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CdS thin films with different pH values changing from 9 to 12 were deposited on glass
substrates using chemical bath deposition technique (CBD). The effect of pH on the
structural, optical and electrical properties of CdS thin films is investigated. X-ray
diffraction, Ultraviolet-visible absorption spectroscopy, Scanning electron microscopy,
Energy dispersive X-ray analysis, and Raman spectroscopy were used to characterize the
thin films. X-ray diffraction data reveal growth of the cubic phase with preferential
orientation along (/ / 1) direction. Raman peaks appearing at 296 cm™ and 593 cm™' for all
samples were attributed to 1.0 and 2LO phonons of CdS, and they shifted to the blue
region with increase in pH values. The band gap of the films increased from 2.29 to 2.40
eV with increasing pH values. Resistivity, carrier density and mobility of the films were
determined using Hall effect measurements. After all investigations, it was concluded that
the pH value of 11 is suitable for producing CdS thin films by chemical bath deposition
technique. The formed film was transparent, uniform and with good adherence to the
substrate. These results indicate that films obtained at pH 11 by CBD are good candidates
for applications in different optoelectronic devices.
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1. Introduction

Thin films of I[I-VI semiconductors (e.g. CdS, ZnS, CdSe, ZnSe) are important for their
applications in solid-state solar cells, optical coatings, optoelectronic devices, and light emitting
diodes [1]. CdS has a band gap of 2.242 eV and is the most popularly employed heterojunction
partner to p-CdTe due to its similar chemical properties [2]. Control of the CdS/CdTe interfacial
chemistry is critical in achieving high solar conversion efficiencies.

Several techniques like thermal evaporation [3], RF sputtering [4], hydrothermal method
[5], metalorganic chemical vapor deposition [6], sol-gel route [7], chemical bath deposition [8] and
spray pyrolysis [9] are widely used for the deposition of thin films. Among these various
techniques, chemical bath deposition (CBD) has been recognized as an important route for the
manufacture of these materials, since it is a fast, simple and low cost method that results in good
quality films that can compete with films obtained by other more sophisticated methods.

Almost no study on how physical properties of CdS films, the authors aim in this work is
to investigate the effect of pH on the structural, optical and electrical properties of CdS films. The
present article also deals with the deposition of CdS thin films with varied pH and characterization
of the deposited films by X-ray diffraction, Raman scattering, scanning electron microscopy,
optical absorption spectra and Hall effect measurement.
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2. Experimental details

The CdS films were prepared using aqueous solutions of 10 ml of Cd(NO;),4H,O
(cadmium nitrate) 0.1 M; 10 ml of CH;CSNH, (thioacetamide) 0.1 M; and NH,OH (ammonium
hidroxide). Films were grown on 76 x 26 x 1 mm’ glass substrates. The film deposition was
carried out with the same bath composition with different pH values. In order to adjust pH 9, 10,
11 and 12 of the chemical bath under the control of a pH meter, 100 pl, 200 pl, 2000 pl, 4000 pul of
NH4OH were added to the chemical bath, respectively. The deposition time was 3 h in each case
while the whole deposition was carried out at 70 °C. After the depositions, the films were cleaned
by flushing with deionized water, and then dried by keeping the samples in open atmosphere at
room temperature. The resulting thin films have a yellow color.

The structure, phase purity and microstructural parameters of the films were investigated
by using a Rigaku RadB X-ray diffractometer with Cu-Ko, line (A = 1.5405 A) in 26 ranging
from 10 to 65° at a speed of 3° / min, with a step size of 0.02°. The Raman spectroscopy was
performed at room temperature using a Raman spectrometer (Bruker Senterra) with a 532 nm (20
mW) Ne laser line as an excitation source. Picture of surface morphology and elemental
composition of CdS thin films were determined by using computer controlled digital scanning
electron microscope (SEM, EVO40-LEO) attached to the EDX system. Resistivity, Hall mobility,
and carrier concentration of the films were evaluated by Hall effect measurements at room
temperature in a Van der Pauw four-point probe configuration, using indium contacts, in an
automated Hall effect system (HS-3000 Manual Ver 3.5). In order to get optical characterization of
all deposited films, absorbance and transmission spectra measurements were taken at room
temperature by Perkin Elmer UV/vis Lambda 2S spectrophotometer in the wavelength range of
350-1100 nm using a non-coated glass as the reference beam. Thicknesses of the samples were
determined by weight difference method [10]. The density of the CdS is taken 4.82 g/cm’ in bulk
form. Fig. 1 shows the variation of the thickness for the CdS films as a function of pH value of the
reaction mixture for a constant dipping time of 3 h. It was clearly seen from figure that the
thickness of the deposited films decreased from 563 to 111 nm with increase in pH values. The
bath temperature can be effectively used to control the rate of CdS formation.
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Fig. 1: Thickness of the CdS thin films deposited at different pH values for a constant
dipping time of 3 h.
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3. Results and discussion
3.1. Structural properties

Fig. 2 shows the XRD spectrum for the CdS thin films deposited at different pH values.
The films prepared at pH values of 9, 10 and 11 exhibited cubic structure, specifically (/ / /) and
(2 2 0) planes [11]. The film deposited at pH value 12 did not show any peak, indicating the
amorphous character of the deposited film. The diffraction peak observed close to 260~26.638 (for
pH =9, 10 and 11) becomes much broader with increasing the pH values and disappears for the
pH value of 12. Similar pH effect was observed in Ref. [12] in which ZnS thin films were grown
by chemical bath deposition. As the pH of chemical bath increased, the diffraction peak intensity
considering (/ I 1) plane decreased in Fig. 2, indicating decreased crystallinity. It can be seen that
the crystal structure of the films was affected strongly by the pH values of the chemical bath.
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Fig. 2: X-ray diffraction patterns of the CdS thin films deposited on glass substrates at
different pH of chemical bath.

The lattice constants (a) for (I 1 1) plane of CdS films with varied pH values from 9 to 11
are obtained from the X-ray analysis using the following relationship for cubic crystal [13]:

a=dyh?+k?+ 12 (1)

For the CdS thin films deposited at different pH values of chemical bath, the observed
diffraction angle 26, interplanar spacing (d), miller indices (% k /) and calculated lattice parameter
(a) compared with the standard values are listed in Table 1. It can be seen from Table 1 that lattice
constant (a) decreased from 5.844 A to 5.719 A, while the diffraction angle 20 shifted to higher
angles with increasing pH values from 9 to 11.
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Table 1: Comparison of diffraction angle (20), the interplanar spacing (d), lattice
constant (a) and miller indice (h k 1) between observed and standard values of the CdS

films.
H 2006 () 260pr () dows. (4)  deor(d)  aca. (4) appr (A)  (hk)
9 26.389 26.547 3.374 3.355 5.844 5.811 (111)
10  26.638 26.547 3.345 3.355 5.794 5.811 (111)
11 26.982 26.547 3.302 3.355 5.719 5.811 (111)

Table 2: Compositional analysis of the CdS thin films deposited at different pH of the
chemical bath.

pH Elements  Atomic (%) Atomic ratio (Cd/S)
Cd 22.39

9 1.05
S 21.20
Cd 14.63

10 1.05
S 13.91
Cd 5.80

11 1.18
S 491
Cd 2.90

12 0.98
S 2.94

Table 3: The first and second order LO Raman phonons of polycrystalline CdS thin films
with varied pH of the chemical bath.

Observed Raman shift (cm ')

pH

1L0 2L0
9 296 593
10 298 597
11 304 600

The grain sizes (D) were calculated using the Scherrer’s formula [14] from the full-width
at half-maximum (FWHM):

091 )
~ BcosH @

where  is the full width at half maximum, A is the wavelength of X-ray used, #is the Bragg’s
angle. As shown in Fig. 3, the grain size calculated considering the (/ I 1) plane was decreased
from 26 nm to 19 nm with increase in pH values.
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A dislocation is an imperfection in a crystal associated with the misregistry of the lattice in
one part of the crystal with that in another part. Unlike vacancies and intersitial atoms, dislocations
are not equilibrium imperfections, i.e., thermodynamic considerations are insufficient to account
for their existence in the observed densities. Infact, the growth mechanism involving a dislocation
is a matter of importance in Ref. [15]. The dislocation density (0), defined as the length of
dislocation lines per unit volume of the crystal, was evaluated from the below formula [16]:

1

62?

(3)

As the pH values of the chemical bath increases, the dislocation density decreases (Fig. 3). The
origin of strain (¢) is related to the lattice misfit, which in turn depends upon the deposition
conditions. The strain was calculated using the relation:

__PBcosb
4

&

(4)

Fig. 3 also shows that while the pH values of chemical bath increases, strain decreases.
This is due to the passive recrystallization process in the polycrystalline thin films and due to the
movement of intersitial cadmium atoms from inside the crystallites to the grain boundaries which
dissipate, and lead to a reduction in the lattice imperfection.
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Fig. 3: Variation of the grain size (D), the dislocation density (0) and the strain (&) with
the pH of the chemical bath.

Quantitative analysis of the film was carried out using the EDX technique to study
stoichiometry of the film. EDX analysis results show that Cd and S elements in the starting
solution present in the solid film. The detailed results of the EDX analysis are listed in Table 2. It
shows that the films deposited at pH 11 were slightly cadmium rich while the films deposited at
pH 12 were sulphur rich. It was significant to note that films deposited at both pH 9 and pH 10 is
nearly stoichiometric.

3.2. Morphological studies

The surface morphology of the deposited films was investigated by scanning electron
microscopy (SEM). Fig. 4 shows the micrographs of CdS thin films deposited at different pH
values. From Fig. 4a, The author conclude that CdS film deposited at pH 9 is consists of clusters
of up to 22 nm, but clearly these clusters were formed due to a coalescence of small grains of
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about 2.5 nm. Fig. 4b shows the SEM micrograph of the CdS film deposited at pH 10, where the
film has clusters of up to 15 nm and the clusters consists of coalescence of small grains of about
1.7 nm. Fig. 4c depicts the SEM image of the CdS film deposited at pH 11, which reveals a
homogeneous and compact nanocrystalline structure composed of spherically shaped and well
defined grains of 3.3 nm. Fig. 4d reveals that although some naked areas exist, deposited CdS film
is homogeneous and distributed on the basal plane on the edge plane surface of the substrate.
These results show that when the pH value of the chemical bath increases, the number of clusters
decreases. This means that the surface morphology of the films is strongly influenced by the pH of
chemical bath.

Fig. 4: SEM micrograph of the CdS thin films deposited on glass substrate at different pH
values, (a): 9, (b): 10, (c): 11 and (d): 12.

3.3 Raman studies

Raman spectroscopy has been recognized as a very sensitive tool for characterizing
crystalline structures of CdS, including lattice defect, grain boundries, stacking faults, twins or a
combination thereof. The 1.0 and 2LO phonon frequencies of the bulk CdS crystal were reported
previously [17] at 305 and 604 cm ™', respectively.

As shown in Fig. 5, the Raman spectra of the prepared CdS films with varied pH values
exhibit two different specific bands. These two peaks identified at 296 cm ™' and 593 cm™" for the
prepared CdS films indicate the first and second order longitudinal optical phonon (LO) modes of
the CdS crystal. The result is similar to that of the bulk crystal [17] and consistent with previous
studies of CdS thin films [18,21]. Table 3 also shows the first and second order LO Raman
phonons of polycrystalline CdS thin films with different pH values. As seen from this table that
the first and second order Raman peaks observed at 296 cm™' and 593 c¢m™' shifted in to the blue
region. This slight shift to the lower wavelengths of the thin films might be attributed to the effect
caused by the grain size [22,23] or the effect of the surface phonon mode [24]. It can be seen from
Fig. 5 that the Raman peaks intensities of the films decreased as the pH values increased from 9 to
11. This reduction observed on Raman phonons of the films is also consistent with the change of
XRD patterns shown in Fig. 2, and does not reported before.
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Fig. 5: Raman spectra of the CdS thin films with different pH values, (a): 9, (b): 10 and

3.4. Optical Properties
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The transmittance of the CdS thin film is expected to depend on three factors: (1) oxygen
deficiency, (2) surface roughness (surface scattering reduces the transmission, which in turn
depends on the grain size and shape) and (3) impurity centers.

The transmission of the films was measured with a blank glass as reference. The
transmission spectra of the CdS thin films deposited at different pH values of the chemical bath are
shown in Fig. 6. It can be seen that transmission improved slightly with the increase in pH values.
All deposited films exhibited transmittance between 40% and 85% in the visible region, and
showed the fundamental absorption edge in the range 470-540 nm. As shown in Fig. 7, the
reflection spectra of the films decreased with increasing pH values.
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Fig. 6: Optical transmission spectra of the CdS thin films deposited at different pH values.
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Fig. 7: Optical reflection spectra of the CdS thin films deposited at different pH.

The optical absorption coefficient o was calculated for each film using the following
equation [25]:

T = (1 — R)? exp(at) (5)

where T is the transmittance, R is the reflectance and t is the film thickness. The variation of the
optical absorption coefficient with wavelength was analyzed to find out the nature of the electronic
transition across the optical band gap. The nature of the transition was determined using the
relation:

ahv=A (v — E; )’ (6)

where A is a constant, h is the Plank constant, v is the frequency of photons and n equals to % for
direct band gap [26]. The band gap E, can be obtained by extrapolating the straight line of (ahv)?
vs. hv curve to intercept the horizontal hv axis. The direct band gap E of all the samples can be
obtained as shown in Fig. 8. From this figure, it can be seen that the direct band gap of the samples
increased from 2.29 to 2.40 eV with increasing pH values (Table 4). Obtained band gap values
closely agree with the previous reported values for the CdS thin films deposited by different
techniques such as thermal evaporation [27], chemical bath deposition [19,28] and spray pyrolysis
[29].
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Fig. 8: (ahv)? vs. hv curve of the CdS thin films deposited with varied pH values.

3.5. The refractive index and extinction coefficient of the films

The refractive index plays an important role in the search for optical materials, being a
significiant factor in optical commnication and in designing devices for spectral dispersion.
Therefore, it is important to determine refractive index of the thin film. Figs. 6 and 7 show the
transmittance T and the reflectance R spectra of the films in the UV-visible range. The optical
constants the refractive index (n) and extinction coefficient (k) were calculated from T and R
spectra of the films. The refractive index and extinction coefficient are expressed as below
formulas [30]:

al
=i (7)
_1+R 4R ,
n=ir* [aorrF (8)

The variation of the refractive index of the CdS films with varied pH values is shown in
Fig. 9, and the obtained values of it are listed in Table 4. It was seen that at the wavelength of 550
nm, the refractive index of the film decreased from 2.98 to 1.46 with increasing pH from 9 to 12.
The decrease in the refractive index is associated with the fundamental band gap absorption. The
changes in the refractive index indicate that some interactions take place between photon and
electrons in the thin film. It is clearly evident that a peak appeared in the refractive index, which
shifts to the higher energies. This shift confirms the increase in the optical band gap. Furthermore,
the dependence of extinction coefficient on wavelength is shown in Fig. 10, and its values are also
listed in Table 4. It is seen that the extinction coefficient changes in the range 0.021-0.099 at the
wavelength of 550 nm. As a result, the values of both n and k are decreased with increasing
wavelength.
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Fig. 9: The dependence of the refractive index (n) on wavelength (1) as a function of the
pH values for the CdS thin films.

3.6. Dielectric function of the films

It is well known that polarizability of any solid is proportional to its dielectric constant.
" = g + ie, characterizes the optical properties of any solid material. The real (&) and
imaginary (&;) parts of the dielectric constant were determined by the following relations [31]:

e? N
_ 2 .2 _ 2
BN k= e e )
£Wp 5
&y = 2nk = m A (10)

where w), is the plasma frequency, &, is the high frequency dielectric constant, e is the electronic
charge, N is the free carrier concentration, m* is the effective mass of free carrier, 7 is the optical
relaxation time, and c is the velocity of light. The real and imaginary parts of the dielectric
constant were calculated by using the n and k values calculated via Egs. (9) and (10). The
dependence of the real part of the dielectric constant on wavelength is shown in Fig. 11. From this
figure and Table 4, it can be seen that it decreases from 8.890 to 2.122 at wavelength of 550 nm
with increasing pH values, and tends to be constant at higher wavelengths. Besides, variation of
the imaginary part of the dielectric constant as a function of wavelength is shown in Fig. 12. From
this figure and Table 4, the imaginary part of the dielectric constant changes in the range 0.063—
0.469 at wavelength of 550 nm.
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(A) as a function of the pH values for the CdS thin films.

Table 4: The optical band gap (Eg), the refractive index (n), the extinction coefficient (k),
the real (&1) and imaginary (&,) parts of dielectric constant with different pH values.

pH E4 (eV) n k & &

9 2.29 2.98 0.034 8.890 0.203
10 2.37 2.38 0.026 5.778 0.126
11 2.33 2.35 0.099 5.534 0.469
12 2.40 1.46 0.021 2.122 0.063

3.7. Electrical Properties

Electrical resistivity, carrier concentration and carrier mobility of the CdS films were
measured using van der Pauw geometry and Hall effect measurement at room temperature using
indium ohmic contacts. Hall resistivity, the mobility and the carrier concentration of the CdS films
with increasing pH values are shown in Fig. 13. The resistivity p is proportional to the reciprocal
of product of the free carrier concentration N and the mobility u as is shown the following relation
[32]:

1

= New 11)

p

The resistivity of the CdS films was dominated by the free carrier concentration and
mobility. The low mobility and carrier concentration may result in high resistivity. It is seen in
Fig. 13 that the resistivity of the CdS films decreased from 4.72x10° to 4.80x10* Q-cm with
increase in pH values, and these values are lower than the literature values [33,34] in which the
CdS thin films were prepared by spray pyrolysis technique. Furthermore, decreasing resistivity
with the increasing pH values may be attributed to both size and dimension of the confinement
[35]. The lowest resistivity value calculated as 4.80x10* Q-cm at pH 11 in the authors work is very
suitable for solar cells. Moreover, it was clearly seen from Fig. 13 that the CdS film with pH 11
has the best conductivity value. From this figure, the mobility of the deposited films increased
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from 29.46 to 50.70 cm”® V' ™' with increasing pH values and these values are in agreement with
that of chemical bath deposited CdS films [36] and and these results are lower than what other
researchers have observed earlier for the CdS thin films by using a rapid and simple solvothermal
route (62.83 cm® V' s7') [37]. Moreover, in Fig. 13, the carrier concentration of the films
increased from 2.60x10'" to 4.41x10'? cm™ with incrase in pH and the values are in agreement
with Ref. [36], but remarkably lower than that of Cd-rich films by CBD [38] than the previous
works [29,37].
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Fig. 13: Variation of the Hall resistivity (p), the Hall mobility (1) and the carrier
concentration (N) with pH values for the CdS thin films.

4. Conclusions

Polycrystalline, nearly stoichiometric CdS thin films with different pH values were
prepared on glass substrates by chemical bath deposition. The structural, optical and electrical
properties of the CdS films were found to vary with the pH value of the chemical bath. XRD
analysis confirmed the crystalline formation of cubic CdS films. The grain size of the films
decreased with increasing pH values from 9 to 11. Raman peaks appearing at 296 cm ' and 593
cm! for all samples were attributed to 120 and 2LO phonons of the CdS. These peaks shift to the
blue region with an increase in pH values. The formation of the CdS thin films is also confirmed
by Raman analysis. It should be noted that the effect of pH on the crystal structure of the CdS
films using Raman spectroscopy is reported for the first time in this work. The resistivity of the
CdS thin films decreased from 4.72x10° to 4.80x10* Q-cm with increasing pH values. The band
gap of the samples increased from 2.29 to 2.40 eV with increasing pH values of the chemical bath
from 9 to 12. These results indicate that films obtained at pH 11 with wide band gap, low
resistivity, high mobility and high carrier concentration by CBD are good candidates to be applied
in different optoelectronic devices. Moreower, the efficiencies of p-CdTe/n-CdS thin film solar
cells can be increased by adjusting the chemical bath to pH 11.
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