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Abstract

Binary semiconductor CdSe and CdS thin films are widely used for optoelectronic devices and window
materials. The formation of ternary CdSel-xSx thin films improves the physical characteristics of the binary
CdSe thin films. The importance of CdSel-xSx thin film is the change of band gap when incorporating S into
the CdSe. This change in energy gap recommends CdSel-xSx thin film for photovoltaic and photoconductive
cells applications. In this work, polycrystalline CdSel-xSx thin films have been grown in terms of thermal
evaporation technique. X-ray diffractometry has been used to determine the lattice parameters and the
crystallite size of the CdSel-xSx mixed crystals. The variation in lattice parameters with composition from x = 0
to x = 1 were linearly. The crystallite size varies parabolically with the change in composition. The energy gap,

opt

9 , values of CdSel-xSx thin films were estimated in terms of first derivative of absorbance with respect to
wavelength and found to be increased with the formation of the ternary compound Cd-Se-S and with
increasing the S content as expense of Se. This wider energy gap of the prepared films, which permits extra
light to reach the solar cell junction, was correlated with the change in the microstructure parameters of thin
films. The electrical conductivity of CdSey,S, thin films was studied and reveals two types of variation as a
function of temperature. It was found that with increasing the sulfur content for both temperature ranges; an
increase in the activation energy for all the prepared thin films has been observed.
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1. Introduction

Semiconductor compounds II-VI thin films (CdSe, CdS, ZnTe, etc.) are characterized by their wide band gab [1]
therefore; they have many scientific and technological applications. CdSe n-type semiconductor thin films with
direct band gap (Eg = 1.7-1.8 eV) can be grown in cubic, hexagonal or polymorphism forms with high
absorption coefficient and transmittance in the visible region. These CdSe films are widely used for
optoelectronic devices fabrication [2] such as solar cells [3, 4], light emitting devices [5], lasers [6], photo
detectors [7] and thin film transistors [8]. CdS thin films with band gap (Eg = 2.42 eV) [9] used extensively for
heterojunction solar cells as for window material in connection with other semiconductors such as CdTe [10].
Short band gap width of the binary semiconductor affect negatively on the solar cells efficiency since nearly
20% of the incident photons will be absorbed by the semiconductor solar cell. Electrical and optical properties
of semiconducting thin films are vital requirements for appropriate applications in several optoelectronic
devices [11, 12]. Modifying the composition of the ternary CdSel-xSx thin films permits improvement of
electrical, optical and structural properties of the binary CdSe thin films, therefore; widening of its scientific
and technological applications [13]. Nano-sized CdSel-xSx thin films can be prepared by several chemical and
physical methods such as chemical bath deposition (CBD), chemical vapor deposition (CVD), RF-sputtering,
spray pyrolysis, laser ablation and thermal evaporation techniques [13-16]. In the present work, Cd-Se-S has
been synthesized as a mixture of the two systems CdS and CdSe by a chemical reaction method. The most
well-known method, thermal evaporation technique, has been used to get the composition of CdSel-xSx thin
films. The structural, electrical and optical properties of the fabricated thin films have been investigated. The
X-ray diffraction technique has been used in analysis of the prepared thin films microstructure. Optical band
gap has been deduced by the aid of the first derivative of absorbance with respect to wavelength. Electrical
conductivity of CdSey,S, thin films was measured within temperature range of 300 — 450 K using four-probe
method from which, the activation energy has been deduced from the conductivity variation with the
reciprocal of absolute temperature.

2. Experimental details

Bulky polycrystalline CdSel-xSx (with x = 0, 0.25 0.5, 0.75 and 1) were prepared using ball milling method as a
conventional solid-state reaction technique. Stoichiometric amounts of CdS and CdSe powders with high—
purity (99.999%) obtained form Aldrich were mixed for about 30 min in a ball mortar consistent with the
following reaction:

xCdS+(1-x)CdSe — CdSel-xSx (1)

The mixed powders pressed into a disk-shape pellet used as the starting constituents of the prepared
semiconducting thin films. In our previous studies [17-21] different compounds has been prepared using the
same technique. Using a conventional coating unit (Denton Vacuum DV 502 A) and at a pressure of about 10-
6 Pa, the compositions of CdSel-xSx (with 0 > x >1) thin films were deposited by thermally evaporating the
powdered samples from a resistance heating quartz glass crucible onto the dried pre—cleaned glass substrates.
The substrates were kept at constant temperature (400 K) and the deposition rate was adjusted at lower value
(2nm/sec) to produce thin film compositions closely related to that of the bulk starting materials [21-23]. In
order to obtain smooth and homogenous films, the substrates were rotated at slow speed of 5 rpm. The
thickness of the produced films during evaporation process was monitored using thickness monitor FTM6. The
as—deposited film thicknesses were studied at different compositions to avoid the film thickness effect on the
prepared composition. The X-ray powder diffraction (XRD) Philips diffractometry (1710) with Cu—Ka radiation
( = 1.54056 A) and 26 between 5° and 70° with step-size of 0.02° and step time of 0.6 seconds has been used
to investigate the crystal structure and phase purity of the CdSel-xSx (with 0 > x >1) thin films. The
compositional analysis was carried out using energy dispersive X-ray spectroscopy (EDAX). The relative error in
determining of the indicated elements does not exceed 2.3 %. The absorbance optical spectra of the
deposited thin films at room temperature were investigated using double beam spectrophotometer UV-Vis—
NIR JASCO-670.

5478



8

3. Results and Discussions:
3.1. X-Ray Diffraction analysis of CdSel-xSx thin films

The X-ray diffraction patterns for the CdSe, CdSe0.5050.50 and CdS powder with their characteristic peaks of
reference code corresponding to each composition which exhibit polycrystalline nature are shown in Fig. 1.
The XRD pattern of the CdSel-xSx (with 0 > x >1) thin films deposited onto glass substrates are shown on Fig.
2. This figure shows that the diffraction planes (100) and (002) of the thermally evaporated CdSel-xSx
appeared for all prepared compositions at x = 0, 0.25, 0.50, 0.75 and 1. Sharp diffraction line of the preferred
crystalline orientation (002) reveals the good crystallinity with the wurtzite structure for all compositions
between CdSe and CdS according to reference JCPDS code mentioned at the inset of Fig. 1. Relative increase
in the peak broadening of the XRD line (002) is observed with increasing the x value (increasing the S and
decreasing the Se ratio) as shown in Fig. 3. This increase in the peak broadening maybe attributed to the
variation of the interatomic spacing corresponding to the change in the crystalline phases from CdSe to CdS.
There are significant outward shifts of the (002) peaks to larger diffraction angles occur gradually for films with
incorporating S at expense of Se in the CdSel-xSx thin films (clearly shown in Fig. 3.). This shift may be related
to the smaller atomic radius (1.09 A) of the S atom than the atomic radius (1.22 A) of the Se atom [24, 25].
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Fig. 2: XRD pattern of CdSe(1-x)Sx thin films.
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Fig. 3: XRD data related the variation of (002) with composition of CdSe(1-x)Sx thin films.
The interplaner spacing dhkl for these thin films were calculated from Bragg's law [26]

A=2d,,sin@ 2)

where 0 is the diffraction angle.

The hexagonal crystals are characterized by two lattice parameters, a and ¢, and the interplaner spacing dhkl
given by [26]:

1 _4h*+hk+k?* I?

d2, 3 a’ c?

3)

where hkl are Miller indices of the plane.
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Fig. 4: Lattice parameters a and c as a function of composition
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The lattice parameters (a and c) were calculated and their variations with composition from x = 0 to x = 1 are
shown in Fig. 4. The lattice parameters (a and c) decreased linearly with composition and seems to obey
Vegard's [27]. The dependence of the lattice parameters a and ¢ on composition has been found to obey the
empirical relationships of the form: a(x) = 4.3 — 0.16 x and c(x) = 6.999 — 0.28 x. Both microstructure
parameters; crystallites size (Dv) and lattice strain (e) of CdSel-xSx films were calculated by analyzing the XRD
data using the Scherrer's formula, Dv = kA/Bcos(8) and Wilson formula e = 3/(4tan(B)) [28] respectively; where
B is the structural broadening, which is the difference in the integral X-ray peak profile width between the thin

. } 2 _ 2
film and a standard (silicon) and is given by B = Povs = Baa [22, 23].
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Fig. 5: Crystallite size as a function of composition.
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Fig. 6: Lattice strain as a function of composition.

Fig. 5 and Fig. 6 show a comparative look of the microstructure parameters (Dv and e) of the CdSel-xSx films
as a function of x concentration. It is observed that the crystallite size decreases with increasing of S at
expense of Se as shown in Fig. 5 but the lattice strain ascends up slowly as shown in Fig. 6. The decreasing in
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the crystallite size with S content may be attributed to the reduction in both lattice parameters a and c but the

increasing in lattice strain maybe owing to increasing of lattice defects among the grain boundary, which
might be attributed to the increase of breadth with increasing S content.
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Fig. 7: Absorbance spectra of CdSe(1-x)Sx thin films. Fig. 8: the first derivative of absorbance as a

function of wavelength of the CdSe(1-x)Sx.
3.2. Optical absorbance and energy band gap of CdSel-xSx thin films

The double beam spectrophotometer was adopted to measure the absorbance in wavelength range extended

from 400 to 1100 nm for different composition of CdSel-xSx (with 0 > x >1) films as shown in Fig. 7. This

figure shows that the absorbance shifted towards lower wavelength with increasing the S at expense of Se. In
opt

order to extract the energy gap, 9 value, first derivative of absorbance with respect to wavelength was

considered. Fig 8 shows the differentiation of absorbance with respect to wavelength as a function of
wavelength for CdSel-xSx (with 0 > x >1). All the peaks that appear in this figure are due to the electronic

transitions from fundamental band edge. The position of the peak has been used to estimate the band gap
opt

energy 9 for CdSel-xSx (with 0 > x >1) [29, 30]. It is also observed that the position of the peak shifts
toward lower wavelength values with increasing the S at expense of Se.
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Fig. 9: Band gap energy as a function of the x concentration in CdSe(1-x)Sx films.

The estimated optical band gap shown in Fig. 9 found to be increased with increasing the S content for
CdSel-xSx thin film. The increasing in the optical band gap may be attributed to the following: (i) With
increasing the S content the particle size is decreases and owing to quantum confinement effects, the band
gap energy increases. An incident photon will be absorbed by the semiconductor material only if the photon
energy is the same as the energy gap of the material. The electronic band structure of the prepared
nanoparticles changes to molecular level with non-vanishing energy spacing. So the nano scale size material
needs more energy for electronic transition between valence and conduction band, hence the band gap
energy of the prepared nanoparticles is more than that of the bulk material. (ii) Every particle in the nano scale
size has very small number of atoms; the width of the bands gets narrower as the number of overlapping
orbitals decreases, hence an increase in energy gap of the prepared nano-materials is observed. This tunability
of the CdSel-xSx band gaps recommends these thin film compositions as buffer layers for solar cells
applications.

3.3. Electrical conductivity of CdSe;.,S, thin films

The D.C. electrical conductivity of CdSey.,S, (with x = 0, 0.25 0.5, 0.75 and 1) thin films at given temperature is
given by Arrhenius relation [31- 33]:

_AE
0= 0gge KT (4)

where gy is a parameter depend on the nature of the semiconductor, AE is the thermal activation energy and K
is the Boltzmann constant.

Fig. 10 shows the variation of the D.C electrical conductivity as a function of the reciprocal of the absolute
temperature at temperature range of (300-450 K) for CdSe;.Sx thin films. This figure reveals the increasing
behavior of the conductivity with temperature increase all over the temperature range. There are two different
stages of the measured conductivity during the heating temperature range; display two different straight lines
for every CdSe;S, composition as shown in Fig. 10. The first portion is the slow variation of the conductivity at
low temperature range (300-370 K) and the conduction mechanism at this stage owing to carriers transport to
localized (impurities) states near the valence and conduction bands. The second portion is the fast variation of
the conductivity at high temperature range (370 — 450 K) and the conduction mechanism in this region due to
the conduction of the carrier excited into the extended states beyond the mobility edge [21]. These two
conduction mechanisms prove that the measured D.C. conductivity is non-linear with temperature change. The
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gradual decrease in the conductivity with excess of S content for five CdSe;.,S, compositions is also shown in
Fig. 10. The main reasons for this gradual decrease in conductivity maybe related to: (i) The increase in the
concentration of defects, such as vacancy of Cd—shallow donor and (ii) The In-CdSe;.,S, contact resistance at
CdS content > 50% (few MQ); contacts are not ohmic [34] (iii) Also, this decrease might be explained by the
presence of the small size crystallites in the prepared CdSey.,S, thin films. The obtained results conclude that it
is possible to use the models explaining the mechanism of electrical conduction in thin films with discrete
structure for the prepared nanostructure polycrystalline samples [35]. It is also clear from Fig.10 that at low
temperature region the electrical conductivity deviates from an Arrhenius behavior and changes in the
conductivity with temperature are small. This suggests a variable range hopping conduction in this region by
tunneling of the electrons between the localized states. This conduction mechanism can be verified by the
Mott equation [36-38].
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Fig. 10: Variation of electrical conductivity, o versus the reciprocal of absolute temperature for CdSe(.Sx.
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Fig. 11: Variation of activation energy of two portion region as a function of x concentration.
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The activation energies as a function of the x content in CdSe;,S, thin films of the two linear portions are
shown in Fig. 11. The activation energy values for both stages show an increase with increasing S content. In
addition, the activation energies of the linear portion at low temperature range are lower than those at high
temperature range. The obtained activation energy values are strongly differs from the band gap energies
calculated by optical measurements for CdSey.,S, thin films. This recommends that the determined activation
energy values are associated with deep acceptor or shallow donor levels located in the forbidden band of the
prepared CdSe;,S, thin films [39].

4. Conclusions

Polycrystalline powder of CdSel-xSx (x = 0, 0.25 0.5, 0.75 and 1) have been prepared by mixing CdSe and CdS
powders using ball milling technique. The compositions of CdSel-xSx (with 0 > x >1) have been fabricated as
thin films by thermal evaporation technique. The CdSel-xSx thin films have a wurtzite structure at which the
lattice constants change linearly with composition over a wide range (0 < x < 1). Both crystallite size and
lattice strain were calculated using XRD. It is observed that the crystallite size decrease but the lattice strain
increase with increasing S at expense of Se in CdSel-xSx films. The optical band gaps of all compositions were
extracted from the differentiation of absorbance with respect to wavelength. The optical band gap increases
with increasing the S content of the prepared composition. The increasing in energy gap was explained on the
basis of decreasing particle size according to quantum confinement effects. The variation of the conductivity
against reciprocal of the absolute temperature reveals two different straight lines related to extrinsic and
intrinsic conduction. The activation energy values of the linear portion at low temperature range is lower than
those at high temperature range and it increases with increasing the sulfur content in all films at both
temperature ranges.
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