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CZTS Thin Films, Thermal Structural

Hall Measurements.

Melt-quenching, Evaporation, and Optical Properties,

Copper—zinc—tin sulfide thin films were prepared through a 2-step route. In the first step, Cu2ZnSnS4 powder
was produced by the melt-quenching method. These powders were then employed as source materials for
thin-film fabrication via thermal evaporation, followed by annealing at 300 °C, 150 °C, and 50 °C. The
resulting films were characterized using AFM, FE-SEM, XRD, and FTIR. XRD results confirmed the
formation of polycrystalline CZTS films with a tetragonal crystal structure after thermal treatment. The
crystallite size increased from approximately 9.53 nm to 16.22 nm as the temperature of annealing increased
from 50 °C to 300 °C. Optical studies using Tauc’s relation indicated direct band gaps of 1.87, 1.90, and 1.95
eV at 300 °C, 150 °C, and 50 °C, respectively. These values are close to the optimal range for efficient
photovoltaic conversion. AFM images showed that post-annealing surfaces were smooth, dense, and uniform,
while FTIR spectra identified characteristic functional groups of the material. Hall effect analysis confirmed
p-type conductivity for all samples. The annealed CZTS films demonstrate promising properties for use as

cost-effective absorber layers in photovoltaic cells.

1 INTRODUCTION

A photovoltaic cell is a device which converts light
into electrical energy. Covering only about 1% of the
global land surface with photovoltaic cells (with
modest assumptions on efficiency and land-use)
would suffice to meet the global energy demand [1].

However, the widespread utilization of solar cells
is still limited primarily by their high production and
installation costs [2]. Conventional solar cells are
mainly fabricated from high-purity crystalline
silicon, which provides excellent performance but
involves expensive purification and processing steps
that significantly increase manufacturing costs.

As an alternative, thin-film solar cells have
attracted growing interest due to their lower cost and
simpler fabrication processes. Thin-film absorber
materials typically exhibit absorption coefficients
that are about 100 times higher than those of
crystalline silicon, meaning that an extremely thin
layer can absorb a comparable amount of sunlight.

Additionally, thin-film materials require less
stringent purity and crystal quality since grain
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boundaries in these films can promote charge
separation and transport with minimal recombination
losses [3].

Consequently, thin-film solar cells offer a cost-
effective route for large-scale solar energy
production. Among various thin-film absorbers,
quaternary chalcogenides such as CZTS have
attracted significant attention owing to their favorable
optical characteristics, earth-abundant elemental
composition, and friendly environmental
nature [4]-[6].

CZTS compounds possess a direct allowed
bandgap of ~1.4 eV exhibiting p-type conductivity.
Despite being relatively new materials, several
studies have demonstrated different synthesis
approaches for CZTS, encompassing both vacuum-
based and non-vacuum techniques.

Solar cells utilizing CZTS absorber layers
fabricated by thermal evaporation have achieved a
maximum PCE of about 8.4% [7], [8]. Although
significant advances have been made, the efficiency
of CZTS-based solar cells still remains well below the
theoretical limit of approximately 30% [9].
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The objective of the present study is to synthesize
and characterize nanostructured CZTS thin films
prepared via physical evaporation techniques, and to
study the influence of fabrication parameters on their
structurer as well as their optical, and electrical
properties.

2 EXPERIMENTAL
PROCEDURES

The Cu2ZnSnS. alloy was synthesized using the melt-
quenching method. High-purity elemental powders of
copper, zinc, tin, and sulfur were accurately weighed
on an electronic balance in stoichiometric proportions
corresponding to the desired compound composition.

The weighed powders were thoroughly mixed and
transferred into a quartz capsule with a diameter of 30
mm and a length of 100 mm. Prior to sealing, the
quartz capsule was evacuated to a pressure of 107
mbar using a high-vacuum setup.

Once evacuated, the quartz tube was sealed using
an LPG—oxygen flame. The sealed capsule was then
placed in a muffle furnace [10], where the
temperature was increased until it reaches 1100 °C at
a rate of 4 °C/min. and kept 15 hours to ensure
complete melting and homogenization of the
elements.

Immediately after heating, the ampoule was
rapidly quenched in ice water to form the desired
Cu2ZnSnS. alloy, which was subsequently ground
into a fine powder. Thin films were fabricated using
the thermal evaporation technique [11]. The prepared
alloy powder was placed in a molybdenum boat
inside a vacuum chamber evacuated to 107 mbar.

The alloy was evaporated by gradually raising the
current from 100 A to 260 A and keeping it for 12
min. Substrates (Soda-lime) were fixed 18 cm from
the source, and multiple cycles were performed to
ensure film uniformity. Finally, Annealing was
carried out for 2 hours at 300 °C, 150 °C, and 50 °C.

3 RESULTS AND DISCUSION
3.1 XRD of CZTS Absorber Layers

The XRD patterns of Cu2ZnSnS. thin films annealed
at 50 °C, 150 °C, and 300 °C are presented in Figure
1. The major diffraction peaks observed at 26 values
of 28.5712°, 32.9541°, 47.4226°, 55.961°, 59.0399°,
69.348°, and 76.3046° correspond to the (112), (020),
(220), (132), (224), (040), and (332) crystal planes,
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respectively, characteristic of the kesterite CZTS
phase.

The most intense reflection at 20 = 28.5712°
confirms the (112) preferred orientation, indicating
that the films are polycrystalline in nature. This result
is consistent with the standard JCPDS card (No. 26-
0575) for Cu2ZnSnSs [12] - [17]. As summarized in
Table 1, a noticeable shift in the (112) diffraction
peak position was observed with increasing annealing
temperature.

As the temperature is raised from 50 °C to 150 °C,
the 20 value shifted slightly to higher angles, while a
further rise to 300 °C caused the peak to shift toward
lower angles. This variation suggests a minor change
in lattice parameters, likely associated with strain
relaxation and improved crystallinity upon thermal
treatment.

Table 1: XRD analysis of CuzZnSnSs at different annealing
temperatures.

50°C
(112)
28.642

150°C
(112)
28.663

300°C
(112)
28.571

hkl
20

Intensity(a.u)

T
50
28°

20

Figure 1: CZTS thin films XRD patterns at various
annealing temperatures.

The crystallite size (D) of the prepared thin films
was determined using Scherrer’s equation:

KA
~ Bcoso’

(1

In this relation, 0 represents the diffraction angle,
B is FWHM of the corresponding diffraction peak
expressed in radians, A denotes the incident X-ray
beam wavelength (0.15406 nm), and K is the
Scherrer’s constant, which is typically taken as
approximately 0.9.

The crystallite size values were calculated from
the FWHM of the most intense diffraction peak for
each sample, and the obtained results are summarized
in Table 2.



Table 2: X-RAY diffraction results of prepared thin films.
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20 (Deg.) B (rad.) (hkI) D (nm)
28.5712 0.52413 112 9.5
32.9541 0.53416 020 11.7
474226 0.56260 220 10.08
55.961 0.58610 132 16.2
59.0399 0.53367 224 15.5
69.348 0.58653 040 5.3
76.3046 0.56215 332 9.03

3.2 FTIR Analysis

FTIR spectroscopy was employed to investigate the
surface functionalities and identify the characteristic
functional groups, impurities, and residual
compounds present in the synthesized materials
through their IR bands of absorption.

Using FTIR spectroscopy, the CZTS alloy was
analyzed to identify the vibrational stretching modes
associated with its chemical bonds. The transmission
spectrum shown in Figure 2 was recorded within the
wavenumber range of interest of 4000-500 cm™,
displays a 3257.1 cm™* peak, corresponding to water
and thiourea residues.

The bands near 500 cm™ correspond to the
resonance interactions of sulfide ion vibrations within
the crystal lattice, while the peaks at 1361.7 and
1635.64 cm™ indicate the formation of a metal-
thiourea complex [18], [19].

Transmittance (a.u)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2: FTIR transmission spectrum of CZTS alloy.

3.3 AFM Images Analysis

The AFM images of CZTS films annealed at various
temperatures are presented in Figure 3. The images
show a generally uniform surface topography and
thickness.

However, slight particle agglomeration is
observed in the sample annealed at 50 °C (see Fig.
3a). The samples annealed at higher temperatures
exhibit clustered surface features (see Fig. 3b and 3c)
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with an RMS roughness of approximately 6.78 nm,
consistent with the findings of Han ez al. [20].

The film annealed at 300 °C shown in Figure 3c
displays larger, non-uniform clusters and a noticeable
increase in surface roughness. The corresponding
average and RMS roughness values of the CZTS
films are summarized in Table 3.

Overall, the AFM analysis confirms the increase
in particle size and surface roughness with higher
annealing temperatures which indicates improved
grain coalescence and surface reconstruction induced
by thermal processing.

Figure 3: CZTS thin films AFM micrographs of at 50 °C,
150 °C and 300 °C (a, b and c).

Table 3: Surface roughness parameters (average and RMS)
and grain size of deposited samples.

Annealing Surface RMS Average

temperature roughness roughness | grain size

(°C) average (nm) (nm)
(nm)

50 3.89 4.72 20.63

150 6.783 5.717 57.32

300 10.73 8.218 59.54

3.4 FE-SEM Images Analysis

The FE-SEM micrographs of the films fabricated
using physical vapor deposition are shown in
Figure 4. The film processed at 50 °C (see Fig. 4a)
exhibits a high surface roughness morphology
containing numerous pinholes with varying sizes.

At 150 °C (see Fig. 4b), the surface becomes more
homogeneous, consisting of small grains aggregated
into larger clusters with some remaining voids.

Further increase in the temperature to 300 °C (see
Fig. 4c) results in the formation of a smoother and
denser surface with significantly enlarged grains.

The micrographs confirm the presence of
agglomerated grains with different shapes and sizes,
reaching up to approximately 4 pm in diameter.
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The growth of larger grains enhances the
performance potential of polycrystalline CZTS thin-
film solar cells by decreasing the density of grain
boundaries, thereby minimizing carrier recom-
bination and extending the diffusion length of
minority carriers, which contributes to a higher short-
circuit photocurrent [21]-[23]. The corresponding
film thicknesses determined for CZTS samples
annealed at 300 °C, 150 °C, and 50 °C were
approximately 851.6 nm, 700.4 nm, and 550.8 nm,
respectively (see Fig. 5a, 5b and 5c¢).
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Figure 4: CZTS thin films FE-SEM images, at 50 °C, 150
°C and 300 °C (a, b and c).

Figure 5: CZTS thin films FE-SEM cross section images at
50 °C, 150 °C and 300 °C (a, b and c).
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3.5 EDS Elemental Composition

The EDS analysis of the powders are presented in
Figure 6 confirming the presence of all the constituent
elements of the compound. The corresponding
elemental weight and atomic percentages are
summarized in Table 4.

Quantitative EDS analysis verifies that the
obtained compositions are close to the ideal
stoichiometry of Cu2ZnSnS., indicating successful
incorporation of Cu, Zn, Sn, and S elements in the
thin films.

Figure 6: EDS spectrum of CZTS sample.

Table 4: Elemental composition percentages of CZTS
sample.

Annealing Surface RMS Average

temperature | roughness roughness | grain size

(°C) average (nm) (nm)
(nm)

50 3.89 4.72 20.63

150 6.783 5.717 57.32

300 10.73 8.218 59.54

3.6 UV-Vis Spectroscopy

The optical bandgap (Eg) of the deposited films was
determined using UV-Vis spectra of absorption
represented by Tauc’s relation:

(chd)= C(h9 — E,)", @)

where n is related to the type of electronic transition
taken to be % for allowed direct transition, a is the
absorption coefficient, and B is proportionality
constant.

The values of band-gap could be extracted by
extrapolation of the straight-line part of (ahd)? vs.
(h9) plot to the x-axis (see Fig. 7). The estimated
band-gap values for the annealed CZTS thin films
were 1.95 eV, 1.90 eV, and 1.87 eV at annealing
temperatures of 50°C, 150°C, and 300°C,
respectively as shown in Figure 7.
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These results are consistent with previously reported
data [24], [25].

2.5%107 - I-'Y of CZTS at Annealing Temp. 50°C = 1.95¢V
—=—E, of CZTS at Annealing Temp.150°C — 1.90eV
E, of CZTS at Annealing Temp.300°C = 1.87¢V
L 2.0x10°
E 1.5x10°
=
=
= 1.0x10% o
5.0x10" A
0.0 —— ‘ ‘ T ‘
0.25 050 0.75 1.00  1.25 1.50 175 200 225 250
hu(eV)
Figure 7: Tauc’s plots of CZTS thin films.
A gradual reduction in the band-gap was observed
as the annealing temperature increases. This

reduction in E, at higher temperatures, reaching its
lowest value at 300 °C, can be attributed to enhanced
crystallinity, increased grain size, and reduced
structural disorder, which improve the electronic
coupling between atoms within the films.

3.7 Electrical Properties

The electrical characteristics of the CZTS thin films,
including carrier concentration, mobility, and
conductivity, were evaluated at room temperature
using a Hall effect measurement system, and the
results are summarized in Table 5.

All  films exhibited p-type conductivity,
confirming that holes are the dominant charge
carriers.

The highest carrier concentration of 9.75 x 10°
cm 3 was obtained at an annealing temperature of 300
°C, indicating improved crystal growth and enhanced
film quality. The corresponding electrical
conductivity values reached 0.228 (Q-cm)™' films
processed at 300 °C.

Hall mobility of the films ranged from 87 to 93
cm?V-s7! which is consistent with previously
reported values [26], [27]. Overall, the electrical
conductivity of CZTS thin films increased with
higher annealing temperatures, primarily due to the
enhancement in carrier concentration and improved
crystallinity that facilitate charge transport.

4 CONCLUSIONS

In this work, Cu:ZnSnSs (CZTS) alloy powder was
successfully synthesized via the melt-quenching
technique and subsequently used as a precursor for
the fabrication of CZTS thin films through physical
vapor deposition (PVD). Post-deposition annealing at
50 °C, 150 °C, and 300 °C was employed to study the
influence of thermal treatment on the structural,
morphological, optical, and electrical properties of
the produced films.

XRD analysis confirmed the formation of single-
phase kesterite CZTS for all samples, with the (112)
plane exhibiting the strongest preferred orientation.
The observed shift in the (112) peak position and the
increase in crystallite size from 9.53 nm to 16.22 nm
with  higher annealing temperature indicate
progressive  strain  relaxation and enhanced
crystallinity. These improvements in film quality
were further supported by FTIR measurements,
which showed a noticeable reduction in impurity-
related absorption bands after annealing, confirming
better chemical bonding and reduced residual
contaminants.

AFM and FE-SEM analyses demonstrated a clear
correlation between annealing temperature, grain
coalescence, and surface morphology. Films
annealed at 300 °C exhibited larger grain clusters,
smoother and denser surfaces, and higher RMS
roughness—features that are typically associated
with enhanced light absorption, reduced grain-
boundary recombination, and improved charge-
transport pathways in photovoltaic absorbers. The
gradual increase in film thickness with annealing
temperature also reflects improved film densification
and surface reconstruction.

Table 5: Hall effect properties of CZTS films.

Annealing Resistivity Hall coefficient Carrier concentrations Hall mobility
temperature (°C) (Q-cm) (cm?/C) x10° cm™ (cm2-V1-§1)
50 22.81 3197.60 1.63 48.00
150 17.54 17.82 3.57 87.80
300 4.38 6.55 9.75 93.28
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Optical characterization using Tauc’s relation
revealed a reduction in the direct band gap from 1.95
eV (50 °C) to 1.87 eV (300 °C). This decrease is
attributed to the improved structural order and
increased grain size, which facilitate stronger
electronic coupling within the lattice. The obtained
band-gap range is suitable for heterojunction CZTS
solar cells and lies close to the optimal value required
for efficient photon absorption in the visible
spectrum.

Electrical measurements confirmed p-type
conductivity for all samples, with the highest carrier
concentration and electrical conductivity observed
for films annealed at 300 °C. This enhancement is
primarily due to improved crystallinity, reduced
defect density, and increased mobility pathways
associated with larger grains and better structural
ordering.

Overall, the results demonstrate that annealing at
300 °C yields CZTS thin films with the most
favorable combination of structural, optical, and
electrical properties. These improvements underscore
the effectiveness of employing melt-quenched CZTS
powders in PVD processes and highlight the potential
of the resulting films as promising absorber layers for
low-cost, eco-friendly, and scalable thin-film
photovoltaic devices.
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