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Cu(In,Ga)Se, (CIGS) is one of the most promising semiconductor compounds for large-
scale production of efficient, low-cost thin film solar cells, and severa research ingtitutes
have announced their plans for CIGS production lines. But for the CIGS technology to
become a commercial success, a number of issues concerning manufacturability, product
definition, and long-term stability require further attention.

Several studies indicate that CIGS-based modules are stable over many years in field
operation. At the same time, it is shown in the present work that they may have difficulties
in passing standard accelerated lifetime test procedures like the IEC 1646 damp heat test.
In particular, CIGS modules are sensitive to humidity penetrating through the module
encapsulation, which will increase the resistive losses in the front contact and cause severe
corrosion of the back contact. It is also shown that cells experience degradation in both
voltage and fill factor, and the causes of these effects are addressed.

By concentrating the light falling onto a solar cell, the device will deliver a higher
power output per illuminated absorber area, which can lower the electricity production
costs. For CIGSbased solar cells, low-concentrated illumination could be an
economically viable approach. In this work it is shown that the yearly performance of a
photovoltaic system with CIGS modules can be significantly improved at a moderate cost
by using parabolic aluminum mirrors as concentrating elements. However, in order to
avoid detrimental power losses due to high temperatures and current densities, the
modules need to be designed for the higher light intensity and to be sufficiently cooled
during operation. A design where the front contact of the module is assisted by a metal
grid has shown promising results, not only for concentrated illumination but also for
normal operation. The benefits are enhanced window processing tolerance and
throughput, as well asimproved degrees of freedom of the module geometry.
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1 Introduction to photovoltaics

If there is a dream solar technology, it is photovoltaics — the direct conversion of
sunlight into electricity by solar cells. It is the most sophisticated solar energy
technology and, at the same time, one of the simplest, most environmentally
benign sources of electricity yet conceived. Photovoltaic devices, or solar cells, use
semiconductor materials to directly convert sunlight into electricity without any
noise or pollution. Solar cells have no moving parts — power is produced when
sunlight strikes the semiconductor material and creates electric voltage and current.

Solar cells are traditionally used to power remote residences, satellites, high-
way signs, water pumps, communication stations, navigation buoys, streetlights
and calculators, but as new photovoltaic materials and technologies emerge, the
interest for using photovoltaics for large-scale power production is growing.

There is a strong need to develop renewable energy resources. Today, nearly
80% of al energy used worldwide originate from fossil fuels like coal, oil and
natural gas [1]. This massive exploitation of fossil fuels imposes a major threat to
the environment in terms of emission of greenhouse gases and acid rain. In a
business-as-usual scenario, the global energy demand is projected to grow by close
to 60% and CO, emissions by 70% from 1997 to 2020 [2]. Two thirds of thisin-
crease is directly related to improved living standards in developing countries [3]
where the main drivers include rapid economic growth and industrial expansion,
and high rates of population increase and urbanization. Despite the increasing
energy demand, there seem to be no physical limits to the world's energy supply
for at least the next 50 years [4]. Nevertheless, today’s energy system is unsustain-
able because of equity issues as well as environmental, economic, and geopolitical
concerns that have implications far into the future. Modern fuels and electricity are
not universaly accessible — an inequity that has moral, political, and practical
dimensions in a world that is becoming increasingly interconnected. Furthermore,
the current energy system is not sufficiently reliable or affordable to support wide-
spread economic growth. The productivity of one-third of the world’s population is
compromised by lack of access to commercia energy, and perhaps another third
suffer economic hardship and insecurity due to unreliable energy supplies. In addi-
tion, the negative local, regional, and global environmental impacts of energy
production and use, threaten the health and well-being of current and future
generations.

The photovoltaic technology has the potentia to give a substantia input to the
energy supply in the future, and to be part of creating a sustainable energy system.
But lowering the cost of power production to the point at which solar is competi-
tive with other optionsis critical if solar power is ever to become a core generation
technology.

1.1 Solar power

The sun is a spherical source of about 1.39 million km diameter, at an average
distance of 149.6 million km from earth. Radiation from the sun sustains life on
earth and determines the climate. The energy flow within the sun results in a
surface temperature of around 5800 K, and the spectrum of the radiation from the
sun is therefore similar to that of a 5800 K blackbody. The amount of solar energy
received per unit of time and per unit area on a surface normal to the sun just out-
side earth’s atmosphere, is called the solar constant. Measuring the value of the
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solar constant was an important task for researchers during the 19" century. One of
the most outstanding scientists in this field was Knut Angstrém, who developed a
modified pyrheliometer that was accepted as the standard instrument for measuring
solar irradiation at the 1905 Solar Congress in Oxford [5]. A modern value of the
solar constant is 1353+21 W/m? [6] where the differential is caused by variations
in solar activity as well as changes in the distance of the earth from the sun dueto a
small ellipticity of the earth’s orhit.

Figure 1 shows the spectrum of the solar radiation outside the earth’s atmos-
phere. The range 2002500 nm includes 96.3% of the total irradiance. The solar
constant is the total integrated irradiance over the extraterrestrial spectrum, plusthe
additional 3.7% from wavelengths outside this interval. The spectrum of the solar
radiation at the earth’s surface has several components. The direct portion of the
radiation is collimated within an angle of about 0.53°, while the diffuse portion is
incident from the hemispheric sky and scattered from the surroundings. The total
ground radiation, i.e. the sum of all components, is called the global radiation.
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Figure 1. Extraterrestrial and direct sea level solar irradiation spectrums. After [7].

All radiation that reaches ground passes through the atmosphere, which modi-
fies the spectrum by absorption and scattering. Atomic and molecular oxygen and
nitrogen absorb very short-wave radiation, effectively blocking radiation at wave-
lengths below 190 nm. Splitting of oxygen molecules induces production of ozone
that strongly absorbs at longer wavelengths. Water vapor, carbon dioxide and
oxygen, selectively absorb in the near infrared. Wavelength dependent Rayleigh
scattering and scattering from particulates containing water droplets, so called
aerosols, changes the spectrum and makes the sky blue. For a typical cloudless
atmosphere and zero zenith angle, the irradiance reaching the outer atmosphere is
reduced to approximately 1050 W/m? direct beam radiation, or 1120 W/m? global
irradiation, on a horizontal surface at sealevel [7].

Seen annually, insolation varies over the earth’s surface by a factor of 3, from
roughly 800 kWh/m?-year in northern Scandinavia and Canada to a maximum of
2500 kWh/m?year in some dry desert areas. The differences in average monthly
insolation can vary from 25% close to the equator to a factor of 10 in very northern
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and southern areas [4]. The total average power available at the earth’s surface in
the form of solar radiation exceeds the total human power consumption by roughly
a factor of 1500 [4]. Calculated per person, the average solar power available is
3 MW, while the average power use varies from 100 W in the least industrialized
countries to 10 kW in the USA. Although these numbers provide a rough picture of
the absolute boundaries of the global potential of solar energy, they have little
significance for the technical and economic potential, which is regionally depend-
ent upon differences in the solar energy supply, energy infrastructure, population
density, geographic conditions, financing schemes, and, not least, political
structures.

In the following subsections, some key technologies for harnessing the power
from the sun are briefly reviewed. Photovoltaics will be further discussed in
following chapters, but since solar heating and the other solar energy technologies
are beyond the scope of this thesis the reader is referred to basic textbooks on solar
energy and applications for additional information.

1.1.1 Solar heating

The easiest and most direct application of solar energy is the direct conversion of
sunlight into low-temperature heat (up to 100 °C). In general, two classes of tech-
nologies can be distinguished, namely passive and active solar energy conversion.
Active conversion relies on a solar collector, and the heat is transported to the
process by a medium, often water. For passive systems, the conversion takes place
in the process, so no active components are used. The best-known technology for
active solar heating is the solar domestic hot water systems. Another technology in
the building sector is solar space heating system. Such a system can be sized for
single houses or for collective buildings and district heating. Similar technologies
can be applied in the industrial and agricultural sector for low-temperature heating
and drying applications. Heating using solar energy can aso be achieved by heat
pumps. Finally, there are technologies to use thermal solar for cooling and cooking
pUrposes.

1.1.2 Photovoltaics

Photovoltaic solar energy conversion is the direct conversion of sunlight into
electricity. This can be done by flat plate or concentrator systems. An essential
component of these systems is the solar cell, in which the photovoltaic effect takes
place. The photovoltaic effect is the generation of free electrons and an electric
current by using the energy of light. Today’'s commercialy available photovoltaic
devices are fabricated from semi-conducting materials. The most commonly used
material is silicon, to which small amounts of impurities, typically boron and
phosphorous, are added. In this process, which is called doping, one region with
excess of free electrons (called n-type) and one region with excess of holes (called
p-type) are created. In the junction between these regions (the p-n junction) a static
internal electric field is formed. This field, which is directed from the n-type region
towards the p-type region, separates the electrons and holes that are produced when
the material isilluminated. At wavelengths where the photons have energies above
a certain threshold energy (the bandgap energy) the light will be absorbed in the
semiconductor material and an electron-hole pair is created. If the electron-hole
pair is generated close enough to the p-n junction the carriers can be separated by
theinternal electrical field and contribute to the generated current.
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The efficiency of the conversion from sunlight to electricity in a photovoltaic
solar power system is typically 10-15%. Hence, substantial areas are required to
capture and convert significant amounts of solar energy to fulfill the energy needs
relative to today’s energy use. For instance, at a plant efficiency of 10%, an area of
3-10 km? is required to generate an average power of 100 MW, resulting in a
yearly electricity generation of 0.9 TWh [4]. Some of the more provocative solar
energy experts, however, claim that this is not a problem — there are desert areas
more than enough to supply the world with solar electricity. Covering an area of
500 000 km?, corresponding to approximately 5% of the Sahara desert, with 10%
efficient solar panels would provide sufficient amounts of electricity to meet the
total global energy needs [8]. In this scenario, photovoltaic systems would be
placed in many desert areas around the world and connected in a worldwide solar
energy grid.

In densely populated countries with a well-developed infrastructure, there is an
emphasis on applications of grid-connected photovoltaic systems in the built
environment. These systems are necessarily small or medium sized, typically
between 1 kW and 1 MW. The electricity is generated close to the place where
electricity is aso consumed. In less densely populated countries there is a consid-
erable interest in ground-based power plants, generally larger than 1 MW. In
countries or rural regions with a weak grid infrastructure, small standalone systems
and modular electric systems may be used for electrification of houses or village
communities. Grid connected systems here account for only a small fraction, while
the majority are small standalone systems used for water pumping, communication,
leisure, consumer products, etc.

1.1.3 Solar thermal electricity

Solar radiation can produce high-temperature heat, which can be used to generate
electricity. The most important solar thermal electricity technologies use concen-
trators and thus direct irradiation. Low cloud areas with little scattered radiation,
such as deserts, are considered most suitable for this technology. The collector
captures and concentrates solar radiation, which is then delivered to the receiver.
The receiver absorbs the concentrated sunlight, transferring its heat energy to a
working fluid. The transport and storage system passes the fluid from the receiver
to the power conversion system, where a generator running on a thermodynamic
cycle generates electricity. An inherent advantage of solar thermal electricity tech-
nologies is their ability to be integrated with conventional thermal plants in parallel
with a fossil-fuelled boiler. The primary market for concentrating solar thermal
electric technologies is in warm sub-tropical, or desert areas, where the fraction of
diffuse radiation is low. About 1% of the world’'s desert area used by solar thermal
power plants would be sufficient to generate the total global electricity demand [4].

1.1.4 Space electricity

A very different approach to exploiting solar energy is to capture it in space and
convey it to the earth by wireless transmission. In space the maximum irradiance is
higher than on earth and is nearly constant. Unlike terrestrial capture of solar
energy, a space-based system would not be limited by the weather or the day-night
cycle, and so could provide base load electricity 24 hours a day [9]. This energy
can be captured and converted to electricity by satellites in geosynchronous orbits
designed as large solar collectors. The generated electricity is transformed into
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radio frequency form and transmitted by antennas down to earth, where receiving
antennas collects the incoming radio frequency energy and convert it into
electricity again. The power yield from these antennas would be in the order of
30 MW per km? [4]. As with any solar source, space-based energy would not
contribute to greenhouse gas emissions during operation. However, launching the
systems into space could affect the earth’s atmosphere. The effects of power
transmission to the ground need to be assessed for at least three factors: influences
on the atmosphere, inference between the wireless power transmission and
communications or electronic equipment, and the effects of the transmitted beam
on life forms.

1.2 Development of photovoltaics

Photovoltaics may be considered somewhat of a space-age technology, but it is a
technology that in fact has been around for quite some time. The photovoltaic
effect was first reported in 1839 by the French physicist Edmond Becquerel. Like
so many of his colleagues of that period, he devoted much time to the study of
electricity. In one of a series of electrical experiments, he placed two metal plates
in a conductive fluid, and when he by accident exposed the setup to the sun he
observed a small voltage. Almost 40 years later, in 1877, the Englishman
Willoughby Smith discovered that selenium was sensitive to light. His findings
stimulated the scientist William Adams and his student Richard Day to conduct
further tests with selenium. Their work demonstrated that when light struck
selenium, an electrical current was generated. Having seen the industrial potential
of Adams and Day’'s work, the American Charles Fritts carried on his own
experiments with selenium and developed the first selenium solar cell in 1886. The
device had less than 1% conversion efficiency, but nevertheless, Fritts realized the
importance of his discovery, and in an early publication he expressed that one of
the great advantages with solar cells is that “the supply of solar energy is both
without limit and without cost, and will continue to stream down on earth after we
exhaust our supplies of fossil fuels’. In today’s world it is still true that the supply
of solar energy is immense. However, during the more than one hundred years that
have passed since Charles Fritts foresaw free energy for everyone, we have learnt
that the technology for harnessing solar power neither is without limits nor without
cost.

The foundation for the modern solar cell technology was built in the 1950s by
scientists at the American Bell Telephone Laboratories. Daryl Chapin and his
research team were investigating ways to improve the performance of selenium
cells as a reliable alternative power source for communication systems in remote
areas. At the same time, another Bell scientist, Calvin Fuller, was researching ways
of making silicon a better rectifier. Fuller found that silicon worked more
efficiently when doped with certain impurities. More or less by chance, Fuller’s co-
worker Gerald Pearson put the impure silicon under a lamp and measured a rather
large amount of electrical current. The silicon solar cell was born. With joint
efforts, the two research teams refined the solar cell, and could after a few months
present a cell with 6% conversion efficiency [10]. Figure 2 shows the three inven-
tors measuring the power output of one of their first devices.
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Figure 2. (From left) Gerald Pearson, Daryl Chapin and Calvin Fuller, the inventors of the
silicon solar cell, measuring electrical energy produced by one of their first devices under a
lamp. From the Lucent Technologies web site: www.lucent.com.

Today, solar cells and modules can be divided into two main categories:
wafertype and thin film. Wafer-type cells are made from silicon wafers cut from a
rod or ingot, or from silicon ribbons. Thin film cells are deposited directly onto a
substrate, usualy glass, stainless steel, or plastic. For flat-plate applications, the
individual cells are connected in series to form a module. Solar cells for
concentrator systems are mounted in a one-dimensional or two-dimensional optical
concentrator. Typically, conversion efficiencies for commercial photovoltaic
modules range from 8-15% depending on type of material and fabrication
technology.

Photovoltaics is used in a wide variety of applications, from consumer products
and small standalone units for rural use such as solar home systems and solar
lanterns, to grid-connected rooftop systems and large power stations. Typical
system size varies from 50 W to 1 kW for standalone systems with battery storage,
from 500 W to 5 kW for rooftop grid connected systems, and from 10 kW to
severa MW for grid connected ground-based systems and larger building inte-
grated systems. Within these market segments, rural electrification for sustainable
development and building integrated systems are expected to grow rapidly because
of concentrated marketing efforts and financial incentives[4].

1.3 The photovoltaic system

A photovoltaic system consists of solar cells and ancillary components such as
power conditioning equipment and support structures. Solar cells, which are semi-
conductor diodes, convert sunlight directly to electricity through the photovoltaic
effect. The cells are normally strung together in various physical and electrical
configurations to form a module. When several of these modules are mounted in a
cluster and connected in series and/or in parallel to provide the required voltage
and current levels, the collection of the closely fitting modules is often referred to
as an array. The resulting electrical power is processed through an appropriate
power conditioning unit to meet the requirements for various applications. If
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energy storage is desired, it may be included as part of the system, or the system
may be tied to an existing grid. In many applications, storage may not be required
or used. Figure 3 shows schematically atypical photovoltaic system.
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Figure 3. Schematic picture of a photovoltaic system From the Solar Wind Works web site:
www.solarwindworks.com.

The solar array is usually mounted on a metal structure and tilted to face the
sun. If the system is of stand-alone type, a charge controller maintains the batteries
at the proper charge rate, and protects them from overcharging. The battery bank
contains one or more deep cycle batteries, connected in series and/or in parallel
depending on the required voltage and current capacity needed. The appliances, for
example lights, radios, water pumps or microwave repeaters, are either AC or DC
driven. When using AC devices, an inverter is required. The inverter converts the
DC power from the solar array and batteries, into AC power. The so-called
Balance of System components provide the interconnections and standard safety
features required for any electrical power system. These include array combiner
box, properly sized cabling, fuses, switches, circuit breakers and meters.

1.4 Photovoltaic applications

Log on to the Internet, make long distance calls, turn on your cellular, watch TV,
get the latest weather report, and you have most likely relied on photovoltaics. That
is because solar cells power every telecommunication satellite and a good deal of
land based telecommunication networks that forms the basis for the information
highway. Solar cells also ensure the safe passage of ships and trains, by powering
navigation and railroad warning devices. In fact, the use of solar cells already
benefits hundreds of millions of people throughout the world.

As one of the first pilot applications, solar cells were used to power atelephone
relay system near Americus, Georgia, USA in the mid 1950s. Technically, the
system was a success, but an economic analysis revealed that the sun-powered unit
was not competitive with conventiona energy sources. The problem lay in the high
cost of the pure-grade silicon required for the manufacture of efficient cells, and in
the expensive, labor-intensive method of cell production. But just as it seemed
certain that solar cells would be discarded as a case of poor economics, the
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American space program created fresh interest in the technology. The space
program needed a long-term reliable power source for its satellites, and since there
is continuous sunlight in space, solar electricity require no storage and is therefore
the lightest per watt source of power. The space program created and sustained a
solar cell industry, and solar cells have powered almost every satellite since the late
1950s. Most of today’s production of solar cells goes into two big market sectors;
grid connected installations in industrial countries, and off-grid systems in
developing countries.

1.4.1 Building integration

Building integrated photovoltaics (BIPV) is the integration of photovoltaics into
buildings by replacing conventional building materials. For example, roofing
materials might be replaced with architecturally equivalent solar modules that
serve the dua function of building skin and power generator. As the building
constructors are saving the costs of conventional materials it becomes more
economical to buy and use photovoltaics. BIPV systems can either be connected to
the available utility grid or be designed as stand-alone, off-grid systems. Many
industrialized countries have national programs for building integration of
photovoltaics. In Europe, Germany has been the most aggressive promoter, with a
heavily subsidized program supporting the installation of 100000 rooftop
photovoltaic systems (www.100000daecher.de). In the USA was recently
announced a solar roofs program that aims to install solar panels on one million
roofs in America by 2010 (www.eren.doe.gov/millionroofs/). In Asia, Japan is the
driving force, currently with a program that aims at building 70 000 solar homes
and installing 4600 MW of photovoltaics by 2010 [11]. One of the benefits of grid-
connected BIPV systems is that on-site production of power is typically greatest at
or near the time of a building's peak loads. This provides energy cost savings
through peak shaving and demand-side-management capabilities. Because
photovoltaic collection areas can be extensive, they may have a significant impact
on building design. Therefore, it is important to involve architects, constructors,
and the local power utility from the earliest stage of aBIPV project.

1.4.2 Developing countries

One of the most important aspects of photovoltaics is the independence of the grid.
Just as the Bell researchers in the 1950s foresaw that photovoltaics would be used
to power applications in remote areas, rura electrification is till where solar
electricity can have the largest impact on peoples standard of living. Solar cells can
bring basic services, such as abundant clean water, electric lighting, and telephone
service to the more than two billion people living in remote areas without access to
the grid. Figure 4 shows an example of solar home systems, in this case providing
eectricity for fluorescent lighting in the village of Cacimbas in Ceara, Brazil.
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Figure 4. Photovoltaics contributing to the sustainability of global civilization by providing
clean, abundant energy. 50-watt solar home systems provide eectricity for fluorescent
lighting in the village Cacimbas in Ceara, Brazl. Courtesy US National Renewable Energy
Laboratories.

Solar power in developing countries is primarily used for household lighting
and radio and television. By extending the hours of available light it creates extra
time for productive activities such as sewing, basket-making and handicrafts, and
lets children continue studying after dark. Here, photovoltaics is a uniquely attrac-
tive source of electricity. The technology is already cost-competitive with
traditional alternatives such as kerosene lamps and small diesel generators.
Compared to energy from fossil fuels, solar energy systems are flexible, low
maintenance and environmentally benign, but they have their limitations. The
largest problem is that farmers will generally not be able to afford solar systems.
Furthermore, batteries to store solar electricity can be costly and problematic. A
backup system is required for nighttime and days with little sunlight, and disposal
of the batteries poses an environmental threat [12].

While solar home systems are beginning to have an impact, the potential of
solar energy is still relatively un-tapped within increasing agricultural productivity
and rural development in general. With a supportive financial and institutional
environment, small- to medium sized solar powered electricity generation plants
feeding into local village community grids could significantly improve larger scale
activities such as health care, education, water supply, communication, and
tourism. To fully exploit the potential of solar energy will require several institu-
tional changes in the energy sector [12]. Rural and agricultural development banks
must make solar energy systems eligible for loans. The systems must be made
more attractive to private investors. Above al, the energy, agriculture, education
and health sectors must work together to promote solar technology, improve
maintenance and servicing infrastructure, and create sustainable markets for the
creation, use, and funding of solar energy systems.
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2 Photovoltaic technologies

After the silicon photovoltaic cell was announced in 1954, it would take another 20
years until the interest for using solar cells for large-scale power production was
awakened. A direct cause of the increasing interest was the first oil crisisin 1973.
Up until then, solar cells were considered as high-cost devices for space applica
tions only. During the past three decades, extensive research and development
efforts have been devoted to finding new materials and fabrication processes with a
higher potential of cost reduction than that of the crystalline silicon technology.
But dill today, the demand for solar cells is covered mainly by thick film
crystaline silicon. In 1997, crystalline silicon accounted for nearly 90% of the
module production [3].

The silicon technology has proven excellent stability and reliability, with
modul es operating under outdoor conditions over several decades, showing hone or
only minor deterioration in performance. At present, the barrier for adopting solar
cellson aglobal scaleis directly related to the high cost of electricity generated by
solar cells. The high costs associated with the thick film crystalline silicon cells are
mainly due to the high energy demand for purification of SIO,, i.e. sand to silicon,
and to low material yield during the fabrication process. The photovoltaic industry
relies mainly on reject silicon from the microelectronics industry feedstock. With
the growth of the photovoltaic industry, this source of feedstock is becoming insuf-
ficient. The supply of silicon will remain a serious bottleneck until high capacity
production plants for solar-grade silicon are set up in order to supply a cheaper and
less pure form of silicon than what is currently used in the microelectronics indus-
try.

One of the most promising ways to achieve economical competitiveness of
photovoaltaics is to turn to thin film technologies. Thin film approaches are usually
thought of as those utilizing active semiconductor material of approximately 10 um
or lessin thickness. Thin film solar cells are composed of several thin films depos-
ited on low-cost backing materials such as ordinary window glass, or aternatively,
thin, flexible substrates such as metal or polymer foils allowing for roll-to-roll
deposition processes with potential for additional cost savings. By using direct
bandgap materials that have high absorption coefficients, the constraints on minor-
ity carrier lifetime and absorber thickness are less rigorous than for thick film
crystalline silicon cells. Therefore, the thickness of athin film device can be only a
fraction of that of thick film crystalline silicon cells. Another specific advantage of
the thin film technology is the possibility to grow large-area modules at once.

An alternative approach to reduce the cost of photovoltaic energy is using
concentrator technologies to partly replace relatively expensive semiconductor
material with module parts made of cheaper materials such as plastics for lenses or
aluminum for reflectors. However, in this case factors such as ease of manufacture
and scale-up, availability of direct sunlight, and cost of tracking the sun become
increasingly important. There are two common approaches to concentrators — one
uses line focus lenses or reflectors with concentration ratios in the order of 220,
and the other uses point focus lenses with concentration ratios of up to 1000.

2.1 Crystalline silicon solar cells
Silicon has been and continues to be the foundation for the photovoltaics industry.
The material is abundant, comprising about 20% of the earth’s crust. Because of its
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importance to the electronics industry, more is known about the properties of
silicon than of any other semiconductor material. Silicon solar cells are made using
either single-crystal wafers, multi-crystalline wafers or thin films. Single-crystal
wafers are diced (approximately 200-300 um thick), from a large single-crystal
ingot, which has been grown at around 1400 °C in a very energy-intensive process.
The silicon must be of a very high purity and have a near perfect crystal structure.
The best single-crystalline silicon cells produced in research laboratories are at the
22-24% level [13]. However, such record cells are based on sophisticated designs
and fabrication processes that are less suitable for large-scale commercia utiliza-
tion. In going from small-size, expensive laboratory cells to large-area, low-cost
commercial modules, various additional losses as well as compromises between
performance and cost will result in modules with efficiencies in the 15-18% range
[13].

Multi-crystalline wafers are commonly made by a casting process in which
molten silicon is poured into a mould and allowed to set, after which the ingot is
sliced into wafers. As multi-crystalline wafers are made by casting they are signifi-
cantly cheaper to produce, but not as efficient as single-crystalline cells. The lower
efficiency is due to imperfections in the crystal structure resulting from the casting
process. For both the single- and multi-crystalline technologies, almost half of the
silicon is lost as kerf in the dlicing process. Efficiencies of high-end laboratory
multi-crystalline silicon cells are in the 17-20% range, while commercial modules
are at the 14-15% level [13].

The present cost of crystalline silicon modules is approximately 4 USD per W,
In order to reduce the cogt, there are several new approaches emerging for fabrica-
tion of thick film silicon wafers, in particular for multi-crystalline silicon cells, but
the inherent fabrication obstacles of both the single- and multi-crystalline
technologies are hard to circumvent. Even with a considerable increase in produc-
tion volume, crystalline silicon technologies are not likely to meet the substantial
cost reductions that are necessary for large-scale production of solar cells.

2.2 The thin film approach

The first true thin-film solar cells, Cu,S/CdS, were originally developed for space
applications with the promise of better power-to-weight ratio than crystalline
silicon devices. High efficiencies were quickly achieved, and severa companies
were established to commercialize this technology [14]. However, due to inherent
reliability problems [15] most research work on Cu,S/CdS solar cells was termi-
nated by the mid 1980s. To date, there are three major thin film technologies
candidating for large-scale production. These are based on amorphous silicon (a
Si) or the multi-crystalline compounds cadmium telluride (CdTe) or copper indium
gallium diselenide (Cu(In,Ga)Se; or CIGS). aSi modules have been on the market
for many years primarily in consumer-type applications such as pocket calculators,
and are since a few years available also as full-size modules for power generation.
CdTe is in the startup phase for a first pilot production line [16], while the CIGS
technology has just recently been commercialized [17]. There are aso hybrid
approaches such as combined crystalline silicon-amorphous silicon cells. In
addition, work is being done to develop thin film crystalline silicon solar cells. The
following sections give an overview of the three thin film technologies that are
closest to the commercid reality.



Photovoltaic technologies 21

2.2.1 Amorphoussilicon (a-S)

Hydrogenated amorphous silicon was introduced as a material with a potential for
semiconductor devices in the mid 1970s [18] and is the first thin-film solar cell
material that has reached the stage of large-scale production. Amorphous silicon
has a higher optical absorption coefficient than crystalline silicon and, thus, can be
efficient a& much less thickness. In order to reduce recombination losses,
amorphous silicon solar cells are based on a p-i-n structure, consisting of athin p-
type doped layer, a central intrinsic i-type layer as the photon absorbing layer, and
a thin n-type doped layer. The electrical transport in the i-type layer is assisted by
an electric field.

Amorphous silicon solar cells are commonly deposited on glass coated with a
transparent front contact of either SnO, or ZnO. The most widely used deposition
technique is plasma enhanced chemical vapor deposition (PECVD). At present,
industrial fabrication processes for large-area amorphous silicon are limited by
rather low deposition rates, and the devices suffer from low efficiencies. One of the
main reasons for the limited efficiencies is the Stagbler-Wronski effect of light-
induced degradation [19], due to which the efficiency decreases after extensive
illumination. Typically for commercial amorphous silicon modules, an initial
efficiency drop of about 25% followed by stabilization and mild oscillation around
the stabilization point can be expected. Amorphous silicon cells in a tandem- or
triple-junction structure has the potential for improved efficiencies by better
utilizing the solar spectrum. Typically, efficiencies of stabilized triple-junction
laboratory cells reach the 13% level, while commercial triple-junction modules
have stabilized efficiencies in the 4-8% range [20]. The price of amorphous silicon
solar modules is still today, for a given stabilized power output, only marginally
lower than that of crystalline silicon modules.

2.2.2 Cadmiumtelluride (CdTe)

Thin films of cadmium telluride receive much attention as absorber materias for
efficient, low-cost solar cells. CdTe devices are commonly based on a CdS/CdTe
hetero-junction, and laboratory cell efficiencies as high as 16% and large area
modules at the 9% level have been reported [21]. Their advantages include direct
bandgap with nearly optimum value for photovoltaic applications, and good match
of the electron affinity to the cadmium sulfide window.

Based on predictions of optimum bandgap for solar conditions, CdTe was
suggested as a photovoltaic compound in 1959 [22]. The first efficient devices
based on the CdS/CdTe structure was accomplished in 1972 [23], and soon devices
with conversion efficiencies exceeding 10% were fabricated by screen-printing.
The first commercia product was released in 1982, but withdrawn again because
of stability problems related to degradation of the electrical contact to the CdTe
film [24].

CdTe films have been deposited by a variety of methods, including electro-
deposition, screen-printing, and high-rate evaporation, but the best performing
CdTe-based devices are fabricated using closed-space sublimation [21]. The raw
materials, cadmium and tellurium, are relatively inexpensive and available in
reasonable quantities. Cadmium is classified as an environmentally hazardous
material, but the compound CdTe itself is reported to be very stable [25]. Advances
in process development at the laboratory scale have been gradually transferred to
large-scale deposition and module fabrication. The most important players within
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commercidization of the CdTe technology are Matsushita in Japan, Antec in
Germany, and First Solar and BP Solar in the USA [26].

2.2.3 Copper indium gallium diselenide (CIGS)

Copper indium diselenide (CIS) is a p-type multi-crystalline semiconductor with
high optical absorption coefficient. For thin film solar cell applications, this
compound is used in a heterojunction structure, commonly with a very thin n-type
cadmium sulfide layer. The optimal bandgap for a single-junction solar cell with
respect to the solar spectrum is around 1.4 eV [27]. Pure CulnSe, has a bandgap of
1.04 eV. To increase the bandgap, indium can be partially replaced by gallium,
thus obtaining copper indium gallium diselenide (CIGS). An indium to gallium
ratio of 20-40% will result in a bandgap of approximately 1.1-1.2 €V which has
been shown empirically to give the best cell results. The bandgap of pure CuGaSe,
(CGS) is 1.67 eV. A further degree of freedom is achieved by the partial substitu-
tion of Se, for S, (CIGSS). The direct bandgap and the high absorption coefficient
of CIGS relaxes the requirements on minority carrier lifetime and facilitates
thinner absorber layers since the photo-excited carriers are generated close to the
depletion region [28]. This makes CIGS a suitable compound for thin film solar
cells.

CIGS thin film solar cells have been fabricated by several research groups at
over 15% efficiency, and the efficiency record obtained for a small laboratory cell
is as high as 18.8% [29]. Laboratory mini-modules have reached 16.6%
efficiency [30]. In terms of stability, CIGS solar cells do not have the problem of
light-induced degradation. On the contrary, they tend to exhibit a dlight increase in
open circuit voltage and in efficiency during the first hours of operation. CIGS
devices have shown promising results in outdoor long-term performance tests [31],
but at the same time they are more sensitive than for example crystalline silicon
solar cellsto hot and humid environments[32].

Cu(In,Ga)Se, is considered to be one of the most promising materials for large-
scale fabrication of low-cost high-efficiency thin film solar cells, and as device
results are approaching two of the important milestones on the route to commer-
cidization — the 15% efficient module and the 20% cell — several research
institutes have announced their plans for CIGS production lines. The first, and so
far the only, commercial CIGS module was released in 1998 by Siemens Solar
Industries [17], but the US-based production is still on a limited scae. It is
expected that CIGS modules in mass production will be substantially cheaper than
wafer-based crystalline silicon modules. Module production costs of less than
1 USD per watt peak is commonly forecasted [11]. Much of the current research
activities in the CIGS field are directed towards manufacturability issues such as
technology scale up, module design, packaging, and long-term stability. Other hot
research topics are the possibilities to reduce the amount of indium used, and to
remove or to find aless hazardous replacement of the thin cadmium sulfide layer.

2.3 Concentrator systems

Concentrating sunlight onto high efficiency solar cells has the potential to yield
lower electricity costs than conventional photovoltaic power systems. The
challenges for solar concentrator systems are to utilize cheap mirrors or lenses
which can accurately concentrate the sun onto an area of photovoltaic modules, to
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reliably and accurately track the sun, and to adequately cool the solar cells to
maintain a high power output.

The idea with concentrating photovoltaic systems is to partly substitute the
relatively expensive photovoltaic absorbers with cheap light concentrating devices.
Concentrators can be of various types. For low concentration ratios (up to 20-30)
different types of reflectors or mirrors are most common, while lenses made from
glass or plastic are normally used at higher concentration ratios. The lenses can
concentrate the sunlight as much as 1 000 times. Since the reflector or lens material
is often far less expensive than the semiconductor absorber, this may seem a cost-
effective way of boosting module output. Furthermore, modules operating in
concentrated light exhibit higher efficiencies, which additionally lower power
costs. However, concentrator systems are inherently more complicated than
conventional flat-plate photovoltaic systems. Since concentrator cells are not able
to use the diffuse component of the sunlight, most high-concentrating systems
must track the sun to remain perpendicular to the incoming direct beam radiation.
Concentrators therefore need to be mounted on tracking devices that follow both
the sun’s daily and its seasonal movement across the sky. Trackers add both
mechanical complexity and operation and maintenance requirements to the system.

Efficiency of photovoltaic cells is temperature dependent. For most type of
cells, the efficiency decreases with increasing temperature. Since a typical solar
cell operate at 10-15% conversion efficiency, only a small fraction of the incoming
solar irradiation is converted to electricity. A major fraction of the remaining
irradiation is dissipated as heat in the absorber material. Typically, the operating
temperature for conventional flat-plate photovoltaic modules will be 20-25 °C
above the ambient temperature, lowering the efficiency about 10% relative. For
concentrator systems, this is much more of a problem. Even at concentration ratios
of only 4, a photovoltaic module will easily reach a temperature of 80-100 °C,
resulting in drastic performance loss, and, in a worst case, permanent damage of
the module. Therefore, the temperature of modules in concentrator systems must
be controlled either by passive or active cooling. The energy extracted by active
cooling, for example by circulating water, may be used in various ways, for
example to heat tap water. Of course, this will further increase the complexity of
the system.

Degpite the additional complexity, many engineering experts believe that
electricity produced from concentrator photovoltaic systems will be more
economical per watt than conventional flat-plate systems that operate under non-
concentrated sunlight, once the systems are produced on a large scale [33]. The
reduction in expensive semiconductor material requirements, the high efficiency of
concentrators, and the additional energy extracted as heat, is expected to compen-
sate for the additional costs of tracking and cooling.
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3 Fabrication and characterization of CIGS-based devices
CulnSe, was first synthesized by Hahn and co-workers in 1953 [34], but not until
1973 it was proposed as a photovoltaic material by Wagner and co-workers, who
reported on a single-crystal based cell with an efficiency of 12% [35]. Large
progress in the development of multi-crystalline CIGS solar cells was made by
Boeing Corporation during the early 1980s, when an efficiency higher than 10%
was achieved with a three-source co-evaporation process [36]. By using a different
process, based on selenization of stacked metal layers, Arco Solar achieved cell
efficiencies as high as 14.1% in 1987 [37]. Arco had the intention of commercial-
izing their technology, but due to poor reproducibility and low production yield,
the envisaged pilot production was considerably delayed. Not until 1998, long after
Arco Solar had become Siemens Solar Industries, the first commercial products
was introduced to the market [17]. Initialy, Siemens released a series of 5- and 10-
watt modules produced at the pilot plant in California, USA. To date, the Siemens
plant is fabricating up to 40-watt modules, and the production capacity is expected
to reach 10 MW,, before the year 2005 [38]. Another important player in this field
is Wirth Solar, GmbH & Co. KG, who is operating a 1.2 MW, pilot production
facility in Marbach, Germany, aiming at scaling up to 10 MW,, [39]. Global Solar
Energy Inc. have a dlightly different approach to take market shares by aiming at
niche applications where lightweight, flexible solar cells are vaued [26].
Currently, Global Solar’s prototypes are being evaluated in military field exercises
under the supervision of the US Department of Defense. In addition to the organi-
zations mentioned above, there are a number of companies which are at early
stages of commercialization. These include Siemens Solar GmbH in Germany [39],
Showa Shell Sekiyu K.K. in Japan [40], and the three American companies Energy
Photovoltaics Inc., International Solar Electric Technology Inc., and Unisun [26].

3.1 State-of-the-art

As aresult of the extensive research efforts during the past decade, a ClGS-based
mini-module with an efficiency of 14.7% [41] and a gridded mini-module with an
efficiency as high as 16.6% [30] have recently been reported. In addition, an 18.8%
efficient small-area cell has been confirmed [29]. Figure 5 shows the history of
CIGS efficiency records as found in the Solar Cell Efficiency Tables, periodically
published since 1993 in Progress in Photovoltaics. Only cells larger than 1 cm?,
mini-modules smaller than 100 cm?, and large-area modules above 3000 cm? are
reported.
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Figure 5. Evolution of CIGS record efficiencies in the past decade. All data are taken from
the Solar Cell Efficiency Tables published in Progress in Photovoltaics.

In Figure 5 it can be seen that the evolution of the mini-modules is basically
paralld to that of the record cells, the progress in the large modules possibly being
dightly dower. Small cells can be used to achieve proof-of-concept record
efficiencies, but they can also be used to show control and quality of economically
viable baseline processes. However, small cells have no real product applications,
and an increasing number of groups are working with, and producing, mini-
modules. This serves to develop technologies, as well as to learn optimization
schemes for full size module production. Taking the step from the mini-module
scale to full-size modules is only an increase in substrate size, where the most
critical issues are those of substrate temperature as well as compositional and
thickness uniformity. For both cells and mini-modules, record efforts deviate from
baseline efforts by a relaxation of the scalability, cost, yield, and throughput
concerns.

CIGS devices are typically fabricated in a substrate configuration by sequen-
tially depositing metal and semiconductor layers on a suitable base substrate (see
Figure 6). The substrate is an important part of the device — not only does the
quality of the substrate influence the properties of the device, but also the repro-
ducibility of the fabrication process [42]. Ceramics as well as metal and polymer
foils can be used as substrates, but most common is soda-lime glass.

The first layer deposited on the substrate is the molybdenum back contact,
which serves as a conductive path for the photo-generated current and provides a
good contact to the p-type CIGS absorber. Molybdenum has proven to have a
number of important properties, such as tolerance to the relatively high process
temperatures during CIGS growth, resistance to alloying with copper, indium, and
galium [43], and good contact properties. DC magnetron sputtering is the
dominant deposition technique for the molybdenum back contact. It is a well-
established industrial process with high throughput capacity [44].
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Figure 6. The structure of Cu(In,Ga)Se,-based thin film solar cells in substrate configura-
tion. Courtesy Jan Sterner, Angstrém Solar Center.

For growing the Cu(ln,Ga)Se; film, there are mainly two different approaches.
In the first method called selenization, precursor layers of indium, gallium, and
copper are first sputtered onto a substrate and thereafter selenized by annealing in
H,Se or elemental selenium vapor [40]. With the other method the elements are co-
evaporated onto a heated substrate. This generally yields better |aboratory efficien-
cies, but has less good prospects for up-scaling [26]. Most CIGS-based solar cells
use a window structure consisting of chemical bath deposited cadmium sulfide, and
abi-layer of high and low resistive sputtered ZnO.

3.2 Baseline processing
At the Angstréom Solar Center a baseline device recipe has been implemented, in
which al steps in the fabrication, from substrate purchasing to device measure-
ments, are defined for maximal simplicity and statistical significance [41]. The
baseline gives a well-defined reference level for the experimental work as well as
serving as a prototype of a pilot production. The criteriafor selection of the process
steps in the baseline are a combination of device superiority, process simplicity,
potential cost, and statistical significance of the result.

Figure 7 shows a transmission electron micrograph of the cross section of a
baseline CIGS device, and the fabrication process for each of the layers in the
device are discussed in the following sections.
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Figure 7. Transmission el ectron micrograph of the cross section of a baseline CIGS device.

3.2.1 Glasssubstrate

In the baseline, devices are fabricated on soda-lime glass substrates. These are
either 2 mm thick standard float glass or 1 mm thick low-iron glass. Soda-lime
glass is preferred because of its low cost, well matched thermal expansion coeffi-
cient to the absorber layer, high surface quality, and its chemical composition. The
substrates are cut and ultrasonically cleaned using soap and water heated to 60 °C,
followed by thorough rinsing and spin drying under blowing nitrogen.

3.2.2 Molybdenum back contact

The nucleation and growth of Cu(In,Ga)Se, grains are directly influenced by the
thermal, morphological and chemical properties of the molybdenum back contact.
It has been found that the use of soda-lime glass substrates results in high concen-
trations of sodium both in the molybdenum and in the CIGS [45]. During CIGS
deposition, sodium diffuses out of the glass, through the molybdenum, and affects
the Cu(In,Ga)Se, formation in a favorable way, resulting in large grains and high
film density [46]. A considerable effort has been put into understanding the
properties of the molybdenum back contact and to establish a good baseline recipe
[44] for this process step. In the current baseline, the molybdenum back contact is
grown at a thickness of 250400 nm by a single pass in an in-line DC magnetron
sputtering system.

3.2.3 Cu(In,Ga)Se, absorber

The Cu(In,Ga)Se, absorber is formed by co-evaporation from open boat sources
using mass spectrometry control. Three 5x5 cm? substrates are loaded in each run,
and the substrates are mounted onto a graphite plate and heated from the backside
by quartz halogen lamps. The pressure in the chamber is typically 10° mbar, and
the substrate temperature is constant and set at 510 °C during the 60 minutes of
CIGS growth. The thickness of the absorber is between 1.5 and 2 um, with a
typical gallium to indium plus gallium ratio at the 25% level. There is no inten-
tional use of any compositional gallium grading through the depth of the CIGS
layer, nor is there any additional sodium precursor. The fact that the evaporation
sources are physically separated will result in compositional gradients laterally
across the samples. In spite of this, devices with comparable performance can be
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prepared from all samples in a deposition run, which indicates a considerable
compositional tolerance. In order to avoid oxidation of the absorber, which is
known to have a negative effect on device performance [47], the thin cadmium
sulfide buffer layer is deposited shortly after absorber growth. With this film as a
protective coating, samples have been stored for several months in room tempera-
ture prior to completing of devices without noticeable impact on device
performance.

3.2.4 Cadmium sulfide buffer

The thin cadmium sulfide buffer layer is prepared by chemical bath deposition.
The film is formed by immersing the substrate in a cold alkaline agueous solution
containing 1M ammonia, 0.3M thiourea and 0.01M cadmium acetate. The reaction
vessdl is placed in a water bath at 60 °C. The deposition rate is determined by the
temperature, pH and the relative concentrations of the chemical reactants [48]. A
deposition time of around seven minutes is required to reach the desired film
thickness of about 50 nm.

3.2.5 Zn0O/ZnO: Al Window

Devices are completed using a bi-layer of high- and low-resistive ZnO. Both the
50-100 nm thick high resistive ZnO and the 300400 nm thick low resistive Al-
doped layer are RF magnetron sputtered without intentional substrate heating. RF
sputtering may be a process too dow for industrial application, but it produces high
quality devices at the laboratory level. The sputtering system used in this work is
equipped with two parallel ceramic circular 5-inch targets, one pure ZnO for the
high-resistive layer, and one ZnO/Al,Oz (98/2 weight %) for the low-resistive
layer. Pure argon, as well as Ar-O, mixes, are used as sputter gases. The substrates
are placed under one target at a time, and substrate to target distance is fixed at
about 10 cm. A base pressure of at least 7107 mbar is obtained before each sputter
process.

The baseline recipe consists in pre-conditioning the targets in an Ar-O, mix,
then pre-sputtering and sputtering the films in pure argon. Although this makes
high quality devices, it is very wasteful in both time and target material. Therefore,
an aternative process requiring neither pre-conditioning nor pre-sputtering has
been investigated. In this process, which is called the “bleed”, very small quantities
of oxygen are added to the argon during the deposition in order to sustain stable
state conditions for continuous in-line deposition. The bleed process is further
discussed in section 4.3.1.

3.2.6 Making cellsand mini-modules

For making standard test cells, a 5x5 cm? device is cut into three 5x1.7 cm? stripes,
each on which eight or maximum nine 0.5 cm® single cells are defined by
mechanical scribing. The single cells are contacted by tapered finger grids in a
50/3000/50 nm thick Ni/Al/Ni sandwich. The nickel layers serve two purposes.
The first layer improves the properties of the contact to the ZnO:Al, and the second
layer protects the aluminum from long-term corrosion (see section 6.6.1). The grids
are deposited by electron gun evaporation through a shadow mask and cover
approximately 2.5% of the total cell area. Following the baseline recipe yields cell
efficiencies in good control at the 14-15% level without the use of anti-reflective
coatings.
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When the baseline is used for mini-module production, the molybdenum back
contact is patterned using photolithography while interconnect and isolation scribes
are performed mechanically. Typically, the 20 cm® mini-modules have eight or
nine cells and the total area efficiencies are in the 12-13% range. The efficiency
deviation between cells and modules is further discussed in Chapter 4. A stripe of
basdline cells and amini-module is shown in Figure 8.

T e e S

Figure 8. Photographsin 1:1 scale of a stripe of basdline cells and a mini-module.

3.3 Encapsulation
Since many manufacturers of crystalline silicon modules today give a 20 to 30 year
warranty on their products, good long-term stability is an important requirement
for any new photovoltaic technology entering the commercia scene. Photovoltaic
modules in field conditions are subjected to a unique set of stresses that may alter
their stability and, hence, their performance, both near term and in the long run.
These stresses include ultraviolet radiation, elevated temperatures, daily as well as
annual thermal cycles, atmospheric gases and pollutants, and, in concentrating
systems, high-intensity irradiation. In addition, rain, hail, dust, wind, condensation
and evaporation of water, thermal expansion mismatches, etc., may cause module
failures [49]. A prerequisite for stability is that the materials that compose the solar
cells are intrinsically stable. In addition, an encapsulation is needed to protect the
devices from external stresses. Once the bulk properties of the module component
materials are stable, the initiation of many degradative effects can be expected to
occur at surfaces and interfaces. To prevent this, a proper encapsulation must be
developed, where the collective action of all external stress factors are considered.

A good encapsulation fulfills the following criteria: it is cheap; it provides
structural support; it gives a good optical coupling between the solar cell and the
incident solar irradiation in the spectral region of interest; it provides physical
isolation from exposure to hazardous or degrading environments; it provides
electrica isolation of the solar cell circuit from both operational and safety
viewpoints, as well as good thermal conductivity to avoid overheating; and it has
an operational lifetime of 2030 years [49].

Crystaline silicon modules are typically laminated between a cover glass and a
backing substrate, using an encapsulant. To be economically and practically useful,



Fabrication and characterization of CIGS-based devices 31

the encapsulant material has to meet the requirements of low cost, good
processability, high optical transmission, high dielectric constant, low water
absorptivity and permesbility, high resistance to ultraviolet degradation and
thermal oxidation, good adhesion, mechanical strength, and chemical inertness.

The encapsulant that has been used predominantly for the last decade by the
photovoltaics industry is the ethylene vinyl acetate (EVA) copolymer, developed
by US-based Jet Propulsion Laboratory and Springborn Laboratories in the early
1980s [50]. In a detailed survey of potential candidate encapsulants, EVA stood out
as the most promising, mainly because of its relatively low cost. After many years
of extensive research and development, EVA is today technically mature and
fulfills most of the criteria listed above. A detailed review of the EVA-based
encapsulation technology is given in [49].

In the present work, a prototype system for encapsulation of small-area labora-
tory CIGS devices has been developed. The setup, shown in Figure 9, consists of a
temperature controlled hotplate and a two-chamber low-vacuum system. Firsts
attempts to encapsulate mini-modules with various encapsulants such as EVA,
thermoplastic, and silicones have yielded promising results. Accelerated lifetime
tests where the various encapsulants are compared from a long-term stability point
of view are discussed in section 6.7.

Figure 9. Prototype system for encapsulating small-area CIGSthin film solar cells.

3.4 Characterization techniques

In order to understand the possible relationships between the material properties
and the final device performance it is necessary to investigate both the material
characteristics and the electrical behavior of the CIGS solar cells. This section
gives a description of the key characterization techniques applied in this work.

3.4.1 Current-voltage characteristics
Current-voltage characterization of small-area devices (up to 5x5 cm?) is done in
standard test conditions using a solar simulator based on a single 300-W ELH
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tungsten-halogen light source with cold mirror, normalized to a light intensity of
100 mW/cm?. Current and voltage are imposed by a computer controlled HP4142B
monitor with a one-ampere HP41420A source monitor unit. The samples are
placed on a temperature-controlled stage (25+1 °C) and contacted in a four-point
probe configuration. In order to stabilize the devices prior to characterization, these
are subject to post-growth treatment. In the current baseline the procedure for this
is defined as 2+2 minute cycles of subsequent air annealing at 200 °C. The current-
voltage measurement set-up with the solar simulator is shown in Figure 10.
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Figure 10. Current-voltage characterization set-up.

As the tungsten-halogen light source ages, the spectrum is shifted towards
longer wavelengths which, due to the cold mirror, will result in lower current
values for basdine cells. This effect is compensated for by gradually lower the
position of the lamp, thus bringing it closer to the device under test. The light
intensity on the sample will still be 100 mW/cm?® but at a dlightly different
spectrum. The expected service life of the lamp is 36 hours but to avoid to large
shifts of the spectrum the lamp is regularly replaced after 30 hours.

As an external load is connected to the illuminated solar cell the current flow in
the circuit can be seen as the result of two counteracting currents. The current-
voltage characteristics can be described as

Qv
L=, =1, =1,(e™ -1 -1,

where | is the total current, |, the saturation current, g the electrical charge, V the
applied voltage, k Boltzmann's constant, A the diode ideality factor, and T the
temperature. The photo-generated current |, represents the light generation of
carriers, while the diode or dark current I is given by the characteristics of the p-n
diode [51]. The diode ideality factor depends on material characteristics such as
doping and trap density, and typically has a value between 1 and 2 [51]. In theory,
the light current-voltage curve is just the dark diode curve shifted by the light
induced current. In reality, however, solar cells often behave differently in dark
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and under illumination. Figure 11 shows the ideal current-voltage characteristics of
asolar cell in dark and under illumination.

Under normal operation, the highest current value is obtained under short
circuit conditions, i.e. a V=0, as seen in Figure 11. The short circuit current | is
given by

I, =1(V=0)=1,

while the open circuit voltage V,. can be derived from the equation of the current-
voltage characteristics as

V., :AkTIn[IL+1j
q

0

The maximum power Phox = lhaxMmax that can be produced is indicated by the
area of the rectangle in Figure 11. From the maximum power point, the fill factor
FF can be calculated. FF is a quantitative measure of the quality of the device
through the squarness of the current-voltage curve, and is defined as

V|
FF: max ~ max

VOCJS:
The energy conversion efficiency , of asolar cell is defined as
Vi mae Vool oFF

— Vimax | max
P
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where P;, isthe total radiation incident on the solar cell.
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Figure 11. Current-voltage characteristics of a solar cell in dark (dotted line) and under
illumination (solid line). Open circuit voltage (Voc), short circuit current (Is) and maximum
power point (P, areindicated.

The set-up shown in Figure 10 is not suitable for testing devices with areas
larger than 5x5 cm?. This is partly because the solar simulator produces relatively
non-uniform illumination over larger areas. In Paper VI, commercia CIGS
modules with areas of 30x30 cm?, were tested in a large-area solar simulator at the
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Division of Energy and Building Design, Lund Institute of Technology. This
simulator uses seven Philips MSR 2.5 kW dimmable metal halide lamps, placein a
honeycomb configuration with a maximum lateral width of 2.3 m. Compared to the
solar spectrum, the spectrum of these lamps are dightly shifted towards shorter
wavelengths. To obtain light as parallel as possible, each lamp is mounted in a
combined parabolic and hemispherical reflector arrangement. In order to simulate
the movement of the sun across the sky, the lamps are mounted on a movable
frame, rotating around a horizontal axis through the center of the wall where the
photovoltaic modules are mounted. The wall itself can rotate around a vertical axis.
This arrangement is shown in Figure 12. Results from the measurements are
further discussed in section 5.2.4. Additional technica details on the large-area
solar simulator are givenin [52].

Figure 12. Large-area solar simulator at the Division of Energy and Building Design, Lund
Ingtitute of Technology.

3.4.2 Temperature dependent current-voltage characteristics

Temperature dependent current-voltage {1-V(T)} measurements are done in both
light and dark conditions. The I-V(T) set-up is based on an AET/Kel-Tran continu-
ous flow cryostat with a Lakeshore 330 temperature controller and a Keithley 2400
source monitor unit. Measurements are done in vacuum at temperatures ranging
from 100 to 380 K in steps of 20 K. A four-point probe configuration is used for
contacting. The system is controlled by a PC with LabView software. The set-up is
shown in Figure 13.
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Figure 13. Set-up for temperature dependent current-voltage characterization.

3.4.3 Quantum efficiency

The quantum efficiency QE()) is the ratio of the number of carriers collected by
the solar cell to the number of photons at a given wavelength of the incident light.
It is often useful to look at the quantum efficiency of the light left after the
reflected and transmitted light has been subtracted. The term internal quantum
efficiency refers to the efficiency with which photons that are not reflected or
transmitted out of the cell can generate current. By measuring the reflection and
transmission of a device, the external quantum efficiency curve can be corrected to
obtain the internal quantum efficiency curve.
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Figure 14. Typical wavelength resolved external quantum efficiency plot of a basdine CIGS
cell.
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Figure 14 shows a typical quantum efficiency plot of a baseline CIGS cell. This
is the external quantum efficiency, i.e. it includes the effect of optical losses such
as transmission and reflection. Idedlly, the quantum efficiency is a square (dotted
line), but in redlity it is reduced due to recombination effects (solid ling). The dip
in the curve at around 450 nm is characteristic for CIGS solar cells and is caused
by absorption in the thin CdS buffer layer. In addition, the curve often includes a
number of interference fringes as indicated. A measure of the “true” short circuit
current density of the device under test is obtained by integrating the quantum
efficiency multiplied with the solar spectrum.

The quantum efficiency set-up used in the present work has a xenon light
source, allowing measurements at wavel engths down to 360 nm. The light from the
monochromator is chopped and transmitted to the sample by optic fibers for
enhanced flexibility. The response signal from the device under test is fed through
a lock-in amplifier, which facilitates light-bias measurements. System operation
and data collection are controlled by a PC with LabView software.

3.4.4 Resistivity and figure of merit

The resistivity pof the filmsin baseline CIGS devices is routinely characterized by
sheet resistance measurements using a four-point probe set-up. Figure 15 illustrates
the probe configuration. A small current from a constant-current source is passed
through the outer two probes and the voltage is measured between the inner two
probes. For athin film with thickness W much smaller than either a or d, the sheet
resistance R, is given by R, = V/I-CF [@/o], where CF is the correction factor
shown by the curves in Figure 15. From this, the resistivity is calculated as p =
R,-W[acm].
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Figure 15. A four-point probe configuration with correction factor for measuring the sheet
resistance of thin films. After [51].

For the ZnO:Al transparent front contact in particular, the sheet resistance is a
useful measure of the status of deposition process. By introducing the figure of
merit for the front contact process, the condition of the ceramic sputtering target
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can easily be checked by measuring the sheet resistance of the deposited film. The
figure of merit is expressed in terms of reduced current density due to optical
losses in the front contact for a given front contact sheet resistance. Based on
spectrally resolved transmission and reflection measurements, the current 1oss is
calculated from the fraction of the available light within the wavelength range of
the absorber quantum response, which is not transmitted through the front contact.
Thisis schematicaly illustrated in Figure 16.
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Figure 16. Current loss calculation for the ZnO: Al transparent front contact: The number of
available photons in the solar spectrum (a) isintegrated with the internal quantum response
of the CIGS absorber (b), and with the measured optical losses (reflection plus absorption)
in the front contact (c).
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Figure 17. Experimentally obtained figures of merit for the baseline ZnO: Al transparent
front contact, plotted for different absorbers. In each case, the figure of merit is given by the
slope of the straight line.

The absorption of a material increases exponentialy with the film thickness d
according to A [7(1-e79), where a is the absorption coefficient. However, for small
a, i.e. for low-absorbing materials, (1-e7) = 1- (1-a-d) + ¥(1-a-d)?* + ... = awd.
Hence, for a given front contact deposition process, yielding low-absorbing films,
the absorption and thus the current loss at a given absorber, should increase close
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to linearly with the thickness of the front contact, while the sheet resistance is
inverse proportional to the thickness. Plotting current loss against sheet conduc-
tance (the inverse of sheet resistance) should therefore yield a straight line, and the
figure of merit is given by the slope of this line. The figure of merit is thus a
unique number for a given absorber and a given front contact process. Best module
efficiency, with respect to optical and ohmic losses, would be achieved by using
the front contact process with the lowest figure of merit, i.e. the line with the
smallest slope. This is demonstrated in Figure 17, where the current loss of the
baseline ZnO:Al process is plotted for three different absorbers with different
bandgaps, both against sheet resistance and sheet conductance. As further
discussed in section 4.3, these kind of plots are useful when designing modules.
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4 Design of CIGS-based modules

As discussed in Section 3.1 the development of cells and modules have proceeded
more or less in parallel, although the efficiency levels of record modules aways
tend to be a significant step behind record cells as can be seen in Figure 5 above.
From this, one might conclude that there is a large fundamental difference in
performance between cells and modules. However, it is not relevant to compare
best cell level to best module level. While modules are often fabricated with
processes transposable to large-scale production, where homogeneity, yield, cost,
parameter sensitivity and process simplicity are all critical for a successful result,
the highest cell efficiencies reported are often achieved by using extreme condi-
tions, far from fulfilling these requirements.

Nevertheless, there is often a noticeable difference in performance between
cells and modules, also when fabricated with basically the same processes [53, 54].
This can partly be explained by non-uniform film deposition, which will affect the
performance of small-area cells less than of larger-area modules. In addition,
modules usualy have a larger fraction of dead area, i.e. area that is not active in
current generation. Furthermore, the quality of cell interconnects and the fact that
optimization of the transparent front contact for modules is quite different from
that of cells, contribute to this discrepancy. The problem of non-uniform film
growth is related to up-scaling and manufacturability of the technology as such,
and is not addresses in the present work. Here, the three major design issues
considered are the interconnect structure, the transparent front contact, and the
module geometry. These and other aspects on design of CIGS-based modules are
discussed in Papers |1, IV=VIII, and also briefly reviewed in the following.

4.1 Cell interconnects

As cells are integrated into modules, functional parts — interconnects — are added to
the device structure. At the same time, various loss mechanisms are induced in the
device. In particular, parasitic ohmic losses in the contacts, shunting of current
between cells, and area losses due to scribing are significant effects. The efficiency
gap between cells and modules can be reduced, to a large extent, by paying atten-
tion to these issues. The successful module design will always involve a trade-off
of dead area versus ohmic losses, optical losses and leakage currents.
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Figure 18. Standard interconnect design for CIGS modules based on the conventional
Mo/Cu(In,Ga)Se,/CdSZn0O/ZnO: Al device structure.

The standard interconnect structure used for conventional CIGS modules is
shown in Figure 18. This structure was originally developed for amorphous silicon
modules [55], but has for a long time been used by many groups within the CIGS
community as well [56, 57]. In the baseline process, the molybdenum back contact
is patterned using photolithography while interconnect vias and isolation scribes
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are performed mechanically. In the design of a module, it is important to consider
not only the effects of resistive losses in the ZnO to Mo contact but also the shunt
conductance through the CIGS in the back contact scribe. Furthermore, an
optimized interconnect structure is a trade-off of dead area versus leakage currents
and resistive losses.

For modeling of the standard interconnect structure in Paper 1V, it was assumed
that the total dead width g;+ o+ Qo+ dstgs is 400 um, and that it is equally
divided into the five sections shown in Figure 18. However, it is demonstrated in
[56] and in Paper VII that the dead areas between the scribes can be eliminated
with a sufficient control of the position of the scribes, and that the scribes can be
made as thin as 25-50 um width a good scribing technology, which would give a
total interconnect width of 75-150 um. Design of interconnects is further discussed
in [58] and [59], as well as in Papers IV and VII, where, in the latter, modules
based on different interconnect structures are realized experimentally and
compared using power loss calculations.

4.2 Power loss analysis

A power loss analysisis a useful tool to understand in which parts of a module the
losses occur, and to quantify these losses. In the present work, a spreadsheet model
has been developed for calculating the power losses in modules. The model is used
in Paper VII to justify the concept of gridded modules, and in Paper VIII to
compare different module designs from a long-term stability point of view.
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Figure 19. Power loss analysis, comparing a conventional module with a baseline cell. All
losses are calculated relative to an ideal cell.

In Figure 19, the most significant losses for a conventional module are
compared to those for a baseline cell. Here, the losses are calculated relative to an
“ideal” reference cell based on a material quality of a 15% efficient cell exhibiting
30 mA/cm? at its maximum power point. This device is ideal in the sense that is
has a totally transparent ZnO:Al front contact and no ohmic losses. From this
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reference level, the additional power losses that are caused by optical absorption,
parasitic resistances, shunting, dead area, and shadowing, are calculated for each
device operating at its maximum power point. As can be seen, the baseline cell
experiences losses with respect to the reference cell that are approximately
1.2 mW/cm?, while the module losses are 2.3 mW/cm? The difference is mainly
due to increased optical and ohmic losses in the front contact, which has to be
thicker (i.e. more conductive and less transparent) than for cells, to achieve best
module performance. As is discussed in the next section, optimizing the front
contact is, to alarge extent, a trade-off between its optical and electrical properties.
Since the baseline cell has grids on top of the front contact, the current collection
length is much smaller than for the module. Therefore, the cell can tolerate a more
transparent, i.e. a less conductive, front contact, which results in lower optical
| osses.

The qualities of the power loss analysis are further described in Paper VIII,
where the evolution of the losses during accelerated ageing is also discussed.

4.3 Optimizing the transparent front contact

One of the key issues in module design is optimizing the low-resistive aluminum
doped zinc oxide transparent front contact. This layer has to be conductive enough
to not cause too high ohmic losses and transparent enough to avoid severe optical
losses. The ohmic losses depend on the conductance of the ZnO:Al as well as the
module geometry, while the optical losses are determined by the optical properties
of the front contact. Designing a module involves a trade-off between the electrical
and the optical properties of the front contact.

There are two levels of front contact optimization. Firstly, the material used, in
this case ZnO:Al, should be as transparent as possible for given electrical proper-
ties, i.e. its figure of merit (see section 3.4.4) should be optimized. Thisis achieved
at the process level. Secondly, once the process is defined and fixed, a proper
working point on the figure of merit curve is chosen. The working point, i.e. the
current loss for a given conductance, is dependent on the segment width, or the
lateral current collection length of the cellsin the module.

4.3.1 Optimizing the process

In Paper Il, a study on optimization of RF-sputtered ZnO:Al/ZnO films for
baseline CIGS devices is presented. Here, two different processes are investigated;
the baseline (see section 3.2.5) and what is called the bleed process. In the baseline
process, the targets are preconditioned in an argon-oxygen mix, followed by pre-
sputtering and sputtering the films in pure argon. Although this makes high quality
devices, it is very wasteful in both time and target material. In the alternative bleed
process, neither pre-conditioning nor pre-sputtering is needed. Instead, very small
quantities of oxygen are added to the argon during the deposition so as to sustain
stable state conditions for continuous in-line deposition.

In Paper 11, the influence of power, pressure and flow on deposition rate, film
conductance and transparency, at fixed pre-conditioning and pre-sputtering
conditions, have been examined. The transparency is qualified using the current
loss measurements and the trade-off between transparency and conductance is
characterized by the figure of merit. Good reproducibility of the bleed process is
proven for a gas mix with 0.5% oxygen. As can be seen in Figure 20, the figure of
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merit obtained for the bleed process is similar to that of the baseline. Thus, the
optical and electrical properties of the films are equal for the two processes.
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Figure 20. Figure of merit curves for two different front contact processes, calculated for
the baseline absorber.

The basic open question is the influence of the oxygen on the interface of the
growing device. It has been shown that having oxygen in the plasma can be harm-
ful to the device in the conditions where the CdS is too thin [58]. However, from
the experimental cell results obtained in Paper Il it appears that both tested
processes render equal device quality.

From a large-scale manufacturing point of view, processes that can run
continuously are preferred over ones that require regular conditioning, and faster
processes are preferred. Assuming equal device quality, the bleed process has the
great advantage of being steady state and compatible with in-line deposition. It
remains to be shown whether this process can be competitive with DC magnetron
and DC reactive processes, which are generally considered to allow higher deposi-
tion rates than RF processes.

4.3.2 Choosing the working point

Once the deposition process is defined, the appropriate working point on the figure
of merit plot must be selected. To illustrate the procedure, an example is given in
Figure 21. This graph is calculated for a conventional module structure at one-sun
illumination, using the software Module Design [59]. Here, the cell width (hence
the maximum lateral current collection length) is optimized for maximum conver-
sion efficiency as a function of the ZnO:Al front contact sheet resistance, taking
into account the figure of merit for baseline absorbers that is shown in Figure 17.
As input to the model is assumed baseline CIGS quality rendering 14.4% active
area cells. Both the optimum cell width and the resulting module efficiency at each
cell width are shown. In this case, a maximum efficiency of 12.2% is obtained for a
module with 5 mm cell width using a ZnO:Al front contact at 10 Q/o sheet resis-
tance. This is more than two absolute percent below the input cell efficiency, while
itisargued in Papers VIl and V111 that this difference can be less.
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Figure 21. Calculated conversion efficiency of a conventional module at 1-sun illumination.
Segment width is optimized for maximum performance at each value of the ZnO:Al front
contact sheet resistance. The simulation is based on characteristics of a typical small area
cell within the statistics of the baseline, having an active area efficiency of 14.4%.

In the production of modules the cell length is chosen and fixed, but the sheet
resistance of the ZnO:Al transparent front contact may vary around its process
target value. It is therefore important that the devices be tolerant to variationsin the
front contact process. Such a sensitivity study is presented in Figure 30 in section
5.3 for different module designs. For al designs presented, the performance will
decrease for very conductive (i.e. thick) ZnO:Al due to the fact that the optical
absorption becomes a dominant factor. Performance will also decrease for very
resistive (i.e. thin) ZnO:Al as the resistive losses will dominate. Between these two
extremes, each design will result in different values of the maximum module
efficiency for different ZnO:Al conductivities, but more important is that they will
have different tolerance to process variations.

Low-concentrated illumination can aso be considered for CIGS devices as tests
with various kinds of reflectors have shown promising results in order to reduce
the cost of photovoltaic power. In this case, both the front contact process optimi-
zation as well as the choice of working point on the figure of merit curve will be
different. In Papers IV and V, modules for 4-suns light intensity have been
designed, fabricated, and tested. It is shown that the high current densities obtained
at these light intensities will require that special attention is paid to avoiding resis-
tive losses, particularly in the front contact, and a solution with metal grids
assisting the front contact is investigated. This design is aso shown to have
advantages at normal 1-sun operation, where the greatest benefits are not enhanced
performance but better window processing tolerance and throughput, as well as
improved degrees of freedom of the module geometry. Design of gridded modules
is further discussed in section 5.3.

4.4 The influence of gallium on module design
Thin film modules with high cell voltages can give increased efficiency through
reduced resistive losses [58]. For CIGS solar cells, a higher voltage can be
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achieved by increasing the gallium content. The influence of cell voltage on
module design has been studied for CIGS modules in Paper VII, where cells at
equal efficiency but fabricated from absorber materials with different bandgaps
(i.e. different gallium contents) are compared. Figure 22 shows calculated efficien-
cies of modules made from absorbers with different bandgaps, where cells made
from the same material would have equal efficiencies. As can be seen in this graph,
the benefits of increased absorber bandgap (i.e. increased gallium content) are both
an improved maximal module efficiency for the same CIGS quality as well as a
greater tolerance to variations in the ZnO:Al front contact conductance. The alter-
nate way to take advantage of the higher bandgap is to use wider segments and
thus less scribing rather than thinner, less conductive ZnO:Al. Any desired
combination of the two isalso possible.
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Figure 22. Calculated efficiencies for non-laminated mini-modules with 5 mm segment
widths, made with CIGS absorbers with different bandgaps (i.e. different gallium contents)
but equally efficient 16% ideal cells.

As discussed above, a higher voltage can be achieved by increasing the gallium
content of the absorber. However, equal quality CIGS for all values of the bandgap
are not achieved in practice. As shown in Figure 23, results sampled from different
research groups using various absorber growth processes indicate that the increase
rate of the open circuit voltage, d(qV.c)/dE,, falls significantly for bandgaps greater
than 1.2 eV [60]. This, in conjunction with a corresponding drop in fill factor with
increasing gallium content, makes reported efficiencies drop considerably for
bandgaps above 1.3 eV. Based on anaysis of dark and light current-voltage
measurements and voltage dependent quantum efficiency measurements, this
decrease in fill factor and the relative voltage decrease with increasing gallium
content has been explained by a voltage dependent current collection due to
shortened diffusion length of minority electrons in the absorber, as well as
enhanced recombination due to increasing defect density [61]. Strategies to achieve
high performance a high voltages include bandgap grading (non-uniform
composition) [62] and addition of sulfur to the absorber material [63].
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Figure 23. Open circuit voltages (Vo) of Cu(In,Ga)Se, solar cells with different gallium
contents prepared in various research labs using different growth processes. After [60].

From the relationship between cell performance and gallium content, optimized
module parameters for each gallium content show that the expected discrepancy
between cells and modules should decrease as the bandgap increases. Therefore,
the gallium content for maxima module efficiency is higher than for maximal cell
efficiency. Furthermore, it is more advantageous to be above this optimal value
rather than below it. Higher gallium contents correspond to superior module
designs in that they use less scribes and thinner ZnO:Al, both resulting in lower
production costs.
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5 Photovoltaic modules for low-concentrating systems
The high cost of photovoltaic energy has stimulated research on ways to increase
performance of photovoltaic systems, for example by developing cheap and
reliable booster reflectors or concentrating optics with the purpose of increasing
radiation onto the collector surface. The use of sunlight concentrating devices in
solar cell applications provides higher power output per illuminated cell area, and
may, if cost of the concentrating device per unit area is much less than that of solar
cell modules, lower electricity production costs. Despite that the art of concentrat-
ing light is complicated, in particular for applications requiring uniformity over
large areas, several studies have indicated that the investment cost per annually
delivered kWh of photovoltaic electricity can be significantly reduced by the use of
low-concentrating reflectors [33, 64]. However, high-intensity illumination of solar
cells implies a number of difficulties such as temperature effects and series
resistance losses, which must be accounted for in designing the system [65]. The
technical and physical aspects on photovoltaics for |ow-concentrating systems have
been reviewed in Paper V, and different designs of CIGS modules for these condi-
tions are discussed in Paper 1V. Furthermore, a low-concentrating system with
commercialy available CIGS modules is evaluated in Paper VI. This work is
briefly reviewed in the following sections.

5.1 Concentrating optics

Use of solar concentrating elements stretches way back in history. One of the
earliest examples is the widespread story of how Archimedesin 212 B. C. repelled
the Roman fleet when attempting to invade Syracuse, by means of concentrating
the solar rays to a point where the enemy ships could be burned from a distance
[66]. Whether this story has some truth to it or not has been debated since, but it is
known that Archimedes already before the invasion had written the book “On
Burning Mirrors’, which indicates that he possessed the necessary knowledge of
the science of optics. Unfortunately, no copy of this book has survived to give
evidence. Archimedes himself was killed less than a year later when Syracuse
finally fell to land attack.

Concentration of light can be achieved with imaging or non-imaging optics.
While imaging opticsis used to transform light in an ordered way, for exampleto a
focal point by the use of a glass lens or a parabolic mirror, non-imaging optics is
used for transforming a radiation flux from one area to another where the paths of
the individual light rays are of less importance [67]. In case imaging concentrators
are used for solar energy applications, they have to follow the sun’s movement in
the sky. This concept facilitates very high concentration ratios, and the photo-
voltaic modules for use with such devices have to be designed to allow high
illumination levels. With non-imaging optics it is possible to design a device that
concentrate the radiation from a certain angular region of the sky onto the receiver.
Both the direct radiation and part of the diffuse radiation will be transferred to the
receiver. These kind of systems can be stationary or change tilt angle only a few
times per year to optimize performance.

The optics for solar concentrators can aso be classified as either point focusing
or line focusing. Point focus systems have circular symmetry and require two-axis
tracking of the sun. These systems are used for achieving high concentration ratios.
Line focus systems have cylindrical symmetry and are typically used in applica
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tions with moderate concentration ratios. Line focus systems require tracking
around only one axis (if any).

In the present work, two types of non-imaging concentrators for use in
photovoltaic systems are considered; the compound parabolic concentrator and the
planar booster reflector.

5.1.1 Compound parabolic concentrators

The concept of the compound parabolic concentrator (CPC) is described in detail
in [67]. The CPC consists of two reflective parabolas that funnel the radiation from
the aperture to the receiver, asillustrated by Figure 24a. The angle 6., is called the
acceptance half-angle of the concentrator. All radiation incident with an angle of
incidence 6< g, will be transmitted through the concentrator, while radiation with
6> 8y, is rejected by the concentrator. This is shown by the solid line of the
angular acceptance function in Figure 24b. If the concentrator is truncated (for
example by cutting through the dashed line in Figure 244), the concentration ratio,
defined as the area of the opening divided by the area of the receiver, will decrease.
As aresult, afraction of the radiation reaching the entrance aperture with angles of
incidence & greater than the acceptance half-angle will reach the exit aperture
directly, asindicated by the dashed line in the angular acceptance function. Thisis
often a practical choice, since truncation of a CPC results in a substantial decrease
in reflector area but only a small reduction in concentration.
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Figure 24. Cross-section of a compound parabolic concentrator (a). Angular acceptance
function for a full and truncated CPC (b).

If the compound parabolic concentrator is designed to be stationary with a good
all-year-around performance, an acceptance half-angle of about 30° is desirable,
resulting in a concentration ratio of 2 [68]. However, if the tilt of the concentrator
is changed 2-8 times per year, the acceptance angle can be chosen smaller to
obtain higher concentration ratios of up to 4 [69].

The CPC is aline focus system, and the irradiance distribution over the area of
the receiver is non-uniform. For a CPC designed for a concentration ratio of 4,
there can, in aworst case, be areas on the receiver where the irradiance is up to 50
times higher than the irradiance without concentrators. In reality, the irradiance on
the receiver is rarely higher than 3000-5000 W/m? [70]. Nevertheless, if CPCs are
to be used in photovoltaic systems it is important to use photovoltaic modules that
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are designed specifically for these conditions in order to get a satisfying system
performance. This is further discussed in Paper V and experimentally verified in
Paper VI.

5.1.2 Planar reflectors

With a planar booster reflector, the irradiation distribution on the receiver will have
higher uniformity than for parabolic reflectors. A fundamental drawback, however,
is that lower concentration ratios are obtained than for parabolic reflectors.
Typically, the concentration ratios are at the 1.5 level. Calculations based on
Swedish insolation data show that the annual output from photovoltaic module
could increase in the order of 20-25% by using stationary external reflectors. With
2-8 annual adjustments of the booster reflector tilt, the annual irradiation can
increase up to 40%, compared to a stationary photovoltaic module without reflec-
tor. Thisisfurther discussed in[71].

A photovoltaic system with a planar reflector under testing at the laboratories
of Vattenfall Utveckling AB in Alvkarleby, Sweden, is shown in Figure 25. In
addition to increasing the irradiance onto the photovoltaic module, the reflector
here provides good snow protection.

Figure 25. Added value of planar reflectors. The picture shows a photovoltaic system with
two modules, one with and one without a planar booster reflector. In addition to increasing
the irradiance, the planar reflector provides good snow protection. The system is being
tested in Alvkarleby, Sweden. Courtesy Bjorn Karlsson, Vattenfall Utveckling AB.

5.2 Characteristics of photovoltaic devices at high light intensities
Commercially available photovoltaic modules, whether based on crystalline silicon
or any thin film technology, are usually designed for normal operating conditions
(i.e. AM 1.5, 25 °C). When operated under high-intensity illumination in reflector
systems, the technical and physical requirements on the devices are somewhat
different, both on the module and on the cell level. For any choice of photovoltaic
technology it is necessary to address these issues when designing the system in
order to achieve good performance and cost effectiveness.
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5.2.1 Non-uniformillumination

Conventional crystalline silicon modules are generally more sensitive than thin
film modules to non-uniform illumination. For most crystalline silicon modules,
the cells are series connected in several strings. Like for all types of modules with
series connected cells, the module current is dictated by the cell with the lowest
current generation. Hence, module performance will be limited by the output of
that cell. In order to avoid this problem, crystalline silicon modules can be fabri-
cated with one single row of series connected cells, as shown in Figure 27 below,
or with rows of series connected cells connected in paralel. This requires,
however, that the modules are custom designed, which in most cases is associated
with higher costs.

The effects of non-uniform illumination are similar for thin film modules, but
with the fundamental difference that all cells for this technology can span across
the full width of the module. Thus, for a thin film module, the cells are series
connected geometrically as well as electrically, and if the geometry of the non-
uniformity is one-dimensional, the module can be oriented in such a way that all
cells are illuminated with the same average intensity. The current generation will
then be equally affected for each cell, and the power output will be determined by
the average light intensity. This is further discussed in Paper V, where the effect of
partial shading of a Siemens ST5 CIGS-based module has been studied. Hereiit is
shown that the short circuit current and output power are reduced in proportion to
the shaded area, while no significant change in fill factor is observed. A small
difference in open circuit voltage is observed, and explained by the fact that the
open circuit voltage is logarithmically dependent on the generated current [72].

5.2.2 Effects of temperature and light intensity
Typically, the conversion efficiency for each cell in a crystalline silicon module is
around 15%. Since most of the remaining 85% of the energy in the incident light
will be dissipated as heat in the solar cell, high intensity illumination will result in
a considerable temperature increase, which will have an overall negative effect on
the conversion efficiency. In addition, the device will experience increasing ohmic
losses at high light intensities, which may also be crucial to device performance.

The temperature dependence of the conversion efficiency can be interpreted in
terms of the individual temperature dependencies of the open circuit voltage, the
short circuit current and the fill factor. The dominant cause of conversion
efficiency degradation is the open circuit voltage dependence of temperature. The
principal factor leading to the V,. decrease is the associated increase in intrinsic
carrier concentration. The minority carrier properties and, to a lesser extent, the
photon absorption properties, are also affected. The physics behind these processes
isthoroughly described in [72].

Ideally, V. is approximately linearly decreasing with temperature according to

dvoc - Ego/q _Voc + y(kT/q)
daT T

where Ey is the linearly extrapolated zero temperature bandgap, and yis a factor
determining the temperature dependence of the diode saturation current. Substitut-
ing values for silicon, this would give an open circuit voltage decrease of 2.3 mV
per °C[72].
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The short circuit current is generaly not strongly temperature dependent but
tends to increase dlightly with increasing temperature. This can be attributed to
increased light absorption, since the bandgap decreases with temperature. Results
from simulations indicate that |s. for the crystalline silicon cells studied in [73]
increases in the order of 9 mA or 0.25% per °C at alight intensity of 1000 W/m®.

If parasitic resistance effects are neglected, the fill factor FF is temperature
dependent only through the open circuit voltage. For silicon, the empirical expres-
sion for the fill factor is

V. —In(v,, +0.72)
v, +1

FF=-

where v, isthe normalized voltage, defined as
V

oc

V =
* KT/q

In [73] the fill factor decrease for silicon cells is estimated to approximately 0.2%
relative per °C at alight intensity of 1000 W/n.

The resulting overall efficiency decrease due to elevated operating temperature,
taking the temperature dependencies of V., l«, and FF into account, will be in the
order of 0.4-0.5% relative per °C[72].

For concentrator systems, the module conversion efficiency determines the area
of the concentrator required for a given system power output. Therefore, it is
important to achieve as high module efficiencies as possible. For an ideal solar
cell, that is a solar cell with negligible shunt and series resistance, it can be shown
that |g, 7G and V. 7In(G), where G is the incident light intensity [72], and that
the conversion efficiency 77 is given by

- FFI:IS) WOC
G

Assuming that the fill factor is not affected by the light intensity, the conver-
sion efficiency will thus increase logarithmically with increasing light intensity. In
reality however, the effect of non-negligible series resistance and high current
levels may well lead to reduced conversion efficiencies.

The effects of temperature and series resistance for a crystalline silicon cell at
two different light intensities are demonstrated in Figure 26. The curves are calcu-
lated using the two-diode model further described in [65], and the efficiencies are
normalized to one at a temperature of 25 °C (298 K). As can be seen, the impact of
the series resistance is greater at higher temperatures and intensities. This empha-
sizes the importance of keeping the series resistance at alow value for concentrator
applications.
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Figure 26. Calculated effects of temperature and series resistance for a crystalline silicon
cell at different light intensities. The efficiencies are normalized to one at a temperature of
25 °C (298 K) for all values of the series resistance. The model and input data used are
further described in [65].

It is further shown in Figure 26, that the temperature dependence of the low
series resistance cell is relatively stronger at low light intensity, while the opposite
is true for the high series resistance cell. At low series resistances, the parasitic
ohmic losses are small and the V. is the dominant efficiency-limiting factor.
Idedlly, the V. decrease is linear with temperature, and not depending on light
intensity. However, while the V,. temperature dependence is not affected, the V.
itself increases logarithmically with light intensity, yielding a dightly higher V.
and thus relatively weaker temperature dependence of the efficiency. For high
series resistances, again, the parasitic losses become a critical efficiency-limiting
factor, which results in a stronger temperature dependence [65].

5.2.3 Crystalline silicon modules for low-concentrated light

The impact of high temperatures and light intensities, as well as effects of non-
uniform illumination, have been studied experimentally in [74], where crystalline
silicon modules are used in a water-cooled hybrid system with low concentrating
aluminum compound parabolic concentrators. The system consists of three rows of
collectors. In each row there are four 12-cell single-string photovoltaic modules
which are cooled by water circulating in a cooling fin glued onto the back of the
modules. The modules are composed of conventional 10x10 cm? single-crystalline
silicon cells. The geometrical concentration ratio of the compound parabolic
concentrators is 4, with an acceptance half-angle of 12°. The reflectors are fabri-
cated of bright anodized aluminum and truncated to a height of 45 cm. An
overview of the system and a detail of the crystalline silicon module are shown in
Figure 27. The system is evaluated in detail in [74], but some qualitative aspects on
its performance are briefly discussed in the following.

The geometry of the concentrator has an observed impact on the electrical
performance of the system. There is a pronounced foca line with significantly
higher light intensity along the string module. This line traverses the module as the
sun moves across the sky during the day. The presence of this line of high loca
concentration, particularly at incidence angles near the half acceptance angle,
causes a non-uniform current generation across the area of the cells, which may
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result in severe loss of electrical performance. The tilt of the concentrator
determines the position of the focal line, so, to achieve best all-day-around
performance it is important to find the optimal tilt angle. For an efficiently cooled
module, with a low series resistance, the maximum output is expected when the
focal lineisin the middle of the cells, between the conducting fingers[71].

Figure 27. A hybrid photovoltaic/thermal system equipped with low-concentrating CPC
collectors. The system is installed at Vattenfall Utveckling AB in Alvkarleby, Sweden.
Further details on this system are given in [74].

Although the geometrical concentration ratio of the reflectors is 4, the short
circuit current of the modules is observed to increase only by a factor of 2.7 as
compared to a reference module without reflectors. This is partly due to the optical
efficiency of the concentrator, and partly due to the non-uniform illumination,
which reduces the effective concentration ratio [75]. At noon, when the system
should exhibit its maximal power output, series resistance and temperature effects
causes the fill factor and voltage of the modules to decrease, which results in an
electric power output about a factor 2.2 higher than without reflectors. This result
further emphasizes the importance of using modules with low series resistance and
efficient cooling.

5.2.4 Characterization of a Semens CISmodule in a concentrating system

As part of the work on CIGS modules for low-concentrating applications, a proto-
type system with parabolic aluminum reflectors for wall integration (see Figure 28)
has been evaluated (Paper V). The system is designed for the Cu(In,Ga)Se,-based
Siemens ST5 thin film module, as a ready-to-use wall element with an insulating
backside, and is intended to substitute a part of a south-facing wall. The height of
each cell and reflector segment is 55 cm. The focal length of the parabolais 15.4
cm. The ST5-module, which measures 20.6 cm by 32.8 cm including the
aluminum framing, is tilted forwards by 20° relative to the horizontal plane and by
45° relative to the optical axis of the parabola.

Tests of the system have been carried out both outdoors in sunlight and indoors
using the large-area solar simulator described previously (see section 3.4.1). The
electrical performance of the system has been tracked as a function of module
temperature and the effective solar height (Paper V1), and has been compared to
results obtained from optical modeling [76].
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Figure 28. A prototype of a concentrating element for wall integration at high latitudes. The
parabolic reflector has a concentration ratio of 3. G istheincoming irradiation and v isthe
effective solar height. The Siemens ST5 photovoltaic module is tilted forwards by 20°. The
depth d of the wall element is 180 mm and the opening of a single concentrating element his
550 mm. The illumination on the module is non-uniform, due to the parabolic reflector, and
the lateral position of the focal line changes with the effective solar height.

Figure 29 shows the results from indoor and outdoor measurements of the
electric power output at different effective solar heights. As a comparison, results
from measurements without concentrating elements are shown. The higher open
circuit voltage for the indoor measurements is due to better control of the module
temperature. The geometric concentration ratio of the system is 3, but the
maximum power output from the modules is only 1.9 times that of identical
vertica modules without reflectors. This is due both to optical losses and a
decrease in fill factor under concentrated illumination. The fill factor drop is
explained by ohmic losses in the front contact of the module and by high cell
temperatures resulting in alower open circuit voltage.
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Figure 29. Measured power as function of voltage for different effective solar heights, v, for
a Semens ST5 photovoltaic module.
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As can be seen in Figure 28, the illumination on the module is non-uniform and
the lateral position of the focal line changes with the effective solar height. A solar
height of about 40° is found to give the highest electric output, and the optical
efficiency of the system at this solar height has been determined from
measurements of the short circuit current to approximately 75%. The non-uniform
illumination will furthermore give large temperature gradients within the module.
At a solar height of 25°, the temperature, as measured by a surface temperature
probe, close to the parabolic reflector was 40 °C, while it was 120 °C in the focal
line [76]. The impact of these large temperature gradients on the system perform-
ance needs to be further investigated.

The wall element is a technically attractive alternative for building integration
at high latitudes. However, in order to meet the expectations on economical viabil-
ity, the system must be sufficiently cooled and the modules used should be of thin
film type and designed for high intensity illumination.

5.3 Design, fabrication, and testing of gridded CIGS modules

From a geometrical point of view, the conventional off-the-shelf crystalline silicon
modules are not suitable for use with parabolic reflectors. This is because these
type of reflectors give non-uniform illumination across the surface of the receiver,
as has been discussed above. To avoid this problem, the hybrid system described
previously uses specially designed, single-string modules. A better choice would
be to use modules based on any of the thin film technologies. In Papers IV and V,
the design and fabrication of a CIGS thin film module is discussed. Here, the
detrimental resistive losses in the front contact at high light intensities are avoided
by assisting the front contact with a metal grid. Also at one-sun operation, gridded
modules can be advantageous, and this not only to achieve better performance.
More important are the benefits of improved window processing tolerance and
throughput, as well as improved degrees of freedom of the module geometry. The
basic ideas for looking at the use of metal grids in modules are that

o the stringent requirements on the front contact conductance can be eased leading
to the use of much thinner (i.e. cheaper) front contact deposition;

o the cell segment width is no longer imposed by the front contact quality, and
therefore, much wider segments are possible, which gives a higher degree of
freedom in the choice of total module voltage;

o the interconnect scheme can be simplified and result in less complex scribing
and less dead ares;

o thereisapotential for low concentration applications.

In its simplest form, the gridded module is based on a standard interconnect
structure, where the grid is only assisting the front contact. A slightly more sophis-
ticated design is that when the grid is used to connect to the molybdenum back
contact of the consecutive cell. In the latter case al mechanica scribing is
performed after front contact deposition, and lower resistive losses as well as
improved stability (see section 6.4) can be expected.

Design of CIGS modules for 1-sun conditions, and in particular optimization of
the ZnO:Al front contact, has been discussed above. For a gridded module the
matters of design and optimization are somewhat different. With this design, the
current is collected by the grid and flows in the gridlines along the cell to the inter-
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connect. Cell width is therefore no longer limited by the front contact conductance,
but by resistive grid losses. Provided that the grid design is such that these losses
are small, a high degree of freedom of the module geometry is obtained. All
gridded modules considered in the present work have a grid composed of a
50/3000/50 nm thick Ni/Al/Ni sandwich with an aluminum bulk resistivity of 4
uQcem, similar to that of baseline test cells (see section 3.2.6). Thus, the grid design
parameters are limited to line width and spacing.

Figure 30 shows the tolerance to variations in ZnO:Al front contact conduc-
tance for various module designs. Here, asin section 4.3.2 (Figure 21), the calcula-
tions of module efficiencies are based on the characteristics of a baseline cell with
an active area efficiency of 14.4% at normal operating conditions.
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Figure 30. Calculated conversion efficiencies relative to varying ZnO:Al front contact
conductivities for different module designs at 1- and 4-suns illumination.

Curve A represents an optimized design of a conventional module (cf. section
4.3.2). With this design, variations in performance are relatively small at 1-sun
illumination. Assuming that a 5% relative decrease from maximum efficiency is
acceptable, the sheet resistance of the ZnO:Al can be chosen within a wide range.
However, when this design is applied to a module operating at 4-suns illumination
in a system with low-concentrating reflectors (as shown by curve B), a much
narrower process window is allowed in order to avoid resistive losses caused by
the higher current density. Furthermore, the shift in optimum ZnO:Al sheet
resistance from 10 down to 5 Q/o nearly doubles the current loss (normalized to 1-
sun illumination). As a result, the expected efficiency gain due to the logarithmic
dependency of open circuit voltage on light intensity does not occur. Therefore, at
4-suns illumination, a gridded design is recommended. As shown by curve F, both
the efficiency and the tolerance to process variations are greatly enhanced.
Optimization of the grid is a matter of trade-off between improved current
collection and shadowing and resistive losses imposed by the grid.

The gridded design may be advantageous also at 1-sun illumination. In order to
reduce cost of the front contact it is desirable to have a high-throughput deposition
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process. For the baseline, throughput can be improved by reducing film thickness.
But since this will also have an impact on the electrical properties, it is necessary to
assist the front contact with a grid. A module with such a design, based on the
standard interconnect structure, is represented by Curve C. As can be seen, this
module exhibits a higher efficiency as well as better tolerance to variations in the
front contact process.

For commercialy available modules, the cell length would be strictly defined
within boundary conditions imposed by the process equipment and the required
output voltage. As a consequence, these modules would rarely have optimal
performance. With a gridded design, however, the choice of cell length is more
flexible as illustrated by Curve D where a module with 20 mm wide segments is
simulated. In this case, the performance is similar to that of the 5 mm gridded
design in Curve C, which indicates that the higher resistive and shadowing losses
here are balanced by the relatively lesser interconnect dead width.

The gridded module design also enables the use of more advanced interconnect
structures. This study includes a design based on a recently developed advanced
interconnect, which relies on a sophisticated back contact pattern design. With this
structure, the interconnect via (P,) can be performed in points and the isolation
scribe (Ps) can almost completely coincide with the cell definition scribe (Py). This
structure enables a simplified scribing sequence, where the total dead width of the
interconnect is reduced to less than 100 um, resulting in significantly lesser area
loss. Curves E and G show the calculated performance for modules based on the
advanced interconnect structure, at 1- and 4-suns illumination respectively.

Figure 31 presents the current world record efficiency for thin film modules of
16.6% at standard test conditions, as confirmed by Fraunhofer Institut fir Solare
Energiesysteme, Freiburg, Germany. This 16 cm? encapsulated mini-module is
fabricated with a thin transparent front contact that is complemented by a metal
grid.
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Figure 31. I-V characteristic of the current world record efficient CIGS mini-module,
measured under standard test conditions by the Fraunhofer Ingtitut fur Solare
Energiesysteme. This device is encapsulated and consists of four 1 cm wide segments. It
uses grids for enhanced current collection.
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In line with the previous discussion, a CIGS mini-module for low-concentrated
illumination has been designed and fabricated on a 5x5 cm? sodalime glass
substrate (see Figure 32). In this work, all utilized process steps are within the
frames of the baseline as previously described. The module is composed of nine
5x45 mm? segments, which are monolithically series integrated using the standard
interconnect structure (cf. section 3.2.6). The width of each interconnect is
approximately 300 um, resulting in 6% area loss. The ZnO:Al front contact has a
sheet resistance of 40 Q/o, corresponding to a thickness of approximately 150 nm.

Figure 32. A gridded CIGS module, designed for low-concentrated illumination.

Current collection in the front contact is enhanced by 50/3000/50 um thick, 100 um
wide, and 4.5 mm long Ni/Al/Ni grid fingers, with a spacing of 2.5 mm. The
maximum lateral current collection length is thus 1.25 mm. The additional area
loss due to grid coverage is 4%, while ohmic losses in the gridlines are causing an
approximate 1% power loss at 1-sun light intensity and close to 5% at 4 suns. The
device is encapsulated using a 1 mm thick low-iron cover glass with EVA as
encapsulant. Current-voltage and power characteristics of the 4X module at 1- and
4-sunsillumination are shown in Figure 33.
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Figure 33. Current-voltage and power characteristics of a 4X CIGS module, measured at 1-
and 4-sunsillumination using a solar simulator.
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These measurements are obtained using a solar simulator. In order to avoid
temperature effects, the measurements are performed within a timeframe of less
than a second. As can be seen, both voltage and fill factor are increasing under
high-intensity illumination. Thisisin good agreement with theory [72].

In Table 1, the calculated effects of some loss mechanisms are compared for
the 4X-module and a conventiona module under 4-suns illumination. This
assumes an active area efficiency of 16% at a light intensity of 400 mW/cm?. The
difference in ZnO:Al conductance is clearly reflected in both the optical and ohmic
losses of the front contact. Due to the thinner ZnO:Al used for the gridded module,
the optical losses are cut down to '4. Thinning down the front contact will,
however, lower its conductance. Nevertheless, the ohmic losses can be
significantly reduced since the lateral current collection is only ¥4 of that of a
conventional baseline module.

Conv. design 4X design
Interconnect dead area 3.8 3.8 [mW/cm?]
Grid shadowing - 26  [mW/icm?
Grid ohmic - 0.3  [mwW/cm?
Front contact optical 0.9 0.3 [mW/cmZ]
Front contact ohmic 11.0 2.6 [mW/cm?]
Others 2.4 06  [mwW/icm?
Total 18.1 102 [mW/cm?

Table 1. Losses of a conventional and a 4X CIGS module, calculated at 4-suns light
intensity.

A gridded module design has severa technical advantages over conventional
modules, both with concentrated illumination as well as in standard applications.
Less inactive area, higher front contact process tolerance and improved degrees of
freedom of the module geometry are factors enabling fabrication of better
performing modules. The freedom in the segment widths also trandates to a
freedom in the current to voltage output of the full size modules. Furthermore, a
gridded design will facilitate low-cost front contact fabrication. The technical
advantages are strong arguments for gridded modules. However, it is left to be
proven that the grid technology is realistic in production, and that the benefits of
this concept overweigh the cost of grid deposition. Since that is beyond the scope
of this thesis, it can only be pointed out at this time that the synthesis and manu-
facturing issues discussed reflect back directly on production costs.
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6 Long-term stability of CIGS-based devices

Long-term stability is of crucial importance for CIGS based devices to become a
commercially viable product. Although outdoors testing of encapsulated modules
have demonstrated good stability, in some cases for several years [17, 54], it is
well known that standardized accelerated tests, like the IEC 1646 damp heat test
[77], often cause severe degradation [32, 78].

In the present work, accelerated lifetime tests have been carried out in damp
and dry heat conditions on a large number of devices (Papers |, I, I11, and VIII).
While damp hesat exposure is proven to be harmful to CIGS devices — encapsul ated
as well as bare — several studies on dry heat testing demonstrate no or very little
impact on performance [32]. This indicates that humidity is a primary catalyst to
the mechanisms involved in the degradation process. It is therefore likely to
believe that enhanced stability could be achieved simply by improving the encap-
sulation technology, which has also been confirmed experimentally [79, 32].
However, it would be rash to accept this as a universal solution to the stability
issue. The fact that very little is known about the complex solid state chemistry of
the ZnO:Al/ZnO/CdS/Cu(In,Ga)Se,/Mo/Glass structure of CIGS devices raises
concerns about undesired chemical reactions in the long run [80]. Hidden long-
term issues, such as diffusion of impurities, the action of humidity, or other subtle
degradation mechanisms, will still require attention.

Further enhanced understanding of the mechanisms involved in device degra-
dation is needed, and this need is becoming increasingly urgent as the CIGS
technology is emerging towards large-scal e production.

6.1 The IEC 1646 qualification standard

The IEC 1646 thin film module qualification standard [77] comprises a number of
test procedures. These include visual inspection, insulation test, and performance
tests at various light- and temperature conditions, as well as various endurance
tests like the damp heat test, thermal cycling test, hot-spot endurance test, UV test,
and a humidity-freeze test. In addition, modules should pass various mechanical
endurance tests, like the mechanical load test, twist test, hail test, and robustness of
terminations test. According to the qualification standard, a module design shall be
judged to have passed the qualification tests, and therefore to be IEC type
approved, if the tested sample meets all the following criteria:

o the degradation of maximum output power at standard test conditions does not
exceed the prescribed limit after each test;

o after the fina light soaking, the maximum output power at standard test
conditions is not less than 90% of the minimum value specified by the manu-
facturer;

o nho sample has exhibited any open circuit or ground fault during the tests;

o thereisno visual evidence of amajor defect;

o the requirements of insulation and wet |eakage current tests are met.

If two or more modules out of eight do not meet these test criteria, the design shall
be deemed not to have met the qualification requirements [77]. In the present work,

the emphasis is mainly put on the damp heat test, since humidity penetration into
the module encapsulation is believed to be a major cause of failure in accelerated
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lifetime tests of CIGS-based devices. The purpose of the damp heat test is to
determine the ability of the module to withstand the effects of long-term penetra-
tion of humidity. The test procedure is as follows:

o preconditioning. Before conducting the test, the module shall be annealed.

o testing. The following conditions are applied:
— test temperature:; 85 °C + 2°C
— relative humidity: 85% + 5%
—test duration: 1000 h
o recovery. The module shall be submitted to a recovery time between 2 and 4
hours.

The pass criteriafor the damp heat test are the following:
— No evidence of major visual defects.

— Insulation resistance shall meet the same requirements as for the initial measure-
ments.

— The degradation of maximum output power at standard test conditions shall not
exceed 5% of the value measured prior to the test.

According to a recent study on procedures for performance measurements and
lifetime testing of thin film photovoltaic devices [81], the IEC 1646 qualification
standard is to a large extent just transferred from that of crystalline silicon
modules. It is adapted especially for the amorphous silicon module technology, for
which it is rather adequate. For other thin film technologies, however, there are
severa parts of the standard that should be reconsidered. Further details on this are
given in [81], but the conclusion is that the relevance of the IEC 1646 standard
procedures can and should be questioned. However, even if standards are redefined
to take into account the special character of thin film modules, the modules still
have to withstand harsh and humid conditions in real outdoor climates. Thus, it is
important to understand the mechanisms involved in module degradation, and to
solve the current stability problems.

6.2 CIGS modules in field testing

Field testing is of course the most accurate method to recognize relevant degrada-
tion mechanisms in photovoltaic modules. However, in order to be viable, the field
tests have to be true long-term (20-30 years) and carried out on the ready commer-
cial product. To speed up the ageing processes, various forms of accelerated tests
are applied in paralld.

Many reports from long-term field testing of photovoltaic systems generally
point out the modules — amost al made using wafer-based silicon cells — as the
most durable part of the systems. Failure rates as low as one per 10 000 per year
are an important achievement for the wafer-based silicon technology. For thin film
technologies, the picture is somewhat less clear but yet promising. The thin film
solar cell technology that was closest to commercialization in the 1980s was based
on copper sulfide, Cu,S/CdS [14]. However, these devices soon proved to suffer
from an electrochemical instability that led to degradation in performance [15].
Partly because of this problem, the copper sulfide technology was never released
on the market. The first actually commercialy available thin film technology,
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amorphous silicon, also suffers from a serious degradation, in this case associated
with exposure to light (see section 2.2.1). Despite many years of research efforts to
overcome the problem, thisis still what keeps the efficiencies of amorphous silicon
cells below those of other thin films. Combined with some start-up problems with
encapsulation and quality control, the poor outdoor performance of amorphous
silicon devices has until recently defined the bad reputation of thin films. Today,
amorphous silicon modules are marketed with stabilized efficiency figures, and the
efficiencies have also improved as the devices are manufactured in tandem or triple
junction structures.

The emerging thin film technologies CdTe and CIGS, have both shown good
stability in various field tests. The data presented in Figure 34 result from
extensive outdoors testing of CIS and CIGS thin film modules, performed by
NREL (US Nationa Renewable Energy Laboratory) [17]. This is a proof-of-
concept that stability is possible. Other groups have shown similarly encouraging
results, although over shorter periods of time [82, 83].
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Figure 34. Results from outdoors long-term testing of 1x1-foot and 1x4-foot CIS modules at
NREL. From[17].

A field testing effort has recently been initiated at the Angstrom Solar Center.
Figure 35 shows a photograph of the test site still under construction. Solar
irradiation is measured both by a pyranometer and by a calibrated and temperature-
compensated silicon sensor. The tested modules are operating at their maximum
power points and data are captured using a data logger. The site is monitored in
real-time by a computer. To date, one Siemens ST40 40-watt CIS module and one
NESTE 100-watt multi-crystalline silicon module are tested. In addition, a first
small 5x5 cm? ASC CIGS module has been mounted, although not connected to the
maximum power point tracker, and tested for approximately 9 months, showing
stable performance.
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Figure 35. Field test site under construction at the roof of the Angstrém Laboratory,
Uppsala, Swveden. Courtesy Einar S6derman, Uppsala University.

6.3 Results from dry heat tests

Dry heat tests are performed in alow-pressure air atmosphere at 85 °C using a low-

vacuum chamber with a temperature controlled hotplate. For reference purpose,

dry heat tests are also carried out in argon atmosphere at 85 °C using a gas furnace.
Both cells and modules generally show stable properties in dry heat tests.

Figure 36 shows results from an 8000-hour extended dry heat test (85 °C, argon

atmosphere) of a non-encapsulated baseline cell.
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Figure 36. Dry heat test of a naked baseline cell using a gas furnace at 85 °C and argon
atmosphere.

Both voltage and fill factor exhibit initial changes, but the performance stabilizes at
approximately 80% relative to as-grown values after about 1500 hours. These
initial fluctuations in voltage and fill factor are often observed, also in damp heat
tests, and it is likely to believe that these are similar to the annealing effects
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reported by many groups [84]. The small current variations seen are most likely
due to lamp changes on the solar simulator (see section 3.4.1).

Figure 37 shows results from a 4000-hour extended dry heat test (85 °C, low-
pressure air) of a naked and an encapsulated 4-segment mini-module. As can be
seen in this graph, the encapsulated module exhibits some initia change in
efficiency followed by a slow decay, mainly caused by small losses in fill factor.
The non-encapsulated module is more stable initially but show an equally small
long-term degradation. The initial performance drop of the encapsulated module is
probably caused by thermal stress during the encapsulation process, where a
temperature as high as 150 °C is applied for up to 30 minutes, depending on the
type of lamination technology used (see section 3.3).
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Figure 37. Dry heat tests of a naked and an encapsulated mini-module in low-pressure air
at85°C.

6.4 Damp heat testing

In the present work, damp heat conditions are imposed by a Vdétsch VC2020
climate chamber (see Figure 38) and the tests are extended over periods of up to
1000 hours. The test conditions are similar to the IEC 1646 international standard
damp heat test recommendations, i.e. 85% relative humidity at 85 °C [77]. In order
to extract information of degradation mechanisms possibly not seen otherwise,
these already very harsh conditions are further accentuated by testing non-
encapsulated samples.
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Figure 38. The Votsch VC2020 climate chamber used for accelerated ageing of CIGS and
related devices.

6.5 Cell degradation

From damp heat tests it is observed that non-encapsulated CIGS devices degrade in
both open circuit voltage and fill factor. After 4-500 hours, these parameters tend
to saturate at a level 20-40% lower than initial values, resulting in a 40-60%
performance loss. Figure 39 shows an example of the evolution of the current-
voltage characteristics of a baseline cell during damp heat exposure.
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Figure 39. Evolution of the current-voltage characteristics of a basdine cell during
extended damp heat exposure.
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6.5.1 Voltage and fill factor

The causes of the voltage degradation have been only briefly investigated in this
work, but the results discussed in Paper | are in line with those presented by other
authors. Studies on oxidation of bare CIGS films at room temperature in the
presence of humidity show that oxides of indium, gallium, and selenium, as well as
the formation of elemental selenium are observed at the surface and in the bulk of
the CIGS film, resulting in deteriorating electronic properties of ZnO/CdS/CIGS
devices [47, 85]. In Paper | it is suggested that similar effects for complete devices
exposed to damp heat conditions could be caused by water or oxygen diffusing in
through the window. A correlation between the increased defect density and the
degradation in open circuit voltage that is observed in [86] leads to the conclusion
that the changes in the bulk or at the grain boundaries are responsible for losses in
the open circuit voltage.

It has further been found that the oxidation of CIGS is accelerated in the
presence of sodium [87]. In a humid atmosphere, a Na-O-CIGS complex is formed
on the surface of the CIGS. Thisis an irreversible process which leads to a surface
oxidation and hence a reduction of the amount of sodium from the CIGS surface
and from internal surfaces and grain boundaries, and is expected to negatively
influence the electronic properties of the CIGS [88].

The phenomenon of voltage degradation is believed to be dominated by the
effect of enhanced recombination due to increasing defect density in the bulk and
at the grain boundaries of the CIGS absorber, and by a shift of the Fermi level at
the CIGS/CdS interface. In addition, the optical and electrical properties of the
ZnO:Al transparent front contact are affected by damp heat exposure. The concen-
tration of free carriers in the ZnO:Al will decrease with damp heat treatment,
leading to increasing film resistivity. This could impact the fill factor of devices
both in terms of higher ohmic losses in the front contact, and by imposing a shift of
the built-in electric field towards the n-region of the p-n junction, which will raise
the electron barrier at the CIGS/CdS interface [86]. In Paper Il it is shown that
additional voltage and fill factor effects occur in modules due to degradation of the
interconnect between cells.

6.5.2 Current

Current is often not affected by accelerated ageing of baseline devices. As
discussed in Paper |, the optical properties of the front contact in fact improve
dlightly with damp heat treatment. Nevertheless, in some cases, like in Figure 39, a
significant drop in current is observed. Figure 40 shows quantum efficiency meas-
urements of the baseline sample presented above. As can be seen in this figure, the
largest drop occurs in the near infrared region, here in the 800-1200 nm
wavelength interval. This indicates that recombination is the predominant
mechanism of the current loss.
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Figure 40. Quantum efficiency measurements of a baseline sample during accelerated
ageing in damp heat conditions.

6.5.3 Influence of gallium

The influence of gallium on the long-term stability of CIGS devices has been
investigated in a recent, not yet published work. In this work, a set of non-
encapsulated Cu(Iny,,Ga)Se, solar cells have been fabricated with different
galium contents x=[Ga]/([Ga]+[In])={ 0, 0.3, 0.4, 0.5, 0.6, 1.0}, and exposed to
extended damp and dry heat conditions. The cell degradation is studied by
temperature dependent current-voltage measurements (1-V(T), see section 3.4.2) at
different stages of degradation. It is observed that all samples, except pure
CuGaSe,, are stable in dry heat conditions. After 1000 hours of damp heat
exposure, the samples with gallium contents close to 0.4 show the smallest
efficiency degradation of about 25% relative to their initial performance, while
pure CulnSe, and the CuGaSe, samples exhibit the most severe degradation with
performance losses of around 90% and 65%, respectively.

I-V(T) measurements of the samples in their initial state, prior to degradation,
shows that the samples with x<0.5 had forward currents dominated by tunneling
enhanced recombination in the space charge region, while the pure CuGaSe,
samples were limited by recombination at the CdS/absorber interface [60]. The
analysis of 1-V(T) measurements of the samples at different stages of their degra-
dation shows that, for some samples, the activation energy of the dark current is
lowered during degradation. One example of this is given in Figure 41, where the
activation energies of a baseline cell (x=0.3) have been calculated from I-V(T)
measurements in both dark and light conditions, before and after 400 hours of
damp heat exposure. Here, it is seen that the activation energy is lowered after
degradation, and that the effect is strongest for the illuminated sample. While other
authors have reported that recombination via defect states in the absorber layer is
the dominant recombination mechanism before as well as after degradation [86],
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the present observation of the decreasing activation energy can be correlated to a
change from tunneling enhanced space charge recombination to interface recombi-
nation.
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Figure 41. Activation energies measured for a baseline CIGS cell before and after 400
hours of damp heat exposure. The activation energies are given by the slopes of the lines,
which are obtained from temperature dependent current-voltage measurements.

6.5.4 Thegrid

During accelerated ageing of baseline small-area test cells, it has shown to be
important to protect the grid itself from corrosion in order to avoid artefacts in the
test results. Originally in the baseline, a Ni/Al grid structure was used for test cells,
but since this structure easily corrodes in the hot and humid environments, an
improved grid was developed (see Paper ) that includes a second nickel layer on
top of the original structure. Since this new Ni/Al/Ni structure has proven to be
stable during the 1000-hour damp heat test it has been incorporated into the base-
line and is now used also for gridded mini-modules.

6.6 M