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Abstract: Cadmium chloride treatment is a key processing step identified in the late 1970s
to drastically improve the solar to electric conversion efficiency of CdS/CdTe thin film
solar cells. Although a large body of experimental results are available to date, this process
is yet to be understood even after three decades of research. This paper reviews the
experimental results available, presents some new clues leading to improved understanding
and suggests key research areas necessary to fully understand this crucial processing step.
Improved understanding will lead to further increase in conversion efficiency of CdS/CdTe
solar cells well beyond 20%.
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1. Introduction

Cadmium telluride (CdTe)-based thin film solar cells have attracted worldwide research attention
over the past three decades, in order to develop low-cost and high efficiency solar panels suitable for
photovoltaic (PV) solar energy conversion. This work has resulted in ~17.0%-20.4% lab-scale
efficiency [1-5] with 16.1% module efficiency [6], and First Solar Company in the US, is currently
leading the PV manufacturing of thin film CdTe solar panels. In CdTe solar cell research and
development programme, “CdCl, treatment” is a key step for a drastic improvement of the solar to
electric conversion efficiency. This treatment has been known to the scientific community since 1976 [7]
and subsequently, this processing step has been used by numerous research groups by modifying its



Coatings 2014, 4 283

method of application. The treatment consists of growth or post-growth heat treatment of CdTe layers
in the presence of CdCl, or halogens (mostly, chlorine, and fluorine) molecules, atoms or ions.
Post-growth heat treatment is usually carried out at temperatures in the range 350450 °C for 60—20 min
duration under atmospheric conditions. This treatment drastically enhances the solar cell efficiency
from about 1%—-5% for as-grown materials to double-digit figures for CdCl,-treated materials. This is
almost an order of magnitude increase in conversion efficiency. Although a huge research effort has
been made to understand the science behind this processing step, this goal has not yet been fully
achieved. For this reason, some of the scientific publications in the literature label this crucial step as
an “empirical magic production step” [8]. This article attempts to contribute towards the understanding
of this processing step by reviewing the published work and combining it with emerging new
observations. Proper understanding will lead to breaking the stagnation in efficiency improvement
over the past two decades, help in enhancing the current efficiencies further, as well as help in
reducing the $W ™' figure for CdTe-based thin film solar panels.

Sections 2 and 3 of this paper review the results already reported in the literature and present new
emerging experimental evidence on this processing step. Section 4 critically discusses and analyses the
wealth of knowledge already available on this processing step. Finally, Section 5 suggests further key
experiments most relevant to probing and unravelling the secrets behind this processing step.

2. Summary of Reported Results

The CdCl, treatment is usually applied for thin film CdTe layers grown by any large area deposition
method (vacuum evaporation, sputtering, close space sublimation, electrodeposition, and screen printing)
before fabricating photovoltaic (PV) solar cells. CdTe-based thin film solar cell has the basic structure
of glass/TCO/CdS/CdTe/electrical contact, with CdS and CdTe as the two basic semiconducting
layers. Some groups have reported 10—50 nm as the optimum CdS thickness for the best devices [9]
while others have used CdS layers with thickness up to 1-2 um [10,11]. The thickness of CdTe layer
varies from 1.5 um to ~8.0 um [11,12]. The transparent conducting oxides (TCO) frequently used are
indium tin oxide (ITO) and fluorine-doped tin oxide (FTO). Thickness of the TCO layers vary in the
range of 200400 nm with high transparency and low sheet resistance in the range 7-15 Q/0O. The
usual practice of CdCl, treatment is to spread a saturated solution or suspension of CdCl, in water or
methanol on CdTe surface, allow the solvent to evaporate and then heat-treat the structure at high
temperatures up to 450 °C for a selected period of time in air atmosphere. White CdCl, powder is
clearly visible on the dark surface of CdTe after this process. Some groups have alternatively deposited
a layer of CdCl, by methods such as vacuum evaporation and laser ablation for the treatment of both
CdS and CdTe layers [12—-18]. In the case of electrodeposition, addition of CdCl, into the electrolytic
bath is another method of CdCl, treatment [19]. Recently, researchers started to use Freon gas
(HCCIF,) for post-growth annealing treatment of CdTe thin films produced by vacuum evaporation
methods, such as closed space sublimation (CSS) [20]. In this method, halogen (Cl and F) molecules,
atoms, or ions are present at the CdTe/gas interface during the heat treatment of CdTe layer at high
temperatures (up to ~650 € ). This method produces solar cells with efficiencies ~16% and allows
scaling up with consistent results. The following sections briefly summarise various conclusions made
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by different research groups on this CdCl, treatment and Section 4 critically discusses the consequences
of these observations on device performance.

2.1. Recrystallisation and Grain Growth

The most common analytical methods used to study both as-grown and CdCl,-treated CdTe layers
for comparison are X-ray diffraction (XRD), scanning electron microscopy (SEM), and atomic force
microscopy (AFM). Numerous reports [21-26] conclude that the XRD peaks observed show
recrystallisation and grain growth after CdCl, treatment. Heat treatment alone, without CdCl,, also
shows this trend, but the presence of CdCl, enhances the recrystallisation. This observation is widely
accepted for CdTe layers consisting of small grains before post-deposition heat treatment. SEM and
AFM work on both as-grown and CdCl,-treated CdTe layers also complement this conclusion [21-25].

Many research articles have reported the existence of (111) preferred orientation for low
temperature-grown CdTe layers and the increase in peak intensity with CdCl, treatment. However,
some research groups have reported that as-grown CdTe layers have (111) preferred orientation but
after CdCl, treatment, the intensity of the (111) peak reduces and the other two peaks (220) and (311)
become visible and the material therefore loses the preferential orientation along the (111) plane and
becomes poly-crystalline [20—27]. There are also reports concluding that there is no grain growth if the
starting CdTe layer has large grains [9]. These layers are typically grown by high-temperature CSS
method and the grains lock-up in their structure without showing any further grain growth. However,
during CdCl,-treatment, smaller grains disappear and regenerated grains are observed [18]. In both
cases, whether there is grain growth or not, the CdCl, treatment leads to a considerable enhancement
of device efficiency.

Recent research reported in 2011 by Kim et al. [28] shows that this group has carried out
comprehensive work to clarify this recrystallisation during CdCl, treatment. They have carried out a
large number of time-resolved high temperature X-ray diffraction in sifu as a function of both
temperature, and duration of annealing at a constant temperature to record and map the peaks for a
thorough investigation. These results clearly show that the material layers crystallise between 300 °C
and 385 °C, in the (111) preferred orientation. However, heat treatment after 385 °C drastically
reduces the (111) peak intensity and the other two peaks (220) and (311) grow in intensity rapidly. The
authors confirmed that after ~385 °C, the crystal structure transforms into random orientations
showing re-organisation of the grains. This work also concluded that the rearrangement of grains is
due to Cl diffusion into CdTe.

This particular report [28] explains and clarifies the differing reports present in the literature on the
CdTe grains orientation. If the growth temperature or annealing temperature is below the transition at
~385 °C, (111) preferred orientation is dominant, but the intensity of (111) collapses and the intensities
of (220) and (311) peaks increase showing the re-orientation of grains if the annealing temperature
passes this transition temperature of ~385 °C. As discussed in Section 2.1, the materials grown or
heat-treated at temperatures below 385 °C show a strong preferential orientation along (111) direction
with only very small detectable two peaks from (220) and (311) planes. When grown or heat-treated at
temperatures above 385 °C, the layers show all three peaks in their XRD patterns with comparable
intensities. It is highly relevant to explore whether the (111) oriented CdTe or the randomly oriented
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CdTe films produce the highest efficiency values. These structure and device property relationships are
essential to research in the future.

2.2. Interactions at CdS/CdTe Interface

There are also reports [10,13,17,24] published using analytical techniques, such as X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, photoluminescence (PL), cathodoluminescense (CL), efc.,
in order to investigate the changes happening at the CdS/CdTe hetero-junction during CdCl, treatment.
These studies conclude that the CdCl, treatment enhances the in- and out-diffusion of semiconductor
constituent atoms (S and Te) and, therefore, intermixing at the interface. The production of a ternary
compound (CdS,Te;—,), and creation of a graded bandgap structure instead of an abrupt-interface is
beneficial in device performance. Removal of lattice mismatch, stress, and surface states are the main
advantages of this interface reaction that lead to the improvement of device performance.

It should also be noted that there is a publication reporting that CdCl, treatment does not
significantly affect the intermixing at the CdS/CdTe interface even at treatment temperatures up to
460 € [14]. These researchers however suggest that the electronic properties of the layers are affected
and improved during CdCl, treatment.

2.3. Increase in Surface Roughness

Some research groups have also used the 2D-AFM technique for comparing surface roughness of
the CdTe surfaces before and after CdCl, treatment [19,22,23]. Results reported show that the surface
roughness increases after CdCl, treatment. These observations agree well with recrystallisation and
grain growth as described in Section 2.1. Reported results also indicate that CdTe grows as columns in
thin films [29] and this nature, together with recrystallisation, produces large grains comparable to the
thickness of CdTe layers. As a result of the columnar growth and recrystallisation, the surface
roughness of thin films increases with CdCl, treatment. This surface roughness could create
discontinuities in the back metal contact if the contacting metal layer thickness is less than the surface
roughness of CdTe surface. This disadvantage can be removed by using thicker back electrical
contacts in device fabrication.

2.4. Enhancement of Lifetime of Charge Carriers

Thoughtful experiments such as PL have been carried out in order to explore changes in lifetime of
charge carriers in CdTe before and after CdCl, treatment [13,22]. For high efficiency solar cells, long
lifetime of photo-generated charge carriers are desirable in order to separate and transfer charge
carriers towards electrical contacts before their recombination. Reported results indeed show that increase
of lifetime of charge carriers in CdTe depends on post-growth annealing steps. Metzger et al. [13] reported
the carrier lifetime of 50-300 ps for as-grown CdTe layers, and 700—-1000 ps for CdTe grown on
FTO/CdS and treated with CdCl,. This work clearly shows the benefits of the presence of CdS and
CdCl; treatment, and 700—1000 ps is the typical lifetime range of charge carriers in CdTe material used
for high efficiency devices. Experimental results in this area are scarce and therefore these measurements
are useful in understanding the effect of CdCl, treatment in CdS/CdTe solar cell development.



Coatings 2014, 4 286

2.5. Change of Electrical Conductivity and Doping Concentration

Investigation of changes in electrical conductivity of CdTe before and after CdCl, treatment is a crucial
step towards understanding this processing step. Several groups have reported these results but there are no
consistent conclusions [30,31]. Some groups reported increase of electrical conduction [30,31], but the
most important parameter, which is the electrical conduction after CdCl, treatment, has not been
systematically studied and reported. A Group VII element, Cl, is a well-known n-type dopant in CdTe
when Cl dopants replace Te atoms in ppm levels [32,33]. However, Cl also seems to be a p-type
dopant when Cl makes complexes with currently un-known native defects in CdTe. This needs careful
investigation in order to understand the CdCl, treatment. In addition to the above complication, there is
another basic drawback in these research activities. CdTe is a material that can exist in p-type, i-type
or n-type conduction modes depending on the material composition and external dopants added [31-33].
Te-rich CdTe layers act as p-type and Cd-rich CdTe layers act as n-type materials (see Section 3.1).
Unfortunately, many research carried out in the past have ignored to experimentally find out the
electrical conduction type of the starting CdTe layer. Most of the discussions of experimental results
were based on an assumed p-type electrical conduction of the starting CdTe layer, and this assumption
is the main reason for this confusion. Addition of an n-type dopant (CI) to CdTe could show different
results depending on the initial electrical conduction type of the starting material. The electrical
conduction increases if the starting material is n-type and decreases due to self-compensation if the
starting material is p-type, when CI behaves as a shallow donor. When chlorine makes complexes with
native defects, acting as a p-dopant, the situation becomes more complex. This area is therefore
extremely important, and invokes systematic and comprehensive research, in order to understand the
effect of CdCl, treatment on CdTe thin films.

2.6. Passivation of Grain Boundaries

CdTe thin films are poly-crystalline and the grain size depends on the growth method, substrate
used and growth temperature during deposition. For example, most common high temperature
techniques, such as CSS, produce large grains, and low-temperature methods, such as electroplating,
sputtering, and vacuum evaporation, produce comparatively small grains. In all cases, CdTe is known
to show columnar growth leaving large amounts of grain boundaries in the layer [29]. Most recent
3D-AFM results [25,34,35] show that both CdS and CdTe layers grown by electroplating exhibit
tightly packed, rod-type grains. In this situation, a large number of grain boundaries perpendicular to
the substrate exist in large densities, and Cl and O diffusion along these easy diffusion paths could take
place during CdCl, treatment in air. Therefore, the surface passivation and doping effects at grain
boundaries are extremely important to explore and understand. The techniques, such as electron beam
induced current (EBIC), are of paramount importance in this research to investigate the current
collection patterns during PV process.

It is important to note that the application of CdCl, on CdTe layer and subsequent heat treatment
should be carried out in the presence of oxygen in order to achieve highest efficiencies [15]. This can
be achieved by using normal atmospheric conditions, exposing to O, ambient, or in the case of CdTe
growth in a vacuum chamber, inserting halogen containing gas, such as Freon and O, gas mixture, to
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the chamber during the growth. Removal of O, environment leads to formation of comparatively poor
devices. Therefore, the inclusion of oxygen in the device structure has a very important role together
with CdCl, treatment [36]. In order to simplify the CdCl, treatment, researchers have used vapours of
CdCl, or HCI during growth of CdTe in the CSS process. However, although Cl was present, the
devices produced in the absence of oxygen show poor performance mainly due to low FF values [36].
It seems therefore, that there are two helpful effects arising from oxygen and halogens (Cl and F),
which lead to the improvement of CdS/CdTe solar cells. These effects need to be fully explored and
identified through careful experimentation in order to improve our understanding.

A report of comprehensive CL studies [14] on CSS-CdTe layers show that after CdCl, treatment,
small grains and the periphery of large grains are dominated by p-type doping, whereas the centres of
large grains are dominated by n-type doping. This is an interesting experimental observation. However,
in the same report, the assumption of CSS-CdTe as p-type material contradicts the n-type nature of the
centres of large grains. This highlights the necessity of experimentally finding the electrical conduction
type of CdTe layers, instead of assuming, in order to draw definite and accurate conclusions.

2.7. Defects in CdS and CdTe Layers

The defects present in the two material layers (CdS and CdTe) and at their interfaces are of
paramount importance in determining the final device performance. These defects can act as
recombination centres during PV process and reduce device parameters drastically. The interface states
could pin the Fermi level, and fix the potential barrier present, thereby strongly affecting the open
circuit voltage and other parameters in thin film solar cells [2,37]. In order to determine the defects in
CdCl,-treated and untreated device structures, the techniques like PL [13,17], DLTS [15], CL [14,20],
and photo-capacitance [24] have been carried out. The CL studies show that there is a formation of
defect level just above the valence band (see Figure 2 in Section 3.2), converting the material towards
p-type electrical conduction [20]. The use of different techniques shows the presence of numerous
defects in CdTe [33,37-39] and the device structure, but it is difficult to confirm which defect is
dominant in controlling the electrical properties of the completed device. Electrical contact work, such
as Schottky barrier height measurements using the I-V technique [2], are more relevant, and should be
used to determine the electrically dominant defect levels in these solar cell device structures.

In addition to these intrinsic or native defects within the materials, extrinsic defects, such as
pinholes, are also important in device fabrication. These are discussed in the next section under
interface morphology.

2.8. Interface Morphology

The thickness of the thinnest CdS/CdTe solar cell is ~1.5 um and therefore the surface and interface
morphologies play very important roles. A clear understanding of the growth modes of CdS and CdTe
layers is essential in this device development programme. Electronic material layers usually grow in
three different modes; layer-by-layer growth mode, layer and cluster growth (Stransky-Krastanov
growth) mode and cluster formation growth mode. For thin film development programmes, the most
desired growth mode is the layer-by-layer growth mechanism. Otherwise the expected PV active
planar junctions are not formed and the devices will be short-circuited via pinholes and gaps
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in-between the material grains. The use of TCOs with surface roughness comparable to the thickness
of CdS (~100 nm) complicates the matter further.

Most of the analytical techniques used in the past to study the morphology of CdS and CdTe layers
are two-dimensional SEM and AFM. These techniques allow us to observe the top surfaces, and SEM
cross-section studies also provide information on the nature of grain growth, with some limitations.
Over the past two to three decades, 80—100 nm-thick CdS layers prepared by chemical bath deposition
(CBD-CdS) have been used and identified as collection of nanoparticles with diameters varying from
~10 to 50 nm [9].

A few microns-thick CdTe layers have been identified as micron-size large grains showing
columnar-type growth pattern [29]. These grain sizes vary depending on the growth technique used, as
expected, from 14 different possible growth methods identified for CdTe [9]. Although the growth
techniques are very different, the most striking feature is that the CdTe materials grown by all these
different methods produce over 10% efficiency only after CdCl, treatment.

The most commonly used CdS layer is normally grown by CBD method, but different growth
techniques have been used for CdTe growth and the grain sizes are very different. Therefore, the
surface and interface morphologies must be different for as-grown CdTe materials, with numerous
leakage paths. The CdCl, treatment in the presence of O, seems to drastically change these morphologies
in order to reduce leakage paths and increase the performance of this device.

2.9. Te Precipitation in CdTe

Review of a large body of CdTe growth techniques reveals that Te precipitation in CdTe is a
common issue [40—42]. Even melt-growth technique for growing bulk CdTe, show severe precipitation
of Te in CdTe crystals. It seems that the kinetics of CdTe material formation has this inherent property,
and this has been confirmed by heat-treating these CdTe materials in Cd and Cl environment [40—42]
by numerous researchers in the past during development of high resistivity CdTe for X-ray and y-ray
detectors. There is also excellent work showing that these Te precipitates are completely removed
when these CdTe crystals are grown or treated in the presence of Cd or Cl [41]. The CdTe PV
researchers need to use these findings in order to fully understand the CdCl, treatment.

If it is the nature of Te to precipitate in CdTe, excess Te must be present in most of the CdTe thin
films grown by many methods. This is a good reason for producing p-type CdTe most of the time
(see Section 3.1), and a CdCl, top layer provides excess Cd during the CdCl, treatment. Then, in
addition to all changes happening due to the effect of Cl and O, the presence of Cd also converts
excess or precipitated Te into useful CdTe in the layer. This also contributes to the improvement of the
composition or stoichiometry, crystallinity of CdTe, grain growth etc. thus leading to improvement of
observed XRD peaks. In the case of electrodeposition, Te is the easy element to discharge and deposit
on the cathode and therefore the layers can contain excess Te or Te precipitates. Precipitated Te may
cause Te-related XRD peaks due to their local crystallisation, but if the excess Te is uniformly dispersed
in the CdTe layer in the amorphous phase, XRD will not reveal the presence of excess Te in the CdTe
films, but will show a drastic effect on electrical properties of devices made out of this material.
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The possible reduction of excess Te during CdCl, treatment, and improvement of the stoichiometry
of CdTe is not explored or discussed in the PV research arena. This is a key issue in CdTe thin films
and should be investigated extensively and thoroughly in order to understand CdCl, treatment.

2.10. Impurity Incorporation in Devices via CdCl,

Impurity analysis has also been carried out using secondary ion mass spectroscopy (SIMS)
profiling [43] in order to study the CdCl, treatment. Although SIMS is a well-established analytical
tool, the practical issue is to decide which impurity to study and how to quantify these impurities
present from the profiles. However, the most important finding from SIMS profiling is that Cl and O
are present in both CdS and CdTe layers at very high concentrations. The presence of Cl at 10" cm™
levels and O at 10" cm™ levels in CdTe, with ~10*' cm™ levels in CdS [43] has been reported.
Therefore the most important three elements to consider are Cd, Cl and O. These results then guide us
to understand what the effects of Cd, CI and O in large quantities are in these device structures.

It is also important to examine the impurities present in CdCl, used in this treatment for device
development. These impurities could be incorporated in the device during CdCl, treatment and then
influence the device performance. This work has been carried out using inductively coupled plasma
mass spectroscopy (ICPMS) [44] for six different batches of CdCl, available in the market. ICPMS is
a technique capable of detecting a large number of elements simultaneously, at ppb and ppm levels.
This research [44] has shown that the impurity levels vary for different batches, and both potential
n-type and p-type dopants are present in the commercially available CdCl, at ppm and ppb levels. The
use of ICPMS results in semiconductor research is practically difficult and makes it difficult to draw
any firm conclusions due to the large number of elements it provides. The fact that CdCl, treatment
carried out in different laboratories using these six batches available in the market, produces similar
positive results on CdTe solar cells, indicates to us that the impurities presence in CdCl, in ppm and
ppb level have no significant effect on device performance. Therefore, this directs us to concentrate
only on the effects created by the three elements; Cd, Cl and O, in large quantities of approximately
percentage level concentrations. Therefore the future research should concentrate on the effect of these
three main elements rather than impurities present in ppm and ppb levels in CdCl..

3. Relevant Key Observations

In this section, key observations providing new clues for understanding the CdCl, treatment are
summarised. Some of the experimental evidence is from published work, but majority of the new
evidence presented here are unpublished new results from the author’s group.

3.1. Ease of Growing Both n-Type and p-Type CdTe

The author’s group explores electrodeposition of semiconductors in details and it has been
experimentally observed that both n-, i-, and p-type CdTe layers can be grown simply by varying the
growth voltage [25,45]. A typical electrodeposition bath contains high concentration of Cd ions
(0.5-1.5 M CdSO4) and low concentration of Te ions, together with 1000 ppm level of Cl.
Electrodeposition has been carried out using a two-electrode system, and simply by changing growth
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voltage, p-type, i-type and n-type CdTe layers can be produced [25]. Figure 1 shows the variation of
photoelectrochemical (PEC) signal for CdTe layers as a function of growth voltage. PEC signal is the
open circuit voltage created at the solid/liquid (CdTe/Na,S,03; aqueous solution) junction and is used
to determine the electrical conduction type of a semiconducting layer. At low cathodic voltages
(V' < Vi—see Figure 1), the CdTe layers are Te-rich and p-type in electrical conduction. At higher
cathodic voltages (V > V;), the layers are rich in Cd and therefore n-type in electrical conduction. At
the transition voltage V;, the layer is stoichiometric, resistive and shows the highest crystallinity. These
observations therefore strongly indicate the ease of production of CdTe in both n-type and p-type
simply by changing the material composition. This also highlights the necessity of knowing the
electrical conductivity type of CdTe before fabricating solar cells, in order to critically analyse
experimental results and draw the right conclusions. Any growth technique could vary the Cd:Te ratio
during the growth process simply by slight changes in growth parameters, and hence easily convert its
electrical conduction type. This could create a huge confusion in interpretation of final results as it is
now becoming clear from the reported results and new findings.

Figure 1. Photoelectrochemical (PEC) signal as a function of electrodeposition voltage for
ED-CdTe layers grown in the vicinity of the stoichiometry point (V;). Note the possible
transition from p-type to n-type, due to Te-richness and Cd-richness. Most possible native
defects within CdTe layers are also given in the two regions [25].

41 p-type CdTe
Te-richness ¢—
Vg, Te;, Teqy, ete.

n-type CdTe
— Cd-richness
V1., Cd;, Cdy, etc.

S
E 1
©
& Growth Voltage (V)
an O T T T 1
Q 1570 1.572 1.574 1.97 1.578 1.580
[- %
_1 4 |
|
|
-2 - |
3 Vi

The literature is rich in publications reporting the growth of both n-type and p-type
CdTe [25,29,45]. As shown in Figure 1, the material can be converted into p- or n-type easily by
changing the growth voltage by a few millivolts. Therefore, the defect distribution in CdTe can vary
drastically by changing growth conditions. As shown in Figure 1, the materials grown at V; have 50:50
(Cd:Te) stoichiometry, highest crystallinity and the lowest electrical conductivity. Cd-rich materials
grown at cathodic voltages greater than V; have defects of Ve, Cdi, Cdre., efc., and Te-rich materials
grown at cathodic voltages less than V; have defects of Vg, Tei, Tecq, etc. Heat treatment of materials
grown in the vicinity of Vj can be converted from p to n and from n to p as demonstrated later in
Figures 4-6.
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3.2. p-Type Doping by Chlorine Complexes

Recent cathodoluminescence (CL) results reported by Mazzamuto et al. [20] is worth discussing in
detail, and these results are shown in Figure 2. The results were recorded for different CSS-CdTe
layers grown, as a function of pressure of Freon gas inserted into the chamber during post-growth
annealing process. The peak at 1.57 eV shows the band edge emission and the increase of CL peak at
1.40 eV is the most interesting. This peak grows as the concentration of Cl and F (halogens) increased
in the annealing chamber. This means that these halogens introduce a defect or doping level very close
to the valence band maximum making the material p-type. This is a key experimental observation to
conclude that increased halogen concentration makes CdTe p-type. The presence of this peak at ~1.40 eV
has been observed by few other research groups using PL and CL measurements [13,17,46].

Most of the researchers believe this to be a complex between V¢4 and Cl or F, but this seems to be
another assumption in the PV field needing careful attention and rectification in order to understand
this key processing step. This will be discussed in details in a later section of this paper.

Figure 2. Comparison of CL spectra acquired for (a) un-treated CSS-CdTe and treated
CSS-CdTe in 400 mbar Ar, and HCF,Cl (Freon) atmosphere for 10 min using (b) 30 mbar,
(¢) 40 mbar and (d) 50 mbar Freon partial pressure [20].
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3.3. Variation of Electrical Conductivity

Halogen doping in CdTe needs careful observations and consideration. The group VII elements
(halogens; F, Cl, Br, and I) are in general shallow donors in CdTe when group VI, (Te) atoms are
replaced by group VII halogens [32,33]. However, the experimental observations described above
show that Cl and F can also be p-type dopants. This amphoteric behaviour of halogens makes it more
complex to understand the CdCl, treatment. In fact both behaviours have been shown in previous
experimental results published by the author’s group [31].

Figure 3 shows the variation of electrical conductivity (o) as a function of iodine (I) concentration
in the electrolytic bath, which contains Cl and 1. While Cl concentration was constant, I concentration



Coatings 2014, 4 292

was gradually increased and the variation of ¢ was observed as given in Figure 3. At low I
concentrations, ¢ increases due to n-type doping as a result of iodine behaving as a shallow donors.
However, as the iodine concentration increased, c saturates due to a triggering of p-doping mechanism
at point A. After this point, there are two competing mechanisms to dope the material n-type and
p-type, and therefore o remains almost constant at ~3.9 x 10> (Q-cm) . In this case, the behavior of I
must be very similar to that of CI or halogens in general. This constant conductivity must be the reason
for good device performance, whatever the amount of CdCl, used for CdCl, treatment. This appears to
be due to inherent self-compensation taking place in CdTe due to both n-type and p-type doping taking
place simultaneously when sufficient amount of halogens is incorporated in CdTe. Fortunately, this
natural amphoteric behavior of halogens is helping to produce a healthy device and avoiding device
deterioration due to possible heavy doping of the material. It is also reported that I-doping of CdTe
drastically reduces the mid-gap defect states [47], reducing recombination process, and, hence, helping
to achieve high efficiency solar cell devices.

Figure 3. Typical variation of electrical conductivity (c) of CdTe as a function of
increasing iodine concentration in the electrolytic bath. Note the initial n-type doping
and final saturation of o, as a result of triggering of p-type doping at point A, due to high
iodine concentration. Self-compensation mechanism sets the final conductivity at
6=3.9x 107 (Q-cm) ' (p=2.6 x 10* Q-cm), producing semi-insulating CdTe layers.
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In this iodine doping experiment in the presence of Cl in the bath, the electrical conductivity
increased only by a factor of ~10. Shah et al. [48] also reported the electrical resistivity drop by only a
factor of ~20 in CdCl,-treated CdTe samples grown by CSS method.
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3.4. Photoelectrochemical (PEC) Cell Studies

PEC observations have been an invaluable method to determine the electrical conduction type of
thin semiconducting films grown on glass/FTO substrates. Conventional Hall Effect measurements
cannot be performed due to the underlying conducting FTO layer, unless the layer is transferred to an
insulating support, which is extremely difficult, destructive and time consuming. Therefore the PEC
has been successfully applied to fulfill this purpose. This is by forming a depletion layer at solid/liquid
junction and measuring its open circuit voltage under illumination [37]. The sign of the PEC signal
determines the electrical conduction type and the magnitude of the PEC signal qualitatively indicates
the suitability of doping concentration in the semiconducting material.

Figure 4a shows the PEC signals for ten CdTe layers electrodeposited at different voltages.
These as-grown layers are all n-type, but when CdCl,-treated, the PEC signals show the changes
towards p-type CdTe. This observation clearly indicates the trend of moving from n-type towards
p-type conduction. In other words, the doping concentration changes from high n-type towards low
n-doping or intrinsic values and then to p-type CdTe. This is mainly due to re-distribution and
annealing-out of defects in the material layers. The material’s doping concentration changes, but could
remain as n-type, i-type, or convert to p-type during this heat treatment depending on the defect
structure present in the starting material. In this particular set of 10 samples, four samples converted to
p-type while the other six samples remained as n-type layers. In fact two of the six samples reached
almost zero PEC values becoming semi-insulating or insulating CdTe materials.

Figure 4. (a) Typical variation of the PEC signal when CdTe undergoes CdCl, treatment
and (b) the corresponding FL positions before and after CdCl, treatment.
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These results enable us to visualise the movement of the Fermi Level (FL) in the bandgap during
this CdCl, treatment. Figure 4b shows the position of the FL with respect to the two main energy band
edges, E, and E.. For intrinsic CdTe, the FL should be in the middle (~0.72 eV above the E,) of the
forbidden bandgap. As deposited CdTe layers show large negative PEC signals in the order of
100 mV, and therefore the material is n-type and the (FL)ap should be in the upper half of the bandgap
close to E; as shown in Figure 4b. CdCl, treatment reduces the magnitude of the negative PEC signal
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and changes the material towards p-type conduction. This means that the FL. moves towards the middle
of the bandgap and enters the shaded region in the vicinity of (FL);, giving rise to insulating material.
For four samples out of this set, the FL has crossed to the lower half of the bandgap becoming p-type
in electrical conduction. This FL variation is clear as a function of CdCl, treatment and can be
translated into the variation of doping concentration in the material. This means that the as-deposited
layers have high excess donor concentration (Np—Na), but with CdCl, treatment, N, increases
gradually reducing (Np—N,), bringing the CdTe closer to intrinsic material (Np = Na). Depending on
the doping concentrations, the layer, therefore, becomes p-type when Ny > Np. The doping
concentration is then (Na—Np) and the layer is p-type. It is also indicating that high-performing CdTe
solar cell material has semi-insulating properties and the FL lies close to the middle of the band gap. A
large body of experimental results produced in the author’s group shows that high efficiency solar cells
are formed when the material is n-type rather than p-type [34,35]. This information has also been
reported by Schulmeyer ef al. by investigating the relationship between the efficiency and the position
of the Fermi Level (FL) in the bandgap [49]. These authors show that high efficiency is achieved when
the FL is situated above the midgap of CdTe, i.e., when the material is low n-doped. A similar
conclusion was also drawn by Bayhan et al. [30] by doping CdTe p-type using the p-type dopant, Sb.
The improvement of devices by trial and error method could therefore finally settle down with high
efficiency devices based on n-type CdTe layers, and if the interpretations are based on a simple p-n
junction device, it creates confusion rather than enlightenment.

The results shown in Figure 5 also bring important information to this discussion. This represents
the PEC signal of another set of CdTe layers grown as a function of growth voltage. V; represents the
inversion voltage and produces stoichiometric CdTe layers when the pH of the electrolyte is
2.00 £+ 0.02. When the materials are grown close to this point, and heat-treated with CdCl, treatment,
defect re-distribution takes place and the shift can be either way due to the final set of defects and
hence the doping concentration. Here, the sample-A converts from p-type to n-type, and sample-B
converts from n-type to p-type. In the past, n-type to p-type conversion was always assumed in
discussing and interpreting CdS/CdTe solar cells, but this is not always the case. The general trend is
to reduce the n-type doping concentration towards that of i-CdTe and some layers completely
transform into p-type. However, when close to the inversion point, the material layers transform from
p-type to n-type as well. There are several reports in the literature on the p-type to n-type conversion of
CdTe layers [50,51]. This again highlights the importance of knowing the right electrical conduction
type of CdTe layer before fabricating solar cells and interpreting device results.

As another example, Figure 6 shows the p-type nature of a set of 11 as-deposited CdTe layers.
When heat-treated in air, without CdCl, treatment, all the samples become n-type in electrical
conduction from their initial p-type electrical conduction. Therefore, there is no specific trend of type
conversion, but this strongly depends on the initial material as well as its impurity and defect structure
due to native imperfections present.
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Figure 5. PEC signals observed before and after heat treatment in air (without CdCl,
treatment) for a set of electrodeposited CdTe layers grown in the vicinity of the stoichiometric
voltage (V;). Moving towards p-type is less than when CdCl, is present, but note the sample A,
turning from p- to n-, and sample B, turning from n- to p-, after heat treatment in air. When

close to the intrinsic point, transition in both directions is possible since Na = Np. Defect

re-distribution could change the electrical conductivity in either direction.
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3.5. Columnar Growth of CdS and CdTe

Different research groups use varying thicknesses for CdS and CdTe layers to fabricate thin film
solar cells. The thickness used for CdS varies from 10-50 nm [9] to 1-2 pm [10]. Similarly the CdTe
layer thickness varies from 1.5 to 8.0 um [9,11,12]. Therefore, the thinnest device is only ~1.5 um
thick and arises in the case of electroplating which is the growth method used by the author’s group. In
this case and every other situation with thinner layers, surface and interface morphologies play a
crucial role in device performance. If the layers are not grown in layer-by-layer mode, the structure
will be full of pinholes and gaps, and therefore the back electrical contact will easily reach the front
contact thereby short-circuiting the device. New experimental observations are presented below in
order to highlight the importance of morphology.

Figure 7a shows the SEM picture of a thin layer of electroplated CdS. It is clear that the layer is not
uniform and does not completely cover the FTO substrate. In the past, depending on the 2D-SEM, CdS
layer was understood as a thin layer consisting of grains with ~20 nm diameter [9]. However, as a
result of the spiky nature of FTO surface and the application of a constant voltage to this surface
during electroplating, high electric fields exist at the FTO spikes. Therefore, CdS nucleates at these
points and grow as columns normal to the substrate. As a result, CdS layer does not uniformly cover
the FTO layer, until very thick layers are formed.

The electrodeposition of CdTe on glass/FTO/ED-CdS substrates covers some of the gaps but as
shown in Figure 7b, pinholes still exist in the CdTe layer. Scientific literature, reports columnar
growth [29] of CdTe, but electrodeposition enhances this growth pattern. This situation can be changed
to a certain extent by using both thick CdS and CdTe layers. But in techniques such as electroplating,
and in materials reduction efforts, the layers are extremely thin with CdS ~50-100 nm and CdTe ~1.5 pm
and therefore other methods should be employed to overcome these issues. This is where the buffer
layers are necessary to reduce pinholes, and pinhole-plugging layers are essential for covering
remaining pinholes in this device, especially when very thin layers are used.

Figure 7. Typical 2D-SEM images of (a) electrodeposited CdS on glass/FTO substrate and
(b) electrodeposited CdTe on glass/FTO/CdS substrate.
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Columnar type materials or nano- and micro-rods introduce both advantages and disadvantages to
the research and development of thin film CdTe solar cells. The electroplated materials naturally grow
as rods due to nucleation at spikes of FTO where high electric fields are present. These rods have
near-perfect crystalline nature [52], and, therefore, the charge carrier mobilities along these nano-rods
have highest possible values. In addition, the grain boundary scattering becomes minimal during PV
activity across the device structure. However, the disadvantage is the formation of pinholes across the
device due to the columnar shapes of these rods normal to the substrate. There are therefore two ways
to progress; keeping the columnar nature, but using a suitable method to plug pinholes, or changing the
growth behavior to avoid rod-like grain formation. We believe that our repeatedly observed,
excessively high J values arise due to these properties in CdS/CdTe devices [2,31,53]. Alternatively,
the buffer layers can be used to change the growth mode of CdS from nano-rods to layer-by-layer
mode, reducing pinhole formation. In this case, the advantages introduced by columnar shaped
materials are lost in device performance. Both routes should be followed in this case to explore and
establish a reproducible and consistent device structure. One method will be better than the other for
achieving high efficiencies, and the research should be directed towards finding the best method.
While ED-CdS grains tend to form columnar-type materials preferentially, CBD-CdS particles deposit
on FTO surface uniformly, covering the surface completely. In this respect, CBD-CdS is more suitable
for avoiding pinholes in the CdS layer.

4. Critical Discussion of Reported and New Results

This section combines the summary of results reported in Section 2, together with new key
observations presented in Section 3. The key issues are then raised, critically analysed and discussed in
order to contribute to better understanding of the CdCl, treatment.

4.1. Grain Growth

The above summary of reported results clearly shows that the presence of Cl or halogens in general,
helps in grain growth process by acting as a fluxing agent. This reduces the number of grain
boundaries and therefore the density of defects, in addition to reducing the scattering of charge carriers
at grain-boundaries within the material. This helps in improving the electrical properties of
CdCl,-treated layers. What is interesting to note is that, even when the initial CdTe layer has large
grains and there is no apparent grain growth, the effect of CdCl, treatment on device performance is
still helpful and drastic. Therefore, this indicates the presence of other key important improvements
during this processing step in addition to grain growth. While the grain growth trend is widely
accepted, establishment of correct doping levels for devices, defect passivation and reduction of
pinholes could be the most effective processes taking place during CdCl, treatment and should be
thoroughly investigated.

4.2. Effects of Oxygen and Cd

In addition to the effect of Cl, oxygen and Cd seem to play very important roles. The results
reported in the literature clearly show that CdCl,-treated materials (in the absence of oxygen) produce
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comparatively low device parameters [36]. Researchers have gone to build equipment to carry out
CdCl, treatment in the UHV conditions [49]. The results show that highest efficiencies achieved for
ANTEC-CdTe material is ~9% in the absence of O,, compared to much higher values when the CdCl,
treatment is carried out in the presence of O,. Therefore, CdCl, treatment in the presence of O, seems
to be the best condition. O, may introduce CdO into CdS and CdTe layers, and completely change the
wetting properties, growth behavior, or electrical properties of these layers. CdO is known to have
n-type conduction and almost similar bandgap (2.20 eV) to CdS (2.42 eV) and hence could introduce
useful results to the device [29].

The effect of large amounts of Cd in the form of CdClI, during heat treatment of CdTe layer is not
considered and discussed in the past. The presence of excess Te and Te precipitation is a natural
occurrence in CdTe and Cd must be converting these excess Te into CdTe and thus improving the
stoichiometry of the layers. The X-ray and y-ray detector development community has done deep
research in this area, showing the reduction of Te-precipitation by CdCl, treatment [40—42]. However,
the PV community has not taken up this knowledge to date for research and discussion of CdCl, treatment.

All CdCl, treatments are carried out in the presence of thick CdCl, layers, but the discussions are
always on complexes of Cl and Cd-vacancies (V¢g¢-Cl). In the case of CdCl, treatment, Cd-rich
environment is present and therefore Te-vacancies (Vr.) should be present in these layers rather than
Cd-vacancies. Hence the complexes between Cl and Te-vacancies (V1.-Cl) could be the most possible
p-type dopant rather than the complexes between Cd-vacancies and Cl (V4-Cl), which are said to be
created during CdCl, treatment. This issue must be critically examined and explored in order to
understand the CdCl, treatment.

4.3. Interactions at CdS/CdTe Interface

Soft-XPS studies on numerous interfaces between inorganic semiconductors show that these
interfaces undergo chemical reactions, alloying as well as in- and out- diffusion of semiconductor
constituent atoms, even below room temperature [54]. Therefore CdS/CdTe is not an exception and all
these interactions are expected during growth, heat treatment and ageing. There are several
publications in the literature reporting the experimental observation of CdS,Te(-y phase at the
interface [10,17,24]. This formation of intermediate material is helpful in creating a gradual energy
band gap transition from 2.42 eV (E, of CdS) to 1.45 eV (E, of CdTe), producing a graded bandgap
hetero-junction and therefore enhancing the internal electric field of the device which helps in charge
carrier separation and collection. It is interesting to note the beneficial effects when CdS layer
thickness is reduced down to extremely low values of 10-50 nm [9]. In this case CdS must be fully
absorbed into the CdTe layer, and CdS is simply providing a better nucleation environment for device
quality CdTe layer to grow. It is also relevant to note that Das and Morris [55] reported superior
devices without CdS in compared to their devices with CdS. They must have used a good cleaning
process for the TCO in order to grow device quality CdTe in their experiments. In this case researchers
should question where the PV active junction is. According to the author’s understanding in 2002 [2],
after a long exposure to CBD-CdS/Electroplated CdTe structure, this device is a combination of n-n
hetero-junction and a large Schottky barrier at the back contact. After another decade, it is becoming
clear that there are two types of solar cells under research and development. Some groups are working
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on genuine p-n junction devices and others on n-n hetero-junction and a large Schottky barrier at the
back contact. The device must be identified first in order to analyse and describe results accurately.
Confusions raised by researchers can be explained by identifying this difference.

4.4. Surface Roughness

Increase in surface roughness is practically not helpful for a thin film solar cell device especially as
it regards making effective electrical back contacts. However, the use of thick electrical contacts can
remove this disadvantage. The formation of large and columnar grains helps in charge carrier transport
normal to the substrate during PV action by minimizing scattering due to grain boundaries. This will
help in maximising charge carrier mobility thus enhancing the performance of the device. It should be
noted that Hall mobility measured parallel to the substrate for CdTe thin films can be two or three
orders of magnitude low, when compared to the electron conduction, normal to the substrate, along
columns or within single grains. The reason is the vast difference in electron scattering taking place
during electron transport parallel to the substrate due to crossing of grain boundaries in the material by
electrons. The electrons transporting normal to the substrate, during PV action, experience minimum
scattering when compared to electrons transporting parallel to the substrate during Hall Effect
measurements, which experience maximum scattering due to crossing of large numbers of grain
boundaries. Therefore, the Hall mobilities reported in the literature for CdTe polycrystalline layers do
not represent the mobility of photo-generated charge carriers during PV action. The mobility of charge
carriers during PV action can be a few orders of magnitude higher than the Hall mobility parallel to
the substrate.

4.5. Lifetime of Charge Carriers

Enhancement of lifetime of charge carriers is most important in increasing device performance. The
possible reasons could include reduction of grain boundaries, passivation of detrimental native defects,
reduction of recombination, efc. Improved lifetime of photo-generated charge carriers enables their
effective separation and transfer to respective electrical contacts, before their recombination. It is
experimentally shown that inclusion of iodine in CdTe drastically reduces mid-gap “Killer Centres” [47]
and therefore helps in the improvement of charge carrier lifetime and improvement of device
parameters. All halogens (F, Cl, I) studied to date seem to have this property and therefore CdCl,
treatment creates similar situation.

4.6. Doping Concentrations

In order for thin film PV devices to work, the most important thing to do should be to build a
healthy depletion region across the device structure. Typical CdS/CdTe thin film solar cell has a
thickness of ~2 um to ~8 um, according to current research, and the ideal scenario is that the depletion
region thickness should be approximately equal to the thickness of the CdS/CdTe structure. In order to
have a depletion region of ~2 um, the doping concentration of CdTe should be ~1.0 x 10" cm ™ [56].
For a device with ~8 um, the doping concentration should be further reduced to ~1.0 x 10" cm™ or

below. In this case, the full device thickness is covered by the depletion region thus producing a fully
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depleted device and the whole thickness is PV active. In other words, the internal electric field exists
across the entire thickness making the device more effective. Careful observation of the published
results in the literature show that, high efficiency devices (say >10%) have doping concentrations in
the range of ~1.0 % 10" to ~5.0 x 10" em™ [57-60]. Therefore, by the various improvements
mentioned above, the CdCl, treatment incidentally sets the doping concentration to this most important
range producing efficient devices. It is surprising to see that this right doping concentration is set up by
the CdCl, treatment, without any dependence on the concentration of CI used in the CdCl, treatment.
It can be recalled that there seems to be two competing doping processes taking place during this
processing step, as mentioned earlier. Halogens (F, Cl and I) seem to be acting as both n-type and
p-type dopant simultaneously (amphoteric behavior) in CdTe, setting up the right doping concentration
for this device. One process is the normal n-doping of halogens by replacing Te atoms at lower
halogen concentrations. The second process seems to be the “anomalous” complex formation between
the halogens and an unknown native defect in CdTe. This anomalous p-type doping process is
triggered when high concentrations of halogens are incorporated into CdTe as shown by the results in
Figure 3. This native defect that facilitates p-type doping needs to be experimentally identified, in
order to fully understand CdCl, treatment, and this has been discussed in Section 4.2. Suitable
experiments are necessary to investigate the doping concentration before and after the CdCl, treatment
to confirm this and strengthen our understanding in this processing step.

4.7. Preventing Device Leakage

Grain boundaries and un-filled gaps (pinholes) provide easy paths for the two electrical contacts to
short-circuit the device. Therefore, it is important to electrically passivate these paths and mechanically
block these pinholes. Therefore, there are two paths to follow; encouraging columnar type layers to
grow in a compact way and establishing an effective pinhole plugging process, or encouraging
layer-by-layer growth by avoiding columnar-type material formation and therefore removing pinhole
formation. In the latter case, buffer layers are essential to change the natural nucleation and growth
behaviour of CdS and CdTe. Avoidance of pinhole formation by using buffer layers, and plugging of
remaining pinholes are necessary in order to develop highly efficient thin film solar cells. In order to
fabricate a robust solar cell therefore, 4-layer device structures should be established by incorporating
buffer and pinhole plugging layers to the basic CdS/CdTe structure. This approach is more appropriate
for CdS/CdTe devices with lower thicknesses.

4.8. Dealing with n- and p-Type CdTe

The large body of experimental results and new findings show the existence of CdTe in both n- and
p- type electrical conduction types. Doping of CdTe seems to be affected by (i) composition of the
material; (ii) effects of shallow dopants by replacement of host atoms (n-doping by Group-VII and
Group-III elements and p-doping by Group I and V elements) and (iii) p-type doping due to formation
of complexes between halogens and a native defect. Equal amounts of Cd and Te produce
stoichiometric, highly crystalline, resistive and i-type CdTe, and slight richness in Te and Cd produces
p-type and n-type CdTe respectively. Addition of external dopants and impurity incorporation during
growth or processing can also convert the material into n- or p-type conduction type. In addition,
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self-compensation takes place easily in this material due to formation of complexes between halogen
and native defects. It has also been experimentally shown that the heat treatment in air or CdCl, treatment
changes the doping concentration of this material. In general, these treatments reduce the n-doping
concentration and take the material to i-type or p-type region. When the material is close to i-type, it
can change from n- to p- or p- to n- depending on the defects and impurity distribution in the layers.

With all the above possibilities, CdTe layers used to make CdS/CdTe solar cells have been assumed
as p-type in electrical conduction most of the times. This certainly has led to contradicting and
confusing conclusions and therefore future R&D programmes need to experimentally check the
starting material’s conduction type before the interpretation of experimental results. The ease of CdTe
material’s presence in both n- and p-type conduction types has created a very complex situation.

A good example is the work by T Schulmeyer ef al. [49], in which they have measured the FL
position by photoemission technique. These authors worked on ANTEC-CdTe, measuring the FL
movement in the bandgap as a function of CdCl, treatment, and confirmed that high efficiency solar
cells were obtained when the FL is 0.85 eV above the E,. That is, when the material is n-type in
electrical conduction compared to when it is p-type in electrical conduction. This material was p-type
before CdCl, treatment and the FL moved upwards to ~E, + 0.85 eV during CdCl, treatment. Clearly
the material became semi-insulating and n-type, and produced high efficiencies. In their own words,
the authors concluded by stating: “This surprising result does not correspond to the accepted model of
the device physics of the CdS/CdTe solar cell”. This indeed confirms the requirement of deep
understanding of the physics of this device before its further development. Now it is clear that the two
types of devices are present in the field of CdTe solar cells grown by other methods as well. It should
be noted that the mobility of electrons are much higher in n-type CdTe (~1000 cm*-V '+s™") than the
mobility of holes in p-type CdTe (~20-80 cm* V™ '-s™") and therefore leads to both high charge carrier
movement and high device performance in devices with n-CdTe.

Unless this CdS/CdTe device is researched with open mindedness, the manufacturing process will
experience reproducibility and yield issues in the future. Once fully understood, this device is capable
of entering into mid —20% efficiency region, breaking the stagnation observed in the past few decades.

5. Toxicity and Availability of Cd and Te Elements

It is also relevant to discuss briefly the toxicity and availability of both Cd and Te elements. Cd is a
heavy metal, well known as a toxic material. However, the world produces over 22,000 metric tons of
Cd today as a by-product of Cu and Zn refinement [61]. A good fraction of this Cd is used in Ni-Cd
batteries and the rest could severely pollute the environment if not managed properly. Once Cd is
chemically reacted with S and Te, CdS, and CdTe stable compounds are formed. These are less toxic
and in the past, these compounds have been used as pigments. Therefore, the smartest way to utilise
already produced Cd is to convert Cd into less toxic CdS and CdTe, fabricate CdS/CdTe solar panels
and produce clean energy, minimising CO, emission. Therefore manufacturing CdS/CdTe solar panels
becomes an excellent way to manage large amounts of Cd already being produced as a by-product.
At the same time, solar PV manufacturers are arranging to re-cycle solar panels at the end of their
lifetime to protect the environment.
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Another concern is the availability of adequate Cd and Te to move forward for large scale
manufacturing of CdS/CdTe solar panels. Concerns are more critical for Te element, for its scarcity
compared to cadmium. This analysis has been carried out by Zweibel [62] in detail, and the reader is
directed to his critical analysis. As a solution to this issue, the scientific research should be directed
towards extremely thin CdTe layers (~0.60 um) instead of ~2.00 um thick layers.

6. Concluding Remarks and Further Studies Required

The summary of reported results, the new experimental evidence and critical discussion above
suggest that it is necessary to carry out systematic and key investigations in order to fully understand
the CdCl, treatment of CdTe. The following areas are the most important for future research in order to
elucidate the mechanisms taking place during this crucial processing step.

6.1. Phase Transition Observed in CdTe Layer

There is need to establish whether the (111) highly oriented CdTe films or randomly oriented CdTe
films showing several strong peaks with comparable intensities produce the highest solar cell
efficiencies. This structure-property relationship is an essential knowledge to establish in CdTe solar

cell development. There are indications that the CdTe layer undergoes a structural phase transition
close to 385 °C.

6.2. Conductivity Type of CdTe before Fabricating Devices

The research work should start by determining the electrical conduction type of the starting CdTe
layer. Assumptions are not adequate since the electrical conduction type can change during the growth
process due to composition change, addition of any dopants during the growth and processing, and
self-compensation effects. CdTe can easily become n- i- or p-type depending on the composition
changes and heat treatment after CdCl, treatment. The interpretations given without knowing the exact
electrical conductivity type of the material, can lead only to drawing inaccurate and confusing conclusions.

6.3. Effects of Oxygen and Cd

Scientific literature indicates that the CdCl, treatment in the presence of oxygen produces better
devices. The inclusion of oxygen in the material and device structure should be examined in a
systematic way in order to understand this processing step. The effect of excessive Cd in removal of
Te-precipitation in CdTe is important and deserves comprehensive research. This has not been
considered or discussed in the CdTe solar cell development programmes.

6.4. Changing of Doping Concentration

The electrical conductivity variation and doping concentration variation should be explored
carefully in order to examine and understand CdCl, treatment. The final performance of the fully
fabricated devices depends on the doping concentration of CdTe. However, systematic doping
concentration measurements before and after CdCl, treatment are rare in the literature.
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6.5. Defects in CdS and CdTe

The defects in both CdS and CdTe layers play a crucial role in determining efficiency of CdS/CdTe
solar cells. Therefore, suitable techniques should be used in a comprehensive way in order to study the
defects mapping of these two materials. The study of defects in a narrow energy range is not helpful
but the defects mapping throughout the band gap of CdS and CdTe will be extremely useful. Only a
few defect levels will dominate in deciding the electrical properties of the device, and these
dominating defect levels should be identified.

6.6. Microscopic Current Collection

The role of columnar-type material layers and therefore enhanced grain boundary charge collection
should be explored in detail to understand the CdCl, treatment in CdTe solar cell development [63].
Recent work shows that solar cells with excessively high J,. values [2,31,34,35] arise due to
involvement of columnar type material grains in the device structure. The effect of doping at grain
boundaries should be explored using techniques such as electron beam induced current (EBIC), and
the use of buffer layers and pinhole-plugging layers should be thoroughly investigated in order to
unravel and understand the secrets behind this device and improve its conversion efficiency to higher
values, beyond 20%.
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