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a b s t r a c t

Nanostructured Zinc Sulfide (ZnS) thin films with wurtzite structure were prepared by chemical spray
pyrolysis method at low temperature. The effect of sulfur concentration on the structural and optical
properties of ZnS thin films was studied. The films were analysed by x-ray diffraction (XRD), scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), UVeVis spectroscopy and
photoluminescence (PL). Nano grain formation of ZnS was observed from XRD and SEM. Variation in
band gap of different films is in agreement with size effects. But there is a red shift in the band gap of
these films compared to bulk ZnS. This is due to band tailing effect experienced by the films due to the
presence of large number of defects which was verified by PL spectrum. The overall emission was blue in
colour for all the films and it was confirmed by Commission International d'Eclairage (CIE) diagram.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Zinc sulfide (ZnS) is awell-known optoelectronic semiconductor
material having wider range of applications in a variety of fields.
Thewidee direct bandgap of 3.5e3.8 eV [1,2], the smaller excitonic
radius of 2.5 nm [3], polymorphism in crystal structure [4] etc.
makes it as a prominent compound in the optoelectronic world.
Their application includes light emitting diodes [5,6], infrared
windows in solar cells [7,8], lasers [9], sensors [10], display devices
[11,12], scintillation detectors [13] etc.

A variety of physical and chemical deposition methods like
sputtering [14,15], chemical vapor deposition [16], sol gel [17],
chemical bath deposition [18,19], chemical spray pyrolysis [20,21]
etc are available for the synthesis of ZnS. In these methods chem-
ical spray pyrolysis (CSP) method is the one which results in the
large scale fabrication of uniform, well-crystalline and high quality
thin films. It is a simple, low cost and environmental friendly
technique among other fabrication methods.

The concentration of constituent elements plays an important
role in the formation of the final compound. As the ratio between
the elements varies, the properties of the mixture change and it is
more evident in the nano regime. In the case of ZnS, Sulfur (S) to
Zinc (Zn) ratio is one of the key parameters which determine the
properties of the final compound. Z. Q. Li et al. reported the effect of
S/Zn ratio on the formation of ZnS films by chemical bath deposi-
tion technique in which they obtained good quality films for S/Zn
ratio of six [22]. Formation of ZnS quantum dots having wurtzite
crystal structure at a lower temperature of 350 �C by chemical spray
pyrolysis method was reported earlier [20]. In the present work, we
studied the variation in the structural and optical properties of the
zinc sulfide (ZnS) thin films with sulfur (S) concentration. The
change in S results in apparent changes in the ZnS thin film for-
mation and their properties.

The fabricated thin films were analyzed structurally using x-ray
diffraction (XRD)method. Scanning electronmicroscopy (SEM) was
used for the surface morphological analysis and energy dispersive
X-ray spectroscopy (EDX) was used for the elemental analysis of the
prepared film. The optical properties were studied by techniques
like UVeVis absorption & transmission spectroscopy and photo-
luminescence (PL).
2. Experimental

The ZnS thin films were synthesized by chemical spray pyrolysis
method. The spray solution was formed by drop wise mixing of
thiourea [CH4N2S, Merck, 99%] with 1 M (1 M) solution of zinc

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:anilaei@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2016.03.050&domain=pdf
www.sciencedirect.com/science/journal/09253467
www.elsevier.com/locate/optmat
http://dx.doi.org/10.1016/j.optmat.2016.03.050
http://dx.doi.org/10.1016/j.optmat.2016.03.050
http://dx.doi.org/10.1016/j.optmat.2016.03.050


T.A. Safeera et al. / Optical Materials 58 (2016) 32e37 33
chloride [ZnCl2, Merck, 95%] in distilled water. The concentration of
Zn is fixed at a value of 1 M and that of S is varied from 0.5 M to
2.5 M. The solution was sprayed at the rate of 20 ml/min, to a
preheated glass substrate kept at a temperature of 350 �C. The
detailed explanation for the theory of CSP and experimental setup
is explained elsewhere [20].

Bruker AXS D8 advance X-ray diffractometer using Cu-Ka lines
(l ¼ 1.5406A�) was used for recording XRD pattern of the synthe-
sized thin films. Using JEOL JSM 7600F field emission scanning
electron microscope and JEOL JSM 6390LV scanning electron mi-
croscope, surface morphology and elemental composition of ZnS
were studied. The optical analysis like absorbance and transmission
of the films were done using Shimadzu UVeVISeNIR spectropho-
tometer. Various emission centers in the prepared thin films were
noted using PL measurements with Horiba Flouromax-4C
spectrofluorometer.

3. Results and discussion

The crystalline quality of the synthesized films and effect of S
concentration on it were noted using the nondestructive XRD
technique and is depicted in Fig. 1. In the sample synthesized with
0.5 M sulfur concentration ZnO phase is found to be dominant with
S/Zn ratio 0.01 and it matches with JCPDS 79-0208. The reduced
concentration of S in the precursor compared to zinc (1 M) may be
the reason for the formation of ZnO. For all other cases, wurtzite
structured ZnS films, matching with JCPDS file no: 75-1534 was
formed. Good crystalline quality and sharp peaks are observed for
the S concentration of 1 M. As the S molarity increases peaks be-
comes broader due to decrease in grain size. The smallest ZnS grain
is for the concentration of 2.5 M.

Grain size (D) of the films were calculated using Debye e

Scherrer's formula

D ¼ 0:9l
b cos q

(1)

where b is full width at half maximum, q e glancing angle, l e

wavelength of light used. The lattice parameters of ZnS films were
calculated from the relation,

dhkl ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2þk2
a2 þ l2

c2

q (2)
Fig. 1. X-ray diffractogram of ZnS thin films for various S concentrations [# - ZnO
phase].
where dhkl is the interplanar distance.
The lattice strain (x) produced and grain size (D) of ZnS thin films

can be measured from the WillamsoneHall (WH) plot. The slope of
the plot gives lattice strain and intercept leads to grain size value
[23,24]. Fig. 2 shows the WH plot for various concentrations of S.
For the sample with I M sulfur concentration, the strain in ZnS is
positive and for all other samples negative strain is observed due to
lattice compression. The relation employed is

b cos q ¼ 0:9l
D

þ 2xsinq (3)

The variation of lattice parameters, strain and grain size with S
concentration is tabulated in Table 1.

As the S concentration increases, there is a peak shift to the
lower 2q values which leads to increase in interplanar distance and
hence lattice parameters increase with S concentration [Table 1].

Variation in surface morphology of ZnS thin films with S con-
centration, in the micrometer range is illustrated in Fig. 3. For
lowest S concentration, rod like structures can be seen [Inset of
Fig. 3a], which may be ZnO rods formed due to lower sulfur to zinc
ratio which is 0.01 according to EDX. Authors have reported the
formation of ZnO nano nails using spray pyrolysis with the same
precursors [25]. As S concentration increases rod like structures
disappear and the pattern becomes broader and continuous. For
1 M sulfur concentration formation of ZnS quantum dots was re-
ported earlier [20] [inset - Fig. 3b]. For all the samples, the grain size
of ZnS film formed is around 5 nm as observed from XRD [Table 1].
The elemental composition obtained from EDX is shown in Fig. 4.
From EDX, formation of ZnO phase for 0.5 M, S concentration was
confirmed since S/Zn ratio is 0.01. The S/Zn ratios for other samples
are tabulated in Table 2. There is a random change in S/Zn ratio in
the films for different S concentrations compared to the ratio in
spray solution, except for film with equal molarity (1 M). This may
be due to the change in evaporation rate of S in the high temper-
ature zone, for unequal sulphur and zinc concentrations in the
spray solution.

The defects present in the fabricated films and their corre-
sponding emissions were analyzed from the PL spectra. Fig. 5
represents emission spectra for an excitation wavelength of
320 nm. For the ZnO film, a broad emission centered at 392 nm and
a less intense peak at 465 nm was observed. On comparison with
band gap value of 3.5 eV, we can conclude that the former emission
is related to the near band edge emission of ZnO [26,27]. The second
peak is originated from the zinc vacancy (VZn) in the crystal lattice
[25,28].
Fig. 2. Variation in WeH plot with S concentration.



Table 1
Effect of S concentration on lattice strain and grain size and band gap.

Sulfur concentration
(M)

Lattice parameter
(A�)

Lattice strain Crystallite size
(nm)

Bandgap
(eV)

a ¼ b c Scherrer's formula WH plot

0.5 2.68 6.22 �0.042 4.76 3.38 3.5
0.75 2.68 6.16 þ0.015 5.81 5.23 3.35
1 2.69 6.17 þ0.014 5.76 5.16 3.43
1.5 2.69 6.21 �0.011 5.30 4.94 3.45
2 2.69 6.21 �0.021 5.15 4.54 3.46
2.25 2.69 6.22 �0.02 4.87 4.48 3.47
2.5 2.69 6.22 �0.002 4.76 4.40 3.52

Fig. 3. SEM micrographs of ZnS (a) 0.5 M, (b) 1 M (c) 1.5 M, (d) 2 M and (e) 2.5 M of S concentration.

Fig. 4. EDX spectra for the (a)0.5 M, (b)1 M (c)1.5 M, (d) 2 M and (c) 2.5 M S concentration.

Table 2
Variation of S/Zn ratio and CIE coordinates with S concentration.

Concentration (M) S/Zn ratio CIE coordinates

x y

0.5 0.01 0.142 0.162
1 0.8 0.136 0.132
1.5 0.5 0.136 0.101
2 0.6 0.132 0.199
2.5 0.8 0.136 0.125

Fig. 5. Change in PL intensity with S concentration.
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In the case of ZnS, PL spectra shows various defect level emis-
sions arising from the native point defects like sulfur vacancy (VS),
zinc vacancy (VZn) and interstitial zinc (IZn). On varying the con-
centration, resulting emissions are from the same centers with
wavelengths 394, 420, 436, 448 and 465 nm. The peak at 394 nm
may be due to the transition between valance band and excitonic
level. The interstitial zinc (IZn) present in the lattice is the origin of
an emission at 420 nm [29,30]. The peak around 435 nm is due to
the sulfur vacancy (VS) [31e33]. The electronehole recombination
between the surface state and VS leads to the emission around
447 nm [34,35]. The highly intense peak at 465 nm is attributed to
the transition between the zinc and sulfur vacancy levels [36e38].

From EDX we can see that, S/Zn ratio in the ZnS thin film sam-
ples decreases or sulfur vacancy increases in the order 1, 2.5,2 and
1.5 M concentrations of sulfur. Hence the integral intensity of sulfur
vacancy related emission should be maximum for the sample
synthesized with 1.5 M sulfur concentration and it is clearly
observed in the PL spectra [Fig. 5]. The variation in integral intensity



Fig. 7. CIE chromaticity diagram for Zn:S quantum dots[a-0.5 M, b-1 M, c-1.5 M, d-2 M,
e-2.5 M].

Fig. 8. Absorbance spectra of ZnS with S concentration.
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of all the samples for sulfur vacancy related emission is in agree-
ment with S/Zn ratio. The intensity of IZn related emission is also in
the same order.

On comparing the PL emission for samples with least (1 M) and
maximum (2.5 M) sulfur concentrations, (sample with 0.5 M sulfur
concentration is containing ZnO phase also) there is a blue shift in
the peak values of the near band edge emission and sulfur vacancy
related emission for 2.5 M sample compared to 1 M in accordance
with the band gap variation. For the other two samples the change
is random for different peaks which may be due to the overlapping
of different vacancy related emissions and hence the lack of sym-
metry in the peaks.

Fig. 6 depicts the various energy bands present in the band gap
due to the impurities in the lattice. The various emissions in the PL
spectra are also represented in the band diagram. All the observed
emissions lie in the blue region which is confirmed by the Com-
mission International d'Eclairage (CIE) diagram [Fig. 7] with the CIE
coordinates given in Table 2.

Here for all the films with ZnS phase the absorbance is uniform
over a wide range on moving from near infrared region to UV and
shows a sharp increase below 400 nm [Fig. 8] whereas the oxygen
rich film shows a linear increase throughout the range with an
absorption edge at 355 nm.

From the spectra, band gap values can be estimated using Tauc
plot. Bardeen et al. [39] derived a relation

ahn ¼ A
�
hn� Eg

�g (4)

which is used for the band gap determinationwhere a is absorption
coefficient and hy is incident photon energy. Extrapolation of linear
portion of Tauc plot to energy axis will result in the band gap value
[Fig. 9]. As S concentration in the precursor increases band gap
value increases except for 0.5 M film with ZnO phase also. Table 1
provides the band gap values with concentration of ZnS thin
films. Even though there is a quantum confinement in the syn-
thesized films, no band gap enhancement from bulk ZnS is
observed. This is due to the band tailing effect resulting from the
increased defect levels [40,41] verified from PL spectra.

There exists an inverse relationship between the grain size and
band gap values in the nano regime [42]. The same is confirmed
from Fig. 10, which represents variation of these with S
concentration.

The synthesized films except 0.5 M film show low transmittance
and it almost decreases with concentration in the visible range. The
transmittance spectra showing these are depicted in Fig. 11.

4. Conclusions

Zinc sulfide thin films having wurtzite structure were prepared
Fig. 6. Energy band diagram for ZnO/ZnS thin films. Fig. 9. Bandgap diagram for ZnS Quantum dots with S concentration.



Fig. 10. Variation of grain size and bandgap with S concentration.

Fig. 11. Transmission spectra of ZnS thin films.
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by chemical spray pyrolysis method at low temperature. The vari-
ation in structural, morphological and optical properties with S
concentration was studied. Equal molar Zn: S resulted in good
quality film. The grain size of all the samples are around 5 nm. Band
gap of all ZnS films are less than bulk due to band tailing effect
resulted from large number of defects as confirmed from PL spectra.
The PL spectra gave blue emission for all films and they are in
agreement with CIE diagram.
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