. (11). Meanwhile, Figure 7(c) shows the
relationship between photon energy and the imaginary
dielectric constant (£;). The graph reveals a significant
increase in the films, influenced by both the photon energy
range and the amount of copper deposited. Unlike the real
dielectric constant, the plot shows that the films increase
with low values of the imaginary dielectric constant.
Overall, the variations observed in the imaginary dielectric
constant can likely be ascribed to the energy absorption
characteristics of the deposited TFs within a charged area

[6].
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4. Conclusion

CuyBa;_S thin films were successfully synthesized
utilizing the CBD method. The approach provides a novel
method for producing CuyBa;_4S thin films using
chemical precursors. It has been concluded that the doping
concentration has a direct influence on the properties of the
deposited films. The EDX measurements confirmed that
the films are composed of copper, barium, and sulphur in
varied elemental compositions. SEM indicated an
aggregation of grains of various morphological forms and
sizes that increased with copper concentration.
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The films exhibited high transmittance in the UV region,
with the energy gap increasing alongside the doping
concentration.

The exhibited properties of the films at varying
concentrations confirm their potential as a suitable material
for different optoelectronic devices. The following areas
require further research: utilizing hall effect measurements
is crucial for determining the mobility, Hall coefficients,
and carrier concentrations in the TFs. Beyond this, X-ray
photoelectron spectroscopy (XPS) analysis can provide
insights into the elemental composition, chemical state,
electronic structure, as well as the density of electronic
states of the material.

Furthermore, conducting  photoluminescence  and
electroluminescence measurements would be invaluable in
luminescent characteristics for

revealing the films'

industrial applications.
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