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ABSTRACT

This present study aims to investigate a specific optimum deposition condition
for the synthesis of Cu,ZnSnS, (CZTS) thin films by a sol-gel spin-coating
method. Spin speed (X;), spin time (X,), annealing temperature (X3) and
annealing time (X,) are considered as the major control parameters (indepen-
dent variables). Response surface methodology technique is implemented for
the first time to optimize multiple responses (dependent variable) for sol-gel
spin-coated CZTS thin films. Band gap and power conversion efficiency (PCE)
are considered as the responses. All the independent variables are varied at
three different levels. The Box-Behnken design (BBD) array is opted for the
optimization, as it gives optimized results for more than three parameters in less
number of experiments. Four control variables and three levels involve 81
experiments to find out optimum deposition condition, whereas BBD can
achieve more specific optimum condition in only 29 experiments. Furthermore,
mathematical models for band gap and PCE are established as the function of
control parameters. Additionally, the influence of the control parameters on
both responses is investigated by ANOVA results of models. By the optimiza-
tion of models, a specific optimum deposition condition X; = 2104 rpm,
X;=38s, X3=0527°C and X4 =68 min is achieved. 1.51 eV band gap and
3.53% PCE are predicted for the optimum condition. Moreover, a validation
experiment is carried out at nearest integer value: X; = 2100 rpm, X, = 38 s,
X3 =530 °C and X, = 68 min. 1.50 eV band gap and 3.55% PCE are achieved as
the results, which is in good agreement with predicted results. The optimum
condition leads to 17.55% of enhancement in PCE than PCE achieved without
optimization.
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Introduction

In the perspective of environmental issues and the
fast diminishing conventional energy
renewable energy demand is exponentially increas-
ing. It has encouraged rigorous research for the
novel, more efficient, and green energy sources with
advanced technology [1]. Hence, the solar energy is
receiving a considerable attention of scientific com-
munity attributed to the availability of unlimited
energy from the sun [2]. Photovoltaic cells are excel-
lent option for the energy supply in the remote and
domestic area. At present, the photovoltaic market is
mainly covered by silicon-based solar cells [3].
However, the silicon-based solar cells are expensive
owing to the high cost of pure silicon as well as the
cell preparation method [4]. Hence, thin-film solar
cells are introduced. In the beginning, CIGS (copper
indium gallium selenide) and CdTe (cadmium tel-
luride)-based thin-film solar cells were introduced
[5]. However, production of these solar cells on the
commercial scale is restricted due to less availability
of In and Te and toxicity of Cd and Se [6]. Thus, to
overcome these issues, copper zinc tin sulfide
(CZTS)-based solar cells are introduced [7].

Up till now, numerous researches on CZTS thin-
film preparation by different deposition techniques
have been reported such as thermal deposition [8],
pulsed laser deposition [9], electrodeposition [10],
spray pyrolysis [11] and sol-gel spin coating [12].
Amid these techniques, the sol-gel spin coating is
simplest and most efficient low-cost thin-film prepa-
ration technique. It is well known that the CZTS is a
quaternary substance [13]. Hence, synthesis of single-
phase CZTS thin film is quite challenging. For the
synthesis of a single-phase CZTS thin film, it is nec-
essary to know the thin-film control parameters. So
far, the major studies have considered one fac-
tor/control parameter at a time for the CZTS thin-
film properties optimization. Yu et al. [14] and Wu
et al. [13] studied the effect of spin speed on the
properties of CZTS thin films. The effect of annealing
temperature on optical properties of CZTS thin films
is also well reported [16-18]. Tchognia et al. [19]
investigated the effect of annealing time on the
properties of CZTS thin films. Nevertheless, multiple
parameter consideration for optimization is very
scarcely reported. Tchognia et al. [20] reported mul-
tiple parameter optimization for only single response

sources,
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(band gap) by Taguchi approach. However, no vali-
dation test was carried out to validate the findings.
Moreover, Taguchi approach can optimize only one
response at a time and gives an optimum combina-
tion of the control parameters, not a specific condition
[21]. Hence, to achieve a specific optimum condition
and carry out multi-response optimization response
surface methodology (RSM) must be implemented
[22]. To the best of author’s knowledge, a compre-
hensive study on the simultaneous effect of each of
the major parameters on the multiple responses
(band gap and PCE) for optimization of sol-gel spin-
coated CZTS thin film by RSM is not yet reported.
Hence, there is a need for such comprehensive study.

In the present study, CZTS thin films are prepared
by the sol-gel spin-coating technique. The four major
thin-film control parameters, namely spin speed, spin
time, annealing temperature and annealing time, are
considered based on the literature available and our
previous parametric study [23, 24]. All the parame-
ters are varied at three different levels. RSM, the Box—
Behnken design, is implemented for the optimization
of control parameters in terms of multiple responses.
The band gap and power conversion efficiency (PCE)
are considered as the responses. Design Expert soft-
ware is implemented to generate mathematical
model between control parameters and responses.
The analysis of model is also carried out with the
help of software. Further, the effect of the control
parameter on both band gap and PCE is obtained by
analysis of variance (ANOVA) results. In addition,
optimization of mathematical model is carried out
and a specific optimum deposition condition is
acquired. A validation test is also carried out to
confirm whether the obtained specific optimized
condition leads to maximum PCE or not.

Experimental
FTO pretreatment

The FTO (fluorine-doped tin oxide, ~ 7€Q/sq.) glass
substrate was purchased from Sigma-Aldrich. FTO
substrate was properly cleaned as per the method
described in our previous study [11]. Substrate was
first etched with Zn powder and diluted HCl and
then rinsed with DI water. Further, it was sonicated
with acetone, followed by rinsing with DI water, and
finally dried under vacuum oven.
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CZTS thin-film preparation

The CZTS thin films were synthesized by a very cost-
effective sol-gel spin-coating technique. The sol-gel
solution was prepared by dissolving copper chloride,
zinc acetate, tin chloride and thiourea into propylene
glycol. All the chemicals were purchased from Finar
Ltd., India. Few drops of MEA (monoethanolamine)
were added as a stabilizer. A clear yellow-colored
solution was obtained at the end of 1 h stirring at
room temperature. Further, the solution was spin-
coated using spin coater (VB Ceramic Consultants,
Chennai, India) on the cleaned FTO substrate. Sub-
sequently, the film was dried at 230 °C temperature.
The deposition process was carried out 7 times in
order to acquire desired film thickness (1-2 pm).
Lastly, the film was annealed under argon atmo-
sphere. The spin speed, spin time, annealing tem-
perature and annealing time were varied at three
different levels (low level, medium level and high
level), which are listed in Table 1 (in “Design of
experiments and analysis” section). All the experi-
ments were carried out as per Box-Behnken design
array shown in Table 2 (in “Design of experiments
and analysis” section).

Device fabrication

Furthermore, to obtain PCE (second response), the
solar cell devices were prepared and analyzed. The
device was fabricated using the thin film prepared at
each array of Box-Behnken design and optimum thin
film as well. In the previous studies, the solar cell was
fabricated as FTO/i-ZnO/Al:ZnO/CdS/CZTS/CuS/
FTO in order to cover full light spectra [23]. The
similar solar cell was fabricated in the present study,
to compare the PCE with PCE that of previously
reported (3.02%) [23]. i-ZnO (intrinsic ZnO) layer was
deposited by spray pyrolysis method as previously
reported [25]. The doping in ZnO was optimized in
our previous studies [26, 27]. Consequently, the Al-
doped ZnO layer was deposited upon i-ZnO layer
using same deposition condition. Subsequently, the
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CdS layer was deposited on the Al:ZnO layer by the
spin-coating method. Further, on the CdS layer, CZTS
film was deposited as per Box-Behnken design array
mentioned in Table 2 in “Design of experiments and
analysis” section and optimum condition achieved
after optimization as well. Lastly, a counter electrode
of CuS/FTO was prepared by depositing CuS solu-
tion on another FTO by spray pyrolysis method.

Design of experiments and analysis

In the present study, response surface methodology
(RSM) technique was implemented to obtain a
specific optimum deposition condition. Box and
Draper first introduced response surface methodol-
ogy in 1987 as the optimization tool [28]. The
response surface methodology uses the mathematical
and statistical techniques to develop a mathematical
relationship between the desired response and asso-
ciated control parameters [29]. Typically, this rela-
tionship is unknown but can be derived by a low-
order polynomial regression model. The regression
model can be derived from the orthogonal array
design of experiments. Basically, RSM follows two
designs, namely central composite design (CCD) and
Box-Behnken design (BBD) [30]. In the present study,
BBD was selected owing to its advantage of less
number of experiments over CCD. In the present
study, four major control parameters and three dif-
ferent levels of each parameter led to 29 experiments
in BBD. Table 1 illustrates the control parameters and
their three different level values. The range of
parameter was decided based on the literature and
our previous parametric study [14, 15, 31-33]. Table 2
depicts the experimental design of BBD array.

The regression analysis of the experimental data
was carried out using the following polynomial
model, given as Eq. (1).

k
Z Z BXiXj+e (1)

i<j

k k
Y=o+ > BXi+ > BiXi+
i=1 i=1

Table 1 The independent
control parameters and their

coded levels for thin-film
preparation

Control parameters (Factors)  Symbol  Low level (— 1)  Medium level (0)  High level (1)
Spin speed (rpm) X, 1000 2000 3000
Spin time (s) X, 20 40 60
Annealing temp (°C) X3 450 500 550
Annealing time (min) Xy 30 60 90
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Table 2 Box—Behnken design

J Mater Sci (2018) 53:12203-12213

array for four factors and three ~ Std. order Factors Responses

levels along with experimental X, (rpm) X5 (s) X; (°C) X, (min) Y, (eV) Y, (%)

data of responses, band gap

(Y)) and PCE (Y>) 1 1000 20 500 60 1.66 2.8
2 3000 20 500 60 1.63 2.95
3 1000 60 500 60 1.68 2.7
4 3000 60 500 60 1.65 2.85
5 2000 40 450 30 1.87 1.75
6 2000 40 550 30 1.61 3.05
7 2000 40 450 90 1.82 2
8 2000 40 550 90 1.56 33
9 1000 40 500 30 1.7 2.6
10 3000 40 500 30 1.66 2.8
11 1000 40 500 90 1.65 2.85
12 3000 40 500 90 1.63 2.95
13 2000 20 450 60 1.8 2.1
14 2000 60 450 60 1.86 1.8
15 2000 20 550 60 1.56 3.25
16 2000 60 550 60 1.58 3.15
17 1000 40 450 60 1.88 1.7
18 3000 40 450 60 1.85 1.85
19 1000 40 550 60 1.62 2.95
20 3000 40 550 60 1.59 3.1
21 2000 20 500 30 1.66 2.75
22 2000 60 500 30 1.67 2.72
23 2000 20 500 90 1.6 3.1
24 2000 60 500 90 1.62 3
25 2000 40 500 60 1.54 3.4
26 2000 40 500 60 1.56 33
27 2000 40 500 60 1.55 3.35
28 2000 40 500 60 1.54 3.35
29 2000 40 500 60 1.56 33

Y; Band gap of CZTS thin films (eV), Y, PCE of CZTS thin-film solar cells (%)

where Y = desired response, f1, f2, ..., fx = regres-
sion coefficient of linear effect, 11, Poo, ..., Pii = re-
gression coefficient of quadratic effect, f12, f13, -..,
Bij = regression  coefficient of interaction effect,
¢ = error, Xy, Xp,..., Xx = control variables (factors).
Here, k = 4 as four independent control parameters
were considered. The empirical mathematical rela-
tionship between the control parameters (indepen-
dent variables) and the desired response (dependent
variables) was obtained by analyzing above regres-
sion model. Further, Design Expert V10 software was
employed to carry out the statistical analysis. Anal-
ysis of variance (ANOVA) was carried out to check
the competence of the developed mathematical
equation. R? value, F-test and lack-of-fit test were
employed to determine the significance and

@ Springer

acceptability of the model. Response surface plots
were drawn to study the effects of independent
parameters on the desire responses.

Characterization

The structural properties of the CZTS films were
investigated by X-ray diffraction (XRD, Rigaku
D/Max 2200). The analysis was carried out in 10 to
90° 20 range at 0.02° scanning rate. The optical
properties were studied by UV-visible (HACH-DR
6000) spectroscopy. The Tauc’s plot method was
employed to determine the band gap of CZTS thin
film. The surface morphological analysis was carried
by scanning electron microscope (SEM) 53400, Hita-
chi International Ltd., and instrument was used to
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perform the SEM analysis. The solar cell performance
was measured by S5150 AAA solar simulator (Sci-
ence Tech., USA) along with Keithley 2400 (Keithley
Instruments, Inc, USA) source meter. The solar cell
performance measured under the 100 mW /cm? illu-
mination. As a source of light, xenon lamp was used.
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Results and discussion
Regression model

Optimization of the thin-film control parameters was
carried out with BBD in order to identify the opti-
mum deposition conditions for the sol-gel spin-
coated CZTS thin films. The experimental design of

Table 3 Model adequacy

summary for both response Source SS DF MS F value p value Remarks
band gap and PCE Sequential model sum of squares for band gap
Mean 79.97881 1 79.97881
Linear 0.214383 4 0.053596 12.25014 < 0.0001
2F1 0.000525 6 8.75E—05 0.015075 1.0000
Quadratic 0.103436 4 0.025859 347.5457 < 0.0001 Suggested
Cubic 0.000467 8 5.83E—-05 0.608696 0.7480 Aliased
Residual 0.000575 6 9.58E—05
Total 80.2982 29 2.768903
Sequential model sum of squares for PCE
Mean 224.9584 1 224.9584
Linear 5.120317 4 1.280079 11.49682 < 0.0001
2F1 0.013725 6 0.002288 0.015488 1.0000
Quadratic 2.626191 4 0.656548 284.6452 < 0.0001 Suggested
Cubic 0.018133 8 0.002267 0.960565 0.5350 Aliased
Residual 0.014158 6 0.00236
Total 232.7509 29 8.025893
Lack-of-fit tests for band gap
Linear 0.104603 20 0.00523 52.30144 0.0008
2F1 0.104078 14 0.007434 74.34134 0.0004
Quadratic 0.000642 10 6.42E—05 0.641667 0.7410 Suggested
Cubic 0.000175 2 8.75E—05 0.875 0.4839 Aliased
Pure error 0.0004 4 0.0001
Lack-of-fit tests for PCE
Linear 2.665207 20 0.13326 76.14878 0.0004
2F1 2.651482 14 0.189392 108.2238 0.0002
Quadratic 0.025292 10 0.002529 1.445238 0.3858 Suggested
Cubic 0.007158 2 0.003579 2.045238 0.2444 Aliased
Pure error 0.007 4 0.00175
Source SD R? Adjusted R? Predicted R* PRESS
Model summary statistics for band gap
Linear 0.066145  0.671235  0.616441 0.580255 0.134061
2F1 0.076186  0.672879  0.491145 0.347871 0.208281
Quadratic 0.008626 0.996739 0.993477 0.986471 0.004321 Suggested
Cubic 0.009789  0.9982 0.991598 0.919142 0.025825  Aliased
Model summary statistics for PCE
Linear 0.333679  0.657081 0.599927 0.560722 3.423084
2F1 0.384309 0.658842 0.46931 0.313307 5.35107
Quadratic 0.048027 0.995856 0.991712 0.979902 0.156618 Suggested
Cubic 0.048577  0.998183  0.991521 0.866316 1.041738  Aliased

SS sum of square, DF degree of freedom, MS mean square
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BBD along with its results of both the responses is
illustrated in Table 2. Further, the results are ana-
lyzed by the Design Expert V10 software. In the
present study, all the possible mathematical models
were fitted to the obtained data using the software.
The fitting summary of all the models for both the
responses is depicted in Table 3.

The significance of the model is decided on the basis
of the p value. Lowest p value suggests the high sig-
nificance of the model or better fitting model. In
addition, R? value (should be closer to 99%), F value
(should be high), p value associated with lack-of-fit
error (should be high) and PRESS value (should be
lower) are also considered to adopt the best suit-
able model. Based on datain Table 3, the lowest p value
(< 0.0001), high R? value (99.67%), high F value
(347.55), high p value for lack of fit (0.7410) and lowest
PRESS value (0.00043) are observed for the quadratic
model in the case of band gap. Similarly, in the case of
PCE, lowest p value (< 0.0001), high R? value (99.59%),
high F value (284.65), high p value for lack of fit (0.3858)
and lowest PRESS value (0.16) are observed for the
quadratic model. Hence, it can be concluded that the
second-order polynomial (quadratic) model is appro-
priately fitting in the present case (with both the
responses). By analyzing data of Table 2, following
second-order quadratic equations (Egs.2, 3) are
acquired for both the responses from the software:

Y; = 14.96 — 0.0003X; — 0.0021X, — 0.0487X;
— 0.0076X4 -+ 0.0000X7 + 0.0001X3 + 0.0001X3
+0.0001X3 + 0.0000X; X, — 0.0000X; X3
+0.0000X7 X4 — 0.0000X,X3 + 0.0000X> X4
+0.0000X3 X4

(2)

Y, = —64.41 +0.0014X; + 0.0124X, — 0.2465X;
—0.0379X, — 0.0000X3 — 0.0005X3 — 0.0002X3

— 0.000SXZ — 0.0000X; X, — 0.0000X; X3
— 0.0000X7X4 4 0.0001XX3 — 0.0000X, X4
— 0.0000X3X4

(3)
where Yy = band gap and Y, = PCE, X; = spin speed,
X, =spin time, X3 = annealing temperature and
X4 = annealing time.

The R*-adjusted value obtained for band gap is
99.35%, and for PCE it is 99.17%, which confirms that
the accuracy and predictive ability of model is ade-
quate. Additionally, the relationship between actual
experimental values and predicted values is learned
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Figure 1 Scattered diagram of a actual experimental band gap of
CZTS thin films versus predicted band gap of CZTS thin-film
graph and b actual experimental PCE of CZTS thin-film-based
solar cells versus predicted PCE of CZTS thin-film-based solar
cells.

from the graph of actual versus predicted for both
responses. Figure 1a and b depicts the actual versus
predicted graph for band gap and PCE, respectively.
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Furthermore, the effect of the control parameters on
both the responses is determined by the analysis of
variance (ANOVA). The ANOVA results of Table 2
obtained from software are depicted in Table 4. The
most affecting parameter is decided based on the sum
of square, F value and p value obtained in ANOVA
results. The most affecting parameter should have a
high sum of square value, high F value and low
p value.

Influence of control parameters on the band
gap and PCE

The band gap of CZTS thin film was obtained in the
range of 1.54-1.88 eV for all 29 experiments. Based on
Table 4, in the case of the band gap, the annealing
temperature was the most significant parameter as
indicated by high sum of square (0.200), high F value
(2725.63) and low p value (< 0.0001). Subsequently,
the second affecting parameter is annealing time
(0.0070, 94.19 and < 0.0001, respectively). Spin speed
is third affecting parameter. The least affecting
parameter is spin time as compared to other param-
eters. Figure 2a depicts the effect of two most affect-
ing parameters: annealing temperature and
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annealing time on the band gap. Figure 2a clearly
indicates that at low annealing temperature (450 °C),
the band gap value is high as compared to generally
reported 1.4-1.6 eV band gap for CZTS thin films
[34-36]. These could be attributed to the presence of
secondary phases at low temperature [18, 23, 37].
Upon increment in temperature (500 °C), the reduc-
tion in band gap was observed. However, further
increment again caused the enlargement of the band
gap. These could be attributed to the minor oxidiza-
tion of CZTS thin films at high temperature. Simi-
larly, band gap was reduced appropriately upon
increasing annealing time from 30 to 60 min. Upon
further increase in annealing time (90 min from
60 min), the band gap increases. These could be
attributed to oxidization of film at high annealing
time. Hence, the optimum value of annealing tem-
perature would be in the range of 500-550 °C and
annealing time would be 60-90 min.

It is well reported that the PCE is the function of
the band gap. The optimum theoretical PCE of 33% is
reported at around 1.45 eV band gap [38]. Hence, in
the present study as well, band gap near to 1.5 pro-
duced superior PCE. In addition, the PCE is also
dependent on the surface morphology. As both, void

Table 4 Analysis of variance

(ANOVA) results for band gap Source DF SS F value p value

and PCE model Band gap PCE Band gap PCE Band gap PCE
Model 14 0.3200 7.7602 305.61 240.3169 < 0.0001 < 0.0001
A 1 0.0027 0.0675 36.29 29.2645 < 0.0001 < 0.0001
B 1 0.0019 0.0444 25.2 19.2533 0.0002 0.0006
C 1 0.2000 4.8133 2725.63 2086.8129 < 0.0001 < 0.0001
D 1 0.0070 0.1951 94.19 84.5745 < 0.0001 < 0.0001
AB 1 0.0000 0.6940 0 300.8596 1 < 0.0001
AC 1 0.0000 0.2425 0 105.1140 1 < 0.0001
AD 1 0.0001 2.2548 1.34 977.5466 0.2657 < 0.0001
BC 1 0.0004 0.3456 5.38 149.8457 0.0361 < 0.0001
BD 1 0.0000 0 0.34 0 0.5714 1.0000
CD 1 0.0000 0 0 0 1 1.0000
A? 1 0.0280 0.0025 382.63 1.0839 < 0.0001 0.3155
B> 1 0.0091 0.01 122.59 43355 < 0.0001 0.0562
C? 1 0.0880 0.001225 1178.13 0.5311 < 0.0001 0.4782
D? 1 0.0150 0 196.7 0 < 0.0001 1.0000
Residual 14 0.0010 0.03229
Lack of fit 10 0.0006 0.02529 0.64 1.4452 0.741 0.3858
Pure error 4 0.0004 0.007
Total 28 0.3200 7.7925

DF degree of freedom, SS sum of squares
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Figure 2 Three-dimensional (3D) response surface plot for
influence of two most prominent affecting parameters (annealing
temperature and annealing time) on the a band gap and b PCE.

and agglomeration of particle may adversely affect
the PCE [24]. It is distinguished that surface mor-
phology is the function of annealing temperature.
Hence, in the case of PCE the annealing tempera-
ture demonstrated a prominent effect (SS = 4.81,
F value = 2086.81 and p value = < 0.0001) as in the
case of band gap. Subsequently, annealing time and
spin speed were second and third affecting parame-
ters, respectively. Spin time seems to be insignificant
as compared to other parameters (SS = 0.044,
F value = 19.25 and p value = 0.0006) for PCE as in
the case of band gap. Figure 2b depicts the effect of
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two prominent control parameters, namely annealing
temperature and annealing time on the CZTS thin-
film-based solar cell PCE. From Fig. 2b, it is clear that
similar to the band gap, low PCE is obtained at low
annealing temperature (450 °C). Upon increment
(500-550 °C) in the annealing temperature, PCE is
increasing. Correspondingly, superior PCE is
achieved at high annealing time (60-90 min) as
compared to low annealing time (30 min).

Validation test

After, analyzing all the results and achieving a
mathematical model, the model was optimized using
optimization feature of the software. Consequently, a
specific ~ optimum  condition, spin  speed
(X1) = 2104 rpm, spin time (X,) =38 s, annealing
temperature (X3) =527 °C  and annealing time
(X4) =68 min is achieved. The predictions of
responses predicted for this optimum condition were
1.51 eV band gap and 3.53% PCE. Additionally, a
validation test was carried out. Validation test was
carried out at 2100 rpm spin speed, 38 s spin time,
530 °C annealing temperature and 68 min annealing
time (nearest integer value). As a result, 1.50 eV band
gap and 3.55% of PCE are achieved. The obtained
results are very close to the prediction (1.51 eV band
gap and 3.53% PCE). The achieved PCE is 17.55%
higher than our previously reported (3.02%) [23].
Hence, it can be concluded that the models are per-
fectly fitted to both the responses and optimized well.
The thickness of the optimum thin film was approx-
imately 1 pm which is in range of commonly repor-
ted (1-2 pm) for CZTS thin film [3-5]. The Tauc’s plot
and XRD pattern of CZTS thin film prepared at
optimum condition are depicted in Fig. 3. The band
gap (see Fig. 3a) and XRD (see Fig. 3b) suggested that
single-phase CZTS thin films were synthesized. XRD
patterns confirm that typically reported kesterite
structure of CZTS is present as (112) plane orientation
is observed [39—41]. The surface morphology and
cross-sectional SEM image of the thin film at three
different locations are also shown in Fig. 3. The SEM
images demonstrated uniform surface morphology
(see Fig. 3c). Figure 3d depicts approximately 1 pm
(873, 952 and 1100 nm) thickness of CZTS thin film.
The J-V characteristics of the solar cell fabricated
using CZTS thin film prepared at optimum condition
are depicted in Fig. 4. The solar cell achieved 490 mV
open-circuit voltage (Voc), 14.5 mA cm™? current
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density (Jsc) and 50% fill factor (FF) and 3.55% of PCE
which is 17.55% higher than our previously reported
(3.02%) [21].

Conclusion

In the present study, CZTS thin films are prepared by
sol-gel spin-coating method successfully. Further, the
four major thin-film control parameters, namely spin
speed (X;), spin time (X,), annealing temperature
(X3) and annealing time (X,), are investigated. Sub-
sequently, the optimization of the control parameter
in terms of multiple responses (band gap and PCE) is
successfully carried out for the first time for sol-gel
spin-coated CZTS thin films. The RSM method, Box-
Behnken design array is implemented for the opti-
mization. Additionally, the influence of the control
parameters on both band gap and PCE is observed by
analysis of variance (ANOVA) results. In both the
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Figure 4 J-V characteristics of the solar cell fabricated using the
CZTS thin film prepared at optimum deposition condition.

cases, annealing temperature is observed to be the
major control parameter. The second prominent
control parameter is annealing time, and spin speed
is observed to be third. In comparison with other
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Figure 3 a Tauc’s plot, b XRD pattern, ¢ surface morphology and d cross-sectional SEM image of the CZTS thin film prepared at

optimum deposition condition.
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three parameters, the spin time is proved to be
insignificant in both the cases. Furthermore, the
mathematical quadratic models are developed for
both the responses as the function of control param-
eters. Moreover, the obtained models are optimized
by the help of Design Expert software. Specific opti-
mum condition spin speed (X;) = 2104 rpm, spin
time (X2) =385, annealing temperature
(X3) =527 °C and annealing time (X4) = 68 min is
obtained. 1.51 eV band and 3.53% PCE are mathe-
matically predicted for the obtained specific condi-
tion. In addition, a validation test is carried out, and
as a result, 1.50 eV band gap and 3.55% PCE are
achieved. These results suggested that both the
models are appropriately fitting and optimized well.
The achieved PCE is 17.55% higher than our previ-
ously reported PCE. The acquired optimum condi-
tion can be further applied in other solar cells to ease
further improvement in PCE.
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