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HIGHLIGHTS

e Cd-substituted kesterite thin-films were
successfully prepared by spray-pyrolysis
method.

e Thin-films annealed in sulfur atmo-
sphere at 525 °C.

e Improved stoichiometry for annealed
thin-films.

e Optical properties of annealed thin-films
were studied and compared with unan-
nealed thin-films.

e Crystal  properties improved for
annealed thin-films.
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GRAPHICAL ABSTRACT

‘Spray pyrolysis on
soda-ime glass (SLG)
atzs0°C

After Annealing

ABSTRACT

Kesterite materials were investigated for their suitability as absorber layers for thin-film photovoltaic cells. Thin-
films of copper cadmium zinc tin sulfide (CuyCdyZn; xSnS4) were prepared by spray pyrolysis on soda-lime glass.
The obtained thin-films were subjected to post annealing treatment at 525 °C in a sulfur atmosphere to study the
effects on morphology, stoichiometry, phase formation and optical properties by scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and ultraviolet visible spectroscopy
(UV-Vis). The XRD patterns revealed the presence of prominent kesterite peaks in the unannealed and annealed
thin-films, with enhanced crystallinity in the annealed thin-films. The crystal sizes of the unannealed and
annealed thin-films were estimated from the XRD data and ranged from 5 nm to 27 nm for unannealed thin-films
and 13 nm-25 nm for annealed thin-films. The unannealed thin-films exhibited a non-uniformly shaped
morphology, which was a mixture of cube-shaped and rod-shaped nanoparticles, while the annealed thin-films
exhibited a uniformly shaped morphology of flake-shaped nanoparticles, indicating enhanced crystallinity.
Chemical composition analyses revealed a divergent stoichiometry with high Cu content and deficient S content
for the unannealed thin-films, while the annealed thin-films exhibited the desired stoichiometry, compensated by
the sulfur atmosphere during the post-annealing treatment. The UV-Vis absorption spectra showed a high
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absorption coefficient of more than 10* cm™! for both the unannealed and annealed thin-films. The bandgap
energies for the unannealed thin-films deviated from the optimum bandgap value for PV application and ranged
from 2.38 eV to 1.46 eV with increasing Cd ratio, while the annealed thin-films exhibited bandgap energies of
about 1.77 eV-1.28 eV with increasing Cd ratio, indicating red-shift absorption. Although other optical prop-
erties such as refractive index and dielectric properties were improved with the addition of Cd for unannealed
thin-films, these properties were better in the annealed thin-films. The enhanced properties of the spray pyro-
lyzed Cd-substituted thin-films and their treatment after annealing can be explored as absorber layer deposition
method and treatments to improve the performance and commercialization of kesterite thin-film photovoltaic

devices.

1. Introduction/background

Due to the adverse effects and depletion of fossil fuels, there has
recently been intensive research into alternative sustainable energy
sources and materials [1-4]. Solar energy can be converted into other
forms of energy using special technologies and devices, such as photo-
voltaic (PV) devices, which effectively convert solar energy into elec-
trical energy [5-8]. Currently, solar cells made of multicrystalline
silicon (m-Si) dominate the industry and have achieved efficiencies of
more than 20%. Despite this remarkable performance, m-Si has draw-
backs, such as insufficient light absorption due to the indirect band gap
of 1.124 eV and the low absorption coefficient of ~107 ¢cm™!, which
requires thick absorber layers (180-200 pm), resulting in high produc-
tion costs, a large amount of consumed wafer material and a high energy
demand during manufacturing [9-13]. The advent of thin-film tech-
nologies has revealed alternative ways to mitigate these drawbacks.
New materials have been researched, developed and used for thin-film
PV cells. These new materials have properties suitable for thin-film PV
applications, such as direct band gap, high absorption coefficient and
low-cost method of synthesis and deposition [14-16]. Copper indium
gallium sulfide/selenide (CIGS/Se) and cadmium telluride (CdTe) are
good examples of the new materials adapted for PV applications. CdTe
and CIGS have direct band gaps of 1.45 eV and 1.5 eV, respectively, a
high absorption coefficient of ~10% cm™ and ~10° ecm™?, and active
absorber layer thicknesses of 800 nm and 2 pm, respectively [10]. They
have been commercialized and have achieved PCEs of 20% for CdTe and
21.7% for CIGS [17,18]. Another disadvantage arises as they are made
of elements that are not abundant, such as indium and gallium in CIGS
and tellurium in CdTe, so materials have to be found that have similar
properties but are made of elements that are abundant.

Copper zinc tin sulfide (CZTS), commonly referred to by its crystal
structure kesterite and whose crystal structure is similar to that of CIGS
(chalcopyrite), has been investigated for use in thin-film PV applications
as a p-type absorber layer [19,20]. It is composed of earth abundant
elements and has an optimal band gap of 1.5 eV with a large absorption
coefficient of ~10* cm ™. These properties make the material a good
competitor for CIGS and CdTe devices [21]. Since its application in
thin-film photovoltaics, a progressive PCE value has been achieved for
the material, increasing from 0.66% as the initial PCE value to ~10%
[10]. Sulfur was replaced in whole or in part by selenium, resulting in
compounds of copper zinc tin selenide, CZTSe, and copper zinc tin sul-
fide selenide, CZTSSe, with PCE values of 11.6% and 12.6%, respec-
tively. For a while, the PCE value of 12.6% from the CZTSSe solid
solution was the highest reported efficiency for the material, until
recently when Zhou et al. achieved a new record of 13.2% for a lith-
ium-doped/alloyed kesterite device [22]. However, the commerciali-
zation of kesterite materials is limited because it has not attained the
required PCE of 15% and is far from its theoretically calculated PCE of
35% [9]. This constraint results from the high open circuit voltage (V,)
deficit of the device. The high V. deficit is attributed to a high rate of
secondary phase formation, unfavorable band alignment at the p-n
junction, band tail formation, and defects in the bulk [23,24]. Any de-
viation from the stoichiometry of the kesterite compounds leads to the
formation of secondary phases, which can settle at the p-n junction of

the device, resulting in high series resistance and reduced short-circuit
current density (Jg) [25,26]. Antisite defects such as Cu/Zn and Sn
defects lead to band tail problems that result in a mismatch between the
positions of the optical and photoluminescence peaks (PL) as the PL
peaks are shifted to lower energy regions [27].

With respect to these problems with the kesterite PV devices, cation
substitution of the constituent elements was adopted as a strategy to
solve these problems [27-29]. The use of elements with a larger atomic
radius than that of the element being replaced was the main objective of
the above strategy. This is the case because the proximity of the cation
size and the chemical-electronic properties of Cu* and Zn?" in the
kesterite compound leads to the formation of Cugz, and Znc, antisite
defects [29]. The Cug, antisite defect leads to a reduction in the energy
band gap, which adversely affects the PCE of the kesterite solar cell.
Cadmium has been used to replace zinc in kesterite, leading to the for-
mation of Cucq and Cdc, antisite defects, thus reducing disorder and
band tailing in kesterite compounds [30,31]. The advantageous use of
Cd is due to its large ionic radius of 0.94 A compared to Cu® and Zn?",
which have an ionic radius of 0.74 A [10,27]. Although Cd is a toxic
element, its use as a substitute for Zn in kesterite compounds has yielded
promising results [31,32]. In kesterite compounds with a certain ratio of
Cd to Zn, the formation of the harmful ZnS has been reduced [33].
Caution should be exercised when using Cd as a substitute for Zn, since
higher Cd content leads to phase transformation from the advantageous
kesterite phase to the formation of the disadvantageous, less stable
stannite phase. The current ratio of 40% Cd to Zn in the kesterite com-
pound has resulted in a PCE of over 11%, with reduced band tail, as
confirmed by improved band gap similarity between PL and optical
measurements [31,32]. In this work, Kesterite thin-films of
Cuy(Zn; xCdx)SnS4 (CCZTS) were deposited by spray pyrolysis, resulting
in thin-films of CZTS, copper cadmium zinc tin sulfide (CCZTS- with
ratios of 20, 40, 60 and 80% Cd content) and copper cadmium tin sulfide
(CCTS). To understand the effect of temperature on their properties, the
thin-films were annealed in a sulfur atmosphere after deposition [34].
The crystal and phase formation of the obtained thin-films was analyzed
by X-ray diffraction (XRD). The optical properties were studied by
ultraviolet-visible spectroscopy (UV-Vis). The surface morphology of
the thin-films was analyzed by high resolution scanning electron mi-
croscope (HRSEM). Electron-dispersive X-ray spectroscopy (EDS) pro-
vided information on the chemical composition of the thin-films.

2. Materials and Methodology
2.1. Thin-film preparation/deposition

The method of deposition involves the preparation of 3 precursor
solutions (S1, S2 and S3). S1 contains Cu-complexes, S2 contains Zn- and
Sn-complexes and S3 contains Cd-complexes [35]. In this way, quite
stable and homogeneous (single-phase) solutions could be obtained,
which can be mixed in a certain ratio just before spraying. The S1 pre-
cursor was prepared by dissolving 2.3 mg of thiourea (CS(NHy)) in 17
ml of HyO in the temperature range of 32-38°C with constant stirring.
Then 0.83 g of CuCl was added and stirred for 3 h. To obtain the S2
precursor, 1.9 g CS(NHy), was dissolved in 17 ml HyO and then 4.38 g
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SnCl4.5H,0 and 2.75 g Zn(CH3COO0)».2H50 were added. The total vol-
ume of the solution was increased to 25 ml by adding H>O. The S3
precursor solution was prepared by dissolving 1.9 g CS(NH3)5 and 0.4 g
CdCl».2H50 in 15 ml H30 in the temperature range of 30-35 °C with
continuous stirring. The main solution (MS) is prepared directly before
the deposition. The ratio between S1, S2 and S3 is usually S1°:S2 = 3:1 to
obtain a stoichiometric mixture of precursors. Here, the S1’ precursor
was obtained by adding a different amount of the S3 precursor to the S1
to obtain the required Cd/Zn ratio (see Table 1). The undiluted MS
obtained has a concentration of 0.33 M and the MS diluted with water
has a molar concentration of 0.06 M.

MS was deposited on previously cleaned transparent soda lime glass
(SLG) by spray pyrolysis in a carbon dioxide atmosphere at a tempera-
ture range of 270-280 °C in a glovebox spray pyrolyzer to eliminate any
oxygen interference during the formation of the kesterite thin-films. The
setup of the spray pyrolyzer is shown in Scheme 1. To improve the
crystalline quality of the obtained kesterite thin-films, an annealing was
performed after deposition. To compensate for the lack of sulfur in the
films and to prevent it from being lost during the heat treatment, a
consecutive annealing was performed under S2 atmosphere at 525 °C for
30 min.

2.2. Characterization techniques

X-ray diffraction (XRD) analysis to determine the crystal phases of
the deposited thin-films were performed using a Philips PW 1830 X-ray
diffractometer with Cu-Ka radiation at a wavelength of 1.5406 A (Phi-
lips, Amsterdam, The Netherlands). The software MATCH and DIA-
MOND (Crystal Impact, Bonn, Germany) were used to determine the
lattice parameters and to simulate the crystal structure of the thin-films.
Morphological and elemental analyzes of the thin-films were performed
using an Auriga field emission scanning electron microscope (FESEM)
equipped with an energy-dispersive X-ray spectrometer (EDXS) (Carl
Zeiss Microscopy GmbH, Jena, Germany) and operated at an acceler-
ating voltage of 200 kV. Optical studies in the wavelength range from
300 nm to 900 nm were performed using the Varian Cary 300 ultra-
violet-visible-near-infrared (UV-Vis) spectrometer (Agilent, Santa
Clara, CA, USA).

3. Results and discussions
3.1. Crystallographic studies

CZTS and its elementally substituted compounds occur in 3 distinc-
tive crystal phases: Kesterite, Stannite, and wurtzite configurations. The
kesterite and stannite phases exist as tetragonal configurations and show
similar XRD patterns that can be distinguished only by Raman spec-
troscopy [36-38]. The wurtzite phase adopts a hexagonal configuration
and exhibits characteristic triplet peaks of 100, 002, and 101 planes
corresponding to 26-positions of 26.89°, 28.21°, and 30.40°, respec-
tively [39,40]. The kesterite phase has been shown to be the most stable
phase and is best suited for PV applications with characteristic XRD
peaks at 20 positions of 28.42°, 32.93°, 42.26°, and 56.07°

Table 1

The composition of the precursor solutions that were mixed to obtain the final
solution for deposition of CCZTS solid solutions with different Cd
concentrations.

Cd/(Cd + Volume S1 Volume S2 Volume S3 Volume (H,0)
Zn) (%) (ml) (ml) (ml) (ml)
0 6.0 2.0 - 22.0
20 6.0 1.6 2.4 20.0
40 6.0 1.2 4.8 18.0
60 6.0 0.8 7.2 16.0
80 6.0 0.4 9.6 14.0
100 6.0 - 12.0 12.0
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corresponding to planes 112, 200, 220, and 312, respectively [33,38,
41]. Although the unannealed thin-films exhibited some of the charac-
teristic kesterite peaks, their XRD peaks were of low intensity, suggest-
ing a high content of amorphous material. The XRD patterns of the
unannealed and annealed thin-films are shown in Fig. 1a and 1b,
respectively. The unannealed thin-films showed low intensity peaks in
the 112, 200, and 220 planes attributed to kesterite. The 312 plane of
kesterite was shifted to the left in unannealed thin-films with high Cd
content [42]. The amorphous nature of the peaks obtained for the
unannealed thin-films indicates a high degree of secondary phase
interference in the crystal structure of these thin-films (Fig. 1a) [43,44].
With increasing Cd content, the prominent kesterite peaks (corre-
sponding to the 112, 200, 220, and 312 planes) of the unannealed
thin-films shifted to lower 26 values, indicating successful incorporation
of Cd into the crystal lattice of CCZTS-20, 40, 60, 80, and CCTS due to
substitution of Zn ions (atomic radius of 0.74 A) by a larger Cd (atomic
radius of 0.94 }o\) [30]. The use of Cd as a substitute for Zn in kesterite
reduces the likelihood of formation of some deleterious secondary
phases and antisite defects that contribute to low performance of kes-
terite devices. The unannealed CCTS thin-films exhibited high amor-
phous content, indicating strong phase transformation and deformation
reported for high Cd content kesterite materials [42,45]. For better
yields when using Cd in kesterite, an optimized ratio of Cd to Zn is
required. Some of the possible secondary phases present in the unan-
nealed thin-films are copper (II) sulfide (CuS) with peak patterns at 260
positions of 29.20°, 31.68°, 32.68°, 42.92°, 44.06°, 47.81°, 52.47°,
57.69°,58.49°,59.11°, 66.18° and 67.03° (JCPDS card # 79-2321); zinc
sulfide (ZnS) with peak patterns at 20 positions of 28.59°, 33.13°,
47.55°, 56.21°, 59.10° and 69.40° (JCPDS card # 80-0020); copper tin
sulfide (CTS) with peak patterns at 20 positions of 28.50°, 32.90°,
39.85°, 47.17°, 56.16°, 58.80° and 69.07° (JCPDS card # 089-4714)
[43]. The presence of CuS is indicative of high copper content, although
high copper content promotes the formation of a single-phase kesterite.
The formation of a secondary ZnS phase is possible in the thin-films with
high zinc content such as CZTS, CCZTS-20 and CCZTS-40. The formation
of ZnS secondary phase is expected to decrease as the Cd content in-
creases. The formation of the secondary phase CTS is expected to occur
in a progressive manner for thin-films with low zinc content such as
CCZTS-20, 40, 60, 80 and CCTS [43].

The thin-films annealed after deposition showed improved crystal-
linity (Fig. 1b) [46]. Annealing at a high temperature of 525 °C made the
peaks of the annealed thin-films sharper and more intense. In the pat-
terns obtained for the annealed thin-films, the prominent peaks assigned
to the 112, 200, 220, and 312 planes of the kesterite phase were
observed. The shift of the peaks in the 112, 200, 220 and 312 planes to
the left becomes more evident in the annealed thin-films with increasing
Cd content, indicating the incorporation of Cd atoms leading to lattice
expansion of the crystal structures [47]. At lower Cd content (CCZTS-20
and 40), there was no significant variation in crystal phase as the peaks
had sharp singlet peaks attributable to the kesterite phase, but the peaks
at planes of 112, 200, 220, and 312 began to split into 2 in annealed
thin-films of CCZTS-60, CCZTS-80, and CCTS, respectively, which can be
attributed to a phase transformation from the kesterite phase to the
stannite phase as well as a change in the lattice constants of these
thin-films. Reports have shown that this is the case for kesterite-based
material with high Cd content [47]. The improved crystallinity of the
peaks of the annealed thin-films indicates the elimination of the sec-
ondary phases found in the unannealed thin-films.

We can determine the degree of crystallinity (DOC) (Equation (1)) of
the unannealed and annealed thin-films by analyzing the XRD patterns
of these thin-films in MATCH (a software from crystal-impact for
analyzing XRD results). The number of crystalline peaks in the unan-
nealed and annealed thin-films was determined by the software and used
to determine the DOC of the thin-films. Fig. 3 shows the graph obtained
for the DOC analysis of the thin-films. The parameters used for the
calculation of DOC are summarized in Table 2.
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Spray solution

Scheme 1. Schematic and flowchart of developed
setup for deposition of kesterite thin-films in CO,
atmosphere: a chemically cleaned SLG substrate —4 is
placed in the Glove Box —1 on the graphite plate —3,
which is mounted on the hotplate —2. The substrate is
heated to the temperature of the CCZTS thin-film
deposition. Differential thermocouple TXA -11 con-
nected to the multimeter —12 is controlling the sub-

12\

Compressed gas (COp
p—

B
<
N

strate temperature. The carbon dioxide gas is
delivered to the Glove Box through the entrance —10,
and the exit of the gas from the Glove Box is per-
formed through the water seal —13. The CO, gas
pressed up to 1.0-1.5 Torr is brought to the pulverizer
—5, which is fixed at —6, through the entrance —9.
The main solution —8 is poured in the bowl —7, from
where it is brought via a pipe to the pulverizer —5.

The bowl —7 is placed in the Dewar —14 at 0 °C to
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Fig. 1. Powder X-ray diffraction spectra of (a) Unannealed thin-films (b) Annealed

plots of reference of kesterite phase (JCDD data file # 96-900-475).

Table 2
Parameters for calculating the DOC of the thin-films. (Parameters obtained from
MATCH software analyses of XRD patterns of the thin-films).

Sample Counts for Counts for Total DOC of DOC of
Name Unannealed Annealed counts Unannealed Annealed
samples samples (%) (%)

CZTS 102 553 655 15.57 84.43
CCZTS- 154 543 697 22.09 77.91

20
CCZTS- 136 612 748 18.18 81.82

40
CCZTS- 149 575 724 20.58 79.42

60
CCZTS- 99 554 653 15.16 84.84

80
CCTS 91 395 486 18.72 81.28

DOC — counts of samples (unannealed or annealed) o)

total counts (unannealed + annealed)

From the DOC analysis summarized in Table 2, it appears that the
addition of different Cd ratios had some effect on the crystallinity of the
unannealed thin-films. With the addition of Cd, the DOC improved with
slight variations in CCZTS-40 and CCZTS-80, indicating that the use of
Cd affects the crystallinity of the kesterite structure [48]. The DOC for
annealed thin-films improved compared to their unannealed thin-films.

thin-films of CZTS, CCZTS-20, CCZTS-40, CCZTS-60, CCZTS-80 and CCTS with

The DOC of CZTS improved from 15.57% for unannealed thin-films to
84.43%, CCZTS-20 improved from 22.09% to 77.91%, CCZTS-40
improved from 18.18% to 81.82%, CCZTS-60 improved from 20.58% to
79.42%, CCZTS-80 improved from 15.16% to 84.84%, and CCTS
improved from 18.72% to 81.28%. Reports have shown that annealing
thin-film materials improves their crystallinity, as the high temperature
ensures the removal of secondary phases or amorphous contents in the
crystal structure of the materials [46].

The total broadening (1) of the crystal peaks is due to combined
effects of broadening due to crystal size (fp) and broadening due to
lattice strain (fe). That is:

Pr=PBp+ B (2
From Debye-Scherer equation, fp is represented as:
kA
B, =
Po D cos 6 3

where k is the shape factor with value of 0.9, 0 is the peak position in
radians, 1 is the wavelength of the source (1.5406 Z\) and fp is the full-
width at half maximum (FWHM) broadening due to crystal size and D is
crystal size.

And from lattice strain (¢) calculations, g is calculated as:

p.=4etan 0 4)

as ¢ is the lattice strain, 6 is the peak position in radians and pg; is
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broadening of the peaks due to the strain. Therefore, substituting
equations (3) and (4) in 2 we obtain:

+4etan 0 ()

ﬁT:D cos 0

Equation (5) is rewritten as:
kA
P cos 0= (4 sin O)e + D (6)

Equation (6) corresponds to a linear representation of y = mx + c.
Plotting f1 cos 6 on the y-axis and 4 sin 6 on the x-axis gives the Wil-
liamson-Hall (W-H) representation, where the value of the slope m gives
the lattice strain ¢ and the intercept c is equal to kA/D, resulting in the
crystal size D. Figs. 3 and 4 show the anisotropic uniform W-H defor-
mation model for the unannealed and annealed thin-films, respectively.
The analytical results are shown in Table 3.

The W-H diagrams for the unannealed and annealed thin-films,
shown in Figs. 3 and 4, respectively, provide information on the uni-
formity and crystallinity of the 2 thin-films. Fig. 3 shows that there was
no uniformity in terms of the peaks and planes used for the analysis, as
the prominent kesterite peaks were not pronounced in the XRD data for
the unannealed samples. The line fit shows random and divergent con-
tact points for these material groups. This was not the case for the
annealed samples. Here, the peaks corresponding to 112, 200, 220, 312
and 332 were pronounced and used in the W-H analysis (see Fig. 2b and
Table 3). The line fit for all annealed samples followed the same trend,
with no deviating contact points.

In determining the crystal size D, the W-H plot analysis of the thin-
films revealed a trend of increasing crystal/grain size for unannealed
thin-films when the Cd content was increased, with a slight variation at
CCZTS-60 where the size decreased and increased again at CCZTS-80
and CCTS, respectively (Table 3). The size change indicates the suc-
cessful incorporation of Cd into the crystal structure, replacing the Zn
atoms [47]. It can be inferred that the addition of Cd to thin-films in
varying ratios affects their crystal size. This is due to the bulkiness that
the Cd additions introduce to the crystal lattice. The crystal size of
annealed thin-films is larger than that of unannealed thin-films. This is
because annealing allows for improved mobility and surface diffusion of
the thin-films, enabling them to migrate and coalesce into larger spaces,
resulting in densification and a larger crystal size. As shown in Table 3,
the crystal size of CCZTS-20 increased from 6 nm to 21 nm when
annealed, while CCZTS-40 increased from 12 nm to 21 nm, CCZTS-60
increased from 5 nm to 17 nm, CCZTS-80 remained the same size at 13
nm, and CCTS decreased from 25 nm to 15 nm [49].

The lattice strain (¢) of the thin-films was determined through the
slope of the W-H plots, as shown in Table 3. Lattice strain is a measure of
the distribution of lattice constants within a crystal and can be influ-
enced by lattice dislocations and other imperfections in the crystal [50].
In this study, we observed that unannealed thin-films had higher lattice
strain than annealed thin-films. Additionally, thin-films with lower
crystal size had higher lattice strain than those with higher crystal size.
The unannealed thin-film with the highest lattice strain was CCZTS-60,
which had a crystal size of 5 nm and a lattice strain value of 96.1. This
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samples because their crystal sizes were larger [50,51]. The lattice strain
of CCZTS-20 decreased from 82.1 in the unannealed state to 22.1 in the
annealed state, while CCZTS-40 decreased from 38.2 to 21.8, CCZTS-60
decreased from 96.1 to 28.0, and CCZTS-80 decreased from 47.1 to 34.0
upon annealing. CCTS exhibited a deviation from this trend, with an
increase in the lattice strain from 26.0 in the unannealed state to 32.8 in
the annealed state. This deviation may be due to phase transformation
and deformation caused by the high Cd content in CCTS. These results
indicate that annealing at 525 °C significantly reduces the lattice strain
of the thin-films. According to the W-H anisotropic uniform deformation
energy density model, the number of defects at grain boundaries in-
creases as the crystal size decreases [51]. A stress field is generated when
internal pressure is exerted by the surface tension caused by volume
defects. The additional stress at the grain boundaries leads to lattice
strain. This may explain why the lattice strain of the annealed thin-films
was significantly lower than that of the unannealed thin-films [51] (see
Fig. 5a and 5b to visualize the trend between crystal size and lattice
strain in the thin-films).

The dislocation density (8), which represents the number of dislo-
cations per unit volume of a crystalline material [51], was calculated as
follows:

1

where D represents the crystal size of the samples. Crystal dislocations
contribute to an increase in the lattice strain in nanostructured mate-
rials. The dislocation density in nanostructured materials provides in-
formation about the number of defects present in crystalline materials
[52]. The dislocation density of the unannealed and annealed thin-films
is presented in Table 3. The unannealed thin-films showed high dislo-
cation density values, with the highest value (27.8 x 1073 nm’z)
observed in CCZTS-60. This indicates that the thin-films of CCZTS-60
contained a higher volume of crystal defects compared to the other
unannealed thin-films. The dislocation density of the annealed thin--
films was generally lower, with the exception of CCTS, which showed a
higher dislocation density than the unannealed CCTS thin-film. The
reduced dislocation density in the annealed thin-films suggest an
improvement in the crystal lattice, as the number of crystal defects
decreased upon annealing at 525 °C.

To model the crystal structures accurately, it is necessary to deter-
mine their crystal lattice parameters. The XRD patterns obtained for the
unannealed and annealed thin-films suggest that they are of the kes-
terite/stannite phase, which adopts a tetragonal configuration. The
crystal lattice parameters a, b, and c (i.e., the lengths of the 3 edges of
the crystal unit cell) and the angles o, , and y (the angles between the
crystal unit cell edges) were evaluated for the thin-films. As all the thin-
films displayed peaks attributed to the kesterite/stannite phase, the
interplanar spacing (dpy) formula for tetragonal configurations was
used to determine the crystal lattice parameters. In tetragonal configu-
rations, a = b # c and a = # = y = 90°. The lattice constants a, b, and c for
tetragonal configurations are calculated using the following formula:

1 W+ P
I +

trend may be due to the high amorphous content in these materials. The d(zhkl) a? a2 ®)

annealed thin-films had lower lattice strain values than the unannealed

Table 3

W-H analyzes parameters for unannealed and annealed thin-films of CZTS, CCZTS-20, CCZTS-40, CCZTS-60, CCZTS-80, CCTS.
Sample W-H Plot Analyses Unannealed Thin-films W-H Plot Analyses Annealed Thin-films

fr (1072 rad) D (nm) £(107%) 5(107°nm™?) fr (1072 rad) D (nm) £(107%) 51073 nm™?)

CZTS 5.68 27 17.2 1.37 6.29 25 19.7 1.60
CCZTS-20 25.4 6 82.1 27.8 7.63 21 22.1 2.26
CCZTS-40 12.8 12 38.2 6.94 7.55 21 21.8 2.26
CCZTS-60 30.7 5 96.1 40.0 9.32 17 28.0 3.46
CCZTS-80 11.5 13 47.1 5.92 11.9 13 34.0 5.92
CCTS 6.15 25 26.0 1.60 10.3 15 32.8 4.44
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Fig. 2. The graphs obtained for DOC analyses from MATCH software for (a) CZTS and CZTS@525 thin-films (b) CCZTS-20 and CCZTS-20@525 thin-films (c) CCZTS-
40 and CCZTS-40@525 (d) CCZTS-60 and CCZTS-60@525 (e) CCZTS-80 and CCZTS-80@525 (f) CCTS and CCTS@525.

The lattice constants a and c can be calculated using the interplanar
spacing (d-spacing) between the miller indices h, k, and 1, as follows:
where dyy is the d-spacing. The d-spacing value for the 220 plane (hkl)
was used to calculate the lattice constant a, and the d-spacing value for
the 112 plane (hkl) was used to calculate the lattice constant c. These
values were obtained from MATCH software analysis of the XRD pat-
terns. The resulting lattice constants for the thin-films are summarized in
Table 4 for unannealed samples and Table 5 for annealed samples.

The d-spacing values obtained at the planes of 112 and 220 for the
unannealed thin-films show an increase with increasing Cd ratio, indi-
cating the successful incorporation of Cd into the crystal lattice of these
materials. This increase in d-spacing values can also be attributed to the
shift towards lower 20 values caused by the replacement of Zn atoms
(small atomic radius) with Cd atoms (larger atomic radius) [47]. The
d-spacing values at the planes of 112 and 220 for the annealed thin-films
also show an increasing trend with increasing Cd ratio. In terms of
annealing temperature, the d-spacing values for the 112 planes
decreased compared to the corresponding unannealed ratios, while the
d-spacing values for the 220 planes increased relative to the corre-
sponding unannealed ratios (see Tables 4 and 5). The lattice constants
for the unannealed samples showed a decrease in the value of a with
increasing Cd ratio and an increase in the value of c, with the exception
of CCZTS-80 and CCTS, where ¢ values decreased (see Table 4). The
lattice constants for pristine kesterite are 5.4400 A for a and 10.8720 A
for ¢, while the stannite modification has a value of 5.4550 A for a and

10.7770 A for ¢ [53]. The values of a and ¢ obtained for the unannealed
and annealed thin-films correspond to those of the kesterite/stannite
modifications, indicating the presence of these phases in the thin-films.
The c/a ratio for the unannealed thin-films increased with increasing Cd
ratio. For the annealed thin-films, the values decreased relative to the
analogous unannealed ratio. The increase in the c/a ratio for the
unannealed thin-films suggests elongation and expansion of the crystal
lattice, which may be caused by the integration of increasing ratios of Cd
atoms with a large atomic radius [54]. The expansion and elongation of
the crystal lattice of the unannealed thin-films may also be due to the
possible formation of secondary phases and/or deformations caused by
high Cd content [55]. The lower c/a ratio observed in the annealed
thin-films for concomitant ratios compared to those of the unannealed
thin-films suggest contraction of the crystal lattices and an improvement
in crystallinity [49]. The kesterite phase has a c/a value of 1.9990 and
the stannite phase has a value of 1.9756. When comparing the c/a value
of the unannealed and annealed thin-films to those of the kester-
ite/stannite phases, it is found that the annealed thin-films of CZTS,
CCZTS-20, CCZTS-60, and CCZTS-80 have values that are more similar
to the kesterite phase, while the values for CCZTS-40 and CCTS are more
similar to the stannite phase [47].

The volume of the unit cell (VUC) for a tetragonal crystal lattice is
calculated using the volume of the length, width, and height (lattice
constants) of the crystal lattice and can be expressed as:
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Fig. 3. W-H plot of the unannealed thin-films of (a) CZTS (b) CCZTS-20 (c) CCZTS-40 (d) CCZTS-60 (e) CCZTS-80 and (f) CCTS showing the slope and intercept
values useful in obtaining the values for crystal size and crystal strain of the crystals.

VUC =d*c (C))

In this equation, a and c are the lattice constants for the tetragonal
crystal. It was observed that the VUC increased with increasing Cd ratio,
which indicates expansion of the crystal lattice as more Cd was added
[54]. The incorporation of Cd into the crystal lattice of the unannealed
thin-films is indicated by the expansion of the unit cell as the Cd ratio
increased. In contrast, the VUC for the annealed thin-films decreased
relative to the corresponding unannealed ratio, indicating contraction of
the unit cell. To understand the crystallography of nanostructured ma-
terials, the APF can be calculated. The APF is a measure of the volume
fraction of the crystal structure occupied by its constituent particles and
is a dimensionless value that is always less than one. The APF for a
body-centered tetragonal crystal lattice can be calculated using the
following equation:

APF="2

3¢ 10)

In this equation, a and c are the lattice constants. Materials with
higher APF values are typically more workable, meaning that they are
more ductile or malleable, because the atoms are closely packed and can
easily slide over one another [52]. The APF value decreased as the Cd
ratio increased in the unannealed thin-films. This indicates that as the
Cd ratio increased, the crystal lattice expanded (as evidenced by the
increasing VUC in the unannealed thin-films), which prevented the

atoms from being closely packed. The APF values for the annealed
thin-films were higher than those of their corresponding unannealed
ratios. The increase in the APF value corresponds to the decrease in the
VUC in the annealed thin-films, indicating that the atoms in these films
were closely packed. The high APF value supports the improved crys-
tallinity observed in the annealed thin-films. The lattice constant values
obtained from the XRD patterns of the annealed and unannealed thin--
films were used to simulate the crystal structure of these materials using
DIAMOND software. We simulated the crystal structures of CZTS,
CCZTS-20, CCZTS-40, CCZTS-60, CCZTS-80, and CCTS for both the
annealed and unannealed samples (Figs. 6 and 7). The bond lengths
between the metal and sulfur, and the metal and metal are shown in
Tables 6 and 7 for the unannealed and annealed thin-films, respectively.
We observed that the bond lengths between the metal and sulfur
increased as the Cd ratio increased in the unannealed thin-films of CZTS,
CCZTS-20, CCZTS-40, CCZTS-60, CCZTS-80, and CCTS, indicating the
expansion of the crystal lattice as Cd was incorporated (see Table 6).
This is supported by the increasing VUC in the thin-films as the Cd ratio
increased (see Table 4). The metal-to-metal bonds also increased with
increasing Cd content in the unannealed thin-films. As the ratio of
cadmium increased, the bond lengths between metals and sulfur (M-S)
and between metals (M-M) also increased, as confirmed by the values of
APF for unannealed thin-films. The APF values for these unannealed
thin-films showed a decrease with increasing cadmium content, which
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Fig. 4. W-H plot of the annealed thin-films of (a) CZTS@525 (b) CCZTS-20@525 (c) CCZTS-40@525 (d) CCZTS-60@525 (e) CCZTS-80@525 and (f) CCTS@525
showing the slope and intercept values useful in obtaining the values for crystal size and crystal strain of the crystals.
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Fig. 5. Diagram of changes in crystal size and strain by W-H method for (a) Unannealed and (b) Annealed thin-films.

suggests that the atoms in these films are packed more loosely.

The M-S bonds and M-M distance in the annealed thin-films were
shorter compared to their equivalent unannealed ratios (see Table 7).
This indicates that the unit cell volume of the crystal lattice in the
annealed thin-films is smaller. This is supported by the decreasing unit
cell volume of the annealed thin-films in relation to their analogous
unannealed ratio (see Table 5). The shorter M-M distance in the
annealed thin-films follows the trend of the APF values in Table 5,

suggesting that the crystals in the annealed thin-films have improved
workability.

3.2. Morphological and compositional studies
SEM can be used to analyze the morphology of nanoparticles. SEM

micrographs provide information about the shape of the surface of
synthesized materials and can give insights into grain formation when
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Lattice parameter, atomic packing factor (APF) and volume of the unit cell for unannealed thin-films.

Sample dai2) d220) a (nm) ¢ (nm) c/a APF Volume of unit cell (A%)
ey (V)
CZTS 3.1420 1.9435 5.4970 10.6752 1.9420 0.5392 322.57
CCZTS-20 3.1513 1.9189 5.4274 11.0432 2.0347 0.5147 325.30
CCZTS-40 3.1599 1.9128 5.4102 11.2066 2.0714 0.5056 328.02
CCZTS-60 3.1645 1.9002 5.3746 11.4146 2.1238 0.4930 329.73
CCZTS-80 3.1556 1.9139 5.4133 11.1630 2.0621 0.5078 327.12
CCTS 3.1792 1.9353 5.4738 11.1629 2.0393 0.5135 334.47
Table 5
Lattice parameter, APF and volume of the unit cell for annealed thin-films.
Sample da12) d(220) a(A) ¢ (A) c/a APF Volume of unit cell (A%)
@ ey
CZTS 3.1268 1.9155 5.4179 10.8306 1.9990 0.5239 317.92
CCZTS-20 3.1335 1.9205 5.4320 10.8470 1.9969 0.5244 320.06
CCZTS-40 3.1328 1.9216 5.4351 10.8147 1.9898 0.5263 319.47
CCZTS-60 3.1669 1.9377 5.4806 10.9930 2.0058 0.5221 330.20
CCZTS-80 3.1794 1.9407 5.4891 11.0769 2.0180 0.5189 333.75
CCTS 3.1248 1.9188 5.4271 10.7676 1.9840 0.5279 317.14

Fig. 6. Simulated crystal structures of unannealed thin-films of (a) CZTS, (b) CCZTS-20, (c) CCZTS-40, (d) CCZTS-60, (e) CCZTS-80 and (f) CCTS.

viewing cross-sections of the material. The surface morphology of the
unannealed thin-films is shown in Fig. 8. In Fig. 8a, cube-like nano-
particles are seen in the CZTS thin-films. As the Cd ratio increases, rod-
like particles begin to form and become more prevalent. The cube-like
particles decrease in number as the Cd ratio increases, suggesting suc-
cessful substitution of Cd in these thin-films. The rod-like particles are
likely the result of Cd replacing Zn in the thin-films. In the case of the
annealed thin-films, agglomeration of the particle shapes is observed in
the CZTS (see Fig. 9a), resulting in the formation of larger grain-sized
particles. The high temperature used for the annealing process elimi-
nated the amorphous content in the thin-films, causing the particles to
come together and form larger, more uniform particles due to densifi-
cation. Flake-like particles become more common in the thin-films with

increasing Cd ratios (see Fig. 9b, c, d, e, and f). The high temperature
improves the morphology of the thin-films by creating uniformly shaped
particles with larger grain sizes, indicating improved crystallinity [49].

Energy-dispersive X-ray spectroscopy (EDX) is a useful technique for
determining the chemical composition of the elements present in
nanoparticles. Table 8 shows the atomic percentages of the constituent
atoms in the unannealed and annealed thin-films. The unannealed thin-
films showed a high content of Cu, particularly in the thin-films with low
Cd content (CZTS, CCZTS-20, and CCZTS-40). There was also a low
content of sulfur in all the unannealed thin-films, indicating deviation
from the desired stoichiometry. This deviation may also suggest the
formation of unwanted secondary phases in these samples [44]. It can be
seen that the Cd atom population in the thin-films increased as expected
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Fig. 7. Simulated crystal structures of annealed thin-films of (a) CZTS, (b) CCZTS-20, (c) CCZTS-40, (d) CCZTS-60, (e) CCZTS-80 and (f) CCTS.

Table 6
Bond-length of cation constituents with sulfur in simulated structure of unan-
nealed thin-films (where M—M represents metal to metal distance).

SAMPLE Cu (1)—S Cu (2)—S Cd-S Zn-S Sn-S M—M
@A @A) @A @& A& @&

CZTS 2.335 2.339 - 2.343 2.415 3.887

CCZTS- 2.343 2.345 2.348 2.988 2.421 3.871
20

CCZTS- 2.351 2.351 2.355 2.978 2.428 3.895
40

CCZTS- 2.358 2.356 2.360 2.959 2.434 3.920
60

CCZTS- 2.349 2.349 2.353 3.044 2.426 3.888
80

CCTS 2.365 2.366 2.370 - 2.444 3.901

Kesterite 2.325 2.330 - 2.349 2.416

Stannite 2.325 2.325 - 2.365 2.422

Table 7

Bond-length of cation constituents with sulfur in simulated structure of annealed
thin-films (where M—M represents metal to metal).

SAMPLE Cu (1)—S Cu (2)—S Cd-S Zn-S Sn-S M—M
A @A) A A& &) @&

CZTS 2.324 2.327 - 2.331 2.403 3.830

CCZTS- 2.329 2.332 2.336 3.022 2.408 3.838
20

CCZTS- 2.328 2.331 2.335 3.037 2.407 3.833
40

CCZTS- 2.354 2.356 2.360 3.082 2.433 3.881
60

CCZTS- 2.363 2.365 2.369 3.079 2.442 3.899
80

CCTS 2.322 2.325 2.329 - 2.401 3.822

Kesterite 2.325 2.330 - 2.349 2.416

Stannite 2.325 2.325 - 2.365 2.422

10

for each Cd ratio, indicating successful replacement of Zn atoms in the
unannealed thin-films. The annealed thin-films showed a desirable
stoichiometry, suggesting that the detrimental secondary phases were
eliminated, leading to improved crystallinity of the thin-films. The low
sulfur content was compensated for by the sulfur atmosphere used
during the post-annealing treatment. The Cd atom population also
increased with increasing Cd ratio as expected. The post-annealing
treatment at 525 °C resulted in favorable outcomes, indicating that the
properties of kesterite materials can be optimized at this temperature.

3.3. Optical studies

Pure CZTS and its compounds have optical properties that make
them suitable as p-type absorber layers for photovoltaic applications,
particularly in their kesterite phase, due to their good thermodynamic
stability [10]. The kesterite phase is characterized by a high absorption
coefficient (in the range of 10% ecm ™! to 10° cm ™) and an optimal energy
bandgap of 1.5 eV. It is also possible to tune the energy bandgap of this
material easily within the range of 1-1.8 eV through doping or replacing
its constituent elements [33,56]. To study the optical properties of the
deposited thin-films, ultraviolet-visible (UV-Vis) spectroscopy was
used. The absorption coefficient describes the ability of a material to
absorb light at a particular wavelength as it penetrates the material. It is
a measure of the amount of light that can be absorbed and is typically
expressed in units of inverse length, such as em~! [57]. Semiconductor
materials have varying absorption coefficients, with materials that have
high absorption coefficient being able to absorb more photons that can
excite electrons to the conduction band. The absorption coefficient for
the unannealed and annealed thin-films can be calculated from the
absorbance using:

A
=2303(>
w=20()

Where « is the absorption coefficient in em ™}, A is the absorbance, and
d is the thickness of the films in nm. The thickness of the films was
estimated to be around 1200 nm using a profilometer. The relation of the

1)



K.C. Nwambaekwe et al.

Materials Chemistry and Physics 301 (2023) 127594

Fig. 8. SEM micrographs of unannealed thin-films of (a) CZTS, (b) CCZTS-20, (c) CCZTS-40, (d) CCZTS-60, (e) CCZTS-80 and (f) CCTS obtained at 1 pm micro-

scopic resolution.

Fig. 9. SEM micrographs of annealed thin-films of (a) CZTS, (b) CCZTS-20, (c) CCZTS-40, (d) CCZTS-60, (e) CCZTS-80 and (f) CCTS obtained at 1 pm micro-

scopic resolution.

Table 8

Chemical composition data (atomic%) for the unannealed and annealed thin-films samples.

Sample Unannealed Thin-films Annealed Thin-films
Cu Zn Cd Sn S Cu Zn Ccd Sn S

CZTS 31.71 15.74 - 17.29 35.26 21.59 14.28 - 15.8 48.33
CCZTS-20 31.44 11.43 3.23 15.1 38.79 24.42 11.47 2.53 12.76 48.82
CCZTS-40 28 11.27 4.72 16.59 39.43 23.38 9.58 3.76 13.45 49.84
CCZTS-60 27.51 6.54 8.95 17.89 39.11 22.64 5.28 8.6 14.58 48.89
CCZTS-80 27.66 4.44 12.27 20.02 35.61 22.71 3.62 9.51 15.37 48.8
CCTS 27.12 - 15.77 19.56 37.55 21.24 - 15.36 14.04 49.36

absorption coefficient to the incident wavelength for the unannealed
and annealed thin-films are shown in Fig. 10a and 10b, respectively. The
absorption spectra were measured within a wavelength range of 300
nm-900 nm at room temperature. It can be seen that both unannealed
and annealed thin-films showed high absorption coefficient (~10* cm ™!

ignoring reflection and transmission losses). The obtained spectra re-
veals that the absorption coefficient decreased with increasing incident
wavelength for the unannealed and annealed thin-films but became
invariant after the wavelength of 750 nm and 800 nm for unannealed
and annealed thin-films, respectively. The absorption edges for the

11
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Fig. 10. UV-Vis spectra of (a) unannealed and (b) annealed thin-films; and Tauc plot showing bandgaps of (c) unannealed and (d) annealed thin-films of CZTS,

CCZTS-20, CCZTS-40, CCZTS-60, CCZTS-80 and CCTS.

unannealed thin-films were obtained by extrapolating the steep position
of the absorption curve to intercept at the incident wavelength axis. The
absorption edge for the annealed could not be wholly determined as the
thin-films displayed broad absorption across the measured incident
wavelengths (see Fig. 10b). The absorption edge for all the unannealed
thin-films were located at the visible region. The onsets of absorption
edge for the unannealed thin-films were obtained at 564.95 nm, 683.76
nm, 652.44 nm, 736.95 nm, 565.95 nm and 598.76 nm for CZTS, CCZTS-
20, CCZTS-40, CCZTS-60, CCZTS-80 and CCTS, respectively (see
Fig. 10a). The onset of absorption edge for the unannealed thin-films
reveals that CCZTS-60 is the optimum ratio for improved optical prop-
erties. Generally, it was observed that the addition of Cd atoms, resulted
in the red-shift of the onset absorption edges of the unannealed thin-
films which infers improved absorption properties of the material by
the substitution of Zn with Cd [42]. The high temperature annealing at
525 °C resulted in a red-shift in the optical absorption of all the
thin-films (see Fig. 10b) and broad absorption across the measurement
wavelengths (300 nm-900 nm) [58,59]. Absorption maxima were
observed at 398 nm, 402 nm, 405 nm, 411 nm, 413 nm, and 427 nm for
CZTS, CCZTS-80, CCZTS-40, CCZTS-20, CCTS, and CCZTS-60, respec-
tively. Red shift absorptions were observed at 726 nm, 736 nm, 591 nm,
761 nm, 756 nm, and 764 nm for CZTS, CCZTS-20, CCZTS-40,
CCZTS-60, CCZTS-80, and CCTS, respectively. It is observed that high
temperature annealing at 525 °C improves the optical properties of the
thin-films, as seen in the red-shift absorption in the spectra shown in
Fig. 10b. This is likely due to the high temperature eliminating the
amorphous content in the films, leading to improved crystallinity [58].

The band gap energy (Eg) of semiconductor materials indicates the
range of wavelengths in the solar spectrum that the material can absorb
[51]. Kesterite materials have direct transition band gap energies that
can be determined by extrapolating the linear portion of the (ahv)?
versus hv plot, also known as the Tauc plot. The optical band gap en-
ergies of light-absorbing materials can be used to determine other op-
tical properties of these materials, such as the refractive index and
dielectric properties. The refractive index (n) of optical materials in-
dicates how fast light travels through the material [60]. A material with
a high refractive index will slow down the speed at which light travels
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through it. For photovoltaic applications, an absorbing material needs to
absorb a significant amount of incident light in order to generate enough
electrons that can be transported through the layers of the device to
achieve efficient power conversion [61]. In other words, a good semi-
conductor material should have a high refractive index value because
the refractive index plays a significant role in determining the likelihood
of total internal reflection within the solar cell [51]. The refractive index
of the unannealed and annealed thin-films were studied using the Moss
relation:

En* =k 12)
where k is a constant with a value of 108 eV.

The dielectric properties of a material define the ability of that ma-
terial to impede the movement of electrons, resulting in polarization,
when exposed to an external electric field [51]. A dielectric material is
capable of establishing an electric field with minimal energy loss (ability
to store energy). A dielectric material with high dielectric constant is
useful to improve the performance of semiconducting devices [62]. The
high-frequency dielectric constant ¢, of a material (which is a measure
of the material’s behavior at high frequencies) can be determined by the
following relationship:

£oo =12 (13)

The static dielectric constant ¢, of each material (which is a measure
of the material’s behavior at low frequencies or static electric fields) can
be obtained via:

&, =18.52 — 3.08E, a4

The Tauc plots of band gap energies of unannealed and annealed
thin-films are shown in Fig. 10c and 10d, respectively, and other de-
rivatives of optical properties of unannealed and annealed thin-films are
summarized in Table 9.

It was observed that the band gap energy of the unannealed thin-
films decreased with Cd content, indicating red shift absorption
caused by the replacement of Zn atoms in the thin-films by Cd atoms
[63]. The bandgap values obtained for the unannealed thin-films
differed from the optimal bandgap for PV devices and the values
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Table 9

Estimated values of the bandgap energy (E,), refractive index (n), high frequency
dielectric constant (¢,) and static dielectric constant (¢,) of unannealed and
annealed thin-films.

Sample Unannealed Thin-films Annealed Thin-films
E, n €0 & E, n £ -
(eV) (eV)
CZTS 2.38 259 671 1119 177 279 7.78 13.07
CCZTS- 1.73 281 7.90 1319 1.43 294 864 14.12
20
CCZTs- 2.27 263 692 1152 1.78 279 7.78 13.04
40
CCZTS- 1.46 293 858 14.02 1.28 3.03 9.18 14.58
60
CCZTS- 2.36 260 676 11.25 1.73 281 790 1319
80
CCTS 2.31 261 681 1141 175 280 7.84 13.13

reported in literature with Cd substitution [45]. The decrease in the
bandgap did not follow a definite pattern. This can be attributed to the
great amount of optical incongruity due to high amorphous/secondary
phases in these thin-films already explained by the XRD patterns and
crystallographic analyzes of the unannealed thin-films (see Section 3.1).
The high amorphous content and formation of secondary phases can be
attributed to variations in the chemical composition of the material (see
Section 3.2 and Table 9), which reduces the magnitude of the red shift in
the absorption of these materials. Other optical properties of the
thin-films, such as the refractive index and dielectric constant, improved
with Cd content (see Table 9). This indicates a positive result in the
substitution of Zn by Cd atoms with the best optical properties obtained
for unannealed thin-film of CCZTS-60. The improvement in the optical
properties of the materials with the addition of Cd suggests good
applicability as a p-type absorber layer in kesterite PV devices [42]. The
band gap values observed for the unannealed thin-films can be attrib-
uted to the antibonding component of s-s and s-p between the Sn cation
and the S anion which can be weakened by increasing the VUC, resulting
in a lower CBM and thus reducing the E; with an addition of Cd [47].
Since other optical properties depend directly or indirectly on the op-
tical bandgap energies of the materials, reduced bandgap values ob-
tained with the addition of Cd atoms resulted in improved values for the
other optical properties of the unannealed thin-films as reported in
Table 9.

The influence of temperature on the optical properties of materials
has been extensively studied [59]. The optical bandgap of the annealed
thin-films improved compared to the unannealed thin-films. As previ-
ously reported in the UV-Vis spectra of the annealed thin-films, red shift
absorption occurred when the thin-films were annealed (see Fig. 10b).
This red shift absorption indicates reduction in the band gap of the
annealed thin-films. It is worth noting that the reduction in the band gap
for the annealed thin-films occurred for their successive unannealed thin
film samples [42]. Improved crystallinity (see Section 3.1) and homo-
geneity (see Section 3.2) of the samples due to the high annealing
temperature, resulted in improved optical properties of the annealed
thin-films compared to their consecutive unannealed thin-films [64].
The band gap of the unannealed CZTS thin film decreased from 2.38 eV
to 1.77 eV, that of CCZTS-20 from 1.73 eV to 1.43 eV, and so on (see
Table 9). Since the optical band gap affects other optical properties of
the materials, the redshift absorption and decreased band gap values
also resulted in an improvement in the refractive index and dielectric
properties of the annealed thin-films compared to their subsequent
unannealed thin-films. These improvements in optical properties sug-
gest their suitability for PV applications.

4. Conclusions

We reported the successful preparation of Cd-substituted thin-films
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by spray pyrolysis and investigated the effect of post annealing tem-
perature (525 °C) on the properties of the prepared thin-films. The XRD
patterns showed high amorphous content and phase deformation and
transformation in unannealed thin-films with high Cd content, while the
annealed films exhibited improved crystallinity, enhanced kesterite
phase formation, and elimination of amorphous content, as evidenced
by distinct characteristic kesterite peaks in planes of 112, 200, 220, and
312. The particle size of the materials increased upon annealing, which
can be attributed to significant grain formation as amorphous content is
eliminated. EDX studies of the chemical composition of the unannealed
thin-films revealed a stoichiometry that was rich in Cu and sulfur poor
which have been investigated to be detrimental to the PV device due to
the strong formation of antisite defects. For the annealed thin-films, a
desirable stoichiometry was achieved and the sulfur loss was compen-
sated by a sulfur atmosphere during annealing. SEM Images of the
unannealed thin-films showed a non-uniformly shaped mixture of cubic
and rod-shaped nanoparticles. With increasing Cd content in the unan-
nealed thin-films, rod-shaped nanoparticles were observed, indicating
successful replacement of Zn atoms with Cd atoms. The morphology of
the annealed thin-films showed uniformly shaped nanoparticles that
increased with increasing Cd content. The UV-Vis spectra showed a
decreasing band gap for the annealed thin-films due to the red shift of
absorption caused by the elimination of the amorphous components.
The analysis of other optical properties such as refractive index and
dielectric properties showed improved values for the annealed thin-films
with optimum optical properties obtained for CCZTS-60 thin-film.
Notable improvements such as increased crystallinity and improved
optical properties were obtained in this work by post annealing at
525 °C, which can lead to efficient fabrication output. Further work will
focus on thin film PV device fabrication using the post-annealing pa-
rameters to achieve improved device efficiencies.
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