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Nanocrystalline zinc sulfide (ZnS) thin films are prepared on glass substrates by chemical bath deposition (CBD) method
using aqueous solutions of zinc chloride, thiourea ammonium hydroxide along with non-toxic complexing agent tri-sodium
citrate in alkaline medium at 80 °C. The deposition time and annealing effects on the optical and morphological properties are
studied. The morphological, compositional, and optical properties of the films are investigated by scanning electron microscopy
(SEM), X-ray energy dispersive spectroscopy (EDAX) and UV-Vis spectroscopy. SEM micrographs exhibit uniform surface
coverage. UV-Vis (300 nm to 800 nm) spectrophotometric measurements show transparency of the films (transmittance ranging
from 69 % to 81 %), with a direct allowed energy band gap in the range of 3.87 eV to 4.03 eV. After thermal annealing at 500 °C
for 120 min, the transmittance increases up to 87 %.
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1. Introduction
The development of materials in the form of

thin layers is of major interest in a wide range of
applications. These thin layers have, in particular,
different physicochemical properties from those of
bulk materials. Metals chalcogenides are semicon-
ductors which have attracted a lot of attention last
years because of their remarkable physical prop-
erties in optoelectronic applications as well as in
solar cells fabrication as a buffer layer. Nowadays,
zinc sulfide is the most frequently used among
these materials. ZnS has a large direct band gap
(3.65 eV to 3.7 eV), high refractive index (2.25 to
2.35), and great exciton binding energy of 40 meV
with n-type electrical conductivity. It is considered
as one of the most suitable candidates for field
emitters [1], and field effect transistors (FETs) [2];
an ideal object for fabrication of high-performance
sensors and of great importance for applications in
infrared windows [3] and lasers [4]. ZnS thin films
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have been found valuable as buffer layer in replace-
ment of the harmful CdS in CIGS thin film solar
cells.

Different techniques can be used to deposit such
a material in a thin film form, which originate
from purely physical or purely chemical processes
such as close-spaced vacuum sublimation tech-
nique (CSVS) [5], pulse plating [6], thermal evapo-
ration [7], successive ionic layer adsorption and re-
action (SILAR) [8], RF magnetron sputtering [9],
chemical vapor deposition (CVD) [10], electrode-
position [11], spray pyrolysis [12], and flash evap-
oration technique [13]. The physical properties of
the material are strongly dependent on the meth-
ods of preparation. We have chosen the method
called CBD as this technique is relatively simple,
economical and cost effective, and it can be car-
ried out at lower temperature and pressure. The de-
posited layer is easily coated over large surfaces.
Also this method allows us to deposit optically
smooth, uniform and homogeneous layers. Chemi-
cal bath deposition was used to deposit ZnS semi-
conductors [14]. The quality of the deposited film
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depends on the bath parameters, such as temper-
ature, time of deposition, concentration of the re-
actants and the pH of the chemical bath. Recently,
thin film solar cells based on chemical bath deposi-
tion of ZnS (O,OH) buffer layer have achieved an
efficiency of 18.6 % [15].

In this work, ZnS thin films were deposited
by the chemical bath deposition technique. The
thin films were prepared from zinc chloride ZnCl2,
thiourea (SC(NH2)2) and ammonium hydroxide
(NH4OH).

We then studied the effect of the deposition
time and annealing on the growth and properties
of CBD ZnS films. The typical feature of this
method of deposition is the use of trisodium cit-
rate (C6H5Na3O7) as a second complexing agent
to deposit ZnS thin films in aqueous alkaline baths
without stirring the reaction bath. The Na3-citrate
is the strongest complexing agent among non-toxic
complexing agents.

The films were characterized for their struc-
tural, morphological and optical properties using
X-ray diffraction, scanning electron microscopy
and optical absorption studies.

2. Experimental
2.1. Reaction mechanism

The CBD process enables the deposition of thin
films on substrates submerged in solutions contain-
ing chalcogenide source, metal ions, and chelat-
ing agent. The latter is used to limit the hydroly-
sis of the metal ion and impart some stability to
the bath. The deposition rate may be controlled by
adjusting temperature of the bath, pH, stirring rate
and relative concentration of the reactants within
the solution (chalcogenide source, chelating agent
and/or metal ions). Formation of ZnS film takes
place when the ionic product of Zn2+ and S2− ions
exceeds the solubility product of ZnS. ZnS thin film
deposition is based on the slow release of Zn2+and
S2− ions in chemical solutions which then con-
dense on the glass substrate.

In water solution, zinc chloride (ZnCl2) dis-
solves and gives Zn2+ ion. Also, in alkaline
medium, thiourea releases S2− ions. Ammonia re-

acts with water and gives OH− ions. These OH−

ions form the complex Zn(NH3)2+
4 with Zn2+.

Therefore, suitable complexing agents should be
used to limit the free Zn2+ concentration and de-
crease the formation of zinc hydroxide and finally
zinc oxide.

The various reactions involved in the ZnS
growth process can be explained by the following
equations:

[Zn(NH3)n]
2+↔ Zn2++nNH3 (1)

(SC(NH2)2)+OH−↔ SH−+CN2H2+H2O (2)

SH−+OH−↔ S2−+H2O (3)

Zn2++S2−→ ZnS K = 5.1024 (4)

Fig. 1. Experimental setup for chemical bath deposition
of thin film.

2.2. Deposition of ZnS thin films
ZnS thin films were deposited on glass sub-

strates by CBD technique. First of all, the substrate
was cleaned in deionized (DI) water, then cleaned
with methanol and acetone, again rinsed in distilled
water and dried in air. The degreased substrate uses
nucleation centers for the growth of the films thus
giving highly adhesive and uniform films. The ZnS
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thin films were chemically grown on glass sub-
strates using zinc chloride (ZnCl2) as Zn2+ ion
source, thiourea SC(NH2)2 as S2− ion source and
ammonium hydroxide (NH4OH) and trisodium cit-
rate as complexing agent limiting the concentration
of Zn2+ and soluble species of Zn2+ in an aqueous
medium.

In the first step, 20 ml of 0.1 M ZnCl2 and 40 ml
0.6 M solution of trisodium citrate (C6H5Na3O7)
were mixed and stirred for 30 min. Then, 20 ml of
0.8 M solution of thiourea were added slowly to
the mixed solution under stirring condition. Then,
to obtain the pH = 11, a sufficient amount of am-
monia was added to the solution. Deionized water
was added to obtain the total volume of the solu-
tion of 100 ml. The agitation was stopped. There-
after, the glass substrates were immersed vertically
inside a beaker. All reagents were of high analyti-
cal grade. Fig. 1 shows the experimental setup for
chemical bath deposition technique.

The deposited film was prepared at water bath
temperature Tb = 80 °C, for different durations
(30 min, 60 min, 90 min, and 120 min). When the
deposition reactions were completed, each sample
was removed from the beaker and cleaned with
deionized water and dried in air to remove the
loosely adhering ZnS particles on the films. The
deposit obtained was in the form of a whitish, uni-
form, transparent, and well adherent film. Then, the
ZnS film prepared at 80 °C for 90 min was annealed
at 500 °C for 2 hours after deposition.

The transmittance spectrum of ZnS thin film
was recorded by UV-Vis (Shimadzu UV-3101)
spectrophotometer in the range of 300 nm to
800 nm. The X-ray diffraction (XRD) patterns of
the film were recorded using the PHILIPS PW
3710 diffractometer operating at 40 kV, 20 mA
and λCuKα = 1.54 Å. The surface morphology
of the films was measured by scanning electron
microscopy (SEM). Infrared spectrum of the film
deposited on silicon substrate was recorded us-
ing Fourier transform infrared spectrophotometer
and the composition of the film was obtained by
energy-dispersive X-ray spectroscopy.

3. Results and discussion

3.1. Thin films growth

In order to explain the influence of deposi-
tion time on the formation of ZnS films, the films
were deposited at various deposition times namely
60 min, 90 min, 120 min and 150 min. The vari-
ation of ZnS film deposition rate as a function of
time is shown in Fig. 2. It seems clear that the de-
position rate depends on deposition time. At the
beginning of the deposition process, the rate of
growth is decreasing as a function of time; it is
high at the beginning of the deposition process due
to high number of nucleation centers and becomes
progressively lower thereafter. Heating of the solu-
tion reduces the concentration of NH3, therefore,
NH3 does not react completely with Zn2+ ions,
and there are free Zn2+ ions in the reaction bath,
where Zn(OH)2 can be easily precipitated in the
basic solution causing a reduction of formation rate
of ZnS. Relatively low concentration of ZnS ions in
the bath results in a low growth rate. On the other
hand, from a certain deposition time, the thick-
ness increases rapidly, leading to an increase in the
growth rate of the films. The time of changing of
behavior is equal to 90 min. This increase can be
explained by the contribution of the homogeneous
regime (appearance of the particles in the solution).
This regime induces an increase in the growth rate
of ZnS in thin layer by the direct adsorption of the
ZnS clusters found in the solution.

In Fig. 2, the ZnS film prepared at 80 °C for
150 min attains a maximum film growth rate (about
4.08 nm/min).

3.2. Structural properties

The X-ray diffraction patterns (XRD) were ana-
lyzed to obtain structural information about the thin
films. Fig. 3 shows the XRD patterns for a ZnS
film deposited at 80 °C for 90 min, obtained by
scanning in 2θ range of 20° to 60°, with a graz-
ing angle of 0.3°. The four distinguished peaks at
the angles of 28.60°, 33.7, 47.8° and 56.45° re-
veal a cubic lattice structure and can be assigned
to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes,
respectively [16]. These peaks were identified
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Fig. 2. Deposition rate of ZnS thin films at different de-
position times.

by comparing the d-spacing values obtained from
the XRD patterns with JCPDS Card No. 00-065-
0309 data for ZnS [17]. The (2 0 0) plane seems to
be dominant. Similar (2 0 0) plane dominance was
also reported for ZnS films prepared by cathodic
electrodeposition technique [19].

Fig. 3. XRD spectra for as-grown CBD-ZnS thin film
deposited on n-Si substrate. (� – ZnS; ©– n-Si).

3.3. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a suit-
able technique to study the microstructure of thin
films. This technique allows us to specify the mode
of growth via the study of surface roughness and to

Table 1. Mean ZnS grains size as a function of deposi-
tion time deduced from SEM images.

SEM
image

Deposition time
[min]

Grain size
[nm]

4a 60 10
4c 90 17
4e 120 22
4g 150 20

determine the effect of different deposition times
on the film morphology.

Fig. 4 shows the surface morphology of ZnS
thin films deposited at temperature of 80 °C,
at different deposition times, observed by SEM.
From the micrographs, it is observed that the as-
deposited films have uniform morphology with
good surface coverage on the substrate (ion-by-
ion mechanism) over which freely adhering clus-
ters of grains (cluster-by-cluster mechanism) exist.
The ZnS thin films indicate a surface structure con-
sisting of various small particles free of pinholes.
When the deposition time increases, the particle
size increases from around 10 nm to 20 nm. We
can conclude that the homogeneity, grain size and
adhesion to the substrate can be increased by the
deposition time.

We have observed from the SEM images that
the grain size of the films, as a function of deposi-
tion time, evolves like in Table 1.

Chemical composition of ZnS thin films on
glass substrate was analyzed by energy-dispersive
X-ray analyzer (EDX) (Fig. 5). The EDX analysis
confirms the presence of zinc and sulfur in the ZnS
thin films. We see that the percentage of sulfur is
low in the film and it is probably due to the volatil-
ity of sulfur.

Excess of Zn may be caused by Zn(OH)2 or
ZnO originating from the alkaline reaction solu-
tion [18]. In the analysis, the presence of the peaks
of O, Si, Mg, Cl and Na can be attributed to the
amorphous nature of the glass substrate.

In [19] it has been suggested that oxygen atoms
in the ZnS film deposited by CBD method may
come from the compounds of ZnO and Zn(OH)2.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 4. SEM images of ZnS thin films deposited at var-
ious periods of time: (a) 60 min, (c) 90 min, (e)
120 min, (g) 150 min; (b), (d), (f), (h) – high
magnifications images of (a), (c), (e), (g).

3.4. Optical properties

The optical properties of ZnS thin films were
determined from the variation of the optical trans-
mission with UV-Vis light wavelength λ ranging
from 300 nm to 800 nm.
Transmittance

Fig. 6 shows the optical transmission spectra
of ZnS thin films obtained in different deposition
times, before and after annealing at 500 °C for
2 hours.

Fig. 5. EDX scanning pattern of the ZnS deposited at
80 °C for 60 min.

Fig. 6. Transmittance spectra of the ZnS films grown
on glass substrate in various deposition times:
(a) as-deposited, (b) annealed at 500 °C for 2 h.

It is clear that the transmittance decreases with
the increase of deposition time, before as well as
after annealing. This decrease in transmittance can
be explained by the evolution of the thickness; in
other words increasing the deposition time leads to
thicker films. It has been observed that the films
have a maximum transmittance of 81.7 % in the
visible region for as-deposited films. This high
transparency in the visible region indicates that
there are no colloid particles formed by homoge-
neous reaction on the substrate surface. This result
is in agreement with SEM micrographs. The aver-
age transmittance in the visible range of the film
deposited for 90 min is about 87.4 %, which is
higher than of that deposited at 150 min. Annealing
process of the as-deposited films increases the op-
tical transmittance. This increase may be attributed
to the rearrangement and decrease of the films de-
fects.
Absorbance and reflectance

Fig. 7 and Fig. 8 show the spectral variations
of reflectance and absorbance for as-deposited
and annealed films. It can be seen that all the
samples of ZnS films exhibit high absorbance in
UV regions. In the visible region, the absorption
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is significantly lower. Also, the values for the an-
nealed film are lower compared with the others be-
cause the annealed film has a higher transmission
values.

Fig. 7. Optical absorbance of nanocrystalline ZnS thin
films obtained in different deposition times ver-
sus wavelength before and after annealing.

Fig. 8. Optical reflectance of nanocrystalline ZnS thin
films obtained in different deposition times ver-
sus wavelength before and after annealing.

Absorption coefficient and optical band gap
The α coefficients for as-deposited and an-

nealed ZnS films have been calculated by the fol-
lowing relationship:

α = 2.3026 A/t (5)

where A is the absorbance and t is the sample thick-
ness.

In Fig. 9, the variation of α versus wavelength
for ZnS nanocrystalline thin layers with deposi-
tion time as parameter is reported. One can clearly
see that the absorption coefficient of ZnS films in-
creases with the decrease of wavelength.

Fig. 9. Absorption coefficient of ZnS thin films ob-
tained in different deposition times versus wave-
length before and after annealing.

The absorption coefficient values have been
used to determine the optical energy gap by us-
ing the Tauc relationship which is given by the for-
mula:

αhν = β (hν−Eg )
n (6)

in which, hν is the photon energy, Eg is the optical
band gap of the semiconductor, β is a constant and
n = 1/2 for direct band gap semiconductor such as
ZnS.

The optical band gap value of the ZnS thin films
was estimated by extrapolation of the straight line
of the plot of (αhν)2 versus photon energy as it is
shown in Fig. 10. We found that the Eg value for
the films prepared in different deposition times var-
ied from 3.78 eV to 4.03 eV, which is in agreement
with what is reported by other authors [20]. The
band-gap values are higher than the 3.7 eV mea-
sured in case of bulk zinc sulfide. This increase
may be due to quantum confinement in the small
crystals [21]. Also, the increase may be due to the
presence of zinc hydroxide produced by the alka-
line bath, thereby forming a mixture of zinc sulfur
hydroxide Zn(S,OH) [22].
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It is clear from Fig. 10 that the gap energy val-
ues of the films before annealing are greater than
those after annealing. The decrease in films band
gap width after annealing could be attributed to im-
provement in the crystal structure and grain sizes
change of the films after annealing. Table 2 shows
the optical energy gap of ZnS thin films before and
after annealing [23].

Fig. 10. The plot of (αhν)2 versus photon energy (hν)
for ZnS thin films prepared in various deposi-
tion time.

Table 2. Gap energy values of ZnS thin films, before
and after annealing.

Deposition time [min]
Direct band gap energy

Eg [eV]

Before
annealing

After
annealing

60
90

120
150

4.03
3.91
3.87
3.96

–
3.83

–
–

The tail width E00 in the gap energy was ob-
tained by plotting ln(α) as a function of hν. The
inverse of the slope extracted from the linear part
gives E00 for the deposited ZnS films, as shown
in Fig. 11. The E00 value increases with increas-
ing the deposition time until it reaches the value of
120 min after which the tail width decreases. This
result may be due to the fact that the increase in de-
position time implies an increase in films thickness

(until t = 120 min) and this leads to an increase
in film defects and localized states in the gap. As
can be seen, the variation of optical gap is opposite
to the disorder. This behavior indicates clearly that
the optical gap is also controlled by disorder in the
film.

Fig. 11. Optical gap and disorder variations of CBD-
ZnS thin films as a function of deposition time.

Extinction coefficient (k)
The extinction coefficient (k) has been esti-

mated from the following equation:

k = αλ/4π (7)

where λ is the incident radiation wavelength.
Fig. 12 shows the evolution of the extinction co-

efficient as a function of wavelength for different
deposition times of ZnS films. The extinction co-
efficient decreases as the wavelength increases and
moreover it increases when the deposition time in-
creases. This decrease in extinction coefficient may
be the result of increased surface roughness as the
film thickness increases, which induces an increase
in surface optical scattering and extinction coeffi-
cient.

Fig. 12 shows also the extinction coefficient
of the sample annealed at 500 °C for 120 min.
From this figure, it can be inferred that the anneal-
ing process leads to the decrease of the extinction
coefficient. This might be caused by the fact that
the annealing process minimizes the defects or the
tails depth (which means decreasing in the film ab-
sorbance).
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Fig. 12. Extinction coefficient of nanocrystalline ZnS
thin films, obtained in different deposition
times versus wavelength, before and after an-
nealing.

Refractive index (n)
The refractive index has been determined from

transmittance spectra, as function of wavelength,
using simple approximated relationship:

n =
1+R
1−R

+

[
4R

(1−R)2 − k2
]1/2

(8)

where R is the reflectance for an intermediate en-
ergy photon recorded by spectrophotometer, and k
the extinction coefficient.

The refractive index variations in the wave-
length range of 300 nm to 800 nm, for different de-
position times, are shown in Fig. 13. It is seen that
the refractive index increases when increasing the
deposition time in the range spreading from 60 min
to 150 min. This may be due to the film thickness
increase and the formation of non-stoichiometric
oxide phases in the ZnS films [24].

The figure also shows the effect of annealing
process on the refractive index. It is clear that the
annealing process induces a decrease in the refrac-
tive index values. After the annealing, the refractive
index of the films is lowered by about 10 % in the
visible range. This decrease is attributed to the fact
that ZnS film surface begins to be oxidized when
the film is annealed at 500 °C.

Moreover, Fourier transform infrared (FT-IR)
studies were used to verify the presence of ZnS and
other impurities existing on the surface of the films.

Fig. 13. Refractive index of nanocrystalline ZnS thin
films versus wavelength in different deposition
times, before and after annealing.

Fig. 14 shows the measured FT-IR spectra
for the films of ZnS deposited at different de-
position times on glass and monocrystalline sil-
icon substrates. The absorption band located at
615 cm−1 can be attributed to the formation of ZnS
phase [25]. The spectra show a large peak cen-
tered at 3360 cm−1 and a small peak at 1630 cm−1,
which are due to stretching and bending modes of
H–OH. This might be due to trace amount of ad-
sorbed water present on the film surface. The spec-
tra show a small peak at 1110 cm−1 which is as-
signed to stretching mode of Zn–OH. The spectra
also show a weak band in the region of 1475 cm−1,
which could be due to the bending modes of C–H.
Based on this study, we can say that the film con-
tains some amount of Zn(OH)2.

4. Conclusion
Economical chemical bath deposition (CBD)

technique was used to deposit ZnS thin films
with high transparency. Thin films of zinc sul-
fide were deposited onto glass substrate from
the aqueous solution of zinc chloride, ammonia,
thiourea and tri-sodium citrate (C6H5Na3O7) while
Na3-citrate was used as the non-toxic complexing
agent. The influence of deposition time was in-
vestigated in the present work. The thickness of
ZnS films increased nearly linearly with time after
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Fig. 14. Vertically shifted FT-IR spectra of a typical ZnS film deposited in different deposition times, (a) on glass
(b) on monocrystalline Si substrate.

the nucleation phase (after 90 min). The X-ray
diffraction analysis showed that the as-deposited
films were amorphous. The annealing in air im-
proved the film crystallinity with the formation of
ZnO phase. The SEM images demonstrated a dense
and uniform surface that was free of pits or pin-
holes. The well-defined spherical fine grains with
different sizes were uniformly distributed over a
smooth and homogeneous surface. The films ex-
hibited also good adherence and covered the entire
substrate surface. The EDX analysis confirmed the
presence of zinc and sulfur in the ZnS thin films.

The optical properties of the films as-deposited
and annealed at 500 °C for 120 min were also stud-
ied. The films were highly transparent. The per-
centage of transmission was around 82 % for all
the as-deposited ZnS films in the visible range. For
the annealed films, the percentages exceeding 82 %
were achieved, except for the film deposited for
150 min, which showed only 70 % transmission of
the film before annealing. The measured band gap
was found to be in the range of 3.87 eV to 4.03 eV
depending upon the deposition time.
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