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Structural, morphological, optical and diode properties
of chemical bath deposited nano-structured CdS thin films
using EDTA as a complexing agent
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CdS thin films with (1 1 1) orientation were prepared by chemical bath deposition technique at 80+5 °C using the reaction
between NH4OH, CdCl, and CS(NH;),. The influence of annealing temperature varying from 150 °C to 250 °C was studied.
X-ray diffraction studies revealed that the films are polycrystalline in nature with cubic structure. Various parameters, such
as dislocation density, stress and strain, were also evaluated. SEM analysis indicated uniformly distributed nano-structured
spherically shaped grains and net like morphology. Optical transmittance study showed the wide transmittance band and absence
of absorption in the entire visible region. I-V characterization of p-Si/n-CdS diode and photoluminescence studies were also

carried out for the CdS films.
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1. Introduction

For the past two decades a huge number of in-
vestigations have been carried in order to produce
CdS thin films with suitable properties for vari-
ous semiconductors. Due to their low cost and high
efficiency, recently, much alternation has been fo-
cused on cadmium sulfide as an alternative mate-
rial for photovoltaic application. Chemical bath de-
posited CdS films are commonly used for the buffer
layer or window material for inorganic solar cells
(CdTe, CIGS, etc.). To date, small area CdS/CdTe
solar cells (glass/(TCO)/CdS/CdTe/back contact
(metal)) with efficiency of 19.72 % have been re-
ported [1-4]. Other applications include optoelec-
tronic materials, such as photodetectors, optical
filters, photodiodes, phototransistors, piezoelectric
transducers and light emitting diodes. Due to its
desirable properties, such as direct optical band
gap (2.2 eV) and high absorption coefficient, cad-
mium chalcogenide belongs to an essential class of
materials [5-8]. CdS thin films have already been
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prepared by a number of methods which included
thermal evaporation, spray pyrolysis, anodic oxi-
dation, electrodeposition, sputtering and chemical
bath deposition [9, 10]. Among these techniques,
chemical bath deposition is a well-known, sim-
plest and cheapest aqueous technique for deposit-
ing large area thin films. CBD is controllable by
solution pH and temperature which can facilitate
better orientation of the crystallites with improved
grain size. In order to improve the quality of the
CdS films a large number of investigations were
made. Kumar et al. [11] studied physical and op-
tical properties of CdS thin films with different
EDTA concentration and they found that 0.006 M
is the best one. Based on these facts, in the present
investigation, CdS thin films were grown by chem-
ical bath deposition technique at 8045 °C by us-
ing EDTA as a chelating agent (0.006 M). After
deposition, the films were annealed at various tem-
peratures (150 °C, 200 °C and 250 °C). The an-
nealed films were characterized by X-ray diffrac-
tion studies, scanning electron microscope (SEM)
and optical studies.
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2. Experimental

Chemical bath deposition technique was
adopted for the preparation of cadmium sulfide
thin films. The chemicals used for the preparation:
cadmium chloride (99 %) and thiourea (99 %)
were of analytical grade. The deposition of CdS
thin films was based on the reaction of cadmium
chloride and thiourea in deionized water solution.
Chemical baths used for the deposition of CdS
thin films consisted of cadmium chloride, thiourea
and ammonia. The pH of the solution was adjusted
by adding ammonia. Thin film deposition was
carried out at the temperature of 80+5 °C. Two
different molar proportions of cadmium chloride
and thiourea, namely 0.1:0.9 and 0.2:08 were
employed, and 0.006 M of EDTA was added into
the final solution. The deposition process was
performed at various pH values of the bath from
0 to 10. The pH of solution was measured using
digital pH meter. The cleaned glass substrates were
vertically immersed into the bath solution. The
bath was maintained under constant stirring during
deposition. After the deposition, the CdS films
were washed ultrasonically to remove the loosely
adhered CdS particles from the film and finally
dried in air.

3. Results and discussion
3.1.

The deposited films were annealed in air at
150 °C, 200 °C and 250 °C for 1 h and then
they were subjected to the X-ray diffraction ana-
lysis. The results of the analysis were recorded
by the Philips Model PW1710 diffractometer with
CuK« radiation (A = 0.1542 nm). The structure of
the CBD-CdS films annealed at different tempera-
tures is shown in Fig. 1. The sharp intense peaks
at 20 = 26.82° 29.61° and 51.51° correspond to
(111),@200)and (31 1) planes of CdS with
cubic crystal phase. All the samples are polycrys-
talline in nature with cubic structure and they are
in good agreement with the standard JCPDS Card
No. 89-0440 [7]. The presence of the (1 1 1) peak
in the XRD pattern confirms the formation of CdS.
Its lattice constant value was found to be 5.8734.

Structural properties

The intensity of the diffraction peaks increases
obviously as the annealing temperature increases.
Thus, the annealing process can improve the crys-
tallinity of the CdS films. Moreover, the full width
at half maximum (FWHM) of the films decreases
as the annealing temperature increases, and it indi-
cates that the grains grew after annealing [12, 13].
Crystallite size was estimated from the FWHM of
the diffraction peaks using Scherer equation:

D=kA/Bcos6 €))
where the constant k is the shape factor = 0.94, A
is the wavelength of X-ray (1.5406 A for CuKw), 6
is the Bragg angle and 3 is the FWHM. The dislo-
cation density § can be evaluated from Williamson
and Smallman formula:
8 = 1/D?lines/m’ )
The microstrain € can be obtained using the
relation:

€= fcosO/4 3)
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Fig. 1. XRD patterns of CdS thin films.

The calculated grain size D, dislocation density
d and microstrain € were estimated and presented
in Table 1. The XRD data show that the peak in-
tensity increases with temperature which is due to
improvement in the crystallinity and decreasing in-
ternal microstrain of the film.
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Table 1. Structural parameters of CdS thin films.

Temp 20  d-spacing D Ox €X
[°C] [rad]  [3 pm] FWHM hkl [nm] [10'# lines per m?) [10* lines™2 per m~*]
80 26.28 3.391 0.787 111 10.83 8.01 3.34
150 26.67 3.341 0.590 111 1445 6.82 2.50
200 26.39 3.376 0492 1111745 4.49 2.07
250 26.75 3.332 0393 111 19.22 2.96 1.88

3.2. Morphological properties

To study the homogeneity of the films and to
compare one with another, the as-prepared and
annealed CdS thin films were subjected to SEM
analysis (Philips Model XL 30). Fig. 2 illustrates
the SEM micrographs of the surfaces of the as-
prepared and annealed samples. These images re-
veal that an increase in the annealing tempera-
ture affects the surface morphology of the CdS
films markedly. Initially, the crystalline grains of
CdS films are very small and non-uniform (mono-
dispersed), with the presence of large intercrys-
talline spacing for the films annealed at low temper-
ature. The intercrystalline spacing reduced when
the annealing temperature increased. For higher
temperatures a clear improvement in crystalline
structure of the films is observed which agrees with
Scherer results. The increase in temperature causes
a significant increase in the size of the agglomer-
ates in the thin film. Further, the morphology of
the grains is observed to be near spherical and is
more uniform throughout the analyzed area of the
specimen [6, 14]. However, it is noteworthy that the
CdS film annealed at 250 °C displays a flake-netted
structures with interconnections to each other. At
low temperature, owing to the low rate of chemical
reaction and ion diffusion to the grains, the surface
grains grow too slow to combine with each other to
create a continuous film which results in the exis-
tence of voids and smaller grain sizes compared to
the films annealed at higher temperature of 250 °C.

3.3. Optical properties

Optical transmittance spectra of chemical
bath deposited CdS thin films were recorded

in a function of wavelength in the range of 300 nm
to 1100 nm by using a PerkinElmer Lambda 35
spectrometer. The recorded spectra are shown in
Fig. 3a. All the spectra were recorded at room tem-
perature. Transmittance studies show that the film
transmittance increases with increase in the anneal-
ing temperature and all the films are transparent
in the visible region. The optical absorption coeffi-
cient was calculated from the transmittance values
by using the following relation:

o _ 2:3036 log (1/T)

; C))

where T is the measured optical transmittance and
t is the thickness of the sample. According to Tauc
relation the value of o has been used to determine
the optical band gap. For high photon energies hv
the absorption coefficient « obeys the following
relation:

A(h'l) — Eg) 1/2

o=
hv

&)
where Eg is the optical band gap of the crystal and
A is a proportional constant, h is the Planck con-
stant and n is the frequency of the incident pho-
tons. In mono and polycrystalline materials optical
transitions are possible depending on the material
band structure. The type of transition responsible
for absorption depends on the value of n, an index
that can take any of the values 1/2, 3/2, 2 or 3 for
direct allowed, direct forbidden, indirect allowed
or indirect forbidden transitions respectively. In the
present case, n = 1/2 means that the transition is an
allowed direct transition. The optical band gap was
estimated by extrapolating the linear portion of the
plot (achv)? vs. hv. The optical band gaps of CdS
thin films deposited at bath temperature 80+5 °C,
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Fig. 2. Surface micrographs of CdS thin films: (a) as-
deposited and annealed at (b) 150 °C, (c) 200 °C
and (d) 250 °C.

after annealing at 150 °C, 200 °C and 250 °C are
shown in Fig. 3b and Fig. 3c. From the figure it
is found that optical band gap decreases with an in-
crease in the annealing temperature. The calculated
optical band gap is about 2.87 eV to 2.37 eV.

3.4. I-V characteristics of p-Si/n-CdS

The formation of the P-N junction diode re-
sults from the connection of p-type Si and n-type
CdS. The diode characteristics were studied at am-
bient temperature using Keithley 6517B electrome-
ter. The I-V characteristics of the p-Si/n-CdS diode
at ambient temperature are shown in Fig. 4a. The
semi logarithmic plot of the current density InJ vs.
voltage V is shown in Fig. 4b. The current was mea-
sured in the range of +4 V to —4 V. The character-
istics of p-Si/n-CdS show good rectifying nature of
the junction. The diffusion voltage of the hetero-
junction was found to be 1.6 V; and beyond these
voltage, the forward bias current increased as the
applied voltage increased. But the saturation cur-
rent at reverse bias was very low. An ideal P-N
junction diode, has zero resistivity at the forward
bias and infinite resistivity at the reverse bias. Ac-
cording to the thermionic emission theory (TE),
the current through the diode can be calculated

as follows:
qV
I=1 ——1
0 exp (nKT )

where I, is the saturation current, q is the electron
charge, V is the applied voltage, n is the ideality
factor, K is the Boltzmann constant and T is the
absolute temperature.

The ideality factor n and the saturation current
I, of the diode were determined from the slope and
the intercept of the semi-logarithmic forward bias
J-V plot for V > 3 kT/q using equation 1 and the
ideality factor n and the barrier height &} can be
calculated as follows [7, 8]:

(6)

_ g av
"= kT d(inD) ™
*2
o, = T n<AA r ) ®)
q )
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Fig. 3. (a) transmittance spectra of CdS thin films; (b)
(axhv)? vs. hv for CdS thin films not annealed
(RT) and annealed at 150 °C and 200 °C); (c)
(hv)? vs. hv for CdS thin films (250 °C).
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Fig. 4. (a) I-V characteristics of p-Si/n-CdS diode at
ambient temperature; (b) InJ-V characteristics of
p-Si/n-CdS diode at ambient temperature.

where A is the active area of the diode and A* is
the Richardson constant. For an ideal P-N diode,
the ideality factor value is unity (i.e. n = 1) but ex-
perimentally, we obtained a higher value of ideality
factor n = 2.26, for the p-Si/n-CdS diode at ambi-
ent temperature which is higher than unity (n > 1).
This is a non-ideal behavior, which may be due to
the barrier inhomogeneity. It may also be due to se-
ries resistance and nonlinear metal-semiconductor
contact. Another reason may be the inhomogeneity
of the inorganic film thickness and non-uniformity
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of the interfacial charges. The variation of current
in the p-Si/n-CdS diode at ambient temperature is
relevant to photodetection applications.

3.5. Photoluminescence studies

Photoluminescence spectra were recorded us-
ing Shimadzu RF5301 spectrofluorometer. Fig. 5
shows the photoluminescence (PL) emission spec-
tra for the energies 3.16 eV and 2.28 eV respec-
tively. Electrons and holes relax to their respec-
tive ground states in the conduction and valence
band. They can then recombine radiatively as most
free carriers under excitation. When light energy
is applied to the film there occurs an electronic
transition between two energy levels, E; and E;
(E; > Ej), with the emission of wavelength A,
where:

hc/A =E, —E; ©)]
E| and E; are a part of two groups of energy levels
so that instead of a single emission wavelength a
band of wavelength is observed [15]. The emission
peak occurs at a higher wavelength than that of the
absorption peaks. In fact, the peak emission wave-
length is invariably shifted towards red end of the
spectrum compared to the peak of the absorption
spectrum. This phenomenon is known as the Stokes
shift, which finds commercial application in the flu-
orescent lamps [16]. The PL spectra of CdS thin
films show not only the well-known defect band but
also the evidence for bound exciton recombination.
These results show a good polycrystalline structure
of our films. Similar results have been reported ear-
lier for magnetron sputtered CdS thin films [17].

4. Conclusions

The CdS thin films were successfully ob-
tained by the chemical bath deposition technique
at 80+5 °C using EDTA as complexing agent.
The films were annealed at 150 °C, 200 °C
and 250 °C and then subjected to characteriza-
tion studies. X-ray diffraction studies revealed that
CdS films are polycrystalline in nature with cu-
bic crystalline phase. Preferential orientation along
(1 1 1) direction confirms the formation of CdS.
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Fig. 5. Emission spectra of CdS thin films.

The increase in peak intensity and decrease in the
internal microstrain of the film with temperature is
due to the improvement in the crystallinity. Mor-
phology of the grains is observed to be near spheri-
cal and improves with increasing temperature. The
film annealed at 250 °C depicts a flake netted struc-
tures. The direct optical band gap was found to
be 2.37 eV. I-V studies revealed the semiconduc-
tor nature of the CdS thin films. In conclusion, CdS
have significant potential applications for the win-
dow layer in solar cells.
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