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ARTICLE INFO ABSTRACT

Keywords: We report on the synthesis and characterization of CuyZnSnS,4 (CZTS) thin films prepared at different annealing

Cu,ZnSnS, (CZTS) temperatures using the sol-gel method and deposited on glass substrates using the immersing method. The XRD

';"hlm f;lms analysis demonstrates that the films annealed at 450 °C exhibit the most stable tetrahedral kesterite structure.
ol-ge

¢ X Computationally, the Vienna ab initio simulation package (VASP) has been implemented to calculate critical
Optical properties

Structural properties structural properties of as-prepared CZTS) thin films and compared with those extracted from the XRD patterns.

XRD An excellent agreement is obtained between the calculated and measured structural parameters. Optical mea-
Kesterite surement of key optical parameters of annealed CZTS thin films shows a drastic manipulation of all-optical
DFT properties compared to the as-prepared thin films. In particular, an optical band gap of 1.62 eV obtained for
VASP annealed CZTS thin films at 450 °C makes them eligible to be potential candidates for thin film-based high-ef-

ficiency solar cells. Calculations of elastic properties of annealed thin films reveal that crystallite size increases
and microstrain decrease compared with those of as-prepared thin films. The sheet resistance of annealed CZTS
thin films exhibits a significant decline as the annealing temperature is increased. The electrical properties of
annealed CZTS thin films could match some conductors. Remarkably, at 450 °C annealing temperature, the sheet
resistance decreases to 74 Q.cm ™! indicating the possibility of using the annealed CZTS thin films for efficient and
low cost solar cell applications.

1. Introduction production of CIGSe solar cells appears to be held up by the scarcity of In

and Ga components in the earth's crust. Promising alternatives have been

Solar energy is a plentiful, low-cost, and environmentally friendly
source of electricity due to its significant characteristics such as its
availability, developed technology, robustness [1]. Silicon (Si) solar cells
presently control the photovoltaic sales (>80%). However, its low ab-
sorption coefficient hindered the fabrication of high efficiency of
Si-based solar cells. Compounds such as Cadmium Telluride (CdTe),
Copper Indium Gallium Selenide (CIGS), and Copper Zinc Tin Sulfide
(CZTS)) that exhibit high absorption coefficient could be potential al-
ternatives to silicon for the manufacturing of high-efficient multifunc-
tional solar cells. The photovoltaic properties of inorganic thin-film solar
cells have attracted much attention owing to their extraordinary prop-
erties and high efficiency. For instance, CIGSe-based solar cells exhibit
20.3% efficiency straightforwardly [2]. Nevertheless, a scaled industrial
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proposed. The quaternary compound CupZnSnS4 (CZTS) has attracted
substantial consideration as a promising contender because it is entirely
composed of earth-abundant elements. It exhibits a crystal structure that
resembles that of CIGS [3]. Several successful attempts to fabricate CZTS
thin-film solar cells have been reported [4, 5].

CZTS thin-film solar cells are recently produced on an industrial scale.
Their optical band gap energy and absorption coefficient are estimated to
be about 1.5 eV and 10* cm™ 1, respectively [6, 7]. It exhibits a p-type
conductivity in the kesterite structure [8]. Subsequently, crucial im-
provements have been achieved in manufacturing CZTS thin film-based
solar cells [9]. Regardless of their anticipated ~32.2% power trans-
formation efficiency [10], the maximum recorded efficiency of CZTS-Se
thin-film solar cells is as tiny as 12.6% [9]. The need for elaborated work
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to develop the synthesis, characterization, and fabrication of CZTS solar
cells is necessary. The challenge is to increase the energy conversion
efficiency to an optimum value that permits the production of solar cells
at a commercial scale.

The real challenge for the solar cells sector is to design and fabricate
cells of specific features such as that high efficiency, low cost; their
components are abundant on the earth crust, friendly to the environment,
and nontoxic [11]. Based on our understanding, the reported experi-
mental efficiency of CZTS solar cells is still low compared with theoret-
ically calculated values [12]. Up to date, the highest reported
experimental efficiency of pure CZTS solar cells fabricated by the
co-sputtering method is 11% [13]. In addition, CZTSSe thin film solar
cells fabricated using the spin coating technique based on the hydrazine
solution processing exhibit efficiency of 12.6% [14]. CZTS thin-film solar
cells with an efficiency of 8.4% using a vacuum-based thermal evapo-
ration process have been reported last decade [15]. CZTSSe solar cells
with an efficiency of 9.2% using the co-evaporation method have also
been reported [16]. Consequently, further elaboration is needed to
elucidate the electronic, structural, and optical properties of CZTS solar
cells and achieve the highest possible efficiency. The theoretical effi-
ciency of more than 30% has been predicted using photon balance cal-
culations [12]. It is worth mentioning that the highest efficiency of
thin-film solar cells been reported is 20% utilizing expensive and
non-abundant materials such as Indium (In), Gallium (Ga), and Tellurium
(Te) and some toxic materials such as Cadmium (Cd) [17].

The CZTS crystallize into two different types of crystal structures.
Mainly, stannite (ST) and kesterite (KS). Both belong to the tetragonal
system. The difference is in the atomic arrangements of Zn and Cu and
the slight difference in the binding energy of ~3 MeV/atom. The kes-
terite is the most stable structure of CZTS. The thermodynamical prop-
erties of CZTS thin films in the kesterite phase enable them to be the most
appropriate for solar cell applications as compared with the corre-
sponding properties in the stannite structure [18, 19]. A pioneering study
revealed that annealing temperature plays an essential role in improving
crystal structure and decreasing structural defects of CZTS thin films
[20]. Accurate calculation of the elastic parameters of CZTS thin film
solar cells is crucial for the fabrication of highly efficient solar cells. The
solar material is being subjected to stress and strain during production
and utilization. Therefore, determining the stiffness of solar cells by
calculating Young's modulus is extremely important [21, 22]. Moreover,
precise determination of the elastic properties of CZTS strongly in-
fluences the quality of intergrain and heterostructure interfaces during
the fabrication process of thin film solar cells [22].

Synthesis of CZTS thin films was performed using different techniques
such as thermal evaporation [23], sputtering [24], electrodeposition
[25], spray pyrolysis [26], Pulsed Laser Deposition [27], sol-gel, micro-
wave, hydrothermal, solvothermal [19], etc. However, chemical tech-
niques are considered more straightforward than physical techniques in
cost, equipment, and materials. Nevertheless, they are not devoid of
disadvantages like non-uniform coating and cracks [19].

The main objective of this work is geared towards investigating the
effect of annealing temperature on the structural, physical, and chemical
properties of CZTS thin films. In particular, obtaining the optimum
annealing temperature is crucial in achieving optimized structures of
CZTS thin films that exhibit extraordinary structural, physical, and
chemical properties. To elucidate a better understanding of the experi-
mental findings, we investigate the optimized structural parameters of
CZTS using the total energy minimization approach employed in the
Vienna ab initio simulation package (VASP) [28]. An excellent agree-
ment between the experimental and the theoretical structural lattice
parameters is revealed in this work.
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2. Experimental procedure
2.1. Experimental procedure

The fused silica glass substrates are washed with methanol and
acetone, rinsed with deionized water in an ultra-sonication bath to
remove organic impurities. The substrates are then dried out using an Ny
jet torrent. The CZTS solutions are prepared by the sol-gel method. A 2.39
g of copper acetate dehydrate, 1.54 g of zinc acetate dihydrate, 1.14 g of
tin chloride, and 1.83 g of thiourea are dissolved in 50 ml of 2-methox-
yethanol (solvent). After completely dissolving the materials, a few
droplets of monoethanolamine (MEA) (stabilizer) were added to the
mixture at about 60 °C. The 1:1 M ratio of monoethanolamine to zinc
acetate dihydrate is chosen. The mixture was stirred for 3 h at 90 °C. It
then left to cool at room temperature for one day before use.

CZTS thin films were deposited by immersing the pre-cleaned sub-
strates into CZTS solution for 2 h to produce a one-layer thin film at room
temperature. The samples were treated with post drying in an oven at 85
°C for 30 min to evaporate the solvent and organic residues. Finally, CZTS
films were annealed in air at various temperatures for a 1-h duration.

Powder XRD (Malvern Panalytical Ltd, Malvern, UK) (220-230 VAC
50/60 Hz 40 A) using Cu-Ka; ray with a wavelength of 0.1540598 nm at
room temperature is utilized to elucidate the crystallinity of CZTS thin
films. The angle of incidence is varied from 10° to 70°. The angles are
varied in steps of 0.02° with an energy resolution of 20%. The angular
resolution of 0.026° FWHM on LaBg Angular reproducibility of <0.0002°
is adjustable. The maximum angular velocity of 15 deg./s is maintained.
The chemical properties were analyzed using Fourier-transform infrared
spectroscopy (Bruker VERTEX 80/80v Vacuum FTIR Spectrometers). The
scanning electron microscope (SEM, Quanta FEG 450) was used to study
the surface morphology of thin films. The optical transmittance and
reflectance spectra are measured using a UV-Vis spectrophotometer
(U-3900H at room temperature. Finally, the electrical properties were
determined by (Keithley 2450 SourceMeter).

2.2. Method of calculation

All calculations are performed within the framework of the density
functional theory (DFT) [29]. The exchange-correlation term of the
pseudopotential is treated using generalized gradient approximations
(GGA) [30]. The electron-ion pseudopotentials are obtained by imple-
menting the projector augmented wave (PAW) scheme [31, 32, 33]
embedded in the Vienna ab-initio simulation package (VASP) [34, 35,
36]. A mesh of dimensions 4 x 4 x 2 is used to describe the Brillouin zone
in the reciprocal space for the geometry optimizations, followed by
monitoring Hellmann-Feynman forces and total energy minimization of
the unit cell. The energy cut-off is set to 520 eV [37, 38]. The atomic
positions in the unit cell are minimized to yield optimized structures. The
optimized lattice parameters obtained are in good agreement with the
previous experimental and theoretical findings. The same computational
procedure is utilized to compute the electronic and elastic properties
using thin films based solar cells.

3. Results and discussion
3.1. Structural and electronic properties

As demonstrated in Figure 1, CZTS crystallizes in a tetragonal body-
centered kesterite structure. We examined the structural properties of
CZTS thin films computationally and experimentally. Mainly, we applied
DFT-based simulations to obtain the optimized lattice parameters of
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Figure 1. Schematics of (a) 3-D CZTS crystal construction and (b) 2-D CZTS crystal assembly.

CZTS. In addition, XRD measurements are analyzed to elucidate the
structural properties of the CZTSthin films. Computationally, structural
properties are characterized by minimizing the total energy of the unit
cell (i.e., as small as 108 eV) and the Hellmann-Feynman forces to be
approximately 0.002 eV/A at convergence. Minimization of total energy
and Hellmann-Feynman forces ensure obtaining highly accurate lattice
parameters of the CZTS system. Furthermore, optimization of lattice
parameters is crucial for the accurate calculation of the electronic and
optical properties of CZTS thin films. The equilibrium in-plane and out-
plane lattice parameters a, b, and ¢ of CZTS thin film are depicted in

(Figure 1(a)). We found a = b = 6.556 A and ¢ = 13.085A.

Figure 2 shows XRD patterns of CZTS thin films at different annealing
temperatures (as prepared, annealed at 250 °C, 350 °C, and 450 °C)
exposed for a 1-h duration. The angle of incidence was varied from 20° to
70°. The XRD results indicate that the as-prepared film is amorphous,
with no diffraction peaks are noticed [39]. The film acquires the amor-
phous structural form due to the fact that the constituent atoms and
molecules are accumulated at random sites in the lattice due to the lack of
enough heat-energy needed to activate their vibrational motion in order
to rest at sites of minimum energies. XRD pattern peaks of CZTS thin films
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Figure 2. The XRD patterns of CZTS thin films at different annealing
temperatures.

annealed at 250° and 350° are similar but with different intensities.
Three peaks at 20 = 27.5°,46.6°, and 55.4° were appeared corresponding
to (112), (220) and (312) crystallographic planes, respectively. For the
CuyZnSnS, film annealed at 450°, four major peaks appeared at 20 =
27.5°,33.5%,46.6° and 55.4° corresponding to (112), (200), (220), and
(312) crystallographic planes, respectively in good agreement with pre-
vious studies [24, 40, 41]. It has been reported that the crystal structure
of the CZTS thin films is kesterite belongs to the tetragonal system [7, 40,
41, 42]. Moreover, there are secondary phases that appeared for the
sample annealed at 450 C°; the two peaks at 20 = 26.6° and 51.5° belong
to ZnSnOg [40]. The other two small peaks at 26 = 37.5° and 45.6°
belong to CuaS [43]. These two secondary phases will affect the crystal
structure and lattice parameters hence the optical bandgap energy. The
influence of secondary phases of ZnSnOs; and Cu2S in CZTS absorber
material can be understood by calculating the band offsets at the
CTS/CZTS/ZnS multilayer heterojunction interfaces based on DFT band
structure calculations. Since ZnS has a larger band gap than that of CZTS,
the ZnS phase in CZTS is predicted to be resistive barriers for carriers. The
band gap of CTS is located within the band gap of CZTS. Therefore, the
CTS phase acts as a recombination site in CZTS and thus increase the
band gap more than expected.

The peak intensities increased by increasing the annealing tempera-
ture from 250° to 450°, indicating a higher degree of crystallinity [17,
39]. The (a and b) lattice constants of the CZTS thin films are evaluated
by Eq. (1).

2 2 2
L_#i o

d2 a2 c2

where: d is the interplanar spacing that can be determined using Bragg's
law (A = 2dpy sin Oy). The lattice constants of CZTS thin film annealed

at 450 °C are found to be a =b = 6.941 A and ¢ = 13.337A, in good
agreement with DFT-based calculations. It is worth mentioning that the

standard values of the CZTS area =b = 5.45 A, ¢ = 109A. Thus, the
increase in the obtained experimental values of the lattice parameters
may be attributed to the formation of the secondary phases such as,
ZnSnO3 and CUZS.

The average crystallite size (D) and the microstrain (¢) of CZTS thin
films at different annealing temperate are calculated using Debye
Scherrer's formula as represented in Egs. (2) and (3) [41, 44].
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where k is constant equals 0.94, p is the full width at half maximum
(FWHM) measured in radians, A is the wavelength of the X-ray (A =
0.154184 nm), and 0 is Bragg's angle (peak position). The D and ¢ pa-
rameters are plotted as a function of annealing temperature, as shown in
Figure 3. The D parameter of CZTS thin films at 250 °C 350 °C and 450 °C
annealing temperatures is found to be 4.8 nm, 5.5 nm, and 8.3 nm,
respectively. As can be seen, D increases as annealing temperature in-
creases. On the other hand, ¢ significantly decreases as the annealing
temperature is increased. This indicates that annealing temperature greatly
influences controlling D and the related fundamental crystal properties,
according to previously reported results [39, 45]. The structural distortions
and defects are reduced, as indicated by the decrease in the microstrain
and the enhancement of the crystallite size. The increase in the crystallite
size leads to the reduction of the microstrain [46, 47]. Consequently, the
optical band gap is decreased, and the absorption is increased as a result of
the reduction of the microstrain [48]. Since the band gap energy and op-
tical absorption are crucial for enhancing the photovoltaic performance of
solar cells, the decrease of the microstrain and the increase of the crystallite
size of CZTS thin films are the critical parameters of the enhanced
photovoltaic performance of CZTS solar cells [49].

To further elucidate the effect of annealing temperature on the crystal
properties, the Crystallite density (N) and the dislocations density (5) are
calculated using N = t/D%® and § = 1/D?, respectively, where D is the
crystallite size, t is the film thickness. The N and § parameters are plotted
as a function of annealing temperature, as shown in Figure 4. Clearly, &
decreases from 4.3 * 10'2 lines/cm? to 1.6 * 10'2 lines/cm? as annealing
temperature increases from 250 °C to 450 °C. This can be attributed to
the relaxation and enhanced crystallinity of thin films at high annealing
temperatures. However, the N parameter decreases as the annealing
temperature increases. This indicates that N and § exhibit a reverse
behavior as annealing temperature is increased.

The electronic properties of CZTS are obtained by implementing self-
consistent electronic ab initio simulations. In particular, the electronic
density of states (DOS), the partial density of states (PDOS), and the
electronic band structure are calculated self consistently [50].
Figure 5(b) shows DOS and PDOS of CZTS thin film using GGA approx-
imation. Figure 5(c) depicts the electronic band structure of the CZTS
thin films. Interestingly, CZTS thin films exhibit a direct bandgap at I"
point consistent with that of bulk CZTS. As anticipated, the calculated
optical band gap is underestimated largely compared with the experi-
mental value [51, 52, 53]. The theoretical optical direct bandgap energy
of CZTS thin films is estimated to be 1.33 eV.
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Figure 3. The crystallite size D and the microstrain ¢ of CZTS thin films at
different annealing temperatures.
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3.2. Surface morphology analysis

The surface morphology of CZTS thin films was analyzed using a
scanning electron microscope (SEM). Figure 6 (a-b) shows the SEM mi-
crographs of surface morphologies of CZTS films (as prepared, annealed
at 250 °C, and 450 °C). As shown in Figure 6a, the as-prepared CZTS thin
film is amorphous and exhibits a polished smooth surface. The CZTS films
annealed at 250 °C and 450 °C exhibit spherical particles that become
more apparent and crystallized at 450 °C, as shown in Figures 6b and 6c.
The results obtained from SEM micrographs are consistent with struc-
tural analysis based on the XRD patterns. The results obtained from the
SEM micrographs indicate that increasing the annealing temperature
above 450 °C could result in high-quality large-grained CZTS thin films
and thus films exhibiting extraordinary optical and electrical properties.

3.3. Chemical properties

The FTIR spectrum of CZTS thin films is measured at different
annealing temperatures in the (4000-500) cm ! wavenumber range and
presented in Figure 7. The extended peak of as-prepared CZTS thin films
between 3700 and 2500 cm ! is due to sulfur-rich composition. A series
of peaks ranging from 900 to 1600 cm ! are attributed to the stretching
and bending of oxygen vibrations. The peaks reveal the Zn-S bond and
S-H bond stretching at 575 and 460 cm’l, respectively [54]. Peak
depicted at 1613 cm™! could be assigned as symmetrical stretching of
C=S bond. The peak associated with the Kesterite sulfur-rich composition
is located at 1062 cm™!. Characteristic absorptions at 2070 and 2330
em ™! are fingerprints of thiol groups [55]. The peaks due to ~OH, —CO,
—-SH, and CO; are recognized owing to the hygroscopicity of CZTS thin
films and the surface adsorption of COy [56].

3.4. Optical properties

Figures 8 and 9 show the transmittance (T%) and reflectance (R%)
spectra of CZTS thin films treated with various annealing temperatures as
a function of wavelength in the range of 250-800 nm. It can be noticed
that a significant increase in the transmittance values of the as-prepared
CZTS thin film from about 0% up to 85%as the wavelength increases
from 300 nm to 500 nm. It then attains an almost flat constant value as
the wavelength is increased to 800 nm. The transmittance decreases for
CZTS films annealed at 250 °C, 350 °C, and 450 °C. Upon annealing, the
band edge is shifted into the red region leading to an optical bandgap
decrease. This could be attributed to increased grain size, structural ho-
mogeneity, and crystallinity [51, 57].

Moreover, the reflectance spectra of as-prepared CZTS thin films
decline from 12.5% to 4.7%as the wavelength is increased from 250 nm
to 700 nm. Apparently, the reflectance values decrease continuously for
CZTS films annealed at 250 °C, 350 °C, and 450 °C. The increase of
reflectance values between 700-800 nm can be attributed to the high
reflectance of NIR-IR from the surface of glass substrates. There is an
apparent decrease in transmittance and reflectance spectra of CZTS thin
films by increasing the annealing temperature indicating a loss of light
due to the high absorption.

Transmittance (T%) and reflectance (R%) spectra of CZTS thin films
are utilized to calculate other critical optical properties like absorption
coefficient («), extinction coefficient (k), optical band gap energy (Eg),
and refractive index (n). This is necessary to reveal the effect of annealing
temperature on the optical properties of thin films. The absorption co-
efficient (a) was calculated as @ = (1 /d)in(1 /T), where T is the trans-
mission values and d is the thickness of the thin film (500 nm) [44, 58].
Figure 10 shows the absorption coefficient () of various annealed CZTS
thin films as a function of wavelength. The absorption coefficient of CZTS
films increases drastically as the annealing temperature increases
compared to that of the as-prepared thin films. For 4 < 350 nm, « attains
its highest values. However, for A >350nm, « is vanishingly small. The
variation in absorption coefficient with respect to annealing temperature
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may be attributed to the increase of the crystalline size and crystallinity
as the annealing temperature increases, consistent with the interpreta-
tion of the XRD patterns [59, 60, 61].

Another essential optical parameter is the extinction coefficient (k)
which can be calculated ask = ai/4x, where A is the wavelength and o is
the absorption coefficient [62]. It is considered as a measure of light
energy loss by absorption and scattering per unit volume. Figure 11
shows the behavior of the extinction coefficient (k) of annealed CZTS thin
films as a function of the wavelength. The extinction coefficient of CZTS
films increases as the annealing temperature increases compared to that
of as-prepared thin films. The highest extinction coefficient values are
attained for 4 350 nm, indicating the highest absorption in this spectral
region. For 1 > 350 nm, k decreases as A increases demonstrating that
absorption and scattering gradually diminish.

The optical band gap energy (E;) of all CZTS samples is estimated
using Tauc's plot method. It gives the relationship between the photon
energy (hv), the absorption coefficient (@), and the band gap energy. The
relationship is given by the following formula (equation 4) [63, 64].
(aho)f = A(hv — ) )
where A is the constant known as band tailing, and n is the power factor
of the transition depending on the nature of thin films (crystal or amor-

phous) equal to 1/2 for direct transition and 2 for indirect transition. The
linear relationship between the (ochu)2 and the photon energy (hv) in-
dicates that the thin film allows the direct transition, and the CZTS thin
films exhibit a direct band gap energy [11]. Figure 12 shows the band gap
energy (Eg) of annealed CZTS thin films using Tauc plots. The significant
reduction of Eg reveals the effect of annealing temperature. It decreases
from 2.62 eV for as-prepared CZTS thin film to 2.34 eV, 1.93 eV, and 1.62
eV, as the films are annealed at 250 °C, 350 °C, and 450 °C, respectively.
This reduction in the optical band gap energy of annealed CZTS thin films
may be attributed to the simultaneous increase in the crystallite size and
decrease of the number of defects of the CZTS thin films as the annealing
temperature is increased as reported in literature [59, 65]. The E; value
of 1.5 eV associated with a high absorption coefficient of more than
1x10* em™! is fair enough for the efficient operation of thin film-based
solar cells. Evidently, annealed CZTS thin films exhibit excellent optical
properties and can be appropriately developed and used for solar cells [7,
24]. Moreover, the minimum obtained value of E, is 1.62 eV that is
higher than the optimum value. This could be attribute to the existence of
the ZnSnO3 and Cu,S secondary phases in the structure CZTS thin films.

Accurate calculation of the refractive index n is crucial for imple-
menting thin films in optical devices [66]. The n parameter of CZTS thin
films can be calculated asn = (1 + R/1-R)+ +/(4R/(1 —R?) — k2.
Figure 13 shows n spectraofas-prepared and annealed CZTS thin films. It
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Figure 6. The SEM micrographs of the surface of CZTS films a) as-prepared; b) annealed at 250 °C; ¢) annealed at 450 °C.
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Figure 7. The FTIR spectra of CZTS thin films at different annealing temperatures.

is found that as-prepared CZTS thin film exhibitsn = 1.58 at . = 550 nm.
Remarkably, CZTS thin films annealed at 250 °C, 350 °C, and 450 °C
exhibitsn =1.4,1.37, and 1.36, respectively. The significant reduction of
n with annealing temperature is critical for applying CZTS thin films in
designing a new generation of solar cells.

3.5. Elastic properties

The elastic parameters determine the stiffness response of material
when subject to an external force [22]. The stiffness determines the
response of a crystal to an externally applied strain or stress and provides
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Figure 8. The transmittance spectra of CZTS thin films at different annealing
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Figure 9. The Reflectance spectra of CZTS thin films at different annealing
temperatures.

information about the bonding characteristics and the structural and
mechanical stability [21]. To obtain a deeper insight into the elastic
properties of CZTS thin films, we implement generalized gradient
approximation (GGA) to calculate Bulk modulus (K), Shear modulus (G),
Young's modulus (E), and Poisson's ratio (v) utilizing the components of
elastic moduli (Cy) matrix [67]. GGA is trustfully approximation to the
exchange-correlation part of the pseudopotential in the density func-
tional theory (DFT) for ab initio calculation of the total energy. Young's
modulus expresses the level of stiffness where the greater value of
Young's modulus indicates that the material has more hardness. In
contrast, the bulk and shear modulus expresses fracture and plastic
distortion resistance, respectively [21, 68, 69].

The results are presented in Table 1. To elucidate the mechanical
efficiency of the films, we perform mechanical stability tests. The elastic
constants of the CZTS satisfy the C;; &~ Cs3 stability condition. It in-
dicates that bonding strength along [100] [010], and [001] directions are
the same. Furthermore, Ci; + C2 is larger than Cs3 indicating that the
elastic modulus value is higher in the (001) plane than along the c-axis. In
addition, the fact that Cg¢ ~ C44 indicates that the [100] (001)-shear is
comparable to the [100] (010)-shear for the two phases. The bulk
modulus of CZTS is obtained to be 67.74 GPa. The Poisson's ratio (v)
provides information about the stability degree of the crystal against
shear, and it usually ranges from -1 to 0.5 [68,69]. The v is estimated to
be about 0.3, indicating that CZTS has good plasticity. The ratio, K/ G, is
proposed by Pugh [70] to predict the brittle or ductile behaviour of thin
films. According to the criterion, a high K/G value indicates a tendency
for ductility. If K/G > 1.75, then ductile behavior exists. Otherwise, the
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Figure 10. The absorption coefficient () of CZTS thin films at different
annealing temperatures.

As-prepared

Extinction coefficient &

250 350 450 550 650 750
Wavelength A [nm]

Figure 11. The extinction coefficient (k) of CZTS thin films at different
annealing temperatures.

material exhibits a brittle nature. The K/G ratio of CZTS is found to be
2.32, indicating that the CZTS is more prone to ductility.

3.6. Electrical properties

The as-prepared CZTS thin films do not need to be treated at high
temperatures for specific applications. This can be understood in terms of
piezoelectric applications such as piezoelectric actuators, transducers,
buzzers, and ignitors. The harvesting of energy is possible by using
piezoelectric as prepared CZTS thin films to convert stress or strain into
electrical energy. Having calculated the main elastic coefficients (Cy) as
reported in Table 1, The piezoelectric coefficients e; and converse
piezoelectric coefficients d; tensor matrices can straightforwardly be
calculated. The calculated piezoelectric tensor matrices are crucial for
understanding the electromechanical coupling of the CZTS thin films.
The piezo current and voltage are critical parameters for the functioning
of piezoelectric transducers. It is necessary to plot the I-V characteristics
of CZTS thin films to elucidate their electrical behavior.

The I-V characteristics are plotted in Figure 14 (a) to reveal the
electrical properties of CZTS thin films. The applied voltage is in the (—20
to 20 mV) range. A linear relationship is obtained for as-prepared and
annealed thin film samples. Figure 14 (b) shows the sheet resistance of
CZTS thin films extracted from the slope of the I-V characteristics. A
significant decline of the sheet resistance is observed as the annealing
temperature increases. Remarkably, a decrease from 625 Q.cm ™ for as-
prepared CZTS thin film to only 74 Q.cm™! for CZTS thin film annealed at
450 °C.
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Figure 12. The optical bandgap energy E; of CZTS thin films at different annealing temperatures.

Table 1. The calculated elastic constants (Cy), bulk modulus (K), shear modulus
(G), Young's modulus (E), and Poisson's ratio () of the CZTS thin films.

N
0

As-prepared

2.6 ] Parameter This work Ref. [71]
24 1 C11 (GPa) 91.61 91.61
5 3 12 (GPa) 57.38 57.40
5 22 % Ci3 (GPa) 55.42 55.40
o2 2 Cas (GPa) 91.80 91.54
% 18 Cas (GPa) 40.40 40.32
S 3 Cas (GPa) 42.21 42.18
/2 10 ] Ky (GPa) 67.74 67.91
1.4 3 Kg (GPa) 67.74 67.90
1.2 Ky (GPa) 67.74 67.90
1 ] Gy (GPa) 31.63 31.67

——————— T

250 350 450 550 650 750 Cr (GPa) 26.69 26.87
T Gyry (GPa) 29.16 29.27
E (GPa) 76.50 76.78
Figure 13. The Refractive index of CZTS thin films at different annealing v 0.312 0.312
temperatures. K/G 2.32 2.32
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Figure 14. (a) The I-V plot of CZTS thin films at various annealing temperatures, (b) Sheet resistance of CZTS thin films as a function of annealing temperature.

4. Summary and conclusion

In summary, the CZTS thin films are prepared using the sol-gel
method and deposited on glass substrates by immersing method. The
effect of annealing temperature on structural, chemical, optical, elec-
trical, and elastic properties of CZTS thin films is investigated. The XRD
analysis showed that CZTS thin films annealed at 450 °C exhibit a kes-
terite structure to the tetragonal system. SEM micrographs reveal that as-
prepared CZTS thin film is amorphous and exhibits a polished smooth
surface. However, annealed CZTS thin films appear to consist of spherical
particles that become more apparent and more crystallized at 450 °C
annealing temperature indicating a drastic surface morphological change
upon annealing. The optical parameters of annealed CZTS thin films
compared to those of as-prepared thin films. In particular, a remarkable
decrease of the optical band gap energy to 1.6 eV is observed for thin
films annealed at 450°. The observed significant change of the absorption
coefficient of annealed CZTS thin films may be explained in terms of the
increase of the crystalline size and crystallinity in agreement with XRD
results. From the mechanical point of view, as the annealing temperature
increases, the crystallite size increases, and the microstrain decreases.
The drastic changes of these two parameters result in enhancing the
photovoltaic performance of CZTS thin films based solar cells.

Furthermore, sheet resistance exhibits a significant decrease from 625
Q.cm™! to 74 Q.cm ™! as the annealing temperature is increased. Such a
remarkable reduction of the sheet resistance has important implications
for implementing CZTS thin films in several optoelectronic applications.
Additionally, modulating the sheet resistance drastically by increasing
the annealing temperature would significantly affect the electrical
properties of thin films. The bulk modulus of CZTS is obtained to be
67.74 GPa. Strikingly, Poisson's ratio is estimated to be about 0.3, indi-
cating that CZTS has good plasticity. In the contest of the results of this
work, multifunctional and multi-junctional CZTS scaled thin film-based
solar cells of remarkable electrical properties, mechanically stable, and
extraordinary optical properties may be fabricated commercially.
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