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Abstract

One of the most critical processes in CdTe device production is the activation process induced by
cadmium chloride (CdCl2). In this thesis, the CdCl2 treatment has been optimized using both wet and
thermal evaporation methods for close-spaced sublimated (CSS) devices. Maximum cell efficiencies of
η=7.24% and η=9.37% respectively have been measured without the use of copper in the back contact.
A clear link has been established between treatment conditions, electrical measurements and
microstructure, where parameters such as the dwell annealing temperature for evaporated CdCl2 and
the concentration of the solution for the wet treatment are varied. It has been shown that a certain
concentration of chlorine is necessary to remove high densities of planar defects present in the asdeposited material. The CSS CdTe is deposited in a dual layer structure with smaller grains at the CdS
interface and with larger grains developing towards the surface. The defects are initially removed in the
smaller grains at the CdS interface. When the temperature and concentration increase, more grains
recrystallize with the total removal of stacking faults. At a critical temperature and Cl concentration, the
entire CdTe film recrystallizes into large grains with no stacking faults. The CdS grains and the interface
with the CdTe also changes with sulphur migration into the CdTe.
The results indicate that the recrystallization actually initiates at the CdS/CdTe junction. This has been
observed clearly for both sputtered and electrodeposited CdTe. The recrystallization process gradually
propagates towards the surface as the concentration of the CdCl2 solution in methanol is increased. This
observation is not intuitive because the solution is initially in contact with the outer surface of the CdTe.
Finally, the use of different chlorine containing compounds has been used as an alternative to CdCl2 and
to further understand the role of chlorine in the process. All the samples treated with Cl containing
compounds have shown the elimination of the dual layer structure and the recrystallization of the small
grains at the interface. Tellurium tetrachloride (TeCl4) and zinc chloride (ZnCl2) have shown the most
promising increase in conversion efficiency. The maximum efficiencies measured using these two
solutions were 4.58% and 5.05% respectively. TeCl4 has shown an encouraging open circuit voltage of
594 mV, while the open circuit voltage using ZnCl2 was 494 mV. However, TeCl4 has shunting issues and
low current density (17.9 mA/cm2), whereas ZnCl2 has the promising current density of 20.8 mA/cm2.
This work has shown that alternatives to CdCl2 treatment exist, however further work is required to
optimize the performance of these treatments to enable them to be competitive.

I

Advanced materials characterization techniques are essential to understand and then enhance
photovoltaic cell and module performance. New and improved tools are being developed to deliver fast,
accurate and non-destructive characterization. One of these tools is coherence correlation
interferometry (CCI) which has been developed by Taylor Hobson Ltd. This is a particular variant of
scanning white light interferometry used for surface metrology with a high vertical resolution. In this
thesis, it has been shown that the capability of the CCI can be extended to perform accurate thin film
thickness measurements using the Helix Complex Field (HFC) function. The main attraction of this
technique for thin film PV applications is that it allows surface metrology and thin film thickness
measurements to be obtained simultaneously from the same area of the sample in the same system.
The results obtained from CCI on a variety of materials, used in thin film PV, correlate very well the
results obtained from other techniques such as ellipsometry, electron microscopy and atomic force
microscopy. The CCI has also been used in the optimization of a new one-step interconnect process
(OSI) for thin film PV module interconnects.
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Chapter 1

Introduction to photovoltaic technology
1.1 Overview on Photovoltaics (PV)
Energy is one of the most critical issues for society today. Future demand for energy is predicted to be
far higher than can be provided by fossil resources. Fossil fuels, and in particular crude oil, are expected
to deplete and thus become much more expensive. Projections by U.S Energy Information
Administration (EIA) up to 2040 show constant increasing in price for crude oil and all petroleum related
products [1]. Governments worldwide are facing the predicted shortfall in energy supply with different
solutions. According to REN21-Renewable Energy Policy Network for 21st Century, one of the most
popular of these is a move towards renewable energies.

st

Figure 1.1: From REN21-Renewable Energy Policy Network for 21 Century report [2]: (a) Estimated renewable energy share
of global electricity production (end-2013); (b) estimated renewable energy share of global electricity production using
renewable energies; c) average annual growth rates of renewable energy capacity and biofuels production (2008–2013) [2];
(d) solar PV total global capacity over the last decade (2004-2013)[2].
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The photovoltaic share of the total renewable power capacity is currently almost 25%, (not including
hydro–electric power) [2]. New PV plants have been installed globally, with a sharp increase in the peak
power values and in the power production per year. This has resulted in a drastic increase in capacity
over the last decade, with a world total installed capacity reaching 139 GW in 2013 (Figure 1.1).
Photovoltaic devices can be categorized according to the materials used, on the technology used, on an
efficiency basis and a cost basis. Research is required for the development of new cheap and efficient
devices, and for the optimization of production processes and the performance of devices already in use.
Photovoltaic technologies can be classified into three different generations:
•

First generation PV: it is mainly represented by silicon solar cells, which include mono- or polycrystalline silicon wafers. This technology is the most mature one; deriving from the
semiconductor industry. The efficiency for these devices is high compared to other devices (25%
for mono-crystalline module and 20.4% for poly-crystalline [3]); however the costs, due to the
amount of material used are relatively high compared to other technologies, although in recent
years this cost has fallen dramatically due to the economy of scale brought about by volume
manufacturing. Crystalline silicon modules are insufficiently flexible for applications other than
roof or ground installation.

•

Second generation PV: mainly represented by thin film technology, which includes different thin
film materials that use less material to reduce production costs. This category comprises of
cadmium telluride (CdTe), copper indium gallium selenide (CIGS), copper indium selenide (CIS)
and amorphous silicon (α-Si) solar cells. The technology involves depositing thin films of
different semiconductors (n-type and p-type), in order to obtain a heterojuction. Efficiency
varies depending on the materials used. Another way of decreasing the amount of material used
and increasing efficiency is by making use of concentrator technology, which combines focusing
optics with solar cells. The main materials used for these types of solar cells are silicon and
gallium arsenide (GaAs). There is always a compromise between high efficiency-high cost and
low efficiency-low cost. At the moment one of the most promising technologies is thin film CdTe.
Thin film CdTe now has a laboratory cell efficiency record of 21.0% [4] and a commercial module
efficiency of 17.0% [5], both obtained by First Solar Inc, USA.

•

Third generation PV: represented by a wide range of different structures and devices, which are
still under research and not commercially available. This category includes dye sensitised solar
cells (DSSC) [6]. These are based on a photo-electrochemical system with the semiconductor
formed between a photosensitised anode and an electrolyte. This technology is relatively new
but one of the most developed. Other examples of third generation devices are the use of
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quantum dots, plasmonic nanostructures, thermophotonics, intermediate band, multi-junctions
and bio-inspired materials. All of these technologies have a theoretical potential, and are
currently under development in many universities and research centres. However practical
implementation of these devices are unlikely to be seen within the near future.
Another recently developed technology which has potential is organic PV [7]. It is based on polymeric
materials with large conjugated systems (carbon atoms are covalently bonded with alternating single
and double bonds resulting in delocalised electron pz orbitals); delocalised bonding occurs between the
π orbital (highest occupied molecular orbital-HOMO) and the π*antibonding orbital (lowest unoccupied
molecular orbital-LUMO). HOMO and LUMO can be compared to valence and conduction bands in a
semiconductor, so the separation between HOMO and LUMO represents the organic band gap, usually
between 1 and 4 eV. Organic PV has several advantages, including the low cost of material and low cost
of production, highly engineered molecules with tuneable properties, high absorption coefficient
resulting in thinner layers compared to inorganic PV. However at present they offer low stability,
strength and efficiencies. Another recently developed PV technology is the perovskite-based solar cells
[8]. This technology is inspired from DSSC, but the electrolyte dye has been substituted with solid state
material. Engineering of solar cells, such as the change of the mesoporous TiO2 layer with mesoporous
Al2O3, has led to high performance, with 𝑉𝑂𝑂 values measured to be above 1.1 V. Much research effort is

currently focused on this technology, which has the potential for low-cost and high conversion efficiency.
However, stability represents one of the main issues, which is in common with devices based on organic
materials.

1.2 PV status
Despite the current financial and economic crisis, the PV market is still growing. Given favourable
government policy conditions, PV can be competitive for electrical power production and gradually
become one of the main energy sources.
The PV market is no longer exclusively European or North American. The rest of the world has huge
potential for expansion, especially those countries presently considered as emerging markets, such as
China and India, but also South East Asia, Latin America, the Middle East and North Africa. PV expansion
could range from 60 to 250 GW installed per annum by 2020, and from 260 to 1,100 GW by 2030. The
increase in volumes is anticipated to result in a decrease in both production costs and selling prices [9].
Although the dominant technology in the PV market is crystalline silicon (c-Si), thin film technology has
become competitive, mainly for the amount of material used, hence the production cost. However,
other factors may favour this technology in the PV market. Life Cycle Analysis (LCA) studies for both
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technologies have been performed generating a considerable amount of data. The National Renewable
Energy Laboratory (NREL) has developed and applied a systematic approach to review most of the past
studies on LCA for c-Si and thin film PV as part of NREL LCA Harmonization Project [10]. According to this
document, the harmonized median value for crystalline silicon resulted in 45 g CO2 eq/kWh [11]; while
for thin film PV the life cycle greenhouses gas (GHG) emissions were reported to be 20, 14, and 26 g CO2
eq/kWh, for a-Si, CdTe and CIGS, respectively [12]. Among the thin film photovoltaics, CdTe is the most
promising. It has some issues linked to tellurium availability [13]: it has been estimated Te could limit
total thin-film capacity to about 100 GW for CdTe, based on different estimates of this rare metal supply.
However, about 1,500 MT per year of tellurium are available from extracted copper, but only one-third
of that is currently refined due to a lack of demand. The amount of Te needed for solar cells
manufacturing can be decreased by working on the module efficiency and the amount of material
needed for the absorber layer of CdTe. Although only 20% of Te supply is employed in PV, this
application has driven up the commodity price. At the end of life, modules are usually recycled by the
manufacturing company, both for environmental issues and also to have an extra source of tellurium. In
the near future, recycling processes could increase significantly, but its production will still need to
increase to keep pace with demand from the solar industry.
Another critical issue commonly shared among thin film technologies is the glass supply [13]. The
demand is expected to increase in line with PV demand growth. High quality low-iron material is
required by the PV industry both as rolled and float-glass. Rolled-glass represents the best choice for PV
application because the patterned surface can increase the efficiency of PV modules and it is
manufactured with 80% less energy, compared to float glass.
The PV market has changed markedly in the last four years. After the record expansion in 2010, due
mainly to the feed-in-tariffs systems available across Europe, in 2011 the slowest growth in cell
production was achieved, since 2003 [14]. Suntech (c-Si) was the leading company in module production
with a value over 2.2 GW; second place was achieved by First Solar (CdTe), followed by JA Solar, Yingli
and Trina (all c-Si). Chinese and Taiwanese companies took 8 places out of the top 10 for 2011,
representing 68.3% of the global production [14]. In 2012, the leading company role was Yingli Green,
while for thin film technology First Solar remained in second place [15]. In 2013, the top 10 PV module
producers supplied over 18 GW, a 40% increase compared to 2012. Yingli remained in first position with
more than 3 GW of production. China and Japan dominated the market, with most of the suppliers
being Chinese apart from Sharp and Kyocera for silicon. First Solar is the only thin film supplier in the top
ten [16]. Chinese production has quadrupled since 2009 [17], resulting in economic issues for both
European and American Governments. The European Commission set provisional duties on Chinese
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modules imports to control the market, to which China threatened to respond by imposing duties on
wine exports from EU. A balance seems to be hard to achieve on this battle field.
Prices of modules [18] were also subjected to significant movements in the last three years. Early in
2010, the average price of c-Si, not including installation cost, was about 1.95 €/Wp for German
modules and 1.50 €/Wp for Chinese modules. The CdTe price was 1.57 €/Wp. In December 2010, a
different situation was recorded with c-Si reaching 1.77 and 1.55 €/Wp, respectively for German and
Chinese modules; while CdTe price dropped to 1.38 €/Wp. Early in 2011, prices were respectively 1.61,
1.36 and 1.16 €/Wp. This period was a flourishing time for thin film technology development. Thin film
cell efficiency was still low compared to c-Si [19] and all the emphasis was on reducing the production
price. However, the situation drastically changed, starting with heavily reduced prices at the end of 2011,
with prices of c-Si modules produced in China approaching that of thin film CdTe. At the end of the year,
Chinese c-Si modules were slightly cheaper than thin film modules. Details of the price behaviour over
time are presented in Figure 1.2. In February 2012, c-Si produced in China was over 10 cents more
expensive than CdTe. However, just five months later the gap was reduced down to 4 cents. The
tendency was inverted at the end of the year, when c-Si was actually cheaper than CdTe by 3 cents.
During 2013, CdTe fought back up so that by October 2013 both technologies stood at equivalent price
of 58 cent/Wp.

Figure 1.2: Module prices over time (2010-2013), excluding installation, for c-Si produced in Germany (c-Si G) and in China (cSi C) and CdTe thin film technology [18].

The change in market direction has resulted in various consequences. Crystalline silicon technology,
even when produced in Europe, has reached prices far lower than those predicted, reaching grid parity.
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The entry of Chinese companies into the market resulted in the bankruptcy of many western companies
both in Europe and in the United States. These bankruptcies occurred among both silicon and thin film
producers. Priorities in thin film technology production changed and more emphasis was put on
increasing the modules efficiencies, rather than reducing the costs. This resulted in major achievements
by First Solar and General Electric in cell and module record efficiencies. These efficiencies are now
approaching those established by conventional silicon technology.

1.3

Outline of the Thesis

Loughborough University is the hub for SUPERSOLAR, a consortium between British universities and
research centres that promotes creation of high quality laboratories for solar energy devices production
and charaterization, a training programme for the PV sector and the formation of an inclusive solar
community that links research carried out in universities and industry. At CREST (Centre for Renewables
Energy Systems Technology), I have been part of the photovoltaic materials and devices (PVMAD) group.
Our team is mainly focused on production and characterization of thin film solar cells, including CdTe
and CIGS. CdTe devices are produced using an innovative tool, which used pulsed-dc magnetron
sputtering for film deposition. My work as member of PVMAD group was mainly focused in two areas of
analysis: characterization and manufacturing of CdTe solar cells. The characterization of thin film
materials used for CdTe solar cells was carried on with particular emphasis for surface properties
studied with the coherence correlation interferometry (CCI) technique [20][21]. This scanning white light
interferometry (SWLI) technique is produced by Taylor Hobson Ltd. This company kindly co-sponsored
my doctoral studies. The manufacturing part was concentrated on the activation treatment for CdTe
solar cells, using cadmium chloride (CdCl2) and other chlorine containing compounds.
This thesis will be structure as following:
•

Introductory chapters: literature review (chapter 2) and experimental procedures (chapter 3).

•

Chapter 4 on helical complex field function (HCF) for thin film thickness measurement and
combined surface metrology capabilities of CCI. This chapter will present three studies, including
thin film thickness measurement of anti-reflective coatings for PV application and transparent
conductive oxides, pinholes formation on plasma treated chemical bath deposited (CBD) CdS
and one step interconnect (OSI) process optimization.

•

Chapter 5 will cover the research on CdCl2 activation treatment. Optimization of both
evaporated and wet chemistry CdCl2 process will be presented. Chapter 5 also includes a study
on the effect of both annealing dwell temperature for evaporated CdCl2 and solution
concentration for wet chemistry CdCl2.
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•

Chapter 6 will include initiation study of CdCl2 assisted recrystallization process of both pulsed
dc-magnetron sputtered and electrodeposited CdTe, including different process methods (dry
and wet).

•

Chapter 7 will cover the alternative compounds, which might be used instead of CdCl2. This
chapter will be focused on both finding less toxic material for the activation of CdTe cells and
further understanding of this specific process. The analysed compounds will be: tellurium tetrachloride, cadmium acetate, hydrochloric acid and zinc chloride.

•

Chapter 8 will conclude the thesis with some discussion on the research findings and the
possible future work on the studied subjects.
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Chapter 2

Thin film CdTe solar devices
and techniques for their characterization
2.1 Thin Films
Thin film properties are often different from those of the bulk material, as influence of the surface on
the structure becomes more pronounced as the film is thinner. Thin films can be deposited on the
substrate material using various techniques, involving physical or chemical deposition, vacuum or
atmospheric pressure systems etc. Depending on the deposition methods, the resulting material
characteristics for the thin film can be different. These include optical and electrical properties, crystal
orientation, grain size, internal stress, presence of voids and/or pinholes, etc.
Thin films technology has uses in different application fields, including electronics, optics, aesthetics,
and corrosion protection. A particular opto-electronic application is photovoltaics. Thin film
photovoltaics represents an alternative to traditional silicon technology with the advantage of reducing
the amount of semiconductor material used for solar cell devices.
The scope of this chapter is to review the literature on thin film materials used in photovoltaic (PV)
applications. An introduction to the PV process and different PV technologies is included as background
knowledge. A critical literature review on CdTe solar cells will be presented, with particular attention
paid to the deposition techniques for each layer. The effects on the structural, morphological and
electrical characteristics are reviewed for different deposition method. A broad selection of the various
methods for CdCl2 activation treatment will be presented. Structural and electrical property
modifications and the effect that oxygen presence has during the treatment were the main investigated
topics, related to CdTe solar cell activation. A review on the interconnecting process for thin film
photovoltaics will be also presented, together with the main issues to obtain high efficiency devices. The
chapter will be concluded with the main characterization techniques used in literature to investigate
both material and electrical properties of thin film PV.

2.2 The Photovoltaic process
The PV process is a method of generating electrical power by converting solar radiation (photons) into
direct current electricity (electrons) using semiconductor materials, which exhibit the PV effect. A
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semiconductor material behaves in a manner somewhere between a conductor and an insulator. In
insulating materials, the Fermi level (related to Fermi energy 𝐸𝑓 ) lies within the forbidden band gap,

which is bigger than for semi-conductive materials [1]. For the photovoltaic process to happen, a photon
of energy 𝐸 = ℎ𝜈 (where ℎ is Planck’s constant and 𝜈 is the photon frequency) has to reach the surface

of a material and penetrate it. If the photon provides enough energy (𝐸 > 𝐸𝐸, where 𝐸𝐸 is the band

gap energy), an electron from the valence band will be promoted to the conductive band. For the
process to be successful: the material has to absorb the incident light and, for a voltage to be generated,
charge separation has to occur and good electronic transport is required. When an electron is promoted
to a higher energy level, a corresponding hole is created. This results in a flow of electrons from the

valence band to the conduction band. Semiconductor materials form a junction, which has the function
of separating charges when the electrons are excited across the band gap [2].
P-n junction in solar cells
Photovoltaic devices [2] are diodes consisting of differently doped semiconductors. The most common
junction for these devices is the p-n junction, where p-type material is the acceptor material and the ntype is the donor material. Across the junction, driving forces are present; these allow charge separation
and carrier transport, reducing recombination. A concentration gradient makes carriers diffuse due to
the dynamic equilibrium and electrostatic forces that are present, an electric field is created to oppose
the further migration of carriers. The region created by this phenomenon is called the “depletion
region”. Figure 2.1 shows on the left side how carriers diffuse randomly when p- and n- materials are
separated. When the materials are joined, carriers cross into the other region; while the fixed ion cores
create an electrical field. As result, the holes are kept in the p-type material and the electrons in the ntype material. Some carriers have sufficient thermal energy to cross the depletion region.

Figure 2.1: Diagram schematic of P-N junction formation.

When the junction is forward biased (Figure 2.2), a voltage is applied across the solar cell, resulting in a
smaller electric field formed. Carriers diffuse easily across the depletion region, with an increased
diffusion current. As majority carriers are provided when an external circuit is present, recombination
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increases depleting the influx of carriers into the device. Diffusion is increased and consequently the
current across the depletion region increases. Opposite scenario will occur in reversed bias conditions.

Figure 2.2: Diagram schematic of (a) equilibrium (b) forward biased and (c) reversed biased P-N junction.

The depletion region has a certain width called the “depletion width” (w). Its value can be calculated
and it is related to the doping levels. 𝜀 is the absolute permittivity 𝜀 = 𝜀𝑟 𝜀0 , where 𝜀0 is the vacuum

permittivity and 𝜀𝑟 is the material relative permittivity [2].

2𝜀 𝑁𝑎 + 𝑁𝑑
� 𝑉𝑏𝑏 �
𝑤=� �
𝑁𝑎 𝑁𝑑
𝑞

1�
2

𝑉𝑏𝑏 is the built-in voltage [2], which is related to doping levels. It can be calculated as:
𝑉𝑏𝑏 =

𝑘𝑘
𝑞

𝑙𝑙 �

𝑁𝑑 𝑁𝑎
�
𝑛𝑖2

𝑁𝑑 and 𝑁𝑎 represent carrier density of donor and acceptor respectively; while 𝑛𝑖 is the intrinsic carrier

density for the material.

A “current equation” [2] determines the current density (𝐽𝑛 ) in response to the electric field created (𝜉)
𝜕𝜕
𝜕𝜕

and the concentration gradient ( ). 𝑞 is the magnitude of the electron charge (1.6x 10-19 C), 𝑛 is the
carrier concentration (cm-3) and µ𝑛 represents the carrier mobility (cm2v-1s-1).
𝐽𝑛 = 𝑞µ𝑛 𝑛𝑛 + µ𝑛 𝑘𝑘

𝜕𝜕
𝜕𝜕

The equation shows the current density 𝐽𝑛 , which depends on both 𝑞µ𝑛 𝑛𝑛 (drift current) related to the
electric field and µ𝑛 𝑘𝑘

𝜕𝜕
𝜕𝜕

(diffusion current) for the concentration gradient.

Different devices have different types of junction [2]. The most common junctions are:
•

p-n homojunction (silicon);

•

p-n heterojunction (CdTe), which generally leads to minor recombination for high absorption
materials;
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•

p-i-n junction (amorphous Si), which consists of an intrinsic material between two doped areas.

Other photovoltaic devices use other types of junction, which perform differently:
•

semiconductor-electrolyte, which is characterized by a strong electric field, used in dye
sensitized solar cells;

•

Schottky barrier, which consists of a metal deposited on a film of n/p-semiconductor. This
creates a potential barrier for different materials, so that different band gaps can be created
across the junction.

Current generation
In dark conditions, the junction works as a diode (two-terminal electronic component, which conducts
current only in one direction). The diode admits current under forward bias and blocks current under
reverse bias.
𝐼𝑑𝑑𝑑𝑑 [2] is defined as: 𝐼𝑑𝑑𝑑𝑑 = 𝐼0 �𝑒

𝑞𝑞�
𝑘𝑘

− 1�

When carriers diffuse into the region of the junction produce a current which varies like 𝑒

𝑞𝑞�
𝑘𝑘 ,

where 𝑉

is the voltage. At reverse bias, the depletion region is depleted of carriers and only a small number of
carriers reach the junction, where they are pulled across by the electric field. 𝐼0 represents the
saturation current value.

When the device is illuminated, if the energy of the photons incident on the material is higher than the
band gap 𝐸𝑔 , electrons are excited and holes are created. Close to the junction, carriers are separated

by the electric field. Once electrons reach the n-type area and holes reach the p-type one, a potential
difference is created. Due to this process, if contacts are connected, a current flow is present, a so called
photo-current (𝐼𝐿 ), which flows in the opposite direction of the dark current (𝐼𝑑𝑑𝑑𝑑 ).
𝐼𝐿 [2] is defined as: 𝐼𝐿 = 𝐴 ∫ 𝑏(𝐸)𝑆𝑆(𝐸)𝑑(𝐸)

𝐴 is the working area; 𝑏(𝐸) is the spectral irradiance and 𝑆𝑆(𝐸) is the spectral response (SR) [2]. The

spectral response represents the amount of current delivered to an external circuit per Watt of incident
light and it depends on the absorption coefficient of the solar cell material. Both at long wavelengths
and at short wavelength SR is zero. At long wavelength, low energy photons are not absorbed; while at
short wavelengths, even if photons are absorbed, the generated carriers are too close to the surface to
contribute to the process. The maximum value for SR is at intermediate wavelengths and it is limited by
material reflectivity.
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J-V curves
When the cell is operating, current density-voltage (J-V) [2] measurements can be taken to analyze the
electrical performances of the device. When the terminals are connected together, the photo-current
reaches its maximum value 𝐼𝑆𝑆 (short circuit current). Normalizing the area through which the current

flows (i.e. the cell area), it is possible to define the short circuit current density 𝐽𝑆𝑆 , the photo-current
density 𝐽𝐿 and the saturation current density 𝐽0 .

When a load is present, a potential difference is created between the contacts. When contacts are
isolated (as for a load of infinite resistance), the potential difference reaches its maximum value
𝑉𝑜𝑜 (open circuit voltage). This occurs when the dark current and the photo-current are equal in absolute

values.

The current density-voltage response can be approximated as the sum of photo- and dark current, each
one with its conventional sign, negative for 𝐽𝐿 and positive for 𝐽𝑑𝑑𝑑𝑑 , as expressed in the equation:
𝐽 = 𝐽0 �𝑒

𝑞𝑞
�𝑘𝑘

− 1� −𝐽𝐿 .

I-V curves are plotted with current as a function of voltage. The main parameters for an operating solar
cell are (Figure 2.3):
•
•
•

𝐽𝑆𝑆 , which represents the maximum current at short circuit.
𝑉𝑂𝑂 , which represents maximum voltage at open circuit.

𝑉𝑀𝑀𝑀 and 𝐽𝑀𝑀𝑀 represent the value for voltage and current density for the maximum power

point (𝑀𝑀𝑀). The maximum power is calculated as function of voltage and current at the MPP

•

(𝑃𝑀𝑀𝑀 = 𝐼𝑀𝑀𝑀 𝑉𝑀𝑀𝑀 ).

FF, Fill Factor indicates the ratio of the square area created connecting 𝐽𝑀𝑀𝑀 and 𝑉𝑀𝑀𝑀 values

over the square area obtained connecting the 𝐽𝑆𝑆 and the 𝑉𝑂𝑂 values. In real devices, the FF
•

expresses the percentage achieved compared to the ideal J-V curve. 𝐹𝐹 =
η, power conversion efficiency, dependent on 𝑉𝑂𝑂 , 𝐼𝑆𝑆 and 𝐹𝐹, as 𝜂 =

13

𝐼𝑀𝑀𝑀 𝑉𝑀𝑀𝑀
.
𝐼𝑆𝑆 𝑉𝑂𝑂

𝐼𝑆𝑆 𝑉𝑂𝑂 𝐹𝐹
.
𝑃

Figure 2.3: A schematic diagram of a hypothetical I-V curve, including the main features of analysis.

Other parameters that can be calculated from J-V curves are series resistance 𝑅𝑆 and shunt resistance

and 𝑅𝑆𝑆 . They are relative to the slope of the curve along both axes respectively corresponding to 𝑉𝑂𝑂

and 𝐽𝑆𝑆 . 𝑅𝑆 has to be as small as possible to achieve high performance, while 𝑅𝑆𝑆 has to be as large as

possible. 𝑅𝑆 results from resistive losses, mainly from contacting issues, whilst 𝑅𝑆𝑆 mainly depends on
material quality.

The total conversion efficiency [2]can be expressed either as dependent on the Fill Factor or on the
maximum power point:
•
•

𝜂=
𝜂=

𝐽𝑆𝑆 𝑉𝑂𝑂 𝐹𝐹
𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐽𝑀𝑀𝑀 𝑉𝑀𝑀𝑀
𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑

Band gap affects voltage and hence current. Decreased band gap will result in higher current and lower
voltage. The theoretical efficiency for optimum band gap (1.4 eV), for a single p-n junction is 𝜂≈31%. It

is determined by Shockley-Queisser limit (or detailed balance limit) [3]. The limit considers various
factors, such as the blackbody radiation, the recombination of carriers and spectrum losses depending
on the band gap energies.
Materials and Design
The range of device structures and the range of materials used result in a multitude of different types of
solar cells [2]. Light trapping methods can be used to increase the light input in the devices. For example,
the front surface of silicon solar cells are treated with an anti-reflecting coating and a passivation
process. In modules, cells are generally interconnected in series. For different technologies, various
approaches are pursued. Single wafers can be connected with each other for silicon devices; while for
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thin films a more complex interconnect process is needed, as the device layers are deposited for the
whole module area.
The main requirements for materials employed in all solar cells are:
•

optical absorption , depending on thickness and light trapping methods;

•

charge separation, through the formation of a charge depletion region, is related to the doping
process;

•

transport of the electrons to external circuit, which is affected by material quality and presence
of defects.

Different materials can be used to create solar cells; the leading material to date has been silicon. It can
be mono- or poly-crystalline, amorphous and in more recently developed technology, micro- or nanocrystalline. The important properties include an indirect band gap of 1.1 eV, a theoretical efficiency of
29%, a relatively low 𝑉𝑜𝑜 (0.7 V), but a high 𝐽𝑆𝑆 (40 mA/cm2). The typical minimum thickness employed

is ~100 µm, due to weak absorbance. Wafers are textured for higher light trapping and an anti-

reflection coating (generally silicon nitride) is applied. The main advantages of silicon solar cells are their
non-toxicity and the abundance of raw material. It is a highly developed technology due to its utilization

in the electronic industry. However the amount of material consumed for a mono- or poly-crystalline
silicon cell is much higher than thin film technology [4].
Another material is gallium arsenide (GaAs). It has a direct band gap, and high conversion efficiencies
have been achieved (record 28.8% [5]). It is radiation resistant, which is an advantage for space
applications. GaAs is also suitable for multi-junction structures.
The main materials used for thin film technology are copper-indium-gallium-selenide (CIGS) and
cadmium telluride (CdTe). Historically CIGS has had higher record efficiencies (~20%). However, recently
CdTe efficiency has increased to 21.0% by First Solar [6]. CdTe cells, which create a p-n junction with
cadmium sulphide (CdS), are easier to manufacture.
Amorphous silicon technology (Si:H) is also categorized as a thin film PV. The device is based on a silicon
thin film and p-i-n junction formation. However, the achieved efficiencies for this technology are still low
(~10%) [5].

2.3 CdTe solar cells
Thin film CdTe is one of the most promising solar cell technologies, which has been developed in the last
few decades. The main advantage is its relative low-cost and its less complex production process (0.59
$/Watt for First Solar in 2013 [7]).
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CdTe is a binary compound, which has semiconductor properties. It can exhibit both p- and n-type
conductivity by varying the Cd-Te stoichiometry (Cd excess results in n-type material, while Te excess
results in p-type material). CdTe has a direct band gap of ~1.45 eV, so that the theoretical efficiency
reaches 31%. It has a high optical absorption coefficient of over 99% of the incident sunlight with only
about 2 μm thickness [8]. In 1947, Freriches first measured the photoconductivity [9], but it was only in
1956 that CdTe found application as a photovoltaic material [10], using a p-n homojunction. An n-type
single crystal CdTe was then used to combine with another p-type material, such as Cu2Te [11]. P-type
CdTe was later employed as a single crystal to form a heterojunctions with different n-type materials,
such as ITO [12], ZnO [13] and CdS [14]. In heterostructured solar cells, CdTe is employed as the
absorber layer and a window layer, such as cadmium sulphide (CdS) is used with it. The cell can be
manufactured in both a superstrate or a substrate configuration (Figure 2.4). The superstrate version is
now established for commercial use. The substrate type may be used to produce a flexible module.

Figure 2.4: A schematic diagram of superstrate and substrate configuration for CdTe/CdS solar cell

Following early work on polycrystalline superstrate and substrate [15] cells using CdS as n-type layers,
the superstrate polycrystalline CdS/CdTe was further developed during the 1980s and 1990s [15]. Since
then, research has moved mainly towards this configuration.
The device efficiency is determined by the material purity, cell inhomogeneities, microstructure and the
morphology of the polycrystalline thin film. All of these depend on the deposition conditions. Nonuniform deposition can effect into the electrical and optical properties [16]. Shunt paths can be created,
especially if pinholes or voids are present.
CdTe and CdS can be deposited using various methods, such as close-spaced sublimation (CSS) [17],
evaporation [18], electrodeposition [19], metal organic chemical vapour deposition (MOCVD) [20] and
radio frequency (RF) sputtering [21]. These methods can be divided into high temperature and low
temperature deposition methods, according to the substrate temperature used.
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An essential step for high efficiency CdTe solar cells is the cadmium chloride (CdCl2) treatment. It
represents the activation process for CdTe cells, which dramatically increases the cell efficiency. This can
be performed using different methods. Changes in the film morphology occur with recrystallization
leading to changes in grain orientation and an increase in grain size.
The typical superstrate CdTe/CdS solar cell has the following structure:
-

The glass substrate can be borosilicate or soda lime; the presence of impurities can be quite
critical for cell performances; anti-reflective coating can be applied on the glass in order to
enhance light transmission, especially when the device is in the superstrate configuration.

-

A transparent conductive oxide (TCO), which is highly conductive and transparent. Common
options include: indium tin oxide (ITO), fluorine doped-tin oxide (FTO), aluminium doped zinc
oxide (Al:ZnO), but many others are available (such as CdSnOx and ZnSnOx).

-

Polycrystalline CdS, which is the window layer and the n-type material of the p-n junction; CdS
can be annealed prior to CdTe deposition, to change morphological and electrical properties of
the material.

-

Polycrystalline CdTe is deposited on glass/TCO/CdS, which is then usually activated using CdCl2
or other chlorine containing compounds; CdTe is the absorber and p-type material for the
device.

-

Cu/Au or other types of back contacts are deposited on top of CdTe layer; the whole cell is then
usually annealed to diffuse Cu inside the CdTe.

All these relevant aspects of the CdTe solar cells technology are described in more depth in the
following sections.

2.3.1 Metal oxide anti-reflective coatings
Anti-reflection coatings are optical coatings, applied to a surface to reduce reflection. Reflection occurs
at the interface between two media that have different refractive index and represents a change in
direction of a wave front such that it returns into the medium from which it originated.
Anti-reflection coatings are transparent and made of alternating layers with different refractive indexes.
These layers can have different thickness, which are chosen to have destructive interference in
reflection from the interface and constructive interference in the transmission beams. The wavelength
range has to be decided during the design process. High/low refractive index materials are paired [22]:
the low index material is usually silicon dioxide (SiO2), while high index material is usually chosen from a
range of metal oxides including zirconium dioxide (ZrO2) and niobium pentoxide (Nb2O5). The refractive
index of magnetron sputtered thin films can approach that of the bulk material. In general, the greater
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the difference in refractive index between the alternate layers in a multilayer design, the better the
optical performance [22]. Accurate thickness of each layer in multilayer AR coating provides essential
information for analysis of optical performance [23].
Multilayer broadband anti-reflective coatings (MAR) are commonly used for ophthalmic applications
[24][25]. Using the same principle, these coatings can be applied to PV devices, in order to reduce
optical losses in the glass, which is facing the light for superstrate configuration CdTe solar cells.

2.3.2 Front contact TCOs
TCOs are common to each thin film PV technology. Transmission, reflectance and conductance are the
key properties for these materials. Transmission and conductance show opposite behaviour as function
of the thickness as the former increases when thickness is decreased while the latter decreases.
Different front contacts will result in slightly different growth of the sub sequential semiconductor layers
when used in thin film solar cells such as cadmium telluride. The growth is influenced by the initial
structure of the substrate, its temperature and the nature of the deposition process [26].
Fluorine doped tin oxide (FTO)
FTO [27] is the most commercially important TCO. TEC glass is produced by NSG-Pilkington Group and
consists of three different layers: tin oxide, silicon dioxide and fluorine-doped tin oxide. The multi
structure shown in Figure 2.5 guarantees chemical stability, transparency and a roughness level suitable
for thin film PV applications. TEC glass are identified according to their sheet resistance value expressed
in ohm per square (Ω/□).

Figure 2.5: Schematic diagram of the multilayer structure of FTO coated glass.

Various TEC glass versions are used in different kinds of PV modules. For example, TEC 10 and TEC 15
are employed in CdTe solar cells to provide a balance between transparency and resistivity values (10 or
15 Ω/□). FTO is stable and does not change colour with time. It is resistant to abrasion and it can be
processed at high temperature without degradation.
Indium tin oxide (ITO)
Indium doped tin oxide (ITO) is another popular transparent conductive oxide (TCO). Chemically, it is
composed of indium oxide (In203) and tin oxide (SnO2). It is used in the form of a thin film material (<1
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µm). ITO’s main applications are in electronic and opto-electronic devices, such as photovoltaics [28].
ITO is used as a front contact for PV devices, providing good electrical contact and high light
transmission. ITO can be deposited using a sputtering system with an ITO target, using RF or pulsed dc
power supplies. The thickness of a TCO used for a display or PV device determines the transmission and
sheet resistance [26][28]. These parameters are fundamental to device performance, any variation in
thickness will cause changes to the conductivity of the material and introduce losses.
Even though ITO has been proven to be one of the best TCOs on the market for different applications,
there are some issues regarding indium availability. Research, both in industry and academia, is focused
on employing new materials which are cheaper, non-toxic, stable and give comparable electrical and
optical performance to ITO.
Aluminum doped zinc oxide (AZO)
One option is use aluminium doped zinc oxide (AZO), as a substitute for ITO. It can be employed as a
TCO and provides a combination of high transparency in the visible region and low resistivity. AZO is an
n-type degenerated semiconductor. Al is used to dope ZnO to obtain higher conductivity, by improving
the carrier concentration and mobility. ZnO has poor conductivity due to native point defects, which
cannot deliver sufficiently high donor concentrations. Doping ZnO with Al results in higher carrier
concentration and enhanced mechanical properties [29]. As a consequence the transmission properties
in the IR are also improved. Thickness and roughness play a role in the film’s opto-electronic performace.
The resistivity and chemical stability are less favourable than those of ITO. However, it is cheaper and
exhibits higher transparency in the visible range. It can also be textured to enhance its light trapping
capability.

2.3.3 CdS
CdTe solar cells have a multilayer structure and the chemical, physical and morphological characteristics
of each layer play an important role in the efficiency of the device. Cadmium sulphide (CdS) is an n-type
semiconductor, with a band gap of 2.42 eV. CdS is used as a window layer with CdTe to form the p-n
junction [14]. When a CdS layer is introduced into the device structure, it generally helps to reduce
reflection losses. An increase in both light absorption and carrier recombination also occurs. The
morphology of CdS and its electrical performance depend on the precise details of the deposition
process and any post-deposition treatments.
CdS can be deposited using a variety of different techniques. The deposition technique employed
influences grain size, orientation and crystallographic phase. The thickness of CdS also plays a major role
due to its absorption at ~512 nm. The thicker the layer, the less light will be transmitted into CdTe. A

19

related issue with CdS is pinhole formation, which cause shunts in the device and occurs more
frequently when the thickness of the layer is reduced [30].
Chemical bath deposition (CBD) and close spaced sublimation (CSS)
One of the most popular deposition methods for CdS is chemical bath deposition (CBD), which results in
small grains and uniform coverage of the TCO surface [31]. The standard deposition uses a solution
process which is generally water based, with a reducing agent and ion sources. A range of different
sources and reducing agents can be used in the bath. When different sources [32] are used, changes
occur in the band gap, stoichiometry, grain size, roughness, growth rate, carrier concentration and
mobility.
Differences in morphology and crystallinity also occur as a result of using different deposition methods.
Closed-space sublimated (CSS) CdS generally possess a hexagonal crystalline structure as-deposited,
while CBD CdS usually results in a cubic phase, which transforms into the more stable hexagonal form
when annealed [33]. CBD CdS possess more impurities, including oxygen which affects the interdiffusion
process between CdS and CdTe [34]. Controlled interdiffusion between CdS and CdTe layers helps to
overcome the lattice mismatch, which is generally around 10% with high defect density at the interface.
Even if interdiffusion does not occur, CdS acts as a passivation layer for CdTe surface states, increasing
the life time minority of carriers [35].
Other techniques: radio frequency (RF) sputtering, physical vapour deposition (PVD) and metal-organic
chemical vapour deposition (MOCVD)
A less conventional technique to deposit the window layer is radio frequency (RF) sputtering. According
to the literature, as-deposited films develop a hexagonal structure with preferential orientation in the
<002> direction and a grain size dependent on film thickness [36]. Another vacuum technique used to
deposit the window layer is physical vapour deposition (PVD) [37]. Similar to CSS-deposited CdS, the
crystalline phase is hexagonal with preferential orientation in the <002>. Increasing substrate
temperature during deposition causes the degree of preferred orientation to increase. When the
deposition temperature is decreased the hexagonal phase becomes predominant. Orientation together
with other material properties is affected by substrate temperature. Also the band gap is affected by the
deposition and annealing temperature and after annealing the film becomes more textured [37].
Metal-organic chemical vapour deposition (MOCVD)
occurs at atmospheric pressure, using organometallic precursors such as dimethyl cadmium (DMCd)
and ditertiarybutylsulphide (DTBS) [38]. The CdS layer is generally doped with nButylChloride (nBuCl).
The resulting CdS layer results in epitaxial growth of the deposited CdTe layer [38].
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Critical issues with CdS: thickness, pinholes formation and annealing
The properties of the CdS layer such as thin film uniformity and thickness affect cell efficiency [30]. The
CdS layer can limit current generation by absorption and this problem can be alleviating by using thinner
films. The thinnest possible layer allows most light to pass through, but in practise the layer thickness
has a lower limit below which it becomes ineffective. In addition, as the layer becomes thinner, some
problems such as non-optimal electric field distribution and a possible increase in non-uniformities can
occur. Optimum value of CdS thickness exists where reduction of 𝑉𝑂𝑂 and 𝐹𝐹 values due to pinholes and

leakage along grain boundaries is minimized and transmission is maximized. A study on correlation

between thickness and uniformity of the film and final efficiency was performed with sputtered layers
by Plotnikov et al. [30]. The results showed an optimum thickness of 100 nm. Reducing the thickness
further than 80 nm results in severe losses in 𝑉𝑂𝑂 and 𝐹𝐹, due to non-uniformity of the CdS. Substrate

cleaning and post-deposition treatments also have significant influence on the material properties and
performance.
One of the main issues for CdS deposition is the avoidance of pinhole formation. The easiest solution is
to deposit a thicker layer. However, this solution would result in less light reaches the absorber layer.
Another solution, used with the CBD-CdS method uses the deposition of a thin layer of CdS with second

layer of small grains to fill pinholes (≈80 nm), in a bi-layer structure which can improve the short circuit
current of the cell [39]. During post-deposition treatments, S and Te interdiffusion generally occurs,
which may result in CdS consumption. Therefore, this method would result in protection of the junction
properties and conservation of the CdS layer integrity. By using a bi-layer structure, pinhole formation is
reduced, maintaining a relatively thin CdS layer. The roughness, optical transmittance and electric
properties are affected by bi-layer structure, resulting in a steeper absorption edge, a shift in EF towards
the conduction band with higher band bending in the CdTe, and an increase in built-in voltage with
higher 𝑉𝑂𝑂 and 𝐹𝐹 [39].

Additional modification of the CdS layer can be induced by post-deposition treatments of the film. When
CdS is thermally treated changes in morphology and grain orientation occur. The heat treatment can be
carried out in a different atmosphere or an additional post-deposition treatment can be performed
using CdCl2 [40]. Post-deposition treatments can be performed on films which have been deposited
using different deposition processes. Depending on the deposition process employed, the as-deposited
film can be amorphous, metastable cubic, mixed cubic/hexagonal. A study of the CdS recrystallization
mechanism by Wan et al. [41] analyzed thin films prepared by chemical bath deposition, which were
annealed in air, with or without a CdCl2 coating layer. The treatments had to be carried out at
temperatures above ~300°C; otherwise no rearrangement of the neighbouring atoms occurred. Coating
CdS with a thin CdCl2 film protected the window layer from oxidation during annealing in air and
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promoted formation of ClS and VCd point defects in CdS. By incorporating Cl ions, it was possible to
prevent O diffusion and incorporation. The anti-oxidation at the CdS nano-crystalline surface and the
point defects formed in the film promoted coalescence of the neighbouring clusters. This process led to
good crystallinity of the CdS, which influenced the growth of the subsequent CdTe layer and its
properties, resulting in a high efficient CdS/CdTe solar cell [41]. The effect of post deposition treatments,
strictly depend on the deposition conditions of the as-deposited CdS. In particular CBD CdS can give very
different material properties, depending on the reagent species and concentrations used. A sulphur-rich
bath or use of cadmium acetate as salt source, combined with CdCl2 treatment results in a smoother
SnO2-CdS interface with a decrease in lattice mis-match, which increases the cell efficiency [42]. Mismatch is important at the SnO2-CdS- interface, but interdiffusion effects and lattice match are much
more important at the CdS-CdTe interface. Depending on the deposition technique [34], the different
amounts of oxygen in the CdS film plays a role in interdiffusion process between the two semiconductor
layers. A balance between the effects at the two interfaces has to be considered during the device
engineering.

2.3.4 CdTe
CdTe is the absorber layer. It is a p-type material which forms the junction CdS/CdTe [14]. Among the IIVI compounds CdTe has nearly ideal optical band gap and absorption coefficient, shows the highest
average atomic number, least negative enthalpy formation, lowest vapour pressure, lowest melt
temperature, largest lattice parameters, highest ionicity, and p- and n-type conductivity.
Whilst the melting point of cadmium is 321°C and tellurium is 450°C [43], CdTe itself has a melting point
of 1092°C. According to the CdTe temperature-atomic % (T-x) phase diagram [44], there is a narrow
window for stoichiometric composition (~10-6 at. %) for temperatures lower than 500°C. CdTe can be
Cd-rich or Te-rich depending on the deposition conditions.
A thickness of few microns results in 99% of light entering the layer being absorbed [45]. CdTe is the
only compound in the Cd-Te system; it has a highly negative formation enthalpy; the vapour pressures
of both Cd and Te are much higher than that of CdTe and for this reason the annealing processes can be
carried out whilst maintaining the integrity of the compound [46]. When deposited from a binary source
CdTe is generally stoichiometric, although Cd has a higher vapour pressure and the formation of Cd
vacancies can occur [15].
CdTe has ionic bond characteristics with tetrahedral coordination and it can form two crystallographic
structures (zincblende and wurtzite). Pressure affects which structure is favoured [47]. Imperfections or
defects present in the lattice result in localised states within the band gap. States with ionisation energy
~Eg/2 result in deep states, while for states with energy near the bands result in shallow states.
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Cadmium vacancies (VCd) are a shallow acceptor state, cadmium substitution for tellurium sites (CdTe)
and interstitial cadmium (Cdi) are shallow donor states, while interstitial tellurium (Tei) is a deep state
[15].
CdTe films can be deposited using various techniques. Deposition methods can be divided according to
substrate temperature:
•

High substrate temperature: close-spaced sublimation, physical vapour deposition and vapour
transport deposition;

•

Low substrate temperature: RF sputtering, electrodeposition, metal organic chemical vapour
deposition, spray and screen-print deposition.

The deposition technique and especially the deposition temperature affect the film structure. Reevaporation of the layers occurs for substrate temperatures higher than 450°C. For low pressure
processes, this temperature is lower. For this reason, physical vapour deposition occurs at low substrate
temperatures. Another way of preventing re-evaporation is to decrease the space between the source
and the substrate, as carried out in for close-spaced sublimation (CSS) and vapour transport deposition
(VTD).
High substrate temperature techniques: CSS and VTD CdTe
The most commercially established techniques to deposit CdTe are CSS and VTD. Close-spaced
sublimation is based on the sublimation and subsequent condensation of the film on a specific substrate.
The morphology of the CdTe has consistent differences in grain size, surface roughness and response to
the recrystallization process [48]. CSS deposited CdTe results in large grains, varying between 1-4 µm in
size depending on the substrate temperature. Also the grain orientation is affected by the deposition
temperature; in the range between 500-600°C, for temperature above 550°C X-Rays diffraction shows
texturing in the <111> direction. Below this temperature, the films tend to have a random orientation,
with the exception of films deposited at 500°C, which show <200> preferential orientation [49]. Lower
temperature deposition also gives promising results after treatment with CdCl2 vapour method [50].
The maximum substrate temperature for the CSS technique is dependent on the up-side down system
configuration and it is limited by the melting point of the glass substrate (~475°C). The VTD technique
allows higher substrate pressure and temperature to be used because of the top-down configuration.
This technique is used by First Solar® as their standard deposition process. It is based on a heated
chamber containing solid CdTe, which is vaporized and carried by a gas through a slit over or under a
moving substrate. While CSS works by diffusion, VTD works by convection. High deposition
temperatures yield high deposition rates [51].
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Low substrate temperature techniques: PVD, RF sputtered MOCVD, ED, sprayed and screen-printed CdTe
PVD CdTe is generally deposited at a substrate temperature around 300°C, after CdS is deposited in the
same chamber, without breaking the vacuum [53]. The typical thickness of the CdS is 0.1–0.5 μm, while
the CdTe thickness is between 3 and 4 μm. The evaporation technique differs from CSS, because the
substrate temperature is lower (~300°C) and the distance between the substrate and source is much
greater. The process is also different because the source changes from the solid to liquid state and then
into vapour. The evaporated CdTe layers appear columnar and highly orientated when deposited,
following the morphology of the underlying CdS film. However when recrystallized, the CdTe grains
change orientation and morphology [33]. When the substrate temperature is much lower, CdTe layer
forms a different crystalline structure (zincblende) compared to the standard deposition condition, and
the grains have a preferential orientation along the <111> direction [51].
R.F. sputtering is another relatively low temperature technique that can be used to deposit the CdTe
layer [54]. This technique is not only used for the superstrate configuration, but also the substrate
configuration for flexible devices. Examples have been published by Compaan et al. [55][56]. Prototypes
have been deposited on molybdenum foil and Kapton polyimide. Non-commercial polyimide can be
spin-coated on NaCl-coated glass, the TCO consists of ZnO:Al also deposited by RF sputtering, while the
back contact was deposited by high vacuum evaporation. The cell was then detached by dissolving the
NaCl. These cells showed high reproducibility and a highest recorded efficiency of 11% [57].
MOCVD is an atmospheric pressure and low temperature technique, which uses organometallic
precursors, which react to deposit the CdTe thin film. The deposition is the result of a chemical reaction,
so it is possible to change the stoichiometry of the compound. In some cases, the CdCl2 treatment can
be avoided by controlling the process conditions and adding arsenic as a dopant. [58].
Another deposition method which avoids the use of a vacuum system is electrodeposition. The CdTe
layer is deposited on the substrate glass/TCO/CdS; this stack is used as a cathode. The solution contains
a cadmium salt as the source of Cd ions, while the Te ions are provided as HTeO2+, either in solution as a
Te compound [59] or as result of interaction between the solution and a Te rod (anode) [19]. The asdeposited CdTe layer contains small grains (~100 nm), which increase in size when the device is
annealed [60].
Alternative atmospheric deposition methods include spray [61] and screen-print deposition [61]. The
former technique uses a slurry containing CdTe, CdCl2 and a carrier (propylene glycol). The morphology
depends on the deposition conditions, with films generally showing a porous back surface and severe
CdS consumption [61] [15], as a result of CdCl2 presence as carrier in the deposition process. The screen
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printing method involves Cd, Te and a suitable binder, followed by baking at high temperatures (~700°C)
[62].

2.3.5 CdCl2 treatment
The cadmium chloride (CdCl2) treatment is essential to enhance the efficiency of CdTe/CdS solar cells.
The understanding of this process is still the subject of much research [63]. The results of the process
show a consistent change in the layer morphology, creating a better film for photovoltaic applications.
The treatment has the ability to enlarge the grain size, reducing the volume of grain boundaries and the
amount of defects, resulting in a reduced possibility of recombination. The effects largely depend on the
initial morphology of the as-deposited sample; for this reason, it will be different depending on the
deposition methods of the CdTe and CdS layers. Various attempts have been carried out to find the
most efficient, safe and least expensive CdCl2 treatment. Research is focused on understanding the
actual mechanism of this treatment.
The treatment can be performed either in situ or as a post-deposition process. Solution processes
consist of dissolving CdCl2 in methanol or DI water; while vapour processes involve the use of CdCl2, HCl,
Cl2 or other chlorine containing gases. The in situ treatments are performed at substrate temperatures
~400°C. The spray technique involves alternated deposition of CdTe and CdCl2:methanol [64]; whilst the
vapour technique consists of co-sublimation of CdTe and CdCl2 [65]. In situ methods avoid the formation
of residues on the CdTe film surface; however it is essential to control the chlorine flux. Post-deposition
treatments are performed after the CdTe layer has been deposited and can be performed in one step or
two steps depending on the annealing process, which can be performed either simultaneously or
subsequently to the deposition of CdCl2. When the treatment is performed at temperature, the residue
is reduced; however, the temperature must be well controlled to guarantee a successful process.
Several methods are used to perform the post-deposition process including: vapour transport [66], close
spaced sublimation [67], thermal evaporation [68] and a wet chemical treatment [69]. The effects of the
treatment are significant not only on morphological properties but also on the electrical performances.
𝐽𝑆𝑆 , 𝑉𝑂𝑂 , 𝐹𝐹, and consequently 𝜂 are all raised to a level sufficient for electricity generation.

The effects of the CdCl2 treatment are dependent on the growth mechanisms of the previous steps of
production. However, some effects are common for all different deposition techniques. After activation,
all samples undergo a change in surface morphology, with coalescence of grain boundaries,
recrystallization and grain reorientation, reduction of optical losses with optimized interdiffusion
mechanism, higher p-type conductivity, passivation of interface defects together with reduction of
planar defect density, change in concentration and distribution of trapping states, enhanced charge
separation increasing hole depletion near grain boundaries and enhanced carrier collection [70].
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P-type conductivity is increased by the formation of two shallow complexes: (Tei2--ClTe+)- and (VCd2--ClTe+)[71]. CdCl2 also affects the CdS layer; Cd atoms from the compound locate in the Cd sites of CdS, while
the Vs are filled up with Cl. This effect has consequences on the n-type conductivity of CdS, which might
be affected, resulting in loss in performance. The outdiffusion of Cd atoms from CdS results in filling of
VCd in CdTe, creating Cd vacancies in CdS. Excess of CdCl2 can also lead to Cl –rich precipitates in the
CdTe and at the interface; even if their role is not yet understood, a semi-insulating behaviour was
observed with high concentration of CdCl2 [70].
Structural effects
When the CdS/CdTe stack is annealed in the presence of CdCl2, major morphological changes occur.
Although, these effects are difficult to catalogue due to the dependence on the as-deposited sample
morphology, the main changes observed are:
•

Grain orientation of CdTe layer

•

The interface between CdS and CdTe

•

Reduction in the volume of grain boundaries and defects

•

Grain size and shape.

Recrystallization occurs when the activation treatment is performed. It is possible to identify two types
of recrystallization; one mainly results in grain re-orientation and the other which results in grain
enlargement. Recrystallization results in a new lattice with low strain energy. The recovery of
microstructure next to the interface and surface recrystallization seem to be driven by a high density of
defects [72].
The main differences in the as-deposited device morphology are caused by the deposition temperature.
Higher temperatures generally result in better quality CdTe films with less texture and larger grains,
which reduce the grain boundary volume. Some effects such as grain enlargement by the
recrystallization process are less evident in samples deposited using CSS; while they appear more
pronounce in other methods such as evaporated, sputtered or electrodeposited devices.
For CdTe films deposited using low temperature techniques, such as sputtering, PVD and
electrodeposition, the changes that occur after the post-deposition treatment are considerable.
Evaporated CdTe solar cells treated using the evaporated CdCl2 method exhibit an enlargement in grain
size [33]. Sputtered CdTe shows similar behaviour, with a change in grain orientation [73] and grain
enlargement. For CSS deposited CdTe films; the morphological changes are less evident due to the high
temperature of the substrate during deposition. This favours large grain size, which have a lower grain
boundary volume. When the devices are CdCl2 treated, the grains do not show a particular enlargement
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compared to the other deposition techniques [74]. Using X-Ray diffraction, it was found that texturing
reduced after the cells were treated at a temperature of 350°C, and then was reduced further when the
temperature was raised to 400°C.
While grain growth may or may not occur, grains always show tendency to random orientation and
decrease in defect density, after CdCl2 treatment. Even for as-deposited large grains, those at the
interface show similar features of films grown at lower substrate temperatures. The interface area,
where n=p, has a high recombination rate when the sample is untreated [75]. CdCl2 treatment has a
major effect on defect density; especially stacking fault density is affected during activation process
[76][77]. The change is more evident for CdTe films grown at low substrate temperatures [78].
Intermixing between CdTe and CdS is another effect of the chlorine activation process. This
phenomenon can be beneficial but destructive, when the CdS is intensively consumed. S diffuses into
the CdTe, forming CdTe1-xSx; while Te diffuses in CdS as CdS1-yTey. The former alloy has a zinc-blende
structure, while the latter has a wurtzite structure. The main consequence of CdTe diffusing in CdS is
that the light transmission through the buffer layer is reduced; however this effect can be mitigated by
heat treating the as-deposited CdS in order to enlarge the grain size and enhanced film density. CdS
diffusion in CdTe is a much faster process which is difficult to control [15]. It results in both beneficial
and detrimental effects. The CdTe band gap is reduced, which results in higher long wavelength
quantum efficiency [79]; however built-in voltage can reduce and shunt issues can result as the CdS is
consumed. The process follows Fickian bulk and grain boundary diffusion with an Arhennius
temperature dependence [80]. The diffusion process is enhanced by the presence of CdCl2 and oxygen
and it can be relatively controlled by either annealing in oxygen prior to the activation treatment or by
using certain percentages of oxygen during CdTe deposition.
Electrical effects
Several electrical effects have been detected as a result of the CdCl2 process, including:
•

Increased conductivity and p-type doping

•

Increased carrier life time

•

𝐽𝑆𝑆 improvement due to increased acceptor density

•
•
•

𝑉𝑂𝑂 improvement due to better structural quality

Unpinning of the Fermi level at the CdS/CdTe interface
𝑉𝑂𝑂 detrimental due to over-treatment.

[15]
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Air-treatment at temperatures higher than 500°C results in the reduction of the sheet resistance of CdTe.
While without treatment devices have low photo-current and high sheet resistance. The spectral
response of untreated CdTe is poor, having a peak near to the CdTe band edge showing p-i-n device
operation [81]. As a result of CdCl2 treatment in an oxygen atmosphere, a p-n junction forms. Similar
behaviour is observed when CdTe is treated at high temperature in an oxygen atmosphere.
The band structure in CdTe exhibits various possible states, due to doping or defect levels. Native states
are represented by CdTe as a shallow donor, Cdi as a relatively shallow donor, Tei as a deep state and VCd
as a shallow acceptor, which then forms a shallow acceptor complex with ClTe. Cu has a double nature:
as CuCd results in a shallow acceptor, favouring p-type conductivity of CdTe, while as an interstitial atom,
it acts as a donor [15].
A change in the current transport mechanism is another effect observed from the activation process.
Prior to treatment the transport is by tunnelling/interface combination whereas afterwards it is
dominated by junction recombination, as seen in thermally activated processes [82].
Grain boundary potential changes as a result of incorporation of chlorine with its structure and series
resistance is reduced. Acceptor distribution becomes more homogeneous and deep acceptor density is
increased [83]. As a consequence of chlorine introduction, carrier life time is also increased [84],
together with their diffusion length. While untreated cells exhibit poor blue response, due to the
extended space charge region; treated cells show better current collection as a result of increased
acceptor density. Open circuit voltage is also improved as carrier concentration and lifetime are
increased. Better structural quality is obtained after the treatment; this is beneficial for electrical
properties, with special regard to space charge region recombination, which is reduced. However,
overtreatment of the device will lead to poorer 𝑉𝑂𝑂 ; this process is highly dependent on the CdTe
thickness and for extreme conditions it can lead to film delamination.
The effect of oxygen
Oxygen is incorporated in CdTe during both the deposition process, and post-deposition treatments. It
plays an important role in the activation of the device. Considering the CdTe-CdCl2 phase diagram [85]
(Figure 2.6), oxygen may reduce the eutectic formation temperature, which is nominally 490°C.
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Figure 2.6: CdTe-CdCl2 phase diagram [85]

The presence of oxygen increases the nucleation rate, resulting in smaller grain size after the treatment,
compared to the process carried out in different atmospheres or in a vacuum. This results in better
coverage of the CdS layer, leading to reduced density of pinholes, but it increases grain boundaries
volume [86]. This also results in less diffusion of sulphur into the CdTe, avoiding complete CdS
consumption during the activation process. Oxygen is thought to passivate tellurium vacancies, which
have a deep state in the CdTe band structure; this activates the acceptor level which increases the ptype conductivity [70]. Oxygen presence during CdCl2 treatment also results in increased hole
concentration [87][88]. As a result of higher doping levels, the space charge region recombination rate
decreases.
CdCl2 reacts with both O2 from the atmosphere, and CdTe film, forming gaseous TeCl2 and solid CdO.
This results in an increased mobility of Cd and Te and favours the recrystallization process. However,
when the CdCl2 is in excess, surface oxidation can occur with detrimental effects for electric
performance. Once the interface is re-organised as a consequence of the activation process, excess of
CdCl2 can also result in stress formation at the CdS/TCO interface [70].

2.3.6 Back contact
The main issue of the back contact concerns the roll-over phenomenon. Fermi level pinning occurs at
the interface between CdTe and the metal used (Cu and Au), creating the Schottky barrier. However,
even without this pinning phenomenon, Ohmic contact is difficult to create, due to the large ionisation
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potential of CdTe (5.8 eV). Generally, ohmic contacts are made by in-diffusion of constituents, but with
high doping of the surface, the space charge layer is thinner and tunnelling is easier [15].
Copper
Copper is often introduced into the system as a back contact. CdTe has a large barrier height at the back
contact due to the charge neutrality level of CdTe, which lies in the upper level of the band gap. The
back contact can be considered as a second diode with opposite polarity in respect to the primary
junction; as CdTe has a relatively small carrier density, primary and back contact diodes overlap,
resulting in current flow but reduced 𝑉𝑂𝑂 [15]. Cu corresponds to different states in the CdTe diagram,

depending on the atom sites. When Cu is substituted into Cd sites, it has a positive effect as a shallow

acceptor, increasing the p-type conductivity and resulting in both higher 𝑉𝑂𝑂 and 𝐹𝐹. When it is

interstitial, Cu will act as donor, affecting the electronic properties of the device [15]. Devices can
become less stable when a high concentration of copper is introduced, with degradation of the electrical
parameters [89]. Cu generally diffuses through the grain boundaries, promoted by a previous process
step consisting of an etching procedure using either bromine in methanol or a nitric-phosphoric acid
solution [90]. This process cleans the surface of oxides and chlorides that might be deposited after CdCl2

treatment and forms a more conductive Te-rich layer, which allows a better contacting than the one
forming with the CdTe surface. Both solutions oxidize the Te atoms on the surface from Te2- to Te0 and
dissolve Cd2+ ions. The main advantage of introducing copper is an increased conductivity similar to the
one obtained after the activation treatment. Hole concentration is increased by one order of magnitude.
The back contact barrier, which is normally high due to the CdTe work function, is also reduced,
resulting in increased forward current and higher 𝐹𝐹. However, some drawbacks of this process are

linked to Cu leakage through the CdTe down to the interface and in the CdS, causing compensation
doping issues.
Primary and secondary back contacts: ZnTe:Cu and Cu-free compounds
Back contacts can be divided into primary and secondary contacts. Primary contacts are generally
semiconductor layers with small valence band off set to CdTe to allow hole transport. They can be
heavily doped to form tunnelling with the secondary contact. One of the most commonly used primary
contacts is CuxTe, which can be obtained either by depositing elemental Cu [91] or depositing the actual
compound on the etched surface [92]. Secondary contacts are those containing Cu as for example Cu
doped graphite paste; these lead to the formation of CuxTe by in-diffusion processes.
Combinations of different materials can be employed to obtain an efficient back contact. An example
consists of a double layer formed by CuxTe on a ZnTe:Cu [15]. ZnTe:Cu has a well-matched interfacial
property with CuxTe and has showed low-resistivity values. CuxTe formation was obtained using vacuum
deposition and reproducible CuxTe compounds were obtained by annealing the CuxTe-ZnTe:Cu bi-layer
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[15]. Cu and Te were deposited by sputtering. The annealing process was performed at 150˚C for 30
minutes to preserve the underlying layer of ZnTe:Cu. A correlation between CuxTe stoichiometry and
resistivity was found with a decrease in resistivity as thickness increases. Transition from CuTe to Cu2Te
could be controlled by tuning the copper thickness.
Cu-free back contacts were also investigated as potential alternatives to avoid the issues observed with
Cu diffusion and consequent malfunction of the device [15]. An example is Sb2Te3 [93]; this compound
shows good stability and it is generally combined with molybdenum (Mo) in a bi-layer system. A
relatively successful Cu-free contact, which was studied [96] is zinc telluride doped with nitrogen instead
of copper (ZnTe:N), resulting in efficiencies around 10%.
Other alternatives are tin doped indium oxide (In2O3:Sn) [95] or carbon paste doped with dinickel
phosphide (C-paste:Ni2P) [96]. These back contacts are to be considered as primary ones and they
require an etching procedure prior to application.

2.4 Introduction to PV interconnects
In recent years, thin film photovoltaics have been developed industrially [97]. Thin film technologies
based on copper indium gallium selenide (CIGS), cadmium telluride (CdTe) and amorphous silicon (a-Si)
have the potential to provide an alternative for electricity generation, offering technology that could be
low in cost, stable, efficient and with environmentally sustainable.
Thin film technology makes use of a lower volume of bulk material (up to few microns in thickness).
These structures are slightly less efficient compared to traditional crystalline silicon (c-Si), but they are
cheaper.
CdTe modules and laser scribing technology
Cadmium telluride solar cells [98] are to date the most commercially successful thin film PV. In contrast
to crystalline silicon-based photovoltaics, these devices are manufactured as modules and not as single
cells. The current output from the whole module is too high to be used directly, so it is necessary to
divide the module into different cells and connect them in series. There are different methods to isolate
the PV cells, involving mechanical or laser scribing. Laser scribing processes have high throughput and
small area loss which are advantageous for interconnects in thin film solar cells.
The laser scribing technique is relevant in the field of semiconductors and solar manufacturing [99], as a
consequence of allowing improvements to the interconnection process. Several applications of
advanced laser techniques are reported in the literature [100]. Laser scribing basically consists of three
patterns, p1, p2 and p3, to connect the solar cells in series (see Figure 2.7). The process can be applied
to a wide range of materials and it is selective, precise, and cost-effective. The quality of scribing affects
the electric properties of the device. Scaling-up process might result in efficiency loss; p3 scribe is
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particularly problematic, as the use of a laser with a wavelength of 532 nm [101]. The whole process has
to be focused on creating an efficient interconnection in series for any type of thin film device [102].
The laser scribing process is dependent on the laser system arrangement. The whole process results in
higher or lower efficiency of the final device. One of the parameters of the laser influencing the quality
of the interconnection is the beam profile [103], lasers typically have a Gaussian beam distribution.
Other parameters which play an important role in process optimization are: laser power, stage speed,
frequency or pulse rate, height focus of the lens and the back contact patterning process.
Standard monolithic series interconnection and alternative methods
The standard monolithic series interconnection procedure [104] (Figure 2.7) involves two steps, with an
initial scribe down to the glass which divides the conductive coating on the glass into isolated strips,
then thin film deposition occurs (CdS and CdTe), followed by post-deposition treatments (CdCl2 and
annealing) and the module is scribed again, creating two trenches, after the deposition of the back
contact. The second scribe, performed after deposition of the semiconductor layer, provides the
interconnect path. The third one cuts the top electrode down to the middle of the TCO layer to isolate
the cells and complete the fabrication into a series-interconnected structure. This pattern is then
repeated equally spaced in the module.

Figure 2.7: Schematic diagram shows the three steps involved to divide module in single cells: (1) initial scribe down to the
glass which divides the conductive coating on the glass into isolated strips, (2) after semiconductor layers deposition, second
scribe is made deposition to provide the interconnect path and the back contact is deposited and (3) final scribe cuts the top
electrode down to the TCO layer to isolate the cells and complete the fabrication of the PV device.

Löffer et al. [105] evaluated an alternative interconnecting method for solar cells based on
microcrystalline and amorphous silicon on steel foil substrates. This procedure is based on three key
technologies: the pinhole free insulation layer, the depth selective laser scribing, and the screen printing
of cured silver and insulating pastes. The innovation consisted of interconnecting the device after the
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semiconductor layers deposition: three depth selective laser scribes were performed and then filled
with insulating and electrically conductive inks.
From the literature related to thin film silicon solar cells [106], pulsed lasers with wavelengths of 1064
nm and 532 nm (near infrared (NIR) laser for lower costs) were found to be the most suitable for the
scribing process. The most critical patterning step of the process was found to be the local removal of
the metal back contact. This causes insufficient ablation of the metal layer with debris (flake) formation;
leading to shunting problems. The debris formation results from scribing through the back contact metal
instead of through the glass.
When laser scribing is followed by the interconnecting process, inkjet technology can be used for a
series connection scheme for silicon thin film solar cells using direct inkjet patterning technology [107].
Pulsed UV laser was proven to be effective for the removal of the a-Si and TCO layers simultaneously
without encouraging shunt path formation (debris, cracks, melting of the material). Also, investigations
have looked at the impact of the wavelength and pulse duration on the removal of the tin oxide on FTO
[108]. Afterwards, this is combined with resin isolation by inkjet printing. Laser scribing and inkjet
technology can be combined to create an innovative interconnecting process, which is cost effective in
device manufacturing.

2.5 Characterization of Solar Cells
Characterization of solar cells includes different methods which investigate different aspect of the
devices, including:
•

Morphology and structure using scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM) and X-rays diffraction (XRD);

•

Chemical composition of surface using X-rays photoelectron spectroscopy (XPS);

•

Chemical composition of bulk material using energy dispersive X-ray spectroscopy (EDS), Auger
electron spectroscopy (AES), secondary ion mass spectroscopy (SIMS);

•

Optoelectronic properties using optical absorption, spectroscopic ellipsometry, Raman and
photoluminescence (PL);

•

Junction behaviour using current density-voltage curves as function of temperature (JV-T),
spectral response (SR), capacitance-voltage (CV), cathodoluminescence (CL), optical beam
induced current (OBIC) and electron beam induced current (EBIC).

[15].
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2.5.1 Electrical characterization
Current density-voltage curves are based on the standard diode equation (𝐽 = 𝐽𝐿 − 𝐽0 �𝑒

𝑞𝑞�
𝑘𝑘

− 1�),

together with series and shunt resistance and an ideality factor. For CdTe the ideality factor is higher
than other semiconductors with a similar band gap. Back contact issues result in a curve distortion,
called the “roll-over” effect, reducing electrical performance.

Quantum efficiency measurements quantify the conversion of incident photons into electrons. Photon
losses can also be calculated from the spectral response measurement. The main losses are related to
the CdS layer, which exhibits absorption near 250 nm. Glass and the TCO also play a role in the upper
part of the spectrum. With CdTe, photons which penetrate too deeply in the absorber layer are not
absorbed, resulting in a loss around 900 nm. The maximum current, calculated for a band gap of 1.5 eV
results in 30.5 mA/cm2 [15]. This is the target for optimized CdS/CdTe solar cells.
CV measurements give information on extraneous states within the band and profile of carrier density
within the absorber [109]. CdTe has a small carrier density and large depletion width, which means that
most photons are absorbed in the region of the electric field, hence photocurrent is not that affected by
applied voltage [110]. CV curves appear to be relatively flat over 3 decades of frequencies (1, 10 and 100
kHz) while at 1000 kHz show an upturn due to circuit inductance [111]. CV measurements are generally
taken in the middle of the flat region, for example around 75 kHz. Plotting 1/C2 against voltage,
information on the depletion width (w) can be obtained. The slope of the curve is inversely proportional
to the carrier concentration at the depletion edge. Hence large slopes correspond to a small value of
absorber carrier concentration (NA,a).
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Equation 2.1: Absorber carrier concentration NA,a as function of the derivative

Data can be plotted as hole density against depletion width. Generally, for CdTe the carrier density is in
the range of ~1014/cm3, which remains constant throughout the absorber thickness and then carrier
density increases corresponding to the back contact layer [15].

2.5.2 Material characterization
The characterization of film morphology can be performed using different instruments. Atomic force
microscopy [112], scanning electron microscopy and ellipsometry are the most common ones, but many
other can give useful results, such as scanning white light interferometry or transmission electron
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microscopy [79]. A complete analysis of film morphology allows a deep understanding of physical and
chemical mechanisms under layers growth, in order to enhance the final efficiency.
In the transmission electron microscope, different methods of imaging allow various studies on the
material to be performed. The methods are all based on the modification of the electrons waves exiting
the sample. Example of different methods includes bright field, diffraction contrast, electron energy loss
spectroscopy (EELS) and phase contrast (based on high resolution-TEM). Bright field is the most
common mode used in transmission electron microscopy and it is based on absorption of electrons by
the sample features. Thicker features or those with higher atomic number will appear dark, while
regions where there is no absorption of the beam will appear bright. However, for polycrystalline
samples, diffraction contrast dominates. Sample preparation is very important for TEM specimens.
Depending on the analysis, different thickness and thickness homogeneity levels are required. For
higher resolutions, samples can be as thin as 5 nm, while for bright field thickness can be also of the
order of 100 nm. Samples are generally thinned down using either a focused ion beam or by broad
beam ion milling; preparation is critical, due to the possibility of introducing artefacts during the
process[113].
Diffraction contrast is the method used for analysis of crystal orientation; it is based on electron beam
Bragg scattering. The desired Bragg reflection can be selected, so that unscattered beam or scattering
from different peaks from selected ones appear as dark. This is known as a dark-field image. Specific
diffraction conditions can be obtained by tilting the sample, which proves very effective in identifying
crystal defects, depending on specimen orientation. The diffraction pattern can be obtained by adjusting
the magnetic lenses, moving the back focal plane of the lens on the imaging apparatus for single crystal
the diffraction pattern appears as dots, whilst for polycrystalline as a series of rings.

2.6 Summary
Exhaustive literature review was carried out on solar photovoltaic devices, specifically on CdTe solar
cells. Particular attention was dedicated on the activation process using CdCl2, as essential step to obtain
high efficiency devices. Further understanding of the mechanism and effects of the process parameters
on both microstructural and electrical properties is one of the main objectives of this thesis. Deeper
knowledge on the activation treatment for CdTe solar cells can help research towards higher efficiency
devices.
Particular attention was given to the characterization techniques for photovoltaic materials. In order to
enhance devices performances, a comprehensive characterization has to be carried out. As mentioned
before, it is important to correlate material properties with electrical performances. There are various
methods to investigate the material characteristics; those non-contacting and non-destructive are more
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favorable. New techniques which can combine these features with high resolution measurements are
very appealing for advanced metrology characterization. However, it is necessary to test the capabilities
of the instruments on different materials and structures to verify its suitability. This represents the main
aim of the section dedicated to the coherence correlation interferometry and its possible application in
the photovoltaic industry.
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Chapter 3

Experimental methodology
This chapter will describe the experimental methodology used throughout this thesis. Particular
attention is given to the deposition techniques for CdS/CdTe solar cells and the CdCl2 treatment.
Characterization techniques used for both morphological and electrical properties of thin films and solar
devices are also described in detail.

3.1 Deposition of CdTe solar cells
3.1.1 Magnetron sputtering for deposition of AR metal-oxides and TCOs
Magnetron sputtering uses a magnetic field as a source of energy. The magnetic field is perpendicular to
the electric field created on the target surface [1]. This arrangement differs from traditional sputtering
processes, as the secondary electrons do not bombard the substrate, avoiding damage related to
heating issues. The secondary electrons are trapped by the magnetic field near the surface of the target.
This technique is suitable for a wider range of materials. The deposition rate is also faster than
traditional sputtering techniques making it suitable for large-area industrial applications.
As described in Chapter 2, dielectric metal-oxides such as zirconium oxide (ZrO2) and niobium pentoxide
(Nb2O5) are used in multilayer anti-reflective coatings, where they are used as the high index layer, while
silica (SiO2) is used as the low refractive index material. For this study, a range of thin film reference
samples was prepared by reactive magnetron sputtering using a PV Express anti-reflection coating
system from Power Vision Ltd. The thin films were deposited using a pulsed dc power supply (5 kW
Pinnacle Plus, Advanced Energy Inc). The substrate was mounted on a vertical carrier rotating at 120rpm
past two 6 inch circular magnetrons and a reactive plasma source. Glass slides were used as substrate
and single layer films structure were deposited suitable for thin film thickness measurement studies.
The two TCOs indium tin oxide (ITO) and aluminium doped zinc oxide (AZO) were also deposited by
sputtering, using an AJA international Orion 8 sputtering tool on soda lime glass substrates. The samples
preparation was part of parallel work carried out in CREST laboratories. The ITO films were deposited
using RF magnetron sputtering from an ITO target, composed of 90% indium oxide (In203) and 10% tin
oxide (SnO2). A power of 150 W was applied to the target. The chamber was evacuated to a base
pressure of ~7.3x10-5 Pa before the deposition. Argon was used as a working gas with the flow set to 7
sccm, the deposition pressure was kept constant during the deposition at 1.3x102 Pa. The glass substrate
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temperature during deposition was 400°C. The deposition time was varied to increase thin film
thickness. AZO was deposited using RF sputtering (3.29 W/cm2, 0.13 Pa, 200°C) for varying times to
obtain a range of thicknesses. The deposition temperature was kept around 100-200°C. From parallel
studied, it was found that with lower temperatures, the visible transmission drops, while at higher
temperatures (more than 300°C) the sheet resistance increases dramatically.

3.1.2 Plasma treatment and chemical bath deposition (CBD) of CdS
Plasma cleaning treatment
Prior to depositing the CdS layer, the fluorine doped tin oxide (FTO)-coated glass substrates were plasma
treated, in order to activate the surface and remove any possible contamination from the atmosphere.
The treatment optimization was performed as parallel piece of work at CREST [2].
A ratio of 20 sccm O2/30 sccm Ar plasma was applied on the substrate for 5 minutes prior to chemical
bath deposition (CBD) of CdS, which will be described in the next section. The plasma power was set at
100 W and at a pressure of between 0.36 to 0.45x102 Pa. Electrodes and sample trays were 406.4 mm x
406.4 mm in area using perforated aluminium of thickness 3.175 mm. The parallel electrodes were used
to provide uniform plasma across the sample area. All substrate surfaces were treated to the same
degree, irrespective of their position on the sample tray. The plasma treatment reactor, Glen100-P AE
Advanced Energy, was a parallel plate system using AC plasma power source with three gas admittance
lines.
Cadmium Sulphide Chemical Bath Deposition
Cadmium sulphide films were prepared and investigated for presence of pinholes in the film, without
and with plasma treatment of the substrates. CBD was the deposition technique used. It is based on the
reduction of a metal ion in solution by a reducing agent and the deposition occurs both on the substrate
and on the container.
The solution contained thiourea (SC(NH2)2, 0.1 M), ammonium hydroxide (NH4OH, 25% by volume) as a
reducing agent and cadmium acetate (Cd(CH3CO2)2, 0.01 M) as a cadmium ion source. The cadmium
source can also be different [3]. However, Cd(CH3CO2)2 is the most common cadmium salt used for CBD
deposition. The temperature was maintained at a constant 70°C using an external water-bath. The
solution was continuously agitated using a magnetic stirrer.
Cadmium ions formed through dissociation in solution [4]:
Cd(CH3CO2)2 → Cd2+ + 2 CH3CO2CdSO4 → Cd2+ + SO42-
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The overall solution was alkaline due to the ammonium hydroxide. This formed a complex with the
cadmium ions:
NH4+ + OH-

⟵
NH + H20
⟶ 3

Cd2+ + nNH3

⟵
Cd(NH3)n2+
⟶

The thiourea was then hydrolyzed, releasing sulphide ions:
SC(NH2)2 → H2S + CN2H2
H2S + 2OH-

⟵
2 H2O + S2⟶

Finally the cadmium ions then reacted with sulphide ions to form cadmium sulphide (CdS):
Cd2+ +S2- → CdS
Figure 3.1 shows a schematic diagram of the deposition bath used for CdS films. The bath contained 200
ml of de-ionized water, 15 ml of Cd(CH3CO2)2, 25 ml of NH4OH and 10 ml of SC(NH2)2.

Figure 3.1: Schematic diagram of Chemical Bath Deposition for CdS films.

3.1.3 Close-spaced sublimation of CdS/CdTe
Close spaced sublimation (CSS) was used to deposit the thin film stacks used in Chapter 5 and 6. They
were deposited in an in-line system at Colorado State University (Figure 3.2) as part of collaborative
project.

Figure 3.2: Schematic diagram of the in-line CSS system for CdTe solar cell manufacturing.
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The system [1][6][7] is made up of separate stations, to include processes for cleaning treatments, thin
film deposition, annealing and activation heat treatments. The system operates at 0.1 Pa (mixture of N2
and O2). The magnetic substrate carrier, which can be moved forwards and can be rotated, moves the
substrate to each station. After the sample was introduced in the load lock, which allowed the vacuum
in the subsequent chambers to be maintained, the surface was cleaned using a nitrogen plasma for 30
seconds. The second station acts as a baking station: the substrate was heated to 620°C, to eliminate
water vapour which can accumulate on the surface. The substrate was then moved to the deposition
stage. Each station contained a graphite crucible: the bottom part was filled with the source material,
such as CdS, CdTe, CdCl2 and CuCl2, in a powder form. The deposition system works on a constant time
concept: ~30 minutes from the load lock entrance to the exit. For this reason each station was operated

for ~2 minutes with the exception of CdCl2 and Cu treatment which required a different process time.

Hence, the thickness of the films was controlled by the source temperature.

CSS is based on similar principle to evaporation techniques. However, the space between the source and
the substrate is much closer compared to traditional evaporation. The source has the same dimensions
as the substrate to ensure coverage uniformity. The pressures used are higher compared to evaporation
and are generally in the range of 0.1 Pa, compared to 10-4 Pa. The schematic diagram in Figure 3.3 shows
the typical crucible system used for CSS deposition. The material to sublimate is located in a pocket at
the bottom and the substrate is positioned in between two blocks of graphite; the top one functioning
as a heating element and the bottom one as a source for the depositing material.

Figure 3.3: Schematic diagram of the deposition graphite crucible filled with material source with substrate in position.

The samples used for the optimization of the CdCl2 treatment process and the other various studies in
Chapter 5, 6 and 7 were multistack CdS/CdTe deposited on TEC10 glass supplied by NSG-Pilkington®,
without either CdCl2 or copper treatment. CdS was deposited at a substrate temperature of ~420°C,

while the source temperature was adjusted to ~610°C for a CdS thickness of ~130 nm. CdTe was
deposited to a thickness of ~2.5 µm; the substrate was kept at ~360°C, while the source was at ~555°C.

3.1.4 Sputtered CdS/CdTe

Complete CdS/CdTe solar cells were previously deposited by pulsed DC magnetron sputtering in the
CREST laboratories and used to investigate the initiation of the cadmium chloride (CdCl2) activation
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process. The system [8] was equipped with four linear magnetrons with each adjacent magnetron
configured with opposite polarity to create a closed magnetic field to enhance the plasma density to ~5
mA/cm2 [9][10]. The deposition energy was determined by the induced voltage on the electrically
isolated substrate carrier, which was typically in the range 25 V to 50 V. The magnetrons and substrate
holder were vertically mounted around a cylindrical vacuum chamber to avoid particulate
contamination. The substrate carrier rotated so that the different layers can be deposited sequentially.
The depositions were carried out at room temperature although some heating of the substrates
occurred on interaction with the closed field plasma. The substrate used was TEC15 fluorine doped tin
oxide (FTO)-coated glass supplied by NSG Pilkington®.

3.1.5 Electrodeposited CdS/CdTe
Electrodeposited samples were deposited by collaborators at Sheffield Hallam University. Both CdS and
CdTe were deposited using the same technique onto commercial FTO coated glass. For CdS layers [11],
Cd and S ions were produced by dissolving CdCl2 and Na2S2O3 in deionized water. A two electrodes
system was used, consisting of a graphite anode and a glass/FTO cathode immersed in the electrolyte.
The main growth parameters that were controlled were: concentration of ions, pH, temperature, stirring,
deposition voltage, and time. While for the CdTe deposition [12], the electrolyte was an aqueous
solution containing CdSO4 and TeO2, to provide Cd and Te ions. TeO2 was dissolved in 98% concentrated
H2SO4 prior to dilution in water, due to its low solubility in water.

3.2 Techniques for the CdCl2 activation process
3.2.1 CdCl2 evaporation
Vacuum evaporation is one of the simpliest techniques for thin film deposition. This technique was used
to deposit CdCl2 thin films onto CdS/CdTe solar cells for the activation treatment. The samples were
separately annealed either on a hot plate or in a ventilated oven to complete the activation treatment,
as described in the next section.
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Figure 3.4: Schematic diagram of the evaporation system used for CdCl2 deposition.

The system used was an Edwards E116 evaporator. It consists of a bell jar vacuum chamber, inside
which a tungsten wire is placed. This is resistively heated, and the evaporant is placed upon it. When the
source temperature is raised sufficiently to result in evaporation of the source, atoms or molecules will
be directed towards the substrate, which was positioned ~15 cm above the source. The film thickness
was expected to influence the activation process. For this reason, it was accurately monitored in situ,
using a quartz crystal microbalance detector [13]. The power input was kept constant at ~35%, when

the material started to deposit. The deposition could be interrupted using a mobile shutter which
allowed the sample to be shielded when at the required deposition thickness was obtained. A schematic
of the system is presented in Figure 3.4. The required vacuum was achieved using a combination of
mechanical pump down to 1 Pa and a diffusion pump down to 10-4 Pa. A range of thickness from 60 nm
to 900 nm of CdCl2 was deposited onto untreated CSS-CdS/CdTe stacks, and an optimized thickness was
determined.
Different annealing procedures were then applied to films of different thickness. The sample was placed
on a covered hot-plate. A two-step ramping process was used to heat up the device. Ramping speeds,

dwell temperature and annealing time were optimized. The two-step ramping conditions used were
50°C / min up to 370°C and 5°C / min to the desired dwell temperature (300-450°C). The dwell time was
varied from 1 to 10 minutes.
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3.2.2 CdCl2 wet treatment
The CdCl2 wet process does not require vacuum equipment [14]. The sample was dipped in a solution
containing CdCl2 in methanol. During the optimization process, the concentration of the solution, the
temperature of the solution and the immersion time were varied. Concentrations were changed
between 0.5% wt. and 2% wt. of CdCl2 in methanol. 1% corresponded to 0.054 M. The temperature was
varied to increase the solubility of CdCl2 in methanol. At room temperature (RT) the solubility of CdCl2 in
methanol is 2.15 g/100 g [15], so that 2 g in 100 ml results almost in saturated solution. Heating
improves the solubility, allowing a concentrated solution to be produced with reduced formation of
precipitates. The temperature was varied from RT to 60°C; higher temperatures were not considered
due to the evaporation temperature of methanol. Heating was achieved using a hotplate on which the
beaker containing the solution was positioned. The immersion time was also varied from 5 to 20
minutes to analyze the effect of time during CdCl2 deposition.
The deposition of the CdCl2 was achieved by recrystallization of the salt. This was introduced to the
solvent (methanol) and dissociated in cadmium (Cd2+) and chlorine (Cl-) ions. The conductivity of the
solution of 1% wt. CdCl2 in methanol was measured to be ~730 µS. The sample was then positioned in
an air ventilated oven, where the methanol evaporates quickly, leaving the layer of CdCl2 to interact
with the CdTe/CdS stack. After the annealing process the residues of this layer were still visible on the
sample and they were removed by rinsing with de-ionized (DI) water and isopropanol alcohol (IPA). A
schematic of both the deposition and annealing stages are presented in Figure 3.5. The annealing
procedure was also optimized, changing both temperature (360-410°C) and annealing time (10, 15 and
20 min).

Figure 3.5: A schematic diagram of the deposition stage and the annealing stage for the CdCl2 wet treatment of CdS/CdTe
solar cells.
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Different concentrations of CdCl2 in methanol were used to study its effect on the treatment of CSS
CdTe cells. A range of concentrations between 0.0001% and 0.01% wt. CdCl2 were used.
Initiation of CdCl2 assisted recrystallization process
For the study of how the recrystallization process initiates for sputtered and electrodeposited CdTe a
different procedure was followed. The sputtered CdTe was initially treated with saturated solution and
annealed at 400°C for 30 min using a hot plate. The sample was inserted at temperature. The solutions
were then diluted to 0.1, 0.06, 0.05, 0.03 and 0.01% of CdCl2 saturated solution in methanol. The
annealing procedure was kept constant. Further studies were carried out by positioning the sample upside down on the hot plate to verify the temperature gradient effect. Evaporated CdCl2 was also used to
study the effect of activation under-treatment. 50 nm of evaporated CdCl2 was deposited; the sample
was annealed on the hot plate at 385°C, using the optimized ramping technique (50°C / min to 370°C
and 5°C / min to 385°C) for a dwell time of 1 minute. The electrodeposited films were treated at 0.01,
0.1 and 1% wt. CdCl2 in methanol and annealed on the hot plate at 400°C for 30 minutes.
Activation process using different compounds
A similar approach to the wet treatment previously optimized for CSS cells was used for tellurium tetrachloride (TeCl4) and zinc chloride (ZnCl2) treatments. These compounds were used to investigate the
possibility of substituting the CdCl2 with a less toxic substance. In addition, the study provided
information on the microstructural mechanisms at work in the activation process, enabling assessment
of the function of cadmium, chlorine and tellurium during CdTe recrystallization. For this purpose also
hydrochloric acid (HCl) and cadmium acetate (Cd(CH3CO2)2) were used. Starting with same optimum
condition used for CdCl2 treatment, the 1% molar concentration was calculated as 0.054 M, according to
the molecular weight. The concentration was varied between 0.1% and 2.5% (higher concentrations
were used for HCl as 3 and 6%). The annealing temperature was varied between 300°C and 425°C; while
annealing and immersion times were varied between 5 min and 25 min.

3.3 Optical techniques for material characterization
3.3.1 Spectroscopic ellipsometry (SE)
Spectroscopic ellipsometry (SE) was performed using a Horiba Jobin Yvon UVISEL iHR320FGAS was used
to measure thin film thickness for materials used for photovoltaic applications. The SE measurements
were also used to obtain the refractive index (n) and extinction coefficient (k) over the visible spectra.
Ellipsometry measures the change in polarization of the light upon reflection from the thin film layer
[16]. Modelling allows the information to be translated to the refractive index dispersion over the
spectral range. Spectroscopic ellipsometry works in a wide spectral range from the ultra violet to the
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infra-red (200 nm to 2.1 µm). It provides information about the real and imaginary part of refractive
index and provides thin film thickness information with sub-nanometre precision.

Figure 3.6: Schematic diagram of surface analysis using spectroscopic ellipsometry.

A schematic diagram of the system used is shown in Figure 3.6. SE consists of a light source emitting a
beam which is polarized before illuminating the sample; the reflected light is then collected using a
photodetector. The acquired data can be then analyzed using ellipsometry software. This technique is
based on the measurement of the change in state of polarization of a light beam caused by the
reflection on the sample surface or the transmission through the sample (ρ). The main parameters
which are analyzed are called ellipsometric angles 𝛥 and 𝛹.
ρ=

rp
= tan ΨeiΔ
rs

Equation 3.1: The fundamental equation of ellipsometry.

The fundamental equation of ellipsometry relates the ratio of the reflection coefficient for light
polarized perpendicular to the plane of incidence (rs ) and the reflection coefficient for light polarized
parallel to the plane of incidence (rp ). Ψ angle will have a value between 0° and 90°; while 𝛥 which is

equal to 𝛿𝑝 − 𝛿𝑠 (sample induced phase change on p- and s-components) and will be in the range 0° to

360° [16].

Ellipsometry measurements are based on two phases: acquisition of experimental data and modelling of
the data. The combination of the two phases results in optical and structural information for the
analyzed materials. Thickness measurements can generally be performed in the range from 1 Å up to
more than 30 µm for single and complex multi-layer thin films. These can be either transparent or semitransparent. To obtain thickness values or other material measurement features, it is necessary to fit
the calculated data from the model with the experimental data. The optical properties of each material
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depend on wavelength (or photon energy) used for the measurement. Their behaviour can be described
using analytical formulae called “dispersion formulae”. The main dispersion formulae are Lorentz
oscillator, used for transparent and weakly absorbing dielectrics, Drude oscillator for metals, New
amorphous, Tauc Lorentz for semi-absorbing dielectrics and semiconductors, and Kato-Adachi, AdachiNew Forouhi for crystalline semiconductors [16]. Specifically for the materials studied the model used
were: Tauc-Lorentz 2 for CdS, Drude and Lorentz for anti-refractive coating films (niobium pentaoxide
and zirconium oxide) and for the TCOs (ITO and AZO). The operator must analyze the fitting between the
experimental data and the model and ensure that they obtain both best fitting and have real physical
sense. The technique is sensitive to surface roughness, which must not exceed the wavelength of light
otherwise non-specular scattering will affect light polarization and the thickness measurement. Spectral
resolution and wavelength range also play a role. For transparent samples, specific care must be taken
due to issues related to reflection from the back surface of the sample. The back can be roughened by
scratching the surface to prevent reflection of the polarized beam.

3.3.2 Spectrophotometer
The optical properties of thin films were measured with a spectrophotometer (Varian Cary® UV 5000).
This instrument provides transmission spectra and it is equipped with an integrating sphere and set of
gratings which allow the collection of information from wavelengths in the range from 185 nm to 3.3 µm.
Transmission and absorption spectra give some information on how the sample interacts with light.
Absorption can be calculated mathematically using transmission and reflectance spectra. A transmission
spectrum will have its maximum intensities at wavelengths for which more light is transmitted through
the sample. Energy band gaps were also calculated using transmission data.

3.3.3 Coherence correlation interferometry
Coherence correlation interferometry (CCI) [17] is a scanning white light interferometry technique which
uses light interference patterns (set of interference fringes) from a white light source (xenon lamp). It is
an optical characterization tool, which provides information on surface properties (Figure 3.7). Two
beams are produced by splitting the main beam from the source; one is reflected by a reference mirror,
while the other one scans the surface. The light is reflected locally by the surface and the reflected beam
is correlated to the reference beamand an interference pattern is created. The signal is detected by a
high resolution digital CCD camera. Three-dimensional topographical maps are created by measuring
the position of the lens which is moved in the vertical direction to obtain the maximum constructive
interference. Use of white light allows only one peak as maximum. Each pixel acts as single
interferometer, combining them together allows the accurate measurement of a relatively large surface
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area. The accuracy of the measurement is highly dependent on the efficacy of the coherence correlation
algorithm used.

Figure 3.7: (a) A schematic diagram of a scanning white light interferometer and (b) coherence correlation interferometer by
Taylor Hobson Ltd

One of the main advantages of the technique is that it is non-contacting and there is no risk of damaging
the surface with a stylus. It also provides information in three dimensions, which provides a more
complete surface representation than two dimensions. Furthermore, the measurements are taken over
a relatively large, and hence representative, area of the surface. The scan area is defined by the
magnification of the lens used and it ranges between 165 µm x 165 µm for a 100x objective lens to 6.6
mm x 6.6 mm for a 2.5x objective lens. The area can be further extended using “stitching mode” to
combine images. It has the capability of obtaining measurements with sub-nanometre interferometric
resolution with a vertical range limited at 100 µm by the vertical traverse available to the lens. The
technique provides sub-micron lateral resolution depending on the wavelength of light and the
numerical aperture (NA) of the objective. The technique provides two and three-dimensional images of
the surface together with a range of quantitative analysis routines for roughness, waviness and form.
Measurements include root mean square roughness (Sq), average roughness (Sa), maximum peak height
(St), step height, groove width and depth, etc.
CCI is capable of combining a theoretical sub-nanometre thin film thickness measurement with
quantitative three-dimensional metrology and imaging from the same thin film sample area. The
technique provides these measurements quickly and accurately and now has a potentially important
role not just in research and development but also in quality control in a manufacturing environment.
The scanning white light interferometry (SWLI) technique has previously been used routinely for thick
film thickness measurements where the film is typically > 1 µm. Although it has been recognised that
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combining thin film thickness measurements with surface metrology is a powerful capability, this has
previously involved hardware modifications such as the addition of a polariser, a change of lens and also
requires modelling software [18]. New thin film measurement capability made possible by the
development of the “helical complex field” (HCF) function [19][20][21][22] which was integrated in the
instrument.
HCF function allows thin film thickness measurements of various materials, including those used in
photovoltaic applications. For the analysis of relatively thick films, typically greater than 1 µm, the
interaction of the incident white light and the thin film surface and its interface results in the local
formation of two distinct interference bunches (Figure 3.8). It is possible to locate the positions of the
two envelope maxima and thereby determine the thin film thickness using refractive index information.
The CCI provides accurate measurements of “thick film” thickness for transparent and semi-transparent
materials, using these principles. Two bunches of fringes will appear on the screen during the surface
scanning. It is necessary to provide the refractive index (n) for the material representing the film; n can
be measured or it is often assumed to be the same as the bulk material. A “pattern measurement” can
be also performed, consisting in taking thickness measurements at different points on the sample. In the
case of films thinner than 1 µm (optical thickness), the interaction leads to a single interference maxima
(Figure 3.8). The SWLI interaction leads to the formation of a single interference maxima instead of two,
due to the overlapping of the bunches of fringes from the film surface and the substrate. In this regime,
it is necessary to operate with another approach using the HCF function. Although this function was
developed for thin films <1 µm, it can also be used for coatings >1 µm in thickness.

Figure 3.8: Interference bunches related to thick and thin films. The thick film shows two distinct features, while the thin film
shows overlapping of the fringes.
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The HCF function [20][21] is based on a “reference” material (defined by the input of n and k values) and
the measured thin film. The net field reflectance of the “reference” material �����
rref (ν) is multiplied by the
ratio of the positive arm sidebands (SB+) of the Fourier transform of the interference intensities of the
film and the “reference” material.
z�xy is the average difference between the two beams, z�k is average net path length shift of the sample

of the kth step, the Ithin (z�k ) is the interference intensity. The resulting HCF function is spatially defined

as a distorted helix, which is modulated by the electrical field of reflectance of the film. Equation 3.2
defines the synthesized HCF function, which is referred to the dispersive index (n and k values).
HFC (ν) = r�����
ref (ν)

Equation 3.2: Synthesized HCF function.

ℱ − (Ithin (z�k ))SB+
= aHCF (ν)eiφHCF (ν)
ℱ − (Iref (z�k ))SB+

These values have to be inserted in the material data base prior to the measurement. They can be
extracted from ellipsometry results or assumed from bulk values available in the literature; n and k are
considered for a certain number of wavelength values mainly across the visible spectrum (350 nm-850
nm) and they refer to Iref value in the HCF equation.
ℱ − (Ithin (z�k ))SB+ refers to the measured thin film, while ℱ − (Iref (z�k ))SB+ depends on the input of the

“reference” material. The resulting function is expressed as helix function (eiφHCF (ν) ) distorted by the

term aHCF (ν). The synthesized HCF function is then compared to the defined function (see Equation 3.2

and Equation 3.3).

r(ν)eiφ(ν) is the electrical field reflectance and ∆z HCF is the difference between the position of the
reference and the closest step of the scan [21].

Equation 3.3: Defined HCF function.

HCFfit (ν) = ������������
r(ν)eıφ(ν) ei4πν∆z HCF

HCFfit (ν) is used to fit HCF (ν) as shown in Equation 3.4. The lower the fitting number; the more

accurate is the thickness measurement.

𝐇𝐇𝐇 (𝛎) ≅ 𝐇𝐇𝐇𝐟𝐟𝐟 (𝛎) = 𝑎𝐻𝐻𝐻 (𝜈)𝑒 𝑖𝑖𝐻𝐻𝐻 (𝜈) ≅ �������������
𝑟(𝜈)𝑒 𝚤𝚤(𝜈) 𝑒 𝑖4𝜋𝜋∆𝑧 𝐻𝐻𝐻

Equation 3.4: Fitting of synthesized and defined HCF function.
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Figure 3.9: Example of fitting figure (fit 0.198) of HCF function for 68.8 nm thick silicon carbon-nitride deposited on polished
silicon.

Fitting figures assess the validity of the measurement. An example is shown Figure 3.9. The continuous
line represents HCFfit (ν), the fitting function while the dotted line is HCF (ν), the synthesized function.

The HCF approach can be broken down into three different parts which identify the fitting figure for the
CCI thin film measurement; the real part of the HCF is in red, the imaginary part of HCF is in blue and the
reflectance is in green. The values are taken on the sampling profile from 0.8 mm to -0.8mm across the
field of view, against the wavelength of light in µm. Figure 3.9 shows a good fitting of 0.198 for a 68.8

nm thin film of silicon carbon-nitride deposited on polished silicon. Better fittings can were obtained,
such as 0.018 for 67.6 nm thick silicon nitride coated on polished silicon, but the small disparity in the
measurement presented in Figure 3.9 helps to illustrate the two different curves.

3.4 Techniques for structural analysis
3.4.1 Electron microscopy
Microstructural analysis is important to understand the material properties of thin film photovoltaics.
Analysis allows studies of grain size, surface morphology and composition, defects inside the grains,
interdiffusion between different layers and many other features and phenomenon. The instruments
used to characterized CdS/CdTe solar cells here were Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM).
SEM
The SEM used was a Leo 1530 VP FEG-SEM, Field Emission Gun Scanning Electron Microscopy, which is
ideal for studying materials on the nanometre scale. With this instrument it is possible to undertake
chemical analysis, using the energy dispersive X-rays (EDX) and to characterize the surface using both
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electron backscattered diffraction (EBSD) and high resolution secondary electrons. FEG-SEM has high
performance because of its high spatial resolution (~2 nm), and the possibility to operate at low
accelerating voltages (typically at 5 kV), in-lens mode. Plan view and cross-section images were taken
using the FEG-SEM. Samples were positioned on metallic flat stubs and glued with silver paste, which
connected the stub to the surface of the sample to avoid charging. In addition the surface was coated
with gold-palladium, using sputtering technique with a 5-10 nm thickness to achieve better conductivity
and hence better imaging. Cross-sectional samples were mounted on special stubs which allow the
sample to be held vertically. The samples were cut using a diamond tip roller and the sample surface
was coated with gold-palladium in a similar way to the plan view samples.
TEM
The thickness of the specimen is generally on nanometre scale. The electron beam passes through the
sample and imaging is obtained from interactions between the beam and the specimen. The image is
then magnified and focused on a fluorescent screen or a CCD camera.
For the samples analyzed in this thesis, a dual beam FEI Nova 600 Nanolab was employed to prepare the
TEM samples. A standard in situ lift-out method was used to prepare cross-sectional samples through
the coating into the glass substrate. After tilting the stage of 52°, a platinum overlayer was deposited to
protect the surface during the cutting procedure. Standard cross-section at 20 nA, followed by a
cleaning cross-section at 7 nA (step 1-Figure 3.10) were performed on both sides (step 2-Figure 3.10) of
the sample to lift-out. The stage was then tilted to the initial position (0°) and, after isolating the sample,
an Omniprobe was used for lift-out procedure. The sample was then positioned on a copper grid and
thinned down to electron transparency, using ion beam (step 3-Figure 3.10).
Images showing the procedure are presented in Figure 3.10.

Figure 3.10: Images showing the FIB procedure to prepare TEM samples: 1) cross-section to expose the sample surface; 2)
second cross-section and cuts to isolate the sample; 3) thinning down of the sample lifted-out using Omniprobe.
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TEM images were obtained using a Jeol JEM 2000FX operating at 200 kV, with an integrated camera
above the phosphor screen to obtain digital images. The TEM technique provides morphological analysis
of grain structure across the whole multilayer thin film CdTe device.
Chemical mapping was also performed to analyze the presence of certain elements in specific areas of
the cross-section. For this purpose a scanning transmission electron microscopy (STEM) analysis was
carried out using a Tecnai F20 (S)TEM equipped with a silicon drift detector that allows high spatial
resolution energy dispersive X-ray (EDX) measurements and chemical mapping. STEM images were
collected using a high-angular annular dark-field (HAADF) detector at 200 kV.

3.4.2 X-Ray diffraction (XRD)
X-Ray diffraction (XRD) is based on the crystal lattice interaction with an X-ray bean. At specific incident
angles, interactions between the beam and the material occur. This results in specific diffractograms,
characteristic for each material phase. Information about the crystal orientation, texturing and stress
can be also extrapolated.
A Bruker D2 Phase benchtop XRD system was used with Bragg-Brentano symmetry. A 3 mm anti-scatter
grid and a 1 mm divergence slit were inserted during the analysis. The two-theta start and stop angles
were 20° and 100° respectively in order to pick up a wide range of peaks, including the full CdTe
diffraction spectrum. The time for this scan was approximately 13 minutes, which provided data with
sufficient signal to noise ratio.

3.5 Surface analysis of thin films
3.5.1 Atomic force microscopy (AFM)
Atomic force microscopy is based on scanning probe microscopy technique. It allows high–resolution
analysis of material surfaces. It provides surface roughness information including arithmetical surface
roughness (Ra) and root mean square (RMS) roughness. It can also provide three-dimensional images of
the sample.
AFM is equipped with a tip, which scans the surface attached to a cantilever fabricated with a
piezoelectrical material. The tip interacts with the sample surface and moves according to the
interactions with the material. Different forces can be employed to control the process, including
mechanical contact force, Van der Waals forces, capillary forces, chemical bonding, electrostatic forces,
magnetic forces etc. These forces cause the cantilever to bend and, using a system of lasers and
photodiodes, the perturbation is detected and recorded.
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Areas of scans are generally small. The system is extremely sensitive to contaminations on the sample
surface, which has to be kept clean before the measurement.
A Bruker Explorer AFM with a high resonance frequency Si probe, operated in tapping mode (TM-AFM)
was used. Surface roughness as Ra and RMS roughness were calculated over an area 5 µm x 5 µm of
niobium pentoxide samples deposited on glass.

3.5.2 X-Ray photoelectron spectroscopy (XPS)
Photoelectrically generated electrons have a kinetic energy which is conserved and can be expresses as
the energy (ℎ𝜈 ) of the incident photon minus the binding energy (𝐸𝑏 ) of the electron in the atom.
𝐸𝑘 = ℎ𝜈 − 𝐸𝑏

Equation 3.5: The kinetic energy of a photo-electron.

Equation 3.5 refers to the vacuum level, the last binding level of the system. In the case of a metal the
binding energy corresponds to the Fermi level (highest occupied level). In semiconductors the Fermi
level is positioned between the valence and the conduction band. For this reason the binding energy
shown in Equation 3.5 has to be slightly modified.
𝐸𝑘 = ℎ𝜈 − 𝐸𝑏 − 𝛷

Equation 3.6: Kinetic energy of a photo-electron for semiconductor materials.

Φ refers to the work function of the spectrometer used in the system. Usually the X-ray sources are
either aluminium (Al) of magnesium (Mg) which acts as the metal anode which is bombarded with high
energy electrons (~15 kV) to create X-rays. This causes ionization of a core level and subsequent
relaxation with radiative recombination. X-rays are not usually a monochromatic source and only certain
photoemission lines are used. Kα1 and Kα2 are the emission used for Al and Mg sources. The most
common form of analysis using XPS is a surface survey, which presents a primary structure from core
level and valence electron and Auger electron emissions.
A Thermo Scientific K-Alpha Surface Analysis instrument was used to study samples treated with
different chlorine containing compounds. Surface analysis was performed to determine the formation of
secondary compounds and the oxidation state of the surface and results were crossed checked with
SEM images. Data collection was carried out using a pre-prepared standard file. An aluminium X-ray
source was used (Kα 1486.6 eV). Data analysis was performed using the NIST X-ray photoelectron
spectroscopy database [23].
Depth profiles were also performed for the composition-depth analysis of the multilayer structure of
CdTe solar cells, after various post-deposition treatments. Data was collected for ion etching times up to
~12000 seconds. The sample was sputtered from the CdTe surface; through CdTe bulk, into the CdS and
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down to the FTO layer. A light ion etching was performed in situ prior to measurements to eliminate the
atmospheric carbon layer which usually forms on surface when exposed to air.

3.6 Measurement of electrical properties
3.6.1

Current-voltage (IV) curves

Electrical characterization was carried out by generating current-voltage curves. As previously explained
in Chapter 2, the parameters which define PV cell performance are 𝐼𝑆𝑆 or 𝐽𝑆𝑆 , 𝑉𝑂𝑂 , 𝐹𝐹 and finally the 𝜂.

The performance is tested using a solar simulator which recreates the solar spectrum. Current is
measured as a function of input voltage and a curve is generated. The most significant points are the
intercepts with the current or current density and voltage axes, respectively which correspond to 𝐼𝑆𝑆

and 𝑉𝑂𝑂 ; in addition the shape of the curve gives information on the 𝐹𝐹, shunt and series resistances

and roll-over effect. The electrical measurements are carried out using a Keithley source-meter. CdTe
solar cells are usually deposited in the superstrate configuration and, for this reason, there are some
problems associated with cell contacting. These were solved by building a suitable solar simulator which
allowed the cell to be contacted from the top using Kelvin probes and indium patches to avoid
scratching and consequent shorting of the active cell. A schematic diagram of this arrangement is shown

in Figure 3.11.

Figure 3.11: Schematic diagram of a home-made solar simulator suitable for easy contacting of CdTe cells in superstrate
configuration.

The lamp used was a 1000 W Newport Xenon lamp. The light was reflected upwards using a 45° optical
mirror. The light beam was then passed through an AM 1.5 filter and an optics array which included an
iris to control the amount of allowed light, two multi lens let arrays, one confocal lens and a focal lens
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which projected onto a relatively small area of the sample stage. Due to the dimensions of the singular
cells 0.25 cm2, the aperture in the sample stage was only 2 cm diameter thereby guaranteeing a
sufficient degree of light uniformity. The light intensity was calibrated before each set of measurements
using a reference diode.
The cell area was defined during the back contact deposition of ~50 nm of gold, which was applied using
a Quorum Q150T ES sputtering system. Prior to this process, a mask was applied to the sample(s),
consisting of a sequence of equally spaced square holes 0.5 cm x 0.5 cm in dimension. This guaranteed a
consistent active area, allowing comparison of measurements obtained from various samples, processed
using different conditions.

3.6.2

Spectral Response (SR)

The Spectral response (SR) is defined as the ratio between the numbers of photons incident on the
device to the number of generated electrons collected by the internal field. The difference between the
external and internal quantum efficiency (EQE/IQE) is that in the EQE no correction is made for
absorption/reflection by the window layers. The EQE is therefore a measure of efficiency of the entire
device structure; the IQE is a measure of the generation and the p-n junction collection efficiency [24].
The quantum efficiency is related to the photocurrent and the wavelength, hence 𝐽𝑆𝑆 can be calculated:
𝑄𝑄(𝜆) =

1 ℎ𝑐 𝐽𝑆𝑆 (𝜆)
𝑞 𝜆 𝑃(𝜆)

Equation 3.7: Quantum Efficiency equation

EQE measurement of some samples was carried out. Data analysis was performed to calculate the
current density of each cell, using Equation 3.7. The SR system was constructed in CREST laboratories, as
part of parallel projects [25].
A filter based SR system was used to overfuse the active area of the device. A combination of Halogen
and Xenon lamps are used to re-create the spectra, which was sampled from 350 to 1000 nm. To define
the exact area, the samples were masked using black absorbent material, leaving a circular area of 0.21
cm2. Monochromatic light passes through a chopper, a macro-lens array to illuminate the detector and
the under test device. This was also biased using a colour LED light to account for non-linearity errors
and simulate the working condition of the device. A reference cell was measured prior to and after the
actual measurement of the device as test standard. Spectra were compared and the one from the
sample was extracted. The measurement combines the response from DC (from the LED) and AC (from
the chopper) signals. The monitoring detector was always receiving. A lock-in amplifier worked on the
AC signal, from which SR data was extrapolated.
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Chapter 4

Scanning white light interferometry
for surface metrology and thin film thickness
measurements of photovoltaic devices
4.1 Chapter objectives
This Chapter presents some applications of scanning white light interferometry (SWLI). A particular
variant of SWLI was used in this thesis called coherence correlation interferometry (CCI) [1], developed
by Taylor Hobson Ltd. Here its new application to thin film thickness measurement is described and
tested. The use of CCI was then demonstrated to detected pinholes presence in plasma treated
substrates for the deposition of thin film CdS. Finally, it was also tested as characterization tool to
optimize a new one step interconnects (OSI) process for thin film solar cells, developed with M-solv Ltd.
The first section presents the use of CCI to measure thin film thickness. Measurements of thin film
thickness are obtained using a particular algorithm, called the helical complex field (HCF) function [2].
Measurements were correlated with those made using spectroscopic ellipsometry (SE) and electron
microscopy for thin film thickness and atomic force microscopy (AFM) for surface roughness. Various
thin films materials were deposited in a range of thicknesses and measured with both techniques. The
materials can be divided in to categories as follows:
•

Metal-oxide anti-reflective (AR) coating materials

•

Transparent conducting oxides (TCOs)

CCI was also used as characterization tool to assess processes that are used in CdTe solar cell fabrication.
Two specific processes were analyzed:
•

Plasma cleaning of FTO-coated glass, prior CdS layer deposition.

•

Interconnection of thin film PV technology using laser scribing and inkjet printing as used in the
one step interconnect (OSI) process.

In this section CCI was used to study the surface form. Different parameters were varied in each process
and their effect on surface form was analyzed. The fabrication processes were optimized based on these
measurements.

66

4.2 Advanced metrology of thin films for photovoltaic applications
Thin film metrology plays an important role in process optimization, quality control and in the research
of new materials. Variations in film thickness can result in changes to material properties, especially
optical and electrical properties. Use of the helical complex field (HCF) function, allows thin film
thickness measurement by SWLI for films thinner than 1 μm.
A variety of thin films used in PV applications were investigated, including metal-oxides (niobium
pentoxide (Nb2O5) and zirconium oxide (ZrO2)) used for anti-reflective coatings and transparent
conducting oxides (indium-tin oxide (ITO) and aluminium doped zinc oxide (AZO)) used for the cell front
contacts. The thin film thickness measurements were compared with those obtained using
spectroscopic ellipsometry, which is an established technique for thin film thickness measurement.
Electron microscopy and atomic force microscopy (AFM) were also used to confirm the capability of CCI
capabilities for thin film thickness and surface roughness measurements.
In the following sections, measurements are presented for each thin film material. Graphs were
produced to compare the thickness measurements obtained with CCI with the measurements obtained
using spectroscopic ellipsometry. The level of correlation between the two sets of data was assessed.
The optical properties (transmission) for each material were measured, using a spectrophotometer with
a wavelength range from near UV to near IR.
Corresponding surface roughness measurements from the same sample areas were performed with CCI
for each thin film material. The Root Mean Square (RMS) roughness was measured and averaged using
five different points on each sample surface.
Results were also compared with electron microscopy to “physically” measure the film thickness of
niobium pentaoxide. Surface roughness values for the same type of film were compared to the results
obtained with traditional atomic force microscopy.

4.2.1 Metal-oxide thin films
A representative sample for each of these materials was selected to obtain optical measurements of
transmittance across a wavelength range from 250 nm to 1800 nm.
Five niobium pentoxide thin films were deposited on soda lime glass substrates with a range of
thicknesses from 70 nm to 1000 nm. The optical transmission of thin film 870 nm thick niobium
pentoxide over the wavelength range 200 nm to 1800 nm is shown in Figure 4.1. The film shows high
transmission over a wide wavelength range, from 365 nm to 1800 nm. The film is relatively transparent
across the whole visible range, with interference fringes across the spectrum. The absorbance edge is
around 365 nm, where the transmittance drops dramatically to zero.
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A similar transmittance was measured for thin film zirconium oxide (410 nm) on soda-lime glass.
Interference fringes occur across the whole spectrum down to the absorption peak at 355 nm. The
transmittance is high through the wavelength range from near-infra-red and then it drops in the nearultra-violet range.

Figure 4.1: The optical transmission of thin films of niobium pentoxide and zirconium oxide over a wavelength range from
200 nm to 1800 nm.

Thin film thickness measurements were obtained using the CCI and the results were compared with
those obtained using spectroscopic ellipsometry. The measurements from the two techniques show
excellent correlation for both niobium pentoxide and zirconium oxide. The results for niobium pentoxide
and zirconium oxide are presented respectively in Figure 4.2 and Figure 4.3.

Figure 4.2: Comparison between thin film thickness measurements obtained using ellipsometry and CCI techniques for
2
niobium pentoxide thin films sputter-deposited on glass (R =0.997).
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Figure 4.2 shows CCI measurements plotted against ellipsometry measurements. The line showing
perfect correlation was plotted for reference. The coefficient of determination (R2), which indicates how
well data points fit a statistical model (in this case a line passing through the origin), was calculated to
be R2=0.997, confirming high correlation with the data obtained using ellipsometry.
The thickness measurements of five zirconium oxide thin films are presented in Figure 4.3, for a range of
thicknesses from 70 nm to 1200 nm. R2 for this set of measurements was 0.999, again providing
excellent correlation between the two techniques.

Figure 4.3: Comparison between thin film thickness measurements obtained using ellipsometry and CCI techniques for
2
zirconium oxide thin films sputter-deposited on glass (R =0.999).

The CCI was also used to provide surface roughness measurements from each of the samples and from
the same area. There are several roughness parameters in use. However, the most commonly used
parameter for optical applications is the root mean square roughness (RMS) or Sq, presented in
Equation 3.1.
𝑛

1
RMS roughness = � � 𝑧𝑖2
𝑛
𝑖=1

Equation 3.1: Root mean square roughness equation.

The RMS roughness is the square root of the mean value of the squares of the distances 𝑧𝑖 of the points

from the mean surface level [3]. Sq [4] represents the RMS roughness value within a definition area (A),
in Equation 3.2:
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𝐴
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Equation 3.2: Three-dimensional definition of RMS roughness.

CCI provides both three-dimensional topographical images of the film surface and quantitative
roughness measurements.
The three-dimensional images obtained from sputter deposited thin films of niobium pentoxide and
zirconium oxide are shown in Figure 4.4. The niobium pentoxide thin film was 74.9 nm thick and was
extremely smooth with a measured RMS roughness of 1.2 nm. The sputter-deposited zirconium oxide
thin film was much thicker (893 nm). This thin film was also extremely smooth with an RMS roughness
of 2.6 nm. This type of smooth film is ideal for optical coating applications.

Figure 4.4: Three- dimensional CCI images obtained from (a) 74.9 nm of niobium pentoxide with RMS roughness of 1.2 nm; (b)
893.4 nm thin film of zirconium oxide with RMS roughness parameter Sq=2.6 nm.

The CCI technique allows roughness to be measured as a function of thin film thickness. These optical
quality thin films at all thicknesses were extremely smooth. The roughness generally increased with thin
film thickness although niobium pentoxide films were slightly rougher when the thickness exceeded 600
nm. For example, the RMS roughness for a 900 nm thick film was measured to be ~5 nm while the
zirconium oxide of comparable thickness had an RMS roughness of only 2.6 nm (Figure 4.4).

4.2.2 Transparent Conducting Oxides
ITO and AZO thin film thickness was measured using the same procedure. Optical transmission
measurements were also performed for each type of material for a specific thickness.
Optical measurements were obtained from the ITO thin films and an example corresponding to a
thickness of 238 nm and 770 nm, respectively for ITO and AZO films. The spectral range was from 250
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nm to 1200 nm and the results are shown in Figure 4.5. Both films show high transmittance over the
whole visible spectrum. AZO shows a steep absorption at 345 nm, while ITO is at 380 nm. The
measurement shows a steep decrease at 380 nm, due to high carrier concentration and a decrease in
transmittance around 1000 nm.

Figure 4.5: The optical transmission spectra of 238 nm thick indium tin oxide and 770 nm AZO thin film deposited on glass.

Five ITO thin films of different thickness were sputter deposited on glass substrates. The thickness was
measured using both CCI and spectroscopic ellipsometry. The correlation between the two methods is
shown in Figure 4.6.

Figure 4.6: Comparison between thin film thickness measurements obtained using ellipsometry and CCI techniques for
2
indium tin oxide thin films sputter-deposited on glass (R =0.997).
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Figure 4.7: Comparison between thin film thickness measurements obtained using ellipsometry and CCI techniques for
2
aluminium doped zinc oxide thin films sputter deposited on glass (R =0.997).

Figure 4.7 shows the comparison between CCI and ellipsometry thickness measurements for aluminium
doped zinc oxide. The resulting coefficient of determination was the same as that calculated for ITO
films (R2=0.997).
The roughness of indium tin oxide films is important in many applications [5], including thin film
photovoltaics. Depending on the surface properties of this conductor, unwanted electrical contact may
occur resulting in a short with the layers above. Figure 4.8 (a) is a three-dimensional image of the 238
nm thick layer of ITO, sputter deposited on glass, with a sheet resistance of 6.2 Ω/□. The ITO film has a
RMS roughness of 0.92 nm. Figure 4.8 (b) shows the three dimensional CCI image of 773 nm thick layer
of AZO, sputter deposited on glass. The RMS surface roughness was measured to be 1.57 nm.
The roughness of the ITO films increased with thin film thickness. Films thinner than 400 nm showed
RMS roughness below 1 nm. Even at 1 µm thickness the RMS roughness was only ~1.5 nm. The
deposited ITO films had sheet resistance in range between 13.7 Ω/□ for the 120 nm thick film and 1.4
Ω/□ for the 900 nm thick film.
As expected for all sputtered films, also for AZO material, roughness increased with thickness. However,
the RMS roughness values are higher compared with ITO films, for similar thicknesses. Roughness was
measured to be in the range from 0.8 nm to 2 nm.
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Figure 4.8: (a) Three-dimensional CCI image obtained from a 238 nm thin film of indium tin oxide, RMS roughness parameter
Sq= 0.9 nm and (b) 773 nm thick layer of AZO, sputter deposited on glass, RMS surface roughness 1.6 nm.

4.2.3 Evaluation of thin film thickness and surface roughness measurements
using non-optical techniques
The capability of CCI for thin film measurements has been assessed using different techniques and
results are available in the literature [6]. Both CCI and Ellipsometry techniques are based on a similar
principle; and for this reason further measurements were carried out using non-optical techniques,
including electron microscopy and atomic force microscopy (AFM). Thin film thickness and surface
roughness were measured from representative samples.
Electron microscopy
The focused ion beam (FIB) technique, previously explained in Chapter 3, was used to prepare the
sample analyzed with electron microscopy. Two niobium pentoxide films of different thickness were
analyzed. A cross-section was created using the FIB and then the thickness was measured by imaging
with the integrated electron beam. Thickness was measured across three different points and the
samples appeared uniform across the analyzed section. Figure 4.9 shows the cross-section from one of
these test films Figure 4.9(a) and the thickness measurements were carried out at higher magnification
Figure 4.9(b) and (c). The value was averaged from three points of the layers, which were uniform in
thickness. The averaged thickness measurements obtained were respectively 575.5±5.9 nm* and
822.9±16.7 nm, which correspond to 580.9±0.4 nm and 876.5±0.8 nm averaged values measured using
the CCI technique. Electron microscopy gives a much more local measurement, compared to optical
techniques, which obtain their measurement from a larger area. However, the results obtained with
these techniques correlate well with the CCI measurements.
*

all values defined as ± have to be intended as one standard deviation.
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Figure 4.9: SEM images of a (a) FIB cross-section of the niobium pentoxide film, (b) averaged 575.5±5.9 nm thick and (c)
averaged 822.9±16.7 nm thick films.

Atomic force microscopy
AFM was used to assess the surface roughness of the niobium pentoxide samples. Roughness was
measured over a 5 μm x 5 μm area, from different sites on the sample surface. For the 580.9±0.4 nm
thick film, averaged results of surface roughness acquired by AFM were comparable to those obtained
using CCI. Arithmetic average of the absolute values (Sa) was measured to be 1.15±0.05 nm against the
0.87±0.01 nm CCI result; while the root mean square (RMS) roughness was 1.50±=0.01 nm against
1.63±0.04 nm using the CCI.

4.3 A study of pinhole formation on Chemical Bath Deposited (CBD)
CdS Thin Films using CCI surface metrology
The CCI is not limited to a thin film thickness measurements and surface roughness metrology. This tool
can assess the quality of a process and the information can be used to optimise the operational steps. In
this study, CCI was used to characterise FTO-coated glass surfaces after a plasma treatment.
Chemical Bath Deposition is one of the most commonly used techniques to obtain a CdS layer [7].
However, issues related to uniform coverage can arise; this study examine whether changing the surface
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energy of the substrate can improve the film properties by obtaining layers with reduced number of
pinholes. The TEC® coated glass substrates were treated using a plasma cleaning process [8].
CCI was used in this study to characterize the CBD-CdS films to detect the presence of pinholes. The
technique provides three dimensional images of the sample surface morphology over a relative large
area (300 μm x 300 μm), with a high vertical resolution. A 50x objective lens was used for this study to
enhance the lateral resolution using a larger numerical aperture (NA).
The CCI images were used to determine the optimum conditions for surface activation of plasma treated
substrates. For the untreated sample, the density of pinholes is high. When the substrate was plasma
cleaned using a low ratio of oxygen, using a flow rate of 10 sccm, a reduction in pinhole density was
clearly detected. However, the best results were obtained with continuous and uniform films, when the
plasma contained 20 sccm of oxygen and 30 sccm of argon. Further increasing the oxygen in the plasma
resulted in the formation of pinholes and voids. This might be due to plasma over-treatment causing
damage in the substrate which will then affect the deposited film. The pinhole density decreased with
all plasma treatments compared to the density present in the untreated samples. Flow rates of 20 sccm
O2/30 sccm Ar resulted in an almost pinhole-free surface. Details are shown in Figure 4.10.
The reduction in pinhole density was at least 30% for the plasma treated samples compared to the
untreated surfaces. Using the optimized condition, as shown in Figure 4.10, the pinholes are removed
for 50 nm thin films.

Figure 4.10: Three dimensional CCI images of CdS deposited on (a) untreated (b) 10 sccm O2/40 sccm Ar plasma treated, (c)
20 sccm O2/30 sccm plasma treated and (d) 30 sccm O2/20 sccm plasma treated substrate. Pinholes appear as spikes in the
CCI image.
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Even when plasma treatment was applied, pinholes were observed and appeared to depend on the
deposition time of chemical bath deposition and the thickness of the CdS film. In Figure 4.11 CCI images
of CdS thin film surfaces are presented for different deposition times of 15, 30 and 60 minutes. All the
surfaces were plasma treated prior to deposition. However, due to the kinetics of the deposition process
pinholes were still found on some samples. For shorter times, the film is very thin (30 nm) and total
coverage of the substrate surface was not obtained. This is a common problem for other deposition
techniques [9]. Thickness has to be increased to obtain a uniform and continuous layer. For 30 minutes
deposition the pinhole density decreased as a consequence of the plasma treatment. The film was ~50
nm thick and continuous; allowing a high transmission of incident light into the absorber layer (cadmium
telluride for CdTe solar cells or copper indium gallium selenide for CIGS solar cells). Hence a higher
current density is produced in the device. However, when the deposition time was further increased,
the film did not appear as uniform or as pinhole-free. This might be due to the kinetics of the reaction
which leads to the formation of agglomerates changing the adhesion of the film to the surface.

Figure 4.11: CCI images for different deposition times for CBD CdS thin films: (a) 15 minutes, (b) 30 minutes and (c) 60
minutes. Corresponding thicknesses of: (a) 30 nm, (b) 50 nm and (c) 100 nm. Spikes in the image correspond to the presence
of pinholes.

4.4 One Step Interconnect (OSI) process characterization
The interconnect process is an essential step in the production of thin film PV modules [10]. In this study,
the CCI was used to optimize the laser ablation process used to scribe down to the TCO and also to
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assess the efficacy of inkjetting, as part of the OSI process [11][12][13]. The OSI process is a novel
method for interconnecting CdTe modules and other thin film solar devices.

4.4.1 One Step Interconnects (OSI)
Thin film photovoltaics are conventionally interconnected using a monolithic interconnection process,
consisting of three steps to form 3 scribes called p1, p2 and p3. The process is carried out alternately
with the device deposition of the layers [10], requiring breaking of vacuum and alignment problems
previously discussed in Chapter 2.
The one step interconnect or “OSI” process [11] was developed as part of Technology Strategy Board
(TSB) project, as a collaboration between Loughborough University and MSolv Ltd. It is an innovative
process which overcomes the interruption of device production during thin film photovoltaic fabrication
(Figure 4.12). The specific details of the laser optics and hardware used for the process have been
described separately [11][12][13]. The work done for this thesis was focused on the characterization of
the processed devices, as part of the optimization of parameters for both laser scribing and inkjetting.
It is important that the interconnects have low series and high shunt resistance. Residual material in the
trenches, from the semiconductor layers and the TCO, can cause high series resistance. Shunting
resistance can be caused by bridging material remaining at the end of the interconnection process.
Measurement of the laser scribe dimensions is important for process quality assessment. The trenches
must be precise in depth, especially down to the TCO, which is only about 300 nm in thickness. If the
laser cuts to the wrong position either terminating at the semiconductor layer or penetrating to the
glass substrate, then the cell will be shunted.
There are many techniques used in the metrology of surface finish. However, especially for large scale
applications, the characterization tool used should preferably be non-destructive, fast and accurate. CCI
was chosen as main characterization tool, backed up with electron microscopy.
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Figure 4.12: Schematic diagram of the OSI process to interconnect CdTe devices and other thin film technologies. All three
scribes were made simultaneously through the glass, after all depositions are completed. Two lasers were used to create the
scribes: the first is an IR laser, which produces three identical trenches down to the middle of TCO and the second one is a
green laser (512nm), which cuts through the TCO, down to the glass. The scribes were then filled using inkjet system: A) with
an insulator; B) with silver ink to create the electrical contact and P3) was left empty.

Thin film CdTe solar cells were scribed using a frequency doubled Nd:YAG laser to form the structures
required for interconnection of the module. The shape and dimensions of the scribe, as well as the
formation of surface inhomogeneity were monitored for optimization of the process, using quantitative
analysis from three-dimensional images provided by CCI and scanning electron microscopy (SEM)
images. Measurements were obtained for samples prepared at different laser operating parameters
during the ablation process, including different pulse energy (from 6 µJ to 228 µJ), focus (±2 mm with
0.1 mm resolution) and pulse frequencies (from 2 kHz to 50 kHz). Each single scribe was analysed for
dimensions (width and depth), surface form (humps) and roughness at the bottom of the scribe and to
detect surface inhomogeneity formation and anomalies in the scribe shape.
Characterization was carried out separately for the laser scribe and the inkjet process, although OSI is
based on combining these processes. Electron microscopy was also used to observe the structure of the
interconnects, both in plain view to cross check the results obtained using CCI and in cross-section, using
FIB technique. The cross-section was then imaged using the electron beam, in order to assess the ink
deposition, the wettability of the different surfaces and the presence of shunting paths across the
interconnect thickness.

4.4.2 Laser Scribe Characterization
Laser focus
The lens used during the laser scribing process was positioned on a moveable z-stage and at a certain
distance; a mask was positioned at the image plane of the lens. Using this setting, an image of the mask
on the work piece was obtained with a relatively uniform energy density.
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The focus was varied in order to optimize the shape of the scribes. The position of the lens was varied ±2
mm with 0.1 mm resolution. At the focus point, the bottom of the scribe was uniform and no damage to
the glass was made. Looking at the two-dimensional cross section CCI profile of the bottom of the scribe
allowed the detection of any surface inhomogeneity formation.
Figure 4.13 shows the profile across the scribes for various laser focus values. The two-dimensional
profiles were obtained using CCI. Both two- and three-dimensional topographical images of the surface
were obtained.
The profiles showed how changing the distance of the lens from the stage by +0.3 mm influenced the
shape of the bottom of the scribe. At the optimal focal point the scribe was smoother along the bottom.
However further decreasing the distance by 0.3 mm caused increased roughness along the bottom of
the scribe.

Figure 4.13: Two dimensional CCI profiles of the bottom of the scribe along the scribe of a) +0.3mm focus, b) lens at focus
and c) -0.3 mm focus.

In both Figure 4.14 (a) and (b), the scribe obtained at optimal working distance was smooth and wellshaped. In the three dimensional CCI image which shows the scribe appearance, the laser shots can be
clearly identified with a characteristic round shape. However, the scribe was continuous and no
significant effect on the final performance occurred.
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Figure 4.14: a) Three dimensional topographical CCI image and b) two dimensional cross-sectional CCI profile of the optimal
working distance scribe.

The optimized combination of laser parameters was found when the beam was well focused on the
surface. Pulse frequency and pulse energy were also varied simultaneously, allowing an increase of
scribing speed and shortening of the process time.
Pulse Energy
Pulse energy was varied as this was one of the most significant parameters which affect the laser
scribing. The values were varied from 6 µJ to 228 µJ.
High pulse energies from 134 to 228 µJ resulted in a very rough surface at the bottom of the scribe with
considerable surface inhomogeneity formation. This effect was due to the re-melting of the material
during the scribing process. Figure 4.15 shows two-dimensional profiles obtained using CCI with a 50x
lens along ~300 μm of laser scribes processed at 228 µJ and 218 µJ pulse energy. The deviation from an
ideal surface with zero roughness was in the order of ±0.5 μm.
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Figure 4.15: Two dimensional CCI profiles of scribes obtained using a) 228µJ and b) 218µJ pulse energy at 5 kHz showing
damage to the substrate.

Decreasing the pulse energy caused the scribes to appear smoother. From 110 µJ and especially at 83 µJ,
the bottom appeared to be very smooth; depth was reaching the right layer of the stack and scribe
shape was regular. Figure 4.16 shows the full analysis of the scribe obtained at 83 µJ intensity.

Figure 4.16: a) Two dimensional CCI profile of along the scribe, b) two dimensional cross-sectional CCI profile and c) three
dimensional topographical CCI image of laser scribe obtained at 83µJ pulse energy, optimum focus and 5 kHz frequency.
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However other issues occurred by further decreasing the pulse energy. From 59 to 6 µJ, the pulse
energy was not sufficient to scribe the device. The material was not affected by the laser because the
laser power was too low. Figure 4.17 shows how pulse energy affected the laser scribe depth and width,
keeping the process settings constant apart from pulse energy. A peak is present for both depth and
width at 204 µJ. However, balance should be sought between depth requirements, which depend on the
device features, and the width value, which should be as narrow as possible to avoid a large dead area
on the device. In addition, the scribes should not cause surface inhomogeneity formation.

Figure 4.17: Graphs showing the depth and the width of the laser scribes as a function of increasing pulse energy.

The optimum value for pulse energy based on these measurements was found to be 85 µJ pulse energy,
at 5 kHz pulse frequency. This pulse energy guaranteed continuum scribe formation.
Pulse frequency and energy
Another parameter which affected the process was the pulse frequency. In the previous section, the
pulse frequency was kept constant at 5 kHz. Changing the pulse frequency allowed control of the pulse
overlap and hence the power. The pulse energy can be simultaneously changed, to obtain the
appropriate scribe shape which otherwise can be distorted.
The frequency was varied in the range from 2 kHz to 50 kHz. Input current was adjusted with frequency,
from 34% to 100% to maintain constant output power. All the other parameters were kept constant.
Up to 5 kHz a continuous scribe was not obtained. Individual dots appeared on the surface formed by
individual laser pulses. The pulse frequency was too low to obtain overlap at the stage speed used so
that each crater corresponds to a laser shot and the space between them was defined by the frequency.
Figure 4.18 shows the CCI images of the scribes obtained at 3 kHz and 2 kHz.

82

Figure 4.18: Three-dimensional CCI image of laser scribes obtained at pulse frequency of 3 kHz (left) and 2 kHz (right).

Increasing the pulse frequency further and beyond the optimized value of 5 kHz, led to an increase in
power density and resulted in an excessive scribe depth and deformation of the shape. The dimensions
for the optimized scribe were: 2.22 µm deep and 83.8 µm wide. Increasing the frequency led to deeper
and narrower scribe formation. Figure 4.19 shows the two dimensional cross sectional profiles obtained
with CCI for the mentioned parameters. The shape looked distorted as the frequency was increased.

Figure 4.19: Two dimensional cross sectional CCI profiles of laser scribe obtained at a pulse frequency of
a) 10 kHz b) 11 kHz c) 40 kHz d) 50 kHz.

From Figure 4.19, the depths and widths of the laser scribes were respectively calculated as: a) 2.45 µm
and 63.5 µm, b) 2.47 µm and 62.4 µm, c) 2.49 µm and 54.6 µm, d) 2.58 µm and 53.1 µm.
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As the pulse frequency increased the bottom of the scribe appeared to be smoother although the
overall shape deteriorated. Figure 4.20 shows a comparison between the laser scribes obtained at pulse
frequency of 10 kHz and the 50 kHz.

Figure 4.20: Two dimensional CCI profiles along the laser scribes obtained at pulse frequency of
a) 10 kHz and b) 50 kHz scribes.

Surface inhomogeneity formation control
Surface inhomogeneity formation can occur during laser processing and it is associated with both pulse
energy and the quality of the focus level. If these values are not optimized, they can induce re-casting of
the scribed material forming surface inhomogeneity. This can lead to shunting problems during the
interconnection process.
High surface inhomogeneity formation occurred as the focus was changed. For +0.3 and +0.2 mm from
the optimum focus point, the scribes showed high surface inhomogeneity formation around the laser
shots due to incomplete material removal visible for both samples. This effect decreased as the
optimum working distance was reached. If the focus point was moved upwards with respect to the
optimum value, a similar effect was obtained, with surface inhomogeneity formation increasing as the
distance increased as shown in Figure 4.21.
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Figure 4.21: CCI three-dimensional image of two scribes obtained at 5 kHz pulse frequency, at +0.3 mm from the optimum
focus for the right scribe and at +0.2 mm for the left scribe. Surface inhomogeneity can be observed.

Figure 4.22: CCI three dimensional images of two scribes obtained at 5 kHz frequency. The pulse energy was 80 µJ for the
right scribe and 75 µJ for the left scribe. Re-melted material is visible.

This phenomenon occurred also for devices processed at high pulse energies: from 44 to 80 µJ. While, at
33 µJ, the scribe was smooth and free from surface inhomogeneity formation. For values lower than 33
µJ, the pulse energy was not sufficient to scribe the material. Figure 4.22 shows a three dimensional
image of two scribes obtained at high pulse frequency (80 µJ and 75 µJ). The laser shots can be easily
identified and re-melted material is visible around them.
Laser parameters overall effect
Various parameters were changed to optimize the laser processing. Surface inhomogeneity formation
was monitored as it is important to obtain a well-shaped scribes without surface inhomogeneity both at
the bottom and at the edges. The depth control of the scribe was important because depending on the
type of the scribe (A, B or P3), either the TCO or the glass layer has to be reached and any errors can
lead to a decrease in module performance. If the scribe does not penetrate to the correct depth and
layer, shunting problems are likely to occur. The width also has to be controlled since it defines the
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contact resistance and the shaded area of the module. Pulse energy has to be precisely controlled since
if it is too low the material is not completely removed. On the other hand, the use of a pulse energy that
is too high results in scribes that are too deep into the stack and also causes increased roughness along
the bottom of the scribe, causing damage to the underlying layer. Similar effects occurred when the
pulse frequency was increased. Correct focus of the laser was found to be also very important for
surface inhomogeneity formation. Defocusing of the laser led to incomplete material removal and
surface inhomogeneity formation at the bottom of the scribe.

4.4.3 Inkjet characterization
Once a better understanding of how the different parameters affected the laser processing, it was
possible to optimize the whole interconnect process. This work was carried out in collaboration with MSolv Ltd. Characterization of fully developed interconnects on CdTe devices was carried out using CCI.
Figure 4.23 shows the complete geometric characterization of the laser scribe process used for the
preparation of the two scribes down to the TCO which followed from the optimization of the laser
scribing technique presented in the previous section. However, the parameters were adapted to the
specific devices used. The required depth and width are dependent on the device structure. The device
stack was deposited on FTO-coated glass (TEC10) from NGS-Pilkington®. The device consisted of ~120
nm of CdS and 2.25 µm of CdTe deposited using CSS, while nickel was sputtered on top as a back contact.
The scribe was uniform along and across the bottom. The PV material was completely removed down to
the TCO and CdS interface, providing good access to the TCO for the conductive ink, which then would
fill one of the scribes. This scribe ensured good isolation of the cells without affecting the conductivity of
the TCO. The profile along the laser scribe in Figure 4.23 c) shows the pulse overlap feature.

Figure 4.23: Detailed characterization of the P3 laser scribe using CCI: a) 3D surface map, b) cross-section across and c) along
the scribe. The CCI analysis provides detailed information about the dimensions and the depth of the scribe. The scribe was 3
μm deep and 85 μm wide. Image obtained using x50 lens.
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The SEM image confirmed that the bottom of the empty scribe was flat with no debris or surface
inhomogeneity formation at the bottom or at the edges. Figure 4.24 shows that the TCO layer did not
suffer damage due to the laser process and the PV material was ablated cleanly.

Figure 4.24: An SEM image of a P3 scribe performed on a CSS thin film CdTe solar cell. The scribe was performed down to the
TCO layer, the material was completely and uniformly removed.

Figure 4.25: a) CCI 3-D surface map of the OSI interconnects before inkjet printing the functional inks, b) a CCI cross-section
showing the profile of the laser scribes. Image obtained using x50 objective lens.

Figure 4.25 shows a 3-D surface map obtained using CCI of the laser scribes used for the OSI
interconnect before filling with the inkjet print. While, Figure 4.26 shows a 3-D surface map, obtained
using CCI, of a complete and correctly performed OSI interconnect. These profiles reveal important
aspects of the OSI interconnect process. The quality of the laser ablation can be assessed by analysis of
the first scribe down to the TCO defined as P3, which remained empty to separate each cell inside the
module. The CCI profile can also be used to measure the filling level of the other two scribes.
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Figure 4.26: a) CCI 3-D surface map of an OSI interconnected CdTe thin film solar cell scribe and b) CCI cross-section across
the interconnect. Image was obtained using x50 lens.

The 3-D surface map of the OSI interconnect in Figure 4.26 shows that the laser scribing was carried out
with great precision, the inks were printed uniformly along the scribes with excellent alignment with the
laser process. The Ag ink printing process was limited to the edge of the back contact and the scribe B
only. A more detailed analysis is shown in Figure 4.27 and Figure 4.28. The filling of scribes by both ink
and insulator was measured in respect to TCO and PV materials stacks. The silver ink bridged over the
scribe filled with insulator on the right, while the left scribe was left empty. There was no overflowing of
ink towards this scribe, preventing shorting issues. Both the profile along the ink and the insulator ink
surfaces showed the tendency to follow the pulsed surface features with a wavy profile. The conducting
ink surface appeared less rough than the insulator ink but both were contained in a ±50 nm scale.

Figure 4.27: Interconnect analysis based on the CCI measurements: a cross-section of the OSI interconnect with specified
features.
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Figure 4.28: : Interconnect analysis based on the CCI measurements: a) the profile along the Ag ink deposited on top of
insulator ink in the scribe A and b) the profile along the insulator ink printed into the scribe B.

An SEM image of a complete OSI interconnect of thin film CdTe solar cells is shown in Figure 4.29. The
image shows the P3 scribe and the scribes A and B filled with the functional inks, allowing
interconnection of the cells.

Figure 4.29: An SEM image of the complete OSI interconnect, with identified scribes A, B and P3.

A Focused ion beam (FIB) was used to prepare a cross section through the sample which enables an
investigation of the OSI interconnect cross section in greater detail. This technique allows the inspection
of the interconnects and accurate assessment of each individual processing step of the OSI interconnect
which would not be accessible otherwise. Figure 4.30 shows a FIB cross section of the A scribe filled with
the insulator and overlaid by the conductive ink of the OSI interconnect. The insulator nicely filled the
scribe showing good adhesion with both the TCO underneath and the silver ink above. The PV stack can
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be seen on the right showing no presence of debris or surface inhomogeneity both at the edge and on
the wall of the scribe.

Figure 4.30: A FIB prepared cross-section of the A scribe filled with the insulator and overlaid with the conductive ink. A thin
Pt layer was deposited as part of the FIB cross-section preparation.

2

Figure 4.31: I-V curve of three cells in a mini- CdTe module: 𝑽𝑶𝑶 = 2.26 V; 𝑱𝑺𝑺 = 21.75 mA/cm ; 𝑭𝑭 = 61.90 % and 𝜼 = 10.14 %.

Electrical performance was also assessed. Three cells were measured on a mini module using a
sputtered gold back contact. The resulting I-V curve was measured by M-Solv and this is shown in Figure
4.31. The performance resulted in open circuit voltage 𝑉𝑂𝑂 = 2.26 V, short circuit current 𝐽𝑆𝑆 = 21.75

mA/cm2; Fill Factor = 61.90 % and conversion efficiency = 10.14%. The electrical output obtained using
OSI was found to be comparable with the standard and more complex interconnects process.
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4.5 Conclusions
Scanning white light interferometry is already an important technique used to provide threedimensional surface metrology with a high vertical resolution. It is a fast, non-contacting and hence nondestructive technique with widespread applications including the metrology of thin films. Previously the
technique has been used to measure the thickness of transparent or semi-transparent coatings
typically >1 µm thick. In this regime, two localized fringes appear each corresponding to the surface and
the thin film-substrate interface. The thickness of the film is determined by locating the position of the
two envelope maxima. However, for films of thickness < 1 µm these fringes are overlapping.
The development of the helical complex field (HCF) function now allows thin film thickness to be
measured accurately, provided the refractive index and dispersion coefficient are known. The HCF
function can also be used for thick films >1 µm, as for thinner films. In this study, the HCF function was
tested on a range of important photovoltaic materials including metal oxides and transparent
conducting oxides. In each case the measurements were also carried out with conventional
spectroscopic ellipsometry and compared with electron microscopy technique. Correlation between the
thickness measurements for the different techniques resulted in a coefficient of determination smaller
than 1 for all the cases studied. Surface roughness measurements were also proved to be comparable
with the more established technique of atomic force microscopy. Thickness measurements can be
obtained automatically at various points on the sample surface using the “pattern measurement”
capability available for the CCI. This is a useful tool also for mapping thin film uniformity. Use of the HCF
function provided a fast and straightforward non-destructive method to determine thin film thickness,
without the need for the presence of a step as is the case for profilometry or the use of complex models
as used in ellipsometry.
The measurements obtained with CCI and ellipsometry were presenting without offset due to
systematic error related to both instruments. It was assumed that at zero thickness both techniques
would deliver zero nanometre result. It is rather hard to calculate systematic error both for CCI and
ellipsometry. For this reason calibration, using standards and procedures provided by manufacturers,
were used prior every measurement.
For what concerns CCI measurements, assumption on the presence of random or systematic error was
based on the following considerations:
•

Starting with very thin films (typically ~30nm to ~70nm), they may well exhibit no reflectance
turning points within the CCI's bandwidth (~420nm to ~700nm). If this is the case, then there is a
demand for absolute reflectance accuracy - any 'gain' or 'tilt' type reflectance errors will cause
errors in the fitted film thickness. The two most frequent such error mechanisms are (1) a light-
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source colour temperature difference between the reference and film measurements and (2) a
slight z-scan interval error. The additional phase that the HCF provides gives an extra degree of
freedom for more accurate optimisation, assuming that the film's spectral n & k are well known.
No systematic errors are present in this region.
•

For films exceeding ~70nm (as those studied in this chapter) that exhibit 2 reflectance turning
points within the CCI bandwidth (eg ~300 nm for a SiO2 film), a similar argument of the above
holds, although the requirements for negligible scan/illumination errors as above are
progressively reduced as the film thickness increases and no presence of systematic errors in this
region is detected. The same comment about the benefit of the HCF phase applies.

•

Finally, the third regime in terms of film thickness is for films that exhibit at least one entire
reflectance cycle within the bandwidth of the CCI for this regime there is no longer any benefit in
the phase supplied by the HCF for thickness measurement. It is in this regime that the film
thickness calibration takes place. The purpose of the procedure is to correct for any overall
systematic gain error that would otherwise be applicable in all 3 regimes.

For what concerns ellipsometry measurements, assumption on the presence of random or systematic
error was based on the following considerations:
•

All the possible sources of systematic error are considered in the algorithms used in the
software analysis. These errors contribute to the correlation matrix.

•

In general, the mathematical study of all systematic and random errors results in an accuracy of
0.01° on Δ and Ψ, according to instrument specifications. These will result in an error of 0.1 A°
on the film thickness and on the second digit for the refractive index, for thick films and of 1 A°
and on the first digit, for thin films.

•

Calibration results in negligible systematic errors, as the procedure involves averaged
measurments in different configurations and azimuth polarization angles.

CCI has been shown to be a useful tool also for other applications in in thin film photovoltaic technology.
This technique is a fast and non-destructive technique with high vertical resolution, capable of assessing
surface morphology including coverage and uniformity. These are key parameters in the development of
high efficiency thin film solar cells. In particular, the CdS layer, used both in CdTe and CIGS technology,
has to be as thin as possible and pinhole-free. CCI was used to successfully optimize the plasma
treatment of FTO-coated glass substrates prior CdS CBD process.
In this chapter, the quality of the laser/inkjet interconnects on a thin film CdTe PV mini-module was also
assessed. SunStar CCI was used as the measurement tool to characterize qualitatively and quantitatively
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the laser scribing and the inkjetting processes. The technique can be used to measure the depth and the
precise profile of the scribes. These measurements have been crucial in the development of the
interconnect process, which would simplify, speed up and cut the cost of thin film PV manufacturing.
The SWLI measurements also provided useful information about the formation of surface
inhomogeneity during the laser ablation process. This was used to optimize the laser parameters to
avoid shunting and high series resistance losses in the interconnected module. CCI was also used to
measure the filling levels of the insulator and conducting inks used. Further characterization was
performed using electron microscopy, providing further supporting evidence for the quality of the
interconnects. SEM images of cross sections prepared using FIB were used to obtain detailed
information, the technique was used for post process characterization of each individual step of the OSI
interconnect process. Finally the electrical performance of the interconnects was measured confirming
the efficacy of the new OSI process for thin film PV interconnects.
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Chapter 5

Effects of CdCl2 activation treatment on microstructure
and electrical performance of CdTe solar cells
5.1 Chapter objectives
In this Chapter the effect of the activation treatment for CdTe solar cells, using CdCl2 will be investigated.
Cadmium chloride treatment is required to activate CdTe/CdS solar cells and although the technique is
used in commercial cells, the mechanisms involved in the process are still not fully understood. Research
has been focused on the various effects of the treatment on the CdTe layer, such as change in grain size,
orientation and decrease in defects density [1]. This Chapter covers optimization of both thermal
evaporated and wet CdCl2 treatments on close-spaced deposited CdTe solar cells. Further
microstructural analysis was carried out to investigate the effect of the dwell annealing temperature in
the evaporated CdCl2 and the solution concentration in the wet CdCl2 treatment.
Optimization of CdCl2 treatment
As a first step, the CdCl2 process was optimized. Many methods [2] have been used to perform the
treatment. A wet treatment and a thermal evaporation method of depositing CdCl2 are the processes
studied in this chapter. Optimization of both the methods was carried out using an untreated stack of
close-spaced sublimated (CSS) CdTe/CdS devices. The devices were deposited at Colorado State
University (CSU), using their process of reference (POR), so that they could be considered as standard
untreated cells. A device treated at CSU by the CSS-CdCl2 process, was used as a “reference cell”. Both
methods consisted of two process steps: deposition followed by annealing in air. For the wet treatment,
the optimized parameters were: annealing temperature, annealing time, solution concentration,
immersion time and solution temperature. For thermally evaporated CdCl2 treatment, the process
parameters were: ramping procedure, dwell time, dwell temperature and thickness of the CdCl2 film.
The back contact was not optimized, hence no copper treatment was applied, and only ~50 nm of
sputtered gold was deposited on an area of 0.5 mm x 0.5 mm. The gold layer in combination with
copper is known to be an effective back contact [3]. The choice of not pursuing the optimization of the
back contact was a result of maintaining the focus on the effect of the CdCl2 process. The same back
contact was used throughout.
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Effect of temperature in evaporated CdCl2 treatment
After optimization of the two activation treatments methods, further studies of the process followed.
For samples treated with evaporated CdCl2 both microstructural and electrical performance was
analyzed as the dwell temperature was changed in the range from 300°C to 450°C.
Effect of solution concentration in wet CdCl2 treatment
The same approach was used to analyze how low concentrations of CdCl2 solution in methanol affect
both microstructure and electrical performances. Study of the early stages of the recrystallization
process allowed a better understanding of the CdCl2 activation process. The samples were treated using
a range of low concentrations of CdCl2 in methanol from 0.0001% to 0.01% in weight (wt. %). The results
were compared to the fully treated and to over-treated samples.

5.2 Optimization of evaporated and wet CdCl2 treatment
Figure 5.1 shows the current density-voltage (J-V) curve of the “reference cell” from CSU, contacted
using ~50 nm of gold. This cell was measured to perform a total efficiency 8.2% (highest out of five
different cells), short circuit current density 21.91 mA/cm2, open circuit voltage 678 mV and Fill Factor
(FF) 0.56. The low FF resulted from high series resistance as a result of the non-optimized back contact
[3].

Figure 5.1: J-V curve of CSS sample treated at CSU.

The optimization process aimed to obtain similar features (𝑉𝑂𝑂 , 𝐽𝑆𝑆 , 𝐹𝐹 and 𝜂) as that of the “reference

cell”. A systematic approach was used, varying one parameter at the time. This helped to better

understand the effect of each parameter on the activation process.
The parameters varied during the process were different for the wet treatment and the evaporated
CdCl2. Table 5.1 and Table 5.2 show the list of parameters, together with the ranges of analysis
respectively for the two methods.
96

Table 5.1: Range of parameters analyzed for optimization of wet treatment for CdCl2.

Table 5.2: Range of parameters analyzed for optimization of evaporated CdCl2 for activation treatment.

5.2.1 Wet CdCl2 treatment
For the wet treatment, the deposition process parameters were initially kept constant at 15 min
immersion time in 1 wt. % CdCl2/CH3OH solution at room temperature. The first parameter that was
changed was the annealing temperature using a constant annealing time of 10 minutes. The values of
𝑉𝑂𝑂 obtained were plotted against process temperature; the results are showed in Figure 5.2. A

maximum value of 𝑉𝑂𝑂 was found at 375°C. Starting at 360°C, the 𝑉𝑂𝑂 increased from ~320 mV to reach
the maximum of ~630 mV at 375°C. The values then decreased almost linearly to ~200 mV for 410°C.

Measurements were performed on various devices to assess the repeatability of the process. For each

temperature, five cells were measured and average values, with correspondent standard deviations,
were plotted. The maximum standard deviation resulted in ±34 mV for 375°C. For the other
temperatures, lower standard deviation values were recorded.
The effect of annealing time was then investigated for an annealing temperature of 375°C to analyze
effect of different combination of temperature and time. Efficiency was measured to be ~6.5%, for the
sample annealed at 375°C for 15 minutes. Results are shown in Figure 5.3. The high series resistance of
the devices was due to the back contact used on the devices. This can be improved by bromine etching
and further treatment with copper before depositing the back contact. The shunt resistance was also
observed to increase with longer annealing times, resulting in considerably worse performances. This
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effect might be due either to a heavy interdiffusion or to a higher level of diffusion of chlorine into the
CdTe layer [5]. Longer treatment times resulted in decreased voltage, but higher current values. This can
be related to the interdiffusion between CdS and CdTe, which can lower the band gap [6].

Figure 5.2: 𝑽𝑶𝑶 values measured against temperature of process, for dwell time of 10 minutes; 15 min immersion time in 1
wt. % CdCl2/CH3OH solution at room temperature.

Figure 5.3: J-V curves obtained at a 375°C annealing temperature for different annealing times; ; 15 min immersion time in 1
wt. % CdCl2/CH3OH solution at room temperature.

The annealing temperature and time were then fixed at T=375°C and 15 min respectively, and the other
parameters were then investigated, including the concentration of the solution and the solution
temperature.
The concentration of the solution was also found to affect performance. Concentrations in the range
0.5-2 wt. % CdCl2 were investigated. For 2 wt. % concentration, a considerable excess of a white solid
compound was visible on the surface after annealing; this was then identified as a combination of CdCl2
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and cadmium-tellurium oxides by XPS. This residue might be responsible for the poor electrical
performances. This behaviour can be clearly seen in the J-V curves that are shown in Figure 5.4. The best
results were obtained for 1 wt. % concentration, corresponding to 0.054 M.

Figure 5.4: J-V curves at a 375°C annealing temperature, 15 min annealing time, 15 min immersion time, for different
solution concentrations.

Using 1 wt. % CdCl2 in methanol, the immersion time was studied; annealing parameters were kept
constant at 375°C for 15 minutes. For 5 minutes immersion, both the short circuit current and open
circuit voltage were found to be relatively low. If immersion time is too short, an insufficient coverage of
the CdTe surface with CdCl2 will occur. The best performance was obtained for 15 min immersion time.
For longer times, such as 20 min, lower voltage and higher current were recorded. This result is similar
to those obtained for over-treated samples with long annealing times. J-V curves for varying immersion
times are shown in Figure 5.5; highest open circuit voltage and cell efficiency performance were
obtained for 15 minutes immersion time.

Figure 5.5: J-V curves at a 375°C annealing temperature, 15 min annealing time, corresponding to different immersion time
for 1 wt. % CdCl2 in methanol.
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Solution temperature was also found to affect both the current and voltage. Heating the solution
resulted in better efficiencies, due to the higher solubility. However, further increases in immersion
temperature resulted in a decrease of solvent level and hence in a too highly concentrated solution due
to methanol evaporation. The temperature which compromised these two effects was found to be
~50°C. Results are presented Figure 5.6. From room temperature to ~50°C, voltage was found to
improve exceeding 700 mV, while current remained similar. However, when the temperature was
further increased to ~60°C, close to the evaporation temperature of methanol (64.7°C), performances
reduced, with 𝑉𝑂𝑂 dropping near to 600 mV. 𝐽𝑆𝑆 instead increased to values over 20 mA/cm2. Similar

behaviour was found to occur for long immersion and annealing times and for higher solution
concentrations.

Figure 5.6: J-V curves for different solution temperatures, for 1 wt. % CdCl2 in methanol; immersion time 15 min, annealing
temperature 375°C and annealing time 15 min.

Further analysis was carried out for the solution concentration parameter, in order to evaluate a
possible different output with the optimized variables. Annealing temperature of 375°C, annealing time
of 15 minutes, immersion time of 15 minutes and solution temperature ~50°C were fixed as process
parameters. For concentrations between 0.5 and 1 wt. % CdCl2 in methanol, electrical performances
resulted in similar ranges, presenting a current ~19 mA/cm2 for both concentrations. However, the 1
wt. % solution showed the best performance corresponding to the open circuit voltage (721±4 mV) and
gave repeatable results and uniformity across the entire sample area. For a 2 wt. % solution the
electrical performances showed a drastic reduction in 𝑉𝑂𝑂 . Voltage values were measured to be reduced

down to 450±16 mV, whilst the current density was increased to 21.3±1.6 mA/cm2.

1 wt. % CdCl2 solution concentration, 15 min immersion time, annealing at 375°C for 15 min, resulted in
the highest performance from the optimization carried out for wet treatment. The maximum efficiency
recorded was 7.16±0.07% (𝑉𝑂𝑂 = 721±4 mV; 𝐽𝑆𝑆 = 19.0±0.1 mA/cm2).
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Figure 5.7: J-V curves of samples treated with 1 and 2 wt. % CdCl2 in methanol solutions; solution temperature of 50°C,
immersion time 15 min, annealing temperature 375°C and annealing time 15 min.

5.2.2 Thermally evaporated CdCl2 treatment
For the evaporation technique, it was observed that increasing the ramping speed from 20°C/min to
30°C/min and then reaching 50°C/min, gave enhanced device performance. For 400 nm deposited CdCl2,
400°C annealing temperature, 50°C/min ramping speed, the resulting efficiency was around 3%.
A different approach involving a double step ramp was then investigated, due to the practical limits for
temperature control of the hot plate used. The first step was performed at a fast ramp (50°C/min) until
370°C, and the second step at a slower ramp (5°C/min) up to the desired dwell temperature. This
process resulted in better device performances with an increase of ~100 mV for 𝑉𝑂𝑂 and 10% in 𝐹𝐹, for
an overall efficiency 1.5% higher than for the single step ramping process.

An example of the effect of dwell time on device performance is presented in Figure 5.8. As the dwell
time was increased for the same dwell temperature, the performance of the cell reduced. This effect
was caused by “over-treatment” of the device. The junction needs to be activated by a combination of
temperature, time and CdCl2 presence. If the treatment is too intense, it will result in a failure of the
junction. Intense interdiffusion [7] and high doping level [8] will create recombination effects. Increasing
the time and increasing the temperature resulted in a similar trend [7][8]. The best performances were
obtained for 1 minute dwell time; for 200 nm deposited CdCl2, dual step annealing procedure of
50°C/min until 370°C and 5°C/min to dwell annealing temperature of 400°C. The thickness of the layer
was initially not considered as a variable and just kept thicker than 50 nm, to avoid inhomogeneity of
the deposited film [10].
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Figure 5.8: Effect of dwell time on cell performances for sample treated depositing 200 nm CdCl2 and annealing using dual
step ramping of 50°C/min until 370°C and 5°C/min to dwell temperature of 400°C.

Dwell temperature had also a strong effect on electrical performance. 𝑉𝑂𝑂 , 𝐽𝑆𝑆 , 𝐹𝐹 and efficiency were

analyzed for samples treated with the same thickness of CdCl2. All the electrical parameters were found
to increase with dwell temperature, in the active range between 400 and 425°C. Figure 5.9 shows results
for a 200 nm thick CdCl2 layer. 𝑉𝑂𝑂 was observed to increased significantly (by 186 mV) between 415

and 425°C, while 𝐽𝑆𝑆 increased from 400 to 415°C (by 2.08 mA/cm2). Fill Factor and efficiency were

found to increase more gradually with temperature. The reported values represent an average of
measured parameters from 5 different cells. Standard deviations calculated for each value showed that
the electrical output of the device was consistent. The highest value of standard deviation for 𝑉𝑂𝑂 was

±10 mV, for 𝐽𝑆𝑆 ±1.22 mA/cm2, for 𝐹𝐹 ±0.04 and for efficiency ±0.52%.

CdCl2 film thickness was investigated to assess the effect of this parameter on electrical performances.
The range of interest was fixed from 60 to 900 nm. Knowing that temperature had a strong effect on the
performances of the devices, the various thicknesses were studied at the three different temperatures
reported in the previous section, 400, 415 and 425°C. Values for 𝑉𝑂𝑂 , 𝐽𝑆𝑆 , 𝐹𝐹 and efficiency were

calculated as an average over five different cells. The best performing devices were obtained for 200 nm

thick CdCl2 films for dwell annealing temperature of 425°C. Averaged efficiency was measured to be
9.23±0.23%, with averaged 𝑉𝑂𝑂 of 659±8 mV, 𝐽𝑆𝑆 of 22.5±0.3 mA/cm2 and 𝐹𝐹= 0.62±0.01. Averaged

efficiencies for each thickness, for dwell temperature of 425°C, are presented in Figure 5.10.
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Figure 5.9: Electrical parameters (𝑽𝑶𝑶 ,𝑱𝑺𝑺, 𝑭𝑭 and 𝜼 ) variation depending on annealing dwell temperature (T) for 400, 415
and 425°C, after deposition of 200 nm of CdCl2.

Figure 5.10: Efficiency values measured for different CdCl2 film thicknesses, for optimized annealing conditions (ramping
50°C/min to 370°C-5°C/min to dwell temperature of 425°C and 1 min dwell time dwell).

By increasing the film thickness, the current density was generally slightly increased, for all the different
dwell temperatures used, while the behavior of 𝑉𝑂𝑂 was more complex. For 200 nm CdCl2 film, the 𝑉𝑂𝑂

peaked at 425°C (659 mV±1 mV), while for 400 nm similar performance was observed for an annealing
dwell temperature of 415°C (averaged 𝑉𝑂𝑂 = 654±3 mV, 𝐽𝑆𝑆 = 21.3±1 mA/cm2) and 𝐹𝐹= 0.65±0.05). For

thinner films, results were poor due to under treatment. For thicker film, such as 900 nm, overtreatment
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occurred, with similar results of those obtained during the wet treatment optimization for high
concentrations/long times. 𝐽𝑆𝑆 was observed to increase with temperature, while 𝑉𝑂𝑂 showed opposite

behaviour.

The optimization procedure was influenced by different factors which are all interconnected. For this
reason, similar electrical performances can be obtained for different combination of thickness, and
annealing temperature. For example, films deposited with a thickness in the range between 200 and 400
nm gave similar electrical results. However, a 200 nm CdCl2 film treated at 425°C with dwell time of 1
minute was chosen as the optimized condition, due to the reduced amount of material consumed in the
process. The electrical performance of the cell with highest efficiency from the thermal evaporated
CdCl2 optimization process is shown in Figure 5.11: 𝑉𝑂𝑂 = 651 mV, 𝐽𝑆𝑆 = 22.82 mA/cm2, 𝐹𝐹= 0.63, 𝜂=

9.37 %.

Figure 5.11: J-V curve of the best device obtained using 200 nm evaporated CdCl2, annealed at 425°C ramping 50°C/min to
370°C-5°C/min to dwell temperature of 425°C and 1 min dwell time.

5.3 Spectral response measurement
Spectral response was performed to obtain EQE graphs. Measurements were obtained for samples
treated by both evaporation and wet treatment. Measurements from devices with highest electrical
parameters, resulting from optimization are presented in Figure 5.12. In the graph, two other samples
are included: a device obtained using evaporation and subsequently annealed at only 300°C and a
device treated at 2 wt. % solution concentration for the wet treatment. The first device would be an
example of under-treated cell, while the second one would be an example of over-treatment conditions,
corresponding to each different method.
EQE graphs provide much information on the cells behaviour depending on the spectral response. It is
also possible to calculate the current output of the devices from the area underneath the curves (22.9
and 19.4 mA/cm2 respectively for thermally evaporated CdCl2 and CdCl2 wet treatment). Both
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treatments give an absorption edge around 515 nm, corresponding to the CdS band gap (~2.41 eV).
However, different behaviours occurred in other regions of the spectrum. The carrier collection is
enhanced for evaporated CdCl2 annealed at 425°C, compared to the wet treatment, as a result of
increased p-type conductivity and intermixing between CdS and CdTe [11].
The cut off corresponding to the CdTe absorption was also studied and was found to show a significant
difference between the two treatments. The sample treated with evaporated CdCl2 showed a lower
band gap (~1.47 eV) compared to both untreated CdTe (~1.49 eV) and the sample treated using wet
chemistry (~1.48 eV). This is the result of interdiffusion of CdS in CdTe, forming the alloy CdTe1-ySy [6].

Figure 5.12: EQE graphs from using evaporated CdCl2 annealed at 425°C (425C-orange) and at 300°C (300C-green) and using
CdCl2wet treatment for 1 wt. % (wet-blue) and 2 wt. % (2% wet-violet) CdCl2 in methanol solutions.

The alloy possesses a lower band gap than the as-deposited CdTe. A lower band gap usually results in
higher current generation and lower voltage, which is consistent with the electrical performances
measured after the two different treatment methods. The 2 wt. % wet treated sample showed instead
over-treatment, which affects the junction and eventually leads to a device failure. The calculated band
gap was similar to the device treated by evaporation (1.47 eV), but the voltage output measured with
the J-V curve resulted in a lower value (450±16 mV). The current density for this sample was measured
to be 21.3 mA/cm2, which is higher than the value obtained for 1 wt. % (19.4 mA/cm2), as revealed by
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the EQE graph, but again voltage was recorded ~270 mV lower than the value for the optimized wet
treated sample.

5.4 The effect of temperature on the microstructure and the
electrical performance of an evaporation CdCl2 activation
process
The devices used in this study were also prepared by the laboratories at Colorado State University and
they were deposited using the CSS technique. For the study presented in this section, the CdCl2
treatment was performed using an optimized thermal evaporation technique, as previously described in
5.2.2. 200 nm of CdCl2 were deposited, the dwell time for the annealing procedure was kept constant at
1 minute, while the dwell temperature was increased from 300°C to 450°C. Using these parameters, it
was possible to study the effect of temperature on the device microstructure. The microstructural
analysis allowed assessment of the presence of defects inside the grains as twins or stacking faults. This
can be correlated to the efficiency of the cells [12]. A wide interval of temperature was studied, in order
to analyze the development of the activation process and understand the effect of annealing
temperature on the microstructure and the corresponding electrical performances.
TEM samples were prepared using the FIB lift-out procedure, described in Chapter 3. TEM allows the
detailed microstructure to be correlated to the electrical performance of the cells. Each TEM image is
presented together with J-V parameters measured as an average of different cells on the same device.
Stacking faults, twins and the different layers (FTO; CdS, CdTe) are identified in the images.
Untreated CdS/CdTe
The first sample analyzed was the as-deposited CdTe/CdS cell, as a reference. The untreated sample
showed a high density of defects inside grains [12]. The defects were believed to be stacking faults
and/or twins; however it is difficult to separate the two types of defects due to their high density.
Defects were studied, as part of a parallel work, using high resolution transmission electron microscopy
(HR-TEM) [13], proving the presence of both stacking faults and twins at the atomic scale.
Figure 5.13 shows a TEM image of a cross-section of CdTe/CdS multistack. The grain structure of FTO
(NGS-Pilkington® TEC 10), CdS and CdTe layers can be clearly seen. Both grain boundaries and the
interface between the films were well defined. The CdTe film appeared to have a double layer structure.
Smaller grains were found close to the interface, while bigger ones were present towards the surface.
This effect is due to the growth mechanism of the CSS process, where initial nucleation starts on the CdS
which has much smaller grains. After the first layer, the CdTe grains grow large towards the interface. JV curve is also presented in Figure 5.13. The performance of this cell was really poor, both 𝑉𝑂𝑂 and 𝐽𝑆𝑆

being low, resulting in device efficiency below 0.5%. The junction was not activated and all the carriers
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produced in the absorber layer were not separated. Most of them recombined due to the high density
of defects inside the grains [14].
Annealing procedures were proved to be beneficial for CdTe microstructure, as they affect the defect
density in the films. Long times for annealing treatment resulted in similar effects recorded for CdCl2
treated devices [15]. Results presented by Walls et al. can be considered as reference on the effect of
annealing procedure without the presence of CdCl2. In this work stacking fault density was measured
over 10 grains of each sample, by counting how many stacking faults intersect a 1 micron line
perpendicular to the stacking faults. Density was recorded for the untreated sample to be around 50
units; it then decreased for longer annealing times between 40 and 35 units; the minimum recorded was
30 units, for 30 minutes, still a very high value compared to almost zero when the sample was treated
using CdCl2. The results suggest that different combinations of CdCl2 concentration and annealing
temperature and time values would result in different outputs. The following section is specifically
addressed to the effect of annealing temperature, in presence of CdCl2.

Figure 5.13: TEM image of cross-section of as-deposited CdTe/CdS and corresponding J-V curve.

Dwell temperature 300°C and 355°C
As the annealing dwell temperature was increased, after deposition of CdCl2, the morphology of the
samples changed. The density of defects reduced and some grains were found to contain no defects at
all. This process started at relatively low temperatures, far below the range considered to be optimal for
recrystallization 370-440°C [16].
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Figure 5.14 shows the TEM image of the sample treated at 300°C. The process consisted of the
deposition of 200 nm of CdCl2 and ramp annealing at 50°C/min until 275°C was reached and 5°C/min
until 300°C, which was then held for 1 min. The double layer structure seemed to remain, similarly to
the untreated sample, although the two layers did not appear as defined. It was possible to see a few
grains without stacking faults, mostly near the interface, which were labeled as “recrystallized”.
However, the bigger grains at the surface still possessed a high density of defects. Grain boundaries and
interfaces were found to be similar to the untreated sample, as they were well defined and no
intermixing between layers was visible. Figure 5.14 also shows the TEM image of the sample treated at
300°C dwell temperature and the corresponding electrical performance. The values of 𝑉𝑂𝑂 and 𝐽𝑆𝑆 were

both higher than for the as-deposited sample and efficiency was close to 1%.

Figure 5.14: TEM image of cross-section of CdTe/CdS and corresponding J-V curve. 200 nm of CdCl2 were deposited on the
sample and it was treated at dwell temperature of 300°C.
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Figure 5.15: TEM image of cross-section of CdTe/CdS and corresponding J-V curve. 200 nm of CdCl2 were deposited on the
sample and it was treated at dwell temperature of 325°C.

For dwell temperature of 325°C, as shown in Figure 5.15, again the small grains near the interface
showed no stacking faults present; however, the double layer structure was less evident than for the
lower temperature and actual recrystallization of the small grains into bigger ones seemed to have
occurred. In addition, the density of defects also decreased in some of the larger grains towards the
surface. The electrical performances increased compared to the previous sample, showing some
photoconductive activity. Both 𝑉𝑂𝑂 and 𝐽𝑆𝑆 increased, reaching efficiencies of nearly 3%, with almost

double the value of current density. The shape of the J-V curve still showed high shunt and series
resistance. The low dwell temperature was insufficient to remove all the defects inside every grain and
recrystallize the film. This is expected to lead to recombination phenomena, which are responsible for
the poor electrical performances.
Dwell temperature 375°C and 400°C
As the annealing temperature was further increased, the density of visible defects seemed to decrease.
When samples were treated at 375°C, defects were still found in the majority of grains (Figure 5.16).
However, some of the grains, including bigger ones, appeared without stacking faults presence or
exhibited a reduced number of defects. The interface with CdS appeared to be still defined, without any
change in CdS grain morphology.
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Figure 5.16: TEM image of cross-section of CdTe/CdS and corresponding J-V curve. 200 nm of CdCl2 were deposited on the
sample and it was treated at dwell temperature of 375°C.

When the annealing temperature was increased up to 400°C, the short circuit current values increased
to a similar value to the optimized conditions, (Figure 5.17). The 𝐹𝐹 also increased, while the open

circuit voltage remained similar to the previous analyzed sample. Morphological analysis revealed a

significant reduction in defects presence, only few grains appeared to have stacking faults. No change
was evident in the CdS layer or at its interface with CdTe.
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Figure 5.17: TEM image of cross-section of CdTe/CdS and corresponding J-V curve. 200 nm of CdCl2 were deposited on the
sample and it was treated at dwell temperature of 400°C.

Dwell temperature 415°C and 425°C
As the annealing temperature reached 415°C (Figure 5.18), the electrical performances remained
relatively similar to those of the sample treated at 400°C, apart from the 𝐹𝐹 value, which increased. Few

grains still possessed defects, while the majority had recrystallized into big grains without stacking faults.
The interface between CdS and CdTe revealed a change in the CdS grains, which appeared to be more
rounded.
The dwell temperature was then increased to 425°C, which was the value resulting in high performing
devices (Figure 5.19). For these conditions, all of the grains did not contain any stacking faults and they
appeared large and rounded. The entire CdTe film seemed recrystallized. The interface between CdS and
CdTe also changed, appearing less sharp. The CdS grains became rounded, with less defined grain
boundaries within the film and at the interface with CdTe. The presence of small grains was not
detected at the CdS/CdTe interface. Electrical performance was enhanced. 𝑉𝑂𝑂 was measured to be

between 650 and 670 mV. 𝐽𝑆𝑆 varied around 22 mA/cm2, for the set of samples analyzed. Fill Factor was
always around 0.62.

111

Figure 5.18: TEM image of cross-section of CdTe/CdS and corresponding J-V curve. 200 nm of CdCl2 was deposited on the
sample and it was treated at dwell temperature of 415°C.

Figure 5.19: TEM image of cross-section of CdTe/CdS and corresponding J-V curve. 200 nm of CdCl2 was deposited on the
sample and it was treated at dwell temperature of 425°C.

Figure 5.19 shows the microstructural analysis performed with TEM and the corresponding J-V curve.
The 𝐹𝐹 improvement is clearly visible from the shape of the curve. The shunt resistance was maximized,
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resulting in a flat horizontal intercept with the ordinate axis. This reflected the absence of defects inside
the grains and a consequent reduction of recombination events. Series resistance was found to be still
high, due to the non-optimized back contact. No copper treatment or etching procedure was performed.
This resulted also in a lower 𝑉𝑂𝑂 value than the one achievable with a further treatment.
Dwell temperature 450°C

When the dwell temperature was further increased to 450°C, the structure of the cell completely
changed (Figure 5.20). CdS layer of standard thickness of ~125 nm was not visible in the TEM crosssectional sample, suggesting that heavy interdiffusion between CdS and CdTe has occurred. The CdTe
layer also appeared completely transformed. The grains grew to more than 2 µm across, with no defects
visible, including twins. The performances of this device were poor, due to the decay of the junction.
The J-V curve showed cell inactivity for both dark and light condition. The device did not behave as a
diode or as a solar cell. Figure 5.20 shows a TEM image for a sample treated at 450°C and the
corresponding J-V curves in dark and light conditions.

Figure 5.20: TEM image of a cross-section of CdTe/CdS and the corresponding J-V curve. 200 nm of CdCl2 was deposited on
the sample and it was treated at dwell temperature of 450°C.
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5.5 The effect of the concentration of a wet CdCl2 treatment on the
microstructure and the electrical performance of CSS-CdTe solar
cells
The same CSS-deposited stack used from the previous study on annealing temperature was also
employed for this study on effect of solution concentration on the recrystallization of the CdTe layer.
Following the optimization of the solution treatment using CdCl2, presented in section 5.2.1, the
parameters giving high conversion efficiency were found to be:
•

concentration of 1 wt. % CdCl2/methanol;

•

immersion time of 15 minutes;

•

annealing temperature 375°C;

•

annealing time 15 minutes.

Concentration was chosen as the parameter for a more detailed study on its effect on both
morphological and electrical characteristics of CdTe devices. The treatment was carried out using a wet
chemical process consisting of dissolving a known amount of CdCl2 powder into methanol to create a
solution to treat the film. The range of CdCl2 solution concentrations selected was 2, 1, 0.5, 0.01, 0.005,
0.001 and 0.0001 wt. % CdCl2 in methanol. TEM analysis was performed on the treated films to
investigate the microstructure and how it had evolved during the process.
TEM microstructural analysis
TEM samples were prepared using the FIB technique. The images were obtained from devices treated
using different concentrations to understand the initiation mechanism of the CdCl2 process. In Figure
5.21, the effect of the treatment at various concentrations is shown. The immersion time and
temperature and the annealing temperature were kept constant at their optimized values.
Figure 5.21 (a) shows a sample treated with 0.0001 wt. % CdCl2; a grain close to the CdS interface
showed a reduction in stacking fault density compared to the surrounding grains. Figure 5.21 (b) shows
a sample treated at 0.001 wt. % CdCl2, it exhibited similar conditions for two small grains; again close to
CdS layer, which revealed no presence of stacking faults. Increasing the concentration to 0.005 wt. %,
shown in Figure 5.21 (c), also revealed absence of stacking faults in a small grain at the CdS interface and
in a larger grain, where stacking faults are not visible in the area near to the interface, but still appear in
the region which is closest to the CdTe outer surface. Finally, Figure 5.21 (d) shows the film treated with
the highest concentration, 0.01 wt. %, which appeared to be really different from the previous samples;
lots of grains recrystallized into larger grains without stacking faults, with some surrounding grains still
containing stacking faults.
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Figure 5.21: TEM images corresponding to (a) 0.0001%, (b) 0.001%, (c) 0.005% and (d) 0.01 wt. % CdCl2 solution used for
activation treatment, maintaining other process parameters constant as 375°C annealing temperature and 15 min immersion
and annealing times.

For the treatment with 1 wt. % CdCl2 solution concentration, all the grains appeared free from stacking
faults, revealing a few twins, which were observed after the treatment. The interface appeared less well
defined than for lower concentrations and the CdS grains became rounder.
In Figure 5.22, samples treated at higher concentrations are shown. The sample treated at 2 wt. %
concentration, which resulted in lower conversion efficiency compared to the one treated at 1 wt. %
CdCl2 solution concentration, was analyzed using TEM. In this sample, the CdTe film seemed to have
slightly larger grains compared to the one treated with 1 wt. % CdCl2 solution concentration. The
number of twins decreased and no stacking faults were found in bright field imaging. The interface
between CdS and CdTe looked much less defined. CdS grains appeared merged together and they did
not show clear boundaries.
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Figure 5.22: TEM images of CdCl2 treated CdS/CdTe using (a) 1 wt. % and (b) 2 wt. % CdCl2 solution in methanol, maintaining
other process parameters constant as 375°C annealing temperature and 15 min immersion and annealing times.

Surface morphology analysis using SEM and XPS
The surface morphology was studied using the SEM technique described in Chapter 3, which allows
imaging of the surface of the CdTe layer. SEM imaging of the four CSS films treated at lower
concentration revealed small features on the CdTe grains. These appeared to increase in size with
increasing CdCl2 concentration, as shown in Figure 5.23.

Figure 5.23: SEM images of the surface morphology of CdTe for samples treated at concentrations of (a) 0.0001%, (b) 0.001%,
(c) 0.005% and (d) 0.01 wt. % CdCl2 solution used for activation treatment.
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XPS was used to analyze the chemical content of the residue, using NIST X-ray photoelectron
spectroscopy database. Figure 5.24 displays the main elements detected and the changes of the peak
intensities with increasing CdCl2 concentrations. Tellurium shows a double peak, with an increase in the
tellurium peak associated with oxide formation (right peak) and a decrease in the tellurium metallic
peak (left). The oxide peak shared a binding energy (BE) with tellurium dioxide (TeO2) and the metallic
peak with CdTe formation. The intensity of the oxygen peak increased with increasing concentration and
had a BE associated with the formation of TeO2 and CdO. Table 5.3 shows the BE for each element
present for the surface survey. The BE of the cadmium peak was also associated with CdO. The Cl2p
(chlorine) BEs were associated with CdCl2 and AgCl. Ag was used during sample preparation for SEM and
hence has to be considered as an artefact. Consequently, the small crystals are likely to be composed of
TeO2, CdO and CdCl2. Similar XPS analysis in the literature revealed the formation of TeO2, TeCl2O and
CdO residue on the CdTe surface after the treatment [17].

Figure 5.24: XPS peaks for tellurium, cadmium, oxygen and chlorine: 0.0001 wt. % purple, 0.005 wt. % green, 0.001 wt. % red,
0.01 wt. % blue. Samples analysed were those presented in Figure 5.23.

Table 5.3: Binding energy at peak maximum of detected elements and compounds associated with the energy found in the
NIST X-ray photoelectron spectroscopy database [17]. Samples analysed were those presented in Figure 5.23.
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This residue may have an effect on later treatments, including the copper treatment and deposition of
back contacts onto the cells which may limit the electrical performance. However, this is not the topic of
the study presented in this chapter; alternative methods can be employed to avoid the residue
formation [19]. An acid etching process for cell fabrication after the CdCl2 treatment is generally used to
remove this layer [20].
XPS was also used to measure the chlorine content on the surface of the CdTe films. Higher
concentrations resulted in higher levels of chlorine detected on the surface, while films treated with low
concentrations of CdCl2 have no detectable amounts of chlorine on the CdTe surface (XPS detection limit
less than 0.1% at).
Secondary Ion Mass Spectroscopy (SIMS)
Further analysis was required to understand the chlorine profile not only on the surface but across the
entire depth of the stack, down to the interface with CdS. Secondary ion mass spectroscopy (SIMS)
technique was used to accomplish this, as it is a technique with improved sensitivity compared to XPS.
The sample analyzed was prepared in CSU laboratories. It was processed using a CSS method for CdCl2
treatment. To under-treat the sample, the duration of the treatment was reduced, allowing the analysis
of chlorine inside the stack of an under-treated cell. The SIMS analysis was performed at Loughborough
Surface Analysis Ltd.
The results presented in Figure 5.25 show that the chlorine rose through the CdTe and increased
towards the interface. However, the Cl ion implantation was only in the CdTe matrix, so the counts next
to the interface are affected by background effect. Even considering this factor, the graph shows that Cl
slightly increased through the film up to the CdTe/CdS interface.

+

Figure 5.25: SIMS profile acquired on CdS/CdTe under-treated with CdCl2, analyzed with Cs primary ion bombardment and
negative secondary ion detection to optimise the sensitivity to chlorine.
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Electrical performance
The morphology of devices was related to electrical performance for this study on the effects of
concentration of the CdCl2 solution in methanol. Figure 5.26 shows results from J-V measurements of
the seven CSS deposited films treated with varying CdCl2 concentrations. Figure 5.26 (a) reveals a
dramatic improvement in short circuit current (𝐽𝑆𝑆 ) as a result of increasing solution concentration of
CdCl2. Values increased to 19.1 mA/cm2 for 1 wt. % and 21.4 mA/cm2 for 2 wt. % solution concentration,

for highest recorded efficiency devices. This is consistent with CdCl2 treatment resulting in the reduction
of recombination centres. The improvement of performance, and especially of 𝐽𝑆𝑆 , could be linked to

the reduction of carrier trapping defects within the film. The trapping defects referred to may be caused
by the stacking faults which have been observed using TEM. As the film recrystallized, and the observed
stacking faults were removed, the 𝐽𝑆𝑆 increased and consequently it is suggested that there was a
reduction in the density of carrier trapping defects. This would increase the minority carrier flow

capability of the film [6]. The open circuit voltage (𝑉𝑂𝑂 ) increased up to 726 mV for 1 wt. % solution
concentration, as a consequence of the activation process. Finally, efficiency rose from almost zero to a
maximum of 7.24% for 1 wt. % solution concentration.

Figure 5.26: Electrical performance of CSS films treated at low CdCl2 concentrations, (a) 𝑱𝑺𝑺 vs concentration, (b) 𝑽𝑶𝑶 vs
concentration and (c) efficiency vs concentration.
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The peak efficiency was recorded at 1 wt. % CdCl2 which was found to be the optimum concentration for
treatment in previous study (results presented in 5.2.1). As mentioned in the section on the
optimization process for CdCl2 wet treatment, results for films treated at 2 wt. % solution concentration
suggested over-treatment. Even if constant increase in 𝐽𝑆𝑆 was recorded, conversion efficiency for 2 wt.

% was lower than the one measured for 1 wt. % solution concentration.

5.6 Conclusions
The CdCl2 treatment is known to have significant effects on electrical performance, grain morphology
and defect density. The main objective of this chapter is to optimize the activation treatment using two
different methods and to analyze the effect of specific parameters.
The two different optimized methods were wet treatment and thermal evaporation of CdCl2 onto the
CdTe surface. Various conditions were investigated and the highest electrical performance was found to
correspond with the following parameters, respectively for the two methods:
•

1 wt. % CdCl2 solution concentration, 15 min immersion time, annealing at 375°C for 15 min.

•

200 nm evaporated CdCl2, ramping 50°C/min to 370°C-5°C/min to dwell temperature of 425°C
and 1 min dwell time.

The wet treatment yielded higher values of voltage (721±4 mV), while thermal evaporation resulted in
higher current density values 22.5±0.3 mA/cm2. The highest conversion efficiency was achieved using
thermal evaporation, reaching η= 9.23±0.23%.
After the optimization process, the focus was narrowed down to two specific parameters, one for each
type of CdCl2 treatment method. Dwell annealing temperature was studied for the thermally evaporated
CdCl2, while solution concentration was chosen for the wet treatment.
As the annealing temperature was increased a clear change in the microstructure was seen to occur,
together with an improvement of the electrical performance. The density of defects inside the CdTe
grains was reduced in some of the grains as the annealing temperature was increased. The distinct
double layer structure, of the untreated CdTe appeared less and less evident, resulting in growth of the
smaller grains at the interface, which showed decreased defect density. At 450°C, the sample showed a
grain larger than 2 µm, with no presence of defects including twin boundaries. Electrical performance
can be correlated to the defect density presence and the changes at the interface. 𝐽𝑆𝑆 showed

significant improvement, as the small grains at the interface grew and the density of defects reduced.

These observations agree with the hypothesis of grain boundaries and stacking faults being
recombination centres, as also supported by the literature [21]. Voltage showed a similar trend to
current and it increased when also CdS grain morphology changed to more round shape and less sharp
120

grain boundaries. From literature, it was found that CdCl2 improves the carrier life-time; however, also
sulphur diffusion has an effect on the electrical performances of the cell [22]. This correlates with the
observation of enhanced current and voltage, for samples which showed morphology changes also at
the CdS/CdTe interface.
The concentration of the solution in the wet treatment played a major role in the morphological and
electrical changes similarly to the dwell annealing temperature for evaporated CdCl2. TEM imaging of
under-treated films showed small grains at the interface having reduced defect density for the lower
concentrations. Increasing the amount of CdCl2 in solutions resulted in more grains free from stacking
faults and finally, for 0.01 wt. % CdCl2 solution, some of the grains appeared recrystallized and they
presented few twins but no visible stacking faults. The morphology looked similar to the samples
treated at higher solution concentrations, as for 1 wt. %; however not all the grains appeared
recrystallized. SIMS analysis was performed, in order to better understand the profile of chlorine across
an under-treated CdTe sample. SIMS detected a relatively higher concentration of Cl towards the
CdS/CdTe interface, suggesting that the initiation started at this site, after a certain amount of chlorine
was built up. Electrical performance was poor until a few grains were free from stacking faults and when
smaller grains were still present at the interface; while it was improved at higher solution
concentrations. The highest performing device from the optimization process (1 wt. % solution
concentration) showed round CdS grains and large CdTe grains without visible stacking faults and few
twins present.
Analogies between the effect of dwell annealing temperature and solution concentrations were found
for change in microstructure and electrical properties of CdTe solar devices. From the qualitative TEM
analysis, CdCl2 treatment for both methods seemed to follow a specific mechanism. Defects inside
smaller grains near the interface initially reduced, even at low temperature or low solution
concentration, but the film did not recrystallize; this could result from the combination of insufficient
energy present in the system and a too low concentration of chlorine which cannot act as a proper
fluxing agent to push recrystallization. When conditions tended to optimum thermal energy level and
chlorine presence, grains had enough energy to achieve recrystallization. Stacking faults disappeared as
the stored energy was used for the recrystallization of the grains, which appeared larger and with less
defined grain boundaries. Combination of thermal energy and chlorine presence level will define the
change in the microstructure, starting with defects density reduction, which will gradually involve more
and more grains to a final recrystallization of the whole CdTe film and involvement of the CdS layer. This
will result in high electrical performing devices.
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Chapter 6

Initiation of CdCl2 assisted recrystallization process
6.1 Chapter objectives
From the results presented in the previous chapter, hypothesis was made on the interface CdS/CdTe to
be the initiation site of the activation process; however for close-spaced sublimated sample, it was
difficult to firmly validate the theory, due to the initial morphology, made of large grains. For this reason,
CdTe films deposited with other techniques were investigated. These include low temperature
deposition methods, such as magnetron sputtering and electrodeposition. Films deposited with these
two techniques were treated with CdCl2 in methanol at different solution concentrations.
Magnetron sputtered CdTe solar cells were firstly studied, in order to establish recrystallization
mechanism and initiation site. Solution treatment was employed to control the progression of the
treatment in an easy and efficient way. The annealing parameters were kept constant as 400°C for 30
min, as described in literature [1]. CdCl2 in methanol solution at diluted concentrations was dropped on
the samples, which were then placed onto a hot plate surface at temperature. Study on the
temperature gradient effect was also performed. In addition, the samples were also under-treated using
evaporated CdCl2 technique, in order to establish how the activation method might influence differently
the initiation mechanism.
Similar procedure was used to study electrodeposited CdTe/CdS samples. The samples deposited with
this low temperature method resulted in significantly small grains formation for the untreated CdTe.
This features allowed a clear output of the activation mechanism, throughout which CdTe morphology
drastically changes.

6.2 Magnetron sputtered CdTe thin film solar cells
Semiconductor film deposition can be achieved using different techniques; one of which is magnetron
sputtering. This deposition method is generally carried out at lower temperature compared to closespaced sublimation, resulting in a much more directional growth [2]. Thin films of CdS and CdTe were
deposited by magnetron sputtering using pulsed dc power, as part of a parallel project at Loughborough
University [3]. Cadmium sulphide and cadmium telluride were deposited on Pilkington® TEC15 glass
substrates. Since the deposition rate was constant, the thickness could be controlled using time and
power values only.
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Sputter deposited CdS thin films are typically stoichiometric [4]. Compared to CSS films the grain size
was much smaller. Figure 6.1 (a) shows SEM images of a 250 nm thick CdS film deposited by pulsed dc
magnetron sputtering. The surface appeared to be uniform, pinhole free and with a grain size in the
range of ~30 nm. Figure 6.1 (b) shows a plan view of a CdTe film deposited on the CdS layer. The film
thickness is greater than 2 µm, which should enable 99% of the light entering the material to be
absorbed [5], which is ideal for PV applications. The surface morphology appeared to be compact, with
round-shaped grains as a result of typical columnar growth, with an average grain size of ~200 nm.

Figure 6.1: SEM images of the surface of a sputter deposited (a) CdS (b) and CdTe layers.

The CdTe stacks were then treated using CdCl2. As described in Chapter 2, this treatment can be
performed using various methods, including vapour transport [5], close spaced sublimation [6], thermal
evaporation [7] and wet chemical treatment [8]. In this study, the wet chemical treatment was chosen
since it allows easy control of the concentration of CdCl2 used. For this study, the CdCl2 solution was
dropped onto the CdTe surface and the samples were then annealed on a hot plate at 400°C for 30
minutes. CdCl2 saturated solution (2.15 g/100 g methanol, at 20°C) was used onto the CdTe surface to
obtain full recrystallization, while lower concentrations were used to study the initiation mechanism of
the activation process.

6.2.1 Examination of fracture cross-section SEM images of sputtered CdS/CdTe
stacks treated at different CdCl2 concentrations
The main focus of this study was on the CdTe, in order to understand how CdCl2 activation process
affects the layer. To analyze the entire film structure and the morphological effects throughout the
whole thickness, fracture cross-section SEM images are a useful tool. They allow the entire film
thickness, down to the CdS interface to be viewed in a quick and simple way. However, it is not
straightforward to create a clean fracture. For this reason, TEM analysis was also performed to better
examine the internal structure of the grains.
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A cross-sectional SEM image of the as-deposited CdTe sample is shown in Figure 6.2. This shows a
columnar grain structure, with grains extending throughout the film thickness.

Figure 6.2: SEM image of a fracture cross section of an untreated CdS/CdTe cell deposited using pulsed dc magnetron
sputtering.

An SEM fracture cross section of sample treated with saturated CdCl2 solution in methanol and annealed
at 400°C for 30 min is shown in Figure 6.3. This CdCl2 procedure led to a dramatic change in the CdTe
thin film morphology. The grains appear to become larger and more round, losing their columnar
appearance. The thin film now contains numerous voids possibly due to stored stress in the asdeposited thin film [2]. These features are expected to have an adverse effect on the electrical
properties of the cell, resulting in low efficiency devices. For this reason, those settings should not be
considered optimized for electrical performances.
The distinct morphology of the untreated CdTe and the dramatic change in grain size and shape after
treatment provide a good opportunity to study recrystallization behaviour as a function of key
treatment variables.
To assess where recrystallization initiates, the sputter CdTe samples were treated with lower
concentration of CdCl2 (under-treatment) compared to the saturated solution. These included: 0.1%,
0.06%, 0.05%, 0.03% and 0.01% of CdCl2 saturated solution in methanol. The annealing procedure was
performed at 400°C for 30 minutes, for all concentrations used.
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Figure 6.3: SEM cross section of sputter deposited CdS/CdTe treated with CdCl2 saturated solution, at 400°C for 30 min.

Figure 6.4: SEM cross-section image of sputtered deposited CdTe/CdS stack treated at 0.1% of the CdCl2 saturated solution.

Figure 6.4 shows an SEM cross-section image of CdTe/CdS stacks treated with 0.1% of CdCl2 solution. It
is clearly shown that the recrystallization process had occurred in the bottom half of the layer, which is
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adjacent to the CdS layer, whereas the columnar grain morphology was retained in the top half of the
layer. Since the CdCl2 solution was dropped directly onto the CdTe surface, it would be intuitive to
expect the surface as the likely location for the recrystallization process to begin. Figure 6.4, however,
shows that the process has initiated at the CdS/CdTe interface.
As the concentration of CdCl2 was decreased, the recrystallization still initiated at the CdS/CdTe
interface, but the depth of recrystallized CdTe reduced. In Figure 6.5, the CdTe film was clearly
recrystallized for almost half of the layer thickness, showing the same dramatic change in morphology
due to the CdCl2 treatment. However, in Figure 6.6, the level of recrystallization phenomenon was much
lower. It was only possible to find some isolated small areas of recrystallized CdTe when the sample was
treated with 0.02% of the saturated solution, these areas were situated close to the interface with CdS.
The difference in the effect of the treatments at 0.05 and 0.02% concentrations of the saturated
solution was significant.

Figure 6.5: SEM cross-section of CdS/CdTe stack treated with 0.05% of CdCl2 saturated solution.

Figure 6.6: SEM cross-section of CdS/CdTe stack treated with 0.02% of CdCl2 saturated solution.
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6.2.2 Transmission Electron Microscopy analysis of sputtered CdS/CdTe stacks
treated with saturated CdCl2 solution and at diluted concentration
In order to study how the CdCl2 process initiates recrystallization, TEM analysis was used to study the
changes in grain size/shape and the grain substructure within the CdTe layer, including defects presence,
as they has been found to be a key feature during activation treatment [9].
TEM image of a CdTe stack treated with saturated solution is shown in Figure 6.7. Different grain
morphology was observed compared to the untreated samples throughout the whole layer thickness.
Morphology changes were also detected in the CdS layer and at the interface between the two
materials. Defects density was reduced inside the grains, with the presence of no stacking faults and few
twins, as previously recorded also for CSS-deposited CdTe.

Figure 6.7: TEM image of cross-section of CdTe/CdS stack treated with CdCl2 saturated solution.

TEM analysis was also performed on a sample treated using lower solution concentration. Figure 6.8
shows a TEM image of the magnetron sputtered CdS/CdTe cell treated with 0.03% of CdCl2 saturated
solution in methanol. In this image it is clear that the recrystallization initiated at the interface between
CdS and CdTe. This is consistent with SEM fracture cross-section analysis. In the recrystallized area near
the interface, the grains were rounder in shape. The grains located away from the interface remained
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instead with columnar characteristics. In addition, the rounded grains near the interface did not contain
stacking faults, which appeared as lines perpendicular to the growth of the grain. In contrast, the nonrecrystallized columnar grains, which extended up to the film surface, contained these defects.

Figure 6.8: TEM image showing recrystallization starting at the CdS/CdTe interface. The sputtered cell was treated with a
diluted 0.03% of CdCl2saturated solution in methanol.

6.2.3 XRD
X-Ray Diffraction (XRD) data relative to untreated CdTe film were analyzed and they are shown in Figure
6.9. According to the literature, the spectrum of thin film CdTe should present higher peak intensity for
the <111> direction [10] [11], with growth occurring in a cubic zinc-blende structure [12] [13][12]. Data
were analyzed comparing the acquired XRD diffractogram to the Power Diffraction Cards (PDF) [13];
<111> peak was detected with high intensity, together with a small intensity from the <511> peak. Data
were in accordance with results previously presented in literature [10] [11] [12].
XRD analysis was also performed on samples treated at various concentrations (Figure 6.10). Intensities
of the peaks were compared after being normalized. X-rays penetrated down to ~1 µm into the CdTe

layer. Therefore, if the recrystallization initiated from the interface, samples treated at low

concentrations would show a similar spectrum to the untreated film (Figure 6.9). Figure 6.10 shows the
spectra collected for the different concentration of CdCl2 solutions. For samples treated at 0.02, 0.05
and 0.1% of saturated solution in methanol, the spectra obtained were comparable to that of the
untreated CdTe. When the concentration of CdCl2 was increased up to 0.5%, intensities relative to other
peaks, such as <220> and <311>, changed. X-Ray diffraction results agreed with analyzed SEM cross-
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sectional images, where recrystallization was observed starting at the CdTe/CdS interface (Figure 6.4,
Figure 6.5 and Figure 6.6). Almost full recrystallization was instead detected for sample treated at 0.5%
concentration, which showed a different intensity distribution in the XRD diffractrogram.

Figure 6.9: XRD acquired spectrum for untreated magnetron sputtered CdTe (red), compared to PDF-00-010-0207 card
relative to cubic zinc-blende CdTe (grey background).

Figure 6.10: XRD diffractograms of sputtered CdTe/CdS stacks treated at different concentration of CdCl2 in methanol,
orientations were identified using PDF card presented in Figure 6.9. Samples were treated at (a) 0.02%, (b) 0.05%, (c) 0.1%
and (d) 0.5% of the saturated CdCl2 solution.

6.2.4 Temperature gradient study
Since the samples were heated on a hot plate, concerns about the heat transfer direction were raised in
this study as part of critical analysis of the acquired data. The CdCl2 process could initiate at the
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interface, due to a temperature gradient as result of heating from the glass side of the sample upwards.
To clarify this issue, a specific experiment was conducted: two samples were treated with the same
concentration (0.06% of saturated solution) of CdCl2 in methanol which was dropped on the surface of
the samples; one sample was normally heated on the hot plate and the other samples was turned upside down so that the hot plate surface was in contact with the CdTe surface. SEM analysis was used to
observe a cross section of the two treated films. As expected for the standard procedure (heating from
the glass), the sample treated with 0.06% of the saturated solution of CdCl2 showed recrystallization
from the interface upwards, as shown in Figure 6.11.

Figure 6.11: SEM image of fracture cross-section of sputter sample treated with 0.06% of the saturated solution of CdCl2 in
methanol, heating from the glass, which was facing the hot plate.

Figure 6.12: SEM image of fracture cross-section of sputter sample treated with 0.06% of the saturated solution of CdCl2 in
methanol, heating from the CdTe surface, which was facing the hot plate.

Figure 6.12 shows instead a SEM image generated from the sample that was annealed with the CdTe
surface facing downwards on the hot plate during treatment. The change in morphology, as for the
other sample analyzed (Figure 6.11), was detected near to the CdTe/CdS interface. Long columnar grains,
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with the same morphology as the untreated sample, can instead be seen near the CdTe surface. This
indicates that a temperature gradient did not determine the location of initiation or direction of the
recrystallization. Figure 6.11 and Figure 6.12 show the same morphology for the CdTe layer, which was
recrystallized only at the bottom part, near the CdS/CdTe interface.

6.2.5 Solution Treatment and Evaporated CdCl2
In order to understand if the initiation process would be dependent on the CdCl2 method of treatment,
further experiments were carried out to analyze a different CdCl2 treatment process: evaporation, which
was followed by an annealing step. This method was fully explained in the previous chapter when
applied to CSS-deposited CdTe. Although the conditions used were slightly different from the optimized
parameters to allow the sputtered CdTe/CdS stack to be under-treated. 50 nm (instead of 200 nm) of
evaporated CdCl2 were deposited on the sputtered stack, which was subsequently annealed on the hot
plate at 385°C (instead of 425°C), using the optimized ramping technique (50°C /min to 370°C and 5°C
/min to 385°C) for a dwell time of 1 minute. The sample was then analyzed using SEM fracture crosssection technique to assess where the recrystallization had initiated. Figure 6.13 shows the SEM fracture
cross-section of sputtered CdTe cell treated using evaporation technique.

Figure 6.13: SEM image of fracture cross-section of sputtered CdTe/CdS stack treated using evaporation of CdCl2, using
specific parameter to induced under-treatment of CdTe layer.

This experiment showed that the activation process initiates at the CdS/CdTe interface, even if a
different CdCl2 treatment method was employed to induce recrystallization. Assessing the initiation at
the interface was easier for sputtered films, due to the columnar grains of the untreated CdTe layer and
the dramatic change in morphology after CdCl2 treatment. Similar features were seen for other
columnar structured CdTe [14][13].
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6.3 Electrodeposited CdS/CdTe thin film solar cells
Due to the difficulty in analyzing the data from CSS and after seeing the results on sputtered film, an
additional analysis was performed on a different deposition technique: electrodeposition. The annealing
strategy was the same as that used for the sputtered samples (400°C for 30 minutes).
Samples were treated using different concentrations of CdCl2 in methanol. As shown in Figure 6.14, the
untreated material exhibited really small grains (less than 100 nm); treating the sample using 0.01% wt.
and 0.1% wt. CdCl2 in methanol resulted in under-treatment, while at 1% wt. CdCl2 the sample looked
recrystallized. The treatment performed consisted of dropping the solution on the sample and then
annealing it at 400°C for 30 min in an oven.

Figure 6.14: TEM images of electrodeposited samples treated at different concentrations of CdCl2 in methanol. (a) Untreated,
(b) 0.01% wt. CdCl2 treated; (c) 0.1% wt. CdCl2 treated and (d) 1% wt. CdCl2 treated.

Figure 6.14 shows the progression of the process. The untreated samples showed a compact layer made
of grains smaller than 100 nm. When the sample was treated with 0.01% wt. solution, the grains
became bigger (around 200-300 nm); those close to the interface contained less voids, compared to the
ones at the top, which contained lots of voids. Some grains showed a reduction in defect density, but
most of them possessed stacking faults and/or twins. This suggests that recrystallization did not occur
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throughout the full film thickness. When the sample was treated with higher concentration of 0.1% wt.
CdCl2, grains enlarged slightly and the number of grains free from defects increased. The top part of the
layer still appeared to contain a considerable number of voids, compared to the compact lower part. For
the recrystallized film obtained using 1% wt. solution, the change in morphology was dramatic, even
more than the one detected for sputtered cells. The grains in this case were up to a micron in size and
they were free from stacking faults, although some twins still remained. The microstructure for this
sample was similar to CSS-deposited material albeit with some voids.
The recrystallisation mechanism for electrodeposited CdTe presented similarities with the sputtered
samples, showing improvement in the structure starting from the interface upwards. The nature of the
really small grains allow stress release during the activation treatment, so that the initial formation of
voids represents only an intermediate step of the process to then obtain large grains and with a low
density of defects.

6.4 Conclusions
As deposited thin film CdTe using pulsed dc magnetron sputtering gave highly columnar grains typically
200 nm in diameter. These films were treated with a saturated CdCl2 solution and a very dilute CdCl2 wet
chemical treatment. CdTe treated using saturated CdCl2 solution resulted in recrystallization throughout
the whole film thickness. However, the treatment resulted in void formation, which might result from
stress release of the high stored energy in the as-deposited films. This change in morphology was useful
to characterize the samples treated with diluted solutions and assess the location of process initiation.
Both SEM cross-section and TEM images revealed that a partial recrystallization throughout the film
thickness occurred at low concentrations. The CdTe grains, close to the CdS interface, became more
equiaxed and stacking fault defects were removed. In contrast, the material close to the CdTe surface
still appeared columnar and contained a high density of stacking faults. This was an important
observation since it implied that the recrystallization process actually commenced at the CdS/CdTe
interface for sputtered films. This supports previous measurements using SIMS and XPS depth profile
analysis on under-treated CSS-CdTe cells, which revealed that the concentration of chlorine was highest
at the interface [15]. A temperature gradient study and samples treated using evaporated CdCl2 lead to
the same conclusions.
A similar study was carried out for electrodeposited films. However, the initial morphology of the asdeposited samples was dissimilar to the sputtered films and this resulted in different features after the
activation process. All the grains seemed to grow and gradually a reduced defect density was observed
as the concentration of the CdCl2 solution was increased. Using TEM, it was observed that, even in
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electrodeposited samples, grains started merging together to eliminate intermediate void formation
preferentially from the CdS/CdTe interface upwards, similar to the sputtered samples.
This study has shown for different CdS/CdTe deposition methods and different CdCl2 treatments that
the recrystallisation started from the CdS/CdTe interface and propagates up to the CdTe surface.
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Chapter 7

Activation process using different compounds
7.1 Chapter objectives
In order to further understand the activation process, the use of different chlorine containing
compounds to treat the CSS-CdTe/CdS stacks was investigated. The effect of the treatments on the
electrical performance and the material properties was analysed. The compounds investigated included:
tellurium tetrachloride (TeCl4), cadmium acetate Cd(CH3CO2)2, hydrochloric acid (HCl) and zinc chloride
(ZnCl2). TeCl4 was used to assess the role of chlorine and the possibility of elemental tellurium (Te(0))
formation of on the surface, for back contact purpose. Cd(CH3CO2)2 and HCl were used to investigate the
role of Cd and Cl separately. HCl was chosen because it does not contain either cadmium or tellurium.
Finally, ZnCl2 was employed as a possible alternative to CdCl2, since Zn has the same electronic
configuration and oxidation state as Cd when bonded with Cl.

7.2 Methodology
Many different methods of application can be used for the activation process of CdTe [1][2][3][4]. This
chapter is focused on the use of a wet treatment to analyze the effect of various chlorine containing
compounds on CdTe solar cells. The variable process parameters were as follows: the concentration of
the solution, deposition time, annealing temperature and annealing time. All the compounds used are
highly soluble in methanol, so the temperature of the solution was not a critical parameter. The
annealing temperature was varied between 300°C and 425°C. The concentration of the solutions was
then varied to obtain the best result. Percentages were used to identify concentrations where
1%=0.054M, based on molecular molar mass of the compounds. The range chosen depended on the
compound used, but was generally between 0.1% and 2.5% (higher concentrations were used for HCl).
The annealing and immersion times were varied between 5 and 25 minutes. Details of the variables
investigated for each compound are listed in Table 7.1.
A back contact was deposited on all samples following the wet treatment to allow the electrical
performance of the device to be measured. A thin layer of sputtered gold, with an approximate
thickness of 50 nm, was used for the back contact. No optimization of the back contact was carried out.
No copper was added and no etching procedure was performed, which allowed only the effect of the
activation treatment to be determined.
139

Annealing

Solution

Immersion

Annealing

temperature [°C]

concentration [%]

time [min]

Time [min]

TeCl4

300-425

0.1-2.5*

5-20

5-25

Cd(CH3CO2)2

350-400

0.5-2*

5-20

5-25

HCl

350-400

0.5-6*

5-20

5-25

ZnCl2

300-400

0.5-2*

5-20

5-25

*All the concentration are intended as 1%=0.054M
Table 7.1: List of parameters which were varied during process optimization, for all compounds used.

7.3 TeCl4
The first step of the optimization was to vary the annealing temperature of the treatment. Other
process parameters remained consistent with the optimized CdCl2 treatment: concentration 1% (0.054
M); deposition time 15 minutes; and annealing time 15 minutes. Electrical performance was measured
for the various temperatures (300, 350, 375, 400, 425°C). Values of open circuit voltage (𝑉𝑂𝑂 ), Fill factor

(𝐹𝐹), current density (𝐽𝑆𝑆 ) and efficiency (𝜂) were analyzed as a function of the annealing temperature.
The results presented in Figure 7.1 were calculated from an average of 5 different cells. The highest

standard deviation was calculated as ±0.5%, related to annealing temperature of 375°C. All other values
of standard deviation were lower.

Figure 7.1: A graph showing the efficiency obtained by treating the sample with TeCl4 as a function of the annealing
temperature. Solution concentration was 0.054 M, immersion time 15 min, annealing time 15 min.

𝑉𝑂𝑂 steadily increased with annealing temperature, from 300 to 400°C, which then stabilizes at higher

temperatures. The efficiency seemed to reflect the peak of short circuit current density at 350°C. Results
are shown in Figure 7.2. TeCl4 could be sufficiently volatile to interact only on the surface without
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allowing the chlorine to reach the bulk of the CdTe layer. The annealing temperature of 350°C could be a
compromise between the temperature needed for CdTe to recrystallize and the TeCl4 boiling point
(380°C).

Figure 7.2: Graphs showing averaged open circuit voltage and short circuit current density values referred to samples treated
with TeCl4 at different (a) annealing temperatures and (b) solution concentrations.

After investigating the annealing temperature, the concentration of the solution was changed, keeping
the annealing temperature constant at 350°C and all the other parameters the same. The concentration
was varied between 0.1% and 3% (where 1% was equal to 0.054 M). As shown in Figure 7.2, at
concentrations greater than 1%, 𝑉𝑂𝑂 was not affected by concentration as much as it was by

temperature. However at very low concentrations below 1% the 𝑉𝑂𝑂 dropped off substantially to values

below 500 mV. 𝐽𝑆𝑆 was instead maximised using the 2% solution concentration, reaching average values

just above 15 mA/cm2. The behaviour of 𝐽𝑆𝑆 reflected the behaviour of the total efficiency of the cell,
with a peak of ~4%, for 2% solution concentration. Figure 7.3 shows the average of device efficiency
values for each solution concentration. The highest standard deviation value recorded was ±0.29%.
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Figure 7.3: Graph showing average efficiency values for the TeCl4 treated samples as function of the solution concentration.
Annealing temperature was 350°C, immersion time 15 min, annealing time 15 min.

Further analysis was carried out, changing both the immersion and annealing times of the treatment.
Highest efficiencies were recorded for 15 minutes for both immersion and annealing time. Results are
shown

in

Table 7.2.

Table 7.2: Efficiency values for the TeCl4 treated samples at 350°C, 2% conc, for different (a) deposition and (b) annealing
times.

The solution concentration which gave the best electrical performance was double that used for the
treatment optimized for CdCl2, 0.108 M against 0.054 M. One reason could be that TeCl4 separates as
TeCl3+ and Cl-, while CdCl2 separates as Cd2+ and 2 Cl- [5]. TeCl4 is more volatile than CdCl2 and it has a
much lower melting and boiling point, which may lead to additional reactions during the annealing
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procedure. The process resulted in the formation of a surface layer which may affect the contact and
result in lowering the 𝐹𝐹. XPS analysis was performed on the samples, more details are provided below.
Cd3d5

Cl2p3

O1s

O1s

Te3d5

Te3d5

BE [eV]

405.85

198.85

530.93

532.38

576.65

573.33

At. %

23.56

22.16

3.01

19.76

9.67

2.09

Table 7.3: XPS analysis from a surface survey from a CdTe sample treated with TeCl4 (350°C annealing temperature, 2%
solution concentration, 15 minutes immersion and annealing times).

The NIST X-ray photoelectron spectroscopy database [6] was used to analyze the XPS results presented
in Table 7.3. The analysis showed the presence of CdTeO3, CdCl2, TeO2 and Te(0) on the surface. Despite
these surface contaminants, an improvement in the 𝑉𝑂𝑂 and 𝐽𝑆𝑆 was observed over the performance of

the untreated device. This suggests some changes in CdTe microstructure, which will be analyzed in the
following electron microscopy section. The electrical performances of the studied samples were
significantly higher than the untreated device and the sample simply annealed at 350°C. However, the
performance was not competitive with the traditional CdCl2 treatment.

Figure 7.4: J-V curve of the best performing cell treated with TeCl4 (blue), CdCl2 (green) and simply annealed at 350°C (red).

The highest performance (Figure 7.4) for the range of parameters studied was found to be for the
following conditions: 350°C annealing temperature; 2% solution concentration, 15 minutes for both
immersion and annealing times. The highest performing cell produced the following result: 𝑉𝑂𝑂 of 594

mV, 𝐽𝑆𝑆 of 17.91 mA/cm2, 𝐹𝐹 of 0.43 and total efficiency of 4.58%. The J-V curve of this device is shown

in Figure 7.4. The sample treated using TeCl4 is compared to the sample treated with standard CdCl2
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(optimized in Chapter 5) and with a sample simply annealed at 350°C, keeping the annealing time
constant at 15 minutes.

Figure 7.5: XPS depth profile of CdS/CdTe treated with TeCl4 at 350°C, 2% concentration, 15 min immersion and annealing
time.

Surface images were acquired using the SEM and are shown in Figure 7.6. The CdTe surface appeared
irregular and the morphology of the film was different from the as-deposited sample. As analyzed with a
XPS surface survey scan (Table 7.3), other compounds are formed on the surface during the process. The
composition-depth profile (Figure 7.5) shows that chlorine and oxygen were present on the surface,
forming tellurium oxide. In the CdTe bulk, the Te signal showed a bond with Cd and not with oxygen.
The CdTe layer appeared to be Te-rich as would be expected following the introduction of a Te
containing compound.
TEM images of the sample treated with TeCl4 are shown in Figure 7.7 and reveal the presence of a
continuous surface coating in-between the gold contact layer and the CdTe layer. This residue affected
the back contact. The grains appeared large and recrystallized, without the double layer structure
characteristic of the untreated CdS/CdTe device. The planar defect density in the grains decreased
following the treatment. Some grains were totally free from stacking fault defects and some twins were
discernible. This is similar to observations previously made for samples treated using CdCl2 [7][8]. The
CdTe/CdS interface appears to be abrupt, suggesting little intermixing between the two layers. This was
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supported by a band gap calculation from the EQE data, with Eg ~1.49 eV (Table 7.8). This was also the
value measured for the as-deposited films.

Figure 7.6: SEM images of (a) as-deposited CdTe surface and (b) CdTe surface of the sample treated with TeCl4 (350°C
annealing temperature, 2% solution concentration, 15 minutes immersion and annealing times).

Figure 7.7: TEM images of CdS/CdTe from the best performing cell treated with TeCl4. (350°C annealing temperature, 2%
solution concentration, 15 minutes immersion and annealing times).
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7.4 Cd(CH3CO2)2
Activation with Cd(CH3CO2)2 was investigated to understand the role of cadmium during the treatment.
Usually cadmium vacancies actually help the p-type conductivity of CdTe [9], so intuitively introducing
cadmium in the system should not result in improved electrical performance. However, as part of the
investigation for alternative compounds, it was important to understand why cadmium chloride
provides such enhancement and what is the role of the cadmium and what is the role of the chlorine.
The annealing temperatures used were in the range of 350, 375 and 400°C and solution concentrations
were 0.5, 1 and 2%. Immersion and annealing times were kept constant at 15 minutes.
The electrical performance of the devices varied significantly depending on both annealing temperature
and the concentration of the solution used. Figure 7.8 shows the results from the J-V curves
corresponding to the different experimental parameters. The measurements were averaged and plotted
as a function of solution concentration. Each curve corresponds to a different value of temperature. The
various electrical parameters showed different behaviour when the process conditions were changed.

Figure 7.8: Graphs showing the electrical performance of Cd(CH3CO2)2 treated samples, varying annealing temperature and
solution concentration.

The 𝑉𝑂𝑂 increased with temperature for lower concentrations and it decreased using the 2% solution.

The current density showed a peculiar behaviour depending on the different concentrations. However
the highest value was measured for 1% at 400°C. The higher concentrations showed a similar behaviour
of increasing current for increased temperature; while for 0.5% solution results appear to not follow the

146

same trend and shows a peak at 375°C. However this value is lower than the best obtained at 400°C. The
efficiency is affected mainly by changes in current density.

Figure 7.9: J-V curve of the best performing cells treated with Cd(CH3CO2)2, (blue), CdCl2 (green) and just annealed at 400°C
(red).

Figure 7.9 shows the J-V curves obtained from samples treated with Cd(CH3CO2)2, CdCl2 and annealed at
400°C with no additional treatment, but keeping the annealing time constant at 15 minutes. It is clear
that the standard process using CdCl2 produces higher performance than the other two treatments. The
cell efficiency measured following treatment with Cd(CH3CO2)2 was only ~0.5% (𝑉𝑂𝑂 443 mV, 𝐽𝑆𝑆 5.91

mA/cm2, 𝐹𝐹 0.19, 𝜂= 0.51%). The small increase in efficiency resulted from improvements in the short

circuit current density and open circuit voltage. However, these results were similar to those obtained
when the sample was simply annealed at the same temperature (𝑉𝑂𝑂 307 mV, 𝐽𝑆𝑆 3.18 mA/cm2, 𝐹𝐹 0.22

and η 0.22). It has been shown previously that annealing does lead to a reduction in defect density when
the annealing is carried out for longer times [10]. Slightly higher performance might be attributed to the
presence of oxygen during the immersion phase. However, this hypothesis needs further investigation.

Cd3d5

Cl2p3

O1s

O1s

Te3d5

Te3d5

BE (eV)

404.98

198.43

530.19

532.13

575.93

572.54

At.%

23.56%

22.16%

3.01%

19.76%

9.67%

2.09%

Table 7.4: XPS results from a surface survey for a CdTe sample treated with Cd(CH3CO2)2 (400°C annealing temperature, 1%
solution concentration, 15 minutes immersion and annealing times).
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A surface survey analysis was performed using XPS (Table 7.4) which revealed the presence of mainly
CdO and partially TeO2 on the surface, using NIST X-ray photoelectron spectroscopy database. The
presence of surface contamination was confirmed by SEM cross-section images, which show the
formation of a layer on top of the large-grained CdTe. Figure 7.10 shows SEM images of the surface of
the sample treated with Cd(CH3CO2)2 at 400°C annealing temperature, 1% solution concentration, 15
minutes immersion and annealing times. The surface was fully covered by a surface layer with a grain
size much smaller than for CdTe.

Figure 7.10: SEM plan view and fracture cross-section images of the best sample treated with Cd(CH3CO2)2 (400°C annealing
temperature, 1% solution concentration, 15 minutes immersion and annealing times).

Figure 7.11: TEM image of CdS/CdTe treated with Cd(CH3CO2)2 (400°C annealing temperature, 1% solution concentration, 15
minutes immersion and annealing times).
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A TEM image of Cd(CH3CO2)2 treated sample is presented in Figure 7.11. The morphological structure of
the sample is similar to the untreated sample. A double layer structure was present in the CdTe layer
with smaller grains at the interface and larger grains near the surface. Some of the grains close to the
CdS interface were free of planar defects. Larger grains showed presence of stacking faults and of twin
boundaries. In comparison, samples treated with CdCl2 under the standard conditions reveal grain
enlargement and grain coalescence at the CdS/CdTe interface.

7.5 HCl
HCl was used to treat the samples to assess the role chlorine without the presence of cadmium or
tellurium. This study used wet chemistry. HCl was diluted in water from 37% vol. solution. The annealing
temperatures used were 350, 375 and 400°C, whilst the solution concentrations were 0.5, 1 and 2%,
where 1% corresponds to 0.054 M. Solutions were diluted in volume. Higher concentrations of 3% and
6% were also investigated. Graphs showing electrical performance against temperature and
concentration are presented in Figure 7.12. Performance varied both with annealing temperature and
solution concentration. However, 0.5% and 1% followed the same trend and resulted in similar values.
For the 2% concentration the performance increased significantly for all parameters (open circuit
voltage, short circuit current density and hence efficiency), with particular enhancement in current
density and voltage. The highest performance (𝑉𝑂𝑂 506 mV, 𝐽𝑆𝑆 10.57 mA/cm2, 𝐹𝐹 0.29, 𝜂 1.54%)

occurred for 350°C, at 2% concentration for 15 min immersion and annealing times.

Figure 7.12: Graphs showing the electrical performances of HCl treated samples, varying annealing temperature and solution
concentration.
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The cell showing the highest performance is presented in Figure 7.13, together with a reference CdCl2
wet treated sample and a sample simply annealed at 350°C for 15 minutes. The highest short circuit
current density for the HCl treated sample (10.57 mA/cm2) was slightly higher than half of the best CdCl2
treated sample (19.1 mA/cm2). The results were lower than those obtained with TeCl4, with a reduction
in current density and fill factor values. They were however higher than those obtained using cadmium
acetate. These results definitely show that Cl has a major role to play during the activation process.
Table 7.5 shows electrical performance for higher HCl concentrations, both voltage and current
decreased, while FF slightly increased. This might result from the effect of HCl on how clean the surface
can be, resulting in better contacting. However, the use of higher HCl concentration delivered lower
values for device efficiency.
Concentrations of HCl solution
0.1M

0.3M

0.6M

Voc [mV]

506

418

415

Jsc [mA/cm2]

10.57

7.34

6.64

FF

0.29

0.34

0.34

η [%]

1.54

1.04

0.94

Table 7.5: The electrical performance of the best sample (0.1M=2%) and for samples treated at higher concentrations.

Figure 7.13: J-V curve of the best performing cell treated with HCl (blue), CdCl2 (green) and simply annealed at 350°C (red).
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Materials characterisation was performed on these samples to better understand the process dynamics.
The XPS depth profile presented in Figure 7.14, revealed a clean surface following treatment compared
to the surface condition following treatment with TeCl4 (Figure 7.5). Cd and Te signals follow each other
in the CdTe bulk. After 4000 seconds etching time, Te signal starts dropping in correspondence of the
CdTe/CdS interface, as the S signal raises.

Figure 7.14: XPS depth profile from CdS/CdTe treated with HCl at 350°C, 2% concentration, 15 min immersion and annealing
time.

The TEM analysis (Figure 7.15) of the same HCl sample treated showed a single layer of CdTe and no
small grains were visible at the CdS/CdTe interface, as for untreated sample and sample treated with
Cd(CH3CO2)2. These grains appeared to be enlarged by the recrystallization. In some grains, the defect
density in the grains was reduced or eliminated by the recrystallization process. Chlorine rich area was
detected in the CdTe layer using EDX elemental analysis. These agglomerates are expected to cause
deterioration of the electrical performance of the device. Sharp CdS/CdTe interface detected in the TEM
image suggestss poor CdS/CdTe intermixing. However, chlorine seems to have a role in the
recrystallization process, promoting grain growth from the interface. As result of the process, the defect
density of stacking faults was reduced, but twins remained.
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Figure 7.15: TEM images from the best performing CdS/CdTe treated with HCl. at 350°C, 2% concentration, 15 min immersion
and annealing time.

7.6 ZnCl2
ZnCl2 was chosen both as an alternative to standard CdCl2 and to assess CdCl2 behaviour during the
process. The two elements are in the same group of the table of elements and they have the same
oxidation state in the chlorine containing salts.
Annealing temperature and solution concentration were again the varied parameters. The annealing
temperatures used were 350, 375 and 400°C, whilst the solution concentrations were 0.5, 1 and 2%,
where 1% corresponds to 0.054 M. In Figure 7.16 and Figure 7.17, electrical performance is presented
for each variable. Both the effect of temperature and solution concentration is visible for all the
electrical parameters (𝑉𝑂𝑂 , 𝐽𝑆𝑆 , 𝐹𝐹 and 𝜂). All parameters peaked at 375°C.
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Figure 7.16: Graphs showing the electrical performance of ZnCl2 treated samples, varying annealing temperature, at solution
concentration 1%, immersion time 15 minutes and annealing time 15 minutes.

Figure 7.17: Graphs showing the electrical performance of ZnCl2 treated samples, varying solution concentration, at
annealing temperature 375°C, immersion time 15 minutes and annealing time 15 minutes.

Figure 7.18 presents the J-V curves for the best performing cell, together with the results of the
standard CdCl2 treated sample and a sample simply annealed at 375°C for 15 minutes.
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The parameters used were the same as for the optimized CdCl2 treatment; annealing temperature at
375°C for 15 min, using a 1% solution and dipping for 15 min. The best ZnCl2 treated cell from the study
showed an overall efficiency of 5.05%, with 𝑉𝑂𝑂 = 494mV. The voltage was lower compared to 726 mV
measured for the CdCl2 treated sample. However, the highest current density value obtained for ZnCl2

treated device was ~2 mA higher than that obtained for standard CdCl2 process (20.8 mA/cm2
compared with 19.1 mA/cm2). The Fill Factor was slightly lower (0.49 against 0.52). The Fill Factor and
open circuit voltage may be affected by the presence of a surface layer formed during the treatment.

Figure 7.18: The J-V curve from the best performing cell treated with ZnCl2 (blue), with CdCl2 (green) and just annealed at
375°C (red).

XPS measurement showed traces of Zn(0), ZnO, ZnTe and CdCl2 on the CdTe surface. The concentration
of cadmium, tellurium, zinc, oxygen and chlorine elements are presented in Table 7.6.
Cd3d5

Te3d

Zn2p3

O1s

Cl2p

BE (eV)

405.42

572.99

1022.27

531.29

200

At.%

6.82%

8.76%

18.31%

8.76%

4.52%

Table 7.6: XPS results from surface survey scan from the CdTe sample treated with ZnCl2 (375°C annealing temperature, 1%
solution concentration, 15 minutes immersion and annealing times).

SEM surface images (Figure 7.19) revealed the formation of the characteristic ZnO structure [11] above
the CdTe grains. The microstructural analysis using TEM showed a thick layer between the CdTe surface
and the back contact. This was identified as ZnO using EDX chemical maps (Figure 7.21) and point
chemical analysis. The TEM images in Figure 7.20 also showed a reduction in the defect density after the
154

treatment. Twins were present in some of the grains as also observed for CdCl2 treated samples. EQE
characteristics of the ZnCl2 treated solar cell (Figure 7.22) were different from those measured following
treatment with other compounds. The current measured for these samples was higher than the
standard CdCl2 wet treated sample. The calculated band gap of Eg= 1.47 eV compared with 1.48 eV for
the CdCl2 wet treated sample revealed a higher level of intermixing between CdTe and CdS. EDX point
analysis confirmed sulphur diffusion into the CdTe, close to the CdS/CdTe interface. The ZnO surface
layer may be responsible for low open circuit voltage and fill factor values, causing the lower conversion
efficiency of the device, compared to standard CdCl2.

Figure 7.19: SEM plan-view images of ZnCl2 treated CdS/CdTe cell. The treatment conditions were: 375°C annealing
temperature, 1% solution concentration, 15 minutes immersion and annealing times.

Chemical maps were obtained using scanning transmission electron microscopy (STEM). Elemental
analysis across the sample was carried out and is shown in Figure 7.21. The distribution of the elements
involved in the process was studied, including gold from the back contact, oxygen which could be
present both as surface oxide and in the bulk, zinc and chlorine from the ZnCl2, cadmium and tellurium
from CdTe, sulphur from CdS, and tin from the FTO. As shown in Figure 7.21, the Zn is concentrated
between Au and CdTe surface. Chlorine and oxygen signals follow the Zn signal.
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Figure 7.20: TEM image of ZnCl2 treated sample (375°C annealing temperature, 1% solution concentration, 15 minutes
immersion and annealing times) with specified features and a high magnification image of the unidentified layer present
between CdTe surface and gold contact.

Figure 7.21: Elemental maps collected using TEM/EDX on a sample which was ZnCl2 treated (375°C annealing temperature,
1% solution concentration, 15 minutes immersion and annealing times).
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7.7 Spectral response measurement
Spectral response measurements were also performed on the devices treated with different compounds
which exhibited highest electrical performances, in the range of parameters studied. The standard wet
treatment performed with CdCl2 is also presented as a baseline for the different processes. EQE graph
for all the analyzed samples is shown in Figure 7.22.

Figure 7.22: Graph showing the EQE measurements of the samples treated with various compounds.

𝐽𝑆𝑆 was also calculated, integrating the area underneath the curve with respect to the AM 1.5 spectrum.

Results are presented in Table 7.7 and they are consistent with the values obtained using J-V
measurements.

Jsc [mA/cm2]

TeCl4

Cd(CH3CO2)2

HCl

ZnCl2

CdCl2

16.7

5.5

10.7

20.9

19.4

Table 7.7: 𝑱𝑺𝑺 values calculated from EQE measurements for samples treated with various compounds.

As reported in the previous chapter, all of the devices showed an absorption around 530 nm due to the
CdS band gap. However at higher wavelengths the response appeared to be dependent on each
treatment. All samples showed a decreasing response in the red part of the spectrum, with the
exception of ZnCl2. The current from this sample was higher even than that one measured for the
standard CdCl2 wet treated sample.
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Band gap [eV]

TeCl4

Cd(CH3CO2)2

HCl

ZnCl2

CdCl2

1.49

-----

1.49

1.47

1.48

Table 7.8: Calculated band gaps from EQE spectra for each type of treatment.

The calculated band gaps using EQE data are presented in Table 7.8. (𝐸𝐸𝐸 ℎ𝜗)2 values were plotted

against ℎ𝜗 and the Eg was calculated as the intersect over the tangent with the x-axis. The current value

seemed to correlate with the intermixing level and hence to the band gap change at the CdTe cut off.
For lower values of band gap, corresponding to more significant sulphur diffusion into CdTe, the current
output was higher. Devices treated with TeCl4 and HCl had the same value of the as-deposited CdTe
sample (Eg= 1.49 eV). The ZnCl2 treated samples had a band gap smaller than the one calculated for
standard CdCl2treatment (Eg= 1.47 eV against Eg= 1.48 eV). Cd(CH3CO2)2 instead had a low spectral
response and it was not possible to properly calculate the band gap from the acquired data. These data
correlate with behaviour of short circuit current density corresponding to each treatment.

7.8 Conclusions
In this chapter, the effects of different chlorine containing compounds on the electrical performance of
thin film CdTe solar cell recrystallization has been studied. The study has confirmed the importance of
the presence of chlorine during the treatment. The samples treated using a chlorine-containing
compound, showed recrystallisation of smaller grains near the interface into larger grains. This effect
was not recorded for samples treated with Cd(CH3CO2)2.
The use of both TeCl4 and ZnCl2 resulted in encouraging improvements in conversion efficiency,
compared to untreated and just annealed samples. Both treatments led to the formation of surface
oxides, which appear to affect the devices performance. These problems may be avoided by using a
different approach for the process. The surface of the treated films resulted more conductive, as result
of either Te or Zn deposition. A controlled deposition of the metals may allow better back contact
formation. Te(0) was found on the surfaces of TeCl4 treated samples. This may create a Te-rich layer,
usually obtained with an etching procedure [12]. For ZnCl2 treated samples, ZnTe was detected by XPS
following the ZnCl2 treatment. This compound may also be beneficial for application of the back contact
[13].
The reduction in defect density was detected to varying degrees for all the treated samples. This may be
due to either the annealing treatment or the presence of chlorine, which promotes film recrystallization.
The device with the highest conversion efficiency always corresponded to the lowest stacking fault
defect density in agreement with previous studies [7][8].

158

For the HCl treated samples, chlorine agglomerates were found inside the CdTe layer affecting the cell
performance. Over-treatment with chlorine is known to reduce device efficiency, as it results in chlorine
agglomerates inside the CdTe film [14][15]. Chlorine can also be a donor for CdTe, when present in a
tellurium site, resulting in a decrease of the p-type conductivity of the absorber layer [9].
The increase in conversion efficiency using alternative chlorine containing compounds is encouraging
since an alternative to the use of toxic cadmium chloride would be useful. Further optimization of the
process is required to fully understand the activation process mechanism.
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Chapter 8
Discussion

8.1 Summary
One of the features of this thesis has been the application of CCI-scanning white light interferometry to
thin film PV materials. The technique has then been used for the characterization of thin film CdTe solar
cell materials to enhance device performance. The CCI technique has been used to evaluate materials
used in anti-reflection coatings and transparent conducting oxides. It has also been used to examine the
effects of a plasma pre-treatment on FTO-coated glass prior to CdS deposition. Characterization of
complete devices has been performed to assist the development of a new high efficiency, fast and low
cost method for thin film module interconnects. All these processes have an effect on the final
conversion efficiency of the device. However, one of the most important steps in the production of an
efficient thin film CdTe device is the CdCl2 assisted activation treatment. This work includes the analysis
of the microstructural changes which occur on variation of the process parameters (specifically
temperature and concentration) and their corresponding effect on the electrical properties of the
devices. This work has led to a new insight into the process mechanisms. In particular, recrystallization
has clearly shown to initiate at the CdS/CdTe interface and this is especially clear for sputtered and
electrodeposited CdTe solar cells. Finally, different chlorine containing compounds have been
investigated for the cell activation treatment to study their relative effectiveness to help understand the
activation process and perhaps find a less toxic and cheaper alternative.

8.2 CdCl2 activation treatment mechanism
CdCl2 acts as fluxing agent to promote recrystallization of CdTe. According to the CdTe-CdCl2 phase
diagram, already presented in Chapter 2 and here shown in Figure 8.1, an eutectic is form at 508°C for
77% CdCl2 [1]. Similar conditions are characteristic of the CdS-CdCl2 phase diagram [1] (Figure 8.1). This
would explain recrystallization of CdTe and interdiffusion between CdTe and CdS. In addition, according
to literature, the presence of oxygen results in a lower melting point for the CdTe-CdTeO3 phase
diagram [3]. The combination of these systems results in specific conditions for activation treatment.
Even if recrystallization depends on the initial structure of the as-deposited films [4][5]. In general,
results of activation treatment include loss of texture, decrease in defect density and change in grain
boundaries.
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Figure 8.1: (a) CdTe-CdCl2 [1] and CdS-CdCl2 phase diagram [2].

The change in preferential orientation, which is reported for the different types of depositions, is related
to the initial stress present in the as-deposited film. Compressive and in-place homogeneous stresses
are present respectively for low and high deposition temperature. After the treatment, in both cases the
film the stress decreases and lattice parameters are generally reported to be closer to the powder value.
This indicates that recrystallization takes place during the treatment and the film structure is changed.
The lattice parameter was also found to change through the thickness of the film [6]. This effect is
instead related to the other process resulting from the activation treatment: the interdiffusion between
CdS and CdTe layers. Interdiffusion usually results in the formation of an intermediate alloy, which
guarantees a lower lattice mismatch between the two materials. The structure would result in: cubic
CdTe, cubic CdTe1-xSx, hexagonal CdS1-yTey and TCO. The formation of CdTe1-xSx is promoted by S
diffusion in the CdTe layer. CdTe1-xSx alloy corresponds to a smaller band gap, allowing a higher spectral
response at longer wavelengths, resulting in a higher short circuit current production. The reduction in
lattice mismatch results instead in a reduction of interface states. Sulphur was previously observed [7]
to diffusion through the grain boundaries. This may result in formation of pinholes, for overtreatment,
due to non-uniform CdS consumption. Interdiffusion is related to presence of oxygen and grain
boundaries properties. Presence of point defects promotes indirect interdiffusion and grain boundaries
are favourite sites for formation of vacancies. However, when oxygen is present, passivation of grain
boundaries (oxidation) occurs, which inhibits S diffusion [8].
This process not only affects the material properties, but has effects also on the electrical performance
of the devices. Due to the different amount of S in the grain boundaries, and consequent formation of
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the CdTe1-xSx alloy, the current generation of the device will be higher in localized regions. Grain
boundaries will be the site of higher current generation, in comparison with inside of the grains [7]. As a
consequence, grain boundaries engineering becomes an issue, due to the fact that they also are
recombination sites due to high defect density presence.
Grain boundaries are area of investigation also for the effect of chlorine presence during the activation
treatment. Each grain contains defects which can act as donors or acceptors. For as-deposited CdTe, the
presence of impurities was detected to be randomly distributed. When doping is introduced in the
system, chlorine acts as a dopant to form shallow acceptor complexes with Cd vacancies, resulting in
homogenization of the spatial distribution of excitons bound to acceptor of CdTe [9]. This promotes ptype conversion of the absorber layer. Later studies [10], explained the role of chlorine in the activation
treatment and the consequences on the electrical performance of devices. Grain boundaries are
generally considered as recombination centres. After activation treatment a difference in conductivity
type was detected, according to Li et al., the grains show p-type while grain boundaries covert from pto n-type. This separates photogenerated electrons and holes at the presence of a local electric field,
which maintains segregated conduction paths for the carriers. This is dependent on the most favourable
states formation and it results from substitution of Te by Cl atoms in only a few unit cells, at grains
boundaries. However, when Cl presence is increased [10], the whole systems will become n-type,
restricting the number of Cl atoms.
The effect of doping density reflects on electrical properties. It is specifically related to open circuit
voltage and carrier life time values. The main dopants in CdTe are represented by Cl, S, O and Cu. Each
has a different influence on the electrical properties of the devices. As mention before, CdCl2 has an
essential role in the reduction of recombination in CdTe grains, thanks to the recrystallization process,
leading to better quality material [11]. The process is stimulated by the presence of CdCl2 which acts as
fluxing agent, changing not only the properties of the absorber layer, but also the ones of the CdS/CdTe
interface. For this specific process, relevant importance is to be attributed also to the interdiffusion.
Chlorine is able to passivate defects states at CdS/CdTe interface, as it acts for Te-core grain boundaries
[12]. During activation, a mechanism based on the exchange of elements between the cell layers
guarantees that the various dopant will act in order to enhance electrical performances. Cl passivates
defects, while S diffusion generates the CdTe1-xSx alloy formation and O presence results in longer carrier
life time. O is also responsible for an increased p-type conductivity, during CdTe growth, even if it is not
correlated to the initial quantity introduced in the process [12].
From the results obtained on the initiation site of the assisted recrystallization (Chapter 6), it is possible
to underline the importance of the CdS/CdTe interface. All the elements which are needed for
recrystallization and interdiffusion to happen are present at this site. For this reason, even if intuitively it
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could be thought that the activation process would start from where CdCl2 is deposited (CdTe surface), it
can be deduct that CdS/CdTe interface is actually the most sensitive region, due to combination of
dopants concentration and system temperature required for the process to start and be effective. At the
CdS/CdTe interface, high internal stress and high density of defects are generally detected [6]; these
features can be the driving force for recrystallization to start, due to the stored energy. Similarly the
presence of planar defects inside the CdTe grains contribute to the activation process as energy storage,
as it was recorded that their density is intensively reduced after the treatment.
The activation treatment of CdTe solar devices is an interesting research topic to investigate and
understand. This is related to its complexity, as it is represented by a combination of change in grain
orientation, lattice constant, alloys formation, presence of defects inside the grains, grain boundaries
properties, dopants concentration and change of electrical properties of the film such as conductivity
type and carrier life time. In this thesis some highlights were shown for correlation of defects density
and effect on electrical properties and the determination of the initiation site of the process. As for grain
boundaries [9], engineering of CdS/CdTe interface for as-deposited devices might result in better
performances. Role of chlorine as fluxing agent, promoting recrystallization was also proved treating the
cells with alternative chlorine containing compounds.

8.3 CdCl2 treatment and CCI characterization
The CCI technique was applied to characterize CdTe solar cells. Main applications were investigated on
the layers previous to the deposition and the activation of CdTe. Interesting results were obtained for
thickness measurements of anti-reflective coating and CdS surface characterization after plasma
treatment. Processes following the manufacturing of the whole device were also assessed using CCI
characterization. However, it would be interesting to apply this technology to investigate the activation
process and its effects on the materials involved. Even though CdTe is fully absorbent, hence it is rather
difficult to use optical techniques to study it, CCI could be used for semi-transparent CdTe layers [13].
Surface roughness measurement before and after activation would give further information on the
effect of the treatment on material properties which might be important for the deposition of the
following back contact. CCI can also be used to measure surface roughness of absorbent CdTe, if a thin
layer of high reflective material (e.g. silver or gold) is deposited on top of the semiconductor surface.
However, this would lead to a semi-destructive characterization technique.
Further developments on the instrument algorithm and software may be able in the near future to give
information on the roughness of the buried interface (CdS/CdTe) and measure thin film thickness of
multi-stack systems. These applications would be very effective to assess the interface roughness and
CdS thickness effect on the device, after the activation treatment.
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Chapter 9

Research findings and Future Work
9.1 Research findings
Coherence correlation interferometry has been shown to be a useful metrology technique instrument
for photovoltaic applications. The novel Helical Complex Field function (HCF) that now allows thin film
thickness measurements to be made has been applied to a range of photovoltaic materials. The film
thickness results have been compared with those from more established techniques such as
ellipsometry and electron microscopy. From the graphs plotting the CCI measurements of thickness
against those acquired with ellipsometry, the coefficient of determination (R2) was calculated to be≈1.
This indicates that the data points closely fitted a statistical model (in this case a line passing through
the origin), which confirmed good correlation between the measurements. The results were also
comparable to data acquired with a more direct approach using FIB cross-sections and measuring film
thickness from SEM images. Surface roughness measurements from the CCI were compared to those
obtained using atomic force microscopy with disparity between measurements being less than 10%.
Both thin film thickness and surface roughness are essential measurements in the development of thin
film devices. The advantage of the CCI is its ability to measure both parameters simultaneously with the
same system in the same area of sample. Measurement of the thickness of anti-reflecting coating
materials such as niobium pentoxide and zirconium oxide is essential to maximize the light transmitted
into the solar cell. Broadband anti-reflective coatings are made of multi-layer stacks of materials with
disparate refractive index and precise thickness. Film thickness is the most important parameter to be
controlled. Simulations are used to design these coatings. However, it is necessary to confirm that the
real thin film thicknesses are close to the modelled thicknesses to ensure the quality of the antireflection effect. Roughness also affects the anti-reflection properties. Simulations assume ideal films
but scattering occurs due to surface roughness. Fitting figures for the HCF function includes a surface
reflection factor as described in Chapter 4. TCOs present similar issues; the thickness of the films defines
the light transmission while roughness affects the next layer deposited on top of the TCO. If the TCO film
is too rough, the subsequent CdS must be thicker to avoid pinhole formation which will cause shorting
of the device. CCI is a useful tool to assess this problem since it is a non-contacting technique and
provides three-dimensional topographical imaging. These features, together with large area sampling,
were important for the optimisation of laser ablation and inkjet printing in the one step interconnect
process, focused on reducing production costs and obtain high efficiency devices. In order to fullfill the
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mentioned objectives, a critical step in the manufacturing of CdTe solar devices was study: the CdCl2
activation treatment. The most important parameters involved in this process were first identified and
then both wet chemistry and thermal evaporation techniques were optimized for close space
sublimated (CSS) thin film CdTe solar cells. For the wet treatment, the annealing temperature and time
were key parameters, together with the immersion time, the concentration of the solution and the
solution temperature. For the evaporated CdCl2, the annealing temperature, ramping procedure and the
thickness of CdCl2 played the most important roles to obtain high efficiency devices. Both the wet
treatment and the thermal evaporation method led to electrical performance on CSS material
comparable to the “reference cell” produced at Colorado State University. The wet treatment provided
higher open circuit voltage (721±4 mV), while the thermal evaporated CdCl2 treatment resulted in
higher short circuit current (22.5±0.3 mA/cm2). The highest efficiency of 9.23±0.23% was obtained using
200 nm of evaporated CdCl2 at 425°C, with a double ramping procedure of 50°C/min up to 370°C and
5°C/min up to 425°C.
Particular attention was focused on the effect of the dwell annealing temperature in the dry activation
and the concentration of the solution in the wet treatment. TEM analysis and electrical performance
measurements were carried out. In both cases the microstructure of the CdTe responded in a similar
way for each parameter. The films required a critical temperature and a critical chlorine concentration
for the recrystallization process to start. If these critical levels were not met then some reduction in the
defect density was observed only in some grains. These affected grains were the small ones at the
interface with the CdS. As the temperature and/or the concentration of the solution was increased more
grains were found free from stacking faults and showed signs of recrystallization (enlargement,
roundness and smoothing of grain boundaries). The elimination of the initial double layer structure of
the as-deposited CSS-samples was also observed. For high performing devices, TEM analysis showed
large grains without stacking faults, the presence of some twins and less sharp grain boundaries. The
CdS grains were also affected, they became more rounded and the interface boundary with the CdTe
layer was less sharp.
From the results obtained using the wet activation treatment and varying the concentration of solution,
it appeared that the recrystallization initiates at the CdS/CdTe interface. However, for CSS deposited
CdTe it was less clear because the CdTe already had relatively big and round grains. For this reason, the
films deposited using sputtering and electrodeposition were specifically investigated to assess the
initiation mechanism of the activation process.
The sputtered CdTe cells were treated with low concentrations of the CdCl2 solution. The recrystallized
samples had a completely different morphology compared to the untreated ones. Void formation was
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detected after the activation treatment was performed. The film lost its columnar grain structure
throughout the whole of its thickness when treated with a saturated solution at 400°C for 30 min. When
using a dilute solution, SEM cross-section images showed that the recrystallization extended from the
interface partially towards the CdTe surface. The recrystallized thickness depended on the amount of
CdCl2 present in the solution. This proved that the activation process initiates at the interface. Further
investigations showed the same results for a sample positioned up-side down, proving that temperature
gradient direction did not affect the initiation site. Under-treatment conditions were also investigated
for thermal evaporated CdCl2. This work also confirmed that recrystallization starts at the CdS/CdTe
interface.
A similar approach was used to study electrodeposited CdTe films. Although these samples had a
different as-deposited morphology to the sputtered films, the same conclusions could be drawn. As the
concentration of the CdCl2 solution was increased all the grains seemed to slowly coalesce and the
defect density gradually reduced. TEM images showed merging of the grains to eliminate the initial
formation of voids. These were generated in an intermediate state when the samples were treated with
low CdCl2 concentration solutions. This process propagated preferentially from the interface upwards,
as observed in the sputtered samples, confirming the theory that the CdS/CdTe interface is the initiation
site for the activation treatment.
Finally, alternative compounds were used to assess the role of chlorine and cadmium during the
activation process and to find a less toxic treatment to activate the CdTe solar cells. TeCl4 and ZnCl2 gave
encouraging results, enhancing the electrical performance compared to the untreated samples.
Cd(CH3CO2)2 and HCl proved the importance of chlorine to the recrystallization process. For CSSdeposited films, the chlorine presence resulted in the elimination of the double layer structure
(observed in as-deposited films), which remained when samples were treated with Cd(CH3CO2)2. When
HCl was used enlargement of the smaller grains near the interface was detected. However, the
treatment was too aggressive and chlorine rich areas were found in the film, causing poor electrical
performance. The increase in conversion efficiency using alternative chlorine containing compounds was
encouraging, especially for ZnCl2, which showed a high current density value (20.8 mA/cm2). However,
further optimization of the process is still required to fully understand the process mechanisms and
solve various problems such as the formation of oxides and chlorides on the CdTe surface.

9.2 Future work
As part of collaboration with Taylor Hobson Ltd., the Helical Complex Field (HCF) function was applied
for the measurement of thin film thickness. The CCI was shown to be a useful tool for the optimization
of many processes in the photovoltaic industry. Future work could include the development of software
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for further metrology analysis of PV materials. Examples are measurement of roughness of the buried
interface of a bi-layer structure and thin film thickness measurements extended to multilayer coatings.
The CdCl2 activation treatment involves a wide field of research [1]. One example of further research is
the study of the role of oxygen during the process. An investigation could be focused on how this
element changes the morphology of the material both during the deposition and the activation process
and how it affects the electrical performance. For this study, modification to the initial settings of the
evaporator used for the studies in Chapter 5, would make it suitable for heating the sample after or
during the CdCl2 deposition in controlled gas flow condition. Advanced microscopy and electrical
characterization can be applied to a set of experiments to better understand the role of oxygen.
All the studies presented in the thesis did not include any procedure after CdCl2 treatment such as
etching or the copper doping treatment. Some of the experiments could be repeated, including these
additional post-deposition treatments. Optimization of the processes would have to be carried out to
enhance the final electrical performance and create high efficiency devices.
The etching procedure would be important to understand the change in electrical output specifically for
TeCl4 and ZnCl2. Other methods, such as evaporation could be used to perform the treatment with these
alternative chlorine containing compounds. Results could be compared with the wet chemistry route, as
a difference in electrical performance was found compared with the traditional CdCl2 treatment.
Samples treated with ZnCl2 could also give information on the activation process. One of the main
questions concerning the CdCl2 treatment is if the compound diffuses as CdCl2 or as separate Cd and Cl2.
SIMS analysis could be performed to trace the Zn inside the CdTe and determine if the Cl signal follows
it.
Other compounds could be used for activation treatment such as MgCl2 or MoCl2, which might favour
the formation of molybdenum oxide as it happened for ZnCl2. This would result in activation and
simultaneous formation of a back contact, as many studies have been focused on this material [2].
However, it might have a different response due to the different crystalline structure preferred by
MoCl2, which is a metal cluster formation (Mo6Cl12). MgCl2 has been widely used in cadmium magnesium
telluride [3][4], as a passivating layer, similarly to ZnCl2 for cadmium zinc telluride (CZT) devices [5]. For
this reason, both compounds have a good chance to become an alternative treatment to CdCl2. MgCl2
was recently shown to provide excellent conversion efficiency [6].
Various characterization techniques were presented in this thesis. In particular the focus was on the
material properties of the devices, which were correlated with electrical performance (J-V curves) and
spectral response (EQE). Additional electrical characterization could be performed, including electro
luminescence (EL), capacitance-voltage (CV), admittance spectroscopy (AS), drive-level capacitance
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profiling (DLCP) and deep level transient spectroscopy (DLTS). These techniques would help to better
correlate the material properties to the electrical characteristics of CdTe solar cells, specifically for
understanding the relation between defect formation and the corresponding device performance.
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