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Abstract
In this study, ZnS and also ZnS:Cu thin films were synthesized by sol–gel method. Two different values of copper  (Zn(1−x) 
 SCu(x), x = 0.05, 0.1) were tested to investigate the effect of copper concentration on its physical and chemical properties 
of the prepared sample. The films were subjected to various analyses of structural (XRD), optical (UV–visible), and photo 
luminescent one (PL), as well as the determination of the functional groups, the formation of bonds using the (FTIR) spec-
trometry, and finally, surface layer morphology via (FE-SEM). Also, the effect of thermal treatment has been studied on 
certain parameters created, such as improving the crystallization of the layers, network defect enhancement, and band gap 
changes via annealing.

1 Introduction

Zinc sulfide is one of the first discovered semiconductors, 
an n-type, and a combination of groups 2 and 6 periodic 
tables. ZnS is one of the most commonly applied semicon-
ductors in optical devices due to its high refraction index, 
high transmission within the visible range, and low opti-
cal absorption in the visible and infrared spectral region 
[1]. ZnS thin film acts as a “Buffer” and “window” layer 
in heterojunction solar cell. It has numerous applications 
in optoelectronics, solar cells, light emitting diodes, and so 
forth [2]. The widespread transparency of the ultraviolet to 
visible light with broadband and direct bands in the range 
of 3.5–3.9 eV, as well as the refractive index of ZnS is supe-
rior. This material has two cubic and hexagonal structures; a 
cubic structure associated with the ABCABC ion bonds and 
hexagonal one with the ABABAB model [3, 4]. Compared 
to bulk ZnS, the nano-scale ZnS has abnormal chemical and 
physical properties, such as increased surface-to-volume 
ratio, the effect of quantum size, more optical absorption, 
and chemical stability. The nanostructures of ZnS can be 
divided into zero-dimensional (0D), one-dimensional (1D), 
and two-dimensional (2D) structures [5, 6]. To fabricate ZnS 
thin films, several techniques, such as microwave-assisted 

[7], hydrothermal [8], molecular beam epitaxy, pulsed laser 
deposition [9], spray pyrolysis [10], chemical bath deposi-
tion (CBD) [11, 12] and sputtering [13] have been used. 
Choosing a technique to deposit or synthesize zinc sulfide 
or any related material requires the consideration of certain 
factors, such as quality of the material being prepared, as 
well as cost and ease of preparation. Furthermore sol–gel 
and electrodeposition method, because of the simplicity of 
the procedure, are widely used for deposition of thin films 
which are used for preparation of ZnS thin films [14–20]. 
This research aims to synthesize ZnS thin films at relatively 
low cost using simple methods and operating devices while 
maintaining high film quality. Based on these considered 
elements, spin-coating process was selected as the technique 
for the successful deposition of ZnS thin films; given its sim-
plicity, cost-effectiveness, and lower material losses. Moreo-
ver, it is a low temperature, the simplest, and the economical 
technique. Using other methods, it is possible to fabricate 
high-quality nanocrystals but by a relatively expensive and 
time-consuming processes [21]. Among nanostructures, 
two-dimensional materials such as nano-sheets, one of the 
useful nanostructures due to their surface-to-volume ratio 
as well as their transparency and mechanical stability, are 
used for a wide variety of applications. They have high per-
formance and are flexible. Further, changing the bandgap 
due to their nanoscale size is different from other similar 
bulk examples. Among the various physical and chemical 
methods for synthesis of the thin film zinc sulfide, sol–gel 
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and spin-coating techniques are easy to implant and cost-
effective technique to synthesize ZnS.

One limitation of zinc sulfide is that it can only absorb 
photons in the range of ultraviolet light because of its broad-
band band gap; thus, it needs to be doped through increas-
ing the layer efficiency in entities such as a buffer film or 
window at the solar cell. On the other hand, it is evident that 
by doping a matter with another element such as transition 
metals, new energy levels and centers of impurity appear at 
a band gap of ZnS; the levels which can be excited by PL 
radiation, and cause reaction by electrons and holes, and also 
may be trapped inside these energy surfaces and increases 
absorption of sunlight. Since the dopant can extend the 
capability of a semiconductor compound, this work focused 
on doped ZnS and investigation on structural, optical and 
morphological properties of Cu-doped ZnS thin films syn-
thesized by sol–gel method [22].

Our review shows pure and doped zinc sulfide thin film 
formation is very low by sol–gel method, and in cases where 
the synthesis has been done, the application of the film, 
synthesis method, doped substance or analyses made to our 
work have not been overtaken [22–25].

2  Experimental details

2.1  Synthesis of ZnS and ZnSCu sols

Zinc sulfide thin film sol was prepared from a one that is 
provided as follows; nitrate zinc powder Zn  (NO3)2·6H2O 
and thiourea powder SC  (NH2)2 were solved in isopropanol 
 CH3CHOHCH3. The concentration of thiourea and zinc 
nitrate were 0.5 mol/L. Copper(II) nitrate, Cu  (NO3)2 as 
a dopant, was added to the ZnS sol at a concentration of 
x = 0.05 and 0.1, based on  Zn(1−x)  SCux chemical formula. 
To illustrate, for preparing ZnS, 0.946 g Zn(NO3)2·6H2O 
and 0.380 g thiourea were applied; also was added 0.0473 g 
and 0.0946 g copper(II) nitrate distinct, for  Zn0.95SCu0.05 and 
 Zn0.9SCu0.1 sols were used, respectively; each is in 10 cc iso-
propanol. The solutions were prepared after 5 h by a magnetic 
stirrer at 90 °C temperature and pH = 2–3. The rotation rate 
was 900 rpm to obtain a homogeny and transparent solution.

2.2  Coating of ZnS and ZnSCu thin films

ZnS and  Zn(1−x)  SCux (x = 0.05 and 0.1) prepared by the above 
process, were coated onto the glass substrate of 25 × 25 × 1 mm3 
by a spin-coating system. Glass substrate was initially cleaned 
by acetone, and deionized water then was dried at 100 °C. The 
spinning speed was 2000 rpm (two different speeds were used 
according to the viscosity of solution for coating layers) for 
10 s, and the process was repeated 5–6 times. Thickness of film 
determined by FE-SEM cross section was about 800 nm. At 

that point, in each time of the deposition, the films were placed 
in the oven at 90 °C. Finally, to determine the stable structure, 
and also study the optical properties of the films, some of them 
were placed into the furnace with argon atmosphere (to prevent 
oxidation) at 450 for heat treatment. In the event of oxidation, 
this photo luminescent is severely reduced [26]. Equations 1–3 
show how to form the precursors, and Eqs. 4, 5 show how to 
make pure and doped zinc sulfide.

3  Results and discussion

The FTIR analysis with the Tensor27 model made in Ger-
many was applied in the range of 400–4000 cm−1 in order to 
characterize the undoped and copper-doped ZnS sols. Potas-
sium bromide was used as a non-absorbent interface. A lit-
tle amount of undoped or copper-doped sols is put on KBr 
disk. The structural properties of the prepared samples have 
also been studied via an X-ray diffract meter of PANalyti-
cal Company X’Pert PRO MPD, made in the Netherlands. 
Optical properties of the films were examined through the 
UV–visible software 2601 model. In order to investigate the 
defects in the undoped and copper-doped ZnS thin films, 
PL analysis with xenon bulb excited by light with an excit-
ing wavelength of 300 nm was performed using the Cary 
Eclipse apparatus. Finally, the surface layer morphology of 
the films was performed via Cam FE-SEM scanning electron 
microscope model of Scan MV2300. For this purpose, a thin 
film of the gold coating was used on the undoped and copper 
doped ZnS films to create crisp images (due to the lack of 
substrate and forming images on display).

3.1  FTIR spectra

An FT-IR analysis can be used to investigate the formation of 
the ZnS bonds and its diffusion with other elements, as well 
as to ascertain the functional groups and molecular absorp-
tion on the surface including  CO2. The FTIR spectrum of 
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undoped and doped ZnS sols is observed in Fig. 1. Bands 
at 555 and 1097 cm−1 are associated with the characteristic 
peaks of the ZnS material. Similarly, band of 1625 cm−1 
in the range of 1750–1500 cm−1 as well as 3197, 3296 and 
3396 cm−1 in the range of 3000–3600 cm−1 are associated 
with the functional groups C=O and O–H, which are due to 
the presence of carbon dioxide in the air, the absorption of 
water in the air, or existent water in precursors, respectively. 
In general, it can be said that with the sample doping, two 
changes can occur in the peaks of the ZnS FTIR spectrum; 
the new peak formation and the position change in some 
bands, which clearly happened in the current work [27] 
 (Zn0.95SCu0.05 and  Zn0.9SCu0.1, respectively). Bands of 472 
and 672 cm−1 in sample  Zn0.95SCu0.05 sol, and bands 541 
and 602 cm−1 in  Zn0.9SCu0.1 are characteristic peaks of the 
ZnS bond. The peaks of 1031 and 1104 cm−1 in the sample 
 Zn0.95SCu0.05, as well as bands of 1067 and 1122 cm−1 in the 
 Zn0.9SCu0.1 sample, are the original bands; indicating that 
doped Cu affect at the portion structure of the ZnS sol. The 
other peaks are also related to the functional groups such as 
C=O and O–H groups [28]. The partial  Cu2+ substitution 
result was consistent with XRD experiment.

3.2  Structural properties

X-ray diffraction (XRD) patterns of undoped and doped ZnS 
films are shown in Fig. 2. Figure 2 is based on the ZnS film 
design. As it is clear, the pattern does not have any peak 
characteristic and shows the spectrum of the amorphous 

structure. The wide range from 20 to 25° that is related to 
the  SiO2 film shows that the film crystallization is weak and 
the glass diffraction pattern is dominant in the analysis. The 
same pattern report for the deposited film shows a wide dif-
fraction peak in the range 20–30. There is also no obvious 
diffraction peak for the ZnS film annealed at 200 °C. The 
position, peak intensity, and width of the peaks depend on 
their synthesis temperature [12, 26]. All observed features 
in Fig. 2 are indications of a polycrystalline cubic structure 
for ZnS films according to the JCPDS (03-065-1691) offi-
cial data. The ZnS thin film diffraction pattern annealed at 
450 °C in Fig. 2. The peaks at the angles of 28.55, 47.49, 

Fig. 1  FTIR spectra of undoped 
and Cu-doped ZnS samples

Fig. 2  XRD pattern of the ZnS thin film annealed at 200 °C
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and 56.34, are related to plates of (111), (220), and (311) 
cubic structures, respectively. The peak of 31.57 is associ-
ated with the short peak of the ZnO characteristic, which 
indicates little oxidized film. Moreover, using the informa-
tion of network parameters, “a” parameter was obtained as 
5.4 Å, and according Eq. 6, the network constant was cal-
culated to 3.12 Å.

The diffraction spectra of the  Zn0.95SCu0.05 and  Zn0.9SCu0.1 
films can be observed in Fig. 2. The peaks of 28.53, 45.47, and 
56.30, as already mentioned, are peaks characterized by the 
doping. Since  Cu2+ has bigger ionic radius concerning  Zn2+, 
the substitution of  Zn2+ ion by  Cu2+ ion increases the crystal-
line plane distance. Hence, as the lattice distance increases, 
according to Bragg law 2d sin � = n� , the diffraction angles 
decrease; each has been shifted 0.04–0.20° to smaller angles 
[29]. A further peak at 32° angle is related to the CuS struc-
ture [30], which is due to the incomplete insertion of copper 
ions within the ZnS structure. The same matter is for the film 
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d2
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2 + k

2 + l
2

a2
.

 Zn0.95SCu0.05 in Fig. 3, where the ZnS original peak has been 
shifted to 28.07, concluding that the amount of 0.1 M dopant is 
not suitable for doping with this method; since the placement 
of copper ions in the ZnS bonds has not completely occurred 
and a number of  Cu2+ ions react with sulfur and forms the 
composition of CuS. On the other hand, it can be seen that the 
diffraction peaks have been extended by the doping, which 
indicates the size of the crystals is smaller, the amount of crys-
tals by using the Debye–Scherrer equation (Eq. 7) decrease 
from 117 nm in the ZnS films to values of 81 and 54 nm, 
respectively. For layers  Zn0.9SCu0.1 and  Zn0.95SCu0.05, the films 
strain was also calculated via Eq. 8 [31], which shows the 
increased strain of the films due to the addition of  Cu2+ ions 
with a radius smaller than of zinc [28–30]. The values are 
reported in Table 1.
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0.9�
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,
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4
.

Fig. 3  XRD patterns of the 
undoped and Cu-doped ZnS 
thin films

Table 1  Structural properties 
of undoped and Cu-doped ZnS 
thin films thin films

Sample TC (111) TC (220) Miller indi-
ces (hkl)

FWHM B (°) Strain (�) Average 
crystallite 
size (D)

ZnS 0.84 1.16 − 111 0.07 5 ×  10−5 117
Zn0.95S:Cu0.05 0.77 1.23 − 111 0.15 10.5 ×  10−5 54
Zn0.9S:Cu0.1 1.02 0.97 − 103 0.1 7 ×  10−5 81
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The average crystallite sizes (D) were determined 
according to the Debye–Scherrer equation (Eq. 7); where 
k is a constant (shape factor about 0.9), � is the X-ray 
wavelength (0.15418 nm), B is the full width at half maxi-
mum (FWHM) of the diffraction line, ε is strain, and � is 
the diffraction angle; based on the (1 1 1) plane of zinc 
blende ZnS. Another point is about the annealing time 
of the film. The ZnS and  Zn0.9SCu0.1 films have been 
annealed in the furnace with argon atmosphere for 1 h 
while the  Zn0.95SCu0.05 film has been annealed for 10 min. 
It can be seen that the intensity of the diffraction peaks 
of  Zn0.95SCu0.05 film is much smaller than another two 
films, which indicates the crystallization time has not been 
enough. Also, it can be observed that the intensity of the 
diffraction peaks was decreased with the doping, indicat-
ing that the crystallization of the films has dropped due to 
the created Network defects.

Also in order to investigate the Cu doping effect on the 
preferred orientation of the thin films, the texture coeffi-
cient for the thin films was calculated through the relative 
texture coefficient via the following equation [32]:

TC (hkl) is the relative texture coefficient of diffrac-
tion peaks. I (hkl) is the measured relative intensity of a 
plane (hkl), I0 (hkl) is the standard intensity of plane (hkl) 
according to the JCPDS card (03-065-1691), and N is the 
reflection number of diffraction peaks. TC (hkl) = 1 is for 
randomly oriented crystallite and TC (hkl) > 1 is high for 
grains at (hkl) orientation.  Zn0.95SCu0.05 and  Zn0.9SCu0.1 
have a TC (220) = 1.23 and TC (111) = 1.02, respectively, 
such as ZnS which has TC (220) = 1.16. Also a few grains 
are grown that have 0 < TC (hkl) < 1 values: as ZnS with 
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I0(hkl)

1

N
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.

TC (111) = 0.84,  Zn0.95SCu0.05 with TC (111) = 0.77, and 
 Zn0.9SCu0.1 with TC (220) = 0.97.

3.3  Optical properties

To study the transparency of the films and determine their 
band gap, the films were analyzed via UV–Vis. The trans-
mission spectra of undoped and doped ZnS films (no heat 
treatment and annealed) are shown in Fig. 3. The trans-
parency and optical passage of the ZnS film in the visible 
range increase from 65 to 95% for  Zn0.95SCu0.05 and 97% 
for the  Zn0.9SCu0.1 film. This phenomenon can be due to the 
reduction in the crystal size by doping. Besides, there is an 
increase in the optical passage for the ZnS films under heat 
treatment that may be due to a reduced boundary and surface 
roughness. This reduces light scattering and improves crys-
tallization, and at the end, lessens light absorption. On the 
other hand, Fig. 4 shows the transparency reduction of the 
doped films by annealed, which may be due to an increase 
in the density of crystalline defects, such as vacancy zinc or 
sulfur, and or the copper replacement in the structure [33]. 
The band gap value was calculated by the Tauc equation 
(Eq. 9) which represents the evaluated energy gap by plot-
ting a graph between (αhυ)2 versus photon energy (hν), as 
well as by extrapolating the linear region of the curve to the 
energy axis [34]:

where α is the absorption coefficient, hυ is the photon 
energy, and Eg is the direct band gap energy. Further, A 
is constant and n depends on the probability of transition 
which is equal to 2 for an indirect band gap and 0.5 for direct 

(10)�h� = A
(

h� − Eg

)n
,

(11)� = −
ln T

d
,

Fig. 4  Optical transmission 
spectra of undoped and Cu-
doped ZnS thin films
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band gap. Optical characteristics of the films are reported 
in Table 2.

The band gap of the ZnS thin film is larger than the bulk 
sample due to the limitation of the quantum and shows a 
shift to the blue absorption edge. Furthermore, the increased 
band gap is due to doping and heat treatment, which can be 
related to the effect of quantum size and decrease in the size 
of nanoparticle; and that is why it increases the nanoparticle 
band edge. Thus, the nanoparticle absorption or propaga-
tion spectrum confirms their nanostructure formation. Also 
the energy gap for two Cu-doped ZnS films was increased 
against ZnS film that is because the concentrations of  Cu2+ 
ions incorporated into the films.

3.4  Photoluminescence

The PL spectra of ZnS and  Zn0.9SCu0.1 films annealed at 
450 °C are presented in Fig. 5a, b. As shown in Fig. 5a, the 
peak at 360 nm is associated with the light in the ultraviolet 
and has energy at 3.44 eV by Eq. 4. This peak is due to the 

recombination of excitons or electrons trapped in the sulfide 
energy gap [35]:

Moreover, in Fig. 5b it can be observed that in addition to 
the peak at 360 nm, there is broadband at 490 nm (2.53 eV) 
in the visible light region. The peak can be associated with 
a local point defect due to the optical passage of the con-
duction band to zinc vacancy. On the other hand, since it is 
widespread, perhaps is related to several phenomena, includ-
ing the passage of sulfur to  Cu2+ ions. It is very clear that 
the green emission at 480 nm is due to copper induced level 
and due to a transition from the conduction band of ZnS to 
the ‘‘t2’’ level of excited  Cu2+(3d9) in the ZnSCu band gap 
[36, 37]. Figure 6 exhibits the luminescent properties of ZnS 
and Cu-substitution of ZnS thin films that show defect states 
with Cu-doped film were created.

3.5  FE‑SEM micrographs

Figure 7a, b illustrates FE-SEM micrographs of the undoped 
and doped ZnS films to view their morphology. In Fig. 7a, 
the ZnS film morphology is known as sheets with a thickness 
of 20 nm, a cross section of 200–300 nm, and synthesis of 
nano-sheet at [37]. In Fig. 7b, the  Zn0.9SCu0.1 film morphol-
ogy shows the layered structures that are placed on each 
other; there are gaps and cavities on these surfaces (Fig. 8). 
It can be seen that the film doped with copper, as a result, 
has changed its morphology [38, 39]. Also Fig. 9c, d shows 
the cross section of the FESEM images ZnS and  Zn0.9SCu0.1 

(12)E(ev) =
1240

�(nm)
.

Table 2  Band gap energy values of undoped and Cu-doped ZnS thin 
films

Sample Annealing temperature 
(°C)

Energy gap (ev)

ZnS As deposited 3.7
ZnS 450 3.87
Zn0.95SCu0.05 As deposited 3.91
Zn0.95SCu0.05 450 3.93
Zn0.9SCu0.1 As deposited 3.92
Zn0.9SCu0.1 450 3.89

Fig. 5  The plot of (�h�)2 versus 
(h�) for undoped and Cu-doped 
ZnS thin films
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Fig. 6  Energy levels of ZnS 
and Cu-substitution of ZnS thin 
films

                                                                                           Conductive band edge  

Vspart.ewollahS Zn

VS teloivartlU

4T1 (Cu)    

Blue Green 

6A1 (Cu)    

egdednabecnelaVuCSnZSnZ

Fig. 7  The room temperature PL spectra of ZnS and  Zn0.95SCu0.05 thin films, a and b, respectively

Fig. 8  Morphology of ZnS and  Zn0.9SCu0.1 thin films by FE-SEM images, a and b, respectively
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active layers, respectively. The figure shows thickness of 
about 800 nm.

4  Conclusions

In the present work, depositing ZnS and  Zn(1−x)  SCux 
(x = 0.5, 0.1) thin films by sol–gel method as well as spin-
coating process, have been carried out successfully. The 
obtained films have a cubic structure with a (111) preferen-
tial orientation, study the effect of doping at crystallite size, 
peak diffraction intensity, and FWHM. The optical charac-
terization shows that the prepared films have a high relative 
transmittance in the visible range reduced by doped of films, 
and have an optical gap equal to 3.7–3.9 eV. At PL spectra, 
green luminescence ZnSCu film by doping of ZnS film is 
observed that increases network defect, and improves the 
film activity at CIGS solar cell. The ZnS film morphology 
changes to the layered structure as sheets by doping.
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