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ABSTRACT

The formation of a CdS Te;_ layer by the interdiffusion of S into the
CdTe and of Te into CdS films occurs during the fabrication of CdS/CdTe thin
Jilm solar cells. The CdS Te,_ layer is thought to be important because the real
electrical junction is located in this interdiffused CdS Te;_, region. Thus, it is
important to have a full understanding of the physical properties of CdS Te,_,
alloy thin films. In this study, CdS, Te;_, thin films with composition 0 < x < 1
were prepared by thermal evaporation method on glass substrate using powder
of pure CdS and CdTe compounds pressed in pellet form as the source in a
vacuum of 5.5 100 5 mbar. X-ray diffraction (XRD) revealed that the films exhib-
ited a cubic zincblende structure with the preferred orientation of (111) plane
when x < 0.2. However, when x > 0.8, they had a hexagonal wurtzite structure
with the preferred orientation of (002) plane. For the composition 0.2 <x < 0.6,
the cubic and hexagonal phases coexisted in the system and the films became
less preferentially oriented. Scanning electron microscopy (SEM) and atomic
force microscopy (AFM) were used to study the morphological features of the
samples. The transmission spectra of the films were studied using a double beam
spectrophotometer in the wavelength range of 300-900 nm. Optical band gap
value of the films was determined from the transmittance spectra. The varia-
tion of band gap (E 5) with composition (x) of the films was in good agreement
with the quadratic form, giving a bowing parameter of (b) =1.85 eV. From the
transient photoconductivity measurements, persistent photoconductivity (PPC)
behavior was observed. The decay current data fit better with multiple exponential
functions, resulting in five slow decay times. The longest carrier lifetime of ap-
proximately 6,000 s was observed in the films with x = 0.8. Density of trap states
corresponding to decay time was also evaluated from the decay current data.
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INTRODUCTION

A CdS/CdTe heterostructure is one of the most promising structures for
high-efficiency and low-cost solar cells. Theoretical calculations suggest a maxi-
mum efficiency around 30% in CdTe-based solar cells (Santana-Aranda and Me-
lendez-Lira, 2000; Morales-Acevedo, 2006). An interdiffusion process occurring
at the CdS-CdTe interface during cell production has been pointed out as one of
the efficiency limiting factors (Hadrich et al., 2009; Ikhmayies, 2016). Thus, it
is important to have a full understanding of the properties of ternary compound
CdS, Te,_,. Optical measurements have repeatedly revealed a reduced response at
short wavelengths, combined with a slightly extended response at longer wave-
lengths. This has been explained by the parabolic dependence of the band gap
of CdS,Te;_, upon stoichiometry (Lane et al., 2000). The poor short wavelength
response is a consequence of reduced CdS window efficiency caused by Te diffu-
sion and the formation of a discrete homogeneous interfacial layer with a reduced
band gap. The slightly extended long wavelength response is believed to be caused
by S diffusion into the CdTe and the formation of a layer with a smaller band
gap than CdTe. In this study, we prepared CdS,Te;_, thin films over the whole
range of composition (x) by single source thermal evaporation in a vacuum; and
investigated their structural, optical, and electrical properties. The crystal structure
of the films was analyzed by X-ray diffraction (XRD). Surface morphology was
observed by scanning electron microscopy (SEM). Optical transmission spectra
were obtained with a UV-VIS spectrophotometer in a wavelength range of 300-
900 nm. The band gap values of CdS, Te_, films were evaluated from the spectral
transmission data. In addition, the transient photoconductivity measurements were
investigated using a halogen lamp as the light source. We have studied these alloy
films in order to improve photovoltaic (PV) performance.

MATERIALS AND METHODS

CdS, Te,_, thin films were deposited on a glass slide substrate by single
source thermal evaporation in a vacuum better than 5x 107 mbar by keeping the
substrate temperature at 100°C. CdS and CdTe starting materials with 99.999%
purity were purchased from Sigma-Aldrich. They were weighed, mixed, and ground
together; then pressed in a pellet form with a pressure about 6 GPa. The obtained
pellet was put into a tungsten boat and then evaporated onto the glass substrates
in a vacuum system. The glass slide substrates were cleaned with detergent;
degreased with trichloroethelene, acetone, and ethanol; rinsed with deionized water
in an ultrasonic cleaner; and etched in a 10% hydrofluoric acid (HF) solution. The
crystal structure of these films was checked by X-ray diffraction technique with a
Brucker D 8 diffractometer using CuK, radiation. Surface morphology and grain
size were observed by SEM (at an acceleration of 15 kV) and AFM. The thickness
of the films of about 500 nm was controlled using a crystal thickness monitor
(Edwards type FTM6). Optical transmission measurements were performed with
a UV-VIS spectrophotometer in a wavelength range of 300-900 nm. The band
gap (Eg) of the transparent films was determined by using the equation (0th)2
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=A(h - Eg), where o is the absorption coefficient, A is a constant, and h is the
photon energy. The photocurrent of CdS,Te,_, thin films was measured using a
two-probe method with a halogen lamp as the light source. Two silver electrodes
with an area of 0.05 cm? were fabricated on the sample surface. The photocon-
ductivity value (o) was calculated from the following equation:

I [

o=(5) () »
where L, is photocurrent time dependence, V is applied voltage, / is distance
between two electrodes, w is the width of the films, and d is thickness of the
films. The sample was connected to the experimental setup and maintained in
darkness under a constant applied bias of 10 V to stabilize the current. After the
stabilization period, the current was recorded in the following sequence: 50 s in
darkness, 100 s under illumination, and 150 s in the darkness.

RESULTS

CdS, Te, _, thin films were successfully obtained throughout the composition
range (0 < x < 1). Figure 1 shows the XRD patterns of the CdS,Te,_, films with
various compositions (x). Figure 2 shows the variation of the lattice constants ‘a’
and ‘c’ of the CdS,Te,_, films. Typical SEM images of the CdS,Te_, thin films
are given in Figure 3. Figure 4 shows three-dimensional (3D) AFM images of
the films of different compositions.
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Figure 1. XRD patterns of CdS,Te;_, thin films.



266 | 2 CMU J. Nat. Sci. (2017) Vol. 16(4)

0.0 0.2 0?4 076 OTS 1.0
Composition (x)

Figure 2. Variation of lattice constants a and ¢ of CdS,Te;, (0.2 <x < 1) thin
films.
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Figure 3. SEM images of CdS,Te;_, thin films.
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Figure 4. AFM images of CdS,Te,_, thin films.

The plot of percentage of transmittance as a function of the wavelength
for the CdS, Te,_, thin films at various compositions (0 < x < 1) is shown in
Figure 5. The spectra showed good transparency and interference patterns. The
absorption edge gradually shifted to a shorter wavelength when composition (x)
increased. The plots of ((th)z = A(hv - Eg) of the films with different compo-
sitions approximated a straight line, indicating that the optical transition in the
films corresponded to the model for direct allowed transition. The value of the
band gap is given by the intercept of the straight line with the energy axis. The
band gap value decreased from 1.50 eV (corresponding to the E, value of a CdTe
single crystal) with increasing sulfur concentration, passing through a minimum
value of 1.45 eV, and then increased to 2.40 eV (corresponding to the E, value
of a CdS single crystal). Figure 6 shows the composition dependence of the band
gaps of the films.
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Figure 5. Transmittance of CdS,Te;_, thin films.
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Figure 6. Variation of band gap of CdS,Te,_, thin films.

The photocurrent of the CdS, Te,_, thin films for x=0.8 is shown in Figure 7.
The current immediately increased under illumination. When the illumination was
switched off, the persistent photoconductivity (PPC) behavior of the films (for
x=0.8) was observed. The decay of PPC seen in Figure 7 can be described by
multiple exponential functions (Yadav et al., 2010; Jiang et al., 2011) as:

IP = Idark + (IO - Idark) z eXp (_ TL) (2)
i 1

where [, is the current measured in darkness, I, is the PPC buildup level near
the moment of light excitation being removed, and t is the PPC decay time. The
normalized decay current in darkness, as shown in Figure 8, which follows the
illumination period, indicated the persistence of charge carrier traps in the films
(Arslan et al., 2008). In Figure 8, the dashed line is the experimental data and
the solid line is the least squares fit data from the multiple exponential functions
described above. According to the function of fitting a curve in Figure 8, we
calculated that the five t values were 4.5, 24.6, 751.9, 1,879.3, and 5,963.0 s,
respectively. The method for calculating the trap densities corresponding to the
PPC decay constant has been reported in the literature (Studenikin et al., 1998;
Gu et al., 2005; Huang and Lin, 2011). The corresponding trap densities were
7.68x10', 2.47x10', 1.68x10'4, 1.47x10'* and 1.41x10'* cm™2, respectively.
Figure 9 shows the decay time of the CdS,Te;_, thin films for x = 0.8
performed at different temperatures. As Ip/(IO—Idark)=1/e, the corresponding t in
equation (3) is equal to the time constant (t). The t is dependent on temperature.
This behavior can be explained as the probability of the thermal activation of the
localized carriers to overcome the potential barrier increases by way of increasing
temperature. The potential barrier can be estimated from the temperature depen-
dence of the time constant (Arslan et al., 2008) using the following equation:

Ea
kT

T="T,exp (

) 3)
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where 1 is the high temperature limit of the time constant and E, is the activation
energy for the thermal capture of an electron at its trap energy level. Figure 10
shows the plot of In t versus 1,000/T on the temperature dependence of PPC decay
time. The linear fit in Figure 10 provides the activation energy of the electron
trapping center of about 15 meV.
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Figure 7. Photocurrent of CdS,Te,_, thin films for x=0.8.
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Figure 8. Normalized decay current of CdS,Te;_, thin films for x=0.8.
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Figure 9. Temperature dependence decay time of CdS, Te_, thin films for x=0.8.
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Figure 10. Arrhenius plot of decay time of CdS,Te;_, thin films for x=0.8.
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DISCUSSION

For x<0.2, XRD revealed that CdS,Te,_, thin films exhibited a cubic
zincblende structure with the preferred orientation of (111) plane. However, for
x > 0.8, the films existed in the hexagonal wurtzite structure with the preferred
orientation of (002) plane. For the composition 0.2 < x < 0.6, the cubic and the
hexagonal phases coexisted in the system and the films became less preferential-
ly oriented. The coexistence of the cubic and hexagonal phases often occurring
in films with composition (x) in the range 0.2-0.8 has been previously reported
(Wood et al., 1998; El-Nahaas et al., 2007; Al-Shakarchi, 2010). With increasing
composition (x), the strongest peak intensity shifted to a higher 26 value; this is
due to the partial replacement of Te atoms by S atoms, indicating a reduction in
the lattice constant. The lattice constants ‘a’ and ‘¢’ varied linearly in accordance
with Vegard’s law, corresponding to an earlier report (El-Nahaas et al., 2007).

From SEM micrographs, the average grain size of the CdS,Te,_, thin
films increased by increasing the composition (x). AFM images of the films with
composition x = 0 showed a polycrystalline character with pyramidal shaped
crystallites, typical of cubic crystallites oriented in (111) plane. The grain size
increased from 100 nm to 250 nm, as the value of x increased from O to 1. As
composition (x) increased up to 0.4, the coexistence of flattening and pyramidal
shaped crystallites was observed; this was consistent with the mixed phases seen
in the XRD results. Then, a well-defined prism geometry was observed when x=1.
The surface roughness decreased from 5.25 nm (for x = 0) to 3.24 nm (for x =
0.4), and then increased to 6.53 nm (for x=1). The variation of the direct band
gap E, (x) with composition (x) of the films is expressed conventionally in the
quadratic form (Lane, 2006; Adachi, 2009; Hadrich et al., 2009):

E,(x) = E(CdeTe) + (E,(CdS) - E(CdTe) — b) x + bx* 4)

where b is the direct band gap bowing parameter, E, of CdS =2.40 eV, and E,
of CdTe = 1.50 eV, corresponding to bulk semiconductors. The bowing parameter
b=1.85 indicated an upward bowing of the band gap, which agreed well with the
value reported elsewhere (Lane, 2006; Adachi, 2009).

The persistent photoconductivity effect has been observed in several
materials including SnS (Jiang et al., 2011), Cu,ZnSnS, (Jiang et al., 2012),
AlGaN (Arslan et al., 2008), and ZnO (Yadev et al., 2010). PPC occurs because
the photo-excited carriers are trapped and spatially separated by local potential
barriers that inhibit the recombination of free carriers. The holes captured in the
hole trap levels and the electrons captured in the electron trap levels cannot be
released immediately. Thus, the excess electrons should stay in the conduction
band and excess holes should stay in the valence band to maintain the electric
charge neutrality. The recombination of excess carriers consists of two processes:
recombination via electron and/or hole traps (assigned to process A) and direct
recombination between the conduction and valence bands (assigned to process B).
Since process B occurs quickly and process A takes longer, the direct recombi-
nation (process B) must take more time to preserve the electric charge neutrality.
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Thus, the excess carriers have a long lifetime, giving rise to a PPC effect.

The decay time of CdS,Te;_, thin films for x=0.8 performed at different
temperatures leads to a time constant (t) that is dependent on temperature. This
behavior can be explained as the probability of the thermal activation of the lo-
calized carriers to overcome the potential barrier increases by way of increasing
temperature.

In conclusion, CdS,Te,_, thin films were successfully prepared by a sin-
gle-source thermal evaporation method using powder of pure CdS and CdTe com-
pounds pressed in pellet form. Single phases with composition x<0.2 (CdTe-like)
and x > 0.8 (CdS-like) were obtained. However, for the composition 0.2 <x < 0.6,
the cubic and hexagonal phases coexisted in the system and the films became less
preferentially oriented. The optical transition in CdS,Te;_, thin films was of the
direct allowed transition type. The variation of band gap (Eg) with composition
(x) of the films is in good agreement with the quadratic form, giving a bowing
parameter (b) = 1.85 eV. The decay current data were better fitted with multiple
exponential functions. Five slow decay times and five trap densities values were
obtained. The activation energy of the electron trapping center was about 15 meV.

In future research, we aim to clarify the behavior of the cubic and hexagonal
coexistence phases in the CdS,Te;_, thin films by TEM.
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