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Deposition time and annealing effects on morphological and
optical properties of ZnS thin films prepared by chemical
bath deposition
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Nanocrystalline zinc sulfide thin films were prepared on glass substrates by chemical bath deposition method using aque-
ous solutions of zinc chloride, thiourea ammonium hydroxide along with non-toxic complexing agent trisodium citrate in
alkaline medium at 80 °C. The effect of deposition time and annealing on the properties of ZnS thin films was investigated by
X-ray diffraction, scanning electron microscopy, optical transmittance spectroscopy and four-point probe method. The X-ray
diffraction analysis showed that the samples exhibited cubic sphalerite structure with preferential orientation along (2 0 0)
direction. Scanning electron microscopy micrographs revealed uniform surface coverage, UV-Vis (300 nm to 800 nm) spec-
trophotometric measurements showed 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
increased up to 87 %. Moreover, the electrical conductivity of the deposited films increased with increasing of the deposition

time from 0.35 x 10~% Q-cm~! t02.7 x 1074 Q-cm™!.
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1. Introduction

Development of materials in form of thin lay-
ers is of major interest in a wide range of applica-
tions. These thin layers have, in particular, different
physicochemical properties from those of bulk ma-
terials. Thin films of chalcogenides are semicon-
ductors which have attracted a lot of attention last
years because of their remarkable physical proper-
ties in opto-electronic applications [1] as well as in
solar cells fabrication as a buffer layer. Nowadays,
the most often used among these materials is zinc
sulfide. ZnS has a large direct band gap of 3.65 eV
to 3.7 eV, high refractive index of 2.25 to 2.35, and
great exciton binding energy of 40 meV with n-type
electrical conductivity. It has been extensively uti-
lized in light emitting devices [2], electrolumines-
cent devices, semiconductor lasers [3], flat panel
displays [4], optical sensors [5], phosphors [6],
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and so on. ZnS thin films have been found valu-
able as buffer layer in replacement of the harmful
CdS in CIGS thin film solar cells.

Different techniques can be used to deposit
such material in thin film form, which originate
from purely physical or purely chemical processes
such as close-spaced vacuum sublimation tech-
nique (CSVS) [7], molecular beam epitaxy [8],
thermal evaporation [9], successive ionic layer
adsorption and reaction (SILAR) [10], RF mag-
netron sputtering [11], chemical vapor deposition
(CVD) [12], electrodeposition [13], spray pyroly-
sis [14] and flash evaporation technique [15]. The
physical properties of the material are strongly de-
pendent on the methods of preparation. We chose
the method called CBD as this relatively sim-
ple, economical and cost effective process can be
carried out at low temperature and pressure. The
film can be easily coated on large surfaces. This
method allows also deposition of optically smooth,
uniform and homogeneous layers. Chemical bath
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deposition was used to deposit ZnS semiconduc-
tors [16]. The quality of the deposited film depends
on the bath parameters, such as temperature, time
of deposition, concentration of the reactants and the
pH of the chemical bath. Recently, thin film so-
lar cells based on chemical bath deposition ZnS
(O, OH) buffer layer have achieved an efficiency
of 18.6 % [17, 18].

In this work, ZnS thin films were deposited
by the chemical bath deposition technique. The
thin films were prepared from zinc chloride ZnCl,,
thiourea (SC(NH7);) and ammonium hydroxide
(NH4OH). We studied the effect of the deposition
time and annealing on the growth and properties
of CBD ZnS films. Trisodium citrate was used as
a substitute for the hydrazine hydrate, minimizing
the hazards connected with the process. The ZnS
thin films deposited with using Nas-citrate showed
improved crystallinity, higher transmittance in the
visible region [19]. Following various preliminary
tests carried out in our laboratory, the layers pre-
pared at deposition temperatures below 70 °C were
of poor quality, non-homogeneous, non-adhering
to the substrate. At higher temperatures, homo-
geneous precipitation in solution can take place,
therefore, we had to limit the temperature of the
solution to 85 °C. A typical feature of this study
was the use of trisodium citrate (C¢HsNa3zO7) as a
second complexing agent to deposit ZnS thin films
in aqueous alkaline baths without stirring the reac-
tion bath. Naz-citrate is the strongest complexing
agent among the non-toxic complexing agents. Ob-
tained films were characterized for their structural,
morphological electrical and optical properties by
using X-ray diffraction (XRD), scanning electron
microscopy (SEM), four-point probe method and
optical absorption studies.

2. Experimental

2.1. Reaction mechanism

The CBD process enables deposition of thin films
on substrates submerged in solutions containing
chalcogenide source, metal ion, and chelating
agent. The latter is used to limit the hydrolysis 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 rela-
tive concentration of reactants within the solution
(chalcogenide source, chelating agent and/or metal
ion). Formation of ZnS film takes place when the
ionic product of Zn>* and S>~ ions exceeds the sol-
ubility product of ZnS. ZnS thin film deposition is
based on the slow release of Zn>* and S?>~ ions in
the chemical solutions which then condense on the
glass substrate. The flow chart of the growth mech-
anism for the ZnS film is presented in Fig. 1.

OH™ NH',
SC(NHz)z ZnClz Na3C6H5
ﬂ Zn(NH3)4*"
S*
Zn(C6H507)_
|
\ 4
Zn(OH),
v \ 4
ZnS Zn(S,0)

Fig. 1. Flow chart of the growth mechanism of ZnS
films obtained by chemical bath deposition
method.

In water solutions, zinc chloride (ZnCl,) dis-
solves and gives Zn>*T ion. Also, in alkaline
medium, thiourea releases S~ ions. Ammonia re-
acts with water and gives OH™ ions. These OH™
jons form with Zn?tT a Zn(NH3)42+ complex.
Therefore, suitable complexing agents should be
used to limit free Zn>* concentration and decrease
formation of zinc hydroxide and finally zinc oxide.

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

[Zn(NH3),)*" <+ Zn** +nNH; (1)
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(SC(NH3)3)+OH™ <+ SH™ +CN3H, +H>0

2
SH™ +OH ™ « §*~ +H,0 (3)
Zn*t +82 5 7ZnS K=5x10"% (@)

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 dis-
tilled water and dried in air. The degreased sub-
strate provided nucleation centers for the growth of
the films thus giving highly adhesive and uniform
films. The ZnS thin films were chemically grown
on glass substrates using zinc chloride (ZnCl,) as
Zn**t jons source, thiourea SC(NH,), as S2~ ions
source [20], and ammonium hydroxide (NH4OH)
and trisodium citrate as complexing agents lim-
iting the concentration of Zn>* in the aqueous
medium. In this work, each solution, i.e. precursor
of cationic and anionic solution, was prepared sep-
arately. All reagents were of high analytical grade.

The films deposition was done in a reactive bath
prepared in a 100 mL beaker. In the first step, 20
mL of 0.1 M of ZnCl, and 40 mL of 0.6 M solu-
tion of trisodium citrate (C¢Hs;Na3zO7) were mixed
and stirred for 30 minutes. Then, 20 mL of 0.8 M
solution of thiourea was added slowly to the mixed
solution under stirring. The pH of the solution was
fixed at 11 by adding a sufficient amount of 25 %
ammonia solution (NH4OH). The solution temper-
ature was maintained at 80 °C using a thermostatic
control. The glass substrates were immersed ver-
tically inside this beaker. Fig. 2 shows the exper-
imental setup for chemical bath deposition tech-
nique. The deposited film was prepared at water
bath temperature T, = 80 °C, for different dura-
tions (60 min, 90 min, 120 min and 150 min). When
the deposition reactions were completed, each sam-
ple was removed from the beaker and was cleaned
with deionized water and dried in air to remove the
loosely adhered ZnS particles on the films. The ob-
tained deposit was in the form of a white uniform,
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.
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I - Stirrer, 2 - Hot plate. 3 -Thermocouple.

o

4 - Substrate and 5 - Reactive aqueous solution.

Fig. 2. Experimental setup for chemical bath deposition
of thin film.

The obtained film thickness was estimated from
a stylus displacement of a Dektak profilome-
ter. 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 a PHILIPS PW
3710 diffractometer operating at 40 kV, 20 mA
and Acuko = 1.54 A. 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. The electri-
cal conductivity was measured at room temperature
via the four-point probe method, using a JANDEL
RM 3000 device.
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3. Results and discussion

3.1. Thin films growth

In order to explain the influence of deposition
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 variation
of ZnS film deposition rate as a function of time
is shown in Fig. 3. It seems clear that the deposi-
tion rate depends on deposition time. At the begin-
ning of the deposition process, the rate of growth
is decreasing as a function of time. It is relatively
high at the beginning of the deposition process due
to the increase of nucleation centers and becomes
progressively lower thereafter. However, the solu-
tion heating causes a decrease in the concentration
of NH3, therefore, NH3 has not reacted completely
with Zn2" ions, and free Zn2" ions remained in the
reaction bath, where Zn (OH), could be easily pre-
cipitated in the basic solution resulting in low con-
centration of ZnS. The relatively low concentration
of ZnS ions in the bath resulted in a low growth
rate. On the other hand, from a certain deposition
time, the thickness increases rapidly, leading to an
increase in the growth rate of the films. The time
of changing the behavior is equal to 90 min. This
growth can be explained by the contribution of the
homogeneous regime (appearance of particles in
the solution). This regime induces an increase in
the growth rate of ZnS in thin layer by direct ad-
sorption of ZnS clusters found in the solution.

In Fig. 3, the ZnS film prepared at 80 °C for
150 min shows a maximum film growth rate (about
4.08 nm/min).

3.2. Structural properties

Fig. 4 shows X-ray diffraction patterns of the
deposited films for the four deposition times con-
sidered in this work. As we can see, ZnS phase with
the cubic structure and preferred orientation along
(2 0 0) plane has been obtained after 90 min, as it
has been reported in the literature [21, 22]. Similar
(2 00) plane dominance was also reported by Liang
et al. [23], for ZnS films prepared by cathodic elec-
trodeposition technique. A maximum intensity of
the (2 0 0) peak was noticed for the layer deposited
at 90 min.
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Fig. 3. Deposition rate of ZnS thin films at different de-

position times.

As it can be inferred from the XRD patterns, the
film deposited for 60 min seems to be amorphous.
The (2 0 0) peak is lightly shifted to lower diffrac-
tion angles with a noticeable reduction in its inten-
sity when the deposition time equals 150 min, and
on the other hand, an increase in the intensity of
(2 2 0) peak is observed. The films deposited dur-
ing 120 min, show only one preferential orientation
along (2 2 0) direction at 20 = 47.29° indicating
a cubic structure. Thus, the XRD patterns depend
strongly on deposition time. The grains sizes were
found to be ranged from 162.1 nm to 154.5 nm
as the deposition time was changed from 90 min
to 150 min.

The grain size D of the deposited films can be
determined by using Scherer equation [40]:

KA
D= 5
BcosO ®)
where K is approximately equal to 0.94,

A = 154184 A, 0 is the diffraction angle and
[ is the width of diffraction line at half maximum
intensity.

The microstrain ¢ of the films was estimated us-
ing the equations [41]:

BcosO
E =
4

(6)

The values of structural parameters: average
grain size D, microstrain ¢ for ZnS thin films
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Fig. 4. X-ray diffraction patterns of ZnS thin films de-
posited at different deposition times: (a) 60 min;
(b) 90 min; (c) 120 min; (d) 150 min, on n-Si
substrate.

obtained at different deposition times are presented
in Table 1.

Table 1 shows the crystallite size of the layers
obtained at different deposition times. The reduc-
tion of the grain size with the increase of deposi-
tion time may be due to the deterioration of the film
crystallinity which may be caused by an increase of
defect density in the film network, enabling the rise
of internal strain in the formed crystallites.

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 one to specify the
mode of growth via the study of a surface rough-
ness and to determine the effect of different depo-
sition times on the film morphology. Fig. 5 shows
the surface morphology of ZnS thin films deposited
at temperature 80 °C, at different deposition times,
observed by SEM. From the micrographs, it is ob-
served that the as-deposited films have uniform
morphology with good surface coverage (ion-by-
ion mechanism) on which freely adherent clusters
of grains (cluster-by-cluster mechanism) exist. The
ZnS thin films have the surface structure consisting
of various small particles free of pinholes. When
the deposition time increases, the particle size in-
creases from around 10 nm to 20 nm. We can con-
clude that the homogeneity, grain size and adhesion
to the substrate can be increased by increasing de-
position time.

We have estimated from the SEM images that
the grain size of the films, as a function of deposi-
tion time, evolves as it is presented in Table 2.

Chemical composition of ZnS thin films on
glass substrate was analyzed by energy-dispersive
X-ray analyzer (EDX) (Fig. 6). The EDX analy-
sis confirms the presence of zinc and sulfur in the
ZnS thin films. We see that the percentage of sul-
fur is low in the film and it is probably due to the
volatility of sulfur. Excess of Zn may be caused by
the amount of Zn(OH),; or ZnO originating from
the alkaline reaction solution. In the analysis, the
presence of the peaks of O, Si, Mg, ClI and Na can
be attributed to the amorphous nature of the glass
substrate.

Nakada et al. [26] suggested that oxygen atoms
in the ZnS film deposited by CBD method might
come from the compounds of ZnO and Zn(OH),.

3.4. Optical properties

Optical properties of ZnS thin films were de-
termined from the variation of optical transmis-
sion with UV-Vis light wavelength A ranging from
300 nm to 800 nm.

Transmittance

Fig. 7 shows optical transmission spectra of
ZnS thin films obtained at different deposition
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Table 1. Structural parameters of chemically deposited ZnS thin films at different deposition times on n-Si sub-
strate.

Deposition time [min] (hk1) 20 [°] FWHM [°] D [am] ¢ x 10~*

90
150

(200) 33.0785  0.0530
200) 3292

162.1
154.5

222

0.056 2.34

EHT = 300KV
Mag= 5000KX

1pum EHT = 300KV
Mag= 1000KX

Signal A = SE2
WD= 58MM s sers i

(@)

1.Jun 2016
14:18:27

1dn2016  1um EHT= 300KV

14:28:40

100 nm EHT = 3.00kV
i

Mag= 50.00KX

Signal A= SE2
WD= 58MM st

(d)

EHT = 3.00kV
Mag= 10.00 KX

Signal A = SE2
[ R —

(€9)

1Jun 2016

Signal A= SE2
WD= 58MM  seanscemonen

(b) (©

Signal A = SE2
Mag= 1000KX ~ WD= 48MM  sueraemmse

14:4014 |

1Jun2016 1pm

142415

EHT = 3.00kV
Mag= 1000KX

Signal A = SE2
WD= 58MM  sunsmeom

1Jun 2016
14:28:06

EHT = 3.00kV
Mag= 5000KX

9.Jun 2016
11:34:43

94un 2016
11:41:33

Signal A= SE2
WD= 48MM  smsisveninn

(e) ®

1.Jun 2016
14:4203

EHT= 300kV
Mag= 50.00 KX

Signal A = SE2
WD= 6.1MM  wesssmesonn

(h)

Fig. 5. SEM images of ZnS thin films deposited at various periods of time: (a) 60 min, (c) 90 min, (e) 120 min,
(g) 150 min, (b, d, f, h) the images of a, c, e, g at higher magnification.

times, before and after annealing at 500 °C for
2 hours.

It is clear that the transmittance decreases with
increase of deposition time, before as well as af-
ter annealing. This decrease in transmittance can
be explained by the evolution of thickness, in
other words, increasing the deposition time leads

to thicker films. It has been observed that the as-
deposited films have a maximum transmittance of
81.7 % in the visible region, which is significantly
better than that reported by many authors [24, 25].
This high transparency in the visible region indi-
cates that no colloidal particles have been formed
by homogeneous reaction on the substrate surface.
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Table 2. Mean ZnS grain size deduced from SEM as a
function of deposition time.

SEM image Deposition time[min| Grains size [nm]

Fig. 4a 60 10

Fig. 4c 90 17

Fig. 4e 120 22

Fig. 4¢g 150 20
_cps/eV

1007 tid_4
124 100* tid_3

S 0 Na Mg Si S cl

Fig. 6. EDX scanning pattern of ZnS layer deposited at
80 °C for 60 min.

This result is in agreement with SEM micrographs.
The average transmittance in the visible range of
the film deposited for 90 min and annealed at
500 °C for 2 h is about 87.4 %, which is higher
than of that deposited at 150 min. Annealing pro-
cess of the as-deposited films increases the opti-
cal transmittance. This increase could be attributed
to the rearrangement and decrease of the films de-
fects. Furthermore, we notice the absence of in-
terference fringes that may be due to the multi-
ple reflections on the interfaces film/substrate and
film/air. Therefore, the absence of these fringes in
our films indicates a roughness of the surface of
ZnS films, which causes scattering of incident light
on the material.

Absorbance and reflectance

Fig. 8 and Fig. 9 show spectral variations of the
reflectance and absorbance for as-deposited and an-
nealed films. It can be seen that all the samples
of ZnS films exhibit high absorbance in UV re-
gions. In the visible region, the absorbance is low.
Also, the values for the annealed film are lower
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Fig. 7. Transmittance spectra of ZnS films grown on

glass substrate at various deposition times: (a)
as-deposited, (b) annealed at 500 °C for 2 h.

compared with the others because the annealed film

has a higher transmittance values.

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

nealed ZnS films were calculated by the following

relationship [28]:

o= 23026 A/t ()

where A is the absorbance and t is the sample
thickness.

In Fig. 10, the variation of o versus wavelength
for ZnS nanocrystalline thin layers with deposition
time as parameter is reported. One can clearly see
that the absorption coefficient of the ZnS films in-
creases with the decrease of wavelength.
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Fig. 8. Optical absorbance of nanocrystalline ZnS thin
films obtained at different deposition times ver-
sus wavelength before and after annealing.
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Fig. 9. Optical reflectance of nanocrystalline ZnS thin
films obtained at different deposition times ver-
sus wavelength before and after annealing.

The absorption coefficient values were used to
determine the optical energy gap by using the Tauc
relationship which is given by the formula [29]:

ahv = B(hv—Eg )" (8)

in which, hv is the photon energy, E; is the op-
tical band gap of the semiconductor, 3 is a con-
stant and n = 1/2 for direct band gap semiconduc-
tor 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 (achv)? versus pho-
ton energy as it is shown in Fig. 11. We found
that the E, value for the films prepared at different
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0.00E+000
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Fig. 10. Absorption coefficient of ZnS thin films ob-
tained at different deposition times versus
wavelength before and after annealing.

deposition times varies from 3.78 eV to 4.03 eV,
which is in agreement with what has been reported
by other authors [27].

According to Fig. 11, the bandgap energy of
the ZnS thin films first decreased from 4.03 eV to
3.87 eV in deposition time range of 60 min to 120
min. This band gap reduction was caused by the
increase in film thickness owing to increased crys-
tallite size [30]. However, after that, the optical gap
increased from 3.87 eV to 3.96 eV with the increas-
ing deposition time, which can be explained by the
decrease in the disorder. This may also 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) [31]. It is clear from Fig. 11
that the gap energy values of the films before an-
nealing are greater than those after annealing. The
decrease in the film band gap width after annealing
could be attributed to improvement in the crystal
structure and grain sizes change of the films. This
result is in good agreement with the reported one
by others authors [32]. Table 3 shows the results
of the optical energy gap calculation for ZnS thin
films before and after annealing [34].

Urbach energy or band tail width

The relationship between o and hv is
known as Urbach empirical rule, which is given
by the following exponential equation [42]:

In(a) = In(cto) + ( hv ) ©)

Eqo
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for ZnS thin films prepared at various deposi-
tion times: (a) 60 min; (b) 90 min; (c) 120 min;
(d) 150 min.

where o is a constant, hv is the incident pho-
ton energy and Egg is the band tail width (Ur-
bach energy) of the localized states in the optical

energy gap.

Table 3. 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 4.03 -
90 391 3.83
120 3.87 -
150 3.96 -

The tail width Eqg in the gap energy was ob-
tained by plotting Inx as a function of hv. The
inverse of the slope extracted from the linear part
gives Ego for the deposited ZnS films, as shown
in Fig. 12. The Egy value increases with increas-
ing of deposition time until it reaches the value of
120 min after which the tail width decreases. The
time of change of the behavior is equal to 120 min
which corresponds to the maximum disorder (ion
mixed growth regime by ion and cluster by clus-
ter). As can be seen, the variation of optical gap
value is opposite to the disorder. This behavior in-
dicates clearly that the optical gap is also controlled
by disorder in the film.

404
400
400
398
396
3.94
392
3.90 —
3.88

3.86 —

Optical band gap [eV]

60 80 100 120 140 160
Deposition time |min|

Fig. 12. Optical gap and disorder variations of CBD-

ZnS thin films as a function of deposition time.

Extinction coefficient k
The extinction coefficient k is estimated from
the following equation [33]:
k=al/4n (10)

where A is the incident radiation wavelength.
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Fig. 13. Extinction coefficient of nanocrystalline ZnS
thin films obtained at different deposition times
versus wavelength, before and after annealing.

Fig. 13 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 increase induces the increase in sur-
face optical scattering and extinction coefficient.
Fig. 13, shows also the extinction coefficient of the
sample annealed at 500 °C for 120 min. From this
figure, it can be inferred that the annealing process
leads to decrease in the extinction coefficient. This
might be caused by the fact that the annealing pro-
cess minimizes the defects or the tail depth (which
means decreasing in the film absorbance).
Refractive index n

The refractive index is determined from trans-
mittance spectra, as a function of wavelength, using
a simple approximated relationship [35]:

4R
(1-R)?

n

_1+R+
" 1—R

1/2
—kﬂ (11)

where R is the reflectance for any 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
deposition times, are shown in Fig. 14. It is seen

that the refractive index increases with increas-
ing the deposition time in the range of 60 min to
150 min. This may be due to the film thickness in-
crease and the formation of non-stoichiometric ox-
ide phases in the ZnS films [36].

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 annealing, the refractive in-
dex of the films is reduced 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.
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Fig. 14. Refractive index of nanocrystalline ZnS thin

films obtained at different deposition times ver-
sus wavelength, before and after annealing.

Moreover, FT-IR studies were used to verify the
presence of ZnS and other impurities present on the
surface of the films.

Fig. 15 shows the measured FT-IR spectra of the
films of ZnS deposited at different deposition times
on glass and monocrystalline silicon substrates.
The absorption band located at 615 cm™! can be
attributed to the formation of ZnS phase [37]. The
spectra show a large peak centered at 3360 cm™!
and a small peak at 1630 cm~!, which are due
to stretching and bending modes of H-OH. This
might be due to trace amount of adsorbed wa-
ter present on the film surface. The spectra show
a small peak at 1110 cm~! which is assigned to
stretching mode of Zn—OH. The spectra also show
a weak band in the region of 1475 cm~!, which
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could be due to the bending modes of C—H. Based
on this study, we can say, the film
amount of Zn(OH);.

contains some
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Fig. 15. Vertically shifted FT-IR spectra of a typi-

cal ZnS film deposited at different deposition
times, (a) on glass, (b) on monocrystalline Si
substrate.

3.5. Electrical properties

The resistivity of our ZnS thin films was calcu-
lated according to equation 12 [39]:
p=Rs-d (12)
where p is the resistivity, Rg is the square resis-
tance (Rs = 175 %, U is the voltage and I is the
current) and d is the film thickness. The evolution
of the electrical conductivity as a function of the
deposition time is shown in Fig. 16.
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Fig. 16. Variation of electrical conductivity and disor-

der of the ZnS thin films deposited at different
deposition times.

In this figure, we note that the electrical
conductivity of the ZnS films increases from
0.35x 107* Q-em™ t0 2.7 x 107* Q-cm™! with
increasing of deposition time. The increase in con-
ductivity with the deposition time is due to the in-
crease in film thickness. Indeed, structural defects
in thin films are reduced with thickness, which ex-
plains the increase in conductivity [38]. In the same
figure, we can also observe an increase in conduc-
tivity with a decrease in disorder in the films. In
general, the increase in conductivity is a conse-
quence of the decrease in disorder. Moreover, the
decreasing of the conductivity at t = 120 min is at-
tributed to the phenomenon of oxygen absorption,
which could play the role of accepting impurities.

4. Conclusions

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 substrates from the
aqueous solution of zinc chloride, ammonia solu-
tion, thiourea and trisodium citrate (NazCgH507),
wherein the Najs-citrate was used as non-toxic com-
plexing agent. The effect of deposition time was
investigated. The thickness of ZnS films increased
nearly linearly with time after the nucleation
phase (ca. 90 min). The X-ray diffraction analysis
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revealed a cubic structure of the ZnS thin films. The
SEM images demonstrated a dense and uniform
surface that was free of pits or pinholes. The fine
grains with different sizes, uniformly distributed on
the smooth and homogeneous surface, were well
defined and spherical in shape. The films exhib-
ited 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 as-deposited films
and the films annealed at 500 °C for 120 min were
studied. The films were highly transparent. The
percentage of transmission was around 82 % for
all the as-deposited ZnS films in the visible range,
while for the annealed films, the percentages ex-
ceeded 82 %, except for the film deposited for 150
min. The measured band gap was found to be in
the range of 3.87 eV to 4.03 eV depending upon
the deposition time. These results indicate that ZnS
films are suitable for use as the buffer layer in
Cu(In, Ga)Se; solar cells.
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