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ZnS and ZnS:In films containing three different rates of In were produced on glass subtrates heated up to 300±5°C. 

Structural analyses of the films were done by X-ray diffraction (XRD), Raman and Infrared (FT-IR) spectroscopies. It was 
determined that the films obtained by ultrasonic spray pyrolysis (USP) method had polycrystalline structure. All observed XRD 
peaks belong to hexagonal wurtzite ZnS structure. Crystallite sizes of the films were approximately calculated in 4.61-4.63 nm 
range. SEM images showed that particles have homogeneously distributed and held onto surface. It was observed from the EDS 
results that the In rate of films increased by increasing In doping in the solution. FTIR spectra revealed presence of four significant 
peaks. Peak observed around 930 cm-1 corresponded to the Zn-S vibration while, smaller peaks around 3500 cm-1 corresponded 
to the –OH group of H2O stretching. The aromatic ring C–H bending vibrations gave the peaks around 750 cm−1. The optical 
properties of ZnS and ZnS: In films were investigated by optical transmittance and reflectance spectra. 
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1. Introduction 

Nowadays, nanostructured organic structures 
and thin films are sources of great hopes and leading 
to nanotechnology. CdS and ZnS nanostructures as 
the most important representatives of II-VI group 
semiconductors, are frequently used in the field of 
optoelectronics. These semiconductors with wide 
optical band gap have created new opportunities for 
the development of optical work and applications [1-
4]. The electronic, linear and nonlinear optical 
characteristics of these materials make it possible to 
use them in the production of various devices. The 
development of solar cells and production of optical 
circuit elements such as optical memories, optical 
transistors and LEDs can be given as examples to 
their practices in the field of optoelectronics [5]. The 
technologies that use solar energy have been 
gradually getting more efficient and accessible 
through developing technologies. CdS is the most 
promising buffer layer for thin-film heterojunction 
solar cells and the highest conversion efficiency of 
Cu (In, Ga) Se2 solar cells have been obtained with 
CdS buffer layer [6-8]. However, the produced CdS 
causes serious environmental problems due to its 
wastes arising during and after production phase 
which contain highly toxic cadmium content. In 
addition to this, band gap of CdS is 2.42 eV [9] and 
this corresponds to a wavelength around 520 nm. 
Therefore, the light with a wavelength lower than 520 
nm cannot be transmitted to the light absorbing layer  

 and this decreases quantum efficiency at short 
wavelength zone [10]. Therefore, developing a 
buffer layer without Cd is one of the main objectives 
of solar cell production. ZnS is more environment-
friendly compared to CdS. ZnS acts transparent to 
almost all wavelengths of solar spectrum at optical 
band gap at 3.40-3.74 eV and absorbs high-energy 
photons and increases light absorption of absorbing 
layer. Furthremore it provides better lattice matching 
with absorbers having energy band gaps in the 
range of 1.3–1.5 eV [11- 13]. Therefore, ZnS films 
have been produced and analyzed in recent years 
by using different techniques and substrate 
temperatures [7, 8, 12, 14–21]. 

As a host material, ZnS is an appropriate 
semiconductor for dopants used for improving 
structural and optical characteristics [22]. A 
semiconductor film with desired properties can be 
obtained by doping process. The first study on this 
subject was reported in 1994 by Bhargava and 
Gallagher [23]. After this date, the doped ZnS films 
produced by using Al, Cu, Fe, Co dopants were 
analyzed [24-29]. Apart from these dopants, 
Abdelhak Jrad et al., analyzed In doped ZnS films 
by CBD method for the first time [30]. The obtained 
results confirmed that the doped nanocrystalline 
films exhibit different interesting properties 
compared to bulk materials such as increased 
energy band due to quantum restriction.  

In the literature,a few In doped films were 
produced through various methods. Therefore, in  
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this study, nanostructure ZnS:In films containing 
three different rates of In were produced by using 
Ultrasonic Spray Pyrolysis (USP) method and the 
effects of In doping and rate on structural and optical 
properties of ZnS films were studied. USP technique 
is preferred for its advantages that it has a simplicity 
structure, it does not need any vacuum environment 
and it is an affordable method. The USP technique 
has several parameters that affect the physical 
properties of films. These parameters are substrate 
temperature, spraying rate and time, distance 
between the substrate and spray-head-atomizer, 
total amount of sprayed solution and carrier gas. 
 
 
2. Experimental details 

 
A schematic representation of the USP 

system used in this study is given in Fig.1. In 
principle, USP system contains a ultrasonic spray 
nozzle, a heater for heating the substrate, 
thermocouple included temperature controller and 
an air compressor. In this study, solutions containing 
Zn, S and In were prepared for obtaining ZnS 
semiconductor films by USP method. Solution of 
0.05 M ZnCl2 was used as the Zn source, solution 
of 0.05M (NH2)CSNH2 as the S source and solution 
of 0.05M InCl3 as the In source. Solutions to be 
sprayed for each film were prepared by mixing them 
in doses given in Table 1. 150 ml solution was 
sprayed on glass substrates preheated up to 
300±5°C at 5 cc/min flowrate. Distance between the 
nozzle and the substrate was kept fixed at 35 cm, 
spraying continued for 30 minutes and gas at 1 bar 
pressure was used as the carrier gas. 
 

Table 1 
Precursor solutions of the ZnS and ZnS:In films 

Film        ZnCl2 (ml)       InCl (ml)       H2NCSNH2 
(ml) 

ZnS 75.00               --- 75.00 

ZnS:In (1%) 74.25             1.50 74.25 

ZnS:In (3%) 72,75             4.50 72.75 

ZnS:In (5%) 71.25             7.50 71.25 

 
X-ray diffraction (XRD), Raman and FTIR 

spectroscopy measurements were used for 
determining phases of obtained films. XRD 
measurements were done for determining crystal 
forms and crystallization sizes of the films. These 
measurements were done by using BRUKER D8 
Advance X-ray diffractometer measurements with 
CuKα ray at λ=1,541 Å wavelength. Vibrational 
properties of the films were determined by means of 
ATR (4 cm-1 resolution) using Perkin Elmer 2000 
FT-IR spectrometer and Bruker Senterra Dispersive 
Raman system (by He_Ne laser). The optical band 
gaps, refraction indexes, extinction coefficients and  

 
Fig. 1 - Schematic diagram of the ultrasonic spray pyrolysis 

setup. 

optical conductivities of the films were calculated by 
using transmittance and reflectance spectra taken 
at 300-900 nm wavelength by using a Shimadzu 
2450 UV model spectrophotometer. Surface images 
of the films were taken by using a field emission 
scanning electron microscopy (SEM) (ZEISS 
Ultraplus). Films are produced by spray pyrolysis 
method with the parameters of the experiment being 
kept constant, so the thicknesses of the films are 
very close to each other and are in the order of  
300 nm. 
 

        3. Results and discussion 

3.1 X-ray diffraction analysis and SEM images of 
the films 

In this study, it was determined that the ZnS 
and ZnS:In films obtained by USP method have 
polycrystalline structure upon analyzing their XRD 
patterns (Figure 2). All observed peaks belong to 
hexagonal wurtzite ZnS structure (JCPDS: 79-
2204). With the effect of indium doping, a little 
decrease was observed in peak intensity of (111) 
plane and peaks of (002) and (100) planes became 
distinct. In the ZnS:In 5% film where In rate was 
maximum, crystallization level towards (111) 
direction decreased. When indium, a third group 
element is doped in ZnS, In3+ atoms substitute 
Zn+2 atoms and act as donors. Generally, at higher 
doping concentrations, the density of nucleation 
centers is high, which eventually introduces certain 
intrinsic stress in the film and disturbs the host (ZnS) 
lattice. Therefore, the developed micro-strain 
restricts the growth of crystallites [31]. It has been 
observed in previous studies that ZnS film has a 
reduced crystallinity when doped with high In 
concentrations [31, 32]. One of the III. group 
elements is Al (aluminum). In previous work, the 
structural properties of Al-doped ZnS films were 
investigated and found to lower the crystallinity of 
higher Al doping [33]. Crystallite sizes of the films 
were calculated around 4.61-4.63 nm range by  
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means of the well-known Scherrer formula. In 
doping did not significantly change the crystal size. 
In the previous work, Al was doped into the ZnS 
films and a decrease in crystal size was observed 
[33].  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 2 - XRD spectra of the nanostructured ZnS and ZnS:In films. 

 
Surface images of the films were analyzed 

by SEM images and they are shown in Figure 3. As 
a result of SEM analyses, it was confirmed that the 
films have nm size particles. In addition, SEM 
images showed that the films were coated 
homogenously on the surface. As solution droplets 
do not completely evaporate by coming closer to the 
substrate, accumulated formations with extra large 
particles were observed over the smooth 
background of the ZnS:In 1% film. Furthermore, film 
surfaces became rougher by increasing In rate. The 
corresponding EDS spectra as shown in Figure 4 
confirm the presence of all expected elements 
including Zn, S and In. It is seen from the EDS 
results that the In rate of films increases by 
increasing In rate of precursor solutions. 

 

  
 
 

 

Fig. 3 - SEM images of the nanostructured ZnS and ZnS:In films. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 - EDS spectra of the nanostructured ZnS and ZnS:In films. 
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Fig. 5 -  FTIR spectra of the nanostructured ZnS and ZnS:In films. 

3.2. FTIR and Raman spectroscopy of the films 
FTIR study can identify the types of 

functional groups on the surfaces and might enable 
us to recognize molecular foreign matters. In this 
study FTIR spectra of produced undoped and In 
doped ZnS films are shown in Figure 5. FTIR 
spectra have presented presence of four significant 
peaks. Peak observed around 930 cm-1 
corresponded to the Zn-S vibration while, smaller 
peaks around 3500 cm-1 corresponded to the OH 
group of H2O stretching [34]. The peak observed 
around 2060 cm-1 corresponded to the C-H 
stretching vibration mode [35]. The band around 
2350 cm-1 is assigned to the carbon disulfide (CS2) 
[36]. The aromatic ring C–H bending vibrations give 
the peaks around 750 cm−1[37]. 

Raman spectra of films are shown in Figure 
6. The films exhibit the Raman hump-like feature 
around 367and 568 cm-1 and the hump profiles are 
almost symmetric. Hump profiles in these regions 
were formed by Zn-S vibrations. It could not be 
possible to determine the Raman vibrations of ZnS 
and indium doping in Raman spectrum at  
100-1000 cm-1 range as the crystals forming the 
films were very small like 4-5 nm. 
 

3.3. UV-visible studies of the films 
The optical constants of thin films vary 

considerably with respect to the types of materials, 
the size and amount of nanoparticles therein. The 
determination of the optical constants of the 
semiconductors is one of the most important steps 
of producing materials fit for the purpose. The 
optical properties and performances of films can be 
calculated from the values of optical transmittance 
and reflectance spectra. For this purpose, optical 
transmittance and reflectance spectra of ZnS and 
ZnS:In films were measured at room temperature 
and shown in Figure 7 a and b. Optical transmittan- 

  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 6 - Raman spectra of the nanostructured ZnS and ZnS:In 

films. 
 
ce spectra of the films changed by doping amount. 
Maximum transmittance of the films is around 80% 
at 700 nm and this shows that these films are 
suitable for photovoltaic applications. Indium doping 
changed transmittance values of ZnS films around 
400-700 nm range. These transmittance changes 
are associated with increasing carrier concentration 
by In effect. Indium addition, rougher surfaces due 
to indium doping may decrease transmittance 
values of the films as rougher surfaces cause 
losses due to reflection and dispersion. This result 
is supported by increasing reflectance values of 
indium doped ZnS films in the visible region through 
indium doping. The steep optical transmittance 
shows homogeneous distribution of the particles 
and low defect density near the band edge. A slight 
blue shift was observed on the edge of the 
transmittance with increasing doping content in the 
films [24]. It was observed by increasing In doping 
rate that the reflectance values of ZnS:In3% and 
ZnS:In5% films were higher in the visible region 
while the reflectance values of these films were  
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Fig. 7 -  (a) The transmittance (b) reflectance spectra of nanostructured ZnS and ZnS:In films. 
 

 

 

 

 

 

 

Fig.8 - Variation of (a) refractive index (b) extinction coefficient of the films with wavelength. 

almost the same in other region. Roughness and 
various homogeneous structure of the surface of 
films and reflectance events from the surface and 
particle borders are the most important factors 
influencing measurements. Since the thicknesses of 
the films are about the same (about 300 nm order), 
the effect on the optical properties is not very high.  
Refractive index (n) and extinction coefficient (k) 
values of the films were calculated through 
absorbance and reflectance spectra and values 
based on wavelength are shown respectively in 
Figure 8a and 8b. 

Refractive index of the films have been 
calculated by means of the following equation [38] ;  

 

                        (1) 

 

In this equation, k is expressed as k = αλ/4π 
equation while R is the reflectance. 

 It is seen that both the refractive index and 
extinction coefficient values of the films decrease 
with the increase in the wavelength. The refractive 
index decreased with increasing wavelength and 
became fairly flat at higher wavelengths, showing 
normal dispersion behavior [30]. It is observed that 
the refractive index values of the films are 550 nm 
and at the same values for the longer wavelengths. 
Refractive index does not only influence the optic 
route of light, but also influences the amount 
reflected from a surface. If, refractive index of a 
solid increases, reflection increases, as well. 
Extinction coefficients of the films got values near-
zero around 500-700 nm wavelength range and this 
result is consistent with the transmittance spectra 
results shown in Figure 7. The decrease in the 
extinction coefficient with an increase in wavelength 
shows that the fraction of light lost due to scattering 
and transmittance increases. Extinction coefficient 
of a material is based on its absorption values.  

Optical band gaps of undoped and indium 
doped ZnS films were shown in Figure 9 (a). The 
optical band gap is evaluated according to the well-

known Tauc’s relation [39]: 
m
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Fig. 9 - (a) The plots of ( E)2 vs. E (b) Optical conductivity versus photon energy for the films. 

where A is a constant,  is the absorption 
coefficient, E is the photon energy and Eg is the 
optical band gap. The band gap can be obtained by 
extrapolating the linear portion of the plot ( E)2 vs 

E to 0 . 
Optical band gaps of the films decreased 

from 3.50 eV to 3.40 eV by increasing indium 
doping. The shrinking band width energy is based 
on the presence of In in ZnS structure, which causes 
the formation of new recombination centers through 
low emission energy (shrinkage effect) [40]. Carrier 
concentration increasing by In effect might have 
contributed Eg to drift towards a larger wavelength.  

The optical response of the films was 
investigated optimally for optical conductivities. The 
following relation is used to calculate the optical 
conductivity of the film [41]:  
 

     (3) 

 
where n is the the refractive index, α is the 

absorption coefficient and c is the velocity of light. 
Figure 8b shows the plot of optical conductivity 
versus photon energy. The optical conductivity is 
directly related with the absorption coefficient and 
refractive index of the material and is found to follow 
the same trend as that of the absorption coefficient 
(Fig 10) and the refractive index with increasing 
wavelength.  

 
4. Conclusion  

 
ZnS and ZnS:In films were produced my 

means of ultrasonic spray pyrolysis method by 
spraying on glass substrates heated up to 300±5 °C. 
The effect of In on the structural and optical 
characteristics of the ZnS films were analyzed. XRD 
spectra showed that indium doping decreased 
crystallinity. Crystallite sizes of the films were 
calculated in 4.61-4.63 range and this result was  

  

 

Fig. 10 - Absorption coefficient of the films. 

 
confirmed by SEM analyses. The films exhibit the 
Raman hump-like feature around 367 and 568 cm-1 
and the hump profiles are almost symmetric. 
Rougher surfaces due to indium doping decreased 
transmittance values of the films around 400-700 
nm as rougher surfaces caused losses due to 
reflection and dispersion. Maximum transmittance 
of the films are around 80% at 700 nm. Optical 
conductivity values directly related with the 
absorption coefficient and refractive index of the 
material is calculated and is found to follow the 
same trend as that of the absorption coefficient and 
the refractive index with increasing wavelength. 
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