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Abstract: Kesterite-based semiconductors, particularly copper–zinc–tin–sulfide (CZTS), have gar-
nered considerable attention as potential absorber layers in thin-film solar cells because of their
abundance, nontoxicity, and cost-effectiveness. In this study, we explored the synthesis of Ag-alloyed
CZTS (ACZTS) materials via the sol–gel method and deposited them on a transparent fluorine-doped
tin oxide (FTO) back electrode. A key challenge is the selection and manipulation of metal–salt
precursors, with a particular focus on the oxidation states of copper (Cu) and tin (Sn) ions. Two
distinct protocols, varying the oxidation states of the Cu and Sn ions, were employed to synthesize
the ACZTS materials. The transfer from the solution to the precursor film was analyzed, followed
by annealing at different temperatures under a sulfur atmosphere to investigate the behavior and
growth of these materials during the final stage of annealing. Our results show that the precursor
transformation from solution to film is highly sensitive to the oxidation states of these metal ions,
significantly influencing the chemical reactions during sol–gel synthesis and subsequent anneal-
ing. Furthermore, the formation pathway of the kesterite phase at elevated temperatures differs
between the two protocols. Structural, morphological, and optical properties were characterized
via X-ray diffraction (XRD), Raman spectroscopy, and scanning electron microscopy (SEM). Our
findings highlight the critical role of the Cu and Sn oxidation states in the formation of high-quality
kesterite materials. Additionally, we studied a novel approach for controlling the synthesis and
phase evolution of kesterite materials via molecular inks, which could provide new opportunities for
enhancing the efficiency of thin-film solar cells.

Keywords: kesterite; ACZTS; sol–gel; solar cells

1. Introduction

Recently, there has been significant interest in materials belonging to the kesterite
family, which are attracting attention as promising semiconductors for use as absorber
layers in thin-film solar cells. Kesterite materials shows opto-electronic properties similar
to those reported in other thin-film technologies used in photovoltaic application such as
nano-structure based on CdTe and GaAS materials [1–3]. However, the toxicity of cadmium
in CdTe and the rarerty of Ga in GaAs attract more researchers to work on kesterite absorber
which is based on low-cost and non-toxic elements. Recent advancements in CZTS thin-film
and mono-grain technologies have demonstrated their potential for practical applications,
with minimal efficiency losses observed during long-term stability tests under indoor and
outdoor conditions. Scalable deposition methods, such as colloidal ink spraying and spin
coating, have shown promising results, achieving efficiencies above 7% in early large-
area tests. These developments suggest that kesterite-based solar cells could be viable
for photovoltaic applications, leveraging their suitability for mass production. However,
challenges related to phase purity, efficiency, and integration into industrial processes must
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still be addressed to fully realize their potential [4]. In this fact, various efforts have been
made to develop high-quality kesterite absorbers through both physical and chemical
approaches [5–8]. Among these approaches, solution deposition methods, such as the
sol–gel technique, are widely preferred because of their convenience and cost-effectiveness.
As of 2012, the efficiency of kesterite-based solar cells reached approximately 12.6% [9],
with the absorbers in these solar cells being fabricated via the sol–gel method. Since then,
numerous studies have focused on enhancing the performance of kesterite-based solar cells
via advanced deposition techniques. However, in 2023, the highest reported efficiency of
up to 14% was achieved via spin-coated ACZTSSe absorbers [10], highlighting the potential
of sol–gel methods for developing highly efficient kesterite solar cells. However, it is worth
noting that the preparation of kesterite materials via the sol–gel method is quite complicated
compared to that of physical methods (e.g., PVD). This process involves several steps,
including solution preparation, deposition, and annealing, all of which must be optimized
to achieve the desired quality of absorbers. Unlike physical deposition approaches, which
utilize metal- or chalcogen-containing precursors subjected to annealing [11], the sol–gel
method requires the use of metal salt precursors dissolved in organic solvents, which may
contain additional elements. Despite this complexity, a diverse range of metal precursor
salts (e.g., acetate, nitrate, sulfate, and chloride) and solvents can be employed in kesterite
synthesis via the sol–gel method. Consequently, numerous studies have been conducted to
identify the optimal precursor salts and solvents for this purpose [12,13]. As the sol–gel
reaction process is designed to produce organic products that can fully evaporate during
the high-temperature stage used in CZTS fabrication, the oxidation state of the metal
salt used in the solution can be an important factor in controlling the phase evolution of
CZTS materials. However, few studies have reported the influence of the oxidation state
of the metal precursors used during CZTS preparation with sol–gel methods, especially
copper (Cu) and tin (Sn), and all these works support the significant effect of the metal ions
oxidation state on the properties of CZTSSe absorbers [14–17].

The most used protocol for preparing CZTS solutions involves Cu2+ and Sn2+ metal
precursors, where an oxidoreduction reaction determines the final CZTS material proper-
ties [18]. This approach has enabled efficiencies up to 12.6% for CZTSSe solar cells [9]. More
recently, a 12.4% efficiency was achieved using Cu+ and Sn4+ precursors, demonstrating
the potential of this method when combined with innovations like silver alloying and
controlled selenium vapor pressure during annealing [17].

The transition from solution to substrate significantly impacts the phase composition
of the precursor, which is crucial during the annealing process. While physical deposition
methods utilize various precursors with distinct growth mechanisms, sol–gel methods
primarily control precursor phase composition through the oxidation states of metal ions,
offering great potential for kesterite solar cell development. However, most research has
focused on narrow-bandgap sulfo-selenide compounds, with limited attention to large-
bandgap sulfide compounds (CZTS), which are essential for tandem applications.

Recently, kesterite materials have achieved improved performance by introducing
silver alloying for the sulfo-selinide compounds ACZTSSe on transparent substrates, and
these approaches can lead to the enhancement of large-bandgap pure sulfide kesterite
CZTS, which is essential for developing semitransparent or tandem solar cells.

The majority of studies on large-bandgap CZTS-based solar cells prepared using the
sol–gel method have primarily focused on two critical aspects: the deposition of precursor
thin films and the subsequent annealing process. However, there is a notable absence in the
existing literature regarding a comprehensive examination of the solution phase, which is
of paramount importance in determining the quality of the final absorber layer. While some
attempts have been made to study the influence of metal–salt precursors and the choice of
solvents [19], it is notable that the oxidation state of the metal ions in the solution phase, to
the best of our knowledge, has not been systematically reported for CZTS absorbers. This
oversight is notable, as the oxidation state of metal ions is a critical factor in controlling
phase evolution during synthesis. Studies on narrow-bandgap CZTSSe absorbers have
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demonstrated that tailoring the oxidation state of the metal ions can significantly enhance
the performance of the final solar cell [20]. Therefore, extending this approach to large-
bandgap CZTS absorbers could provide valuable insights and potentially lead to improved
device efficiency.

In this study, we investigated how different oxidation states of Sn and Cu dur-
ing ACZTS (AgCu2ZnSnS4) solution preparation impact the transformation from so-
lution to solid precursors and the behavior of the final ACZTS absorbers during high-
temperature sulfurization. CZTS sol–gel solutions were prepared via two protocols in-
volving Sn2+ + Cu2+ and Sn4+ + Cu1+ combinations, which are widely reported in kesterite
research. The as-deposited ACZTS precursors from both protocols were analyzed, and
the transition from solution to precursor was examined. Additionally, the phase evolution
during high-temperature annealing under a sulfur atmosphere was investigated via various
characterization methods.

2. Materials and Methods
2.1. Preparation of the ACZTS Sol–Gel Solution

Solid-solution ACZTS materials were synthesized via the cost-effective sol–gel method
via 2 protocols with different Sn and Cu oxidation states. All chemicals used in this
study were purchased from Sigma-Aldrich(is an American chemical, life science, and
biotechnology company owned by the multinational chemical conglomerate Merck Group,
Saint-Louis, MO, USA) with a purity of 99.9%

Protocol 1: Initially, Cu(CH3COO)2·H2O + AgCl (0.46 mol/L) was dissolved in
20 mL of 2-methoxyethanol, followed by the addition of SnCl2-2H2O (0.27 mol/L). Then,
Zn(CH3COO)2·2H2O (0.27 mol/L) and thiourea SC(NH2)2 (2 mol/L) were added, resulting
in a transparent solution, and the entire solution was stirred for one hour at 60 ◦C, yielding
a clear and transparent solution. NaCl:H2O was then added to the final CZTS solution
until a NaCl:CZTS molar ratios of up to 10% was reached.

Protocol 2: ACZTS Solution 2 was synthesized employing copper chloride (CuCl) + Sil-
ver chloride AgCl (0.46 mol/L), zinc acetate dihydrate (Zn (CH3COO)2·2H2O) (0.27 mol/L),
tin(IV) chloride (SnCl4) (0.27 mol/L), and thiourea (SC(NH2)2) (2 mol/L) as the metal
and sulfur sources. However, following a similar process as that reported in [12], 2-
methoxyethanol was used as a solvent instead of DMSO. Two separate solutions were prepared:

For Solution 1, thiourea (SC(NH2)2) and CuCl + AgCl were dissolved in 2-methoxyethanol.
For Solution 2, SnCl4 was dissolved in 2-methoxyethanol, followed by Zn(CH3COO)2·2 H2O,
maintaining a Zn/Sn ratio of 1.1 and a Cu/(Sn + Zn) ratio of 0.75.

Both solutions were stirred for 24 h to ensure complete dissolution of the metal–
salt precursors. The solutions were subsequently mixed and stirred at 60 ◦C for 1 h in
an oil bath.

2.2. Chemical Reactions

In a non-aqueous sol–gel synthesis of kesterite absorbers, metal salts react with
thiourea (Tu) in the presence of an alcohol, in this case 2-methoxyethanol.

This reaction process occurred during the sol–gel solution preparation and begins
with the formation of thiourea–metal complexes.

The general steps and reactions are as follows [21]:
One-Complex Formation (Equation (1)): metal ions (M) such as Cu2+, Zn2+, and Sn2+

react with thiourea (Tu) to form thiourea–metal complexes:

M − X + Tu → [M(Tu)m] − X (1)

where M represents metal ions (Cu, Zn, and Sn); X represents anions (such as CH3COO−

or Cl−), and [M(Tu)m] − X represents the thiourea–metal complex.
Two-Alcoholysis and Condensation Reactions (Equations (2) and (3)):
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The thiourea–metal complex undergoes alcoholysis with 2-methoxyethanol (ROH):

[M(Tu)m] − X + ROH → [M(Tu)m] − OR + H − X (2)

This reaction produces an intermediate complex with an organic chain attached
M(Tu)m] − OR and a byproduct acid (H − X).

The resulting complexes then undergo polycondensation:

[M(Tu)m] − X + [M(Tu)m] − OR → [M(Tu)m] − O − [M(Tu)m] + R − X (3)

In this step, complexes link together through an oxygen bridge, resulting in the
formation of nanoparticles. Then, during the deposition process, these complexes lead to
sulfide formation and volatile byproducts.

2.3. Deposition Process

Prior to deposition, the FTO-coated soda lime glass (SLG) substrate (surface resistivity
of ~7 Ω/sq) underwent a thorough cleaning process in an ultrasonic bath, followed by UV–
ozone cleaning for 10 min. The filtered solution (through a 0.45 µm filter) was deposited
onto the cleaned FTO substrate via spin-coating at 3000 rpm for 30 s. The substrate was
subsequently preheated in an atmospheric environment on a hot plate set at 300 ◦C for
2 min. This deposition process was repeated 7 times to achieve the desired thickness.

2.4. Sulfurization Process

The as-deposited ACZTS precursors were placed in a graphite box (4 × 5 cm2) with
500 mg of sulfur powder and inserted into a tubular furnace. Prior to the annealing process,
the tube was purged several times with nitrogen. The sulfurization process was conducted
at temperatures ranging from 475 to 550 ◦C for 30 min under a pressure of approximately
1 bar (initially 600 mbar at 25 ◦C). The ramping rate was set to 5 ◦C/min, and the cooling
process occurred naturally over approximately 3 h. The annealing conditions employed in
this study were determined based on previous optimization studies. The final optimized
annealing profile, utilized to achieve the best results, is presented in Figure 1.

Energies 2024, 17, x FOR PEER REVIEW 4 of 13 
 

 

where M represents metal ions (Cu, Zn, and Sn); X represents anions (such as CH3COO− 
or Cl−), and [M(Tu)m] − X represents the thiourea–metal complex. 

Two-Alcoholysis and Condensation Reactions (Equations (2) and (3)): 
the thiourea–metal complex undergoes alcoholysis with 2-methoxyethanol (ROH): 

[M(Tu)m] − X + ROH → [M(Tu)m] − OR + H − X (2) 

This reaction produces an intermediate complex with an organic chain attached 
M(Tu)m] − OR and a byproduct acid (H − X). 

The resulting complexes then undergo polycondensation: 

[M(Tu)m] − X + [M(Tu)m] − OR → [M(Tu)m] – O − [M(Tu)m] + R − X (3) 

In this step, complexes link together through an oxygen bridge, resulting in the for-
mation of nanoparticles. Then, during the deposition process, these complexes lead to sul-
fide formation and volatile byproducts. 

2.3. Deposition Process 
Prior to deposition, the FTO-coated soda lime glass (SLG) substrate (surface resistiv-

ity of ~7 Ω/sq) underwent a thorough cleaning process in an ultrasonic bath, followed by 
UV–ozone cleaning for 10 min. The filtered solution (through a 0.45 µm filter) was depos-
ited onto the cleaned FTO substrate via spin-coating at 3000 rpm for 30 s. The substrate 
was subsequently preheated in an atmospheric environment on a hot plate set at 300 °C 
for 2 min. This deposition process was repeated 7 times to achieve the desired thickness. 

2.4. Sulfurization Process 
The as-deposited ACZTS precursors were placed in a graphite box (4 × 5 cm2) with 

500 mg of sulfur powder and inserted into a tubular furnace. Prior to the annealing pro-
cess, the tube was purged several times with nitrogen. The sulfurization process was con-
ducted at temperatures ranging from 475 to 550 °C for 30 min under a pressure of approx-
imately 1 bar (initially 600 mbar at 25 °C). The ramping rate was set to 5 °C/min, and the 
cooling process occurred naturally over approximately 3 h. The annealing conditions em-
ployed in this study were determined based on previous optimization studies. The final 
optimized annealing profile, utilized to achieve the best results, is presented in Figure 1. 

 
Figure 1. The optimized annealing profile used in this work. 

2.5. Characterizations 
Scanning electron microscopy (SEM) images were acquired via an FEI FEG 450 (field 

emission gun) (Europe Research Center, Palaiseau, France) microscope with an accelera-
tion voltage of 5 kV. X-ray diffraction (XRD) patterns were collected using a Rigaku 
SmartLab diffractometer (Rigaku SmartLab, Tokyo, Japen) in Bragg–Brentano geometry. 
A graphite monochromator was used with a CuKα source (λ = 1.54178 Å), representing 
the average wavelength of the Cu Kα1,2 doublet, and the detector was a D/teX Ultra 250 
1D silicon strip detector. Raman spectroscopy was conducted using a LabRam Aramis 

Figure 1. The optimized annealing profile used in this work.

2.5. Characterizations

Scanning electron microscopy (SEM) images were acquired via an FEI FEG 450 (field
emission gun) (Europe Research Center, Palaiseau, France) microscope with an acceleration
voltage of 5 kV. X-ray diffraction (XRD) patterns were collected using a Rigaku SmartLab
diffractometer (Rigaku SmartLab, Tokyo, Japen) in Bragg–Brentano geometry. A graphite
monochromator was used with a CuKα source (λ = 1.54178 Å), representing the average
wavelength of the Cu Kα1,2 doublet, and the detector was a D/teX Ultra 250 1D silicon
strip detector. Raman spectroscopy was conducted using a LabRam Aramis microprobe
by Horiba Jobin-Yvon Co. (Edison, NJ, USA) with 532 and 785 nm excitation to study the
structural properties and assess the quality of the ACZTS films.
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3. Results
3.1. From Solution to Precursor Transfer

One of the critical steps in CZTS preparation via the sol–gel method is the transi-
tion from the solution to the precursor, which is typically achieved through spin-coating
techniques followed by preheating at temperatures ranging between 250 and 300 ◦C [19].
In previous studies that utilized DMSO as a solvent, the as-deposited precursors from
a solution containing Cu1+ and Sn4+ resulted in the formation of an amorphous CZTS
phase, whereas binary phases tended to dominate in the as-deposited solution containing
Cu1+ and Sn2+ [22]. In this work, the Cu2+ and Sn2+ used in Sol-1 serve as sources of Cu
and Sn, with Sn2+ eventually transforming into the necessary Sn4+ for kesterite materials.
This transformation occurs through oxidoreduction reactions of Cu and Sn, as depicted in
Equation (1). Moreover, the remaining Sn2+ due to the Cu-poor stoichiometry and nonideal
oxidoreduction reactions promoted the formation of SnS phases and ZnS phases. On the
other hand, the use of Sn4+ and Cu+ in Sol-2 can directly facilitate the formation of kesterite
phases following preheating.

To explore the disparities between the two protocols, we conducted XRD and Raman
analyses on the as-deposited Sol-1 and Sol-2 samples, which are referred to as Prec-1
and Prec-2, respectively. Figure 2 displays the XRD patterns of the ACZTS precursors
deposited from Sol-1 and Sol-2. Both samples exhibit a broad diffraction peak attributed to
the kesterite phase (JCPDS # 026--0575), with the broadness and asymmetry of the peaks
indicating the formation of an amorphous kesterite structure, which is consistent with
previous reports on spin-coated CZTS solutions [23]. However, the shape and intensity of
the main diffraction peak corresponding to the (112) orientation differ between the two
samples. The peak in sample Prec-2 is narrower and more intense than that in Prec-1,
suggesting that a greater quantity of the kesterite phase forms in Prec-2, where the ions
are in the oxidation states required for CZTS formation. In contrast, Sol-1 appears to
undergo redox reactions that convert the Sn and Cu ions to the necessary oxidation states,
complicating the formation of the kesterite phase in these precursors and promoting the
formation of secondary phases during the preheating stage. A similar trend was observed
in the Raman spectra of the as-deposited CZTS precursors (Figure 3b), which were obtained
with 785 nm excitation. Both samples display a broad peak between 250 and 400 cm−1,
encompassing the main vibrational modes associated with the S–S bonds in the kesterite
structure [24]. However, the peaks in the sample prepared from Sol-2 are narrower and
more symmetric, indicating that the quantity of the kesterite phase is greater than that in
the sample prepared from Sol-1. In the Raman spectra obtained via 532 nm (Figure 3a)
excitation for Prec-1, some traces of Cu2-xS and SnS2 were observed; however, in Prec-2, no
secondary phases were detected, indicating the formation of an amorphous ACZTS phase
after the preheating process.
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Despite all the samples having similar concentrations of metal precursors, this dis-
crepancy can be attributed to the differences in the oxidation states of Sn and Cu in the
solutions. In Sol-2, the Sn and Cu ions are already in the appropriate oxidation states
for kesterite formation, facilitating the development of the kesterite phase at the lower
preheating temperature of 300 ◦C. In contrast, Sol-1 requires the conversion of Sn2+ to Sn4+

(Equation (4)). The incomplete oxidation of Sn results in a significant fraction of Sn remain-
ing in the 2+ state, leading to the formation of the SnS binary phase, which is evidenced by
the intense peak at 31.57◦ in the XRD pattern corresponding to the (100) orientation [25].
Additionally, Cu ions in the necessary oxidation state promote the formation of the Cu2S
binary phase. The presence of both SnS and Cu2S suggests the coexistence of ZnS due to
the Zn-rich composition, although ZnS cannot be clearly distinguished from CZTS because
of peak overlap in the diffraction patterns [26]. These findings highlight the crucial role of
the oxidation states of Sn and Cu in determining the phases present in the CZTS precursors.
Importantly, the mechanism by which CZTS absorbers form during annealing is strongly
influenced by the initial precursor phases and composition.

Sn2+ + 2Cu2+ = Sn4+ + 2Cu+ (4)

The previous results highlighted the significant impact of the oxidation states of Sn
and Cu on the phase compositions of CZTS precursors. Figure 4 illustrates the transfor-
mation mechanisms from solution to precursor for the three different protocols. In Sol-2
(Sn4+ + Cu1+), where Cu and Sn ions already have the oxidation states required for kesterite
formation, CZTS nanoparticles are formed during the polycondensation process. During
the preheating step, these CZTS nanoparticles directly transform into an amorphous CZTS
phase. In Sol-1, both Sn2+ and Cu2+ need to be converted to Cu1+ and Sn4+. This transfor-
mation involves redox reactions between Cu and Sn, as well as redox reactions of Sn with
oxygen. A significant amount of Sn and Cu ions are converted, forming CZTS nanoparticles.
However, some ions remain in their initial oxidation states, leading to the formation of the
CuS, SnS, and ZnS phases in the precursors. These observations underscore the critical role
of oxidation state management in determining the phase composition and quality of CZTS
precursors, which in turn affects the main properties of the final CZTS absorbers.
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3.2. From Precursor to Absorber Transfer

During the annealing process, kesterite formation typically occurs at lower tempera-
tures, where various phases melt and interact with the chalcogens (S and/or Se) present in
the atmosphere. At higher temperatures, the kesterite phase becomes dominant, promoting
improved crystallinity and grain growth in CZTS materials [27]. The presence of lower
melting point phases in the precursor allows for the initiation of kesterite formation in
the early stages of the annealing process and contributes to the formation of high-quality
kesterite absorbers as the temperature increases during annealing. The aim of this study
is to compare the formation mechanisms of ACZTS materials during the final annealing
stages (475–550 ◦C) for both protocols, the commonly used Cu2+ and Sn2+ protocol and the
recently developed Cu+ and Sn4+ approach, which have shown potential for producing
highly efficient kesterite solar cells. While previous studies have explored the influence
of Sn and Cu oxidation states on kesterite materials, they have focused primarily on
CZTSSe compounds, which are produced through a selinization process and exhibit narrow
bandgaps [15]. In contrast, this study examines the transformation of all absorbers into sul-
furized CZTS, an approach that remains underexplored for large-bandgap CZTS absorbers.
For this purpose, we annealed as-deposited Sol-1 and Sol-2 at temperatures ranging from
475 to 550 ◦C. A combination of XRD, Raman spectroscopy, SEM, and EDX analyses was
used to investigate how the oxidation states of the metal precursors affect the properties of
the final CZTS thin films at high annealing temperatures. These complementary techniques
provide a comprehensive understanding of the influence of metal precursor chemistry on
kesterite phase formation, crystallinity, morphology, and elemental distribution, ultimately
offering insights into how oxidation states control the quality of CZTS absorbers during
the sulfurization process.

Figure 5 shows the XRD patterns of the CZTS absorbers prepared with Sol-1 and
Sol-2 and annealed at different temperatures. All samples exhibit similar peaks at the
(112), (200), (220), and (312) diffraction planes of the polycrystalline kesterite phase (JCPDS
#026-0575), indicating the formation of crystalline kesterite phases even at lower annealing
temperatures (e.g., 475 ◦C). However, the shape and intensity of the main diffraction peaks
vary significantly with changes in the annealing temperature between the two samples.

At the lowest temperature of 475 ◦C, the sample prepared with Sol-1 shows SnS2
diffraction peaks, along with the disappearance of the SnS peak, indicating partial con-
version of SnS to SnS2. This conversion becomes more pronounced as the temperature
increases to 500 ◦C, with a highly intense peak at 15◦ corresponding to the (000) diffraction
peak of the SnS2 phase [28]. This peak is even more intense than the (112) plane of the
kesterite phase, likely due to the sensitivity of the SnS2 phase to XRD analysis. However,
this peak disappears after increasing the temperature to 525 ◦C and 550 ◦C, which may
indicate that at higher temperatures, SnS2 participates in the formation of kesterite phases
by interacting with other Cu- and Zn-based phases. Small traces of SnS2 are still observed
at these temperatures, suggesting that complete fusion of SnS2 with CZTS is difficult to
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achieve. At 550 ◦C, the principal peak of the kesterite phase is narrower and more in-
tense, indicating higher crystallinity. The XRD results were also confirmed via Raman
spectroscopy with 532 nm and 785 nm excitation wavelengths. The Raman spectra obtained
at 532 nm for Sol-1 confirm the formation of the kesterite phase at lower temperatures,
which is consistent with the XRD results. However, some peaks corresponding to Cu2S at
480 cm−1 [29] and ZnS at 680 cm−1 are present. The Cu2S phases become more pronounced
as the temperature increases, possibly because of diffusion to the top of the absorber at
higher temperatures or the transformation of CuS to Cu2S, which then reacts with SnS2
and ZnS to form kesterite materials [20,30]. At 550 ◦C, all these phases disappear, except
for small traces of ZnS, likely due to the Zn-rich stoichiometry used. The near-resonance
Raman spectra with 785 nm excitation, presented in Figure 6a, show that as the temperature
increases, the sharpness and intensity of the S–S interaction peaks improve, indicating
a more ordered matrix, which is in line with the XRD results. Atomic disorder in the
kesterite phase is influenced by several factors, including the presence of secondary phases,
which results in an inhomogeneous distribution of atoms and a disordered matrix. At
higher annealing temperatures, the transformation of some secondary phases into kesterite
materials leads to a more ordered and less defective matrix.
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A completely different behavior is observed during the growth mechanism of kesterite
materials prepared using Sol-2. The XRD results in Figure 6b show the formation of the
kesterite phase at lower temperatures, similar to the sample prepared using Sol-1. However,
some traces of SnS2 are observed, likely due to the excess Sn4+ used in the solution. Notably,
SnS2 can appear in XRD patterns even when it is present in small amounts. This phase
disappears in the sample annealed at 525 ◦C, but when the temperature is increased to
550 ◦C, SnS2 reappears along with some other phases, possibly due to the decomposition
of kesterite at higher temperatures, as reported in previous works. The Raman spectra
also confirmed these results, showing the appearance of peaks corresponding to secondary
phases in the Raman curve obtained at 532 nm for the sample annealed at 550 ◦C and a
reduced intensity with broad peaks in the spectrum obtained at 785 nm. These findings
support the direct transformation from an amorphous to a highly crystalline kesterite phase
during the annealing process. However, the early formation of kesterite phases during the
initial stages of annealing may lead to the decomposition of kesterite into secondary phases
at higher temperatures. The surface SEM images presented in Figure 7 reveal significant
differences in grain formation and distribution across the temperature range. For samples
prepared with Sol-2, incomplete grain formation and the presence of numerous cracks
are observed at 475 ◦C. Increasing the annealing temperature to 500 ◦C promoted the
development of CZTS grains, with the emergence of larger grains, possibly corresponding
to secondary phases such as SnS2, as indicated by the XRD results. At temperatures above
500 ◦C, the grain size improved, and the grain distribution became more homogeneous,
particularly in samples annealed at 550 ◦C.
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Figure 6. Raman spectra of CZTS absorbers prepared with Sol-1 and Sol-2 and annealed at different
temperatures, recorded with excitation wavelengths of 532 (a,c) and 785 nm (b,d).

For the samples prepared with Sol-1, crystalline CZTS nanoparticles begin to form
at 475 ◦C. A further increase in the annealing temperature to 525 ◦C enhances the mor-
phology and promotes greater grain growth. At 550 ◦C, the appearance of larger grains
may be associated with the formation of secondary phases, potentially due to the partial
decomposition of the kesterite phase, as suggested by previous characterizations.

In general, both protocols lead to the formation of high-quality kesterite materials
after the annealing process; however, the formation pathway and evolution were different
between the two protocols, and each protocol requires annealing at their optimized temper-
ature. During the annealing process, the transformation from precursor to absorber CZTS
formation differs significantly between protocols using Cu2+ and Sn2+ (Sol-1) and those
using Cu+ and Sn4+ (Sol-2). Figure 8 summarizes the transformation mechanisms from
solution to precursor and from precursor to absorber for Sol-1 and Sol-2. In Sol-1, where
Cu2+ and Sn2+ are employed, CZTS has two pathways of formation. The first initially forms
an amorphous phase and then converts to crystalline CZTS. The second pathway is accom-
panied by the formation of ZnS, CuS, and SnS, which transform into SnS2 as a secondary
phase. As annealing progresses, these secondary phases fuse to form a crystalline CZTS
structure. Conversely, in Sol-2, which uses Cu+ and Sn4+, one pathway involves the early
crystallization of CZTS with minimal secondary phase formation. This results in a nearly
single-phase CZTS structure with superior crystallinity at lower temperatures. At higher
annealing temperatures, these materials decompose.
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4. Conclusions

In this study, we successfully synthesized Ag-alloyed CZTS absorbers via the sol–gel
method on a transparent FTO back electrode, with a focus on exploring the effects of
different oxidation states of copper (Cu) and tin (Sn) precursors. The results of our analysis
demonstrated that the oxidation state of metal ions significantly influences the morpho-
logical and structural properties of kesterite materials. This control has the potential to
enhance their optoelectronic properties, leading to improved performance when utilized in
solar cell applications. X-ray diffraction and Raman spectroscopy confirmed the formation
of kesterite structures with minimal secondary phases, whereas SEM analyses further high-
lighted the impact of precursor oxidation states on the surface morphology, crystallinity,
and grain size of the films. The findings from this work underscore the importance of
precursor chemistry in the sol–gel synthesis of kesterite materials and highlight a promising
approach for optimizing the performance of Ag-alloyed CZTS. By utilizing molecular inks
and carefully controlling the oxidation states of metal precursors, this study paves the way
for more efficient and scalable methods for producing high-quality kesterite absorbers,
with implications for advancing the development of low-cost, sustainable thin-film solar
cell technologies. Despite the growing importance of solution engineering in kesterite
materials prepared using the sol–gel method, the majority of studies have focused on the
precursor thin films and the annealing process, with a notable lack of information regarding
the solution phase. This work, along with several previous studies, has demonstrated the
critical importance of controlling the solution preparation process in order to produce a
high-quality kesterite absorber. It would be beneficial for future research to focus on the
solution preparation and to analyze the process from the solution phase. This approach
could lead to a deeper understanding and greater control over the growth of kesterite
materials, which in turn could facilitate the fabrication of more efficient solar cells.
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