THEORETICAL AND EXPERIMENTAL STUDY OF CdS
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In the present paper, we investigate theoretically and experimentally the structural and optical properties of wurtzite
(WZ) CdS semiconductor. The reflectance and transmittance spectra in the [1.5-3.5] eV range of a thin CdS film
prepared by spray pyrolysis has been carried out. The first principles full potential linearized augmented plane wave

(FPLAPW) method has been utilized to complete the study.
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Introduction

Cd-based II-IV semiconductor compounds are of
considerable interest due to their applications in solar
cells, optical detectors, field effect transistors and
optoelectronic devices [1, 2]. Among these materials,
CdS thin films are regarded as one of the most promising
materials for heterojunction thin film solar cells. Wide
bandgap CdS (£, = 2.4 eV) has been used as a window
material together with several semiconductors such as
CdTe, Cu,S, InP and CulnSe, with 14-16 efficiency [3,
4]. Depending on the growth temperature, it can stabilise
in both zinc-blende (below 150 °C) or WZ phases (above
170 °C) [5, 6].

In this work, structural and optical properties of WZ CdS
films grown using spray pyrolysis technique have been
studied both experimentally and theoretically. This paper
describes a combinatoric exploratory approach to bulk
and thin film of CdS, combining theory and
experimentation.

Experimental details

CdS thin films were prepared on glass substrates by spray
pyrolysis technique. The experimental set-up is similar to
that described in Ref. [7]. The glass substrates were
cleaned with freshly prepared chromic acid, detergent
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solution and distilled water. The spray solution consisting
of 0.05 M CdCl, and 0.05 M CH4N,S were dissolved in
bi-distilled water. Compressed air of pressure 6 N/cm®
was used as a carrier gas with a solution flow of
5 cm’/min. The substrate temperature was fixed at 350 °C
and controlled through a thermocouple (Chrome-Nickel).
Structural characterisation was carried out at room
temperature in the 6-20 scan mode using a Rigaku
Miniflex diffractometer (Cuko., radiation, A = 1.5406 A).
Transmittance and reflectance were measured in the
wavelength range of [1.5-3.5] eV using a UV-Visible —
NIR JASCO type-570 double beam spectrophotometer.

Computational details

Theoretical calculations were performed using the
FPLAPW method [8] based on the density-functional
theory (DFT) [9, 10]. The exchange-correlation energy
of the electrons is described in the local-density
approximation (LDA) using the Perdew-Zunger scheme
[11] as implemented in the WIEN 97 code [12]. Basis
functions were expanded in combinations of spherical
harmonic functions inside non-overlapping spheres
surrounding the atomic sites (muffin-tin spheres) and in
Fourier series in the interstitial region. In the muffin-tin
spheres (MTS), the L-expansion of the non-spherical
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potential and charge density was carried out up to
Lyax=12. Consequently, 2554 plane waves have been
utilized, and the energy cut off was set such as
RyrKyax= 8 (Kuyax being the maximum modulus for
the reciprocal lattice vector and Ry is the radius of the
MTS). Furthermore, we adopted the value of 1.8 a.u for
S and 2 a.u for Cd.

The electronic configuration of CdS is: Cd: [Kr] 4d'%5s>
and S: [Ne] 3s?3p*. In WZ, the Cd atoms are located at
(0,0,0), (1/3,2/3,1/2) and the S atoms are located at
(0,0,u), (1/3,2/3,1/2+u). The internal parameter u was
fixed to the ideal value of a WZ crystal.

Results

Fig. 1 shows the X-ray diffraction pattern of our CdS
film which indicates that the deposited film is
polycrystalline with a hexagonal WZ structure of spatial
group 186 (P6;/mc). The peaks were indexed by
comparing our measured inter-reticular distances d,
and their intensities / to the 41-104 JCPDS X-ray
powder data file. The lattice constants ¢ and ¢ were
determined by using the following quadratic relation:

- M

2.2’

]
\/g(h2+ K24 hk) +

dyy =

and were found to be 4.117 A and 6.696 A respectively.
These values are in good agreement with previous results
[13].
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Fig. 1. XRD spectra of wurtzite CdS

For reasons of comparison, we have also calculated
theoretically the structural properties of our compound.
The total energies were calculated in two steps. First, we
varied the c/a ratio at a fixed volume and a stable c/a
ratio was obtained by a parabolic fit. The equilibrium c/a
value was found to be 1.626. In the second step, we fixed
the equilibrium c/a and we varied the volume which was
then fitted to Murnaghan’s equation of state [14] as
given by:

Bov|— (vo / v)Bé 1

B, L B -1 +1J+cst 2)

E(v) =

B and B’ being the bulk modulus and its pressure
derivative at the equilibrium volume V,

Fig. 2 shows the total energy as a function of the volume
for wurtzite CdS. The calculated lattice parameters are
a=4.108 A and ¢ = 6.679 A which are found to be less
than the experimental values because of LDA. The LDA
calculations show a number of systematic shortcomings.
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Fig. 2. Calculated total energy as a function of volume of CdS

In the Fig. 3, we show the band structure of CdS
obtained by the FPLAPW method. The calculated band
gap is found to be only 1 eV. However, the experimental
gap of CdS is 2.5 eV [15]. It is well known that the LDA
based FLAPW underestimates gaps by 50 % or more,
especially for II-VI compound semiconductors [16].
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Fig. 3. Band structure for CdS in wurtzite structure

In order to understand the general feature of the bonding
in this compound, the total and partial densities of states
(DOS and PDOS) integrated over the atoms and the
interstitial region outside the MTS are shown in Fig .4.
The total DOS presents three regions: the lower band at
around -8 to -7 eV is derived from the cadmium 4d
states. The bands between -5 eV and the valence band
maximum are mostly derived from the S p-states
hybridised with Cd s-states. The states of the conduction
band are mainly S p-states hybridised with Cd s-states
with only small admixture of Cd 4d-states.
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Fig. 4. Total and partial density of states (DOS and PDOS)
for CdS

The total valence charge density is displayed along the
Cd-S bonds and in the (110) plane containing Cd and S
atoms (Fig. 5). The charge transfer gives rise to the ionic
character of CdS similar to that found in other II-VI
compound semiconductors. The driving force behind the
displacement of the bonding charge is the greater ability
of S to attract electrons towards it due to the difference
in the electronegativity between Cd and S.

Fig. 5. Contour plot of the total valence charge density in the
(110) plane of CdS

In order to investigate the optical properties of CdS, we
used a mesh of 200 irreducible K points in the Brillouin
zone and we shifted the conduction bands. The
imaginary part of the dielectric constant €,(E) was
calculated by considering summation over all conduction
and valence bands and over the first Brillouin zone. The
real part €,(E) was then obtained from &,(E) by the use of
the Kramers-Kronig relations. The other parameters
follow straightforwardly.

Experimentally, optical transmittance and reflectance for
CdS film were measured in the range [1.5-3.5] eV using
a JASCO V-570 spectrophotometer. Fig. 6 shows the
transmittance and reflectance spectra.
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Fig. 6. Transmittance and reflectance of CdS film

T is in order of 5 % for higher energies values, and it
increases to 50 % for low energy. R roughly levels off in
the range [1.5, 2.5] eV energy and it increases from 2.5
to 3.5 eV. Similar behaviour in the transmission and
reflectance spectra of CdS films prepared by other
techniques have been reported in the literature [17-19].
The absorption coefficient oo was calculated from the

relation [20]:

(1-R)2e™
T = Rze_zad s (3)
R and T being the spectral reflectance and transmittance
and d the film thickness. The value of the energy band

gap was calculated using the formula:

()2 = Alpv—E, ) @)

where A4 is a constant which is related to the effective
masses associated with the bands and E, is the bandgap
energy. Plot of (ohv)” versus the photon energy Av for

film is shown in Fig. 7.
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Fig. 7. (chv)? vs. (hv) plot for CdS film
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The linearity of the plot indicates that the material is of
direct band gap nature. Extrapolation of linear portion of
the graph to the energy axis at o = 0 gives the value of
the band gap energy, which is found to be 2.42 eV, in
good agreement with Pal et al [21].

Fig. 8, 9 and 10 show the theoretical and experimental
curves respectively in [1.5-3.5] eV range.

Fig. 8 shows the theoretical and experimental absorption
coefficient. Good agreement is found between theory
and measurement. However, due to the polycrystalline
structure of the thin film, extra absorption of light occurs
at the grain boundaries. This leads to non-zero value of o
for photon energies smaller than the fundamental
absorption edge.
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Fig. 8. Theoretical and experimental o/(E)

In Fig. 9 the theoretical and experimental refractive
index are presented. It is observed that for the
experimental index there is one well-defined maximum.
This observation is accounted to the particular structure
of the film and it thickness [22, 23]. The peak value of
the experimental of the refractive index is 2.45. The
values of theoretical n increase with increasing photon
energy. The smaller n experimental values in the range
[2, 3.5] eV may be due to the polycrystalline structure of
the film investigated.
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Fig. 9. Theoretical and experimental n(E)

Finally, Fig. 10 shows the theoretical and experimental
reflectance. A good correspondence of the measured
reflectance spectrum and the theoretical model in the
range [2.5, 3.5] eV, only minor difference can be
observed. Due to the transparency of the film,
experimental R roughly levels off below 2.5 eV.
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Fig. 10. Theoretical and experimental R(E)
Conclusion

In summary, we have presented a study of structural and
optical properties of bulk and thin film of WZ CdS. The
main conclusion can be summarized as follows:

— WZ CdS is a semiconductor with a direct optical band
gap of about 2.42 eV witch is located at the I" point of
the BZ.

— The density of states on both sides of the gap has
predominantly s-p character with only small admixture
of s-states.

— The calculated electron charge distribution indicates an
ionic character.

— The film exhibit high transmittance (more than 50 %)
and low reflectance in the visible-near infrared region
(2.48, 1.127) eV region, making the film suitable for
optoelectronic devices, for instance as window layers in
solar cells.

— The absorption coefficient o and refractive index n
values ad reflectance R using the optical measurement
are found to agree well with the results obtained using
theoretical calculations.
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