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Abstract

The effects of two different growth methods including electrodeposition (ED) (two-electrode configuration) and chemical
bath deposition (CBD) on the characteristic properties of CdS thin-films were explored and reported. The electrodeposited
CdS (ED-CdS) layers were grown on glass/fluorine-doped tin oxide (FTO) substrates using acidic and aqueous solution con-
taining 0.3 M of thiourea (SC(NH,),) and 0.2 M of cadmium chloride hydrate (CdCl,.xH,0). The chemical bath deposited
CdS (CBD-CdS) layers were also grown on glass/FTO substrates using alkaline and aqueous solution containing 4 x 10> M
of cadmium acetate dihydrate (Cd(CH;CO,),.2H,0), 20 X 107> M of thiourea (TU) and 6 x 10~ M ammonium acetate
(NH,C,H;0,). The deposited CdS thin-films were characterised using X-ray diffraction (XRD), UV-Visible spectropho-
tometer (UV—Vis), scanning electron microscopy (SEM), and photoelectrochemical (PEC) cell measurement to study their
structural, optical, morphological, and electrical properties, respectively. The structural study shows the polycrystalline nature
of the ED-CdS and CBD-CdS thin-films with stable hexagonal phase after heat treatment. The preferred orientation for both
ED-CdS and CBD-CdS layers was along (002) hexagonal plane. The average crystallite size of CdS thin-films grown by both
deposition methods were in the range ~ (11-38) nm and ~ (22-53) nm before and after heat treatment, respectively. Optical
studies reveal the direct bandgap value of 2.42 eV for the heat-treated ED-CdS and CBD-CdS layers which correspond to
the bulk bandgap of CdS (hexagonal phase). Morphological studies depict the average grain sizes in the range ~ (90-260)
nm for the CdS thin-films. The PEC cell measurements show that the CdS layers grown by both ED and CBD methods were
n-type in electrical conduction before and after heat treatment. No visible precipitations of elemental S or CdS particles
were observed in the deposition electrolyte of ED-CdS showing a stable bath using TU precursor during the growth. The
solar cells fabricated using CBD-CdS showed better performance as compared to the devices fabricated using ED-CdS due
to the uniform coverage of FTO surface and better fill factor (FF).

1 Introduction

Cadmium sulphide (CdS) with a wide and direct bandgap
of 2.42 eV at room temperature belongs to the group II-VI
chalcogenide semiconductors [1]. This inorganic compound
has been widely used in many applications due to its suit-
able optoelectronic properties. Some of these applications
include lasers [2], sensors [3], radiation detectors [4], pho-
toresistors [5], and photovoltaics [6-8]. In its photovoltaic
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applications, the wide-bandgap n-CdS have been recognised
as an appropriate window material and heterojunction part-
ner with the lower bandgap absorber materials such as CdTe
and CIGS [6, 9, 10]. Different growth techniques have been
used to grow polycrystalline CdS thin-film. Some of these
techniques are metal organic chemical vapour deposition
(MOCVD) [11], vacuum evaporation, closed-space sub-
limation (CSS) [12], spray pyrolysis [13], chemical bath
deposition (CBD) [14] and electrodeposition (ED) [15].
As compared to other growth techniques, the ED and CBD
have attracted a lot of attention due to their simplicity, scal-
ability, manufacturability, cost-effectiveness, ability to grow
uniform and compact thin-films on rough substrates and no
requirement for the complex instruments [16]. Generally,
the chemical bath deposited CdS (CBD-CdS) layer has been
grown from different precursors using alkaline and aqueous
solution. The main four precursors for CBD-CdS comprise
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cadmium chloride (CdCl,), cadmium sulphate (CdSO,) [17],
cadmium nitrate (Cd(NO;),) [18], and cadmium acetate
(Cd(CH;CO,),) [19]. These precursors have been used as
the source for providing Cd ions and most often thiourea
(SC(NH,),) has been commonly utilised as the source for
supplying their sulphur ions. On the other hand, the growths
of electrodeposited CdS (ED-CdS) thin-films have been car-
ried out from acidic and aqueous solutions using two- and
three-electrode systems [20, 21]. Also, these reports show
that four different sulphur precursors have been most fre-
quently used to grow ED-CdS thin-films. These precursors
include sodium thiosulphate (Na,S,05) [22], thioacetamide
(C,H5NS) [23], ammonium thiosulphate (NH,),S,0; [24],
and thiourea (TU) [20, 25]. In nearly all these precursors,
CdCl, has been utilised as the source for providing Cd ions.
This paper, presents the growth of CdS thin-films using two
different ED and CBD methods. In both growth methods,
the same TU precursor were used as the source for provid-
ing sulphur ions and the results are presented, analysed and
discussed in the following sections.

2 Experimental details

2.1 Preparation of both ED and CBD baths

In this work, all the substrates and chemicals were purchased
from Sigma-Aldrich Ltd, UK. The electrolytic bath used for
deposition of CdS thin-films were comprised the thiourea
(SC(NH,),) and cadmium chloride hydrate (CdCl, xH,0)
both with the same purity of 99.995%. The aqueous solu-
tion was prepared by dissolving 0.3 M SC(NH,), and 0.2 M
CdCl,'xH,0 in 800 ml de-ionised (DI) water contained in
1000 ml capacity polypropylene beaker. Thereafter, the
polypropylene beaker was placed in 2000 ml pyrex glass
beaker containing some DI water to achieve uniform heating
of the aqueous solution using magnetic stirrer hot plate. The
pH of the aqueous solution was set to a value of 2.70 +0.02
at room temperature using diluted HCI or NH,OH. The
prepared solution was then electro-purified at 700 mV, the
cathodic potential below the required potential for reduc-
tion of Cd**, ions for~ 100 h [25] in order to achieve higher
levels of purity and homogeneity. During the deposition
the temperature of the aqueous solution was maintained at
85+2°C.

The aqueous solution of CBD-CdS layers were prepared
by dissolving of 4 x 10 M of cadmium acetate dihydrate
(Cd(CH4CO0,),.2H,0), 20x 10> M of SC(NH,), and
6x 10> M ammonium acetate (NH,C,H;0,) in 100 ml of
DI water contained in 200 ml of pyrex glass beaker. All the
chemicals used for the deposition of CBD-CdS were reagent
grade with purity of greater than 99.995%. Prior to CBD
process, the NH,OH solution was used to set the pH value
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of the aqueous solution to 9.10 +0.02 at room temperature.
Afterward, the glass beaker containing the aqueous solu-
tion was placed on the magnetic stirrer hot plate and the
bath temperature was gradually increased to 80 +2 °C. For
achieving uniform and homogeneous deposition of CBD-
CdS layer, the aqueous solution was moderately and continu-
ously stirred during the thin-film growth. Growth time was
20 min for the layers studied in this work.

2.2 Substrate preparation

The substrates used for both ED- and CBD-CdS were the
fluorine-doped tin oxide coated glass (TEC-7 glass/FTO)
with the sheet resistance of ~7 Q/square. For ED-CdS, the
glass/FTO substrates were cut into (2 X 3) cm? dimensions
and then cleaned thoroughly using ultrasonic bath contain-
ing detergent solution for 30 min to get rid of any contami-
nants and residual particles. To achieve better cleanliness,
the glass/FTO substrates were cleaned again using methanol
and acetone and subsequently rinsed with DI water. Finally,
the glass/FTO substrates were dried under the stream of N,
gas and were immediately transferred into the electrolytic
bath for the deposition of CdS thin-films. Subsequently, the
CdS layers were grown potentiostatically on cleaned glass/
FTO substrates using a computerised Gill AC potentiostat.
In this study the ED-CdS thin-films were grown using two-
electrode system. The two electrodes used were high-purity
graphite rods, one electrode attached to the glass/FTO sub-
strate serves as the cathode and the other one serves as the
counter electrode (anode). The graphite rods was attached
to the glass/FTO substrate using insulating polytetrafluoro-
ethylene (PTFE) tape, the remaining exposed contact area
of FTO/electrolyte, ~ (2 2) cm?, was left for the deposition
of CdS layer.

Similar to ED-CdS thin-films, the same cleaning proce-
dure was performed for CBD-CdS layer before the growth.
During the deposition, the substrates were placed vertically
in the aqueous solution using a holder. After the completion
of the CBD process (~20 min), the samples with the depos-
ited area of ~ (2 x 2) cm? were removed from the bath. After
deposition, both ED-CdS and CBD-CdS were rinsed with
DI water and dried again under a stream of N, gas. Prior to
characterization, both ED-CdS and CBD-CdS samples were
also cut into two (2x 1) cm? parts. The first part remained
as-deposited (AD) and the second part was heat-treated (HT)
at 400 °C for 20 min in the air.

2.3 Experimental techniques

The experimental techniques used in this paper comprise of
all the material characterisation techniques including X-ray
diffraction (XRD), thickness measurements, optical absorp-
tion measurements, scanning electron microscopy (SEM), and
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photoelectrochemical (PEC) cell measurements. In this article,
all the measurements and material characterisation were car-
ried out at room temperature (300 K).

The structural properties of ED-CdS and CBD-CdS thin-
films comprising the identification of phases, preferred orien-
tation, and crystallite size estimation were carried out using
Philips PW 3710 X’pert diffractometer with Cu—Ka mono-
chromator of the wavelength of 1.54 A at a source tension and
current of 40 kV and 40 mA, respectively. Thickness meas-
urements were experimentally carried out using optical depth
profilometer (UBM Microfocus), and theoretically estimated
using Farady’s law of electrolysis as shown in Eq. (1) [26] for
ED-CdS layer.

M1

T npF (1)

where, T is the thickness of the thin-film, J is the average
deposition current density, M is the molar mass of the CdS
(144.46 g/mol), ¢ is the deposition time, » is the number of
electrons transferred in the reaction for formation of 1 mol-
ecule of CdS (n=2), p is the density of CdS (4.82 g/cm3) as
reported in the literature [27], and F is the Faraday’s constant
(96 485 C mol™).

The optical properties of the CdS thin-films were studied
between the wavelength ranges of (200-800) nm using Ultra-
violet—Visible (UV-Vis) Cary 50 scan spectrophotometer.
Prior to optical measurement a cleaned underlying glass/FTO
substrate was scanned to exclude it from the result obtained for
the glass/FTO/CdS substrate under investigation.

The morphological information of the ED-CdS and
CBD-CdS layer surfaces was obtained using FEI Nova200
NanoSEM. The electron beam voltage was adjusted to 5 kV
and the micrograph was taken at a magnification of X 60,000.
The electrical conductivity type of the both ED-CdS and CBD-
CdS layers were determined using PEC cell measurement
technique. In this method, a semiconductor/liquid junction is
formed by immersing a glass/FTO/CdS sample into 20 ml of
DI water containing 0.1 M Na,S,0;. The voltage of semi-
conductor/liquid junction is measured under both dark (V)
and illuminated condition (V} ) for 30 s. The difference in the
magnitude of V; and Vp,, (V;—Vp), represent the PEC signal
and the mathematical sign represent the conductivity type of
the deposited thin-film. In this arrangement, the negative PEC
signal indicates the n-type electrical conduction and positive
PEC signal shows the p-type electrical conduction.

3 Results and discussion

Prior to electrodeposition of CdS, the approximate ranges of
cathodic deposition potential were determined using cyclic
voltammetry. The comprehensive study including the cyclic

voltammetry, optimization of the cathodic deposition poten-
tial (797 mV), and heat treatment temperature (400 °C for
20 min in air) were predetermined as detailed in a previ-
ous work [25, 28] based on the structural, optical, morpho-
logical, and compositional characteristic properties of the
ED-CdS layers. The overall electrochemical reactions at the
cathode for the formation of ED-CdS thin-film from acidic
and aqueous solution containing 0.3 M SC(NH,), and 0.2 M
CdCl,"xH,O0 is shown in Egs. (2)—(6):

Cd** +2¢~ - Cd (2)
2H* +2¢~ — H, 3)
0, +2H,0 +4e~ — 40H" 4)
SC(NH,), — H,S + NH,CN )
Cd*" + H,S — CdS(S) + 2H" (6)

It should be noted that, in this work, no visible precipita-
tions of elemental S or CdS particles were observed in the
deposition electrolyte showing a stable bath using thiourea
precursor during the growth.

The chemical reaction mechanism for the formation of
CBD-CdS from alkaline and aqueous solution containing a
combination of 4 x 10~ M Cd(CH,CO,),.2H,0, 20x 10° M
SC(NH,),, 6 x 10> M (NH,C,H;0,), and NH,OH is shown
in Eq. (7)-(11) [25, 29]:

NH; + H,0 < NH; + OH~ @)
Cd** + 4NH; < Cd(NH;)3%(S) ®)
Cd** +20H™ < CdOH,(S) )
SC(NH,), 4+ 20H™ < S$*~ + 2H,0 + H,CN, (10)
Cd>* + 8>~ & CdS (S) (11)

NH,OH acts as complexing agent; thiourea delivers s,
NH,C,H;0,/NH,OH acts as buffer. Generally, in the CBD-
CdS process, two reaction mechanisms take place. The first
mechanism is homogeneous reaction (cluster by cluster)
and the second mechanism is heterogeneous reaction (ion
by ion) [29, 30]. In the homogeneous reaction colloidal
particles of CdS grows in the solution which precipitate
in the bath and on the substrate. The results are powdery
and non-adherent layers. In the heterogeneous reactions
as shown in Egs. (9)—(11), the CdS layers grow ion by ion
on the substrates and the results are a well-crystallised and
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well-adherent CdS layers on the substrates. The unfavour-
able homogenous reactions may be suppressed by reduction
of TU and cadmium acetate concentrations and increasing
ammonium hydroxide and ammonium acetate concentra-
tions at lower temperatures [29, 30].

3.1 Material characterisations

All the ED-CdS layers in this work were grown on glass/
FTO substrate at optimised cathodic potential of 797 mV
and heat treatment temperature of 400 °C for 20 min in air
[25]. Also, all CBD-CdS layer were grown on glass/FTO
substrate and the optimal deposition temperature, growth
time, and post-deposition heat treatment for CBD-CdS thin-
film were 80+2 °C, 20 min, and 400 °C for 20 min in air,
respectively [28].

3.1.1 X-ray diffraction analysis

Figure 1a and b illustrates the typical XRD patterns of the
AD and HT ED-CdS layers and Fig. 1c and d shows the
XRD pattern of the AD and HT CBD-CdS layers scanned
between 20 angle of 10° and 70°. The ED-CdS and CBD-
CdS layers were grown on glass/FTO substrates with the
same thickness of ~200 nm. From observation, the ED-CdS
layers were shown to be polycrystalline with only hexagonal
(H) crystal structure under both the AD and HT conditions.
Also, the CBD-CdS films were shown a polycrystalline
nature, however, a mixture of two phases (cubic and hex-
agonal) was observed only in AD CBD-CdS layer. After heat
treatment, only hexagonal phase of the CBD-layers remained
and the cubic phase was completely vanished. The mixture
of hexagonal and cubic phases have also been reported for
the AD ED-CdS layers grown from different precursors such
as Na,S,0; [22], C,HsNS [23], and (NH,),S,0; [24]. In
these reports the hexagonal phase were also shown to be
much stable than those of cubic phase at higher temperature.
Also, Zelaya-angel et al. [31] in their published work have
shown that “In particular, the CdS semiconductor, which
presents a highly stable hexagonal structure («-CdS, can also
be obtained in the metastable cubic phase, B-CdS”. In their
report, different techniques including x-ray spectra, bandgap
shift, and photoacoustic spectroscopy (PAS) techniques have
been used for CBD-CdS characterization. Base on the evi-
dences observed in their report they have shown that “the
CdS semiconductor has a critical temperature around 300 °C
at which a cubic to hexagonal-lattice transition occurs". This
could be the reason for disappearance of cubic phase after
heat treatment at 400 °C for 20 min in air as shown in this
work.

In XRD micrographs of AD and HT ED-CdS, four peaks
were observed at 26 values in the range (25.5-25.6)°,
(26.5-26.7)°, (28.1-28.4)°, and (48.1-48.2)°. These peaks
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respectively represent the diffractions from the (100)H,
(002)H, (101)H, and (103)H planes. Similar to ED-CdS
layer, the first three peaks were also observed in the CBD-
CdS film before and after heat treatment. However, the
(103)H peak have only been seen in ED-CdS layers. Also,
the appearance of the (103)H phase above 400 °C for
CdS film grown by photochemical deposition and ther-
mal annealing methods have been reported by Ichimura
et al. [32] and Ramirez et al. [33], respectively. Also, Kaur
et al. [34] has reported that “the structure of CBD CdS is
determined by the deposition mechanism. When the CdS
crystal lattice is constructed on the substrate with the ions
migrating in the solution, the crystal structure is hexago-
nal. When the CdS particles are formed in the solution
and then precipitate on the substrate, CdS is zinc blende
cubic". Also, they have shown that "The as-deposited film
is dominantly zinc blende cubic. The cubic phase remains
dominant until the annealing temperature becomes higher
than 400 °C. By the annealing at 450 °C, the XRD pattern
turns to that of hexagonal phase". Moreover, in the AD
CBD-CdS layer small peak was observed at 26 angle of
43.9° which is related to the diffraction from (220)C plane
which after heat treatment vanished. For both ED-CdS
and CBD-CdS, the dominant (002)H peak at 26 angle of
(26.5-26.7)° coincide with underlying glass/FTO peak.
The underlying glass/FTO peaks in XRD micrograph are
marked by asterisk (¥).

The crystallite size, D, of both AD and HT ED-CdS
and CBD-CdS was estimated using the Scherrer’s for-
mula shown in Eq. (12), where 4 is the x-ray wavelength
(1.54 A), B is the full width at half maximum (FWHM) of
the diffraction intensity in radians, 0 is the Bragg angle
(See Tables 1 and 2 for the summary of the obtained XRD
data).

0.944
D =
pcos@ (12)

The estimated crystallite size of the AD ED-CdS and
CBD-CdS was in the range ~(11-38) nm and ~ (11-32)
nm, respectively. This indicates that there was only a slight
difference between the crystallite sizes of AD-CdS lay-
ers deposited by the two different ED and CBD growth
methods. After heat treatment, the crystallite sizes of
both ED-CdS and CBD-CdS were increased to the val-
ues in the range ~ (22-44) nm and ~ (22-53) nm, respec-
tively. These results depict that the crystallite size values
of CBD-CdS were slightly higher than those of ED-CdS
after heat treatment. The increase in crystallite size and
XRD peak intensity of the ED-CdS and CBD-CdS layers
after heat treatment can be as a result of re-crystallisation
and crystallite coalescence, reduction in stress/strain and
improvement in the structural properties and crystallinity
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Fig. 1 XRD patterns for a AD, and b HT (400 °C for 20 min in air)
ED-CdS thin-film grown at cathodic potential of 797 mV for 2 h
duration, and ¢ AD, and b HT (400 °C for 20 min in air) CBD-CdS
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thin-films. Note that, both ED- and CBD-CdS layers were grown on
glass/FTO substrate with the thicknesses of ~ 200 nm

Table 1 XRD analysis of 20 (%) d-spacing (A) FWHM (°) Crystallite size  Plane (hk]) Assignment

as-deposited and .he.at-tr.eated (nm)

(400 °C for 20 min in air)

ED-CdS layers AD
255 3.56 0.7793 10.9 (100) CdS Hexagonal
26.6 3.35 0.2273 375 (002) CdS Hexagonal
28.2 3.14 0.7793 10.9 (101) CdS Hexagonal
48.1 1.89 0.5196 17.5 (103) CdS Hexagonal

HT

25.0 3.57 0.3897 21.8 (100) CdS Hexagonal
26.5 3.35 0.1948 43.7 (002) CdS Hexagonal
28.3 3.15 0.3247 26.3 101) CdS Hexagonal
48.2 1.88 0.3897 23.3 (103) CdS Hexagonal
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Table 2 .XRD analysis of 26 (°) d-spacing (A) FWHM (°) Crystallite size  Plane (hkl) Assignment
as-deposited and .he:at—tfeated (nm)
(400 °C for 20 min in air) CBD-
CdS layers AD
25.5 3.47 0.3897 21.8 (100) CdS Hexagonal
26.6 3.33 0.2598 32.8 (002) CdS Hexagonal
28.1 3.14 0.7793 10.9 (101) CdS Hexagonal
439 2.05 0.5196 17.2 (220) CdS Cubic
HT
25.6 3.48 0.1948 437 (100) CdS Hexagonal
26.7 3.34 0.1624 52.5 (002) CdS Hexagonal
28.4 3.14 0.3897 21.9 (101) CdS Hexagonal

of CdS layers [35]. These results show that for the low
temperature growth techniques such as ED and CBD, the
post-deposition heat treatment is a crucial step to enhance
the material quality of the CdS thin-films. It is worth not-
ing that, the growth techniques and growth conditions can
affect the crystallite sizes of the CdS thin-films. In ED
and CBD growth technique, the crystallite and grain sizes
can be influenced by different growth conditions including
type of precursors, pH values, growth temperatures, post-
growth heat treatment temperatures and pH [22-24]. As
reported in the literature, the CdS grown by high tempera-
ture growth methods produce larger crystallites and grains
as compared to those of low temperature growth methods
including ED and CBD [36, 37].

3.1.2 Thickness measurement
Figure 2a shows the theoretical and experimental thick-

nesses of the ED-CdS layers as a function of growth time.
The ED-CdS layers were grown on glass/FTO substrate for

(@) ED-CdS
1000 T
800 - Theoretical values
el AN
g
= 600 7 o2
.S 400 ;
= ’
Sl o
200 - T ™
Experimental values
O T T T T T T

0 1 2 3 4 5 6
Growth time (hours)

Fig.2 a Theoretical and experimental thickness variation against
growth time for the as-deposited CdS layers grown at cathodic poten-
tial of 797 mV, and b Variation of as-deposited CBD-CdS thickness
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different durations between 2 and 6 h. The average current
density during the growth for the ED-CdS layers was ~268
pAcm~2. The growth time (2 to 6 h) and average current
density were used and were substituted in Eq. 1 and then
theoretical thicknesses were estimated. Both theoretical and
experimental values showed approximately linear increase in
film thickness with growth time. Based on the observations,
the theoretically estimated ED-CdS layer thicknesses were
higher than those of experimentally measured thicknesses.
This is due to loss of some electronic charges in the deposi-
tion electrolyte during the ED of CdS layers. The two solid
lines in Fig. 2a show the extrapolation to the point of zero
(t=0). This simply means when no current passes through
the deposition electrolyte, no deposition will take place. It
should be noted that, in this study the experimental error in
thicknesses measurement using optical depth profilometer
(UBM Microfocus) was about + 50 nm.

Figure 2b shows the variation of CBD-CdS thickness
as a function of dip number. The CBD-CdS also showed
almost linear increase in thickness with increasing dipping

(b) CBD-CdS
450
= 360
£
2 270 -
£
Q
= 180 7
H
90
0 T T T T 1
0 1 2 3 4 5
Dip number (#)

against dip number (#). Note that, each dip means the completion of
chemical reaction for CBD-CdS within the period time of 20 min
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numbers. In this report, it was experimentally observed that
for each sample dipping into CBD bath, ~90 nm of CdS thin-
film was deposited on glass/FTO substrate within 20 min
(completion time of chemical reaction in CBD process).

3.1.3 Optical properties analysis

Figures 3a and b show the typical Tauc’s plot of AD and
HT ED-CdS and CBD-CdS thin-films, respectively. The
(ahv)? was plotted against (hv) where a is the absorption
coefficient, and hv is the energy of incident photons. The
ED-CdS layers were grown on glass/FTO substrate for 2 h
durations with the layer thickness of ~200 nm. Also, CBD-
CdS were grown on the same substrate with the same thick-
ness of ~200 nm. Afterward, the approximate direct bandgap
values of the CdS layers were obtained by extrapolating the
straight-line to the photon energy axis where the (ahv)?=0
and the results are tabulated in Table 3. According to the
results, both AD ED-CdS and CBD-CdS layers, showed
bandgap values of 2.54 and 2.48 eV, respectively. In the
literature the reported bandgap values for the CdS thin-film
with hexagonal and cubic crystal structures at room tem-
perature are 2.57 and 2.40 eV, respectively [38]. The high
bandgap value observed for the AD CBD-CdS can be due to
the mixture of hexagonal and cubic phases. In addition, the
higher bandgap value in AD ED-CdS as compared to those
of AD CBD-CdS thin-films can be due to the S-richness and
nano crystalline nature or presence of tiny pinholes and gaps
in the ED-CdS layers [25]. Also, the quantum confinement
effect can be another reason for the observation of higher
bandgap values in the AD ED-CdS and AD CBD-CdS as
compared to that of bulk CdS [39]. These pinholes or gaps in
between CdS grains can provide easy path for UV-Vis light
to pass through during optical absorption measurements

@ ED-CdS
SE+10 1
1.5B+10 ur
5 1.0E+10 -
>
O
g AD
-~
~
S 50B+09 |
0.0E+00 -

23 24 25 26 27 28 29 3
hv (e

4199
Table 3 Optical bandgap values Bandgap +
of the AD and HT ED-CdS and 0.01 (eV)

CBD-CdS layers with the same
thickness of ~ 200 nm. Note
that both ED-CdS and CBD-
CdS layers were heat-treated at ED 254 242
400 °C for 20 min in air CBD 248 242

Growth method  AD HT

which can cause the increase in energy bandgap. The for-
mation of these tiny pinholes or gaps can be related to the
nature of electrodeposition technique where the CdS layer
tends to grow upward normal to the FTOsubstrate (see
Fig. 4a and b). Before heat treatment, the absorption edges
of the both CdS layers were not very sharp. However, after
heat treatment at 400 °C for 20 min in air, the gradient of
the optical absorption in both ED-CdS and CBD-CdS layers
were increased and the bandgap values were reduced and
shifted towards lower photon energy of 2.42 eV which coin-
cide with that of bulk CdS (hexagonal phase) as reported in
the literature [39]. The increase in the gradient of the opti-
cal absorption can be related to the recrystallization, grain
growth, and reduction of the scattering centers in both ED-
CdS and CBD-CdS layers.

3.1.4 Morphological properties analysis

A typical SEM micrographs of the ED-CdS and CBD-
CdS under both AD and HT conditions are depicted in
Fig. 4. The SEM micrographs of AD and HT ED-CdS lay-
ers (Fig. 4a and b, respectively) show that the FTO surface
was fairly covered with CdS grains and the deposited film
showed a good adhesion to the FTO surface. Also, some
gaps were observed in between the ED-CdS grains. The
occurrence of these gaps can be due to the upward growth

(b) CBD-CdS
1.0E+11 -
HT
8.0E+10 -
& AD
=
£ 6.0E+10 -
>
e
= 4.0E+10 -
~
)
2.0E+10 -
0.0E+00 -

23 24 25 26 27 28
hv (eV)

Fig.3 Optical absorption spectra of a AD and HT ED-CdS layers, and b AD and HT CBD-CdS layers. Note that both ED-CdS and CBD-CdS
layers were grown on glass/FTO substrate with the same thickness ~ 200 nm and both layers were heat-treated at 400 °C for 20 min in air
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Fig.4 SEM micrographs of ED-CdS and CBD-CdS thin-films under both AD and HT conditions. Note that the thicknesses of both ED-CdS and
CBD-CdS layers were ~ 200 nm and the heat treatment temperature was 400 °C for 20 min in air

nature of the electrodeposition technique and the sub-
strate used. The FTO substrates are known to have rough
and spiky surface. During electrodeposition, the electric
fields at these spikes are higher than those of the valleys.
In this case, nucleation starts at these spikes and tends
to grow upwards perpendicular to the FTO surface. This
will create columnar-like growth for the ED thin-films as
seen in Fig. 4a and b. The columnar growth behaviour has
some advantages and disadvantages. The disadvantages of
columnar growth are pinholes formation and creation of
non-uniformity and shunting path in the ED layers. The
advantages of the columnar growth are the high crystal-
linity, high electrical conductivity and high mobility along
the columnar shape grains [40]. The average grain sizes
obtained from the SEM micrograph of AD ED-CdS thin-
films were in the range (100 to 230) nm. After HT (400 °C

@ Springer

for 20 min in air), slight increase in the average grain sizes
of ED-CdS in the range (110 to 260) nm were observed.
Figure 4b and c, show the SEM micrographs of the AD
and HT CBD-CdS thin-films, respectively. The SEM micro-
graph shows a compact and uniform coverage of the FTO
surface with CBD-CdS grains without observing pinholes in
between the grains. The CBD-CdS film also showed a good
adhesion to the FTO surface. The average grain size values
of the AD CBD-CdS layers were in the range (90 to 200) nm
which was slightly lower than those of the AD ED-CdS lay-
ers. The uniform distribution of the grains in the CBD-CdS
thin-films can be due to the nature of this growth technique
unlike the electrodeposition technique where electric current
is required to deposit the thin-films. In addition, in CBD-
CdS growth technique, the deposition is taking place in an
alkaline solutions with pH values in the range (9.0-13.7)
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[29, 41] whereas in electrodeposition of CdS thin-films are
taking place in acidic solutions. These differences in growth
conditions can affect the morphological properties of the
ED-CdS and CBD-CdS layers [20, 25]. By looking at the
surface morphology of Fig. 4c and d, no noticeable change
in the grain sizes of the CBD-CdS were observed before and
after heat treatment. It should be noted that the large grains
observed in the SEM are consisting of cluster of crystallites
observed using XRD measurements. High resolution SEM
has shown that these large grains are the agglomerations of
small crystallites [25].

3.1.5 Photoelectrochemical (PEC) cell measurement

Tables 4 and 5 depict the PEC signals of the ED-CdS and
CBD-CdS under both the AD and HT conditions, respec-
tively. The PEC cell measurement was used instead of Hall
Effect measurement technique due to the lower resistive
path of the underlying glass/FTO substrate [25, 42]. The
ED-CdS thin-films were grown on glass/FTO substrates at
different cathodic potential range from 792 to 802 mV for
2 h durations (see Table 4). The CBD-CdS layers were also
grown on glass/FTO substrate with different Cd:S ratios
of 5.0:1.0 to 1.0:5.0 as shown in Table 5. As observed in
Tables 4 and 5, all the ED-CdS and CBD-CdS thin-films

under both AD and HT conditions showed negative PEC
signal which represents the n-type electrical conductivity.
In both ED-CdS and CBD-CdS layers, the values of nega-
tive PEC signal increased after heat treatment as compared
to those of AD layers. This shows that the materials qual-
ity and electrical properties of the CdS thin-films were
improved upon heat treatment. This shows that the post-
deposition treatment is an essential step to enhance the
electronic properties of the CdS layer.

The n-type conductivity nature of CdS layers is related
to the presence of S vacancies and Cd interstitials in the
crystal lattice of this material as reported in the litera-
ture [43]. The S vacancies and Cd interstitials are gener-
ally known as intrinsic donor defects. Because CdS layer
always shows n-type electrical conductivity, therefore, it
can be used for PEC cell calibrations prior to PEC cell
measurement.

Table 4 Results of PEC

gl;aélg?glggts of the AD and Sample condition (Cr}lrlc\)]\zzth voltage V| (mV) Vp (mV) fIIE\C/)Slgnal Vi-Vp g‘(l)ir:;d]uc—
type
AD ED-CdS 792 —256 -160 -96 n
793 —268 —166 -102 n
794 —261 —165 -96 n
795 —242 —151 -91 n
796 -270 -174 -96 n
797 —284 -212 -72 n
798 =275 —197 -78 n
799 —263 —180 -83 n
800 —251 -179 =72 n
801 —242 - 166 =76 n
802 —236 —184 =52 n
HT ED-CdS 792 -278 —134 —144 n
793 —296 —146 -150 n
794 —-291 —142 —149 n
795 —286 —133 -153 n
796 =311 —172 -139 n
797 —321 -176 —145 n
798 -301 -170 —-131 n
799 —289 —168 —121 n
800 -276 —146 -130 n
801 —252 —-118 —134 n
802 —246 -136 -110 n
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Table 5 Results of PEC measurements of the AD and HT CBD-CdS

Sample Solution V| (mV) Vp(mV) PECsignal Con-
condition Cd:S Vi-Vp ductiv-
ratio (mV) ity type
ADCBD- 5.0:1.0 —223 —180 —43 n
Cds 3010 —-234  —179 =55 n
2.5:1.0 —241 —183 -58 n
2.0:1.0 —236 —186 -50 n
1.5:1.0 —226 —165 -6l n
1.0:1.0 —228 —183 —45 n
1.0:1.5 —243 —186 -57 n
1.0:2.0 —256 —222 -34 n
1.0:2.5 —251 —190 -6l n
1.0:3.0 —264 -212 -52 n
1.0:5.0 —278 -213 —65 n
HTCBD- 5.0:1.0 —265 —171 -9 n
Cds 3.0:1.0  —272  —169  —103 n
2.5:1.0 —268 —151 -117 n
2.0:1.0 —283 -179 —104 n
1.5:1.0 —295 -197 -98 n
1.0:1.0 -311 -197 -114 n
1.0:1.5 -320 —207 —113 n
1.0:2.0 -314 -213 —-101 n
1.0:2.5 —324 —206 —118 n
1.0:3.0 -329 -214 -115 n
1.0:5.0 —338 -212 -126 n

4 Assessment of the fabricated glass/
FTO/n-CdS (ED)/ n-CdTe/Au and glass/
FTO/n-CdS (CBD)/n-CdTe/Au solar cells
under illuminated and dark conditions
for comparison

This section presents the comparison of the device perfor-
mance of glass/FTO/n-CdS (ED)/n-CdTe/Au and glass/
FTO/n-CdS (CBD)/n-CdTe/Au solar cells. For this reason,
ED-CdS and CBD-CdS layers with the same thickness of
90 nm were grown on glass/FTO substrates. Then, n-CdTe
layers with the thickness of 1.5 um were grown on the

glass/FTO/n-CdS (ED) and glass/FTO/n-CdS (CBD) sub-
strates using electrodepostion method. Afterward, CdTe
layers were heat-treated with CdCl, + CdF, treatment at
450 °C for 12 min in air. The comprehensive details of the
CdTe layer optimisation process including growth voltage
and heat treatment conditions also predetermined in the
previous works [28, 44]. The solar cell devices were made
by deposition of 100 nm thick gold (Au) layers of 1 mm
radius on the glass/FTO/n-CdS (ED)/n-CdTe and glass/
FTO/n-CdS (CBD)/n-CdTe structure. The evaporation of
metal back contact (Au) was carried out using Edward
Auto 306 high vacuum (10”7 mbar) metallizer with an
FTM7 film thickness monitor. The device parameters of
the fabricated solar cells under both dark and illuminated
conditions were extracted using fully automated Rera sys-
tem. Prior to measurements, the Rera system was cali-
brated using a silicon-based reference solar cell with light
intensity of 1000 Wm™2 (AM 1.5) at room temperature and
results are shown in Table 6 and Fig. Sa—e.

For both fabricated glass/FTO/n-CdS(ED)/n-CdTe/
Au and glass/FTO/n-CdS(CBD)/n-CdTe/Au solar cells,
approximately close values of open circuit voltages (V)
and short circuit current densities (J,.) were observed. The
main difference between the fabricated solar cells based
on ED-CdS and CBD-CdS window layers was observed in
their fill factors (FF). The FF and also overall efficiencies
of the solar cells fabricated using CBD-CdS layers were
higher than those solar cell fabricated using ED-CdS lay-
ers (See Table 6 and Fig. 5Sa—e). The lower FF observed for
glass/FTO/n-CdS(ED)/n-CdTe/Au solar cells as compared
to glass/FTO/n-CdS(CBD)/n-CdTe/Au devices can be due
to presence of pinholes in the ED-CdS layers and nature
of electrodeposition growth technique as previously shown
in SEM microghraphs (Fig. 4). In electrodeposition growth
method due to the presence of electric field during the
growth the possibility of pinholes formation in the ED-CdS
layers are higher than those of CBD growth technique. This
is because both ED-CdS and ED-CdTe crystallites tends to
grow upward normal to the glass/FTO substrate. The upward
or columnar growth of the ED-CdS and ED-CdTe crystal-
lites produces non-uniformity creating pinholes in the CdS
layers whereas in CBD growth technique the CdS layers are

Table 6 Summary of device
results for glass/FTO/n-

glass/FTO/n-CdS(ED)/ED-CdTe

Glass/FTO/n-CdS(CBD)/ED-CdTe

CdS(ED)/n-CdTe/Au and glass/ Sample ID V. (mV) Jg (mAcm™?)  FF n(%) Vo, (mV) Jg (mAcm™?)  FF n (%)

FTO/n-CdS(CBD)/n-CdTe/Au

solar cells for comparison of CT275 602 6.3 0.39 1.4 598 13.5 0.57 4.6

device performances CT300 547 11.0 039 23 554 14.1 0.55 43
CT306 580 13.5 040 32 587 13.9 0.55 45
CT307 558 21.2 0.30 3.6 557 24.5 047 64
CT308 565 14.5 040 32 567 14.3 0.54 44

All CdTe layers were heat-treated with CdCl, 4+ CdF, treatment at 450 °C for 12 min in air

@ Springer
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Fig.5 The comparison of J-V curves under illuminated condition for glass/FTO/n-CdS(ED)/n-CdTe/Au and glass/FTO/n-CdS(CBD)/n-CdTe/Au
solar cells. All CdTe layers were heat-treated with CdCl, + CdF, at 450 °C for 12 min in air

more uniform, compact and smooth than those of ED-CdS  contacts after metallization [16]. Once the pinholes due to
layers due to absence of the electric filed during the growth.  columnar growth are covered, the ED-CdS is expected to be
In general, the presence of pinholes in the CdS window lay-  very similar to CBD-CdS in terms of device performance.
ers create shunting paths and can drastically reduce the solar ~ The I-V characteristics of a Schottky diode under dark con-
cell efficiency due to the short-circuiting of front and back  dition can be expressed by Egs. (13) [16]:
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w2 _ed)b —eV Logiolp
I =SA™T -exp< T )[exp(nkT)—l] (13) A
where //
2 Forward bias
. —e¢b current, /p
I, = SA*T?.
o exp < T > (14)
In Egs. (13) and (14), I, represents the reverse saturation
current, S is the contact area (cm?), A* is the effective Rich- 7
ardson constant for thermionic emission (12 Acm™> K2 for Iv\ .7
n-CdTe), T is the temperature in Kelvin (300 K), e is the elec-
tronic charge (1.602 % 107" C), Vis the applied voltage and k Reverse bias current, I
is the Boltzmann constant (1.3806x 1072° J K™1). > v
0 »

When the externally applied voltage is greater than~75 mV
(V=75 mV), the term exp % in Eq. (13) become much

larger than unity, i.e. exp ( % ) > 1therefore, Eq. (13) can be

simplified to the following form:

o =1, [exo (2] (15)

By taking the natural logarithm of Eq. (15), it can be rear-
ranged as:

eV

Inlpy = ——=+1In]

nlp = —— +Inl, (16)
Now, converting the Eq. (16) into base-ten logarithmic

form, Eq. (16) can be re-written as:

e

— € \.ViLogul
2.303nkT) +Logilo an

Logylp = (

The plot of Log,,/, versus the applied voltage (V) across
the device in Eq. (17) is useful to obtain a number of solar cell
parameters including diode rectification factor (RF), ideality
factor (n), reverse saturation current (/,) and barrier height
(¢y,)- Also, the series resistance (R,) and shunt resistance (R,)
can be evaluated from I-V curve under dark condition. The
log-linear plot of Log, /[, versus V is shown in Fig. 6.

The RF of the device can be obtained by dividing the for-
ward current (Ig) by reverse current (/) at a given voltage
(V=1.0 V) as shown in Eq. (18):

I
RF = <_F>
IR V=1.0V

Also, in Fig. (6), by extrapolating straight-line portion in
the plot of log,o/,, versus V, the gradient of the straight-line
can be obtained. From the gradient, n value can be calculated
as shown in Eq. (18):

e

Gradient = 3303k (18)
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Fig.6 Typical Log-linear /-V characteristics of a diode measured
under dark condition. For convenience, both forward current (/) and
reverse current (/) are plotted in the same quadrant by changing the
sign of the reverse voltages

The Linear-linear, Log-linear /-V curves, and summary
of solar cell parameters of glass/FTO/n-CdS(ED)/n-CdTe/
Au and glass/FTO/n-CdS(CBD)/n-CdTe/Au solar cells
under dark condition are shown in Fig. 7a—d, Tables 7 and 8.

In this work, solar cells fabricated using ED-CdS and
CBD-CdS showed high values of series resistance in the
range (861-4562) Q as shown in Tables 7 and 8. This can
be one of the reasons for observing low efficiencies for both
devices made using ED-CdS and CBD-CdS. On the other
hand, most of the devices showed high values of R, in the
range (0.1-5.0) MQ respectively. It should be noted that for
the high efficiency solar cells, the R, should be as low as pos-
sible and R, should be as high as possible. The R is caused
by the bulk resistance of the semiconductor material, the
resistance of the electrical contacts and the interconnections.
The main impact of the large R, is to reduce the V,_, FF and
the gradient of the log-linear curve at the high forward-bias
region, hence, increasing the n value [16]. The R, is caused
by the current leakage across the junction (recombination
of the photo-generated charge carrier before separation due
to the weak junction potential) and manufacturing defects.
The low Ry, reduces the FF and also leaks off some current
which in turn reduces the efficiency of the solar cells [16].
For an ideal diode, the R;= o0 and Ry, = 0.

The measured dark 7 values for the devices made by ED-
CdS and CBD-CdS were in the range (0.25-1000) X 1078A
and (0.12-15.84)x 1078 A, respectively (See Tables 7 and
8). For most cases, the I, values of device fabricated using
CBD-CdS were lower than those solar cells fabricated
using ED-CdS. This can be one of the reasons for observ-
ing higher efficiency values for devices fabricated using
CBD-CdS. In the high efficiency solar cells the I, value is
lower because of decreased recombination in the depletion
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Fig.7 The Linear—linear and Log-linear /-V curves of a, b glass/FTO/n-CdS(ED)/n-CdTe/Au and ¢, d glass/FTO/n-CdS(CBD)/n-CdTe/Au solar

cells under dark condition, respectively

Table7 Summary of solar cell parameters of the glass/FTO/n-
CdS(ED)/n-CdTe/Au obtained after measurement under dark condi-
tion

Table8 Summary of solar cell parameters of the glass/FTO/n-
CdS(CBD)/n-CdTe/Au obtained after measurement under dark condi-
tion

glass/FTO/n-CdS (ED)/n-CdTe/Au

glass/FTO/n-CdS (CBD)/n-CdTe/Au

Cell parameters ~ Sample ID Cell parameters ~ Sample ID

CT275 CT300 CT306 CT307 CT308 CT275 CT300 CT306 CT307 CT308
Dark R, (€2) 1083 1520 1115 1111 4562 Dark R, (€2) 1346 1386 1017 1718 861
Dark Ry, (MQ) 0.05 1.72 1.30 1.41 10.12 Dark Ry, (MQ) 0.11 0.53 0.01 0.90 0.62
I, (x 107%A) 1000 2.51 0.25 0.39 3.16 I, (x 1078A) 6.30 0.39 15.84 0.12 3.98
n 8.27 2.43 2.62 2.92 2.66 n 3.78 2.62 3.55 2.64 3.06
¢y, (V) >0.56 >0.71 >0.77 >0.76 >0.71 ¢y, (V) >0.69 >0.76 >0.67 >0.79 >0.70
RF 100.7 102,0 103.0 102,0 103.5 RF 101 8 102,6 101 2 102,6 102.9

region which indicates a healthy junction with reduced
defects. The presence of the defects in the crystal lattice
can increase the / values because these defects act as trap-
ping or recombination centers which reduce the life time of
charge carriers [45]. Also, by looking at the results shown
in Tables 7 and 8 it can be observed that for both fabricated

glass/FTO/n-CdS(ED)/n-CdTe/Au and glass/FTO/n-
CdS(CBD)/n-CdTe/Au solar cells, the lower » and I, values
yield higher ¢, values whereas solar cells with the higher n
and [ values showed lower ¢, values. From the ¢, presented
in Tables 7 and 8, it can be seen that the Fermi level pin at
different defect states of >0.56 eV to>0.79 eV below the
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conduction band minimum [16]. It should be noted that the
observed barrier heights are underestimated due to large n
values. The highest value of the ¢, (>0.79 eV) was observed
for devices fabricated using CBD-CdS as compared to ¢y,
(>0.77 eV) of devices made using ED-CdS. The higher ¢,
means higher V_, and higher efficiency for solar cells. The
RF of both glass/FTO/n-CdS(ED)/n-CdTe/Au and glass/
FTO/n-CdS(CBD)/n-CdTe/Au solar cells were in the range
(10°7-1033) and (10'>~10%>) as shown in Tables 7 and 8.
Although, the efficiency values of glass/FTO/n-CdS(ED)/n-
CdTe/Au solar cells were lower than those of glass/FTO/n-
CdS(CBD)/n-CdTe/Au solar cells, the highest RF value of
103 was observed for solar cells fabricated using ED-CdS
as the window layer. In high efficiency solar cells, a large RF
is desirable, although for efficient solar cells, the RF of ~ 10°
is sufficient [16].

5 Conclusions

In this work, the characteristic properties of CdS layers
grown by two different growth techniques including elec-
trodeposition and chemical bath deposition techniques were
successfully explored and discussed. In both growth meth-
ods the same thiourea precursor was used as a source for
providing sulphur ions. The structural, optical, morphologi-
cal, and electronic properties of the ED-CdS and CBD-CdS
were studied. All the AD and HT ED-CdS layers show a
polycrystalline crystal structure with a preferred orientation
along (002) hexagonal plane. All the AD CBD-CdS show
a mixture of hexagonal and cubic phases with the preferred
orientation along (002) plane while the cubic phase showed
to be unstable and disappeared after heat treatment. In both
growth methods, the improvement in crystallinity of CdS
thin-films was observed after heat treatment. The estimated
crystallite size for the AD and HT ED-CdS and CBD-CdS
layers show the values in the range ~ (11-38) and ~ (22-54)
nm, respectively. The crystallite sizes of the HT CBD-CdS
layers showed to be slightly higher than those of HT ED-
CdS films. The optical analysis depicted the higher bandgap
value of 2.54 eV for the AD ED-CdS layers as compared to
2.48 eV of the AD CBD-CdS thin-films. After heat treat-
ment the CdS grown by both ED and CBD methods were
reduced to 2.42 eV which corresponds to the bulk bandgap
of hexagonal phase CdS. The gradient of the absorption edge
and (ahv)? of the CBD-CdS showed to be sharper and higher
than those of ED-CdS under both the AD and HT condi-
tions. The morphological analysis indicated the uniform and
compact coverage of the FTO surface by the CdS grain and
no pinhole were observed in the SEM micrograph of CBD-
CdS while the ED-CdS layers show the columnar growth
morphology with some tiny gaps or pinholes in between
the grain. The electrical conduction type of both ED-CdS

@ Springer

and CBD-CdS films showed to be n-type before and after
heat treatment. In both deposition methods the magnitude of
PEC signal were increased after heat treatment. The devices
fabricated using CBD-CdS layers as window layer showed
better FF and conversion efficiencies than those devices fab-
ricated using ED-CdS layers due to compact morphology
and uniform coverage of the FTO surface by the CBD-CdS
layer. Based on device performance results, ED-CdS layers
suffer from the presence of pinholes due to the columnar
growth nature of the ED technique. Once pinhole is treated
in ED-CdS layer, the device performance should be similar
to those devices fabricated using CBD-CdS.
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