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Cadmium sulfide (CdS) photocatalyst films were grown on glass by chemical bath
deposition (pH 9.4, 70 �C) and then annealed in nitrogen from 423 K to 823 K in steps of
100 K. The XRD crystallite size increases in a sigmoidal manner from 60 nm to 100 nm
while the optical band gap energy decreases from 2.42 eV to 2.28 eV. This trend is
paralleled by the decreasing Urbach energy, but only up to 623 K, where it increases
again. This is the temperature where the Cd effectively surpasses the phase
transformation from cubic to hexagonal, and the activation energy for electronic transport
drops by a factor of nearly two.

I. INTRODUCTION

Cadmium sulfide (CdS) is a II-VI semiconductor with
an energy band gap (Eg) of 2.42 eV in bulk materials at
room temperature.1 CdS has been known for many dec-
ades as a photocatalytic semiconductor material for solar
hydrogen generation in the visible wavelength range.2

CdS is also one of the most promising materials for
application in electronic and optoelectronic devices such
as solar cells, photo sensors, laser materials, optical
waveguides and nonlinear integrated optical devices.3–5

Polycrystalline CdS films are generally used in CuInSe2
(CIS) and CdTe solar cells as a window material for
transmitting the light absorbed by CIS or CdTe, and also
as the n-type material for p-n junction of solar cells.6 For
increased efficiency of solar cells, a semiconductor with
optimum band gap, low resistivity, and high absorption

coefficient is required.7 Naturally, many different synthe-
sis processes have been tried such as spray pyrolysis,8,9

vacuum evaporation,10 metal organic chemical vapor de-
position,11 and chemical bath deposition.7,12–22 Among
these techniques, chemical bath deposition (CBD) is
a low-cost and suitable technique to prepare high quality,
well adhered film reproducibly. The deposition process is
based on the slow release of sulfide ions via the
controlled hydrolysis of thiourea [SC(NH2)2] in an alka-
line medium in the presence of a Cd salt and a chelating
agent such as NH3.

23 The very high resistivity of the as-
deposited films, typically on the order of 106–107 O-cm
at room temperature,13–24 has been attributed to lattice
defects and dislocations,25–29 and can be reduced by
annealing the film. The physical and chemical properties
of not only CdS films but also most of the binary metal
chalcogenides of II-VI semiconductors obtained by CBD
critically depend on preparative parameters such as the
source and concentration of metal and chalgonide ions,
pH of the deposition solution, deposition time and tem-
perature, and gas phase process parameters such as tem-
perature, gas partial pressure, and the time of annealing.

The annealing temperature is one of the most impor-
tant considerations affecting the physical properties such
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as the electrical and optical properties of thin films. In
this work, CdS films of 2.8 mm thickness were prepared
by CBD at 70 �C. The thermal treatment of the films was
carried out in N2 to prevent oxidation of the film.
The x-ray diffraction (XRD) was used to monitor the
phase transformation, and x-ray fluorescence (XRF) and
scanning electron microscopy (SEM) were used for
elemental analysis and to show the surface morphology.
Optical absorption techniques and the four point probe
technique were used to investigate the optical and
electrical properties of the CdS films. The changes in
optical and electrical properties depending on annealing
temperature are discussed in detail and correlated with
the changes in crystallographic structure.

II. EXPERIMENTAL DETAILS

The CdS films were deposited on a glass substrate
(75 mm � 25 mm � 2 mm) using the CBD technique.
Substrates were cleaned by following the procedure in Erat
et al.30 and Metin et al.31 Aqueous solutions of 1 M cadmi-
um sulphate, 2.25 M hydrazine, 1.4 M thiourea, and 25%
NH3 were prepared without precipitation to deposit the CdS
film. The film was deposited on the substrate by keeping it
vertically in the beaker without stirring at 70 �C for 2 h.
This process was repeated seven times so as to increase
film thickness, and the deposition solution was refreshed
each time. After deposition, every film was rinsed in dis-
tilled water and methanol to remove the loosely adhered
CdS particles on the surface and finally dried in air. The six
as-deposited yellow CdS films with 2.8 mm thickness were
uniform, and adhered well to the substrates. Five of the
films were annealed at 423 K � T � 823 K (in steps of
100 K) with a 5 K/min heating/cooling rate and 1 h dwell
time using a horizontal tube furnace (Protherm PTF 15/75/
610) with 100 mL/min flowing 99.999% pure N2.

The CdS films were structurally characterized by
x-ray powder diffraction (XRD), in the range of diffrac-
tion angle 20� � 2y � 80� in steps of 0.02� with 40 kV
at 30 mA, CuKa1 radiation (l = 1.5406 Å) using Bruker
AXS Advance D8 diffractometer. Elemental composi-
tions of the films were measured using Panalitical
Axios Advanced x-ray fluorescence (XRF). The micro-
structures of these films were characterized using a LEO
440 scanning electron microscope (SEM). The absorp-
tion spectra of the CdS films were measured by a using
UV-visible spectrophotometer (SHIMADZU UV-1700) at
room temperature in the wavelength range 190–1100 nm.
The electrical measurements of the films were measured
by the four-point probe technique. AKeithley 2400 source-
meter was used to provide a constant current and the
potential drop was measured with a Keithley 2700 multi-
meter through an interface card, controlled by a computer.
The temperature of the films was controlled by a standard
K type thermocouple.

III. RESULTS AND DISCUSSION

A. Structural and morphological studies

Figure 1 shows the XRD patterns of the as-deposited
and annealed CdS films. The as-deposited and annealed
CdS films at low temperature (T < 623 K) exist in two
crystalline phases: cubic (C) phase (zinc blende-type,
JCPDS 06-0314) and hexagonal (H) phase (wurtize-type,
JCPDS 10-0454), in line with the literature.8,15,16,24,32–35

Annealing leads to an overall improvement in the inten-
sity of the peak heights, indicating that increasing anneal-
ing temperature increase the crystallinity of the film. By
increasing the annealing temperature, the hexagonal
phase becomes dominant and finally at T = 823 K the
structure becomes 100% hexagonal phase. This phase
transformation from cubic to hexagonal was earlier
observed for the chemically deposited CdS films.13,18–22

We used the standard (111) C reflection at 2y = 26.68�
to calculate the crystallite sizes from the x-ray. As ex-
pected, increasing the annealing temperature causes a
sharpening of the Bragg reflections, revealing an increase
of the crystallinity of the film. The evaluation of the crys-
tallite size was quantified by using Scherrer’s formula,

Dhkl ¼ K�l
b cosy

; ð1Þ

where K is the Scherrer constant, b is the full width at
half maximum (FWHM) of the Bragg reflection under

FIG. 1. X-ray diffractograms of the as-deposited and the annealed

CdS films.
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consideration in radians, l is the wavelength of x-ray
used, and y is the Bragg angle. Equation (1) was used to
calculate the crystallite sizes using K = 0.9. The crystal-
lite size of the as-deposited film was 59 nm and it in-
creases by almost a factor of 2 with the annealing
temperature. Furthermore, using these data, the disloca-

tion density (d ¼ 1=D2
hkl), the number of crystallites per

unit surface area (N ¼ d=D3
hkl , where d is the film thick-

ness) and strain (e ¼ b cosy=4) in the films were deter-
mined. The calculated structural parameters are listed in
Table I. The defects like the dislocation density and
strain in the films decrease as a result of annealing. This
might be attributed to the improvement in crystallinity in
the films with increasing annealing temperature.

Within the detection limit and the sensitivity range of
the XRF instrument, no deviation from the nominal stoi-
chiometry of CdS is found in our films.

The SEM micrographs of the as-deposited and the
annealed CdS films (Fig. 2) show that the distribution
of grains is not uniform throughout all the regions. How-
ever, the films cover the substrates well and are without
any voids, pinholes, or cracks. The as-deposited film is
made of platelet, oblate structured units of 1 mm diame-
ter and �150 nm thickness, on top of which there are
some globules that look like cauliflowers, the leaves of
which are made from the oblate unit. This particular
morphology disappears for the film when annealed at
823 K, suggesting a coarsening effect. While chemically
deposited films typically may develop cracks at high
temperature, our films do not show such cracking. But
the film annealed at 823 K shows holes between the
grains that were not apparent in the films annealed at
lower temperatures.

B. Optical properties

The optical transmittance (T) curves obtained at room
temperature of the as-deposited and annealed CdS films
are shown in Fig. 3 as a function of wavelength. There
are two noteworthy changes with increasing annealing
temperature in the transmission spectra. The first one
is the decrease in the transmittance (T = 50% for as-
deposited film while T = 5% for the annealed film at

823 K). The second one is a shift of the absorption edge
toward longer wavelengths. The thickness of the films
was calculated from the transmission interference using
the following equation:

d ¼ li liþ1

2 nðliÞliþ1 � nðliþ1Þli½ � ; ð2Þ

where d is the film thickness, and n(li) and n(li+1)
are the refractive indices at the two adjacent maxima
(or minima) at li and li+1.

36 The thickness of the CdS
film increases linearly with a growth rate of 180 nm/h,
Fig. 4.

The wavelength dependent linear absorption coeffi-
cient a of the as-deposited and annealed CdS films was
analyzed to determine the optical band gap of the film

TABLE I. The structural parameters of as-deposited and annealed CdS films. The films were grown at 70 �C. These parameters were calculated

using the x-ray diffraction data.

Annealing temperature (K)

FWHM (b)
(� 10�3 rad) Crystallite size (nm)

Dislocation density

(�1014 lines/m2)

Number of crystallites/unit

area (�1016 m–2)

Strain

(�10�4 rad)

As-deposited 2.40 59 2.834 1.335 5.839

423 1.60 89 1.271 0.402 3.892

523 1.55 92 1.189 0.363 3.771

623 1.52 94 1.136 0.339 3.694

723 1.46 97 1.060 0.305 3.568

823 1.41 101 0.986 0.274 3.440

FIG. 2. The SEM micrographs of the CdS films (a) as-deposited and

at (b) 423 K, (c) 523 K, (d) 623 K, (e) 723 K, and (f) 823 K.
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and the nature of the optical transitions involved by
using this equation:

Itðd; hnÞ ¼ Ioe
�aðhnÞd ; ð3Þ

where d is the thickness, hn is photon energy, and It and
Io are the intensities of the transmitted and incident light,
respectively. Tauc37 identified three distinct regions in
the absorption spectrum of amorphous semiconductors:
(i) the weak-absorption tail which originates from
defects and impurities, (ii) the exponential edge region
(approximately between 1 cm�1 and 104 cm�1) which is
related to the structural randomness of the glassy materi-

al, and (iii) the high absorption region which determines
the optical energy gap. In the edge region, the absorption
coefficient a(hn) is well described by the exponential:

a ¼ a0 exp hv=E0ð Þ ; ð4Þ
known as the Urbach law.38 Here a0 is a constant, hn is
the incident photon energy, and E0 is called the Urbach
energy, which characterizes the slope of the exponential
edge region and is the width of the band tails of the
localized states. The Urbach tail is usually ascribed to
the optical electronic transitions between the extended
states and the near edge localized states. The formation
of localized states with energies at the boundaries of the
energy gap is one of the effects of the structural disorder
on the electronic structure of amorphous materials. This
is the reason why the Urbach energy (E0) is frequently
used as a measure of the degree of structural disorder. E0

is given by the relation below:

E0 ¼ dðlnðaÞÞ
dðhvÞ

� ��1

: ð5Þ

The ln(a) value is a function of hn in the photon
energy region where ao < 104 cm�1 as given in Fig. 5.
The value of E0 is calculated from the slope of the linear
plot illustrated in Fig. 5. These values are listed in
Table II. In the high absorption region (where absorption
is associated with interband transitions), the form of
the absorption coefficient a(hn) was given in quadratic
form by Tauc et al.37 and discussed in more general
terms by Mott and Davis,39 who use the equation of the
form:

aðhnÞ ¼ Aðhn� EgÞn=hn ; ð6Þ
where A is a constant, a is the absorption coefficient,
hn is the photon energy, and n is a constant equal to 1/2

FIG. 5. Graph of ln(a) versus hn for the as-deposited and the

annealed CdS films.

FIG. 3. The transmittance versus wavelength for the as-deposited and

the annealed CdS films.

FIG. 4. Time dependence of the thickness for CdS films as a function

of coating number.
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for a direct band gap semiconductor. The graph of
a2 versus hn is given in Fig. 6 and the value of the
energy where a = 0 is the band gap energy Eg. It can be
seen in Fig. 6 that the absorption edge of the annealed
films has shifted toward longer wavelengths with in-
creasing annealing temperature. Also, it is obvious that
the band gap energy of the as-deposited film is 2.42 eV
and systematically decreases to 2.28 eV for the film
annealed at 823 K (Table II), which is in agreement with
the literature.9,21,40 At high temperature (823 K) the film
is degraded in terms of optical absorption at the forbid-
den region. Figure 7 shows the changes in the crystallite
size and band gap energy depending on the annealing
temperature. It is obvious that an increase in the crystal-
lite size gives rise to a decrease in band gap energy. The
extinction coefficient

k ¼ al
4p

; ð7Þ
of the CdS films was obtained taking into account the
a values at l = 550 nm for the as-deposited and the
annealed CdS films (Table II). The increase of the extinc-

tion coefficient with increasing annealing temperature is
paralleled by the change in the absorbance of the films.

C. Electrical properties

The electrical conductivity measurements of the films
have been performed in the temperature range 300 K �
T � 570 K. The electrical conductivity of the films was
determined with Eq. (8) as follows:

s ¼ 1

G

I

V
; ð8Þ

where s is the electrical conductivity, G is the correction
factor which depends on the shape and thickness of the
film, I is the current through the film and V is the poten-
tial drop.

Electrical conductivity increases exponentially with
increasing temperature, confirming the semiconducting
nature of the film shown in Fig. 8. An increase in temper-
ature removes disorder by decreasing lattice defects,
which otherwise act as scattering centers for electronic
charges. Therefore, fewer electrons scatter from grain
boundaries, which leads to an increase of Arrhenius type
electrical conductivity. The electrical conductivity varies
from 2.0 � 10�5 to 9 � 10�1(O-m)–1, and increases
with temperature. The conductivities of the as-deposited
and annealed films at 523 K and 623 K are about 10�2

and increase up to 10�1 for the film annealed at 423 K
which shows the highest conductivity. In this film, the
exponential behavior starts at a lower temperature,
around 425 K. For the annealed film at 723 K, the con-
ductivity is about 10�3, while the film annealed at 823 K
is on the order of 10�4. This low conductivity can be
attributed to the discontinuity of the grain contacts. The
activation energy of the films has been determined by
following the relation

s ¼ s0 expðEa=kBTÞ ; ð9Þ
where s0 is pre-exponential factor, kB is the Boltzmann
constant, Ea is the activation energy, T is the temperature
listed in Table II, and they are in agreement with litera-
ture values.7,24 It is found that Ea decreases from 0.40 eV
to 0.19 eV with increasing annealing temperature, except

FIG. 6. The a2 versus hn for the as-deposited and the annealed CdS

films.

TABLE II. The optical parameters of as-deposited and annealed CdS films. The films were grown at 70 �C. These parameters were calculated

using the transmittance data. The absorption and extinction coefficient were calculated at l = 550 nm.

Annealing temperature (K) Eg (eV) Urbach tail (Eo) (eV) Absorption coefficient (�104 cm�1) Extinction coefficient

Activation energy

(eV)

Eg/2 Ea

As-deposited 2.42 0.20 0.6684 0.029 1.21 0.40

423 2.40 0.19 1.4227 0.062 1.20 0.36

523 2.38 0.16 1.3542 0.059 1.19 0.38

623 2.37 0.14 1.2103 0.053 1.19 0.24

723 2.33 0.18 2.0034 0.088 1.17 0.20

823 2.28 0.21 3.1517 0.140 1.14 0.19
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for the film annealed at 523 K, shown in Fig. 9. These
values are low compared to the values from the optical
measurements (Eg/2), Table II. The low activation ener-
gies obtained from the resistance measurements indicate
doped levels (trapped levels or additional energy levels)
due to the presence of impurity atoms in the forbidden
gap of the semiconducting thin films. Impurities and

imperfections drastically affect the electrical properties
of a semiconductor.31,41 It is also shown in Fig. 9 that the
changes in the dislocation density and the Urbach energy
go along with the activation energy depending on the
annealing temperature. Since the Urbach energy is a
measure of disorder, the structure of the films prepared
at 623 K can therefore be considered as the one with
the highest structural integrity and order, at least on the
scale relevant for optical transitions. The continuously
decreasing band gap and the decreasing activation
energy are responsible to a large extent for the structural

FIG. 7. The changes in the crystallite size and the optical band gap

energy of the films depending on annealing temperature.

FIG. 8. The temperature dependence of the electrical conductivity of

as-deposited and annealed CdS films.

FIG. 9. The changes in the dislocation density, Urbach energy and

activation energy of the films depending on annealing temperature.
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integrity of the films particularly for high annealing
temperature T > 623 K.

IV. CONCLUSION

The as-deposited CdS film shows a mixture of 50%
hexagonal and 50% cubic phases where the hexagonal
phase becomes dominant upon annealing. This goes
along with increasing crystallite size and a reduction of
the dislocation and strain of the films. Structural phase
transformation from the metastable cubic phase to the
stable hexagonal phase is observed at 823 K. The
changes are likely of an entirely structural nature, and
not of a chemical nature. There is a red shift effect of the
transmission spectrum after annealing, which means that
there is some decrease of the band gap energy after
annealing (from 2.42 eV to 2.28 eV). In addition to that,
the Urbach tail of the absorption edge decreases with
increasing annealing temperature, and increases again at
T > 623 K. The absorption and the extinction coefficient
calculated at l = 550 nm show strongly temperature
dependent behavior. The film annealed at 423 K shows
the highest conductivity having crystallite size around
88 nm. The temperature dependence of electrical con-
ductivity of the film increases nonlinearly with increas-
ing temperature. The nonlinearity of the evolution of the
Urbach energy versus annealing temperature, that is, the
fact that there is a minimum in the intermediate temper-
ature range at around 623 K, will require further study to
determine its microscopic origin.
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