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Cadmium sulfide (CdS) window layers have been deposited on indium tin oxide (ITO)-coated glass
substrates by electrodeposition using the galvanostatic method from non-aqueous solution containing
cadmium chloride (CdC1,), sulfur (Sg) and ammonium chloride (NH4C1) at bath temperature of 90 °C.
Good quality CdS-deposited films are obtained at a cathodic current of 0.25 mA/cm? Structural,
morphological, optical characterizations and electrical investigations have been carried out to
determine the optimum CdCl, concentration and without or with heat treatment for the best CdS thin
film properties. The X-ray diffraction showed that CdS films are polycrystalline in nature, with single
hexagonal phase. Annealing the samples at 400 °C under oxygen atmosphere for 30 min resulted in an
enhancement in crystallinity. Uniform, compact, free pinholes, stoichiometric, adherent, high optical
transmittance and low resistivity CdS film is obtained using concentration of 0.2 M CdCl in the bath
deposition and after heat treatment.
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1. INTRODUCTION

Cadmium sulfide (CdS) is a direct n-type semiconductor with a band gap of about 2.4 eV and
large absorption coefficient of 4x10% cm™ [1]. Deposition and characterization of transparent CdS on
ITO glass substrates have been reported by many researchers. Research is still going on this material
because of the potential applications in solar cell as windows materials including CdS/CdTe [2] and
CdS/SnS solar cells [3], photocatalysis [4] and solid state optics [5].
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The complete devices and individual layers of the devices are the subjects of
processing/performance studies, which are sometimes empirical and sometimes present back tracking
in order to establish the means by which they are effective [6].

A variety of deposition techniques have been reported in the literature for the preparation of
CdS thin films; including sputtering [7], MOCVD [8], anodic oxidation, cathodic reduction, chemical
vacuum deposition [9], spray pyrolysis [10,11], chemical bath deposition [12,13], successive ionic
layer adsorption and reaction (SILAR) [14], electrochemical atomic layer epitaxy (ECALE) [15,16] or
electrodeposition [17-19] from aqueous and non-agqueous solutions containing a soluble metal salt and
sulfur compounds that has been developed. The latter method has drawn a special attention because of
low cost, easy control of growth parameters and good adhesion of the obtained films to the substrate.
Morphology and quality of the CdS films and, in consequence, efficiency of resultant photovoltaic
cells, are strongly dependent on several parameters which should be very carefully adjusted:
composition of the solution, especially sources and concentration of sulfur and cadmium ions [20-23],
pH [20,24,25] and temperature [22,25-27] of electrodeposition bath as well as value of current density
[28].

In this work, transparent CdS thin films on ITO glass substrates are electrodeposited using
galvanostatic technique from non-aqueous solution bath consisting of Cadmium chloride, sulfur and
ammonium chloride in ethylene glycol solution and the deposited films are annealed under oxygen
atmosphere. Structural, morphological, optical and electronic properties are investigated to optimize
the fabrication parameters to produce uniform, stable, adherent, stoichiometric, and conductive CdS
thin films on ITO glass substrate.

2. EXPERIMENTAL

2.1. Methodology

The substrates are soda-lime glasses coated with Indium-Tin oxide thin film (ITO) layer using
sputtering technique [29]. The overall thickness of ITO is about 650 nm. The substrate has high
transparency and sheet resistance of about 12 Q/O. The substrates are cleaned in an ultrasonic bath
with acetone, methanol and distilled water respectively. The substrates are taken out from the bath, and
then dried under a stream of nitrogen [30]. ITO glass substrates are then etched for 30 sec in 0.1 M
HCI at room temperature in order to remove impurities and increase the roughness of 1TO surface, and
finally washed in de-ionized water.

2.1.1. Preparation of CdS non-aqueous solution

Different concentrations of CdCl, ranged from 0.1 M to 0.3 M are added to 0.02 M of Sg in
ethylene glycol (non-aqueous solvent) due to its relative high boiling point (about 197.4 °C) as well as
its stability at high temperatures [31]. Ammonium chloride is added with a concentration of 0.1 M,
which plays an important factor as a supporting electrolyte and performs several functions in the
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electrochemical process [32]. The solution temperature is adjusted at about 120 °C to dissolve Sg and
then is kept at about 90 °C with stirring rate of 300 rpm.

2.1.2. Electrodeposition of CdS thin films

A potentio-galvano scan wenking pgs 95 is used for the electrodeposition process. Good
quality CdS films have been deposited using different concentration of CdCl, (as shown in Table 1) at
current density of 0.25 mA/cm? for 1x1 cm? ITO glass substrate [29].

Table 1. Preparation parameters of CdS thin films

Samples CdCl, Sulfur NH,CI Annealing
Concentration (M) Concentration (M)  Concentration(M) at 400 °C for 30 min

S1 0.1 0.02 0.1 -

S2 0.2 0.02 0.1 -

S3 0.3 0.02 0.1 -

S4 0.1 0.02 0.1 Annealed

S5 0.2 0.02 0.1 Annealed

S6 0.3 0.02 0.1 Annealed

Platinum sheet of size 2x2 cm? is used as the anode. The deposition bath temperature is 90 °C
and a deposition time of 30 min to produce thin film thickness of 100 nm according to equation (1)
[33].
d= JMt/nFp (1)
Where d is the film thickness, J is the current density (mA/cm?), M is the molecular weight (g),
t is the deposition time (sec), n is the number of electrons, F is Faraday constant (96500 C) and p is the
CdS density (4.84 g/cm®).

Figure 1. Optical microscope image of CdS thin film electrodeposited on ITO glass substrate at bath
temperature of 100°C.
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The effect of bath deposition temperature is studied in the literature, where as the deposition
bath temperature increases, the grain size increases. Also the rise in temperature of the bath enhances
the rate of diffusion, increases the ionic mobility and hence the conductivity of the bath. So the best
deposition bath temperature is 90 °C because more homogenous crystallization is formed at this
temperature [23]. So, below 90 °C, non uniform in nature, and above it, very thin visible cracks is
produced [22], as shown in Figure 1.

The source used for sulfur ions is pure Sg and the overall reaction is assumed to be [34].

Cd™ +S +2e « CdS (2)

This method has the advantage of being simple and needs only a power supply and a
temperature controller to control the bath temperature during the deposition process. It has been
demonstrated to be useful to avoid concentration gradients and precipitation. The obtained CdS films
are homogeneous, smooth with a bright yellow color and good adhesion to the substrate. After
deposition, the samples are rinsed in DI water and blown dry with filtered compressed air. The
produced samples are annealed under oxygen atmosphere at 400°C for 30 min.

2.2. Characterization methods

X-ray powder diffraction measurements performed using Shimadzu 7000 XRD, with CuK,
radiation (A= 1.5418 A) generated at 30 kV and 30 mA with scanning rate of 4° min™ for 20 values
between 20 and 70 degrees. The surfaces of the CdS thin films are investigated with high-resolution
scanning electron microscopy (JEOL, JSM-6360 LA) to examine the morphology and the homogeneity
of the surface. Thin films of gold are sputtered onto the samples to get charge free surfaces and an
accelerated voltage of 30 kV is used. Composition of solid phases is estimated by energy dispersive
spectrometry (EDS). Optical transmittance measurements are performed with double beam UV-Vis
spectrophotometer under normal incidence in the range of 190 - 900 nm. The band gap energy (Eg) of
CdS films is calculated using transmittance spectra.

Electrical properties of the films with thickness (t) of 0.8 um are studied by Hall Effect
measurement system (MMR Technologies, Inc.1400 North Shoreline Blvd., Unit A5, CA 94043).
Resistivity, Sheet resistance Rs, mobility, Hall coefficient and type of carriers are measured by four
probs. All measurements are made at room temperature.

3. RESULTS & DISCUSSION

3.1. Structural analysis

X-ray diffraction is used to analyze the formation of the crystalline phases. Generally, the
hexagonal phase and the cubic phase are two crystalline modifications of CdS. X-ray diffraction
(XRD) spectra of cadmium sulfide Samples; S1, S2, S3, S4, S5 and S6 are presented in Figure 2 as a
function of the CdCl, concentration and heat treatment, respectively.
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Figure 2. XRD spectra of electrodeposited CdS samples using different CdCl, concentrations, and
before and after heat treatment.

For S1; the peaks at 20 = 26.45 , 34.6° are associated with a mixture of hexagonal (002)/cubic
(111) planes [35] and the hexagonal (110)/cubic (220) planes of CdS, respectively. The peak at 26=
24.8°, 36.6°, 47.8° and 51.8° correspond to the hexagonal (102), (110), (103) and (112) planes,
respectively (according to JCPDS card no. 41-1049) [36]. Beside these, no other peaks of cubic phase
CdS appeared. Indicating that, the structure of the films is predominantly hexagonal which consider as
the stable phase of CdS at room temperature [7]. For S2 and S3; the intensity of the peaks is increased
which indicate that the crystallinity increased as the CdCl, concentration increase.

Table 2. Crystallite size, EDS analysis, and energy bandgap of CdS samples

Samples Crystallite size (L)  Atomic ratio

(nm)

S Cd S/Cd

S1 24 68.04 31.96 2.1 2.6
S2 30 56.88 43.12 13 2.43
S3 25 43.4 56.5 0.7 2.58
S4 34 65.11 34.89 1.8 2.497
S5 28 51.45 48.55 1.05 2.375
S6 29 45.13 54.87 0.8 2.543

For S4, S5, and S6, it is seen that no new peaks appeared, indicating that there are
crystalline phases. However, the preferred orientation of heat treated CdS samples seems to be slightly

no new
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affected. The intensity of the peak increases and very slight shift towards lower scattering angles is
observed. Increasing the peak intensity indicates improved crystallinity due to heat treatment process.
The shift towards a lower and the consequent increase in the lattice parameter resulting in enlarging of
the CdS lattice is due to the filling of the vacancies and the appearance of sulfur interstitial. Both
defects contribute to the enlarging of the CdS cell [25]. Also, the position shift of the peaks may
correspond to the relaxation of tensile stress [6] and recrystallization process [37].

The individual crystallite size (L) is determined using Scherrer’s formula [38] (equation

L=k.A/B.cosf (3)

where k is Scherrer’s constant, which is a reference value corresponding to the quality factor of
the apparatus measured with a reference single crystal and dependent on the crystallite shape (0.89—
0.9). A is the X-ray wave length, B is the FWHM (full width at half maximum) or integral breadth of
the diffraction peak and 0 is the Bragg angle [39]. The calculated data of the crystallite size are
summarized in Table 2.

For CdS thin films, the crystallite size increased from 24 nm for S1 to 34 nm for S4 and
increased from 25 nm for S3 to 29 nm for S6 as a result of heat treatment [39]. But for sample S2,
there is a slight decrease in the crystallite size by heat treatment from 30 nm (S2) to 28 nm (S5).

3.1.2. Morphological analysis

Figure 3 Shows the SEM micrographs of CdS thin films grown on ITO/glass substrate using
different CdCl, concentrations before and after heat treatment (S1, S2, and S3) and (S4, S5, and S6),
respectively. Generally; CdS thin films grown on the ITO/glass substrates had a compact and regular
structure having an average grain size of about 35 nm with very well define grain boundaries [30, 40,
41] as shown for S1, and S2. But for S3, with the increasing CdCl, concentration, CdS particles are
aggregates and the grain sizes increased obviously. It is necessary to optimize the CdCl, concentration
to obtain pore-free and compact CdS films. After heat treatment under oxygen atmosphere, there is no
much difference, no pinholes and cracks among grain boundaries are observed, any oxide barriers can
found on crystals are removed and the crystals are grown together [37] for S4 and S5 samples but S6
some particles are found on the surface of the CdS film and grains coalesce between them producing
larger sizes and holes which is also observed in the other reports [8].

EDS analysis of all CdS samples is summarized in Table 2. It confirms that the composition of
cadmium and sulfur in CdS films on ITO/glass substrate is related to the CdCl, concentration. S1, the
S/Cd atomic ratio is 2.1, which indicates free sulfur content. Increasing the Cd concentration to 0.2 M
and maintaining S ions as 0.02 M, S/Cd ratio becomes 1.3, which approximated to the stoichiometric
ratio [7]. By further increasing the Cd concentration to 0.3 M, S/Cd ratio is reduced to 0.76 due to
produce Cd rich sample.

After heat treatment under oxygen atmosphere, sulphur deficiency is observed in all the films.
This may be due to the fact that sulphur has great affinity towards oxygen, so it might have converted
to SO, and then evaporated. EDS result of S5 reveals that the deposited films are very close to the
nominal composition [42].
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Figure 3. SEM images of electrodeposited CdS thin films samples.
3.1.3. Optical and electrical analysis

The Transmittance spectra of as-deposited and heat treated CdS samples are studied at
normal incidence in the wave length range from 300 to 900 nm, as shown in Figure 4.
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Figure 4. Optical transmittance spectra of CdS thin film samples.

The spectra exhibited interference fringes and the value of refractive index is estimated by the
envelop method as follows [43, 44]:
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=1/ In{(n— D(n—n)/(n+ 1)(n— ) [(Tonax/Trnin)* + 1/ [(Tonar/ Trnin)* — 11 (4)

d= AA; /2n(d;,— 44) (5)
n= [N+(W? - n2)]? (6)
N = {nﬁ + 1):’;2 + Ens{Tmﬂx - Tmiﬂ}rmerz.x Tmin {?]

Where n and ns are the refractive index of the sample and the substrate, respectively, Tmax , Tmin
are the maximum and minimum transmittances at the same wavelength in the fitted envelope curve on
a transmittance spectrum, o is the absorption coefficient, d is the film thickness, A; and A, are the
wavelengths at the two adjacent maxima or minima. The absorption coefficient for the direct allowed
transition can be described as a function of photon energy [45] as equation (8).

a=A (hv - Eg)? (8)

Where A is the constant which is related to the effective masses associated with the bands, v is
the frequency of the incident photons and hv is the photon energy [46].

For as deposited samples (S1, S2 and S3), the average transmittance of the films on ITO/glass
substrates is about 76, 77, and 74%, and the Eg is 2.6, 2.43, and 2.58 eV (as shown in Table 2),
respectively. The higher transmittance (S1 and S2) indicates lower defect density and better electrical
properties of the CdS films because the absorption of light in the wavelength longer region is usually
caused by crystalline defects such as grain boundaries and dislocations [7] but S3 exhibits lower
transmission because it is cadmium rich, also no fringes observed which indicate low film adhesion on
ITO/glass substrate.

After heat treatment, the optical transmission for S4, S5, and S6 increases and the absorption
edge becomes much sharper. This is due to improve the crystallinity of the samples. Also, a decrease
of the band gap of S4, S5 and S6 to 2.49, 2.37, and 2.54eV, respectively is observed as reported
previously by other authors [25]. This may be due to electron-electron and electron impurity
interaction.

The electrical properties of the CdS films are examined at room temperature by resistivity and
Hall measurements using Van der Pauw method and summarized in Table 3.

Table 3. The electrical properties of CdS thin films.

Samples

S1 2.3 6.79x 10° 397 x 10"  1.57 x 10° 4.6 x 10*

S2 6.6 x 10" 2 x 10° 467 x10"%  1.335x10° 8.29 x 10°
S3 2.2x 107 5.45x 10° 5.1 x 10%° 1.2 x 10° 2.77 x 10°
S4 3.67 2.01x10° 8.46x10®  7.38x10° 7.33 x 10
S5 2.31 45 x 10° 6 x 10* 1.04 x 10* 2.89x 10*
S6 2.2x 10 1.18x10° 237x 108 263 x10° 2.28 x 10°
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It is observed that, for S1, S2, and S3 samples, the resistivity decreases and Hall mobility
increases with CdCl, concentration increases. This may be due to the change in film stoichiometry
(excess cadmium or sulphur vacancies, which are electron donor sites that provide the additional
carriers and decrease the resistivity) [47].

The conduction of CdS films at room temperature can also be explained considering the micro-
structural aspects. S2 has higher carrier concentration than another two samples. Consequently; S2 has
lower sheet resistance than S1 which strongly depends on the variations in charge-carrier density rather
than the mobility. The density of the major carriers of the CdS film can be relatively calculated from
the following relation [48, 49].

N =1/(ex Ry) (9)

Where N is the density of the majority carriers, e is the Charge of the electron, and Ry is the
hall coefficient [50].

Also, the grain boundaries between the crystallites dominate the electrical properties of the
polycrystalline thin film semiconductors [51]. Carrier traps at the grain boundaries are responsible for
the potential barrier that limits carrier mobility.

The carrier mobility is inversely proportional to the film roughness and the carrier
concentration is proportional to the grain size [52]. Experimentally; the type of CdS film is found as n
—type, depending on the value of Hall Factor (Ry.) which is calculated by using the equation:

Ry=(Vy Xt)/(IXE) (10)

Ry is measured for the film at B = 0.1 Tesla. Where; 1 is the current flow through the film, V4
is the generated voltage on both sides of the film, and B is the magnetic field.

The influence of heat treatment process on the resistivity of the films is depicted in Table 3.
The magnitude of the resistivity increased with heat treatment for all samples. It is attributed to the
change in film stoichiometry (excess of sulfur vacancies which are electron donner sites that provide
the additional carriers and decrease the resistivity). In addition, during the heat treatment process,
oxygen fills the S vacancies so the donor sites are eliminated, the free carrier concentration is reduced
as shown in table. The absorbed oxygen offsets the decrease in resistivity due to the excess carriers
provided by the excess cadmium obtained on heat treatment resulting in a net increase of resistivity
[47].

The carrier mobility increases for S4 and S5 samples from 6.79x 107 to 2.01 x 10*(cm?/Ny),
and from 2 x 10% to 4.5 x 103(cm?/N;), respectively. It is attributed to, after heat treatment, the crystals
are grown together and the electrical contacts between them are improved [37]. But for S6, The grain
boundaries between crystals dominate the electrical properties of the sample. Traps at grain boundaries
are responsible for the potential barrier that limits carrier mobility [47].

4. CONCLUSIONS

The structural, morphological, optical and electrical properties of CdS film electrodeposited on
ITO glass substrate from non-aqueous solution as a function of different CdCl, concentrations and heat
treatment in oxygen atmosphere are investigated. XRD patterns indicated that the structure of CdS film



Int. J. Electrochem. Sci., Vol. 9, 2014 6164

is hexagonal and the crystallinity increased after heat treatment under oxygen atmosphere. The as
prepared CdS film using 0.2 M CdCl,, 0.02 M Sg, and 0.01M NH,4CI is uniform, compact and free of
holes and after heat treatment, the grain sizes of the film are almost the same as the deposited film and
no pinholes and cracks among the grain boundaries are observed. Increasing CdCl, concentration in
the deposition bath and heat treatment also make some effect on the optical transmittance of the CdS
films and the optical bandgap of the film. The film stoichiometry plays an important role in the
resistivity of the CdS film. During the heat treatment under oxygen atmosphere, the oxygen fills the S
vacancies in the CdS and the doner sites are eliminated which effect the reduction in the carrier
concentration and consequently the resistivity is increased.
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