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Abstract

In this work, Cu2BaSnS, thin films were deposited on soda-lime glass by the chemical spray

pyrolysis technique (CSP) at different concentrations of thiourea, with a thickness of about 350
+10 nm measured by the gravimetric method. The thin films structural and morphological
properties were investigated using X-ray diffraction (XRD), Raman spectroscopy, Field
Emission Scanning Electron Microscopy (FE-SEM), and Atomic Force Microscopy (AFM), as
well as optical properties using a UV-Vis spectrophotometer at the wavelength range (300—
900) nm. We investigated the electrical properties using the Hall Effect. The optical band gap
of CBTS thin films increased from (1.757 to 1.923) eV when concentrations of thiourea
increased from (0.04 to 0.12) M. The Cuz2BaSnSs (CBTS) films have a high absorption
coefficient (o> 10% cm™®), indicating allowed direct electron transmission. XRD measurements
of CuxBaSnSs (CBTS) films revealed a trigonal crystal structure. The XRD pattern preferred
the (104) orientation, which has a high intensity and indicates that crystallization is most likely
to occur along this plan. Raman spectroscopy of CBTS thin films revealed a protruding peak at
~341 cm™. The morphological findings and FE-SEM photographs of the thin film surface

revealed a variety of structures and forms, one of which resembled cauliflower. Electrical tests
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revealed the conductivity of (p-type). The calculated electrical conductivity of CBTS thin films
was found in the range of 0.053 - 0.184 (Q.cm)™*. Based on our findings, the CuBaSnSs (CBTS)
thin films look to be an excellent choice for an absorber layer in solar cells.

Keywords: Cu;BaSnSs, chemical Spray pyrolysis, thin films, structural properties, optical
properties

Introduction

The availability of solar energy at no cost has led to its recognition as a credible alternative
source of energy [1,2]. Over the past few years, there has been a substantial increase in the
quality of research on thin film-based solar cells. CuO, SnS, Cu,SnSs, Cu2ZnSnSs4, CdTe, and
Cu2InGaS; are inorganic compounds that have garnered significant attention as light absorber
materials in photovoltaic solar energy [3-8]. Cu2ZnSnSs (CZTS) remains the most effective
alternative to CdTe and CuzInGaS»-based solar cells, with a power conversion efficiency of
12.6%, surpassing SnS, CuSnSz, and CuO [9]. Furthermore, CZTS possesses suitable
characteristics, including a band gap that is nearly 1.5 eV, a high optical absorption coefficient
exceeding 10* cm™, and p-type electrical conductivity [10]. For these reasons, research groups
considered enhancing certain quaternary materials that are derived from CZTS thin films by
substituting certain chemical elements with those from the periodic table that are also low-cost
and non-toxic in tetragonal, cubic, and trigonal structures. These materials are a potential
alternative to CZTS and possess suitable properties for photovoltaic applications. Ag2ZnSnSs
is produced by substituting copper (Cu) with silver (Ag) to produce the derived absorber
materials [11]. Additionally, the substitution of tin (Sn) with germanium (Ge) results in the
formation of Cu2ZnGeS4 [12]. The exchange of zinc (Zn) with cobalt (Co) [13], nickel (Ni)
[14], iron (Fe) [15], cadmium (Cd) [16], and barium (Ba) [17] results in the production of
Cu2CoSnSs, CuzNiSnSs, CuzFeSnSs, Cu2CdSnSas, and Cu2BaSnSg, respectively. Copper barium
tin sulfur (CBTS) is the most viable alternative to CZTS among these materials, as it inhibits
the formation of antisite defects and exhibits associated band tailing with a band gap ranging
from 1.3 to 2.01 eV. It is the primary alternative to CZTS due to its high optical absorption
coefficients of up to 10* cm™ and p-type semiconductor conductivity [18]. Additionally, the

scientific researchers were motivated to develop a CBTS solar cell by the significant ionic size
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mismatch between Ba?* (1.49 A°) and Sn** (0.83 A°) and Cu* (0.91 A°) [18]. The purpose of
investigating CBTS thin films is to enhance certain physical characteristics of this material in
anticipation of its potential application in photovoltaic solar cells. Various vacuum and non-
vacuum methods, including co-sputtering [17], silar [19], sol-gel [20], and spray pyrolysis [21],
can be employed to produce CBTS.

The (CBTS) thin film was synthesized at room temperature utilizing the chemical spray
pyrolysis CSP technique, as shown in this study. Despite the lack of extensive study, the CSP
technique is an environmentally friendly, cost-effective, and adaptable technology with high
throughput and material utilization [22]. We looked at the thin films' structural, morphological,
optical, and electrical characteristics. The CBTS thin films generated via spray pyrolysis also
have semiconducting properties, making them a potential material for solar absorber synthesis.
Experimental Procedure

To investigate the properties of Cu,BaSnSs thin films, the solution employed the materials
enumerated in Table (1). The aqueous solution of copper nitrate Cu (NO3)2.3H20, barium
nitrate Ba (NOz)2, stannic (Tin) chloride SnCls.5H20, and thiourea CH4N>S is sprayed to
manufacture the Cu2BaSnS, thin films. While maintaining the other parameters constant, CBTS
thin films are produced at varying concentrations of Thiourea. The precursor solution is
produced by adding aqueous solutions of 0.02 mol/L of Cu (NO3)2.3H20, 0.01 mol/L of Ba
(NO3)2, 0.01 mol/L of SnCl4.5H-0, and (0.04, 0.06, 0.08, 0.1, and 0.12) mol/L of CH4N,S to a
final volume of 100 mL. This solution is formed by dissolving the appropriate quantities of
copper nitrate Cu (NO3)2.3H20, barium nitrate Ba (NOs)2, stannic (Tin) chloride SnCls.5H.0,
and thiourea CH4N>S in distilled water. Figure (1) shows the CSP technique schematically

represents the film growing process.

Table 1: The raw materials used in the current study and their characteristics.

Volume: 3, Issue: 4, October 2025 P-ISSN: 2958-4612
135 E-ISSN: 2959-5568



Academic Science Journal

Properties Cu (NOs)2.3H20 Ba(NOs)2 SnCls. 5H20 CH4N2S
Density (g/cm®) 2.32 3.24 3.9 1.4
Appearance Blue White White White
Solubility in 0.267g/0.1mL (20°C) 10.3¢9/0.1mL very soluble 14.29/0.1mL
Water (25°C) (25°C)
Molecular Weight 241.6 261.34 350.58 76.11
(g/mol)

The materials' appropriate weight (W¢) [Cu (NO3)2.3H20, Ba (NO3)2, SnCls. 5H>0 and CH4N,S]
Is found using the following equation:

M = (Wt / Mw). (1000/V)

Where: -

M : is the specific molar concentration (mol/L).

W, : is the weight required to be dissolved (g).

My : the molecular weight of the solute (g/ mol ).

V : the volume of dissolved solvent (ml).
The weights of [Cu (NO3)2.3H20, Ba (NOs3)2, SnCls. 5H20 and CH4N2S] are determined using
a sensitive electronic balance (Mettler, AE -160) with a sensitivity of four digits (10g). The

1)

solutions are mixed using a magnetic stirrer and the solution is allowed to sit for one hour to

ensure that no residues remain and that the resultant solution is homogeneous. The CBTS thin

films are prepared by spraying the resultant solution onto preheated glass substrates at varying

substrate thiourea concentrations. The concentrations and masses utilized in the preparation of

the solution are illustrated in Table (2).

Table 2: Concentrations and masses used in preparing the solution.

Salt Concentration (M) Weight (g) Volume of
Distilled Water (mL)
Cu (NO3)2.3H:0 0.02 0.1208 25
Ba(NOs), 0.01 0.0653 25
SnCl, 5H,0 0.01 0.0876 25
CHsN2S (0.04, 0.06, 0.08, 0.1 (0.0761, 0.1141, 0.1523, 25
and 0.12) 0.1902 and 0.2283)

The mechanism of the reaction is illustrated by the following equations.

| SnCls + 5H20 —= Sn[(H20)s]** + 4CI,
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Ba(NOs)2 + 5H20 — Ba[(H20)s]*? + 2NOs
NH2CH4N2S + 2H20 — =  2NHs + H2S + CO2
Cu(NQOz)2 + 5H20 — Cu[(H20)s5]*? + 2NOs*

Sn[(H20)s]** + 5NHz — Sn[(NHs3)s]™ + 5H20
Ba[(H20)s]*>+5NHz  —=  Ba[(NHs3)s]*2 + 5H20
Cu[(H20)6]*2 + 5NHs — Cu[(NHs3)s]*? + 5H20
HeS —= H*+SH1
SH1 —= H*+S§?
Cu[(NH3)s]*?2+S2 — CusS + 5NHs3
SN[(NHs)s]** + S2 —= SnS + 5NHa
Ba[(NH3)s]*? + S2 — BaS + 5NH3
2CuS+SnS+BaS — ™ Cu2BaSnSs

cHAMBER __EXHAUST
FLOW CONTROLER TAP :‘
NOZZLE
HOT
PLATE
THERMOCOUPLE
T Heater —=——a

Figure 1: Illustration of the CSP process for creating CBTS thin films [5].

Characterization Techniques
The Bruker D8 Advance, a German instrument, captured the X-ray diffraction (XRD) patterns
of the CBTS films. In this experiment, the Raman spectra were acquired using a He-Ne laser

manufactured by Horiba Jobin-Yvon LabRam HRB800. This device is comprised of a laser
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source, a laser filter, and a detector, as well as a computer. It has an analysis capability of 1cm-
! and operates at a wavelength of (632.81nm) to diagnose Cu,BaSnS; thin films that have been
prepared. The CBTS morphologies were analyzed using high-resolution atomic force
microscopy (SPM-AA3000, Japan) and field emission scanning electron microscopy (FESEM,
MIRA3 TESCAN, Czech). The UV-Vis spectroscopy technique (Shimadzu UV-1800, Japan)
was used to examine the optical characteristics of the CBTS thin film. The Raman spectra were
obtained using the HMS-3000 ECOPIA instrument from the United States of America.

Results and Discussion

Structural characteristics

Figure (2) illustrates the X-ray diffraction (XRD) patterns of Cu2BaSnS4 thin films deposited
using the CSP technique. The pattern contains diffraction peaks at approximately (20: ~19°,
27°, 39°, 49°, 52°). The peak positions represent the (102), (104), (204), (108), and (215)
planes, and these results are in agreement with the ICCD card (PDF 30-0124). The XRD
patterns exhibited a strong preference for the (104) orientation, which is characterized by a high
intensity. This suggests that crystallization is more likely to occur along this plane, as seen in
Figure 2 [23].

> (104)

Intensity (arb. u.)

10 15 20 25 30 35 40 45 50 55 60
20 (Deg.)

Figure 2: X-ray Diffraction of CBTS thin films deposited at different thiourea concentrations.
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The strongest peak is located at 20 ~27° [20, 24]. The lattice parameters of the prepared thin
films were polycrystalline and trigonal crystal structures [20, 21]. The diffraction angle (260),
interplanar distance (d), full width at half maximum (FWHM), and phases identified on the
(hkl) planes were all structural parameters examined utilizing these patterns. The corresponding
values are listed in table (3). Crystal flaws induce stresses in the crystal lattice. Result in a very
modest deviation in peak positions with a change in the thiourea concentration. With the
increase in thiourea concentration, the peak intensity increases until it reaches its maximal value
at 0.1 M. This concentration is characterized by a narrowing of the peaks, which suggests
enhanced crystallization. Consequently, this concentration is the most suitable for the
deposition of CBTS thin films. We observe that the peak (102) vanishes at concentrations of
(0.04, 0.06, and 0.08 M). The Scherrer’s formula was employed to determine the crystallite size

of the Cu2BaSnSs thin films for the (104) direction:

091
- B cos O (2)

Table 3: Structural parameters for (104) direction for CBTS thin films at different thiourea

concentrations.

Thiourea Concentration (M) 0.04 0.06 0.08 0.1 0.12

full width at half maximum (FWHM) (rad) 0.056 0.046 0.04 0.042 0.046
Crystallite size (D) (nm) 2.527 3.083 3.55 3.352 3.072

Texture coefficient (Tc) 0.442 0.359 0.377 0.386 0.377
Number of Crystallites Per Unit Area 21.686 11.936 7.821 9.292 12.062

(No)x10** (cm)2
Dislocation density (6)x10%? 15.658 10.516 7.934 8.899 10.59
(cm)?

Where D is the crystallite size, A is the wavelength of incident X-ray radiation = 1.5406A for
CuK,, P is the (FWHM) of the peak (in radians), 0 is the Bragg diffraction angle of the XRD
peak. The dislocation density (6) and number of crystallites per unit area can be determined

using the following formulas:

8=1/D? (3)
No = t/D? (4)
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Where t is the thickness of the thin film. The crystallite size values in the (104) direction of
CBTS thin films increase as the concentration of thiourea increases until it reaches a
concentration of (0.1) M, then it starts decreasing as illustrated in table 3. The square of the
crystallite size is inversely proportional to the density of dislocations [9].

Figure (3) illustrates the Raman spectra for CBTS thin films. The Raman spectra of all samples
of the films in CSP method exhibit a distinct broad and wide peak at approximately (341 cm -
1 119,23].

341 ((cm 1))

256 Afg
256 A 363 0.1 M
i\ 363

0.12 M

A 0.06 M
A 0.04 M

= : : = = -
100 200 300 400 500 600
Raman Shift (cm 1)

0.08 M

Intensity (arb. u.)

Figure 3: Raman Spectra for CBTS thin films at different thiourea concentrations.

These peaks are associated with trigonal CBTS, which are classified as symmetric vibrations in
which the motion of sulphur atoms is subject to "A" symmetries [18,20]. Thin films produced
very small peaks with lower intensity at (256 and 363 cm ). The sample generated with a
concentration of thiourea at a concentration of (0.1) M had the greatest intensity and the smallest
width at half intensity as illustrated in Table (4). According to the findings of the X-ray
diffraction analysis, the sample also had the highest degree of crystallinity. The samples
demonstrate the most optimal crystallization at a concentration of 0.1 M thiourea, as indicated

by the X-ray diffraction results. These findings are consistent with the X-ray diffraction results.
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Table 4: Raman Spectra results of CBTS thin films prepared by CSP technique.

Thiourea Concentrations Peak center Peak width Intensity
(M) (cm) (cm™) (arb. u.)
0.04 340.72 32.853 81.45433
0.06 340.51 14.862 88.89694
0.08 341.07 11.652 80.51439
0.1 341.24 10.134 88.95378
0.12 340.06 11.641 84.57547

Morphological properties

The surface morphology of CBTS thin films with various concentrations of thiourea is analyzed
using AFM, which yields the surface grain sizes directly. Figure (4 and 5) illustrate 3-D AFM
images and the granularity accumulation distribution charts for CBTS thin films at varying
thiourea concentrations, demonstrate a uniform island-like topography on the surface [17]. In
the concentrated sample, the films maximal value for both surface roughness and root mean
square are (0.04 M). It is evident from this table that the particle size fluctuates randomly from
one zone to another, spanning a range of (68.93 and 278.7) nm. The FE-SEM device technology
was employed to examine the microstructure features and surface morphology of the deposited
thin films. It possesses an exceptional capacity to precisely photograph and magnify the
surfaces of materials. At magnifications of 50 and 100 kx, Figure (6) displays images of
Cuz2BaSnSs films at various concentrations of thiourea. FE-SEM images of samples were
analyzed using Image J software to determine the influence of increasing sulfur concentration
on the structure of prepared films, calculate the average particle size, and investigate the surface
of thin films. Thin film surface structure of Cu,BaSnS4 thin films that have been prepared made
up of cauliflower-like shapes. We can clearly see that thin films exhibit pinholes and voids in
the images. Pinholes/cracks are frequently observed in thin films based on Cu chalcogenide as
a result of particle growth or decomposition [25]. This material is composed of particles of
different sizes, with a variety of surface shapes and an irregular distribution. Its growth is
influenced by the presence of crystalline defects, which result in cracks and voids. Additionally,
the presence of secondary growth on the surface suggests the formation of a new layer above

the preceding one, and distinct grain boundaries are visible [26].
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Figure 4: 3-D AFM images for CBTS thin films at different thiourea concentrations.
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Figure 5: Granularity accumulation distribution charts for CBTS thin films at different

thiourea concentrations.
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Figure 6: FE-SEM images for CBTS thin films at different thiourea concentrations.
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Optical properties

Figure (7) illustrates the absorption spectra at (300-900) nm wavelengths of thin films at various
concentrations of thiourea. It shows that the absorbance of all samples prepared decreases as
the wavelength increases. This is due to the fact that photons with a higher energy can only
interact with the material and generate electron-hole pairs that contribute to the conduction
process. The deposition method, deposition parameters, and components of the substance all
contribute to the spectral description of absorption. The degree of crystallization is a factor in
the absorbance, it may not be accurate for every sample. This is due to the presence of localized
states near the valence and conduction bands [27].

It is probable that grains and grain boundaries possess distinct characteristics, which serve as
dispersal sources. The density of grain boundaries is subject to variation between samples
depending on the particle size. Additionally, Contaminants near grain borders cause additional
light dispersion, often worsening the disparity between the grains and the boundaries.
Consequently, the transparency of the material is significantly influenced by the properties of
particle boundaries [28].

1.0

0.9

0.8

0.7 +

0.6
0.5

0.4

Absorbance (A)

0.3

0.2

0.1

0.0 T T T T T T T T T T T 1
300 400 500 600 700 800 900

Wavelength (nm)

Figure 7: The absorbance for CBTS thin films at different thiourea concentrations.

The absorption coefficient of thin films is calculated by using from the following equation:
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a=2.303% (5)
Where A is the absorbance and t is the film's thickness. The absorption coefficient is a function
of the incident photon energy for all prepared thin films, as illustrated in Figure (8). The
absorption coefficient values of all thin films (> 10* cm™) are high at high energies [23,24],
indicating the occurrence of allowed direct electronic transitions. The absorption coefficient
exhibits a gradual evolution at low energies, which is subsequent to a rapid rise in values near

the fundamental absorption energy [27].

6x10*
(0.04 M)
e (0.06 M)
5x10° 1 | (0.08 M)
(0.1 M)
4x10% - (0.12 M)
=
£ 3x10* A
3
2x10% /
1x10*

(0] — —

1.4 1.6 1.8 2.0 ' 2f2 ' 2f4 ' 2.6 2.8 3.0 ' 3.2
hov (eV)
Figure 8: The absorption coefficient for CBTS thin films at different thiourea concentrations.
The energy gap of thin films can be calculated from the following:
ahv =B (hv - Eg)" (6)
The absorption coefficient o, incoming photon energy hv, energy bandgap Eg, constant B, and
allowable direct transition with n = 1/2 are all defined in the equation.
The Tauc plot is a useful tool for estimating the energy gap of direct transition materials that
are allowed. A linear relationship may be shown by graphing the square of (¢hv) and (hv) in
electron volts (eV). The determination of the material's direct band gap involves projecting this
line to (athv)? = 0 [29].
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This is illustrated in the Figure (9). The allowed direct band gap values range from (1.757 eV)
for concentration (0.04 M) to (1.923 eV) for concentration) 0.12 M) , with the values listed in
Table (5) [30,31]. It can be observed that the energy gap values of the prepared thin films
increase with increasing concentration of thiourea. We can figure out that there is a quantum
size effect because the band gap energy is related to the size of the crystallites. This effect is
similar to the quantum confinement effect and is controlled by the temperature of deposition
[32].
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Figure 9: Optical energy gap for CBTS thin films at different thiourea concentrations.

Table 5: Optical energy gap for CBTS thin films at different thiourea concentrations.

Thiourea Concentration (M) Energy band gap (eV)
0.04 1.757
0.06 1.818
0.08 1.893
0.1 1.9
0.12 1.923

Electrical properties

To study the electrical properties, the Hall Effect was investigated at room temperature for
CBTS thin films at different concentrations of thiourea. The type, concentration, and mobility
of majority charge carriers were determined. The results of the Hall Effect measurements are
shown in Table (6). It is inferred that all thin films are p-type [33,34] according to the following
equation:

B _Wut _ 1
RH_ixBZ_lB - ny (7)

With positive Hall coefficient indicates that the majority of charge carriers are holes, while
minority carriers are electrons [17]. Figure (10) shows (a. The Hall conductivity, b. Hall
mobility, and c. Charge carriers) for CBTS thin films at different concentrations of thiourea.
The Hall conductivity, Hall mobility and charge carriers increase with increasing thiourea
concentration, while decreasing at higher thiourea concentrations. This result is associated with

the growth of crystallites and particles in the formed thin films.
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Table 6: Hall Effect measurement results for CBTS thin films at different thiourea

concentrations.

Thiourea Concentration (M)

Thiourea R (cm®/C) n x10% 1 p G
concentration (M) (cm®) (cm?/(V.s)) (Q.cm) (Q'cm?)
0.04 114.572 5.448 6.152 18.6235 0.053
0.06 83.999 7.430 8.114 10.3523 0.096
0.08 82.812 7.537 10.595 7.8161 0.127
0.1 69.290 9.008 12.761 5.4298 0.184
0.12 69.385 8.995 11.328 6.1251 0.163
0.20
13-
0.18- |§| 1] |E|
0.16 11 1
101
0.14 1
B —~ 94
~ 2
c 0.12 1 > g4
3] o 7
©0.10 ]
o} § ¢l
© i
0.08 3]
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0.04 1 37
24
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Figure 10: (a) The conductivity, (b) The mobility, (c) Charge carriers, for CBTS thin films at

different thiourea concentrations.
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The Hall Effect measurements indicated that the charge carriers are of the p-type. The maximum
value for the conductivity and the mobility found in a thin film with concentration (0.01) M
thiourea.

Conclusions

The CBTS thin films were effectively developed using the CSP method in this study. The
spectra display a distinct broad and wide peak at approximately (341 cm 1), which corresponds
to trigonal CBTS. The FE-SEM images revealed a discrepancy in the surface of the films, which
were dense and abrasive, and contained cavities and apertures with cauliflower-like structures.
The optical tests revealed that the absorption coefficient values for all thin films at varying
concentrations of thiourea (a > 10* cm™) and the allowed direct band gap values range from
(1.757 to 1.923) eV and Hall mobility values range from (6.152 to 12.761) cm? V1 S and p-
type conductivity have been determined to be suitable for solar cell applications.
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