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Abstract Zinc sulfide (ZnS) thin films have been depos-

ited on glass substrates at room temperature using chemical

bath deposition method. Application of response surface

methodology and central composite design for optimizing

the ZnS films deposition parameters and understanding the

significance and interaction of the factors affecting the film

quality was discussed in this work. pH, stirring speed and

deposition time were investigated as variables and band gap

was selected as response in this study. The samples were

characterized using X-Ray diffraction, scanning electron

microscope and ultraviolet–visible spectroscopy measure-

ments. The optimal conditions for the deposition parameters

of the ZnS thin films have been found to be: pH of 10.1,

stirring speed of 163 rpm and deposition time of 31 h.

Under these conditions, the experimental band gap of ZnS

was 3.95 eV, which is well in close agreement with value

(3.97 eV) predicted by the model.

1 Introduction

Zinc sulfide (ZnS) is a wide-band-gap semiconductor with

a range of potential applications in optoelectronic devices.

This semiconductor material has been studied extensively

for a variety of applications, for example, in optical

switching device, solar cells, photo catalysts, optical sen-

sors, infrared windows [1–3], photo conductors, field effect

transistors, optical sensors, electroluminescent materials

and phosphors materials [4].

ZnS thin films have been prepared by various techniques

including solvothermal [5], spray pyrolysis [6], magnetron

sputtering [7], thermal evaporation [8], photochemical

deposition (PCD) [9], sol–gel [10], successive ionic layer

adsorption and reaction (SILAR) [11] and chemical bath

deposition (CBD) [12].

Among these methods, CBD is the most attractive

approach due to a number of advantages, such as low cost,

low deposition temperature, easy coating of large surfaces

and can easily be applied to an industrial scale [13]. CBD

process uses a controlled chemical reaction to achieve thin

film deposition by precipitation. In this technique, thin

films are deposited on substrates immersed in dilute solu-

tions containing metal and chalcogenide ion sources.

The band gap is affected by many factors, such as pH,

stirring speed and deposition time. The factors can be

optimized by conventional one-factor-at-a-time method

and statistical methods. Conventional methods involve

changing one independent variable at a time, while keeping

other factors at a fixed level. The response surface meth-

odology (RSM) is a powerful technique for testing multiple

process variables because fewer experimental trials are

needed compared to the study of one-factor-at-a-time.

Also, interactions between variables can be identified and

quantified by such a technique. The method was introduced

by Box–Wilson, Box–Hunter, Bradley, Davies and Hunter

[14]. The main idea of RSM is to use a sequence of

designed experiments to obtain an optimal response. RSM

not only allows designing experiments, building models,

but also used to determine optimum conditions and to

evaluate the different variables [15–19]. Optimization with

RSM enables the evaluation of large experimental area and

it also describes the role of every variable. Also, central
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composite design (CCD) is an experimental design which

is useful in RSM for building a second order model for the

response variable without needing to use a complete three-

level factorial experiment [15].

In recent years, the applications of experimental design

methodologies on semiconducting materials such as thin

film studies have been increased. For example, RSM was

used to optimization and modeling of preparation conditions

of TiO2 nanoparticles coated on hollow glass microspheres

by Sun et al. [20]. Saikaew et al. [21] studied the optimi-

zation of carbon doped molybdenum oxide thin film coating

process using designed experiments. The optimization of

process parameters of titanium dioxide films worked using

RSM by Tien and Lin [22]. Also, we have successfully used

RSM to optimize of deposition conditions of CdS thin films

prepared on glass substrates by CBD technique in our pre-

vious study [23]. It is important to investigate variations of

the ZnS thin film band gap as a function of pH, stirring

speed and deposition time. So far, No one has reported

research on using RSM to optimize various influencing

factors and their interactions during the deposition process

of ZnS thin films on the glass substrates by CBD.

In this novel research, we have systematically investi-

gated the effect of pH, stirring speed and deposition time

on the band gap values. The samples were evaluated by

X-ray diffractometer, scanning electron microscope (SEM)

and ultraviolet–visible spectroscopy (UV–Vis) measure-

ments. RSM was used to optimize the conditions for the

deposition parameters of the samples and to understand the

significance and interaction of the factors affecting the ZnS

thin film band gap values.

2 Experimental procedure

ZnS thin films were fabricated by the CBD method on glass

substrates. The chemicals used for the deposition were an

analytical grade and purchased from Sigma-Aldrich. The

solutions were prepared in deionized water and films were

deposited on 75 mm 9 25 mm 9 1 mm commercial glass

substrates. Before deposition, the substrates were rinsed in

a dilute sulphuric acid solution (H2SO4/H2O, 1:5, v/v) to

remove native oxide layer and then completely rinsed in

acetone and double distilled water for 5 min. and finally

dried in air. The reaction bath solution was prepared using

a mixture of 2.5 ml of 1 M ZnSO4.7H2O, 3 ml of 3.75 M

triethanolamine [(HOCH2CH2)3N], 2 ml of ammonia/am-

moniumchloride (NH3/NH4Cl, pH:10.55), 0.1 ml of

0.66 M tri-sodiumcitrate (C6H5Na3O7), 1 ml of 1 M thi-

oacetamide (CH3CSNH2) and 41.5 ml of deionized water.

The deposition was made on the glass substrates at room

temperature. The pH values of the chemical baths were

determined using a pH meter (HACH sension 1). The clean

substrates were placed vertically in the solution at the

desired pH, stirring speed and deposition time without

heating. After deposition, the coated substrates were taken

out of the bath, rinsed with deionized water, dried in air at

room temperature and preserved in an airtight plastic

container. The deposited ZnS thin films were found to be

uniform and well adherent to the substrates and further

used for different characterizations. Then, the films were

annealed in vacuum for 1 h at 500 �C .

Surface morphologies of the samples were observed using

an A JEOL JSM-500LM SEM. Structural analysis were car-

ried out by using Bruker AXS D8 Advance Model X-ray

diffractometer with Cu Ka radiation (k = 1.540056 Å) in the

range 2h = 2�–80� with a scan speed of 3�/min and a step

increment of 0.02� at room temperature. Optical absorption

spectra in the UV–Vis spectral range (190–1,100 nm) of the

structures were determined by using a UV–Vis spectropho-

tometer (Thermo Scentific Genesys 10S).

3 Experimental design

Response surface methodology was used to investigate the

influence of pH, stirring speed and deposition time on the

ZnS thin film band gap values and the film quality. A five-

level-three-factor CCD model was used to optimize of the

factors. The factors and their levels were selected based on

the significance of experiments. The coded and suitable

uncoded values were given in Table 1. Formed CCD was

illustrated in Table 2.

3.1 Statistical analysis

The experimental data provided from CCD were examined

using RSM. A polynomial Eq. (1) was used to compute the

predicted response:

Yyield ¼ b0 þ
X4

i¼1

biXi þ
X4

i¼1

biiX
2
i þ

XX4

i\j

bijXiXj ð1Þ

where Yh is the experimental response, b0 is the offset term, bi

is the linear effect, bii is the squared effect, bij is the interaction

Table 1 Independent variables and levels used for response surface

design

Independent

variables

Symbols Levels

-

1.682

-1 0 1 1.682

pH X1 10.00 10.2 10.5 10.8 11.00

Stirring speed

(rpm)

X2 116 150 200 250 284

Deposition

time (h)

X3 28 36 48 60 68
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effect, xi is the ith independent variable and xj is the jth

independent variable. Design Expert 7.0.0 Software (STAT-

EASE Inc., Minneapolis, USA) was used to analyse of the

experimental data. F-test used to interpret the coefficients.

CCD was used to optimize the ZnS thin film deposition

parameters. Regression analysis was performed for each

response in order to estimate the effect of combined inde-

pendent variables on the responses. Each response was tested

for possible linear, quadratic and cubic models to find out to

best fitting model. Quadratic polynomial model was used to

calculate regression coefficients. Significance of each model

term was determined with analysis of variance (ANOVA).

The fit of the models were evaluated by R2. The statistical

significance was checked by F-test. Response surface plots

were drawn based on the equation to demonstrate the effects

of independent variables on the response.

4 Results and discussion

4.1 Optimization of deposition parameters of ZnS thin

films

The deposition conditions of ZnS thin films optimized

using CCD model. The predicted and experimental

response of the independent variables is shown in Table 2.

Band gap values of the samples ranged from 3.56 to

3.93 eV. Interactions of factors and its effects calculated

using Design Expert 7.0.0 Software (STAT-EASE Inc.,

Minneapolis, USA). The model described by Eq. (2) rep-

resents ZnS thin film band gap values (y) as a function of

pH (x1), stirring speed (x2) and deposition time (x3).

y ¼ 3:817 � 0:129x1 þ 0:009x2

� 0:020x3 þ 0:013x1x2 � 0:010x1x3 þ 0:008x2x3

� 0:029x2
1 � 0:006x2

2 þ 0:005x2
3

ð2Þ

Equation (2) was checked by F-test and ANOVA for the

second order polynomial model is given in Table 3. The

model was highly significant and sufficient to represent the

actual relationship between the response and significant

parameters with very low p value (\0.0001) from the

ANOVA. The computed model F-value (40.42) implies the

model is significant. The value of R2 was also given in

Table 3. A good coefficient of determination

(R2 = 0.9732) obtained from the ANOVA. The coefficient

of determination also demonstrated that there are perfect

correlations between the independent variables. The lack of

fit (F-value: 4.15) value for regression of Eq. (2) is not

significant. Non-significant lack of fit is good and displays

that the model equation was sufficient for predicting the

Table 2 Experimental setup for

five-level, three-factor surface

response design and the

experimental data with coded

and actual values of variables

Experiment Coded independent variable

levels

Actual values of variables Band Gap (eV)

X1 X2 X3 pH, X1 Stirring

speed

(rpm), X2

Deposition

time (h), X3

Experimental Predicted

1 -1 -1 -1 10.2 150 36 3.93 3.94

2 1 -1 -1 10.8 150 36 3.65 3.67

3 -1 1 -1 10.2 250 36 3.93 3.91

4 1 1 -1 10.8 250 36 3.68 3.70

5 -1 -1 1 10.2 150 60 3.91 3.90

6 1 -1 1 10.8 150 60 3.57 3.60

7 -1 1 1 10.2 250 60 3.92 3.91

8 1 1 1 10.8 250 60 3.65 3.66

9 -1.682 0 0 10 200 48 3.93 3.95

10 1.682 0 0 11 200 48 3.56 3.52

11 0 -1.682 0 10.5 116 48 3.81 3.79

12 0 1.682 0 10.5 284 48 3.81 3.82

13 0 0 -1.682 10.5 200 28 3.88 3.86

14 0 0 1.682 10.5 200 68 3.80 3.80

15 0 0 0 10.5 200 48 3.82 3.82

16 0 0 0 10.5 200 48 3.82 3.82

17 0 0 0 10.5 200 48 3.79 3.82

18 0 0 0 10.5 200 48 3.82 3.82

19 0 0 0 10.5 200 48 3.84 3.82

20 0 0 0 10.5 200 48 3.81 3.82
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ZnS thin film band gaps. The effects of the samples

deposition parameters such as pH, stirring speed and

deposition time were investigated on the film band gap

values. The significance of coefficients determined with

p values and smaller the p value shows the more significant

the corresponding coefficient. According to Table 3 x1

(pH), x3 (deposition time) and x1
2 are the most significant

parameters. However, x2 (stirring speed), x1x2, x1x3, x2x3,

x2
2 and x3

2 have less effect on the thin film band gaps. The

relationship between predicted and experimental band gap

values is shown in Fig. 1. It can be seen that observed band

gaps of the films (the response) agreed well (R2 = 0.9732)

with the predicted data.

The response surface plots were obtained using Statis-

tica 8.0 Software (STATSOFT, Inc., Oklahoma, USA).

Based on the developed model [Eq. (2)], the response

surface plots for the interaction effects of the factors can be

seen in Figs. 2, 3 and 4. Figure 2 showed the interaction

relationship between the two independent variables (pH

Table 3 Analysis of variance

(ANOVA) for the fitted

quadratic polynomial model for

optimization of ZnS thin film

deposition parameters

a Significant at ‘‘Prob [ F’’ less

than 0.05
b Insignificant at ‘‘Prob [ F’’

more than 0.05

Source Sum of squares Degree of

freedom

Mean square F-value p value

(Prob [ F)

Model 0.25 9 0.028 40.42 \0.0001a

pH (x1) 0.23 1 0.23 331.44 \0.0001a

Stirring speed (x2) 1.054E - 003 1 1.054E - 003 1.54 0.2434b

Deposition time (x3) 5.519E - 003 1 5.519E - 003 8.04 0.0177a

x1x2 1.250E - 003 1 1.250E - 003 1.82 0.2068b

x1x3 8.000E - 004 1 8.000E - 004 1.17 0.3056b

x2x3 4.500E - 004 1 4.500E - 004 0.66 0.4369b

x1
2 0.012 1 0.012 17.63 0.0018a

x2
2 5.173E - 004 1 5.173E - 004 0.75 0.4056b

x3
2 3.069E - 004 1 3.069E - 004 0.45 0.5188b

Residual 6.861E - 003 10 6.861E - 004

Lack of fit 5.528E - 003 5 1.106E - 003 4.15 0.0723b

Pure Error 1.333E - 003 5 2.667E - 004

Cor total 0.26 19

R2 = 0.9732

Fig. 1 Predicted ZnS thin film band gap versus experimental ZnS

thin film band gap
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Fig. 2 Response surface plot of ZnS thin film band gap (eV)

predicted from the quadratic model. The effect of pH (X1), stirring

speed (X2) and their reciprocal interaction on the ZnS thin film band

gap (eV)
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and stirring speed) and their effects on the response vari-

able (the band gaps of the samples). It was indicated that

the thin film band gap values reduced with increasing of

pH. Similar trend was observed by Kang et al. [24]. But

increasing of stirring speed was not observed any important

differences on the band gap values. The same pattern was

reported by Zhang et al. [25].

The effect of pH and deposition time and their opposed

interaction on the ZnS band gap is illustrated in Fig. 3.

According to the figure, the ZnS thin film band gap value

reduced with increasing of pH similarly at Fig. 2 whereas

increasing of deposition time was observed a little differ-

ence on the band gap especially at high pH values. The

band gap a little reduced with increasing of deposition time

at high pH values. Similar behaviours have been reported

by Agawane et al. [26].

Figure 4 represents the effects of varying stirring speed

and deposition time on the ZnS thin film band gaps.

Increasing of stirring speed was not observed to cause any

important differences on the band gap values. The result

was in accordance with reported in literature [25]. Also this

result was in accordance with reported in Fig. 2. Whereas

the band gap a little reduced with increasing of deposition

time at different stirring speed values. Similar trend was

observed by Agawane et al. [26].

The composition of optimum ZnS thin film band gap

value was identified from the Eq. 2. Optimum conditions

for the deposition parameters of the films were determined

to be 10.1 (pH), 163 rpm (stirring speed) and 31 h (depo-

sition time). The model accuracy verified by working under

optimum conditions. Experimental thin film band gap was

found as 3.95 eV. Also predicted band gap value was

calculated as 3.97 eV from the model. Results indicated

that validity of the predicted model confirmed by verifi-

cation experiments. According to results, the model was

considered to be correct and reliable for predicting the ZnS

thin film band gap value for deposition of the samples

using CBD method.

4.2 Structural and morphological properties

The morphologies and microstructures of the ZnS thin film

samples were examined by scanning electron microscopy.

Figure 5 shows the SEM image of the sample fabricated

under the optimum deposition conditions (pH = 10.1,

stirring speed = 163 rpm and deposition time = 31 h). As

shown in Fig. 5, the obtained film consisted of densely

packed spherical grains. It can also be seen that from the

figure the film is uniform, smooth, homogeneous, and

continuous and the substrate was well covered by ZnS

particles.

Generally, ZnS exists in sphalerite, cubic, zinc blende

type structure or hexagonal, wurtzite type structure

depending on deposition conditions. The cubic type

structure is stable at room temperature, while hexagonal

type structure is at high temperature [24, 27]. X-Ray
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Fig. 3 Response surface plot of ZnS thin film band gap (eV)

predicted from the quadratic model. The effect of pH (X1), deposition

time (X3) and their reciprocal interaction on the ZnS thin film band
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diffraction (XRD) analyses were employed to study the

crystal structures of the films. The XRD patterns for as-

deposited and annealed (500 �C) of the sample fabricated

under the optimum deposition conditions (pH = 10.1,

stirring speed = 163 rpm and deposition time = 31 h), are

shown in Fig. 6. Figure 6a shows that while before

annealing the film is amorphous and the broad hump

between 20� and 35� is due to the amorphous glass sub-

strate. As can be seen from the Fig. 6b that three reflection

peaks are observed in the orientations of (111), which is

most intensive, (220) and (311) at 2h = 28.50�, 47.50� and

57.80� respectively. These values are in agreement with

standard data of Joint Committee on Powder Diffraction

Standards (JCPDS) data [28]. No characteristic peaks of

impurity phases such as ZnO or Zn(OH)2 were detected. It

can be concluded that the ZnS thin film grown by CBD

method in this study has the cubic structure.

The crystallite sizes of the ZnS thin films were calcu-

lated from Debye–Scherrer equation [16]

D ¼ kk=b cos h ð3Þ

where, D = average crystallite size, k = wavelength of

X-ray radiation, b = full width of half maximum intensity

(FWHM) of the XRD spectrum of ZnS thin films,

h = Bragg angle and k = Scherrer constant. Here k is

0.94.

The average crystalline sizes of the films were calcu-

lated by resolving the highest intense peaks of ZnS films

within the range 30 nm to 0.4 lm with different deposition

conditions.

4.3 Optical properties

Optical absorption spectra in the UV–Vis spectral range

(190–1,100 nm) of the ZnS thin film samples were deter-

mined using a UV–Vis spectrophotometer. Analysis of the

dependence of absorption coefficient on photon energy in

the high absorption regions was performed to obtain

information on the energy band gaps of the ZnS thin films.

The optical band gap values were determined by the fol-

lowing relation [29].

ahmð Þ ¼ C hm� Eg

� �n=2 ð4Þ

where C is an energy-independent constant, Eg is the

optical band gap and n is an index that characterizes the

optical absorption process; n is theoretically equal to 1 and

4 for direct band gap semiconductors and indirect band gap

semiconductor materials, respectively. According to theo-

retical and experimental results, ZnS exhibits direct tran-

sitions between valance and conduction bands [30]. Thus n

can be chosen as 1. Plotting the graph of (ahm)2 against

Fig. 5 SEM micrographs of ZnS thin film grown under the optimum

fabrication conditions

Fig. 6 X-ray diffraction pattern

of ZnS thin film grown under

the optimum fabrication

conditions: a as-deposited at

room temperature b annealed at

500 �C

J Mater Sci: Mater Electron (2015) 26:196–203 201

123



photon energy (hm), the band gap (Eg) value can be

determined by extrapolating the straight-line portion.

Figure 7 illustrates plots of (ahm)2 versus hm for the

sample fabricated under the optimum deposition conditions

(pH = 10.1, stirring speed = 163 rpm and deposition

time = 31 h). The Eg values of the samples were found in

between 3.56 and 3.93 eV. As the pH value decreases from

11 to 10, the band gap of the samples increases from 3.56

to 3.93 eV. We think that this increase can be explained on

the basis of quantum size effect. The particle size of the

ZnS thin film decrease with increasing the band gap; this is

known as the quantum size effect. Quantum size effect

could be substantially different depending on the deposi-

tion conditions and kind of precursor materials [31]. Fur-

thermore, pH plays a significant role in the structural

properties of the ZnS films. Influence of the pH on the

optical band gap of ZnS films shows in Figs. 2 and 3. As

can be seen from these figures, the Eg of the ZnS film

decreased with increasing pH value of the solution from 10

to 11. The decrease in Eg with increase in pH can be

explained in terms of structural changes occurring in the

thin film. Changes in pH are mainly caused the change of

the structural and morphological features such as the

crystallinity degree and the porosity. Additionally, similar

behaviours have been reported by Yücel et al. [23], Preetha

et al. [32], Remadevi et al. [33] and Addonizio et al. [34].

As the deposition time increases from 28 h to 68 h, the

band gap of the samples decreases from 3.88 to 3.80 eV.

This decrease could be attributed to quantum size effect

due to the small grain sizes of the ZnS films. Because the

average particle sizes of the samples increased with

increasing of deposition times. Increasing of stirring speed

was not observed to cause any important differences on the

ZnS thin film band gap values.

5 Conclusions

In this study, ZnS thin films were successfully deposited on

glass substrates at room temperature by CBD method. For

the first time, RSM and CCD have been used to optimize

the samples deposition parameters and to understand the

significance and interaction of the factors affecting the film

quality. A quadratic polynomial model was provided to

explain the relationship between the band gap value and the

parameters of pH, stirring speed and deposition time. The

results indicated that pH and deposition time were the

significant factors on the band gap. The optimum condi-

tions for the deposition parameters of the ZnS thin films

were pH of 10.1, stirring speed of 163 rpm and deposition

time of 31 h. The experimental Eg value of the film

(3.95 eV) agreed with the predicted value (3.97 eV) within

a good confidence level, thus indicating the suitability of

RSM in optimising the conditions for the deposition

parameters of the films.

The wide band gap of these films makes it possible to

use them as buffer layer for solar cells.
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