Opto-Electronics Review 28 (2020) 43-63

OPTO-ELECTRONICS

REVIEW

Opto-Electronics Review

PAN

POLISH ACADEMY OF SCIENCES

journal homepage: http://journals.pan.pl/opelre

REVIEW

Development of chalcogenide solar cells: Importance of
CdS window layer

D. Lilhare* and A. Kharet!

Thin Film Laboratory, Department of Physics, National Institute of Technology
G E Road, Raipur — 492 010 India

Article info Abstract

Article history:

Received 19 Nov. 2019

Received in revised form 31 Jan. 2020
Accepted 03 Mar. 2020

The solar photovoltaic technology is one of the renewable technologies with the potential to
shape a future-proof, reliable, scalable and affordable electricity system. It is important to
provide better resources for any upcoming technology. CdS/CdTe thin films have long been
considered as one enticing option for reliable and cost-effective solar cells to be developed.
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N-type CdS as a transparent window layer in heterojunction structures is one of the best
choices for CdTe cells. In a solar cell structure, window layer material plays a very crucial
role to improve its performance. For this reason, this review focuses on the basic and
significant aspects such as importance of the window layer thickness, degradation effect, use
of nano-wire arrays, and an ammonia-free process to deposit the window layer. Also, an
attempt has been made to analyze various processes improving window layer properties.
Necessary discussions have been included to review the impact of solar cell parameters on
the above aspects. It is anticipated that this review article will fulfill the requirement of
knowledge to be used in the fabrication of CdS/CdTe solar cells.

1. Introduction

Global energy crisis and intemperance in
environmental pollution are the foremost essential
problems our world is facing. One of the chemical
elements, hydrogen is thought to be the foremost enticing
potential energy carrier that is ready to resolve these issues
within the future because of its renewable and
environment-friendly characteristics [1]. In 1972, after
photo-electrochemical water ripping for chemical element
production on the TiO2, a semiconductor electrode was
discovered [2]. The tactic has been additionally applied to
the particulate system for finishing up heterogeneous
photo-catalysis [3]. However, the sensible application of
this technology is restricted by developing a well-designed
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photocatalyst with each smart stability and activity that
nevertheless is a challenge up to now [4].

Demanding seeks for low-cost and clean energy sources
have enhanced intensive significance within the progress of
solar applications. By wusing the semiconductor
photoelectrode, solar energy directly converts into an
electrical energy; this has attracted a lot of researchers for
several years. There is an imperative universal requirement
for an alternative of renewable energy sources for
reciprocally environmental and economic reasons [5-7].
An individual extraordinarily enticing energy resource is
the Sun that unceasingly sends immense amount of light
energy to the planet’s surface [8]. However, harnessing this
light energy needs the growth of cheap resources’
arrangement capable of harvesting sunlight by
expeditiously  capturing  light energy  speedily.
Nanotechnology provides new possibilities to attain greater
efficiencies of solar power at lower prices. Solar to
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electrical conversion processes have always been a
promising and challenging frontier for scientific and
technological applications [6,7].

As the world is affected by the imminent loss of fossil
fuels and resulting heavy pollution, an alternative energy
source is currently thought to be one prominent resolution
to the world energy crisis. Among numerous suggestions
for producing energy from the Sun, solar cells are a good
move towards to convert solar power into sensible voltage.
In 2009, the worldwide production of solar cells and
modules was of 12.3 GW [9], and one year later, it
increased by over 20 GW [10]. Numerous varieties of solar
cells based on Si [11], thin film [12,13], and organic
materials [14,15] are progressively developed these years.
As per the US Department of Energy, solar power ought to
solely be economically viable for large-scale production, if
the value is reduced to $0.33/Wp (Wp meaning watt peak)
[16]. The watt-peak principle is used to measure
performances of solar photovoltaic (PV) installations and
to estimate the amount of electricity that can be generated
under ideal conditions. Solar modules have a watt peak
rating. Watt peak (kilowatt peak is often used for PV
plants) reflects peak power. This value defines the output
power obtained under maximum solar radiation by a solar
module (under specified standard test conditions). For
describing normal conditions, 1000 watts solar radiation
per square meter is used. Fig. 1 illustrates the energy
consumption by energy sources.

Projected global energy consumption from 1990 to 2040,
by energy source (in million metric tons of oil equivalent)
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(1990-2040).

In 1839, the PV effect was discovered; however, it
remained of laboratory interest till the middle 1950s once
the US space program attempted to power satellite with PV
cells. Solar power is one of the feasible power sources in
the future for our planet. It is ranked third after hydro and
wind in renewable energy. To generate enough power for
residential use, solar panels are formed which is
constructed by solar modules. One module is constructed
through numerous cells connected in parallel. By
combining the entire module, a panel can provide DC
electric from individual cells.

Single crystal silicon PV cells with 6% efficiency were
reported in 1954 at Bell Laboratories. During the first 1970
energy crisis, both private and public sectors became
concerned in terrestrial applications of Si-based PV

generation of energy and gradually the field of research
moved to different PV materials such as InP, GaAs,
CulnSe2 and CdTe [17] based solar cells. Throughout the
last thirty years, these analyses and growth attempts
resulted in enhancement in conversion efficiency from 6%
to 17% for CulnSe; based and the experimental efficiency
of CdTe based solar cell has increased from 8% to 22.1%,
though the theoretical limit exceeds 24% [18-21].

II-V1 semiconductor nanocrystals whose radii are
lower than the bulk exciton Bohr radius form an
intermediary class of materials between the molecular bulk
states of matter. The quantum confinement of the pair of
electron hole leads to an increase in the efficient bandgap
with decreasing crystallite thickness, offering new ways of
tuning optical and photonic  properties  [22].
Semiconductors of 11-VI groups, such as ZnS, CdS, and
ZnSe are widely used for the fabrication of solar cells,
optical detectors, piezoelectric transducers, light emitting
diodes (LED), and transparent UV-protection devices
[23-26].

The current high level of analysis and development of
the thin-film polycrystalline CdTe/CdS solar cell is driven
by the chance of manufacturing PV modules more
inexpensively than ever before. The fabrication of thin film
solar cells may be a promising approach for terrestrial and
space PV devices [27]. Over the past three decades, CdS
has been widely investigated for the proficient use within
the fabrication of solar cells. It is known as the wider band-
gap semiconductors due to their wide applications in
optoelectronics, such as nonlinear optics, visible-LEDs,
and lasers. CdS thin film is employed as window material
in a heterojunction cell due to its high transparency, low
resistivity, easy ohmic contact, direct band-gap transition,
high electron affinity, and n-type conductivity [27,28].
CdS-based solar cell structure exhibits better optical
confinement towards higher efficiencies. CdS window
layer absorbs the blue portion of the solar spectrum due to
its low bandgap which induces a reduction in solar cell
efficiency [26]. Depending on the deposition conditions
CdS thin films can be generated with o and § phases. It is
understood that a-CdS also develops perpendicular to the
substratum with a columnar structure along the c-axis. It
means there are no parallel grain boundaries to the junction
that would restrict the flow of photogenerated excessive
carriers to the grid [29].

With the comparison of all nearest competitors,
stability, reasonable conversion efficiency, and
accessibility of low-cost deposition techniques attract the
usage of CdS. It is found that the CdS is a superior and
dominating semiconductor as a window layer material in a
solar cell structure. However, it is very toxic in nature and
responds badly towards incident radiations of shorter
wavelengths [30]. CdTe is a nearly good absorbent
material for thin film polycrystalline solar cells as its
bandgap (1.45eV) closely matches the solar spectrum
peak. It has a high coefficient of absorption and good
electronic properties [31]. Among other second-generation
solar cells, CdTe has evidenced itself to be a leading
candidate for the development of cost-effective PV devices
[32]. The standard radiations received on the earth’s
surface (AM 1.5) are incredibly wealthy in photons with
the energies ranging from 1.4eV to 3.0eV [33]. It is
already established that in CdTe solar cells, CdS is
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popularly used as a window layer which is paired with a p-
type CdTe as an n-type heterojunction partner. Since the
CdTe and CdS bandgaps are of 1.45eV and 2.4 eV,
respectively, this means that photons with energies
< 2.4 eV enter the CdTe layer and contribute to the cell's
photocurrent. A significant amount of solar spectrum
radiation because of the recombination sites high density in
CdSs films with wavelength (< 512 nm) is absorbed in CdS
and wasted. This loss in photocurrent is nearly 7 mA/cm?
[34]. Since the absorption coefficients of 11-VI compounds
are high [35], higher energy photons are absorbed in the
window layer leading to the reduction in a light current.
Secondly, if the depletion region is much away from the
entrance for photons and recombination is significant, this
also causes decrement in a light current.

A solar cell has fundamentally major parameters such
as the maximum power point (Pmax), the energy conversion
efficiency (7), and the fill factor (FF). Pmax is @ product of
the maximum cell current (Imax) and the voltage at the max
power output of the cell (Vmax). This point is positioned at
the “knee” of the curve.

FF is primarily related to the resistive losses in a solar
cell. It is a function of a difference between the I-V
characteristics of an actual PV cell and those of an ideal
cell. FF is defined as:

FF — Imameax , (1)

ISCVOC

where, ls (short circuit current) is nothing but the light
generated current. It is the maximum current produced by
a solar cell when its terminals are shorted and Vo (open
circuit voltage) is the maximum voltage that can be
obtained from a solar cell when its terminals are left open.
The Iy depends on the solar cell area. To remove the
reliance of the solar cell region on lg, the short-circuit
current density (Ji) is also used to characterize the
maximum current a solar cell produces.

The two resistances mainly affect FF, as well as the
efficiency of a solar cell: series’ resistance (Rs) and shunt
resistance (Rsn). Series resistance is the summation of the
resistances that come in the current path. It consists of a
base, emitter, metal contact resistance and a
semiconductor-metal contact resistance. Series’ resistance
value should be as low as possible. Shunt resistance is
because of the current outflow across the p-n junction. The
reason behind this may be defects in crystal or impurities’
precipitates in the junction region. Shunt resistance value
should be as high as possible. An ideal solar cell has an FF
of more than 0.80 or close to this. One more important
parameter is the conversion efficiency (1) which is defined
as a ratio of the maximum power output to the power input
to the cell:

_ Pmax
n= 2
where Pi, is the power input to the cell defined as the
total radiant energy incident on the cell’s surface.

In this paper, we tried to review the contribution of CdS
material as a window layer on the PV performance in
different conditions. We included importance of the
window layer thickness, impact of degradation uses of
nano-wire arrays, and AF process for the window layer in

a PV cell. We also tried to focus on the window layer
improvement, so that the window layer properties get to
enhance and fulfill the solar cell requirement.

2. Solar cell processing different steps using CdS
window material

2.1. Reduction in thickness of the CdS window layer

In a critical CdTe/CdS solar cell, the CdS window layer
has its own importance. Its thickness needs to be optimized
as per requirement. As we know in a short wavelength
region, the CdS window layer is associated to the spectral
response (SR) and it plays crucial part in deciding the CdTe
active layer crystallinity. When radiations fall on a solar
cell, not all photons are transmitted by the window layer,
but few of them are absorbed by it. This, in turn, affects the
cell efficiency. The absorption of photons in the window
layer is to be prevented anyhow. Reducing thickness of the
PV active layer is the most essential requirement for
reducing production costs and harmful influence of Cd
toxicity. In a CdS/CdTe thin film solar cell, this is achieved
by reducing thickness of the CdS layer. There are several
reports where the value of 100 mA/cm? of Js. was recorded
which is greater than 24 mA/cm? [36-38]. In the following
paragraphs, we present an analysis of various cell
parameters influenced by the CdS layer thickness.

McCandless and Hegedus [39] performed some
experiments using different thicknesses of CdS as a
window layer. They analyzed the effects of a reduction in
thickness of CdS in CdS/CdTe solar cells. They reported a
post-deposition process for evaporated CdS/CdTe solar cell
structures which was involved in various chemical and heat
treatments [40]. Thickness of the CdS film in these devices
was taken to be less than 0.2 um. The values of Vo were
found to lay between 0.75 V and 0.778 V, while FF values
fell between 70% - 72%, which was quite acceptable for
high-efficiency cells. Due to the greater thickness of the
CdS layer (1.5 um), the fabricated devices showed a
relatively low Jsc value (18-19 mA/cm?). This prevented
photo-generation at wavelengths below the CdS band edge,
i.e., 520 nm. In direct bandgap semiconductors like CdS,
the photon absorption rate is high and even a thin layer of
CdS is capable to absorb a sufficient number of photons.
An adequate reduction in the thickness of the CdS layer
leads to enhancement in various parameters. The group
expected an increase of 4-5 mA/cm? in Js upon reducing
the CdS thickness from 1 to 0.1 um. Though, they tried to
increase Jsc by changing the thickness (< 0.3 um) of CdS
layers; however, they observed losses in FF and Vo with a
minor increase in Jsc than expected.

In the variation in thickness of the CdS layer from 0.12
um to 1.5 um in CdS/CdTe solar cells, the short circuit SR
was analyzed by the authors. Below the CdS band-edge,
with a decrease in CdS thickness, the SR increased
gradually. The best efficiency was observed for the CdS
thicknesses’ range between 1.5 um to 0.03 um. As the
thickness decreases from 1.5 um to 0.20 um, the values of
Vo and FF observed nearly constant, but no increment was
observed in Js.. Conversely, when CdS thickness was
below 0.2 pm, the values of Voc and FF decreased
considerably whereas, the increment was observed in the
value of Jg.
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With the thickness of d < 0.24 pm, the comparison
between the current response below the wavelength of
520 nm and the response between wavelengths of 520 nm
and 620 nm is explained. As thickness decreased, the
collection of current was reported to increase below
520 nm that was partially equalized by the drop in a
collection of current between the wavelengths 520 nm and
620 nm (compared with the thickest CdS). With thin CdS
films, this response loss between 520 nm and 620 nm (loss
in Je equal to 0.7 mA/cm?) was not observed to be
recoverable with reverse bias (gain in Js equal to
1.0 mA/cm? below 520 nm). It demonstrated that the
reduction was due to generation but not due to
recombination. Similarly, SR for the long-wavelength edge
for the same devices was reported. As the CdS thickness
was decreased to 0.12 um, a shift was reported in the
absorption edge of CdTe to lower energies. Thin
evaporated CdS films with a thickness of < 0.30 um were
observed to be consisted mostly of small grains of < 0.1 pm,
whereas > 1.0 um thick CdS films are reported as columnar
structure of grain with ~0.5 um grain size. In the following
processing, due to the small grains, the increment in surface
area was observed to be an enhancement of the relations
between CdS and CdTe.

Nakamura et al. [41] reported the performances of the
CdS (as window layer) on CdS/CdTe solar cells with a
thickness of 2-um (1.8 um <dp <2.3 pm). For the
deposition of a CdS film, the metal-organic chemical vapor
deposition (MOCVD) technique was used. Figure 2
demonstrated the performances of PV as a function of dcgs.
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Fig. 2.  Performances of PV: dcgs (function of thickness of

CdS layer), (A.M. 1.5, 100 mW/cm?). Reproduced from
Ref. 41.

In their study, Jsc was found to increase upon reducing
the CdS thickness from 114 nm to 95 nm. This was
probably due to a blue response of the studied cell. The
reduction of dcgs to 95 nm with the increment in the value

of Js is purely concluded through an enhancement in SR at
the region of a short wavelength. This increase in SR at the
short wavelength region is because of the loss in optical
absorption in the CdS layer. For the CdS thickness below
85 nm, the efficiency mostly decreased because of
reduction in FF and V.. This suggests that the CdS layer
thickness cannot be reduced to any extent and should be of
more than the particular value. In the reported paper, the
window layer thickness critically influenced the formation
of CdTei1xSx (mixed-crystal layer) and the CdTe grain
development. As a result of a reduction in the configuration
(x) of sulfur (S) of a CdTeixSx film, crystallinity
deterioration of the CdTe layer was concluded to be the
most probable mechanism for the huge decrease in FF and
Vee. In this way, the CdS layer largely influenced the
properties of diode rather than optical properties as the
window layer. The diagram of a CdS/CdTe solar cell is
shown in Fig. 3.
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Fig. 3. Schematic diagram of CdS/CdTe solar cell. Reproduced
from Ref. 41.

In continuation of a previous work, Kephart et al. [42]
fabricated CdS/CdTe thin film solar cells using a high-
resistance transparent (HRT) layer with Zn stannate and
intrinsic tin oxide and reported on various optical losses
occurring during the process. As we know that the optical
absorption of sunlight photons in a CdS layer is the main
cause of loss in CdS/CdTe thin film solar cells. Thickness
reduction of a CdS layer under the critical value results in
the degradation of device’s Vo and FF. Presence of a buffer
or an HRT layer decreases CdS thickness and V. value.
Thickness and resistivity were maintained at 100 nmand 1-
10 cm, respectively. HRT buffer is usually allowed to
reduce the parasitic absorption of the window layer (for
thinning) and so that the light transmission gets enhanced
into the absorber layer and improves the photocurrent. If
the HRT layer is not used, then the TCO on glass substrates
is normally used with the rough surface resulting in the bad
substrate coverage and the creation of the bad junction
between the TCO-absorber layers. The extreme window
layer thinning often leads to a bad substrate coverage
[43,44]. The existence of an HRT layer essentially
enhances the excellence of a diode with a CdS thin layer.
Thus, buffer or HRT layers were found to extend the
efficiency of fabricated CdS/CdTe solar cells. Several TCO
and TCO/HRT-coated substrates were tried to fabricate
CdS/CdTe cells. Kephart and co-workers varied the
thickness of the CdS layer over a range and studied
different properties. Below a critical value of CdS, the
device performance showed gradual dependence on Ve and
FF.
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Authors made devices in varied CdS thicknesses such
as 110nm, 90nm, 70nm, and 40nm at standard
conditions. In this paper also the value of Js increased with
decreasing thickness value of CdS. While CdS thickness
was decreased, Vo and FF also started to decrease.

With the reduction in CdS thickness, a light-dark
intersect was observed to emerge in the devices and became
more prominent with the lower V. It emerged that the
barrier was modulated at the front of the device by light
absorption. This intersects’ effect was observed to be the
most prominent in devices without deposition of CdS
where CdTe was deposited directly on the substrate.

With the above discussed attractive properties,
improvement in the efficiency of CdS/CdTe thin film solar
cells was hindered for decades due to many challenges.
One such challenge faced by the PV group worldwide is to
manufacture pinhole-free thin films with minimal flaws
and maximum concentration of doping. More pinholes
mean that all wavelengths are passed and, therefore, similar
to larger bandgaps. Because of the creation of pinholes at
the junction, the electrical field becomes weaker due to the
reduced junction area which improves the recombination of
charging carriers. The existence of pinholes can cause a
large variation in cell efficiency, as well [45].

The common feature of CdS layers, especially in
chemically deposited CdS layers, some pinholes remain
after deposition. This may happen due to the formation of
small voids that are not densely packed between the grains.
To get rid of the negative aspects of these pinholes in an n-
type window layer in a CdTe solar cell, the CdS layer needs
to be very thin and chemically robust to prevent current
shunting paths and pinholes from being formed [46].

Impact of the fractional pinhole area was theoretically
studied by Kephart et al. [42]. They found that pinholes
with thinner CdS did not dominate device’s performance.
Results of their modelling on a CdTe/CdS solar cell
indicated that the buffer layer’s ohmic behavior had a
comparatively little impact on devices with pinholes, in
spite of developing the areas of diode with thin CdS layers
or without CdS, had a dominant impact.

2.2. Degradation on CdTe/CdS solar cell parameters

As the solar energy generation is receiving so much
importance worldwide, numerous solar panels are being
consecutively interconnected. As a result, solar panels are
often exposed to high relative potentials towards the
ground causing high voltage stress (HVS). In 2005, NREL
addressed the impact of HVS on durable solar panels’

steadiness depending on the leakage current between
ground and solar cells. They reported that solar modules
can degrade due to the inevitable elements like damp heat,
thermal cycling, UV exposure, and humidity. So, an average
solar degradation rate of 0.8% per year is reported. Gradual
degradation in the performance of modules can be a reason
for an increase in shunt resistance (Rsn) due to a decreased
adherence of contacts or corrosion of the materials.

Crystalline silicon semiconductor is manufactured
through the process of silicon purification, wafer slicing,
ingot processing, doping and etching which eventually
forms a p-n-p junction. Crystalline silicon solar cells do not
easily degrade [47,48]. The solar modules combined
without moving elements are extremely powerful. Though,
modules appear to demonstrate some degradation over
time. Degradation can be different from cell to cell, a
module to module, etc. Therefore, it is suggested to have
fewer degrading modules than that of the non-degrading
ones. The proper packaging of modules can also affect cell
performance; however, some degradation of the conductor
cannot be excluded [49-51].

Mendoza-Perez et al. [52] reported degradation effects
in CdTe/CdS solar cells. The authors studied the progress
of the PV cell parameters like photocurrent and
photocurrent density over 3 years. In their study, the CdS
layer as a window layer was deposited through chemical
bath deposition (CBD) technique with varied S/Cd ratios.
Shunting effects were observed to weaken/degrade cell
performance, especially FF. In order to obtain a long steady
CdTe/CdS PV cell, it was concluded to avoid metal inside
the back contact [53]. Grain boundaries provided sensible
diffusion paths and accelerated cell degradation by
shunting. Grain boundaries have been found primarily by
providing additional recombination sites inside the
semiconductor material to reduce the performance of
polycrystalline solar cells. Still, Cu remained the choice as
a back contact in model cells. This group of authors pointed
out that a contact diode is formed in reverses direction; it
may cause a dubious change within the Jsc and voltage and
limit the PV cell performance. In a solar cell, the use of a
chemically deposited CdS layer with nominal ratios
(S/Cd=5:1, 6:1 and 7:1) demonstrated lower mean
roughness and higher coverage of substrate. The cell
parameters measured with different S/Cd ratios for 36
months are enlisted in Table 1. Besides the back contact,
changes in the interface of CdTe/CdS also played a crucial
role. It may be noted that to minimize the electron-hole
recombination, the cell must have a well ordered CdTe/CdS
interface. Upon exposing the solar cells/modules/panels to

Table 1
The values of current density (Js), open circuit voltage (Voc), fill factor (FF), efficiency (), and degradation
percentage over a measurement period of 36 months. Reproduced from Ref. 52.

S/Cd Voe(V) Jse(MA/cm?) FF n (%) Degradation

Oct 03-Dec06 ~ Oct 03-Dec06  Oct 03-Dec06  Oct 03-Dec06 (%)

31 0.613-0.528 18.7-10.2 0.58-0.33 6.7-1.9 70

4:1 0.74-0.623 18.7-10.9 0.70-0.62 9.8-4.3 55

5:1 0.745-0.649 21.4-17.0 0.70-0.46 11.1-54 51

6:1 0.746-0.64 20.2-16.4 0.73-0.57 11.0-6.0 44

7:1 0.73-0.649 18.4-17.6 0.62-0.60 8.4-7.0 17

8:1 0.524-0.450 18.4-5.7 0.57-0.41 5.5-1.1 80




D. Lilhare et al. / Opto-Electronics Review 28 (2020) 43-63

Table 2
The values of series resistance (Rs), parallel resistance (Ry), current density (Jsc), fill factor (FF), open circuit
voltage (Vo), and efficiency (): for fabrication of a solar cell using CdS films deposited from bath with nominal
ratio S/Cd= 5:1. Reproduced from Ref. 52.

S/Cd=5:1 Ri(Q em?)  Ry(Q em?) Voe(V) Jse(MA/Ccm?) FF 3(%)
October 2003 4.8 926 0.745 21.4 0.70 111
December 2003 6.0 1080 0.716 21.3 0.64 9.7
June 2004 8.5 832 0.720 20.2 0.63 9.2
December 2004 18.8 912 0.740 22.0 0.51 8.4
December 2005 49.0 217 0.707 21.5 0.45 6.8
December 2006 108 309 0.649 17.0 0.46 5.4

outside conditions, it faces deterioration and oxidation of
component semiconductor materials and back metal
contacts employed in the PV cell.

Due to changes in Rs, the reduction in FF with time
(Table 2) could be associated with chemical changes.
Authors had estimated that in samples with massive grains
a quicker chemical reaction method will manifest itself.
This could be in the sample with S/Cd = 3:1 and 8:1 ratio.
In the graph between Jscand voltage (Fig. 4), Jsc was found
to saturate after a certain period. This saturation feature of
Jsc With increasing voltage was primarily associated with a
short circuit between Cu—Au metallic contacts and an
SnO2:F film. The Cu segregated through the grain
boundary of CdTe and CdS caused a reduction of around
50% within the efficiency. Another reason for the
deterioration in PV parameters was nhative environmental
conditions which influenced the overall efficiency [54].
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Fig.4. Jvs.V curves (under AM1.5 illumination) during the 36

months period in the case of CdS film deposited from bath
with S/Cd % 5:1. Reproduced from Ref. 52.

It is renowned that under solar illumination, CdTe solar
cells are often degraded. Other than there is no proof of the
degradation mechanism due to its consistent appearance.
Ahn et al. [55] investigated CdS/CdTe solar cells’
degradation with the lacking Cd composition in a CdTe
layer. In this work, the concentration of Cd vacancy is high
and reported that the Cu atoms used as a back contact
simply filled the vacancies of Cd in CdTe layer and moved
to the back contact. Preparation of the rear contact was a
challenging task for the Authors in the progress of CdTe
solar cells. With the reason of the high electron affinity of
CdTe, applying Cu within the back contact had
demonstrated to perform the best efficiency. An atom or
molecule's electron affinity is the amount of energy
released or expended in the gaseous state when an electron

is applied to a neutral atom or molecule to form a negative
ion. However, on the other hand, the Cu diffused into the
CdS layer and caused its degradation. This is the reason for
an enormous availability of literature on the rear contact
preparation and copper diffusion [56-58]. To stay away
from cells’ degradation and get efficiency reliable and
reproducible, the diffusion of Cu (from back contact) into
the window layer (CdS layer) should be controlled. Most
of the analyses on degradation problems have been
primarily focused.

Three conditions were followed by the Authors: (i)
initial (ii) aged and (iii) reverse biased. PL spectra of the
CdS layer, at RT (room temperature) were reported. All the
peaks showed the emission as required by the conditions of
the film as shown in Fig. 5. But the Author’s interest factor
was on another PL peak which was very sharp and strong
observed at 1.55 eV. Since, after the aging process of Cu
accretion is well known, Authors made probability that
peaks were created due to the occupancy of Cu in the
vacancy site of Cd (CuCd). The reported narrow peak was
observed by the electronic transition from the conduction
band (CB) to CuCd defects. Authors observed that the peak
was conspicuous because of the rapid influx of Cu from the
back contact while Cd was lacking in CdTe. It was also
observed that the peak at 1.55 eV was completely vanished
by the third case (reverse-biased stress). These results
concluded that Cu atoms were built up in the layer of CdS
and they occupied the Cd vacancy sites with the energy
peak of 1.55eV (803 nm) by thermal stress. Authors
concluded that the integration of Cu into CdS changed CdS
from n-type to less n-type which results as creating in a
smaller junction potential.

| -

- - o~

=. . /-d'h' - -

o g8d

el ol .'l Kﬂ -

2 LN ™ '

B Y. et

5 i .

i
P o= initial |

~—e— aged
~—m— reverse biasd

i i i 1

1.4 1.5 1.6 1.7 1.8 1.9
Energy (eV)

Fig. 5.  PL spectra of CdS layers in CdTe cells with initial,
stressed (aging), and reverse biased conditions.
Reproduced from Ref. 55.
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Figure 6 showed the J-V curves of the CdS/CdTe thin
film solar cell. The observation was done under three
conditions: (i) initial (ii) aged at the temperature of 100 °C
for the duration of 10 days in N2 and (iii) reverse-biased at
a voltage of 4 V for a duration of 2 hours. In the first
condition, the observed values of parameters were as
reported: 1 = 12%, Voc = 0.82 V, Jsc = 21.5mA and
FF=0.68 and conversely, the parameters were
considerably decreased in the second condition, n = 6%,
Voc =0.76 V, Jsc = 17.0 mA and FF = 0.46. Due to the Cu
incorporation into CdS observed that the CdS was less
n-type and decreased in the potential junction. While
applied in reverse bias, the 1 was increased to 9.5% and the
observed value of remaining parameters was of
Voc=0.82V, Jc=173mA, and FF=0.67 on the
thermally stressed cell.
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Fig. 6. J-V curves of CdS/CdTe/Cu,Te/Au cells with initial,

stressed, and reverse biased conditions under AM1.5
illumination. Reproduced from Ref. 55.

Similar results were also shown in schematic band
diagrams [Fig. 7(a)] of CdS/CdTe thin film solar cells:
before stress and after stress. When CdS was n-type, the
junction built-in potential was large in both stress tests, but
when the CdS was less n-type because of the Cu integration
resulted, the junction built-in potential small ¢2 < @1 as
shown in Fig. 7(b).

Authors also reported the study of spectral quantum
efficiency and observed the transfer of electrons from the
level of the Cu acceptor to the CB. Only a part of the
incident light traveled through the CdS layer upon
shielding the incident light (> 1.55 eV). It concluded that
the light generated current and Vo were so low that changed
the light penetration and the petential for junction resulted
in degradation of the cell performance. To keep away from
this degradation and get a reliable and reproducible
performance, the CdS layer should be controlled from the
Cu diffusion from the back contact. Authors also suggested
the following aspects from keeping away the degradation:
CdTe composition should be stochiometry and in case of
any probability of CdTe vacancy defect must be
suppressed.

As it is known CdTe has a high work function of 5.7 eV
and it is not possible to comprehend the ohmic contact to a
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Fig. 7. Schematics of energy band diagram of CdS/CdTe solar
cells with (a) before and (b) after stress test. Reproduced
from Ref. 55.

p-type CdTe partially. The work function of CdTe is larger
than of other common metals. The maximum efficient
CdTe cells were formed with Cu comprising back contact
by using CuxTe [59]. Though, due to the Cu diffusion, there
is a critical issue on the stability of Cu-containing contacts.
To overcome the stability issues, Lin et al. [60]
investigated some Cu-free back contact buffer layer
material so that it would be easy to optimize the new type
of material as a back contact which can overcome the
problem regarding cell performance and stability. To
improve the ohmic contact between indium-tin-oxide
(ITO) and the transition metal oxides such as molybdenum
oxide (MoOy), vanadium oxide, nickel oxide, and tungsten
oxide have been used as an anode buffer layer material.
Especially, as reported in some literature, MoOy has an
extraordinarily high work function of 6.80 eV — 6.86 eV
and has a quality of being easy to prepare by vapor
deposition technique [61,62]. MoOx was observed as a very
beneficial buffer layer (low-resistance back contact)
instead of the solution etching treatment technique
According to the Authors, the removal of surface residues
from the CdTe surface is necessary, as well as the use of
the thermal evaporation technique deposited on a MoOx
film to establish ohmic contact.

Several metals with a MoOy film (buffer layer) were
used as a back electrode. MoOx has the best quality
providing an instant contact with such type of materials like
CdTe. Different metals such as Mg, Al, Ni, Cr and Mo were
used as electrodes. Characterization of J-V curve of CdTe
solar cells with MoOx and numerous metal electrodes are
shown in Fig. 8. Table 3 illustrated a description of the
performance of device parameters including metals work
functions. The cell efficiencies from 11.5% to 12.9% were
observed.
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Table 3
Properties of metals applied to CdTe/MoOx films and the associated device performance parameters.
The properties include work function (@), possible metal oxides (M,Oy) and standard enthalpy of formation of
the metal oxides. Reproduced from Ref. 60.

Metal @(eV) M,Oy: Standard enthalpy Jse Voe(MV) FF ]
of formation (kJ/mol) (mA/cm?) (%) (%)
Ni 5.04-5.35 Ni,Os: -489.5 22.0 808 72.6 12.9
Mo 4.36-4.95 MoOj; -745.1 21.9 817 68.1 12.2
Cr 45 Cr,0s: -1139.7 22.0 805 65.0 115
Al 4.06-4.26 AlL,O3: -1675.7 22.3 815 68.4 12.4
Mg 3.66 21.7 811 71.9 12.7
' 2.3. Nano-wire arrays for window layer applications
40 +
—=—Ni Over the last few decades, solar cell devices have been
—s— Mo developed progressively and found an efficient way for
€ 27 — Z’ T conversion of sunlight into electricity [63,64]. Especially,
% : Mg Si [65], CdTe [66-69] and CIGS [70] have arisen as the
= 5 major absorber semiconductors in solar cells. Though, for
the last ten years, the development of light conversion
efficiency of CIGS and CdTe based solar cells has been
20 fo st ettt tssssee0ttd g comparatively small in comparison with Si-based solar
) cells [71]. Due to this, optimization of the fabrication
-500 0 500 1000 process is becoming saturated. An appreciable number of
V (mV) researchers are trying to explore new designs that could

Fig. 8. J-V characteristics of CdTe cells with a MoOx buffer
layer and with variousmetal electrodes: Ni, Mo, Cr, Al and
Mg. Reproduced from Ref. 60.

Authors also studied thermal stability of the cells with
different metals. They annealed the cell at 200 °C in a
vacuum. During 19 h of the annealing process, the changes
in the cell performance parameter were observed by the
Authors (Fig. 9). The cell degradation rate was emerged in
the first 4.5 h, after that no change was recorded, the rate
was observed approximately equaling zero. The cells with
electrodes such as Mo (16.9%) and Ni (13.5%) were the
most stable. Conversely, the cell with Al electrode was
stated to be the least stable and showed a 63.2%
degradation including a huge enhancement in series
resistance. It concluded that the cell degradation is always
linked with a roll-over behavior improvement.
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Fig.9. Evolution of cell performance parameters during the

thermal annealing test: (a) 1, (b) Js, (C) Voo, and (d) FF.
Reproduced from Ref. 60.

further improve the solar to electric conversion efficiency
involving nanostructured materials [72,73]. There are
published several reports exhibiting the advantages of the
nanostructured cell design over bulk films [74,75].
Nanotechnology can prove to be the most auspicious field
with high proficiency and less cost for the next generation
solar cells. Since the nanostructures are smaller than
standard designs for solar cells, there is a possibility to
achieve greater efficiency employing nanostructured
designs. Since the novel technology is growing up and the
perceptive of size effects becomes deeper, nanotechnology
is estimated to exceed the latter by wide margins.

As aresult of their unique and interesting properties and
applications superior to their bulk counterparts,
nanostructures have received a progressively increasing
interest (with dimension between 1 and 100 nm) [76].
These nanostructures are solids which exhibit a distinct
variation in optical and electronic properties with a variety
of particle size less than 100 nm. These nanostructures are
categorized as one dimensional (1D) or quantum wires, two
dimensional (2D) or quantum well and zero-dimensional
(OD) or quantum dots. They are capable to find many
important technological applications and displaying novel
electro-optical, chemical, structural and magnetic
properties [77].

1D semiconductor nanostructures such as nano-rods,
nano-tubes, nano-belts and nano-wires (NWSs) have
recently received significant interest due to their distinctive
optical, electronic, mechanical properties and their
potential applications in the fabrication of nanodevices
[78-80]. 2D nanostructures (thin film) [81] have been
broadly studied by the semiconductor community because
they are convenient to prepare using techniques such as
molecular beam epitaxy (MBE) [82]. In the past two
decades major improvement has been made with regard to
0D nanostructures, as well [83]. For producing quantum
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dots, varieties of chemical methods have been developed
with well-controlled dimensions and from a wide range of
materials [84].

In PV devices, the nanostructures of CdS films were
applied to form the hetero junction with bulk CdTe layers.
Nanostructured CdS can be synthesized in the form of
crystalline, porous and fibers. These CdS structures are
made from different processing procedures but possess
similar structures of thin film solar cells. For realization of
various nano-scale techniques, variety of experimental
approaches have been developed, such as film deposition
by means of sputtering, E-beam evaporation and closed-
space sublimation (CSS), and crystal growth methods of
direct current (DC) electrochemical [85] deposition in
template synthesis, catalytic chemical vapor deposition
(CVD) growth [86]. To fabricate the nanocrystalline CdS
films, solution growth, chemical and microwave-assisted
synthesis are preferred. Nano-porous CdS films are
fabricated from the ultrasound irradiation which forms
nano-fibers/nano-tubes/NWSs, which may be created from a
mixture of ultrasound and chemistry solution deposition [87].

In nanoscale devices, due to their innovative basic
potential applications and properties, NWs have drawn
considerable experimental and theoretical interest [88-91].
The 11-VI binary semiconductor NWSs acquire distinctive
optical and electronic properties. These NWs are useful in
popular nanoscale devices such as LEDs, [92,93] single-
electron transistors, [94], and thin-film field-effect
transistors [95]. The properties of semiconductor NWs are
highly size-dependent, [96] and so accurate in controlling
their size, such as the aspect ratio (length/diameter) and
diameter. For optoelectronic and electronic applications,
the energy bandgap of binary semiconductor
nanostructures is an essential parameter.

The typical structure of a solar cell with CdS NW films
is shown in Fig. 10. The sunlight directly falls on glass
substrates and photons are absorbed by n-type CdS nano-
fibers and p- type CdTe layer. The electrochemical
synthesis [97] has been considered as one of the most
efficient methods to control the growth of CdS NWs. The
generation of CdS NWs is controlled by choosing different
values of current and time durations. Deposited CdS NWs
were perfectly mounted in the direction perpendicular to
the substrate surface.

Copper, Graphite, Silver
P-type CdTe

Nanowire CdS

ITO

Glass

Sun light

Fig. 10. Structure of CdS nano-wire solar cell.

It is observed by the researchers of Electronic Device
Research Lab (EDRL) that the CdS NW layer has a higher
transmittance than the conventional planar CdS layer
(window layer). They found that the absorption peak of
CdS NWs had shifted slightly from 512 nm (for
conventional CdS solar cells) to 480 nm (for CdS NW solar
cells) towards the sunlight blue region [98]. As a result,
more photons are absorbed by the CdTe layer and the
produced light current is increased.

As an alternative to thin CdTe and CdS films, CdTe and
CdS NWs arrays are being studied. In the absorber
semiconductor, the wire array scan provides more effective
photon absorption and is more efficient in carrier
collection, as well [99-102]. In order to reach greater light
conversion efficiencies, the CdS NWs arrays need to pass
an enormous number of photons that can enter the absorber
layer and convert it to charge carriers there. Previously,
Guduru et al. [98] reported about the Schottky diodes on
CdS NWs. In their work, they observed that the CdS NWs'
length was much higher than 100 nm. Therefore, CdS NWs
were found unsuitable in solar cells as a window layer like
CdS/CIGS and CdS/CdTe. 3DWorking on the same line,
Fan et al. [101] developed n-type CdS nano-pillars (3D).
These pillars were entrenched in a p-type CdTe where they
were enabled for an efficient carrier collection. The
geometries of a p—n junction cell were developed by the
vapor-liquid-solid (VLS) method. The VLS technique is a
mechanism from chemical vapor deposition for the
development of a 1D structure, such as NWs. The crystal
growth on to a solid surface by direct adsorption of a gas
phase is usually very slow. The mechanism of VLS
circumvents the crystal growth by initiating a phase of
catalytic liquid alloy that can speedily adsorb a vapor to the
supersaturating level. So, a crystal growth can take place
from nucleated seeds at the interface of liquid-solid [103].
In this paper also the length of n-CdS nano-pillars (~1 um)
was rather long. This nano-pillar length will result in a
significant loss of the photocurrent because of the light
absorption.

Dang et al. [104] reported on CdS NW arrays as
window layer in solar cells. Authors used the 100 nm long
n-type CdS NWSs’ arrays as a substitute of the planar n-type
CdsS films. These NWs are presently being used in many
solar cell devices for window layer applications. These
window layers exhibit the best features of transmittance.
They found out that for photon wavelengths greater than
500 nm, the spectral transmission of CdS NW and planar
CdS was nearly equal. For a NW layer, the gain in
transmittivity took place at wavelengths which were shorter
than 500 nm that indicated the strong transmittivity. The
transmission of CdS NWs was embedded mainly in the
most impactful bandgap energy. The prolonged optical
path was not as influential as a consideration for the NW
configuration while the improved value of the bandgap
energy resulted in more transmitted photons. Authors
demonstrated some larger advantages in a transmission of
the device configuration of NW over CdS film by a photon
flux simulation under the worldwide title AM 1.5D
spectrum (Fig. 11).
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Authors found out that CdS NW arrays (window layer)
yielded higher Jsc than a CdS thin film cell. They believed
that each additional photon contributed to an additional
electron that was captured by the ITO electrode. Js
demonstrated a 5.49 mA/cm? rate. This was a 20.6%
improvement over the current, 26.6 mA/cm? “planar"
value.

i

~~100nmPlanar f‘
4} ——100nmNW

0 / R . )
250 350 450 550 650 750 850
Wavelength (nm)

N~

1

Photon flux density (1013m-2s-Inm-!)

25

2
15

1
0.5

0 —

340 360 380 400 420 440 460 480 500 520 540
Wavelength (nm)

Photon flux density (10'8m-2s-1nm-!)

Fig.11. Comparison of photon flux densities transmitted
through a 100 nm long CdS nano-wire array and through a
planar CdS film of equal thicknesses. (a) transmitted photon
flux densities (b) difference between two photon flux
densities. Reproduced from Ref. 104.

Liu et al. [105] also reported on CdS NWs as window
layer in CdS/CdTe thin film solar cells. CdS/CdTe thin film
device is a leading technology for the next generation solar
cells. Authors influenced by the Javey group who showed
that the CdS nano-pillar arrays had far less reflection of
light than a planar film [101]. They designed a 3D complex
of CdS and CdTe and created nano-pillar arrays of CdS
solar cells. They explained that CdTe NWs interpenetrated
and demonstrated a 6% efficiency for cell power
conversion [106]. This cell demonstrated the best power
conversion efficiency amongst all solar cells-based nano-
pillars, NWs, nano-dots, and nano-rods. In order to reach
greater power conversion efficiency of solar cell
applications, Authors attempted to improve nanomaterials
and device configurations.

Two new CdS/CdTe solar cells device configurations
are reported by the Authors. The typical CdS window layer
in these solar cells was replaced by CdS NWs and
entrenched in an anodic aluminum oxide (AAO) matrix. In
the device configuration, a growing CdS NW embedded in
a nanoporous AAO film. It was built over the transparent
electrode as a template. When the transparent AAO
template was made from an aluminum foil, an opaque sheet

of aluminum adjoined the CdS layer. In that case, sunlight
entered through the CdTe side and was thus partially
blocked by gold and copper contacts. Therefore, around
50% of incoming light was lost [106]. The sunlight
transmitted via the CdS layer when the AAO template was
constructed directly over a transparent electrode. No major
transmission losses were reported. This was similar
operationally to the conventional CdS/CdTe solar cell
device front-wall configuration [107] which had the
beneficial aspect of absorbing most sunlight close to the p—
n heterojunction.

The NW-CdS layer is well known to have larger
transmittivity than the conventional CdS layer. As
compared to bulk CdS, the absorption peak of CdS NWs
was stated to shift towards the blue region [98,108].
Authors reported that the optical absorption edge dropped
at 480 nm in CdS NWs [98] rather than 512 nm for the
conventional CdS thin film. This effect has shown an
increase in the quantity of sunlight photons that have
occurred on the CdTe absorption layer and an enhancement
in the light-generated current resulting in an enhancement
in the efficiency of solar cell. Furthermore, since CdS NWs
occupied only a portion that relied on the permeability of
the AAO template layer (as window layer) and AAO was
observed as an insulator with much greater optical
transmittivity. The total transparency improved further and
the CdTe layer absorbed more photons.

Liu et al. [105] compared the properties of silicon NW
arrays and CdS NW, as well. Few reports on such
comparisons have been already published [109,110-112].
The study indicated that Si NW arrays had greater
absorption than an equally thick planar Si film. This was
due to the reflections on the concealed surface [101,112].
The prolonged optical path was induced basically by the
dispersion of photons and numerous nanostructures in the
matrix of NW. Remarkably, CdS exhibited proficient
absorption in the 300 nm —510 nm range. Conversely, Si is
an indirect bandgap material with low absorption
coefficient. Hence, in CdS, improved absorption caused by
enhanced optical scattering might not be as an essential
factor as in the case of Si. It was therefore concluded that
CdS NW had higher aluminum oxide transmittivity and
reduced edge of absorption which dominated the optical
scattering effect.

2.4.  Ammonia-free process for solar cells’ window
layers

It is well known that polycrystalline CdS thin films are
widely popular as window material in several
heterojunction solar cells, such as CdS/CdTe for their
favorable optical properties [113,114]. Recently, there have
been so many reports on the application of CdS as a
window layer in CdS/CulnSe;, CdS/CdTe and
CdS/Cu(InGa)Se, [115-118] high-efficiency solar cells.
To develop the technology for various PV systems, the
production cost is the most important factor; it involves
energy consumption, as well as resource and development
costs in various technological processes. An additional
essential aspect is the maintenance of environmental
balance. The device production needs to be supported by
clean energy and clean technology [119]. Many aqueous
methods, such as spray pyrolysis [120], successive ionic
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layer adsorption and reaction (SILAR) [121], and CBD are
generally preferred for the deposition of the above-
discussed CdS films [122—-124]. CBD is the simplest, most
economical and low-temperature process for a large-scale
film deposition among those processes. CBD has been used
for the deposition of thin films of chalcogenide
semiconductors for many decades [125]. Since the
beginning of the 1990s, renewed interest in the CBD CdS
films came from the impressive results achieved using
them as window layers in thin film solar cells, such as CdTe
and CulnSe, [126]. Besides, such films are made up of
tightly packed nanocrystals (NCs) [127] that make them
desirable for basic and applied NC research The
phenomenon that makes NCs so unique is the quantum
confinement effect (QCE) which contributes to the blue
change in energy bandgap and is used to spectrally modify
semiconductor optical properties [128]. Though, the
significant amount of Cd toxic residues is a drawback in
applying the CBD procedure in a large area [129]. Even
though CBD is somewhat less dangerous, it is
recommended that researchers use a fume hood and deposit
the films using non-toxic complexing agents. The
deposition of CdS thin films by CBD is mainly based on
the utilization of ammonia as a complexing agent for Cd
ions [128]. Usually, the CBD process for deposition of CdS
films is based on a slow release of Cd?* and S* ions in an
aqueous alkaline bath and their deposition on the
substrates. In general, ammonia is used to adjust the pH
value of the reaction solution [130].

Ammonia is a substance that is highly unpredictable
and presents health and environmental risks as it is
corrosive to the skin, internal organs, machinery and
equipment. Consequently, after the CBD process, the
wastewater containing ammonia becomes a serious
problem. For ecological safety and lower manufacturing
cost, every CBD residue needs to be destroyed [131]. In
the CBD process, many approaches were suggested for
reducing these undesirable effects. One of these techniques
is to recycle and reuse the resulting waste Cd material
[132,133]. The other is called ammonia-free (AF) CBD
process optimization. Ammonia or ammonia compounds
may be replaced in these approaches by other complexing
agents such as triethanolamine, ethylenediamine, sodium
citrate, ethanolamine [134,135], and nitrilotriacetic acid
[128,136]. In aqueous solutions, CdS nanoparticles have
been obtained from Cd complexes with amino acids (AAs)
[137,138]. In the CBD process, glycine was primarily used
as a complexing agent for the preparation of CdS films
[139,140]. However, such methods use buffer solutions
with ammonia compounds (NH4OH and NH.CI) [141].

Ochoa-Landin et al. [135] reported chemically
deposited CdS films prepared by an AF process for solar
cell window layers. One of the key methods is to remove
ammonia as the complexing agent. In the reaction solution,
several substances succeeded for removing ammonia for
the CdS thin film deposition. In this paper, sodium citrate
was used as a substitute for the ammonia. Particularly,
sodium citrate is an inexpensive and non-hazardous organic
compound, and is extremely suitable for chemically
deposition of CdS films. Ammonia is commonly used in
the food industry as a flavoring or food preservative and as
a popular ingredient in several beverages. Previously
published papers [142-145] highlight that the highly

crystalline CdS thin films with good uniformity and
robustness were achieved by such processes.

Ochoa-Landin et al. [135] examined the properties of
AF CBD-CdS films deposited on two conductive
substrates SnO2:F (FTO) and In,03:Sn (ITO) and applied
them for making the CdS/CdTe solar cell materials.
Authors analyzed the properties of CBD-CdS films grown
with three types on an ITO and FTO substrates (transparent
electrodes). In their work, to deposit the CdS layers, they
used the CBD process where ammonia was replaced with
sodium citrate as a complexing agent (fully or partly). The
three types of CBD-CdS films which included complexing
agents as 1) CdS X films which had partial NasCsHsO~
(sodium citrate), NHsOH (ammonium hydroxide), 2) CdS
Y films which were substituted NasCsHsO;, KOH
(potassium hydroxide) with a pH 10 borate buffer, and 3)
CdS Z films contained the similar precursors as in the CdS
Y films, with the exception of the pH 10 borate buffer. The
authors found that there was an impressive performance in
the window layers by using sodium citrate in CBD
processes.

The optical transmittance spectra of CdS films
deposited on two substrates: ITO and FTO and respective
transmission spectra are shown in Fig. 12. The average
optical transmissions were obtained to be in the range of
500 nm - 840 nm for both ITO and FTO substrates. The
FTO substrates optical transmission displayed lower values
in the spectral region than those of the ITO substrates. In
the case of higher optical transmission, the energy bandgap
values of films deposited on ITO substrates had higher
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Fig. 12. Optical transmission spectra of X, Y and Z CdS films
deposited on (a) ITO and (b) FTO conductive glass substrates.
The spectra of ITO and FTO bare substrates were included for
comparison in both graphs. Reproduced from Ref. 135.
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values than the FTO substrates, which meant a broader
range for solar cell absorption layer incident radiation. The
broader energy band distribution of CdS films on the ITO
substrate was associated with the constant crystalline lattice
[146].

Authors also determined the J-V characteristics of
CdS/CdTe thin film solar cells under the elucidation
conditions of 50 mW/cm? (Fig. 13). The Jsc and Vo values
were achieved of 11.9 mA/cm? and 570 — 630 mV range,
respectively. The respective FF values with relatively low
values of final conversion efficiency were between 50%
and 58%. Thus, it was concluded that the solar cells
fabricated with the same type of chemically deposited CdS
films exhibited better performance with ITO/glass as
compared to FTO/glass. Thus, citrate-based CB deposited
CdS films have been shown to be appropriate for window
layer applications. Cell efficiency relied on the front
transparent electrode. In the cells, ammonia and sodium
citrate employed as the complexing agents, the higher
efficiencies were achieved with the window layers of X-
CdS. Because of partial replacement of sodium citrate, this
method also offered some ecological advantage due to
reduction of ammonia. Furthermore, the quantity of Cd was
lowered to 0.56 mg/ml in the Y-CdS and Z-CdS window
layers. While Y-CdS and Z-CdS performed with lesser
efficiency in CdS/CdTe solar cells, both AF processes were
found to be very appropriate for the window layers
deposition.
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Fig. 13. Jvs V measurements under AM 1.5 illumination of X, Y
and Z solar cells deposited on (a) ITO and (b) FTO conductive
glass substrates. Reproduced from Ref. 135.

Hernandez-Borja et al. [147] reported on the CdS/PbS
film chemically deposited through an AF process. In PV
cells, CdS and PbS were used as an active layer. They used
sodium citrate to replace ammonia as the complexing
agent. Potassium hydroxide was also used as ammonia
substitute, but it did not affect essentially the efficiency of
the PV cell. During the deposition, it did not help to reduce
the use of poisonous and unsafe products, such as ammonia
and triethanolamine. Authors fabricated a novel type of
solar cell such as glass/ITO/CdS/PbS/conductive graphite.
They deposited CdS as a window and PbS as absorption
layers by the CBD technique. There were three different
complexing agents used labeled as T, X, and Y. The T-CdS
films were deposited as action solution comprising
triethanolamine CgH1sNOs, and NH4OH, for X-CdS films
used sodium citrate NazCsHsO-, instead of triethanolamine
in a coating solution NasCe¢HsO7, NH4sOH and the AF
technique for the Y-CdS films deposition containing
NasCsHs07, KOH, ammonium hydroxide NH4OH.

Some researchers have generated a very convenient
replacement of CBD processes for CdS and CdSe thin films
growth [142-144,146,148]. In the recent CdTe/CdS solar
cells’ related papers, it is found that an AF chemically
deposited CdS film as a window layer performed quite well
[135,149,150]. PbS was found as an absorbent material that
could be paired with CdS layer in different solar cells. In
1972, Watanabe and Mita [151] had already demonstrated
the epitaxial development of PbS over CdS single crystals
for applications in solar cell. The measured values of Js
and Vo under 3000 W/m? tungsten-halogen illumination
were of 0.4 mA/cm? and 400 mV, respectively. Moreover,
in 1980, Elabd and Steckl [152] also reported on the Si/PbS
heterojunction with Vo as of 8 mV and I as of 0.2 mA.
PbS is known as a thin band-gap semiconductor that shows
excellent properties among the majority of semiconductors.
PbS is another highly sensitive material with more grain
size than standard semiconductors such as Si that makes it
a better aspirant for producing nanostructured devices.
Additionally, in nanostructures such as PbS, PbSe, etc., the
impact of generation of multiple exciton was found [153]
which is very promising for applications in solar cell.

Superstrate structure is used for fabricating the
CdS/PbS solar cell showed in Fig. 14. PbS layer was
deposited at the top of the cell with the back contact as four
graphites and the ITO was used as the front contact. The
area of the solar cells was of 0.16 cm?. Usually, CdS films
has n-type conductivity without special doping, while PbS
has a p-type conductivity.

GRAPHITE

A \

Fig. 14. Structure of the CdS/PbS solar cell. Reproduced from
Ref. 147.
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Figure 15 presents the J-V characteristics of different
CdSs films in the dark. A sharp rise in current is noticed at
voltages about 0.3 V —0.4 V, which is an indication that
the barrier was of the 0.3-0.4¢eV range. Below
90 mW/cm? tungsten-halogen illuminations, observed PV
parameters for PbS/CdS solar cells are reported in Table 4.
From Table it is clear that FF of the Y- type CdS cell is
low, so there was an open field for cell optimization at the
cost of its electrical parameters. The Y-type CdS cell was
produced by the AF process. Because of the lesser FF, the
performance of the Y- type CdS cell was precisely lower
than that of the X-type CdS-based cell. However, the ratio
of FF and the Z values were the same for both cells. It
should be noted that small cell FF values could result from
the same material porosity obtained by the CBD method,
which enabled the impurities that affected electrical
properties to be easily diffused.
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Fig. 15. J-V characteristics in the dark and under illumination of
90 mwi/cm? of (a) CdS-X/PbS (b) CdS-Y/PbS, and (c) CdS-
T/PbS solar cell. Reproduced from Ref. 147.

Table 4
PV parameters observed under 90 mwW/cm?for PbS/CdS solar cells.
Reproduced from Ref. 147.

Window Parameters
layer Voo (MV)  Jec(MA/CM?) FF (%)
T-CdS 280 7.75 0.30 0.72
Y-CdS 310 12.37 0.28 1.22
X-CdS 290 14.00 0.36 1.63

As the literature suggests, Sandoval-Paz et al. [144]
also explained about the AF process. The authors reported
on the CdS films deposited by the AF CBD process. They
tried to compare the optical and structural properties of CdS
films at various deposition times obtained from two
different CBD methods. In most recent papers the CdS
films were deposited as a complexing agent by an AF CBD
process using sodium citrate [142,143]. The authors found
that an alkaline solution of CdCl,, sodium citrate and
thiourea can be used to obtain reliable and oriented CdS
films. The CdS films obtained from the AF process
displayed more similar properties and even improved

compared with the CBD process based on ammonia.
Authors analyzed a form of two varied layers:

(i) the AF reaction solution encouraged the method of
ion deposition for high refractive index and very focused
on CdSs films. This was allocated to a pure compressed CdS
layer and their optical properties were simulated by a
Kramers—Kronig consistent model. Improvement of the AF
Cds films begins with the formation after an induction
period of a dense adhere layer using an ion by ion method.
The observed layers’ thickness was reported between
57 nm — 80 nm after the deposition of 15 — 120 min. The
high refractive index validated the compactness of this
layer, measured the AF CdS film which was deposited for
15 min.

(ii) the addition of ammonia and increasing amounts of
Cd and S in the ammonia-containing (AC) reaction solution
altered kinetic growth and resulted in faster colloid
formation leading to cluster deposition. It was based on
effective estimation of the Bruggeman medium. The
flexible layer developed in the layer structure of AC CdS
films since the very starting of the CBD process. This was
the result of rapid colloid creation encouraged in the
reaction solution by the changed chemical conditions. The
lowest refractive index and the highest voids of the film
were the outcomes of the process of cluster by cluster
deposition for 15 min. Moreover, at this point, the film
development was not defined as a favored crystalline
orientation. In this case, the films were composed of a
porous layer. It was observed that the crystalline orientation
and refractive index were not as high as in the AF case. So,
by this phenomenon, it is justified that AF CdS is much
better than the AC CdS films as better and reliable window
layers for the solar cells.

2.5. Enhancement of the window layer property

In conventional CdTe PV cells, CdS film is used as a
heterojunction partner and a window layer material,
because of its various advantages such as its high
transparency, direct bandgap transition, high electron
affinity, and n-type conductivity [154,155]. Since the
energy range for solar irradiance is between 1.4 eV and
3 eV, the CdS bandgap (2.42 eV) is comparatively low,
relative to this range. [156]. The photons can be absorbed
with energy greater than 2.42 eV through the Cds layer,
although the I1I-VI semiconductor compounds have
absorption effectiveness up to 104-10° cm™. Photons with
higher energies are absorbed on that plane where the
recombination is considerable and depletion region is
distant which makes a small contribution to the
photocurrent [157].

As a window material, CdS is a highly recommended
material because of its energy bandgap can be adjusted
appropriately [158,159]. This acquires many fundamental
qualities, such as moderate thickness, comparatively high
transparency, increased photoconductivity and decreased
loss of electric solar cells [160]. In CdS/CdTe thin film
solar cell, CdS (as a window layer) plays a very essential
role by following spectral response. It also works for the
CdTe layer crystallinity and it felicitates the creation of
broad energy bandgap ternary crystal layers near the
interface of CdS-CdTe [161-163]. To enhance the
performance of CdTe solar cells, there should be
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established more appropriate window layer material. As it
is known, energy bandgap value of CdS is of 2.4 eV and
when the Zn (bandgap of 3.7 eV) incorporated into the
CdS, it enhances the property of the material by making the
ternary alloy [(Cd-Zn)S]. (Cd-Zn)S film with a larger
bandgap absorbs a wider portion of the solar spectrum.
Thus, it helps to circumvent the losses in window
absorption and the lattice mismatch in a solar absorber
layer [164,165]. The incorporation of Zn into CdS helps to
improve the material's diffusion length and resistivity
offering an optical window for an efficient heterojunction
structure production [161].

Kartopu et al. [166] analyzed the effect of the ternary
alloy (CdznS) as a window layer in Cd1xZnxS/CdTe solar
cells. With the aim to improve the efficiency of CdS/CdTe
solar cells, even with the risk of increased pin-hole defects
and shunting, CdS layer thinning was applied by the author.
Their unconventional approach by forming the
compositions of CdixZnkS was to broaden the energy
bandgap of the layer (window layer) so that it could permit
higher energy photons to arrive at the next layer (absorber
layer), thus improving the photocurrent. Authors observed
a continual increase in the photocurrent generation in the
blue to near ultra-violet (UV) region by the normalized
external quantum efficiency spectra (EQE spectra).

Brooks et al. [167] also analyzed the role of the window
layer in CdixZnxS/CdTe PV device. There are various
literatures that have already reported on the (CdZnS)
window layers in solar cell devices [164,168-171]. In
comparison between CdixZnsS/CdTe against CdS/CdTe
PV devices, due to the wider bandgap of ternary alloy, the
increased blue response highlighted its advantage greater
than the traditional CdS window layer in measurement
spectra of EQE shown in Fig 16. A reverse reaction was
observed in LBIC measurements when the authors
compared 405 nm, over the similar region at 658 nm and
810 nm.
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Fig. 16. EQE spectra of 240 nm Cd;4Zn,S/2 mm CdTe and
240 nm CdS/2 mm CdTe devices and LBIC wavelengths used.
Reproduced from Ref. 167.

The incident laser wavelengths were chosen for
investigating varied SR of the full Cd;-«ZnxS/CdTe device.
The IR laser was chosen to create photocurrent in the
absorber layer and close to the bandgap of CdTe as shown
in Figs. 16 and 17. Due to the absorption of the window
layer and sensitivity to the window layer thickness, the
EQE response was weak at approximately 45 nm under the
Cd1-xZnyS band edge (A = 405 nm). It is observed that both
wavelengths (A = 658 nm and 810 nm) were extremely

translucent in the CdixZn.S layer (window layer) and
absorbent in the CdTe layer (absorber layer).

A =658nm 2.=810nm

»=405nm

Glass

ITO

Fig. 17. lllustration of calculated photon penetration depth d, into
CdTe absorber layer for 3 wavelengths. Reproduced from
Ref. 167.

Authors used a triple wavelength LBIC (laser beam
induced current) mechanism to evaluate the CdixZnyS
distribution of thickness and to find out the impact of Cd1.
xZnyS on efficiency and output current. They examined a
sequence of devices where the thickness of Cdi.xZnS
ranged from 50 nm to 300 nm and showed a linear
association between concentration of 300 nm Cdi.xZnyS
and Vo (Table 5). Followed by a maximum short
wavelength reaction, a decrease at longer wavelengths was
defined as a localized fall in Vo due to a rise in the current
of inverse saturation and a decreased lifetime of the
minority carrier. It is shown that differences in overall cell
conversion efficiencies depend on both Ve and Rsh,
although V. is effectively dependent on the thickness and
distribution of Cd1.xZn«S. Vo exhibited a linear dependence
on a 300 nm thick Cd1.xZnyS surface coverage. Here, Rsh
trend was observed to be independent of these recognized
defects and associated with a more complicated clustering
of slighter defects.

Table 5
J-V results from devices (1-5). All results measured over full 5x5 cm?
contact areas. Reproduced from Ref. 167.
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In the less efficient devices, a non-uniform pinhole
transmission accounts for low value of Rs, and would not
link to the rate of large recombination in the absorber layer
of CdTe of minority charge carriers, so as linked to thin
Cd1xZnyS window layer areas. The authors observed that
highly efficient cells (> 10%) showed enhanced uniformity
on photoresponse at all incident wavelengths. Here, a
homogeneous Cdi«xZnkS film thickness was associated
with greater efficient devices where localized 'spikes'
remain at A = 405 nm, showing places of pinholes with a



D. Lilhare et al. / Opto-Electronics Review 28 (2020) 43-64 57

diameter of 100 mm in the window layer of CdixZnsS. In
an association between Vo and the thicker window layers
coverage indicated that the using very thin window layers
of Cd1xZn«S in these devices would result in a punishment.
Though, it is possible to use thicker window layers of Cd;-
xZNkS without reducing Jsc with the shorter wavelength
transmission of Cd1.xZnyS.

Werta et al. [172] also explained the effect on the
window layer by adding Zn into the CdS. They worked in
three types of cathodic voltages (i) 1695 mV (ii) 1700 mV
and (iii) 1705 mV. As the Zn was integrated into the CdS
for making CdixZnS alloy, the energy bandgap
progressively increased from 2.42 eV to 2.51 eV with the
increasing voltage. This has demonstrated the suitability of
the Cd1-xZnxS film as a window layer material in solar
cells relative to the CdS film. Zn was considered to have a
normal reduction potential of -760 mV and Cd has a
reduction potential of -403 mV lower than Zn. In the
reported paper, the CdixZnyxS film (where x = 0.98) was the
Cd-rich at 1695 mV (low voltage deposition). On the other
hand, more Zn was progressively integrated into the film
with increasing voltages from 1700 mV and 1705 mV.
Concurrently, the overall rate of deposition was decreased
with a reduction in intensity of the diffraction peaks as
shown in Fig. 18.
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Fig. 18. GIXRD patterns of Cd;.xZn,S thin flms electrodeposited
at a cathodic voltage of 1695 mV, 1700 mV and 1705 mV.
Reproduced from Ref. 172.

The transmittance spectra of the Cdi«ZnyS thin films
also explained the effect of Zn incorporation as shown in
Fig. 19. With the increase in deposition voltage, Authors
observed a considerable change in the transmittance,
because of the integration of more Zn into the CdS film.
Conversely, the absorbance spectral value decreased with
an increase in deposition voltage. When the deposition
voltage was increased, the thickness of the CdixZnyS thin
film decreased. Due to this fact, the film became less
absorbing and highly transmitive. With the superiority of
high transmitivity, Cdi.xZnxS became more suitable and
beneficial for solar cells as a window layer material instead
of CdS.
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Fig. 19. Transmittance spectra of Cdi.Zn,S thin films as a
function of deposition voltage. Reproduced from Ref. 172.

The authors observed two main features as the
deposition voltage increased: (i) reduction in rate of
deposition and (ii) integration of more Zn atoms. It is also
reported that the energy bandgap increased with increasing
deposition voltage resulting in the contribution of these two
features. It is also well known that the bandgap of
semiconductor materials is appreciably influenced by the
films’ thickness. Therefore, with an increase in deposition
voltage, the increase in bandgap might be because of the
reduction in the films’ thickness. Authors demonstrated the
association between the energy bandgap, voltage and
incorporated Zn amount into the film as shown in Fig. 20.
As explained earlier, the increase in deposition voltage
incorporated Zn amount into the Cd1.xZnyS film increased
and in the same way the energy bandgap of the films also
increased. This showed the influence of the deposition
voltage into the chemical and physical properties of the
CdixZnyS thin films prepared by electrodeposition
technique. This implies the significance of the materials as
the window layer for the solar cell.
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Fig. 20. Relative atomic fraction of Zn and energy bandgap (Eg)
of Cdi;xZn,S thin films as a function of growth voltage.
Reproduced from Ref. 172.
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3. Future Scopes

From the above discussion, it is proved how important
CdS is as a window layer and how much its corresponding
aspects for improving the window layer are also very useful
for PV cells. A thickness reduction of the active layer of
CdS/CdTe thin film solar cells is one of the most essential
requirements for reducing production costs and harmful
influence of Cd toxicity. With the reduction in thickness,
most of the photon energy will pass speedily and move to
the absorber layer. Thus, much amount of photo-generation
will occur. The presence of an HRT layer profoundly
improves the quality of a thin CdS diode. A buffer or HRT
layer decreases the thickness of the critical CdS and
reduces the level of Vo . Light-dark mixing occurs in the
devices as the CdS thickness decreases and becomes more
pronounced with lower V. . Under the solar illumination,
CdTe solar cells are often degraded. Moreover, there is no
proof of the mechanism of degradation due to its consistent
appearance. To avoid this degradation of cells and get a
reliable and reproducible efficiency, diffusion of Cu (from
the back contact) into the CdS layer has to be under control.
The following aspects are suggested to keep away the
degradation: CdTe composition should be stochiometry
and in case of any probability of vacancy, any defect in
CdTe should be suppressed. For the device degradation:
improvements to the CdTe/CdS interface often play a
major role in addition to the back contact. Solar cells
exposed to environmental conditions are also degraded,
since the semiconductors and metal contacts used in the
solar cell are oxidized and degraded. Inter-diffusion of the
materials or accumulation of the ions at the junction (space
charge region) or back contact also can cause degradation.
Local environmental factors may also affect the worsening
of PV parameters. Nano-wire acquires unique electronic
and optical properties. Because of the large potential
energy conversion efficiency and optical advantages, nano-
wires are useful in the fabrication of PV devices. With the
help of optical studies, it is evidenced that the CdS NWs
arrays are shown to have appreciably greater transmittance
for low-energy photons and their energy bandgap value
changes to 3.5eV. An improved transmission in PV
devices through the window layer of the NWs array could
results in a gain of about 20.6 % in the current provided by
light. Additionally, it can be predicted that the CdS NW
configuration would produce a gain of about 10.2 % in Vo
where interface recombination is the primary mechanism
for electrons’ transportation across the window/absorber
junction. In the development of various PV systems, the
production cost is also the most important factor. It
includes material and technology costs, as well as energy
consumption in various technological processes.
Maintaining the ecological balance is important so that
clean energy and clean technology are needed to support
the devices. Thus, all the above requirements should be
referred to the optimization of ammonia-free CBD
processes. In these approaches ammonia or ammonia
compounds can be substituted by other complexing agents,
such as ethylenediamine, ethanolamine, triethanolamine,
sodium citrate, and nitrilotriacetic acid. To improve the
CdTe solar cells’ performance, it is advised to use a wider
bandgap material so that photons can easily transmit. There
should be established a more appropriate window layer

material. When Zn is incorporated into CdS, it enhances
property of the material by making the ternary alloy [(Cd-
Zn)S]. (Cd-zn)S film with larger bandgap absorbs a wider
portion of the solar spectrum so that it helps to avoid the
window absorption losses and the lattice mismatch in a
solar absorber layer. Incorporating Zn into CdS helps
increase the material's resistivity and diffusion length, and
also provides an optical window for manufacturing of
heterojunction structure.
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