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ARTICLE INFO ABSTRACT

Keywords: CdS microcrystal, with sphere like morphology, was synthesised from the residue obtained after the chemical
CBD bath deposition (CBD) of CdS thin layers usually deposited for CdTe and/or CIGS thin film solar cells, specifically
Cds by recycling the chemical waste. The residue was collected and reused to deposit cadmium sulphide (CdS) thin
Residue . films on glass substrate by thermal evaporation. The films were subsequently annealed in vacuum at 250 °C,
i:ie:?i?;ivap oration 350 °C and 420 °C for 40 min. The structural and optical properties were characterized by XRD, SEM, and UV-Vis

spectrometry. All the films were found to exhibit high transmittance (over 70 to 90%). The optical band gap
energy was found to be in the range of 2.28-2.37 eV, which is very suitable to be used as buffer or window for
CdTe or CIGS thin film solar cells.

1. Introduction

Cadmium sulphide (CdS) is a group II-VI compound semiconductor
material with a direct optical band gap of 2.482 eV at room temperature
(Martienssen and Warlimont, 2006). It has high optical transmittance
and ease of deposition making it very attractive for optoelectronic de-
vice applications. CdS grows intrinsically as n-type semiconductor
(Richter et al., 2013; Oliva, 2001). CdS thin films are widely used in
solar cells as the window layer in cadmium telluride (CdTe) recording
efficiencies of 21.4% for cells and 17.5% for modules (Green, 2016). It
is also used as buffer layer in copper indium gallium selenide, Culn-
GaSe,)CIGS(based hetero-junction solar cells with efficiencies of 21.6%
for cells and 18.7% for modules (Green, 2016; Chopra et al., 2004).

CdS buffer layer shows high window functionality for emerging new
thin film PV technologies such as CZTS thin film solar cells with recent
efficiencies 12.6% (Jean, 2015; Tao, 2016).

Several techniques have been used to deposit CdS thin films in-
cluding chemical bath deposition (CBD) (Shah, 2012), sputtering (Lee
and Lee, 2007), close spaced sublimation (CSS) (Ferekides, 2000), and
thermal evaporation (Sahay et al., 2007). Even though the highest ef-
ficiency solar cells were fabricated using CdS by CBD, this technique is

not suitable for large-scale production and involve a fairly slow process
(Romeo, 2004). CBD also produces hazardous waste that needs to be
recycled or safely disposed to safeguard the environment. Recovering or
recycling the CdS from the CBD waste has many advantages from
economic and environmental point of view.

In this work CdS crystal, with sphere-like morphology, was first
synthesized using the chemical residue from CBD process, as the che-
mical bath deposition (CBD) waste was recycled. The prepared CdS
crystal was used to deposit CdS thin films by low vacuum thermal
evaporation method. Thermal evaporation is considered as a simple and
low cost technique compared to other thin film deposition techniques.
In window layer applications, it is desirable that the CdS layer should
be as thin as possible (Morales-Acevedo, 2006), where preferable
thickness is between (50-100) nm (Durose et al., 1999). In this work,
CdS films with 50 nm and 60 nm thicknesses were obtained and char-
acterized.

2. Methodology

Commercially available cadmium sulfate (CdSO,), Thiourea
(SC(NHs),), ammonium hydroxide (NH4OH), and ammonium sulfate
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(NH,4)2SO,4 were used without further purification (Sigma-Aldrich Co.).
The deposition of CdS thin films was then carried out by chemical bath
deposition (CBD) with the following the process. 0.002 M of CdSO,,
0.006 M of(NH4)>SO4was weighed and then mixed in the aqueous al-
kaline solution of NH,OH and then 0.05M of thiourea, SC (NH,), was
added to the aqueous solutions and stirred constantly. The reaction
temperature was controlled within the range of (338-353) K and the
reaction time was set to 20-30 min. More details of the prepared CdS
thin film using CBD method was discussed elsewhere (Yusoff, 2015). At
the end of the process, the orange precipitate of CBD waste was col-
lected. This precipitate was separated by centrifugation, washed several
times with ethanol and distilled water, and then dried at 60 °C under
vacuum overnight. The resultant CdS powder was used for preparing
CdS thin films using thermal evaporation technique on cleaned soda
lime glass substrate under low vacuum. The glass substrates used in the
deposition were ultrasonically cleaned in acetone, ethanol, and de-io-
nized water successively and finally dried with N, before used.

Thermal evaporation is a simple technique for depositing material
onto a substrate as thin films. It uses an electric resistance heater and
has tungsten boat to heat the source material. The temperature of the
boat increases with the increase in current eventually heating the
source material which starts to evaporate. Hence, CdS is deposited
using the thermal evaporation method and the entire process is done in
low vacuum chamber allowing the molecules to evaporate freely in the
chamber and they subsequently condense on the substrate as CdS thin
films. The deposition parameters of CdS are mentioned in the following
Table 1.

Thermally evaporated CdS thin films were annealed under vacuum
at 250 °C, 350 °C, and 420 °C for 40 min, respectively. Table 2 sum-
marizes the sample description for the CdS thin films that were an-
nealed at different temperatures.

The structural investigation of CdS powder was carried out using X-
ray powder diffractometer (Bruker AXS Germany, D8 Advance) with
Cu - K radiation wavelength A = 1.5406 A and angle (26 = 20° to 60°)
at room temperature. Grain size, surface morphology and cross-sec-
tional view were observed by using Carl Zeiss Merlin field emission
scanning electron microscope (FESEM) which was operated at 3kV. The
electrical parameters such as carrier concentration, mobility, and re-
sistivity were measured by Hall Effect measurement system, HMS
ECOPIA 3000 with a magnetic field of 0.57 T and UV-Vis spectrometry
(Perkin-Elmer Lambad 35) in the wavelength range of 300nm to
900 nm.

3. Results and discussion

Fig. 1 shows the attained cubic zinc-blende structure of CdS powder
with space group F-43m (2 1 6), which was expected as it is commonly
known that low temperature CBD CdS thin films were often found in
cubic phase (Lisco, 2015; Mariappan, 2012). The peaks match to the
JCPDS card numbered 01-0890440, where the peaks are associated
with the (111), (220), and (31 1) planes.

The mean crystallite size (D) of CdS powder was also calculated
using Scherrer equation as given in Eq. (1). The micro-strain (g) was
calculated from the XRD peaks using Eq. (2) (Guinebretiére, 2013).

Table 1
Thermal evaporation deposition parameters.

Thermal Evaporation Parameters Value/Range
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Table 2
Summary of annealing process parameters.

Sample ID Annealing Temperature Time of annealing
°C min

As deposited - -

A 250 40

B 350 40

C 420 40
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Fig. 1. XRD pattern of recycled CdS powder.
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where

D: the crystallite size, i
A: X-ray wavelength (1.54 10\),
B: Full width at half maximum (FWHM) (rad).

The crystallite size and micro-strain final calculations were done
using the TOPAS (BrukerAXS, 2008) software. Results are summarised
in Table 3 with goodness of fit (GOF = 1.31).

The corresponding lattice parameter of the CdS film as stated in the
JCPDS card no. 01-0890440 is found to be a; = 5.80537 A. The cor-
responding formulae for the lattice parameter of a cubic crystal system
with inter-planar distance, d, is shown in Eq. (3). Using the formulae,
the lattice parameter here was found to be a = 5.8295 A (Pecharsky
and Zavalij, 2009).

a?=d*(h* + k* + 1) 3)
FESEM images in Fig. 2(a)-(d), show that CdS microstructure was

Table 3
Parameters from XRD calculation.

Source 45 mg CdS recycled powder
Substrate Soda lime glass

Boat to substrate distance S5cm

Deposition current 25A

Deposition Time 20 min
Deposition pressure 5Pa

2°0 Miller indices Crystallite size Microstrain
(nm) (x107%)

26.6 )111( 26.4 17.5

44.1 (220( 54.4 14

52.1 (311) 87 15.5
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obtained. Fig. 2d shows the tendency of aggregated nanoparticles to
form mesosphere structure. Internal porosity of CdS meso-structure can
clearly be observed in the figure. Aggregated nanoparticle sizes were
measured using FESEM images in Fig. 2(d), and were found to be ap-
proximately within the range of 22-90 nm, whereas the size of in-
dividual composed sphere is less than a micron (Song and Colfen, 2010;
Fang et al., 2011).

Quantitative elemental analysis of the films was carried out using
EDX as shown in Fig. 3 along with the elemental weight and atomic
percentage. As shown, the ratio of Cd/S is slightly more than unity
which emphasised the presence of sulphur vacancies that act as donors
(Saravanan et al., 2011). These results indicate that cadmium sulphide
has n-type conduction that makes it suitable for using as window layer
in thin film solar cell.

The recycled CdS powder was then used to deposit CdS thin films by
thermal evaporation according to the deposition parameters in Table 1.
Then they were subjected to different annealing temperatures as men-
tioned in Table 2 in the hope to achieve suitable recrystallization for
practical use. The resultant films were characterized to determine their
optical, electrical and structural properties.

The XRD analysis of the thermally evaporated CdS thin films is
shown in Fig. 4.

Earlier, all the CdS thin films that were deposited by CBD were
found in amorphous nature as Yulisa et al reported. The XRD pattern of
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Element Weight% Atomic%
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Fig. 3. Elemental composition of produced CdS powder from EDX.
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Fig. 4. XRD of CdS thin films at different annealing temperature.

the thermally evaporated CdS thin films show some weak peaks. These
peaks suggest that the CdS thin films have mixed hexagonal and cubic
phases with preferential orientation in the C(111) direction. The
hexagonal phase almost disappeared for the film annealed at 250 °C and
only the cubic phase is observed in Fig. 4 (sample A), which agrees with
Zealya et al. who reported that only cubic CdS structure was observed
in annealed CdS films at temperatures below 300 °C (Zelaya-Angel and
Lozada-Morales, 2000). Hexagonal phase starts to appear clearly at
high annealing temperature such as for sample B at 350 °C and more
strong at Sample C at 420 °C in contrast with the cubic phase that be-
came weaker, as shown in Fig. 4. Although the XRD patterns of sample
C shows mixed hexagonal and cubic structures, other diffraction peaks
at (1 00) and (1 01) of the hexagonal phase have emerged. This may be
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Fig. 5. Crystallite size and lattice parameter of hexagonal and cubic phases of
CdS thin films Vs. the annealing temperature.

considered as confirmation on increasing of hexagonal phase as ob-
served in the XRD pattern for the sample C. The peaks as indicated in
the JCPDS card no. 01-0749663, at (100), (002),(101) and (11 0) of
hexagonal phase with space group P63mc (186) and the peaks in
JCPDS card no. 01-089-0440 at (11 1) and (2 2 0) of cubic phase with
space group F-43m (216) were detected. It can be noticed that the
positions of the (11 1) and (2 2 0) peaks of cubic phase are respectively
coincided with (002) and (110) peaks of the hexagonal structure of
sample C.

Since calculating the crystallite sizes and the lattice parameters is
difficult due to the amorphous effect, TOPAS software were therefore
used to estimate the lattice parameters and the crystallite size of the
cubic and hexagonal phases for the highest peaks, as shown in Fig. 5.

The crystallite size along with hexagonal and cubic phase lattice
parameters for CdS thin films were calculated using the TOPAS, as
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Fig. 7. Transmission spectra for CdS thin films at different annealing tem-
perature.

shown in Fig. 5.

CdS thin film grain sizes are ranging between 29 nm and 45 nm, as
measured from the FESEM images as shown in Fig. 6. This result con-
firms that CdS thin films deposited by thermal evaporation normally
have small grain sizes (Lee et al., 2003).

The thickness of the films was measured using FESEM, which was
found to be around 60 *+ 2nm as shown in Fig. 6. It was expected that
the films would have low crystalline structure, as seen in the XRD
patterns. Many reasons have been limited the crystallinity such as low
deposition temperature, low thickness of the deposited films and de-
position on unheated glass substrates (Wakaki et al., 2007; Al-Kuhaili,
2013). FESEM images also show that the films have low voids and no
pinholes or cracks.

XRD patterns revealed that heat treatment during annealing

a) As deposited

b) Annealed

Fig. 6. FESEM images of (a) As-deposited and (b) annealed CdS thin films at 420 °C.
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Fig. 9. Extrapolation of bandgap of CdS thin films, as-grown and annealed at
different temperature.

Table 4
Energy band gap and Urbach band tail for different CdS thin films.

Sample ID Band gaps Urbach energy
eV eV
As deposited 2.37 0.57
A 2.30 0.72
B 2.36 0.64
C 2.28 0.76
Table 5
Electrical properties of CdS thin films.
Sample ID Carrier concentration Mobility Resistivity
(x10"*em ™) (cm?/Vs) (Qem) x 10°
As deposited 2.3 15.7 1.73
A 3.95 9 1.76
B 3.3 4.22 4.49
C 3.34 0.542 34.5

resulted in increased crystallinity of the CdS thin films at temperatures
above 400°C. The hexagonal phase becomes sharp and strong
(Ichimura et al., 1999) as can be found in Fig. 4.

Transmission is the most important optical property when CdS thin
films are used as window layers in solar cells. Fig. 7 shows the

124
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transmission spectra of the CdS thin films. The as-deposited film
showed the highest transmittance with the values in between 80% and
90% in the wavelength range 600-900 nm range. Fig. 7 also shows that
transmittance decreased when the annealing temperature was in-
creased (A, B, & C).

The same result can be seen from absorption analyses which in-
dicate that the as deposited CdS thin film has the lowest absorbance in
visible range. Moreover, the absorption spectra reveals that CdS absorbs
the blue region from the visible spectral range (Popescu, 1999), as
shown in Fig. 8 below:

The band gap (Eg) can be calculated by plotting a Tauc graph of
(ahv)? versus the incident photon energy (hv) (Green, 1982), as shown
in Fig. 9. The linear nature of the plot confirms that CdS is a direct band
gap material.

The Urbach energy E, associated to the width of the energy tail,
exponential-shape tail in curve of Fig. 9, gives information about the
thermal disorder or the lattice vibration in crystals. Hence, It is more
prominent in amorphous structure than crystalline structure.

The Urbach energy can be determined using the Eq. (4) (Moualkia
et al., 2009).

a = a.exp(hv/E,) 4)

where q,, is constant,

The inverse slop of the natural logarithm of absorption coefficient a
versus photon energy, using the relation E, = [Aln(a)/A(hv)]™}, the
calculated values are given in Table 4.

The as-deposited CdS thin film has an optical band gap of 2.37 eV
and this value decreased to 2.30 eV for films annealed at 250 °C, which
can be attributed to the cubic single phase that dominated at sample A.
While at 350 °C the bandgap increased again to 2.36 eV, however when
the annealing temperature was further increased to 420 °C the bandgap
decreased abruptly to 2.28 eV. Usually decreasing of CdS bandgap after
annealing is attributed to tendency of transition phase from the cubic to
hexagonal (Tomas, 1995), this is clear from Fig. 5 which shows de-
creasing in cubic grains at higher temperature when the hexagonal
grains increased. This result is accompanied by amorphous tendency as
it can be supported by increasing of the Urbach energy for sample C as
in Table 4. Resistivity as well as showing in Table 5 emphasised this
result where it started increasing gradually but higher jumped value
was at 420C, this may be due to increasing grain boundaries and con-
sequently decreasing the crystallinity. Similar random changes in the
bandgap of CdS thin films related to annealing temperature was also
reported in many literatures (Zelaya-Angel and Lozada-Morales, 2000;
Ichimura et al., 1999; Metin, 2010).

According the data of Table 4, the relation between both energy gap
Eg and Urbach energy Eu versus annealing temperature were quad-
ratically fitted.

Obviously, Fig. 10 shows how the increase of energy gap is inversely
proportional to the Urbach band tail width.

The quadratic relations for the fitting regression of E, (eV) and E,
(eV) with T (K) are:

Ep = 2.426—2.167 X 107*T + 5.57 X 10-5T2(eV) (5)

E, = 0.366 + 8.37 X 107#T—4.57 X 1077T2(eV) (6)

As the third terms in both equations (5) and (6) are very small, they
can be neglected. Then the equation sets become:

E, ® 2.426—2.167 X 107*T (eV) )

E, ~ 0.366 + 8.37 X 107*T'(eV) (8)

This result supports that band gap of most semiconductors decreases
with increasing temperature.

Moreover, at low temperature energy gap tends to 2.426 eV, this
value has a good agreement with literature value of at 0K, as shown in
Eq. (7) (Boer, 2014). Typically, Second term in Eq. (7) is usually in
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Fig. 10. Energy gap Eg and Urbach energy Eu versus annealing temperature.

order of —10~*eV/K, result shows a good agreement. This term comes
due to the change in lattice vibrations of semiconductor when the
electrons jump from the valance band to conduction band. Creating
phonons by this vibration leads to a broadening of absorption edge and
to the exponential shape; as a result increasing in Urbach energy and
energy gap decreasing will be occurred in semiconductors (Kurik, 1971)
as clearly describes in Eqs.7 and 8. The Urbach energy falls in range 500
to 800 meV, this is almost agreed with Moualkia (2009). Comparing
with CBD CdS thin films reported by Yusoff et al., evaporated CdS thin
films showed better properties in term of Urbach energy where CBD
films showed higher than 1000 meV (Yusoff, 2015).

Hall Effect measurements were carried out to study the electrical
properties, such as carrier concentration, mobility, and resistivity. The
results are summarised in the following table.

It is observed that the increase in carrier concentration after an-
nealing is not that high. The carrier concentration is in the order of
10'* cm ™3 for all samples and these values are in average higher than
that concentration of chemical bath deposited CdS films as reported by
Yusoff, et al. Mobility decreased drastically whereas resistivity in-
creased with increase in annealing temperature. The causes of this
decrease have been suggested to be related with lattice disorder origi-
nated by the phase transition.

Khallaf et al. reported similar range of carrier concentration, mo-
bility and resistivity of CdS films (Khallaf, 2008).

4. Conclusion

Recycled CdS powder with mesosphere-like morphology was col-
lected from chemical route using starters from precipitated CBD waste
after initial usage for CdS thin film deposition. The collected powder
was processed and used to deposit cadmium sulphide (CdS) thin films
by simple low vacuum thermal evaporation technique on bare glass
substrates, and subsequently annealed at different temperatures. The
grown films show properties that make them suitable for the use as
window layer in solar cell application. All the films were found to ex-
hibit high transmittance (over 70 to 90%) and low absorbance in the
visible/ near infrared region from ~400nm to 900 nm, thus making it
suitable as window layers in solar cells. The optical band gap energy
was found to be in the range of 2.28-2.37 eV. Overall this study, the
films that were prepared by thermal evaporation methods have better
crystallinity and electrical properties than those films prepared by
Chemical bath deposition (CBD).
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