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Abstract

In order to produce high efficiency solar cells based on CdTe, CdCl, post-growth treatment is
an essential processing step. This treatment can be further improved by adding elements such
as Fluorine and Gallium into the CdCl, solution. Through systematic experimentation, it has
been found that the pH value of the treatment solution also affect the conversion efficiency of
the solar cells. This work therefore focuses on the effect of pH value of CdCl,+Gay(SO4)3
aqueous solution on the device efficiencies. The graded bandgap device structure,
glass/FTO/n-ZnS/n-CdS/n-CdTe/Au was used in this work. The pH values of 1.00, 2.00 and
3.00 for CdCl,+Ga,(SO,)3 solutions were utilised for the activation of glass/FTO/n-ZnS/n-
CdS/n-CdTe layers and its effects were explored for both the CdTe material and device
properties. It has been found that both CdTe material properties and solar cell device
properties are superior when the pH value of 2.00 is used for post-growth treatment. The best

conversion efficiency observed in this work for the above graded bandgap device is 12.2%.
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1 Introduction

Tellurium (Te) precipitation in cadmium telluride (CdTe) has been a known issue in CdTe
layers irrespective of the growth technique (Fernandez, 2003). An integral part of achieving a
reduction in Te precipitation and highly efficient solar cells has been dependent on the post-
growth treatment (PGT) of CdTe in the presence of excess Cd, chlorine (Dharmadasa, 2014)
and fluorine (Rios-Flores et al., 2012) (CdCl, treatment). Amongst the advantages associated
with PGT includes the improvement in grain growth, recrystallisation, optical property,
electrical conductivity, doping concentration, grain boundary passivation, improved Cd/Te
composition, CdS/CdTe interface morphology (Basol, 1992; Bosio et al., 2006; Dharmadasa
et al.,, 2017; Liu et al., 2015; Xue et al., 2016) and reduction in native defects (I. M.
Dharmadasa et al., 2015). Different post-growth treatments have been utilised for the
improvement of the characteristic properties of CdTe as documented in the literature (Major
et al., 2016, 2015; Mis-Fernandez et al., 2017; Williams et al., 2015). Based on the ability of
gallium to dissolve Te-precipitates in CdTe (Fernandez, 2003; Sochinskii et al., 1993), our
previous research work has been focused on its incorporation in the usual CdCl, treatment of
CdTe (Ojo et al., 2017; Olusola et al., 2017) from which high-efficiency CdS/CdTe-based
devices were fabricated with improved material and electronic properties. So far, the effect of
pH on the CdCl,+Gay(S04); (GCT) post-growth treatment of CdS/CdTe based solar cell is
yet unknown. In the present study, the focus was on the effect of pH on the CdCl,+Gay(SO4)3
PGT with the aim to further improve both the material and electronic properties of
glass/FTO/n-ZnS/n-CdS/n-CdTe/Au devices fabricated.

2 Experimental details

All the chemicals and glass/FTO substrates utilised in this sets of experiments were bought
from Sigma Aldrich UK. Two-electrode electroplating technique was employed for all the
deposited semiconductors utilised in this work in which a high purity graphite electrode is the
anode, and transparent conducting oxide (TCO) was used as the cathode. The specification of
the glass/fluorine-doped tin oxide (FTO) utilised in this work is TEC-7 with a sheet resistance
of ~7 Q/o. Prior to the electroplating, the glass/FTO substrates were cut into 4x3 cm?,
ultrasonically washed for 15 min in soap water, rinsed in deionised (DI) water, degreased
using acetone and rinsed afterwards in a flow of DI water. Before the transfer of the
glass/FTO into the electrolytic bath, the substrate is attached to a high purity graphite rod
using polytetrafluoroethylene (PTFE) tape but only the FTO surface was in contact with the

electrolyte. A computerised GillAC potentiostat was utilised as the power supply source.



2.1 Sample preparation

The n-ZnS buffer layer was electrodeposited (ED) on the glass/FTO substrates from an
electrolyte containing zinc sulphate monohydrate (ZnSO4-H,0) and ammonium thiosulphate
((NH4)2S203) with respective purity of 99.9% and 98%. The electrolytic bath was prepared
by mixing 0.2 M ZnSO4-H,0 and 0.2 M (NH,4),S,03 aqueous solutions in 400 ml plastic
vessel to use as zinc and sulphur precursors respectively. For this work, 50 nm thick n-ZnS
layers were electroplated at a cathodic voltage of 1425 mV close to the p-to-n conduction
type transition voltage (V;). Details of the ED-ZnS has been documented in the literature
(Madugu et al., 2016). The electrodeposited glass/FTO/n-ZnS layers were annealed in air at
300°C and air-cooled afterwards. It should be noted that the conduction type of the n-ZnS is
retained after annealing (Madugu et al., 2016).

65 nm thick n-CdS window layers were electroplated on the post-growth treated glass/FTO/n-
ZnS layers. The CdS was electroplated from an aqueous electrolyte containing 0.3 M
hydrated cadmium chloride (CdCl,-xH,0) and 0.03 M ammonium thiosulphate ((NH4),S,03)
with respective purity of 99.99% and 98% in 400 ml of DI water. The CdS layers were
deposited at a pre-optimised cathodic voltage of 1200 mV (Abdul-Manaf et al., 2015). The
deposited glass/FTO/n-ZnS/n-CdS structure was annealed in the presence of CdCl,. The
CdCl, treatment was performed by adding few drops of aqueous solution containing 0.1 M
CdCl; in 20 ml of DI water to the surface of the semiconductor layer. The full coverage of the
layers with the treatment solutions was achieved by spreading the solution using solution-
damped cotton bud. The semiconductor layer was allowed to air-dry and heat treated at
400°C for 20 min. The treated glass/[FTO/n-ZnS/n-CdS layers were air-cooled and rinsed in
DI water before n-CdTe layer deposition. Full details of deposition and optimisation of ED-
CdS layer has been published in the literature (Abdul-Manaf et al., 2015). It should be noted
that CdS layers are intrinsically n-type due defects related to Cd interstitials and S vacancies
in CdS layers (Sathaye and Sinha, 1976).

1150 nm thick n-CdTe layers were electrodeposited at 1400 mV on the glass/FTO/n-ZnS/n-
CdS substrate. The CdTe layers were deposited from an electrolyte containing 1.5 M
cadmium nitrate tetrahydrate (Cd(NO3),-4H,0) and 0.0023 M tellurium dioxide (TeO;) with
respective purity of 99.0% and 99.99% in 400 ml of deionised water. Full details of
deposition, characterisation and optimisation of the electroplated CdTe layers has been
documented in the literature (Salim et al., 2015). Prior to GCT activation process of the
glass/FTO/n-ZnS/n-CdS/n-CdTe, the 4x3 cm? glass/FTO/n-ZnS/n-CdS/n-CdTe layers were

cut into 3 sets of 4x1 cm? samples.



The CdCl,+Gay(SO,4)3 solution utilised for the GCT was prepared in agqueous solution
containing 0.1 M CdCl; and 0.05 M Gay(SO4); in a 60 ml of DI water. The solution was
stirred for 60 min to achieve homogeneity and 20 ml of the solution was poured into three
different 25 ml glass beakers. The pH of the CdCl,+Ga,(SO,4); solutions were adjusted to
1.00£0.02, 2.00£0.02 and 3.00+0.02 using dilute HCI solution. Afterwards, the glass/FTO/n-
ZnS/n-CdS/n-CdTe layers were treated using CdCl,+Gay(SO4); solutions of different pH,
dried in air and heat treated at 400°C for 20 min in air atmosphere (Ojo et al., 2017). The full
coverage of the layers was achieved by the use of solution damped cotton buds.

The annealed glass/FTO/n-ZnS/n-CdS/n-CdTe layers were etched using aqueous solutions
containing H,SO,4 and K,Cr,0; for acid etching, and NaOH and Na,S,0;3 for alkaline etching
for 2 s and 2 min respectively to improve the metal/semiconductor contact (Dharmadasa et
al., 1998). The glass/FTO/n-ZnS/n-CdS/n-CdTe layers were immediately transferred to a
high vacuum system to deposit 100 nm thick Au contacts of 2 mm diameter on the
glass/FTO/n-ZnS/n-CdS/n-CdTe structure at a low pressure of 10° Nm™.

2.2 Graded bandgap configuration

The basic concept behind graded bandgap (GBG) solar cell is the possibility of effective
harnessing of photons across the ultraviolet (UV), visible (Vis) and infrared (IR) regions
(Dharmadasa, 2005). This concept has been validated in the literature across organic (Ergen
et al., 2016), inorganic (Dharmadasa et al., 2011; I.M. Dharmadasa et al., 2015) and hybrid
(Dharmadasa, 2005; Ergen et al., 2016) solar cell technology. Graded bandgap can be
achieved by grading the semiconductor layers in such a way that the bandgap varies
throughout the entire thickness (Dharmadasa et al., 2011). GBG can also be produced by
successively growing semiconductor materials on top of each other in which the layers are
arranged such that the bandgap decreases gradually while the conductivity type gradually
changes from one type to the other (Dharmadasa, 2005).

The earliest work that theoretically described the functionality of GBG configuration was
reported by Tauc in 1957 (Tauc, 1957). His work elucidates the possibility of GBG solar cell
configuration attaining higher conversion efficiency above the well-explored p-n junction
cells stimulated interest in the photovoltaic research community. Taking into consideration
the photogenerated current, it was proven theoretically that GBG solar cell configurations are
capable of attaining a conversion efficiency of ~38% under AM1.5 (Emtage, 1962; Wolf,
1960) as compared to the 23% of single p-n junction solar cells. Based on this theoretical

understanding, the first sets of graded bandgap cells were fabricated and reported in the



1970s (Hovel and Woodall, 1973; Konagai and Takahashi, 1975) by gradual doping of only
p-type gallium arsenide (GaAs) with aluminium. The published work demonstrated a single-
sided p-type grading of p-Ga;xAlxAs/n-GaAs solar cell. In 2002, the first model of full solar
cell device bandgap grading was proposed and published by Dharmadasa et al (Dharmadasa
et al., 2002). The full graded bandgap (GBG) architectures as proposed in the literature
(Dharmadasa et al., 2005; Dharmadasa, 2005) can be accomplished by the incorporation of
either an n-type or p-type wide bandgap front-layer with a steady reduction in bandgap
towards p-type or n-type back layer respectively.

The glass/FTO/n-ZnS/n-CdS/n-CdTe/Au graded bandgap configuration examined in this
work (see Figure 1) is relative to the technology as documented in the literature (Dharmadasa
et al., 2005). It should be noted that the incorporated semiconductor layers (ZnS, CdS, and
CdTe) have been individually examined and documented in the literature (Abdul-Manaf et
al., 2015; Madugu et al., 2016; Salim et al., 2015). Asides from the bandgap grading of ZnS
(3.72 eV (Madugu et al., 2016)), CdS (2.42 eV (Abdul-Manaf et al., 2015)), and CdTe (1.50
eV (Salim et al., 2015)), there are possible formation of Zn,Cd;S and CdSxTe;.x ternary
compounds in-between successively deposited semiconductor layers due to interface
interaction and chemical reactions. Literature on bandgap grading based on incorporated
ZnS/CdS/CdTe layers have been well established in the literature (Han et al., 2013; Oladeji
and Chow, 2005).

n-CdTe

=
=

(FTO)
n-ZnS

a= Z,l'])(CdLXS
b= CdeTe 1-X

Front contact

Metal back contact
(Au)

Figure 1: A typical band diagram of graded bandgap glass/FTO/n-ZnS/n-CdS/n-CdTe/Au

device configuration.



As documented in the literature, the formation of such ternary compound is attributable to the
interdiffusion of elemental Zn & Cd across the ZnS/CdS interface (Oladeji and Chow, 2005)
and S & Te (Li et al., 2014) across the CdS/CdTe interface during the post-growth treatment
processes. The formed ternary compounds also participate in the bandgap grading due to
continuous band bending as observed in Figure 1. Further to this, the n-CdTe/metal interface
(Dharmadasa et al., 1998) creates a large Schottky barrier (SB), which provides the main
electric field in the glass/FTO/n-ZnS/n-CdS/n-CdTe/Au GBG configuration. As shown in
Figure 1, the effective separation of the photogenerated e-h pairs is achievable as depicted by

the propagation of the depletion region across all the layers.

2.3 Characterisation techniques

The work reported in this manuscript is focused on device properties, but the mentioned
material properties such as the analyses of both the morphology and composition of the
deposited layers were studied using FEI Nova 200 NanoSEM equipment with an Energy-
dispersive X-ray spectroscopy (EDX) compartment. The optical properties of the grown thin
films were investigated at room temperature using Cary 50 Scan Ultraviolet-Visible (UV-
Vis) spectrophotometer within the wavelength range of (200 — 1000) nm. X-ray diffraction
(XRD) was utilised for acquiring information about the level of crystallinity, identification of
elements, compounds and phases of the deposited layers. The XRD equipment utilised was
Philips PW 3710 X’pert diffractometer with Cu-K, monochromator of wavelength A=1.54 A.
The X-ray generator tension and generator current were respectively set to 40 kV and 40 mA.
The conduction types were determined using Photoelectrochemical (PEC) cell measurement.
The layers utilised for the PEC measurement was 2x3 cm? glass/FTO/n-CdTe layer with a
CdTe thickness of 1150 nm grown at 1400 mV. The DC conductivity measurements were
carried out on glass/FTO/CdTe/ohmic contact structures using Rera Solution fully automated
I-V system. Depending on the conduction type of the CdTe in the glass/FTO/CdTe layer after
post-growth treatment, 100 nm thick Au was deposited on p-CdTe or Al on n-CdTe to
achieve Ohmic contacts prior to DC conductivity measurements.

The main device characterisation techniques utilised for the analysis of the fabricated
glass/FTO/n-ZnS/n-CdS/n-CdTe/Au devices were the current-voltage (I-V) and capacitance-
voltage (C-V) methods. The I-V characterisations were performed under both dark and
AML1.5 illuminated conditions using fully automated Rera Solution PV simulation system.
The Rera Solution PV measurement system is comprised of a Keithley 2401 SourceMeter,

LOT Quantum Design GmbH arc light source and a computer laptop running Rera Tracer 1V



software. The system was calibrated before use, using RR267MON standard reference Si-
based cell prior to measurements. The C-V measurements were carried out using fully
automated HP 4284A Precision LCR meter at a detecting signal frequency of 1 MHz under
dark condition. For both the 1-V and C-V measurements, the bias range was set between —1.0
V and +1.0 V at 300 K for all the measurements taken.

3  The effects of pH value of the CdCI,+Ga,(SO,); treatment solution on properties of
CdTe layer

Figure 2(a-c) show the respective morphology of the glass/[FTO/n-ZnS/n-CdS/n-CdTe layers
activated with GCT solution at pH1, pH2 and pH3. Figure 2(d) and Figure 2(e) show the
compositional analysis and the photoelectrochemical (PEC) cell measurement results of the
glass/FTO/CdTe activated with GCT solution at pH1, pH2, and pH3. Figure 2(f) and Figure
2(g) show the Tauc’s plot, and the XRD diffraction of the glass/FTO/CdTe layers activated
with GCT solution at pH1, pH2 and pH3. Further to the material summary captured in Figure
2, Figure 3 shows the point compositional EDX analysis on the glass/FTO/CdTe layer treated
with pH1 GCT.

With respect to Figure 2(a-c), the morphology of the layers show the presence of large grains
with sizes >2 um as observed for samples treated with GCT of pH2, while samples treated
with GCT of pH3 and pH1 show smaller grains size averaging ~1 um. Consequently, the best
underlying glass/FTO substrate coverage was observed for the glass/FTO/n-ZnS/n-CdS/n-
CdTe layers treated with GCT pH3 followed by the pH2 and the pH1 treated layers. But the
pH1 GCT treated layers show a striking erosion of surface, due to the harshness of the acidic
concentration of the treatment solution. The presence of Te-rich strands was also observable
due to the dissolution of elemental Cd from the CdTe layers as depicted in Figure 2(a) and
Figure 3. It is well known that an introduction of an acidic media to CdTe attacks Cd
preferentially leaving Te rich surface (Dharmadasa, 1998). In the case of the pH1 GCT
treated layer, the layers were eroded leaving behind Te-rich surface and high pinhole density.
The presence of high pinhole density of the pH1 GCT glass/FTO/n-ZnS/n-CdS/n-CdTe
signifies the detrimental effect of the high acidity (low pH) of the treatment solution. It
should also be taking into consideration that the grain growth observed after post-growth
treatment of CdTe under favourable conditions are mainly attributed to the recrystallization,
coalescence and Ostwald ripening of grains amongst other factors (Dharmadasa, 2014;
McCandless and Sites, 2011). But due to the thinness of the films (within nano-scale), the

nucleation mechanism of electrodeposited materials and the columnar growth nature of the



electroplated materials, the erosion of the CdTe surface will result in opening pores along the
grain boundaries which may lead into shunt paths for charge carriers as in the case of pH1

GCT treated layer (see Figure 2(a)).
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Figure 2: Typical results of SEM, EDX, PEC, optical absorption and XRD measurements
for CdTe post-growth treated with pH1, pH2 and pH3 CdCl,+Gay(SO4); solutions.
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Figure 3: SEM micrograph of glass/FTO/n-ZnS/n-CdS/n-CdTe layers treated with GCT at
pH1 and the EDX point micrographs on different parts of the CdTe layer; at points A (Te-

rich) and B (nearly stoichiometric).

As regards the compositional analysis as shown in Figure 2(d), the observable trend of the
Cd/Te ratio for the glass/FTO/n-ZnS/n-CdS/n-CdTe layers treated with GCT of pH3, pH2
and pH1 shows a >1.0, ~1.0 and <1.0 respectively. This observation can be attributed to the
effect of increased acidity and acid etching resulting in the preferential dissolution of Cd from
the CdTe surface (Dharmadasa, 2014; Williams et al., 2014). The alteration of the Cd to Te
ratio from >1.0, tending towards ~1.0 and <1.0 for the glass/FTO/n-ZnS/n-CdS/n-CdTe
layers treated with GCT of pH3, pH2 and pH1 are documented in the literature as one of the
factors determining the conduction type of CdTe layers (Dharmadasa, 2014; Williams et al.,
2014).

The photoelectrochemical cell measurement as shown in Figure 2(e) depicts a gradual
transition of conduction type from p-type CdTe treated with pH1 GCT, to n-type CdTe
treated with pH2 GCT (but close to p-type) and to an n-type conduction type for the
glass/FTO/CdTe layers treated with pH3 GCT. It was therefore interesting to observe that the
PEC cell measurements as shown in Figure 2(e) is in accord with the summations of the
compositional analysis. The Te-rich CdTe surfaces show p-type electrical conduction and Cd-
rich CdTe surfaces show n-type electrical conduction. It should be noted that the
determination of conduction type and the possible transition of one conduction type to
another after heat treatment of CdTe is not just determined by the composition of Cd/Te.
Other factors documented in the literature include the doping effect caused by pre-annealing

treatment, annealing duration and temperature, the initial atomic composition of Cd/Te, the
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structure of the defect in the initial CdTe layer and the initial conductivity type of the material
(Basol, 1992; Dharmadasa, 2014; Salim et al., 2015).

Pertaining to Figure 2(f), the absorbance for the glass/FTO/n-ZnS/n-CdS/n-CdTe layers
activated with GCT of pH1, pH2 and pH3 was observed from Tauc’s plot of (a4v)? against hv
where o is the absorption coefficient, h is the plank’s constant and v is the incident photon
frequency and / is the wavelength (Tauc, 1968). Based on observation, all the glass/FTO/n-
ZnS/n-CdS/n-CdTe layers with treated GCT pH1, pH2 and pH3 all show a bandgap of
~1.47£0.01 eV. The observed bandgaps are comparative to the bandgap of bulk CdTe. More
importantly, the sharpness of the absorption edge slope for all the glass/FTO/n-ZnS/n-CdS/n-
CdTe layers differs (see Figure 2(f)). As documented in the literature, the steeper the
absorption edge the more the superiority of the semiconductor layer is based on lesser
impurity energy levels and defects in the thin film (Bosio et al., 2006). Based on this
submission, it could be interpreted that the glass/FTO/n-ZnS/n-CdS/n-CdTe layers activated
with pH2 GCT are superior to others.

The structural analysis performed using XRD is depicted in Figure 2(g) with the plot of XRD
diffraction intensity against 20°. The XRD patterns shown in Figure 2(g) were stacked for
better comparison. The presence of (111), (220) and (311) cubic CdTe at 26=~23.8°,
26=~38.6° and 26=~45.8° were observed in all the XRD diffractions for all the glass/FTO/n-
ZnS/n-CdS/n-CdTe layers activated with pH1, pH2 and pH3 GCT. It should be noted that the
XRD diffraction patterns, other elements or compound overlapping with the CdTe and FTO
diffractions might be present. Based on the XRD diffraction peak intensity, the (111)C
orientation is considered as the preferred orientation of the CdTe layers and the summary of
the structural data is captured in Table 1. The extracted XRD data from these CdTe work
matches the JCPDS reference file number 01-075-2086-cubic. It should be noted that
Scherrer’s formula (see equation (1)) was utilised for the calculation of the crystallite size D,
where @ is the Bragg angle, g is the full width at half maximum (FWHM) of the diffraction
peak in radian and 4 is the wavelength of the X-rays used (1.54 A).

0.944
D=
pcosé (1)

As observations in Figure 2(g) and Table 1, the highest and the least peak intensity was
observed for the glass/FTO/n-ZnS/n-CdS/n-CdTe layers activated with pH2 and pH1 GCT
respectively. The comparatively low (111)C diffraction intensity observed for the layers
activated with pH3 and pH1 GCT might be due to the richness of Cd and Te in the CdTe
layers and compared to the that activated with pH2 GCT. Consequently, the highest

10



crystallinity of 65.4 nm was observed for the layers activated with pH2 GCT. It should be
noted that the crystallite size as calculated using XRD does not correspond to the grain size as

seen on the SEM micrograph but the grains are formed from several crystallites.

Table 1: Summary of the X-ray diffraction analysis for cubic (111) CdTe diffraction.

Peak intensity  d-spacing FWHM Crystallite size

Acidity 20 (°) (arb. unit) (A) ©) (nm)
pH3 23.97 809 3.709 0.162 52.3
pH2 23.91 1451 3.718 0.129 65.4
pH1 24.03 358 3.699 0.162 52.3

4 The effects of pH value of the CdCl,+Ga,(SO,); treatment solution on properties of
solar cells

It should be noted that the melting point of CdTe is 1093°C. Therefore, during CdCl,
treatment, large columnar grown crystals of CdTe remain as solids (Amarasinghe et al., 2018;
Donghwan Kim et al., 1994; Harvey et al., 2015; Moutinho et al., 1998). However, the
presence of the impurities such as excess Cd, excess Te, Cl, O and Ga accumulate in grain
boundaries as a result of multi-element segregation after annealing process (Emziane et al.,
2005; Harvey et al., 2015; Mao et al., 2014; Mazzamuto et al., 2008; Tuteja et al., 2016), and
the melting point of grain boundary material reduces drastically to ~385+5°C (Dharmadasa et
al., 2014). Above this temperature, solid CdTe crystals float in a liquid of grain boundary
materials, grains grow by Oswald ripening, dope the surface of CdTe crystals using ClI and
Ga, and freeze improving the material in grain boundaries after cooling. This process
improves the main rectifying contact parallel to the TCO, and produce transverse p-n
junctions across the CdTe cylindrical surfaces. This additional p-n junctions help to separate
photo-generated e-h pairs instantly to travel in two different paths. One carrier travels through
the CdTe crystal and the other carrier travel through the grain boundary normal to the TCO
layer minimising recombination. This is known as grain boundary enhanced PV effect and
the full description can be found in a previous publication (Dharmadasa, 2014; Dharmadasa
et al., 2014; Dharmadasa and Ojo, 2017).

Figure 4 (a) depicts the J-V curves recorded for the glass/[FTO/n-ZnS/n-CdS/n-CdTe/Au
devices fabricated from the pH1, pH2 and pH3 GCT layers measured under AML.5
condition. Figure 4 (b) and Figure 4 (c) show the graph of capacitance against bias voltage
and the corresponding Mott-Schottky plot for the devices fabricated from the pH1 GCT
glass/FTO/n-ZnS/n-CdS/n-CdTe/Au devices. Figure 4 (d) and Figure 4 (e) show the graph of

11



capacitance against bias voltage and the corresponding Mott—Schottky plot for the device
fabricated from the pH2 GCT glass/FTO/n-ZnS/n-CdS/n-CdTe/Au devices. The measured
device summary is captured in Table 2. The effective Richardson constant (A") utilised for
calculations has been predetermined as 12 Am2K for CdTe using Eq (2).
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Figure 4: (a) Typical current-voltage curves of the glass/FTO/n-ZnS/n-CdS/n-CdTe/Au
devices treated with pH1, pH2 and pH3 GCT, (b) Capacitance-voltage plot and (c) Schottky-
Mott plot under dark conditions for the cell fabricated from the pH1 GCT layers, (d)
Capacitance-voltage plot and (d) Schottky—Mott plot under dark conditions for the cells
fabricated from the pH2 GCT layers.
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As depicted in the J-V section of Table 2, shunt resistance (Rsn) >1 MQ were recorded for the
glass/FTO/n-ZnS/n-CdS/n-CdTe/Au devices activated with pH2 and pH3 as compared to the
low Rg, value of the pH1 GCT treated case. It should be noted that low R, values of
fabricated photovoltaic devices can be attributed to low semiconductor material quality to the
presence of pinholes, gaps, voids, and high dislocation density within the semiconductor
material (Soga, 2006) amongst others. It is not surprising that low Rg, value for the devices
fabricated from the pH1 glass/FTO/n-ZnS/n-CdS/n-CdTe GCT layers was observed due to
the eroded morphology and the optical summation as discussed in Section 3. Further to this,
rectification factor (RF) values higher than 3 orders of magnitude was observed for the
glass/FTO/n-ZnS/n-CdS/n-CdTe/Au activated with pH2 and pH3 GCT. As documented in
the literature, RF values equal or higher than 2.5 orders of magnitude is a characteristic
property of high-efficiency solar cells (Dharmadasa, 2013). The severe reduction in the RF
value for the devices fabricated from the pH1 GCT treated glass/FTO/n-ZnS/n-CdS/n-CdTe
can be ascribed to the CdTe material deterioration due to the harshness of the acidic
dissolution of Cd from the CdTe surface and the resulting surface erosion of the CdTe surface
as discussed in Section 3.

Likewise, the ideality factor (n) of the devices fabricated from the pH2 and pH3 GCT treated
glass/FTO/n-ZnS/n-CdS/n-CdTe lies between 1.00 and 2.00, while the n values for the pH1
treated layers were >2.00. This signifies that the dominating current transport mechanism of
the devices fabricated from the glass/FTO/n-ZnS/n-CdS/n-CdTe activated with pH2 and pH3
GCT is by both thermionic emission and recombination & generation (R&G) processes in
parallel. While the n value >2.00, observed for the devices fabricated from the pH1 GCT
layers signifies that the current transportation mechanism is dominated by R&G and the
tunnelling of high energy electron through the barrier height (Verschraegen et al., 2005),
which consequentially results in the reduction of the barrier height ¢, as depicted in Table 2.
With reference to Figure 4 (a) and the (AML.5 illuminated condition) J-V section of Table 2,
short circuit current density (Jsc) higher than the Shockley-Queisser limit for single p-n
junction (Shockley and Queisser, 1961) was observed for the glass/FTO/n-ZnS/n-CdS/n-
CdTe/Au devices fabricated from the pH2 and pH3 GCT treated layers. The high Js; can be
attributed to the multi-junction graded bandgap n-n-n+SB device configuration (Vos, 2000).
To ascertain the authenticity of the parameters measured, the cells under test were isolated by
carefully removing surrounding layers to avoid possible peripheral current collection as
suggested in the literature (Godfrey and Green, 1977). The collection of current from the

periphery is not expected due to the high resistivity and low thickness of ~1300 nm utilised in
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this work (Basol, 1984). Further to this, comparatively higher open-circuit voltage (V,), fill-

factor (FF) and efficiency (1) were observed for the devices fabricated from the pH2 and pH3
GCT (but championed by pH2 GCT) as compared to the fabricated device using pH1 GCT

treated layer.

Table 2: Summary of device and material parameters obtained from I-V (both under
illuminated and dark conditions) and C-V (dark condition) for glass/FTO/n-ZnS/n-CdS/n-

CdTe/Au solar cells activated with pH1, pH2 and pH3 GCT treatment.

GCT pH pH1.00 pH2.00 pH3.00
J-V under dark condition
Rsh (Q) 9230.7 >10° >10°
Rs (kQ) 1.25 0.66 0.84
R.F 10%° 10* 1038
lo (A) 3.16x10° 1.25x10°° 1.99x10°
n >2.00 1.67 1.82
Dy (eV) >0.56 >0.81 >0.79
I-V under 1.5 AM illumination condition
R (Q) 236 162 310
Rs (Q) 952 4000 4285
lsc (MA) 0.63 0.96 0.85
Jse (MAcm™) 20.06 30.57 27.07
Ve (V) 0.340 0.710 0.650
Fill factor 0.31 0.56 0.51
Efficiency (%) 2.11 12.16 8.97
C-V under dark condition
o (Q.cm)™ 1.14x10° 3.60x107 9.80x10™
Np (cm™®) 6.22x10% 1.12x10% 7.80x10%
i (cm?Vvish 0.11 20.06 7.84
Co (pF) 1500 350 283
W (nm) 203.9 873.8 1080.6

The C-V measurements presented in Figure 4 (b-e) and Table 2 were performed under dark
condition at a frequency of 1.0 MHz AC signal, bias range of (-1.00 to 1.00) V at 300 K. The

doping density (Np) and built-in potential (Vy;) for this devices were determined using the



Mott-Schottky plot as shown in Figure 4 (c) and Figure 4 (e) for the devices incorporated
layers activated with pH1 and pH2 GCT respectively. Equations (3) to (5) were also utilised.
1 2

L2 ey, 3
C? geA’N, © ° )
2
Slope=———
P &N A? @
2
b (5)

- &,£,6A% x slope
where C is the capacitance, ¢, is the relative dielectric constant, &, is the permittivity of free
space, & is the semiconductor permittivity, e is the electronic charge, A is the area of the
contact, Np is the donor concentration, Vy; is the built-in potential and Vg is the reverse bias
voltage. The slope and the intercept of the C versus V plot are given by equation (3). The &
value utilised for calculation was 11.0 (Strzalkowski et al., 1976), while the calculated
effective density of states of the conduction band (N¢) using equation (6) was 9.16x10"" cm™,
where, h is the plank’s constant, T is the temperature, K is the Boltzmann’s constant and Me iS

the effective electron mass.

* %
27m KT
Ne = 2{ 3 } ©)

With the assumption that all donor atoms are ionised at 300 K (therefore n~Np), the carrier
mobility p, was evaluated using equation (7), where o is the electrical conductivity. Other
calculated parameters are shown in Table 2.

(o3 o)
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As depicted in Table 2, the doping concentration of the devices fabricated from both the pH2
and pH3 GCT treated glass/[FTO/n-ZnS/n-CdS/n-CdTe layers lies within the region
corresponding to the high-efficiency CdTe devices ~(1.0x10* — 5x10%) c¢m™ reported in the
literature (Britt and Ferekides, 1993; Woodcock et al., 1991). An increase in the doping
concentration of the fabricated devices from the pH1 GCT treated glass/FTO/n-ZnS/n-CdS/n-
CdTe layers to ~10" cm™ was observed. The high doping concentration recorded for the
activated layers using pH1 GCT results in the reduction in the depletion width, loss of short-
circuit current density and increment in defect density and the reduction in the photo-
generated current (Coutts and Naseem, 1985). As observed from the C-V section of Table 1
and the Mott-Schottky plots as depicts in Figure 4, the devices activated using pH1 GCT
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shows a deviation from the linearity as a result of the effects of defects, traps, surface states,
interfacial resistive layers (attributable to oxidation) producing excess capacitance and
inhomogeneity (Chaure et al., 2003). For the devices fabricated from the pH2 GCT treated
glass/FTO/n-ZnS/n-CdS/n-CdTe layers, full depletion at reverse biased and close to zero
biased voltages were observed. As shown in Figure 4 (e), an increase in the voltage towards
forward bias ~0.6 V, the depletion width W equals the device thickness of ~1300 nm. Above
~0.6 V, an increase in capacitance results was observed with increasing forward bias voltage
resulting into a gradual reduction in the depletion width. This observation is in accordance
with the Mott-Schottky theory and can be utilised for the estimation of the diffusion voltage
of the device (Vi) and the excess donor concentration (Np-Na) for n-CdTe layer. Increase in
the mobility of the devices fabricated from the glass/FTO/n-ZnS/n-CdS/n-CdTe layers
activated with pH3 and pH2 but with an increase in acidity to pH1 a reduction in the mobility
was observed. The comparatively lower i for the devices from the pH1 GCT layers treated
might be due to presence of high defects density, R&G centres and tunnelling paths as
portrayed by the high ideality factor on the devices and the detrimental effect of the high

acidity (low pH<I) on the material properties (see Section 3).

5 Conclusion

Solar cells (glass/FTO/n-ZnS/n-CdS/n-CdTe/Au) of different GCT activation pH were
successfully fabricated and both the material and device properties were explored and
systematically presented. Subject to both the material and electronic parameters observed, the
optimised pH value of the GCT (CdCl,+Gay(SO4)3) activation treatment is pH2 with
activation at pH3 GCT at close proximity. The pH1 GCT treated layers show comparatively
low material quality as depicted in morphological, compositional, optical and structural
properties. As a result, the devices fabricated from the pH1 GCT treated layers show low
device properties. In other words, metalising on Te-rich CdTe surfaces lead to poor solar cell
performance. Work is on-going on improving the metal/semiconductor layers utilised and the

incorporation other window/buffer layers to further explore the potential of bandgap grading.
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