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a  b  s  t  r  a  c  t

ZnS  films  have  important  applications  in  photovoltaic  devices.  In  the  current  study,  the  ZnS
films were  deposited  by  ultrasonic  spray  method  on heated  glass  substrate  at temperature
equal  to 450 ◦C.

In this  article,  we  report  the  effect  of deposition  time  on  the different  structural,  optical
and  electrical  properties  of ZnS.  All  the  samples  obtained  were  treated  using  X-ray  diffrac-
tion (XRD),  optical  transmittance  spectroscopy  (UV-V)  and  four-point  method.  The  results
of X-rays  diffraction  showed  that  the  deposited  material  was  pure  zinc  sulfide  having  a
cubic sphalerite  structure  with  preferential  orientation  along  the  (111)  direction.  As  well
the grain  size  was  around  38–102  nm,  when  the  deposition  time  increases.  The  transmit-
tance  measurements  exhibit  an  average  optical  transparency  between  35  and  75%  in the
visible  range  (400–750  nm)  for different  deposition  times.  The  direct  band  gap energy  for  all
films was  calculated  and  found  to be  from  3.48 to 3.92  eV.  The  films’  thickness  is  increased
with  deposition  time  from  195  nm  to 1756  nm.  The  electric  resistivity  of  the  deposited  film
varies  also  with  the  deposition  time  between  1.51 ×  105 and  20.84  × 105�.cm.

©  2017  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

ZnS compound is one of the most important semiconductor material, and it has been largely investigated in the recent
years [1]. Due to the wide band gap (3.7 eV), non toxicity, safety to environment and high transparency [2] of ZnS, it can
be useful for extensively applications in optoelectronic devices, such as light-emitting diode and laser diode from blue to
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ultraviolet band [3], fluorescence and electroluminescence thin film devices [4] and n-type window material in solar cell
[5]. As well in comparison with CdS, the ZnS thin films are present better lattice matching to CIGS owing to the precedent
advantages.
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Fig. 1. The schematic experimental to used of deposition system.

Table 1
The deposition condition used to deposited of ZnS thin film.

Deposition condition Corresponding values

Amount of solution 30 ml
Substrate – nozzle distance 50 mm
Substrate temperature 450 ◦C
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Molarity of solution 0.1M
Deposition time 2 min, 4 min, 6 min, 8 min, 10 min
Spraying flow rate 50 ml/h

According to the literature, Zinc sulphide films can be deposit by several methods including reactive sputtering [6],
lectro-deposition [7], pulsed-laser deposition [8], chemical vapor deposition (CVD) [9], molecular beam epitaxy (MBE)
10], spray pyrolysis [11], chemical bath deposition (CBD) [12] and sol-gel process [13]. Among those methods, ultrasonic
pray is the best one suited for the preparation of Zinc sulphide (ZnS) thin films because it is simplicity and do not cost an
xperimental requirement, ease of adding various doping materials, reproducibility, speed growth rate and mass production
apability for uniform large area coatings [14].

In this paper, we attended zinc sulphide (ZnS) thin films on the glass substrate by ultrasonic spray technique. The aim of
his work is to investigate the structural, electrical and optical properties of ZnS films as a function of deposition time. The
btained results are discussed and compared with other research results reported in the literature.

. Experimental details

The deposition system has been prepared in the laboratory by the simple setup showed in (Fig. 1). Zinc sulphide thin films
ere deposited on glass substrates of the dimension (25 × 15) mm2 using spray ultrasonic technique. These ZnS thin films

xhibited good adherence to the substrate surfaces. The glass substrates were cleaned in acetone, ethanol, and distilled water
espectively for 15 min, and then blowing dry with a compressed air. The starting solution was prepared by dissolving 0.1 M
f Zinc Chloride (ZnCl2) and thiourea (SC(NH2)2) in methanol. All the parameters were kept constant such as: the substrate
emperature (450 ◦C), the flow rate solution (50 ml/h), the distance nozzle-substrate (50 mm).  While, the deposition time
hanged from 2, 4, 6, 8, 10 min. In the Table 1, we summarized all the deposition condition.

Commonly when the solution droplets reach to the heated substrate surface, the following chemical reaction occurs:

ZnCl2 + CS(NH2)2 + CH3OH + 3
2
O2 → ZnS + 2NH4Cl (gas) + 2CO2 (gas)

According to this reaction, a ZnS thin film should be formed on the glass substrate surface and the NH4Cl, CO2 leaves the
ystem in gases form.

The structural, optical and electrical characteristics of these films have been studied extensively through several tech-
iques. For the crystalline structure properties of the film was  analyzed using X-ray diffracto-meter (D8 ADVANCED BRUKER)
ith Cu-K� radiation (� = 1.5418 Å) in 2� range from 10◦ – 90◦.

The optical properties have been recorded by using an ultraviolet-visible (UV-VIS) spectrophotometer (PerkinElmer
AMBDA25) between the wavelengths of 300 and 1100 nm.  Moreover the electrical resistivity was  determined using the
our-point method at room temperature.

. Results and discussion

.1. Structural properties
According to the deposition process and experimental factors, Zinc sulphide films can be crystallized in two forms, cubic
Zinc blend) and hexagonal. The Fig. 2 shows XRD patterns of ZnS thin films deposited by ultrasonic spray at different
eposition times. It was observed at different deposition time that there is a single one peak for all films with the preferred
riented growth along (111) plane at the diffraction angles of 28.7◦ and this is compatible with exhibited a zinc blende
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Fig. 2. XDR pattern of ZnS films deposited at various of deposition time.
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Fig. 3. Variation of grain size and FWHM of (111) peack with different deposition time.

structure (JCPDS card No. 55-0566) in the diffraction angle (2�)  range from 10◦ to 90◦, which means that the planes were
parallel to the substrate surface. There is no peak related to the oxidation phase (ZnO) even at the maximum deposition
time, which proves that the stoichiometry of our films was  improved with increasing deposition times. The same conclusion
about good stoichiometry were reported by other author [15,16], for ZnS thin films obtained by spray pyrolysis at different
deposition time and (Zn:S) ratio in the precursor solution (A) respectively.

Both works of Hwang et al. [17] and Ashrat et al. [18] found the same cubic phase with the preferred orientated along
(111) plane of ZnS thin films prepared by RF magnetron sputtering and close-space sublimation. Fig. 2, also reveals that
the intensity of (111) peak increases with the increase deposition times; it becomes narrower, intense when the deposition
time equals 10 min  due to the appearance of this orientation, it depends on: films and the substrate surface energies on one
hand, the arriving atoms to substrate on the other hand. The growth is achieved along (111) plane due to its lowest surface
energy [19]

The grain size (D) of the deposited films can be determined by using equation of Scherer [20]:

D = K�

 ̌ cos �
(1)

Where K is approximately equal to 0.94, � = 1.54184 Å, � is the diffraction angle and � is the width of diffraction line at half
maximum intensity.

The grain size results are presented in Fig. 3. It can be observed there is a slight increase with increasing in deposition
times between 2 and 6 min  (38–57 nm)  and this result is in good agreement with the reported ones by others authors

(25–60 nm)  [21], because grain size enhancement yields to the films optical transmission improvement. The solute atoms
coming to the substrate surface can be diffused along the substrate surface and form clusters (nuclei) which can contribute
to the formation of crystallites. At low deposition time (2–6 min), the diffusion of solute atoms on substrate surface is not
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Table  2
Structural parameters of ZnS thin films at different deposition time.

Deposition
time (min)

(hkl) 2� (degree) FWHM (degree) D (nm) � x 1014 (Lines/m2) � x 10−4

2 (111) 28.7488 0.216 38 6.93 9.13
4  (111) 28.7358 0.18 45.6 4.81 7.6
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6  (111) 28.806 0.2 41 5.94 8.45
8  (111) 28.7785 0.144 57 3.08 6.08
10  (111) 28.6966 0.08 102 0.95 3.38

minent which reduced the clusters formation. Hence the density of nucleation center is small, and this lead to smaller grain
ize.

Then significant increases between 6 and 10 min  in the crystallite size from 38 to 102 nm.  Similar results have been
bserved by Abdi et al. [22] and Touatia et al. [23], finding that the grain size was  varied between 64 and 104 nm and
0–125 nm by electron beam deposition and Vacuum Evaporation Method. With increasing the deposition time (6–10 min)
he number of solute atoms arriving onto the substrate surface is increasing. Consequently the number of nuclei center
ormed on the substrate surface is large which leads to larger grains formation [24].

The increase of the crystallite size with the increase of deposition time may  be also due to decreasing the value of full
idth half maximum (FWHM) corresponding to (111) peak (as seen in Fig. 3), resulting from the increasing films thickness.

A dislocation is known as a crystallographic defect, or irregularity, in a crystal structure, and its presence inside the
rystallite structure strongly affects many of the properties of materials. Using the values of grain size, the dislocation
ensity (�), is defined as the number of dislocation lines per unit volume of the crystal, and it has been calculated depending
n the Williamson and Smallman’s relationship [25]:

ı = 1
D2

(2)

The micro strains (�) of films were estimated using the equations [26]:

ε =  ̌ cos �

4
(3)

The structural parameters were characterized according to the calculated values of average grain size (D), micro strains
�) and dislocation densities (�) for ZnS thin films with different deposition time represented in Table 2

The Table 2 shows the calculated micro strain and dislocation density along the orientation (1 1 1) crystallographic plane
or different deposition times. It can be seen that the maximum value of dislocation density was  obtained for film sprayed
t 2 min  of the deposition time, the reason is due to inverse correlation between dislocation density and the grain size as
onfirmed in Eq. (2). As seen in the Table 2 the increase in grain size in Zinc sulphide thin films leds to a decrease in grain
oundaries and it decreased dislocation defect inside the crystal lattice of the samples and the result of all this was the stress
educed in crystal structure, this later is the results of internal strains. Rahul et al. [27] have reported increases the grain
ize between 36.12–43.82 nm and dislocation density decreases between 7.6 × 1014 – 5.2 × 1014 line/m2 for ZnS thin films
y thermal evaporation technique.

.2. Optical properties

The thickness of the films was calculated by weighting difference method using a sensitive microbalance according to
elation (Eq. (4)):

thickness (t) = m

� × a
(4)

here m = mass of the deposited film, � = density of ZnS, equal 4.1 g/cm3 for bulk ZnS cubic structure and a = area of film
28].

The growth rate is estimated by division thickness films on the time of deposition. The variations of the film thickness
nd growth rate as a function of deposition time are represented in Fig. 4. It can be observed in Fig. 4 that the film thickness
nd the growth rate are changing almost linearly with deposition time. The film growth is controlled by kinetics [29] of
he reaction between the hot surface substrate and the amount of solution. When the deposition time increases, the mass
ransfer to the substrate surface increases as well and that means the increasing the mobility of the droplets reaching the
ubstrate surface at high temperature (450◦ C) and increasing the number of ionized particles. Therefore, this is due to the
ncreases of both; the reaction speeds and the kinetics of the reaction between the substrate surface and the quantity of

roplets sprayed onto substrate surface and because of that it increases the growth rate which increases the thickness of ZnS
hin films. The same increasing in films thickness have been reported by other authors [15,16] at deposition time between
0 and 25 min. While in deposition time equal to 10 min, we have noticed a decrease in the growth rate. This indicates that
he deposited films becomes approximately in saturation case with increasing the deposition times and this is not allowed
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Fig. 4. Film thickness and growth rate as a function of deposition time.
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Fig. 5. Transmission of ZnS films deposited at various deposition times.

to incoming species on surface substrate which have enough appropriate places to forms more materials, which cause the
decrease of the growth rate.

The high transmittance of the films in the visible range is very important for optical applications. The Fig. 5, shows the
optical transmittance of ZnS films deposited at different deposition times, for incident light at wavelengths from 300 to
1100 nm.

The whole of the spectra of transmission obtained in our samples are composed of two  regions: a region of strong
absorption (� < 400 nm), corresponding to fundamental absorption in thin films of ZnS. This absorption is due to the electronic
transition inter band (the valence band and the band of conduction). The variation of the transmission in this region is
exploited for the determination of the optical band gap energy and the disorder. It was  also observed that deposition time
has affected the position of absorption edge which shifted slightly to longer wavelength.

The second region of strong transparency (� > 400 nm): the value of the transmission is about 35% to 75%, in the wavelength
range of 400–800 nm.  This changing in transmission values is in good agreement with that obtained values (40–70%) by
Daranfed et al. [30] on ZnS thin films prepared by ultrasonic spray method. It is noticed that the transmittance decrease with
the increasing deposition time, can be explained by the film thickness increase. We  noticed that transmittance spectra have
no interference fringe due to the incident light scattering in the material because of interface air/film roughness.

The optical band gap of ZnS films can be obtained by the absorption range in the transmittance curve and the Tauc
relationship [31] (Eq. (5)):

˛h� = K
(
h� − Eg

)n
(5)

Where � is the absorption coefficient, K is a constant, Eg is the optical band gap and n is ½ for a direct-band gap semiconductor.
Extrapolation of the line portion of the curve to (�h	)2 = 0 gives the optical band gap. The variation of gap optic and

extrapolation of the line portion of the curve to (�h	)2 as a function of h	 was  shown in Fig. 6
Most of band gaps energy values are somewhat lower than that of bulk value of ZnS (3.7 eV). According to Fig. 6, the band
gap energy of ZnS thin films increases first from 3.48 eV to 3.92 eV in the range 2–6 min. This result is in good agreement
with that obtained by Elidrissi et al. [32], the wide band gap energy is the reason of window layer absorption decreases loses
and consequently this yields to the solar cell short circuit current improvement. The increase of band gap energy is caused
by film thickness increas [33] and Burnstein-Moss effect [34]. However, after that, the gap optic decreased from 3.92 eV to
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Fig. 6. Band gap energy of the ZnS films as a function of deposition time.

Table 3
Refractive index of ZnS thin film at different deposition time calculated by Herve- Vandamme equation.

Deposition time (min) Band gap Eg (eV) Crystallite size D (nm) Refractive index n

2 3.48 38 2.21
4  3.62 45.6 2.18
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6  3.92 41 2.11
8  3.66 57 2.17
10  3.56 102 2.19

.56 eV with the increasing deposition time, it can be explained this decrease in the gap optic energy to quantum size effect
35] owing to increased crystallite size. Similar results have been observed by Abduljabbar (3.7–3.3 eV) [36], Yildrim et al.
3.73–3.57 eV)[37] and Nadeem et al. (3.84–3.51 eV)[38].

The refractive index (n) of ZnS thin films elaborated at different deposition time is calculated using the model of Herve-
andamme. The Herve- Vandamme relationship [39] is:

n2 = 1 +
(

A

Eg + B

)2

(6)

here A and B are constants as A ≈ 13.6 eV and B ≈ 3.4 eV and Eg is the experimental values of gap optic energy.
The refractive index of ZnS thin films elaborated at different values of deposition time is illustrated in Table 3.
As observed in Table 3 the refractive index decreases between 2.11 and 2.21 in the range 2–6 min, then increased with

he increase the deposition time. Abduljabbar [40] had reported in earlier work, the value of the refractive index of ZnS thin
lms was around 2.13–2.19 at room temperature and at different temperatures (200 ◦C, 300 ◦C and 400 ◦C). We  can attribute

his decrease as follows: the increase of the grain size due to decrease of grains boundaries, this may  be due to reduced of the
tress in the crystalline network of the ZnS thin films. Younghun et al. [41] have also reported the effects of biaxial stress on
he refractive index of ZnO:Ga, so they have found that the refractive index decreases with increasing biaxial tensile stress.

.3. Electrical properties

For our study the resistivity is calculated by the following equation [42]:

� = Rd (7)

here � is the resistivity, R is the square resistance and d the sample thickness. The variations of ZnS layers resistivity and
onductivity versus the deposition time are presented in Fig. 7.

It could be observed that the resistivity of the grown films increases from 1.51 × 105� cm to 20.84 × 105� cm with the
ncreasing of the deposition time. These results are lower than Turan et al. ones [43], who  studied the electrical properties of
nO/Au/ZnS/Au films deposited by ultrasonic spray pyrolysis. Hence, the grain size enlargement leads to a decrease in grain
oundary effects, because the boundary hinders the conduction mechanism of carriers charge, and this is the reason for an

ncrease in resistivity.
As observed that the increase in the thickness of the samples led also to the increase of the resistivity of ZnS thin films as

howing in Eq. (7). Therefore, the resistivity was affected by carrier concentration and deposition time.
. Conclusion

In this work, we have been shown that the deposition time plays a fundamental role on the properties of ZnS thin films
eposited by ultrasonic spray on to glass at 450 ◦C substrate temperature. The XRD measurements reveal that the films
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Fig. 7. Variation of the resistivity and conductivity of ZnS thin films with different deposition time.

deposited at 10 min  have a strongly (111) preferred orientation and are parallel to the substrate surface. The smallest FWHM
value of 0.08◦ has been also been observed for these films, indicating that the crystallinity of the films can be improved
by increasing the deposition time. The grain sizes of ZnS calculated by Scherer relationship were found between 38 and
102 nm.  It has been found that the transmittance decreases with the increase of deposition time. The calculated band gap
energy of ZnS has given the values in the range of 3.48–3.92 eV. Furthermore, the electrical resistivity (�) increased when
the deposition time increases.

It can be concluded that the perfect condition for the best application photovoltaic cell efficiency of ZnS thin films is to
increase the deposition time, owing to band gap energy widening, which can be used as a window layer in heterojunction
photovoltaic solar cell or can be used as a reflector and dielectric filter because of its high refractive index (2.2) and its high
transmittance in the visible range
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