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ABSTRACT

Gallium arsenide based solar cells are among the most powerful types of solar cells
available. Their main advantage is excellent resistance to thermal and ionising radiation,
and therefore they are used primarily in demanding conditions. This dissertation describes
the state of GaAs photovoltaic cells exposed to thermal stress, high cooling, gamma
radiation and broad-spectrum laser irradiation. The samples were examined before,
after and during these processes using several analytical and characterisation methods.
The measurements were focused on the characterisation of the surface, optical and
electrical properties. Limits and new behaviour of this type of photovoltaic cells have
been discovered, which are also affected by thin protective and anti-reflective layers.
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ABSTRAKT

Solarni ¢lanky na bazi arsenidu gallia patfi mezi nejvykonéjsi typ dostupnych solarnich
clankd vibec. Jejich vyhodou je vyborna odolnost vii¢i tepelnému a ionizujicimu zareni, a
proto se vyuzivaji zejména v narocnych podminkach. Tato disertacni prace popisuje stav
GaAs fotovoltaickych ¢lanku vystavenych vici tepelnému namahani, vysokému ochla-
zovani, gama zareni a ozareni Sirokospektralnim laserem. Vzorky byly zkouméany pred,
po a i béhem téchto procesti pomoci nékolika analytickych a charakterizacnich metod.
Méreni bylo zaméreno na charakterizaci povrchu, optickych a elektrickych vlastnosti.
Byly objeveny limity a nové chovani tohoto typu ¢lanki, které jsou ovlivnény i tenkymi
ochrannymi a antireflexnimi vrstvami.
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Introduction

Solar cells, which are expected to be highly efficient under challenging conditions,
are much more demanding than conventional silicon photovoltaic cells. In most
cases, efficiencies above 40 % are only achieved using multilayer technology for the
use of a wide spectral region. The production of such cells is not technologically
simple, and therefore these solar cells are used only for special purposes, such as
concentrators, aerospace, military, or space use. In all the cases mentioned above,
the effort to keep failures to a minimum and to reduce the occurrence of defects is
crucial. Such defects can occur both during production and during use in operation.
The extent of the particular defects then accelerates the degree of degradation,
which continues to occur and is inevitable in the time horizon. Ideally, it would
be appropriate to stop the degradation. However, this is a very complex problem,
which is influenced by many external and internal factors. Not only the accuracy of
production is essential, but also the selection of the materials used, which are the
most suitable for the given purposes, and finally the way of using the selected solar
cell for its most stable operation.

It is, hence, necessary for some degradation to be present before defects can be
identified. A reliable method for causing degradation is accelerated ageing, i.e. a
simulation of a given process, which creates inhospitable conditions for said solar
cell, thanks to which the degradation manifests itself and increase and consequently
causes noticeable decreases in performance. Accelerated ageing usually results in
experimentally higher conditions for a sample than in which it usually works. Alter-
natively, the processing method is repeated until it reaches a point in its operation
life where its reduced function is already assumed.

Solar cell degradation can be analysed through countless methods. However,
it is essential to understand to what extent and where the solar cell can degrade
the most. Since the solar cell works on the principle of the photoelectric effect, its
upper part, which is mostly exposed to wide-spectrum electromagnetic radiation,
is susceptible. Surface analysis is consequently fundamental because even a slight
change in the range of tens of nanometres can affect a wide range of its properties.
Whether it is a different morphology, which results in a change in refractive index, or
the emergence and spread of microstructural defects or even a change in elemental
composition, causing different doping concentrations. These and other changes can
subsequently cause a decrease in the performance of the solar cell.

GaAs-based solar cells appear to be the most suitable candidate which meets
the conditions for working in a demanding environment. Their superior radiation
hardness and resistance to other environmental influences make them ideal for these

applications and development in the field of efficiency is continuously ongoing. The

11



study of their degradation is thus becoming increasingly important in terms of efforts
to minimise defects, which, due to the conditions in which they must operate, can
expand, and rapidly reduce the life of the cell. Solar cells of this type are used mainly
in concentrators where sunlight can be up to 2000 times higher or in satellites, space
probes and other space devices, where much higher ionising radiation appear than
in normal conditions on Earth. From the mentioned above, it is clear that these

solar cells are under enormous stress due to radiation or other external conditions.

12



1 State of the art

The topic of solar cells is very lively and discussed. Practically from the very begin-
ning of their use, many processing methods and new types for numerous applications
have been invented. Whether they are various modifications of widely available sil-
icon solar cells, high-performance multilayer cells of group III-V, or experimentally
developed, for example, perovskite and organic solar cells. Gallium arsenide based
solar cells have been commonly replacing silicon solar cells in harsh environments
for many years. GaAs cells also holds the record for the overall effectiveness of solar
cells in general, for several years in a row. Currently, they have almost reached the
maximum theoretical efficiency, which is, according to the Shockley-Queisser limit
of 33.5%. From the latest measurements, an efficiency of 29.1 % was achieved for
this type with a single-junction structure [1]. However, this efficiency can be in-
creased by multi-layer technology, where up to six layers are already used [2]. It
is not surprising that they are deployed in the most modern terrestrial and space
technologies.

For that reason, many researchers seek not only to increase efficiency but also to
improve durability or reduce production costs, which are mainly due to the purity of
the material [3]. It has been shown that radiation damage caused by electrons and
protons can be reduced by thermal annealing at 150 °C [4]. However, it is necessary
to distinguish between thermal annealing and thermal stress, where the degradation
of the photovoltaic (PV) cell already appears. For passively and actively uncooled
GaAs cells, where the temperature of thermal stress approaches 350 °C, the opposite
adverse effects appear when the efficiency decreases. This is also reflected in the
different surface structure that arises during such processing stress [5]. Similarly, it
also occurs with intense gamma radiation [6, 7]. It was found that the degradation
of gallium arsenide solar cells compared to silicon is up to twofold, but suitable
protective coatings or various covers appear to be successful protection against both
thermal and ionising radiation [8].

A material of Al;O3 and TiO, has become the standard for anti-reflective and
protective coating, especially for space applications, since they have a transmittance
property compatible with the multi-junction solar cells wavelength range. Promising
then become use of anti-reflective microlens arrays that have protective layers of
these materials. They work similarly to Fresnel lens in concentrators. Thanks to this
technology, a photocurrent increase by the amount of 5.9 % was achieved in 2019 [9].
Their advantage is also the low weight, which is desirable in some applications. It
has recently been further reduced in the form of flexible substrates [10] and solar
cells themselves, wherein an ultra-thin PV cell, photo-excited carriers have a very

short distance to move to the terminals [11].
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2 Aims and objectives

This dissertation aims to expand knowledge in the field of degradation and more
in-depth investigation of the characteristics and processes of the solar cell based on
GaAs. It is necessary to focus on the study of the surface where solar cells are
most susceptible to degradation, i.e. various structural defects. It is also desirable
to focus on the electrical properties of the solar cell, which loses its efficiency after
degradation.

The task is to perform potential induced degradation of the most common cases
in which the solar cell degrades in the form of accelerated ageing. These include
thermal stress at high temperatures, cooling at low temperatures and exposure to
intense radiation (ionising and non-ionising). To meet these goals, it is therefore
necessary to implement methods, where such a tests would be possible ideally under
the best possible conditions.

GaAs samples should ideally be single-layered to simplify the process of inves-
tigating and elucidating the underlying causes of degradation. These should also
be samples that are not experimentally deployed, but samples that already have a
complete structure and full use. The premise is to carry out multiple measurements
to verify the results and which ideally correlate with each other.

The aim is to compare the basic properties of the solar cell to analyse the changes
that have occurred after processing. Research and analysis of the following param-

eters are expected:

Optical properties
o Reflectance using a spectrophotometer in the UV-VIS-NIR range.

Structure and composition

e Chemical states and structure using Fourier-transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy.

o Evaluation of changes in layers thickness using ellipsometry.

o Elemental analysis using energy-dispersive X-ray spectroscopy (EDX).

o Search for microstructural defects by electroluminescence.

 Analysis of the surface and its structure using atomic force microscopy (AFM).

o Elemental composition of the top layers with secondary ion mass spectrometry
(SIMS).

o Examination of the surface condition, contacts and layers using scanning elec-
tron microscopy (SEM).

e Recognise contamination and surface and subsurface defects with electron
beam-induced current (EBIC) method.

14



Electrical properties
e Dark and under illumination I-V characteristics.

» Noise characteristic by power spectral density (PSD).

2.1 Stress at high temperatures

During the day and night alternation of temperature cycles on the Earth and the use
of solar cells, especially in concentrators, extreme temperature increases can arise.
It is necessary to set up a workplace where the solar cell will be stressed at high
temperatures. It could also be appropriate to maintain such high temperatures and
examine their long-term effect, or to find a point at which the solar cell rapidly loses
its stability.

2.2 Stress at low temperatures

Similarly, as with thermal processing, it is useful to find out how solar cell behaves
during very low temperatures. Leaving aside polar research stations, where the use
of solar power is also desirable, it has not been measured anywhere else on Earth
bellow —100°C. However, in space, these temperatures are typical, and even very
sharp temperature differences are present. Solar cells can reach these temperatures
during the opposite side of the sun’s rays, for example, due to rotation in the Earth’s
orbit. It can usually happen that at one moment, their temperature is —150 °C and
after a while, 150°C. It is, therefore, advisable to observe and analyse how they

behave at such a temperature and whether this temperature is prone to degradation.

2.3 Irradiation processing

In addition to thermal radiation, there is another amount of radiation that causes
solar cells to degrade. It can be the ordinary radiation on the wide spectrum that
the solar cell uses. However, indirect ionising radiation, especially gamma radiation,
is far more harmful. When using solar cells in space, the threat of degradation due
to gamma radiation is higher than on Earth. As a choice of processing solar cells

and simulating similar conditions for this work, it is required to:

Gamma rays irradiation

o Provide a suitable and safe place for irradiation with proper emitter.

Irradiation using a broadband spectrum of light

o Assemble a workplace for irradiation with proper light source.

15



3 Theoretical basis

Considering the topic of the dissertation, the theoretical part is divided from the
description of the current division of solar cells through their applications to degra-
dation and the possibility of what properties of solar cells can be investigated and
by what methods. The topics are listed and selected with a closer focus on the type
of GaAs.

3.1 Classification of solar cells

It has not been the case for a long time that the primary fabrication material of a
solar cell was a semiconductor. Solar cells have been divided into several types and
generations, generally into three basic ones. Since the efficiency of solar cells varies
from year to year depending on their development, it is appropriate to state the
basic overview of available and experimentally developed types. These types and

generations differ not only in their effectiveness but in their specialization as well.

3.1.1 1%t generation — silicon based solar cells

Some sources name this category as thick-film solar cells, others only silicon solar
cells, as they are made entirely of silicon and differ mostly only in production tech-
nology (Fig. 3.1). In general, all subtypes of the first generation of silicon cells do not
contain toxic heavy metals and are therefore considered environmentally friendly. It
is the most widespread generation that still dominates the market, and is interesting
mainly for its price(Fig. 3.2). The decline in the prices of photovoltaic cells is also
described by Swanson’s law [12], where it predicts a reduction of 75 % about every

10 years.

Monocrystalline silicon solar cells

Solar cells are using the process known as Czochralski to be cut off as wafers from a
single pure crystal lattice structure — single-crystal silicon. However, this means that
production is more demanding and therefore more expensive. For the production of
p-type or n-type, boron or phosphorus would be doped. Compared to polycrystalline
silicon, single crystal solar cell is used where a larger demand is placed on reduced
defectivity. Nonetheless, significant losses of silicon occur during cutting, in the
range of 40 % to 50 %. They have an estimated lifespan of 25 years, but in most cases,
it can by up to twice as much. Moreover, there is a small efficiency improvement

under high temperatures [15].
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Polycrystalline silicon solar cells

They are also known as polysilicon, multi-crystalline PV cells, poly-Si or mc-Si where
crystals are more massive than 1 mm. They tend to have a blue hue with visible grain
boundaries against the single crystalline sc-Si with black-ish hue, mainly because of
an anti-reflective coating. It is the most widely used solar cells in general, and
their presence in the market is around 85%. The reason is a simple advantageous

price-performance ratio.

Amorphous silicon solar cells

If we considered the first generation to be purely silicon cells, the amorphous group

would also belong there. Withal, it is already a homogeneous thin-film technology, so
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it is often included in the second generation of thin-film solar cells. It is abbreviated
as a-Si, and it is not the crystalline structure, this structure, unlike crystalline,
consists of tiny grains called crystallites. They are applied to various rigid and
flexible substrates. Nevertheless, they have a relatively high defect density, and so
in 1969 fabricated by Chittick, Alexander and Sterling were developed hydrogenated
amorphous silicon cells, known as a-Si:H. The disadvantage of amorphous silicon cells
is their low efficiency and thus they have generally not taken hold. They are widely
applied, for example, in calculators, or as solar roof tiles. In addition to solar cells,

amorphous silicon is also used in LCDs using thin-film transistors [16].

3.1.2 2" generation — thin-film solar cells

At the moment, the production of thin-film solar cells is considered simpler, and
therefore cheaper than the first generation. Their basic principle is to evaporate a
thin layer on a substrate. The amount of material used is much smaller here, but
it can consist of several layers. They are mainly divided into chalcogenides and
IT1-V group compounds as semiconductors. This generation of solar cells is already

commonly used commercially.

Chalcogenides

Chalcogenides are compounds of chalcogenes with electropositive elements. They
include, in particular, sulphides, selenides and tellurides. Chalcogenide PV materials

are characterised by high absorbance, flexibility, and high-temperature coefficient.

CADMIUM TELLURIDE (CDTE) From the second generation, it is the most wide-
spread and cheapest version of solar cells and is widely used in photovoltaic power
stations. Their disadvantage is recycling, as cadmium is a toxic element. However,
according to the European Chemicals Agency (ECHA), CdTe is no longer classified

as harmful if ingested nor harmful in contact with skin [17].

COPPER INDIUM SELENIDE (CIS) / COPPER INDIUM GALLIUM SELENIDE (CIGS)
It belongs to the semiconductor group I-III-VI2. Their advantage is deposition on
very flexible substrates. Like CdTe, they are toxic. It is produced either under vac-
uum condition where precursors are evaporated onto heated substrate or sputtering
is used at the room temperature, where the substrate is then thermally annealed
using selenium vapour. It is a relatively complex process due to the reactions during
this vaporization, and thus the properties of CIGS are less well controlled. Its direct
bandgap can be tuned from 1.0eV to 1.7¢eV [18].
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COPPER ZINC TIN SULFIDE (CZTS) AND COPPER ZINC TIN SELENIDE (CZTSE)
This type of so-called quaternary compound PV cell is composed of only non-toxic
elements. It is especially attractive because it is an indium-free variant compared to
CIGS [19]. A sulfur-based version has a bandgap of E, ~ 1.5eV and selenium-based
version E, ~ 1.1eV. It is generally considered less powerful than CIGS or CdTe.
There are many alternative cation alloys to CZTSe that increase their performance
as well as crystalline stability — a potential solution is the Sn cation substitution
with Ge or Si. Some sources classify PV cells of this type in the third generation of

emerging technology.

111-V group compounds

According to the newer IUPAC notation, already referred to as group 13-15. Nev-
ertheless, Roman numerals are still familiar. They are semiconductor compounds
of at least two chemical elements. These are often GaAs, InP, GalnP, InGaAs or
AllnGaP. Notwithstanding, they often work together, as a whole in tandem cells.
Solar cells belonging to this group are among the most powerful ever (Fig. A.1). The
last measurement in April 2020 reached solar conversion efficiency at 47.1 % using
a concentrator with a value of 143 suns and 39.2 % without a concentrator with the
six-junctions solar cell [2]. Of course, regarding it, they are priced differently than

in the field of chalcogenide solar cells.

INDIUM PHOSPHIDE (INP)  Solar cells are known mainly for their high resistance to
radiation. Their direct bandgap is 1.34eV. In most cases, it is used in combination
with multilayer cells and the high energy junction as a result of its electron veloc-
ity, i.e. as a top layer to achieve the required bandgap combinations (for example
GalnP/GaAs) as it has almost the same lattice as GaAs.

GALLIUM ARSENIDE (GAAS) As already mentioned, GaAs solar cells are used
mainly for demanding applications such as aircraft applications, military, concen-
trators and space, due to their high efficiency, good temperature and radiation
resistance and small size [20]. The Russian physicist Zhores Alferov awarded the
Nobel prize in 2000, made a significant contribution to their development in the field
of heterostructures.

This material is common not only in solar cells but also for high-frequency devices
by virtue of its electron velocity. Thanks to its direct bandgap about of 1.44¢V, it
tend to create noise level compared to the silicon [21]. Nevertheless, due to the
availability of gallium, the production of solar cells is expensive. The price then
increases the complexity of technological production, if it is mainly a multi-junction
(MJ) structure.
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3.1.3 3" generation — new emerging technology

Cells in this generation are considered experimental and are still in development
and not widespread. However, these are promising technologies that are expected
to grow significantly in the future. In many cases, the PN junction is no longer used,
as was the case with previous generations, it has been replaced by organic layers.
Usually, the vast majority of third generation solar cells cannot be used in difficult

conditions because they degrade strongly.

PEROVSKITE Undoubtedly, the perovskite cells can be classified among the fastest
advanced solar technology according to Fig. A.1. It is an organic-inorganic structure,
which can be based on tin. At the moment, they can be considered relatively unsta-
ble, as they are subject to considerable degradation in air and moisture. Therefore,
they are also often encapsulated. Though, some researches prove these cells to have

been stable for one year yet.

DYE-SENSITISED Semi-flexible and semi-transparent solar cell based on a photo-
sensitised semiconductor called Grétzel cell or also DSSC. It is an organic dye that
absorbs visible radiation as a source of energy. They degrade most when exposed to
ultraviolet radiation. Of the third generation of solar cells, this is the most efficient
at the moment. Because they use a liquid electrolyte, they cannot be used in a
low-temperature environment because of a risk of freezing. At high temperatures,
the electrolyte expands and causes mechanical stress and thus physical defects on

the cell. However, it is a relatively cheap material with a simple production process.

COLLOIDAL QUANTUM DOT They are known as semiconductor nanocrystals or
nanoparticles, also abbreviated to QDSC with a size of several nanometres that can
absorb a broad-spectrum area. They function is based on quantum mechanics. Their
advantage lies in the possibility of adjusting the bandgap. The colloidal solar cell is
then one among others nanoparticles that are mixed into a carrier substance, which
can be, for example, plastic. For this reason, it is also clear that their effectiveness
will be low. Notwithstanding, by reason of the simplicity of the application, their
use is extensive. Regarding toxicity, there is a risk, especially with the heavy-metal

quantum dot [22].

PorLyMER Like plastic, they are one of the organic solar cells. Polymer PV cells
consist of a transparent front electrode, which is made of semiconducting polymeric
material, and a back electrode, which is printed on a plastic substrate. Polymeric

PV cells cannot be compared with inorganic cells in terms of durability or efficiency,
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but their flexibility and non-toxicity make them attractive. Also, no scarce materials
are needed. The structure is similar, for example, to a silicon PV cell, there is a
layer of electron donor and electron acceptor which are on top of each other. Unlike
silicon, exciton diffusion lengths are short, so a very thin material around 10 nm
is needed. Though, such a thin material is not able to absorb enough light and
achieve the desired efficiency. Therefore, a so-called bulk heterojunction is formed,
which is basically mixed up PN material called as an active layer, as demonstrated
in Fig. 3.3. Between the active layer, there are also transport layers for electrons
and donors [23].

cathode cathode

acceptor J_— donory —~_) |—
donor + M +
anode anode

substrate substrate
a) b)

Fig. 3.3: The difference between a) an ordinary semiconductor silicon solar cell and b) an organic
polymer PV cell with bulk heterojunction.

3.2 Applications of solar cells

It is evident that solar cells, of which solar panels or modules are composed, exist
in many variations. In addition to the broadest use of silicon panels for solar energy
harvesting (SEH) with solar power plants and solar systems installed on the roofs
of houses, there are also special PV cell applications where they find their use. The
section, therefore, deals with the use of solar cells, especially the second — thin-film
generation, where gallium arsenide PV cells belong. It is also necessary to realize
that the solar cell absorbs a broad wave spectrum of light, so it is not only visible
light (VIS) but also light in the UV and NIR regions.

3.2.1 Use of multiple layers

Performance can also be increased by layering, where one solar cell can contain up
to eight thin layers, each absorbing light at a specific wavelength. Such solar cells
are called multi-junction or cascade solar cells using tandem fabrication, so they
can also be found under the name tandem cells. Each layer contains a different
composition and material with a specific bandgap that absorbs light in a particular
spectral region. Usually, the top layers have a large bandgap and absorb most of

the visible spectrum up to the bottom layer with a small bandgap, which absorbs
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light in the UV region, as can be seen in Fig. 3.4 below. An alloy of InGaP with a
range with a high bandgap of 1.92eV to 1.87¢€V is used for the top layer. Early cells
used straight GaAs (1.42eV bandgap) in the middle junction, later cells contain
InGaAs alloy for a better match to Ge lattices (0.66¢eV bandgap) [24]. Thus, in
general, to cover most of the spectrum, aluminium can be added to the top of the
band to widen the bandgap and indium to other interlayers for better matches of
lattice constant. The construction of the layers of the solar cell is separated in the
notation by a slash, starting with the top layer and ending with the substrate (in
some literature is not always stated), for example, InGaP/GaAs/Ge [25].

Thanks to such a construction, they achieve higher efficiency than conventional
single-layer solar cells. From a practical point of view, this type of solar cell is
expensive for common use. The metalorganic chemical vapour deposition (MOCVD)
method is commonly used. Their use is applicable only when used together with

concentrators.
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Fig. 3.4: Spectral region of absorption of the second generation solar cell [26].

3.2.2 Use of concentrators

Increased performance can be provided by so-called light concentrators, which are
commonly used with MJ high-efficiency solar cells. Where the area of the solar cell is
not enough, light is directed and concentrated to its focal point using optical devices.
Concentrator photovoltaics (CPV) is used to express the intensity of concentration
in the number of suns or ratios. For example, "light intensity of 20 suns”. Without
the concentrator, the light intensity on the solar cell would be 20x less. If the light
intensity on the solar cell exceeds 10 suns, it is already necessary to use passive
cooling of the PV cell. If the light intensity exceeds 100 suns, the PV cell must
already be actively cooled by means of cooling fluid, and we speak of high PV
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concentration (HCPV). Thus, it is clear that solar cells are exposed to extreme
radiation and temperature in this case, which significantly affects the rate of their
degradation. Most concentrator designs follow the concept of Fresnel lens, parabolic
mirrors, luminescent concentrators or reflectors. These elements usually serve as a
primary optical element (POE) [27]. Furthermore, in the case of high-quality HCPV,
another optical element is used to increase the acceptance angle and increase the
uniformity of the light distribution over the entire area of the cell — the secondary
optical element (SOE). Light from the POE is concentrated in such an element and
is usually located just above the solar cell. Thus, great emphasis is placed on design
and property, as it follows that SOE operates in difficult conditions. Accordingly,
the SOE of the concentrator significantly increases its acquisition price. Emphasis
is thus placed on quality POE, where it is not necessary to use SOE. That is, where
only one optical element is used in the construction.

Concentrators using Fresnel lenses are among the first concentrators to be used
since 1979. Lenses are light and capable of achieving short focal length and large
aperture. They can be used in the construction in a shape of a circle focusing
the light in a point (Fig. 3.5) or in a cylindrical shape focusing the light in a line,
which also results in a lower ratio concentration than in the previously mentioned

construction [28].
solar radiation
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Fig. 3.5: Fresnel lens concentrator focusing the light into one point without SOE.

If optical lenses are not used, the concentrator is usually utilised using two
parabolic mirrors (Fig. 3.6). The first larger mirror serves as a collector and the
second as a focal point, where all the rays from the first mirror are concentrated and
point further on the surface of the solar cell, which is usually placed in the middle
of the first mirror. Like Fresnel lenses, they have a high ratio of around 500.

Luminescent solar concentrators (LSC) are composed of one or more glass or
plastic plates (Fig. 3.7). The light captured in these plates, which serve as a wave-
guide, is guided to their edges by a total internal reflection (light bounces around

the material) where the solar cell is located. The plates contain fluorescent dye
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Fig. 3.6: Parabolic mirrors concentrator without optical lenses.

or quantum dots, so they emit absorbed light at longer wavelengths. Their ratio
concentration factor can be up to 10, and they are used mainly as transparent and

semi-transparent materials for covering buildings or as solar windows [29, 30].
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Fig. 3.7: Luminescent concentrators using glass layers.

As a low-concentration module, a concentrator using a mirror-reflector can be
mentioned (Fig. 3.8). These mirrors contain a silicon-based coating because of the
low loss of reflection. Their concentration ratio is given between 1.5 and 2.5. For
this reason, they also do not need the use of passive cooling. They also exist with
the use of silicon solar cells. Seville, Spain is the largest photovoltaic plant that also
uses these reflector concentrators [31].

It is therefore clear from the above text that thin-film solar cells with high
efficiency are most used in constructions with a high concentration range. These
are concentrators using Fresnel lenses and parabolic concentrators, where their ratio
is in the hundreds to thousands of suns. Withal, with such a high light intensity,
it is necessary to take into account the side effect of heat transfer. Although there

are designs that are, as already mentioned, cooled passively or actively, or even
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Fig. 3.8: Mirror construction as reflectors.

systems producing solar power and usable heat called concentrator photovoltaics
and thermal (CPVT); solar cells in these systems are extremely stressed. The risk of
their degradation thus increases sharply, and their resistance is then highly desirable.
For these reasons, solar cells based on GaAs and other representatives from the field

of thin-film and MJ solar cells are used in HCPV systems.

3.2.3 Space applications

As a result of the constant development of space technology, it is necessary to pay
high importance to the applications of solar cells in space. Their use still grows in
this field, as well as the demands for their function. Degradation depending on the

surrounding conditions such as heat, cold, or radiation is thus a crucial key issue.

History and present of GaAs based PV cells in space

It is known that the Earth’s atmosphere has four primary layers that protect it from
harmful radiation. These layers are the troposphere, stratosphere, mesosphere, and
thermosphere. However, if there was no atmosphere, the risk of ionising radiation
increases several times. Since the beginning of the space race between the United
States and the Soviet Union in 1957, the issue of the influence of gamma radiation
on solar cells has made sense. Not only humans but also electronics require sufficient
shielding from high-energy radiation from space. In 1958, the first American satel-
lite, Vanguard 1, was launched to have solar cells installed. Thanks to solar cells,
it lasted six years, ending mainly due to intense gamma radiation. At that time,
solar cells were experiencing the beginning of their development, so it was not even
possible to assume their increased radiation resistance, as the environment in which
they worked was still not sufficiently mapped. Vanguard 1 was then equipped with
silicon cells, which are not wholly suitable for space use today. Three years after

the launch of Vanguard 1, the Explorer 11 orbiting satellite was launched by the
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National Aeronautics and Space Administration (NASA) to measure gamma radia-
tion precisely. The first probe to carry GaAs-based solar cells was the Soviet Venera
3 used to explore the surface of Venus. The probe was launched on November 16,
1965, from the Baikonur cosmodrome [32].

Several decades have passed since then, and dozens of different types of solar
cells are currently being developed and marketed, each with its field of application.
Gallium arsenide PV cells excel by cause of their radiation resistance and are thus
ideal for these purposes.

One of the most famous objects using GaAs solar cells is the Hubble telescope.
However, the use of solar cells in space does not only apply to satellites and other ob-
jects moving in the thermosphere. Currently, several solar system probes and other
spacecraft using this type of solar cells are actively operating in space. Examples
are the Venusian probe Akatsuki (InGaP/GaAs/Ge) [33], the robotic lander InSight
(InGaP /InGaAs/Ge) to study the deep interior of Mars or the asteroid study probes
Hayabusa2 and OSIRIS-REx [34]. Another current example is the Ingenuity heli-
copter equipped with solar cells, which, together with the Perseverance vehicle, are
part of the cruise stage. Its entire primary part is also covered by GaAs solar cells.
This mission to Mars has started at the end of July 2020.

Radiation intensity

The nearest largest source of radiation in our system is the Sun. As mentioned at
the beginning of this section, the Earth’s atmosphere filters out dangerous radiation
that protects humans from various aspects of sunlight. For the performance of solar
cells; however, in terms of luminous flux, a large spectrum of energy is removed
within the scattering and reflection, especially in the upper and lower latitudes. Of
course, the influence of high fluctuations in available light flux also belongs to the
alternation of seasons or day and night. At most, about 25 % of the solar energy did
not reach the Earth’s surface in clean weather and during light cirrus clouds reduce
this to 50 % [35]. Beyond the Earth’s atmosphere, solar cells are no longer affected
by these problems, and we can achieve a wider spectrum of energy. Light flux
fluctuations are thus dramatically reduced. In this case, the efficiency of the solar
cell is already affected mainly by the angle of incidence of light, the distance from
the Sun and an equally important factor — degradation. In some cases, where solar
arrays are located on satellites, it is necessary to continually adjust the direction of
their rotation relative to the Sun, which causes further loss of energy. The solution
to giving access to constant sunlight can place a satellite to the Lagrange point
(the point between two large bodies where the gravitational forces match up and

cause the object to be in a stable or nearly stable position). In the case of the
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distance from the Sun, the light emission from other cosmic objects and planets
is negligible. A ~5778 K black body approximates the Sun’s spectral density of
electromagnetic radiation following Planck’s radiation law. The full power of solar
radiation is then described by integrating across all wavelengths to give the Stefan-
Boltzmann law [36]:

oo 2ok, .

As mentioned, the effective temperature of the Sun is close to the 5778 K, which
means that Sun’s photosphere would produce an average flux of 63.2 MW /m?. Thus,
with distance from the Sun, this intensity decreases. In Earth’s orbit, it is Fy =
1367 W/m?, which is equal to solar constant. The factor of decrease in flux is,
therefore 4.62 x 10* [37]. Concentrators are also used in space to amplify the effect
of light intensity [38]. If it were necessary to calculate the solar constant on Mars,

the formula would be:

Le

Se= -9
T 4r 2

(3.2)

where the constant L, is the solar luminosity of 3.828 x 10% W and r is the distance
of Mars from the Sun, which is 2.2794 x 10! m. The solar constant on Mars would
therefore be 586 W /m?.

Because the Earth is in thermal equilibrium with this radiation equal to the solar
constant, it must indeed emit the same amount. By adjusting this equality, we can

approximate the effective temperature of the Earth:
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R
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where Ty, T and Rg, R are the effective temperatures and radii of the Sun and
the Earth, and ag is the distance of the Earth from the Sun.

Sunlight from the Earth is reflected or absorbed by the satellite and generates
excess heat. The total irradiance Expg absorbed by the solar cell on the satellite

can be calculated as follows:

EABS = TAREs(l — 77) + ABULKQ(ES + O'Té), (34)
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where TR is the transmittance of the anti-reflective coating of the PV cell, n is the
efficiency of the cell, Agyrk is the absorbance of the bulk cell, and « is the albedo

of the Earth (a diffuse reflection of solar radiation from the Sun).

Influence of temperature in space

In the previous section, the possibilities of intensity of solar luminosity were ex-
plained, which is a crucial parameter for the solar cell due to its efficiency, which
depends on the distance from the Sun. Another important property is its degrada-
tion occurring at different temperatures of the PV cell. Generally, it is necessary to
address the issue of temperatures in space. Temperatures here are very low, but in
certain situations, it is the other way around. First of all, it needs to be clarified
that the term temperature of outer space is not entirely accurate. On Earth, tem-
perature imagines kinetic activity of the gas. The universe is full of photons created
during the Big Bang, called cosmic microwave background radiation (CMB) — relic
radiation. However, the kinetic temperature of the gas and the temperature of the
radiation of the outer space are different [39, 40]. It means that radiation and gas are
not in the thermodynamic equilibrium. The black body of the background radiation
can be calculated at 2.726 K (—270.424 °C), which is the current temperature of the
relic radiation of the expanding universe. When a space object is rotated towards
a light source (the Sun), the internal energy of the incident photon radiation can
increase rapidly. For example, the International Space Station (ISS) moving in the
middle of the thermosphere Sun-facing side would soar to 394K (121°C) and from
its opposite dark side can drop to 116 K (—=157°C). In the case of solar cells, it is,
therefore, necessary for them to be able to withstand extreme temperature differ-
ences, sometimes in different time cycles (if they are installed on a satellite orbiting

the planet).

Other possible sources of energy for space use

Satellites and space probes most often operate in a mode where their primary source
of power is electricity from solar panels. If the solar panel is facing away from the
Sun and is unable to power the devices, their primary source is the battery. However,
some missions last for decades. In such case, considerable degradation of the battery
can be expected, and the efficiency of the solar cells decreases with distance from
the Sun. It was mentioned that the temperature of relic radiation in space is close
to 0 K. It is appropriate to maintain thermal comfort using a heat source. Thermal
comfort is essential for all electrical equipment. Suppose the duration of the space

mission is assumed to be several decades. In that case, it is necessary to provide
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an additional source of electricity if batteries, chemical and solar cells lose their
effectiveness.

It is therefore worth mentioning that for interplanetary and out-of-Earth mis-
sions, it is appropriate to combine these resources with nuclear ones effectively. Like
space radiation, GaAs-based semiconductor devices can degrade or can be damaged
by radiation from some power sources. It is worth mentioning the basic overview of
nuclear power sources used for space purposes, as they can indirectly affect all these
semiconductor devices, which in this case is impossible to shield from dangerous

radiation sufficiently.

Types of nuclear power sources

« Radioisotope power sources — use the decay of radioactive nuclei. These are the
most frequently used nuclear sources (already several dozen probes, especially
on the outer planets).

o Nuclear reactors — use the fission of very heavy nuclei induced by neutron
capture. They allow the use of high performance. They were used in Soviet
radar satellites RORSAT.

e Thermonuclear power sources — use the merging of light elements. Stable
process of thermonuclear reaction in the laboratory has not yet been mastered.

o Annihilation power sources — use annihilation of matter with antimatter. The
biggest problem is obtaining and preserving antimatter using a particle accel-

erator. They have not yet been implemented or tested.

The advantage of nuclear power sources is their high efficiency of energy production
and independence from the environment. They do not mind radiation, strong electric
or magnetic fields. Of all energy sources, their production and price are the most
demanding. In terms of safety and ecology, nuclear power sources are the riskiest.
Nuclear power sources are also used as a source of energy for propulsion. Compared
to chemical sources, they provide a significant difference in efficiency. However, their
construction usually pays off in larger designs.

A source of radionuclide, radioactive nuclide, radioisotope or radioactive isotope
(these are synonyms in all cases) releases heat during the decay of radioactive nuclei,
a thermoelectric cell converts heat into electricity. It has no moving parts, so it has
high reliability. It is also possible to use a Stirling engine or a gas turbine, but
moving parts are already taken into account here, but the conversion of thermal
energy into electrical energy is more efficient. At the same time, the decrease in the
power of the radionuclide source depends on the given half-life. An example is the

still active Voyager probes [41].
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The most commonly used radionuclide is plutonium-238 (~?3¥Pu), with a half-
life of 88 years. Its production arises from neptunium (~%"Np) by irradiation with
~238Np neutrons. Its significant advantage is that it has no gamma activity so that
it can be easily shielded. The disadvantage is that there is a lack of ~2**Pu. The
solution to this problem is to replace plutonium-238 with americium-241 (724! Am)
with a half-life of 432 years. It can be obtained by chemical separation from spent
fuel, so there is no irradiation in reactor. However, it is needed at 5x higher weight,
as it has 5x lower activity. Its gamma activity is also noticeably more pronounced
and needs to be addressed by complex shielding. Radioisotope generators are also
used to distribute heat and ensure thermal comfort for devices. Such a radioisotope
thermoelectric generator (RTG) is called a General Purpose Heat Source (GPHS)
and is used, for example, by the New Horizons probe. There is also a reduced version
called the Lightweight Radioisotope Heater Unit (LWRHU) [42].

The first nuclear reactor to serve as a source of electricity to appear in space was
the SNAP-10A or SNAPSHOT, which as a nuclear powered satellite was launched
by United States in 1965. Other important reactors that were also part of the
RORSAT project were called TOPAZ which carried higher-orbiting satellites. The
disadvantage of such satellites and probes that contain the nuclear reactor is their
primary source of orbital contamination, which is considerable compared to X-rays.
They pose a danger of gamma radiation both to the instruments they carry and to
other satellites that sense gamma rays for astronomical purposes. The current de-
velopment of new reactors for satellites is slow due to the wait for high-performance
equipment where such a reactor could be used. The equipment being developed
includes, for example, the Flattop reactor, which is connected to the Stirling engine,

or the small Kilopower reactor [43].

3.3 Degradation processes

From the previous chapter, the basic properties of GaAs solar cells and the appli-
cations where they are most used were explained. From this, it can be concluded
that they are very often exposed to extreme conditions, for which, however, they
are intended. Naturally, we can also expect increased risks of damage to these cells
and decreasing their effectiveness. This section describes the main contributors to
the deterioration of solar cells. Since solar cells do not only undergo environmen-
tal degradation, they can fall into two main groups. Namely, degradation caused
naturally by external influences and degradation caused by defects already during

production.
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3.3.1 Degradation due to defects caused during production

It can be said that no solar cell material is created without the defect. Defects
can always be found on or in the solar cell, whether they are caused by impurities
during fabrication or mechanical disorders during handling. These processes can
result in increased degradation, which then results in reduced performance. In the
worst, case, a complete loss of functionality. The problem can be both during the
production of the active layers and during the application of the anti-reflective layer.

Imperfections can also arise with poorly applied contacts.

3.3.2 Degradation due to external conditions

Disorders can be caused not only by factors in the production of solar cells but also
by environmental degradation, which is a much more common cause. It includes
many other factors that affect the life of the PV cell.

Radiation

Energy emissions in the form of waves or particles through space or matter is illus-
trated in Fig. 3.9, and some examples related to the topic of the dissertation are
described below. The properties of the solid matter and its physical parameters
are susceptible to many external factors such as pressure, temperature or various
external fields. In most cases, if the source that caused this state disappears, the
physical parameters of the matter will return to their original values. Also, similar
behaviour occurs when other types of radiation affect the solid matter in the case

of non-permanent changes in properties.
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Fig. 3.9: For a basic idea, the picture shows a broad radiation spectrum. The grey text shows
examples that cause radiation. The dark blue text describes the wavelength at a given point.
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GAMMA RAYS The interaction of directly or indirectly ionising radiation with the
crystalline matter has great importance in terms of recognising the properties and
behaviour of particles after interaction with the matter; and changing the properties
of the solid mater with which such radiation interacts. Along with the advancement
of physics, chemistry and technology of crystalline semiconductors, the discovery of
some of its dominant properties and its practical application in extreme conditions,
the radiation resistance of these matters began to be observed.

It is known that GaAs-based solar cells have shifted the boundary of resistance
to ionising radiation to higher particle or dose fluctuations. Overall, it is proven
that generally, non-crystalline semiconductors are more durable and stable in high
radiation environments.

Ionising radiation is any radiation that directly or indirectly ionises the environ-
ment in which it interacts. Directly ionising particles include all charged particles
with sufficient kinetic energy, indirectly ionising particles (quasi-particles) without
charge. Here are classified neutrons and quantities of . Each type of radiation is
characterised by the type of particle (a charge, mass, energy) concerning the inter-
acting environment and the particle flow density (fluency), in that case, the amount
of energy delivered by the environment. The fluctuation of particles, together with
their energy and type of radiation, is closely related to the degree of damage of the
examined material.

The radiation environment is also called the environment in which any radiation

and matter interact. The radiation environment is divided into:

o first level — moderate,
e second level — critical,

o third stage — aggressive.

The interaction of radiation and solids results in secondary phenomena in the ma-

terial, which can be divided into two groups:

o Structural disorders — they are created by the displacement and rearrangement
of atoms (molecules) in a solid. These defects usually have permanent conse-
quences on changes in physical parameters of matter, in that case, relaxation
times at the room temperature are of the order of 10®s to 10!°s. Depending
on the size of radiation fluence, is is included here gradually from interstitial
(Frenkel, Schottky) defects, line defects, area defects, displacement wedges
(combined with heat wedges), which may eventually overlap in aggressive radi-
ation fluctuations and eventually lead to forming other solid structures. After

thermal stabilisation of the irradiated material, the new physical parameters
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are constant and depend on the fluence size of the respective radiation. Such
radical changes are only capable of producing high-energy radiation with high
fluctuations, where fast neutrons play a dominant role.

 Jonisation effects — arise in the reaction between the high energy ionizing par-
ticles and atoms of matter, caused the creation of ions due to detachment of

electrons.

By cause of the structural disorder of non-crystalline semiconductors in terms of
observing the effects of faults and their stability, structural defects play a dominant
role.

As one of the most critical tests carried out on candidates of various space de-
vices is gamma rays which confirm their suitability for space. Several institutions
commonly perform radiation hardness tests on electronic compounds for space ob-
jects and other aerospace devices. For example, by the European Space Agency in
its radiation testing facilities, such as in Noordwijk — Netherlands.

Cobalt-60 (Co-60 or %°Co) is a by-product of nuclear reactor processes and the
most common radioactive isotope of cobalt. It is established when metal structures
are exposed to neutron radiation. As the radiation source is used as the agreed
standard method to simulate exposure of cosmic particles in orbit for the electronic
devices. Its full application finds also use for radiation therapy in the hospital during
medical tests, treatments or sterilization.

Cobalt-60 decays into a stable nickel-60 (“Ni) isotope by beta particles and
by two corresponding highly penetrating gamma rays as photons with energies of
1.17MeV and 1.33MeV (Fig. 3.10). Gamma rays are electromagnetic radiation,

similar to Rontgen X-rays.
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Fig. 3.10: Cobalt-60 decay scheme.

SOLAR PARTICLE EVENTS AND GALACTIC COSMIC RAYS Another particle species

representatives are solar particle events (SPE) protons and galactic cosmic rays
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(GCR) nucleons. These energies are much higher than gamma rays photons, as
described in Fig. 3.9. As the very unpredictable, SPE can be considered. It is
accelerated by the Sun flare or during coronal mass ejection (CME) shocks. Also,
from the Sun or distant galaxies can originate the highly penetrating GCR. Consists
of hydrogen (~87 %), helium (~12%), and heavier nuclei (~1%) [44].

Dynamic Mechanical Load

By the term, dynamic mechanical load (DML) is meant mainly mechanical stress
of cyclic flexing caused by wind. Simulated DML is performed using vacuum cups
controlled by a computer that cyclically applies a pressure of about 5000 Pa to
6000 Pa to provide alternating bidirectional forces.

While properly clamped panels will not flex much, it is still enough to cause
damage over time. Microcracks are frequent damage to solar cells. Such microcracks
can then be studied, for example, by electroluminescence, light emission or by EBIC
method.

Humidity and moisture

Humidity and moisture can degrade or cause a decrease in efficiency of the PV
cell in several ways. The first are water droplets, which affect the reflection of
sunlight. The second is the reaction of moisture into the cell, which causes its
parts to eat yellowish and corrode metal connections [45]. GaAs PV cells can be
minimally encountered with this type of situation since they are used for a different
purpose. Understandably, the most susceptible PV cells to moisture are from the

third generation described in Sec. 3.1.3, especially perovskites.

Temperature influences

As already mentioned in Sec. 3.2.3, the temperature on Earth is lower than in Earth’s
space orbit in direct sunlight. However, when using concentrators, the temperature
conditions are many times higher. Thus, during the constant absorption of light,
the energy converted into heat can be expected to have a significant effect on the
solar cells. The converted and absorbed energy incident on the cell surface depends
on the zenith angle of the Sun, time of the day and the latitude.

Recently, the degradation of GaAs solar cells under continuous laser irradiation
was discussed by Lei Qi et al. [46] in terms of thermal-stress distributions. In this
work, degradation caused by defects formed due to redistribution of aluminium
and titanium components are also observed in Sec. 5.5. Light-induced degradation
of silicon solar cells was reported to be connected with increasing of dislocation
defects [47].

34



3.4 Possibilities of investigation and analysis

There are many methods and instruments for investigating degradation. In this
section, selected methods that can provide as much information as possible about
the state of the solar cell are listed further. Their mutual correlation can then

confirm the resulting measurement and provide verified results.

3.4.1 Atomic force microscopy

Atomic force microscope (AFM) is one of the types of scanning probe microscopy
(SPM). Information is gathered by “touching” the specimen surface with a cantilever
with a mechanical tip. The tip is moving in raster over a surface using a moving
stage and feedback loop. A laser detects the deflection of the cantilever. The method
is commonly used to achieve an image of the precise three-dimensional topography.
The image could be processed for better observation. The great advantage is that

there is no need for special sample preparation.

3.4.2 Scanning electron microscopy

Electron microscopy provides a basic overview of the morphological state of a sample.
Material characterisation can be extended using many other methods associated with
SEM. When analysing with SEM, it should be noted that by cause of the accelerating

voltage, structures up to several pm under the surface can be observable (Fig. 3.11).
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Fig. 3.11: Electron scattering and X-ray generation simulation using a Monte Carlo method on a
carbon sample with density of 2.25g/cm? [48].
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Energy dispersive spectroscopy

It is an analytical method for elemental analysis and sample composition based
on the principle of detection of characteristic X-rays by sample atoms excited by
the impact of an electron or ion beam. The EDX (or EDS) detector is part of
the electron microscope. Together with SEM, it is possible to create morphological
and elemental distribution maps. The typical EDS spectrum is usually presented
in the form of a graph of characteristic energy shells — spectral lines of the X-rays
denoted as K, L, M, N, followed by o« and (3 which is called Sieghahn notation.
The limit of EDX detection depends on many factors. In particular, these are the
X-ray transition energies of each element to be detected in a sample. It also depends
on the type of sample surface, where smoother surface means the lower detection
limit. Major elements with a concentration above 10 wt% and minor elements with
a concentration of 1 wt% to 10 wt% can be detected. Bulk materials can be detected
to the 0.1wt% [49].

Electron beam-induced current

Electron microscopy with EBIC is mostly used for semiconductor analysis and char-
acterization, such as surface and subsurface defect detection, contamination analysis
and PN junction visualisation in sample cross-section. It can also be used to measure
[-V characteristics and depletion region thickness measurements.

As its name suggests, using the electron beam when observing a sample, the
induced current of the separated electrons and holes by an internal electric field
flow through the circuit. If the electric field in the area of the interest is strong, for
example within the depletion region of the PN junction or Schottky junction, the pair
of electron-hole may be separated which will drift electrons and holes to the N and P
side. The P and N sides of the sample are then connected via the current amplifier.
Separated electrons and holes flow through the circuit and create the electron beam-
induced current (EBIC). In the next step, the current amplifier output is used as a
SEM imaging signal. When high-intensity EBIC signal is produced, it corresponds
with strong image contrast.

For the sample to be connected in the circuit, the connection is releasable either
directly via the cable when the connectors are out of the sample, otherwise, the
sample can be connected to the ohmic contact using so-called nanomanipulators
which are very thin probe tips. In the vast majority of cases, all sample manipu-
lating and connecting takes place in the chamber of SEM under vacuum condition.
The current response is then processed by the picoammeter or current amplifier as
described, A/D converter (ADC) and digital signal processor (DSP) as an image

part which is also illustrated in the following figure.
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Samples measured by the EBIC can be observed in two ways. The first option is
to use the X-EBIC mode where the electron beam is parallel to the studied junction,
which is thus in cross-section view. This circuit, including the above-mentioned
parts, illustrates Fig. 3.12. The second mode is called PV-EBIC, where the electron
beam is in a plain view from the top, in other words perpendicular to the observed
surface.

There are plenty of options for what this analytical method can be used. If
we measure the semiconductor in X-EBIC mode, we can directly visualise the PN
junction. By changing the bias, we can track the different changes in the junction
and also measure the I-V characteristic. The typical use for plain view mode is the
visualisation of grain boundaries, charge distribution and subsurface defects. EBIC

can also observe electrically inactive and active impurities.

electron
beam
EBIC
PN ADC DSP
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| 11 ——
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Fig. 3.12: Electron beam-induced current wiring diagram in X-EBIC mode. The diagram shows
the ADC block for analogue signal conversion and the DSP block for processing the image par.
(PV-EBIC mode could be also used for investigation of surface and subsurface defects. It differs
only in the position of electrons incident on the solar cell.)

3.4.3 Raman spectroscopy

It is an optical non-destructive technique which examines inelastic scattering of pho-
tons and its vibrational excitations in the surface of the material. The shape of the
spectrum is defined by the chemical composition found in the sample. Peak char-
acteristic of different phases allows for the identification of secondary phases which
are related to the process conditions of the thin-films. Also, Raman spectrome-
try is excellent for high spatial resolutions during surfaces mapping and analysing
depth-resolved phase distributions in MJ solar cells.

The most fundamental interactions of photon and matter that occur are re-
fraction, reflection, transmission and absorption. A part of light radiation can be

scattered by the material. Elastic scattering can occur when the scattered photons

37



retain its energy or, conversely, inelastic scattering when the photon has lost its
energy.

When light interacts with the semiconductor, the scattering of light is a direct
consequence of the dielectric properties of the material. If an external electric field
is applied, the atoms inside the dielectric material begin to redistribute the electric
charge by polarisation (creation of an internal electric field). The newly created
polarisation then compensates the external electric field. In isotropic and linear
materials, the electric field of the incident radiation is linear with a polarisation

response P, according to:

P=y-E =x-E cos(ky -7 —wi-t), (3.5)

where y is the factor of electrical susceptibility of the sample, which is also inter-
preted as the density of electric dipoles per unit volume. The amplitude of the elec-
tric field from an electromagnetic incident wave represents E? which have wavevector
k1 and frequency w;. When the applied field is oscillating, the induced polarisation
field is also time-dependent, so it radiates energy according to the basic electrody-
namic theory. Thanks to this, the scattering of light is interpreted based on radiation
processes associated with the existence of electric dipoles at the atomic scale.

The way of atomic vibrations can be observed in the shape, intensity and fre-
quency of the Raman bands and thus provide important information. Such proper-
ties also depend on several chemical factors, such as the chemical composition, the
structure of the PV cell, impurities, stress or defects. Analysis of the Raman spectra

and individual bands can then derive different physical properties of the material.

3.4.4 Secondary ion mass spectrometry

It is a technique responsible for the analysis of the composition of solid and thin-film
surfaces by sputtering the surface by positive or negative ions using primary beam
under vacuum <6.66 x 10~° Pa and collecting (analysing) the erupted secondary ions
transferred to the mass spectrometer. Secondary ions emitted from the surface of the
material by the ”sputtering” process are used to analyse the chemical composition
of the material. Notwithstanding, these particles represent only a small fraction of
the particles emitted from the sample. Secondary ion mass spectroscopy is one of
the most sensitive surfaces analyse capable of detecting elements, even if present
only in nanometre regions.

Most trace elements can be detected when they reach a density of 10'? to 106
atoms per cubic centimetre in the sample under investigation. However, this number

is entirely dependent on the method used, the type of primary beam, the sample
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to be analysed, and more. The sputtered area from the surface depends mainly
according to the amount of the current and size of the beam from the primary ion
gun. The sputtering sensitivity is also dependent on the use of an ion source (Cs*,

O3, Ga™, or a Bi group).

3.4.5 Reflectance

It is a crucial optical property of solar cells, thanks to which it is possible to observe
the properties of their surface on different spectral ranges. It has a significant
influence on the efficiency of the solar cell. It is possible to examine not only the
differences in reflectivity but also the thickness of thin layers. Detection of wave
reflection at interfaces and surfaces is used by spectrometric measurement, mostly
by a probe. It measures the radiant flux reflected and absorbed by a sample. The
differences then increase especially with different surface morphology, which changes

depending on its degradation.

3.4.6 Ellipsometry

It is another a non-destructive method for determining optical parameters, especially
for thin-films. For the wavelength and one beam incidence angle, two parameters
(U and A) describing the polarisation change upon reflection from the sample are
obtained as a complex ratio of reflectance p-plane and s-plane (parallel to the plane of

incidence and perpendicular to the plane of incidence) of the polarisation component

(Fig. 3.13).
p-plane g A p-plane
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Fig. 3.13: The main principle of ellipsometry. After the impact of linearly polarised light onto the
sample, it turns into elliptically polarised light with the required parameters. The penetration of
light through the sample thin layers is also illustrated.
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Using multiple wavelengths, the method is called spectroscopic ellipsometry.
Aforementioned method also increases the accuracy of the sample thickness deter-
mination. Unlike spectrophotometry, ellipsometry does not require reference mea-
surements. Thanks to the use of polarised light, the advantage of ellipsometry is its
low sensitivity to signal fluctuations and does not require diffuse light protection.

In practice, measurements at different angles of incidence are also often used.

3.4.7 Electroluminescence

This method makes visible the distribution of currents in a given solar cell and
highlights inhomogeneities and possible local defects. Electroluminescence consists
in emitting of light from the surface of the solar cell. The indicated phenomenon
occurs when an electric current of a specific minimum value is allowed to flow through
the PV cell. The wavelength of the emitted light depends on the material of the
PV cells. Most semiconductor solar cells emit radiation in the near-infrared region.
This radiation is outside the visible spectrum and is recorded by a specially adapted
CCD camera. Using given method, defects can be detected inside the PV cells that
might not otherwise be visible. The results of this test are grayscale images of the
cell, where darker spots show worse conversion efficiency or lower current density at
that point. Both indicate a defect. For fully functional samples, light colours are
homogeneously distributed. This method also detects micro-cracks that can have a

significant effect on the function of a part of the solar cell.

The following defects can be detected by electroluminescence:
o cracks and micro-cracks,
« electrically inactive solar cell parts,
 interrupted metallization,

« other inhomogeneities — various technological errors, diffusions.

3.4.8 Electrical characteristics

In electrical engineering, an equivalent electrical single diode model (Fig. 3.14),
sometimes referred to a five parameter model (R, Rs, Iy, Ipn, n), is used to under-
stand the behaviour of a simple semiconductor solar cell.

The current source corresponding to the given solar flux and the real diode D in
parallel represent an ideal solar cell model. However, such a model would not give
a correct I-V and P-V characteristic. No PV cell is ideal, and therefore a resistive
element called series resistance Ry is added to the model, which is the resistance of

bonds between the cell and its wire leads and resistance of PV solar cell. The second
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resistive element that causes power losses is a parallel leakage or shunt resistance
R,. The resulting current I, is then:

Vpvt+Ipv-Rs ‘/;C)V + Ipv . RS

IPV = 4ph — IO : (6 meVT — 1) - R ) (36)
P

where I, is output current of PV cell, I, is generated photocurrent, I, diode
saturation current, Vj, is output voltage of PV cell, Rs is series resistance, R, is

shunt resistance, ng is number of cells in series, and Vr is thermal voltage.
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Fig. 3.14: Equivalent circuit of a) an ideal PV cell single diode model and b) with series and shunt

resistance.

There is also a more complex model with a second diode in parallel, representing
the effect of recombination. It is used at lower values of irradiance and low tem-
peratures. The simulations are then more sharp and accurate. Each diode has a
different ideality factor n' [50].

Since the solar cell produces about 0.5V, a building block called a solar panel
or module with a typical number of 60 or 72 solar cells in series with a total value
of 24V is used [51].

It is worth to note that AlGaAs/GaAs PN junctions are widely used in high
electron mobility transistors (HEMT). Like HEMT structures using FET transistors,
an almost triangular potential well is created due to the different material bandgaps.
A so-called two-dimensional hole gas (2DHG) is a model of hole gas that moves in
two dimensions and is confined in the third. Thanks to the typical widths of the
wave function about 10nm, there are still observable finite-size effects, mainly in
high magnetic fields. The highest curvature can also be observed from the wave
function in Fig. 3.15 at the lowest point of the triangular well and the inflection
point at its edge. Such structures are still in the center of interest of fundamental
physics and have a potential in design of 2DEG-2DHG photovoltaic cells [52].

deality factor varies from 1 to 2. The ideal diode has the value n = 1. It is an interface defect
associated.
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Fig. 3.15: p-AlGaAs/n-GaAs energy band diagram and formed two-dimensional hole gas.

Dark IV curves

The primary use of dark I-V measurements is to study the diode properties. There
are no light fluctuations, like in illuminated [-V measurements, where is a significant
amount of noise. This is a more accurate method, where no solar simulator is used
but the injection of carriers. It is a method for determining the quality of junction
and contact resistivity [53].

Measurements of in forward (V' > 0) and reverse (V' < 0) bias are used. Forward
biasing means positive voltage connected to the anode (p-type) and negative voltage
to the cathode (n-type), which decreases the potential across the semiconductor and
depletes region width and electric field (Fig. 3.16).
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Fig. 3.16: Energy band diagram of a PN junction in a) forward and b) reverse bias.

Injection of minority carrier occurs, where electrons flood from the n-type region
and holes flood from the p-type region (Fig. 3.16a). Reverse biasing means the

connection of negative voltage to the anode and positive voltage to the cathode,
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which increases the potential across the semiconductor, and the depletion region
widens. An offset appears in the energy bands. Ideally, there is no current flow,

only minority carrier can drift across the junction (Fig. 3.16b) [54].

lluminated IV curves

These characteristics are also often referred to light I-V measurements. As standard,
a solar cell is irradiated with broad light spectrum, with a value of 1000 W /m?.
Calibrated lamps parametrically as close as possible to natural sunlight are used
as a solar simulator. The most commonly are used xenon, metal halide or quartz
tungsten halogen lamps. The power strongly depends on the lighting and the angle
of the incident light. Therefore, the power of the cells is measured under defined

conditions:

« Power density of solar radiation 1000 W /m?.
o Radiation spectrum AMI.5.

e Solar cell temperature of 25°C.

The supercontinuum laser becomes a part of solar simulator when traditional
lamps or light-emitting diodes are not suitable as a result of low spatial coherence
of radiation [55].

Light I-V characteristics are mainly used to determine the performance and
efficiency of a solar cell. The most frequently mentioned quantities are Iy., Ve, I,
Vi, Pm, F'F, and n, where I, is short-circuit current, V. is open-circuit voltage,
I, is maximum current, V3, is maximum voltage, P, is maximum power, F'F' is fill
factor, and 7 is the efficiency of the solar cell.

At first, the open-circuit voltage is measured, which means the voltage at the
output of the terminals at zero current — without load [56]. The equation for V.

can be calculated as:

nkT IL
VOC%—-ln(——{—l). 3.7
. T (3.7)

Short-circuit current means that the terminals are short-circuited, and the mea-
surement is performed at zero voltage. Since the maximum current depends on

the area of the PV cell, the maximum current density J. is given instead of I by
default:

Isc
sc — Ta 3.8
=" (3.9

where A is the area of the solar cell.
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Next, the measurement is performed under load according to a given step. After
recalculating and multiplying I and V', a performance P-V characteristic is created
from the illuminated I-V curves and used to mark the point on the I-V curve —
maximum power point (MPP). At this point in the characteristic, the solar cell
delivers the maximum power.

When light hits the solar cell, the photon can be transmitted or reflected off
the surface. According to Fig. 3.17, light can also be absorbed, and the majority
and minority carriers will be generated. If the photon energy is the same as the
value of the bandgap (E,, = E,), this is an ideal case where there is an effective
conversion and generation of electron-hole pair. When the photon’s energy is lower
than bandgap energy (E,n < E,), it usually does not have enough force to excite
the electron from valence band E,. When the energy of the photon is higher than
the value of bandgap energy (E,, > E,), not only the formation of the electron-hole
pair occurs, but also 1) thermalisation of electron, when the electron is excited to a
higher level of energy states in the conduction band, and then it relaxes. Relaxation
also occurs at the holes in the conduction band. The difference between Ey, and E,
is converted into heat as phonon — lattice vibration. However, an essential process
is when 2) the electron from the valence band F, will be excited to the conduction
band E.. The electric field will then 3) direct the electrons to the n-type region
in conduction band FE., the holes to the p-type region in valence band F,, and an

electric potential will begin to form [57, 58].
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Fig. 3.17: The process of creating an electron-hole pair when irradiated with light. The energy
band also shows the thermalisation of electron excess energy.
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As a summary, the main issues of the cause of influencing the effectiveness of the
PV cell are:

o recombination of electron-hole pair instead of its conversion into electricity,
 reflection or transmission,

o excess electron energy lost as heat,

« series and shunt resistance,

o lattice defects.

Fluctuation processes

Noise diagnostics of solids is another method that can be used to investigate im-
perfections and defects in solar cells or their microphysical processes in various
conductivity mechanisms. For the study of noise fluctuation and transport mech-
anisms a power spectral density, a spectroscopic analysis is used. Thanks to this
method, it can be detected kinetic processes of charge carriers and observe different
types of noise from thermal, generation-recombination to 1/f, and shot noise. This
information will help to determine the solar cell health state related to long-term
degradation. There are several fluctuation processes, and as the most common ones

that make sense in the PV cell to observe are the following [59]:

THERMAL NOISE Also known as Nyquist or Johnson noise, is classified as white
noise and is caused by thermal agitation of electrons. Since electrons do not normally
reach a quiescent state, the occurrence of this noise is constant, independent of volt-
age, current or frequency. For material with electrical resistance R and temperature

T, thermal noise can be expressed by spectral power density Sy:

Sy = - — kTR, (3.9)

where the index u denotes the voltage fluctuation, Uy, is the noise voltage, Af is the

frequency bandwidth and k is Boltzmann’s constant. The current spectral density

S; equation would then look similar, where the electrical resistance R replaces the

material conductivity G = 1/R and noise voltage Uy, replaces the noise current iy
I3

= =% =4kTd. 1
Si= 5 = WTG (3.10)
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GENERATION-RECOMBINATION NOISE This type of noise causes fluctuations in
electrons and holes in the semiconductor due to generation and recombination. It is
much more common in materials with a heterogeneous structure and an increased
number of defects and impurities. The detection of this noise reflects information
about the density of the state of the traps occurring in the forbidden zone. It is
thus possible to obtain information on the approximate number of carriers and their

time of capture at the traps’ levels and the activation energy.

MICROPLASMA NOISE It is a type of impulse noise resulting from an avalanche
breakdown of the PN junction in very small fields. Thus, its occurrence indicates an
intense degradation of the solar cell, indicating the destruction of the PN junction.
It manifests itself as a rectangular impulse. However, it is not widely used as a

diagnostic tool for cell degradation [60].

AVALANCHE NOISE Exists in reverse-biased PN junctions near or during avalanche
breakdown. This appears during high energy carriers’ impact from a strong electrical

field with the crystal lattice when another electron-hole pair is generated.

SHOT NOISE Called also as Poisson noise, it was first observed in vacuum tubes.
This noise mainly describes the potential barrier or study of the contacts and their
interfaces in solar cells. It is often observed with thermal noise. Arises by cause
of the discrete nature of the electric charge and random transitions through the

potential barrier of the PN junction.

FLICKER NOISE Often referred to as pink noise or 1/f noise, it arises for many
different reasons, and their unambiguous determination is not easy. It is often
measured for the reliability and quality of equipment. Its level is usually assessed as
increasing with the number of defects. Thus, its occurrence may be due to the defects
in the damaged crystal lattice, poor material contact, contact, or interaction between
the charge carriers and the semiconductor’s surface energy states. To examine 1/ f
noise, it is necessary that its level is sufficiently far from thermal noise by reason of

identification. It is observable between 10~* Hz to 10° Hz.

3.4.9 Thermal observations

With the use of infrared thermography, the defect localization and thermal char-
acterization can be observed. Samples can be measured in a steady state where
they are powered in their nominal operation mode and investigated with the ther-

mal camera. However, for more precise localization of heat sources manifesting as
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stressed parts of solar cells and defects, the lock-in method is often used, known
as phase-sensitive modulation thermography. The lock-in method principle is to
apply a modulated bias to the sample that induces periodic thermal emission. This
method serves as an excellent basis for the basic visual identification of the affected
area provided as a thermal map. In combination with other morphological and an-
alytical methods, it perfectly complements and verifies the results. The limitation
of this technique occurs in the case of thermal signature defects, like open circuits.
Nonetheless, current-biasing is used for PV cells. Another necessity is to compen-
sate for emissivity issues. Emissivity is a parameter that indicates radiation emitted
from the sample compared to a black body at the same temperature. That means

the camera needs to be calibrated before every measurement [61].

3.4.10 Fourier transform infrared spectroscopy

The infrared spectroscopy technique measures an absorption of infrared radiation of
different wavelengths by the analysed material. Infrared radiation is electromagnetic
radiation in the range of 12800 cm™! to 10cm™!. The most commonly used is the
central area of 4000 cm™ to 200 cm™!.

The principle of the method is the absorption of infrared radiation when pass-
ing through or reflecting from the sample, which causes the rotational, vibrational
energy states of the molecule in dependence on changes in the structure of the
molecule. The analytical output is an infrared spectrum, which is a graphical rep-
resentation of the functional energy dependence, usually expressed as a percentage

of transmittance or absorbance units over the wavelength of the incident radiation.
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4 Methodology

The methodology firstly describes the tested samples in detail, then the processes
by which they were stressed, and in the last part of the chapter are listed methods
that were used to observe changes in the parameters of processed solar cells. This

part is to introduce all technical parameters and methods used in the measurement.

4.1 Used specimens

As photovoltaic solar cells, GaAs-based samples were tested. This type of sample
was chosen because of its high resistance to radiation and other external influences.
Another reason for choosing these types of cells was their frequent use on space
objects. Identically the same type of solar cells used was implemented on Irid-
ium satellite constellation. Compared to conventional silicon PV cells, these I1I-V
compound semiconductor units have different fabrication, coating application and
substrate material. They are classified in the category of thin-film PV cells for
special applications.

The exact dimensions of the solar cell are described in the images captured by
an optical microscope in Fig. 4.1. The electron microscope was used for further and
more accurate measurements and results. Worth to note, the relatively small width
of the contacts and their pyramid shape! by virtue of the PV cell’s largest possible
area. The third image from Fig. 4.1 shows a cross-section and the most visible Ge

substrate, which is the largest part of the solar cell. The contact is also visible here?.

—)+ 600 pm

Fig. 4.1: Plain view and cross-section of the GaAs solar cell captured by optical microscope.
Thanks to thin contacts, hits the surface more light, and higher efficiency is provided.

!The shape of the contact was observed on SEM in Fig. 5.11
2The cross-section of the solar cell obtained by SEM microscope is shown in Fig. 5.3
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A simple description of the layers of the solar cell for a basic idea is shown in
the model in Fig. 4.2, where the dimensions of individual layers and their material
are described®. The total height and width of the solar cell sample were adjusted
for the needs of measurements and measuring instruments.

top contact / Ag
anti-reflective and protective coating / TiO2 and AlO3

~40+40 nm
~7 pm

p-type semiconductor / AlGaAs
n-type semiconductor / GaAs
substrate / Ge

~20 nm
bottom contact / Ag

Fig. 4.2: Solar cell layer distribution, and structure. On the surface, there is the anti-reflective layer
to absorb as much light as possible and the protective layer to protect against external influences.
The lower layers are insulated from the air and the possibility of oxidation. A heterojunction
between AlGaAs and GaAs follows this. The substrate reinforces the PV cell, and the last is a

uniform layer of silver contact.

Used solar cells described in this dissertation contain a single-junction layer with
silver contacts and silver backside. Thin layer of Al;O3 and TiO5 about 40 nm each
serves as anti-reflection coatings (ARC) as well as protection against radiation from
space.

The most important part of the used solar cell in this work is the AlGaAs/GaAs
interface called heterojunction. The term heterostructure refers to two different
materials with two different bandgaps.

The GaAs layer thickness is about 8 pm, the rest being a substrate and a bottom
contact. As a substrate is used n-type germanium (triple or more junction PV cells
use p-type Ge wafer — depends on solar cells design). Germanium is used mainly
due to its very high mechanical strength. This parameter is important for the use in
space by virtue of the production of very thin wafers and thus a reduction in weight

and material consumption. The total PV cell thickness is about 135 pm.

4.2 Experimental methods

High demanding conditions were performed to simulate accelerated ageing. The
selected solar cells were exposed to a wide range of temperatures and radiation at
which their degradation is expected. This section then describes in detail the main

four processing methods and how they were realized.

3The thin-films were observed using a transmission detector in Fig. 5.27.
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4.2.1 Heating to high temperatures

Thermal processing was the relatively aggressive method, which can be simulated
the difficult conditions and degradation of the samples. The heat sensor was placed
approximately 2 mm from the sample, so it can be monitored the exact temperature
in the vicinity. The entire process was automated. The temperature was set to
350°C. The required furnace temperature rose from 23 °C during 30 min. Subse-
quently, it was stabilized for 240 min. After that, next 30 min program waited as
soon as it dropped back to room temperature of 23°C. During the thermal pro-
cessing, the stress temperature of 350 °C was chosen as a limit value that, for the
period of 240 min, the solar cells were able to withstand and continue to operate
without complications. Thanks to that high temperature it is more distinctive to
observe the degradation and processes occurring both on the surface of the cell and
its electrical properties. These processes in such a short time of thermal stress and
room temperatures may not always be measurable. All the measurements did not
take place during the processing but before and after it. Processing was performed

in the air at normal atmospheric pressure. Slight oxidation can be expected.

4.2.2 Cooling to low temperatures

Sample cooling was performed in a sample analysis chamber (SAC) of the XPS setup
under vacuum <5 x 107 Torr (<6.66 x 107° Pa). Thus, no undesired oxidation or
condensation occurred. Dry nitrogen was used as the coolant. The temperature was
controlled using the temperature control unit (TCU), which was an original part of
the XPS system. The solar cell was placed on the sample holder in good contact
with the cooled molybdenum plate. In the excitation setting, the emission current
was set to 15mA for all measurements.

The sample cooling process proceeded in several ways. The first method was
cooling to a specific temperature and subsequent in situ measurement of the XPS
spectrum at that given temperature, as described in Fig. 4.3. There were 8 mea-
surements, which represent points A to H. For the accuracy of the measurement,
all points in one measurement cycle were performed from one surface location and
one solar cell. First, the sample was gradually cooled in the order of 23, —10, —40,
—70 and —100°C. The aim was to observe the behaviour of the sample and its
elemental composition during a constantly decreasing temperature. It can also be
seen from the figure that the measurement started only after the temperature sta-
bilised. Thus, the temperature was set, and after reaching this temperature, another
hour waited, and only then was the XPS measurement started. After completing
the measurement, a further temperature change step followed. The lowest temper-

ature in this measurement method was set to —100 °C. Then, the temperature was
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increased stepwise in steps —100, —=70, —40 and 23 °C. This method aimed to deter-
mine whether the state of the sample returns to the previous point before cooling or
whether the state of degradation is permanent. The whole measurement following
these steps lasted for 15 hours.
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Fig. 4.3: The exact cooling process of one cycle of solar cell measurement using XPS is described
by letter from A to H. A total of eight measurements were made during this process. The aim
was to examine the state of the solar cell at decreasing temperature and whether the solar cell can
return to its original state after the completion of the cycle. During each measurement, several
essential elements in the high resolution were examined.

Another way of measuring in SAC using XPS was in situ measurement with a
temperature change from 23°C to —120°C, and back to 23°C. Compared to the
previous method of measurement, this type of measurement lasted a total of 7h.
The solar cell was cooled to —100°C in 1h and to —120 °C in 2 h. Subsequent return
to temperature of 23 °C took 20 min, as described in Fig. 4.4.

23
e 0 | Before cooling After cooling
~
g
2 50t -
g
2,
% -100 During cooling -
B 1201 .

| | | | | |
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00

Time / hh:mm

Fig. 4.4: The temperature curve measurements in relation to time during rapid cooling. A total
of three measurements were made during this process. XPS was performed before cooling, during
—120°C and after return back to room temperature.

As in the previous case, after reaching the target temperature point, an hour

was allowed for the sample to stabilize. It is thus clear that the sample was exposed

51



to much more demanding conditions. The aim was to compare these two meth-
ods of measurement with each other and what effect it has in terms of elemental
composition and degradation on the solar cell.

Solar cells before and after cooling were also evaluated using other methods such
as Raman spectroscopy, reflectance and electrical properties of the cell. This evalu-
ation was already performed at normal air condition (23 °C) and pressure (101 kPa).
In this way, not only the thin-films but also the overall performance of the solar cell

were examined.

4.2.3 Irradiation with gamma rays

Cobalt-60 isotope with energies of 1.17MeV and 1.33MeV and current activity of
380 TBq described in Sec. 3.3.2, was chosen as a emitter. A dose of 500 kGy was
applied for irradiation of the PV cell. The irradiation was performed in the cobalt-60
irradiation facility in Roztoky, Czech Republic at a standard air condition and room
temperature. Within 21 days of continuous irradiation, it was simulated exposure
by accelerated ageing, which typically occurs within a many years. Several tens of
solar cell samples were irradiated at a direct distance and without any additional
shielding from the emitter.

To illustrate, the dose of gamma radiation when the astronauts stayed on the
Moon during Apollo mission was approx. 500 mGy. Another example illustrated the
very first measurement of radiation on the Moon published in 2020 when the average
dose rate in silicon of 13.21Gy/h was measured [62]. This dose was measured by
the Chinese lander Chang’e 4 on the Moon’s far side.

4.2.4 Irradiation with broadband light source

Supercontinuum laser (SL) used for experiments is a Leukos Samba 450 optical
system with a measured spectral range of 450 nm to 2400 nm and the total average
power output 188 mW without collimator. For a basic idea of power at a given
wavelength, spectral power density from manufacturer is illustrated in Fig. 4.5. The
system is capable of operating in single mode and multimode, the latter being needed
for full-scale spectrum coverage.

The samples were exposed to radiation during 67 days at a distance of 67 mm.
The laser power was set to maximum 188 mW. Spot size is 5.73 mm? at the 200 mm?
square samples. No cover glass to the solar cells and no bias were applied.

The SLs combine the efficiency, power and coherence of lasers with broad-
spectrum coverage of conventional broadband light sources while being able to ex-
ceed their brightness by several orders of magnitude without losing the option of

being used for delicate optical microscopy applications. Currently, they are a unique
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Fig. 4.5: Declared spectral power density depending on wavelength for SL.

technology, providing high power and the broad spectrum of light with very short
pulse duration. They are used for a wide variety of purposes, especially in medical
and biological fields. Applications of SL include, but are not limited to, fluorescence
lifetime imaging and confocal microscopy, optical coherence tomography, measure-
ments within plasmonics and metamaterials, carbon nanotubes, quantum dots and
others. The properties of SL are a huge asset in many fields, using its coherent white
light as a source for optical coherence tomography [63], optical communication [64],

or a probe for excitation in chemistry and biology [65], to name a few.

4.3 Examined properties of the solar cell

Based on the knowledge of the methods listed in Sec. 3.4, it was possible to charac-
terise the material, making it better to understand its behaviour after such strong
temperature stress and radiation processes. It was thus possible to examine the op-
tical, morphological, and electrical properties of the solar cell and determine which
parameters correlate with each other or the differences between them and between
the used processing methods. For easier orientation in the experiments, Tab. 4.1
summarizes and assigns all performed measurements®. The exact types of devices
used are listed in Sec. 5.5. The table does not include a column for monitoring
fabrication defects which are created during production in Sec. 5.1, as this is not

essentially the processing method originated in this work.

4In the electronic version of the document, clicking on the checkmark v" redirects to the text of

the given measurement.
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Tab. 4.1: A brief overview of the analysis and measurement of GaAs based solar cell.

Thermal Gamma Laser

Instrument / analysis . Cooling . L. . L.
processing irradiation irradiation

AFM v v
SEM v v
EDS v
EBIC v
Raman spectroscopy v v v v
XPS v v v
FTIR v
Elipsometry v
Reflectance v v v
Infrared camera v
SIMS v v
Electroluminiscence v
Dark I-V characteristics v v v v
Light I-V characteristics v v v v
PSD v v

4.3.1 Structural morphology and material properties

Surface morphology was investigated using atomic force microscopy and NTEGRA
Prima microscope. The aim of this measurement was to track changes in surface
topography in the order of units of nanometres. A semi-contact mode with single
crystal silicon NSGO1 probes was chosen. Probes have a curvature radius of the
tip of 10nm. Average scan rate was 8.04 pm/s for all measurements before and
after thermal stress and gamma irradiation. Several structure areas were scanned
to reduce the probability of random formations like spikes and unusual objects.

Roughness analysis with several important surface parameters was also provided
for better orientation in surface parameters. The cell surface was summarised in a
histogram of the so-called features, representing a typical bell curve shape. Features
are in roughness analysis called surface irregularities. The average height of features
from the scanned area of 10 x 10 pm was selected as a parameter describing surface
morphology; average roughness S, describing the total topology scale; skewness S,
and kurtosis Sy, parameters represent a deviation from the normal distribution of
all measured height points.

For SEM observation after thermal stress, solar cells and its contacts were imaged
by backscattered electrons (BSE) detector on 120 pm view field at 15 kV accelerating
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voltage. Using EDS, it was performed an elemental microanalysis of the sample
surface (not contact) at an accelerating voltage of 22kV. This method analysed the
surface appearance and composition without any special preparation of the samples
(cleaning or metallisation). The duration of the EDS analysis was 60 min. The used
electron microscope was Tescan’s LYRA3 with X-Max 50 EDS detector from Oxford
Instruments.

Although the effects of intense gamma irradiation that have been applied can
have a severe and visible impact on the material, scanning transmission electron
microscopy was performed for detailed analysis and understanding of radiation ef-
fect. The STEM detector was chosen for a very detailed inspection of the sample
structure across several pm in depth. The structure was examined before and after
irradiation. The lamellas with a thickness of 15 nm were prepared, and the GaAs
layer was examined. For this purpose, FEI Helios NanoLab 660 microscope was used
to conduct examination. This microscope was used for both lamella preparation and
STEM detection system observation. Bright-field (BF) mode has been selected for
image generating. Generally, this is one of the most used observation modes. An
unscattered electron beam is selected by objective aperture, and scattered electrons
are excluded. Surface areas, where are electrons absorbed, appears to be darker.
Where are the electrons transmitted from the area, appears to be brighter. During
the observation, the high voltage was set to 30kV and the current to 80 pA.

Elemental and molecular information about the sample was given by Time-of-
Flight (TOF) SIMS using instrument IONTOF TOF-SIMS 5. For this analytical
technique, a solid surface is bombarded by primary ions. Collision cascade is gen-
erated after the primary ion energy is transferred to atoms vie atomic collisions.
Resulting erosion speed differs on various factors such as material type or sputter-
ing energy. For the excellent mass resolution, it can be <0.1nm per min. Main
investigated peaks are: Ga™ , AlT, Tit, Ast and O". These elements appeared
mainly in the form of positives ions, so the measurement was done in positive mode.
As a primary beam, a ions of Bif with the energy of 60 keV was chosen. As a sputter
beam, a reactive species of Cs with the energy of 2keV and 100 x 100 pm crater size
were used. The same SIMS setting was used for the gamma irradiation and the
supercontinuum laser method.

The surface sample before and after the thermal stress was showed using an
infrared camera. The picture shows a thermal difference of 0.8 °C. The type of used
camera was Micro-Epsilon TIM 160 with a resolution of 160 x 120 px. The specimen
was connected to the Agilent E3649A power supply and set the value of 7.3 V under
reverse-biased condition. In this way, the exposed location on the sample could be
observed. The current flowed through the sample for 3s. After that, an image was

taken, and the circuit was disconnected for another 3s for the sample to cool off.
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This process was performed 480 times and all images were averaged to eliminate the
noise and other image errors.

Electroluminescence served as the next method for defects detection of irradi-
ated specimen by gamma rays. A cooled G2-3200 Mark II camera from Moravian
Instruments was used for imaging a low light source for this purpose. The camera
uses Kodak KAF-3200ME full-frame CCD sensor with high quantum efficiency and
linear light response. The sensor has a resolution of 2184 x 1510 of photoactive
pixels and 14.85 x 10.26 mm of active imager size. The camera, along with the sam-
ple, was in a darkened box. The sample was measured in the forward and reverse
current. Keithley 6220 was used as a very sensitive current source.

Raman spectroscopy was performed to control the presence of structural defects
and free charge carriers. Considering the relative intensity of localized vibrational
modes provides information about nature of the defects. Confocal Raman imaging
for all realised methods® was obtained by WITec alpha300 R system. The experiment
was performed using objective 100x, exposure time was 7s and the number of
accumulations 20. A green laser of 532nm as the light source was set to 5mW
for thermal stress, cooling and SL irradiation method, but for gamma irradiation
15mW power was selected.

Depth measurement has been used, which in this case, is desirable for collect-
ing information about the specimen. The deep profiling measurements for gamma
irradiation method were made to a depth of 5pum. From the center of this depth,
accordingly 2.5pum up and 2.5um down. The area was measured as a 5pum line®.
Three spectral regions, which are about 800 nm above each other, were taken from
this depth measurement. The middle area was chosen within the strongest GaAs
TO mode. For a better explanation, pictures with the color-coding occurrence of
the spectrum as a cross-section were published. By another Renishaw inVia spec-
trometer was measured results confirmed.

Examining the elemental composition on the surface has also been preformed
using X-ray photoelectron spectroscopy for the precise and exact definition of the
chemical bonds on the surface. Survey spectra were taken with the following param-
eters: monochromatic XPS source with emission current of 15mA, spectra between
1200eV to 0eV and step of 1eV. The wide spectrum was always measured on each
sample as the first part to give an idea of the complete elemental composition on the
sample surface. From the resulting wide spectrum, the regions that were most inter-

esting and important for the given sample within its processing were then identified

5This measuring method was performed only for samples processed by second cooling process
to —120°C. As this is a more aggressive method, larger changes are expected.
6Raman spectroscopy is most commonly measured in spots, but for this measurement, it was

performed in the line.
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by elemental binding energy. The spectra has been swept several times for higher
accuracy (several identical consecutive measurements). The studied elements were
carbon, oxygen, aluminium and titanium. All the XPS spectra were calibrated to
the carbon peak of 284.6eV. Method was used for cooled, gamma and SL irradiated
specimens.

Spectral features of both FTIR and ellipsometry spectra are complex since they
were taken in reflection mode. They contain information about layers forming an
anti-reflection coating, PN junction, and substrate. Therefore, this data illustrates
the changing of thickness according to the different distances between interference
maxima.

Ellipsometry was measured by NIR-UV spectroscopic ellipsometer J.A.Woollam
V-VASE (WOOLLAM-VIS). Hyperion 3000 FTIR microscope was used in reflection
mode for the collection of spectra. The spectral range of FTIR was chosen from
4000 cm ™! to 1000 cm 1.

4.3.2 Optical properties

Reflectance spectra were measured in the range from 200 nm to 1000 nm. The spec-
trum of ultraviolet light (UVA) in the range of 200 nm to 380 nm, visible light (VIS)
in the range of 380nm to 740nm, and near-infrared light (NIR) in the range of
740nm to 1000 nm were measured. All these three measurements were realised
by Optical Spectrometer Ocean optics JAZ 3-channel. The solar cell was irradi-
ated with light, which is partially absorbed by sample. A thin gold-coated wafer
was used as the calibration sample. This non-destructive contactless method pro-
vides rapid evaluation of properties, including doping of the materials. Reflectance
measturement method was used before and after cooling®, gamma irradiation and

supercontinuum laser irradiation.

4.3.3 Electrical properties

All dark and light electrical characteristics were measured before and after all con-
ducted methods® at temperature of 25°C. During the measurement of I-V charac-
teristics under illumination, a standardised light source calibrated to an output of
1000 W/m? was used to simulate sunlight activity. From the characteristics of illu-
mination was also calculated P-V characteristic with the maximum power point. As
a measurement system unit was used NI PXle-1073 with the PXI-4130 SourceMe-
ter and the PXI-6224 data acquisition module. This module can measure voltage,
current, temperature and other electrical or physical parameters depending on the

peripherals connected.
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The dark I-V measurement setup consisted of a shaded and darkened box with
a Keithley 2510-AT AUTOTUNING TEC SourceMeter with an automatically con-
trolled temperature. The Peltier plate with a water-cooled radiator was controlled
and maintained by a temperature system. For measuring the characteristics the
computer-connected Keithley 2420 power supply was used. Electrical characteris-
tics for irradiation with SL were taken for five exposure sessions in order to study
changes in performance — before the irradiation, and after 7, 20, 32, 42 and 57 days’.

Noise current spectral density S;(f) was measured from 1Hz to 1000 Hz range.
It is a non-destructive spectroscopic analysis for the study of noise fluctuation and
transport mechanisms. As the supply wiring, it was used double-shielded coaxial
cables with Agilent E3631A power supply. Noise signal was detected at the end of
the circuit closed by a 5.517 Q resistor. Rohde & Schwarz FMU36 high sensitivity
baseband analyser was used. This device for analogue and digital baseband signals
can analyse extremely weak signals at low frequencies. Wired signal to the analyser
was amplified using the ultra-low noise preamplifier Ametek, model 5184. Noise
fluctuations were measured in reverse-bias at voltage levels which corresponded to
the knee of the I-V characteristic.

"Please note that the whole experiment with SL took 67 days, as mentioned in Sec. 4.2.4, but
electrical measurement took 57 days.
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5 Experimental results

The experimental results below show the changes and degradation of GaAs solar
cells. The chapter is divided according to selected experimental methods in Sec. 4.2.
A subsection examining the expected degradation that occurs during the fabrication
and handling process has also been added. For each experimental method, the
observation was chosen by such an instrument, which would be the most suitable to

analyse the manifested changes.

5.1 Mechanical stress and fabrication defects

For the illustration, Fig. 5.1 and Fig. 5.2 showing the GaAs solar cell do not overlap
each other, so the difference between SEM and EBIC is apparent. This pair of
Fig. 5.1 and Fig. 5.2 represents the layer with PN junction and the silver contact
of the solar cell. Delamination is already noticeable from Fig. 5.1, but for Fig. 5.2
the accurately damaged and delaminated parts are clearly visible. Variation of bias
allows investigation of the structure. It can be observed that the distribution of

carriers close to the contact is different.

Fig. 5.1: Image of cross-section of a GaAs solar Fig. 5.2: Applied EBIC method on the solar cell

cell and its contact from SEM without applying shown in Fig. 5.1 without SEM image overlay.
the EBIC method. Area is the same. The exact charge distribution
and PN junction can be seen.

The next measurement was performed on the GaAs solar cell where Fig. 5.3a
shows the connected PV cell using nanomanipulators in cross-section mode as de-

scribed in Sec. 3.4.2. The electron beam-induced current is not applied to the cell
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(Fig. 5.3a—c) and measurement has proceeded only with SEM microscope. While
observing cell with a larger magnification (Fig. 5.3b) its top contact is visible which
is guided longitudinally relative to the image and it touches the upper nanomanip-

ulator. However, this nanomanipulator is beyond the visible area from Fig. 5.3b.
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Fig. 5.3: Electrically active impurity near the junction of GaAs based solar cell in cross-section
mode. Images a—c show the subsequent focus on the area of interest, followed by other images d—f
where the EBIC method is applied and gradually increased bias from —3 to 1.2mV.

The full cross-section of the solar cell is now completely visible where is the
predominantly germanium serving as the substrate. On the target area where the
GaAs layer lies (Fig. 5.3¢), the difference of the carriers can be seen when applying
the EBIC method (Fig. 5.3d). Starting with this image, all other measurements are
done using the EBIC method and the images shown by the SEM microscope are
slightly overlaid with the coloured EBIC picture. Also from Fig. 5.3d an electrically
active impurity is visible in this layer. The origin of these impurities is not clear

but most likely, this impurity is fouled during fabrication. During the subsequent
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increase in the bias from —3 to 1.2mV, which represents Fig. 5.3d-i, it is evident
that thanks to this, impurity begins to appear tunnelling of charge carriers. It is
also important to mention that this is not a permanent condition, and there is no
permanent damage after the biasing is reduced. As the bias increases further, the
potential barrier begins to decrease and due to the influence of impurity it becomes
to tunnelling from the bias voltage of 1.2mV. Electrons may then tunnel from one
material to the other giving the significant rise to a current.

The EBIC showed that no structural defects in the form of long longitudinal
cracks leading to inactive parts occurring on the surface of the GaAs cell were
observed on any sample. Conversely, for silicon solar cells, this is a relatively common
problem, along with point defects. Below, from the EBIC measurement results in
the set in Fig. 5.4 a silicon solar cell (mc-Si) placed on the holder with a conductive
carbon tape can be seen. The connection with the nanomanipulators was through
the top contact of the cell and through its holder. If the PN junction is not ideal
and contains some resistive impurities or leads, the induced current may decrease.
Fig. 5.4b shows the contrast between the silver contacts and the silicon surface,
and the induced current between the two interfaces. It can also be seen that the
cell surface is not completely homogeneous and indicates the occurrence of various

failures and other impact of degradation and impurities.
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Fig. 5.4: Silicon solar cell scanned by a) SEM microscope using b) a coloured EBIC method.

Two points of interest, which are marked by a yellow frame, can also be noticed
in the picture. If we focus on frame number 1 and compare its contents between

Fig. 5.4a and Fig. 5.4b, it can be observed the completely inactive part of the solar
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cell surface, which is presented by EBIC by a strong cut. However, this part of
the surface is not visible in Fig. 5.4a from SEM at all. The second yellow frame
with the number 2 then represents the Fig. 5.5 for better illustration. In addition
to the small impurities on which the white circles show a subsurface crack can be
observed across the cell surface, which is also not evident from the first Fig. 5.5a.
These cracks resulted in multiple parts of the solar cell, and their uniformity and

rare appearance confirm that they cannot be confused with grain boundaries.
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Fig. 5.5: Detail of the solar cell surface and b) one of the subsurface and other defects measured
by coloured EBIC which cannot be clearly seen in figure a) from electron microscope.

5.2 High-temperature processing

During 350 °C temperature a slight degradation in GaAs cell was observed. It has
been verified that if the temperature was raised up to 420°C, nearly 90 % of the
measured samples were no longer functional within 30 min. The loss of their func-
tionality has manifested itself in the form of an electrical breakdown.

Atomic force microscope showed with no exceptions and in all cases, the more
indented surface structure of the cells after processing. Differences can be seen on the
non-annealed specimen in Fig. 5.6a as compared to the annealed sample in Fig. 5.6b.
These figures also show the structure in both the 2D and the 3D imaging. Such a
structure may, in some cases, influence a better absorption and less reflection of light,
thus gloss of the photovoltaic cell. Slight growth of features of an average height of

15.73nm is observed after processing. That is the change over 8 nm compared to
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the non-annealed characteristics of an average height of 7.16 nm in Tab. 5.1. The
histogram also demonstrates a clear pattern of surface features in Fig. 5.7, which
confirms their growth after stress [66]. The processing thus influences the course of
degradation.

Fig. 5.6: Solar cell a) before and b) after thermal processing scanned by AFM. The picture in 2D
shows the contours of the surface model in 3D for better clarity. Heights are colour-coded. At first
glance, height and structural differences can be seen between figures a) and b).
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Fig. 5.7: Histogram of heights before and after thermal processing scanned by AFM. Depending
on the height distribution, higher structures are visible on the processed sample.

There were also evaluated S parameters of average roughness (5, ), surface skew-

ness (S), and coefficient of kurtosis (Sku). An increase of S, after processing also
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confirms the more rugged structure and on the contrary the decreasing parameters

of Sy and Sk, signifying larger symmetry and surface changes.

Tab. 5.1: Surface roughness parameters for thermally processed PV cells.

Average height / nm S, /nm  Sg / —  Sku / —

Before processing 7.16 2.133 0.133 0.085
After processing 15.73 3.781 0.132 —0.227

In Raman spectroscopy, the bonds that were formed before and after the ther-
mal stress can be evaluated. Thus, symmetry of the molecules and the individual
vibrational movements strongly influences the appearance of these spectra.

Main area of interest of experimental Raman spectrum in 170 to 700 cm™! are

two characteristic peaks on 268 and 271cm™!.

These peaks indicate the typical
GaAs structure before and after thermal processing in Fig. 5.8.

The intensity change is visible on GaAs LO and AlAs LO main peaks, which
indicates changes in structure of the material, formation of dislocations and the type
of radiation-induced structural defects resulting from processing. It is the purity of
the material that can be observed by the frequency of shift of a certain Raman

! which can

line. Frequency shift between these spectra was approximately 4 cm™
be considered as a relatively small change. The full pulse width at the middle of the
maximum (FWHM) expresses the structural distribution. This is related to the life
of the phonon reflected in sharper peaks that indicate better crystalline structure
of the sample. The presence of defects in the sample structure will shorten phonon

life and extend the peak.
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Fig. 5.8: Raman spectrum of GaAs sample before and after thermal processing.
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At about 7V in a reverse bias, it can be seen a break in the characteristic before
processing in Fig. 5.9a. This significant change most likely indicates a defect. It can
be holes in the surface, dislocations, microplasma defects, mechanical damage of the
surface, inhomogeneity of the sample or melted zones. It is also possible to isolate
the defects in a standard way using the focused ion beam, which also influences the

shape of the I-V curve in reverse bias.
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Fig. 5.9: Comparison of I-V characteristics before and after thermal processing. From the a) dark
characteristic, a break can be seen, which represents a defect. A sharp decrease in power was
observed from the b) light I-V curve.

The same break after thermal processing was not very noticeable, but the slope
of the characteristic has declined. Processing temperature was so high that the
properties of the solar cell could not be fully improved, even though it was short-
term processing.

That is why the deteriorating electrical properties of the cell can be confirmed,
which was verified even in the case of the characteristics under illumination. A re-
duced short-circurit current I,. was observed from 3.19 to 2.99mA and reduced
open-circuit voltage U, from 0.78 to 0.74V in Fig. 5.9b. The maximum working
point (MPP) of the PV cell determined from the power characteristic has dropped
after processing. As well as the maximum power P, from 1.68 to 1.11 mW and fill
factor F'F from 0.68 to 0.27 have decreased.

Thermal radiation has appeared on several samples in other places than before
after the thermal stress (Fig. 5.10). Moreover, the radiated places existing before the
processing were no longer present. It is obvious that while some of the defects ceased

to exist, other appeared instead. This is confirmed by dark curves in Fig. 5.9a in the
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reverse bias, where the break on the curve after processing has changed. Deformation

of the defect or its disappearance during treatment could lead to the different shape
of break.
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Fig. 5.10: Photovoltaic cell under infrared camera at a voltage of 7.3V a) before and c) after the
thermal processing and its heat-generating location. At the same voltage the difference compared to
a cell a) before previous processing was very noticeable. The previous defects in several photovoltaic
cells have disappeared. Conversely, different new defects arose after thermal stress. On the given
sample in Fig. b), it was necessary to reduce the voltage to 5V due to its degradation and better
localization of stressed places.

Changes in defect dislocation were confirmed by infrared camera. It was also

verified this by rotating and tilting the specimen and camera from different angles
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to prevent camera reflection. This phenomenon can be seen in Fig. 5.10a—c, where
after processing the stressed parts have been created in other places. In order for
these new defected parts to be visible, it was necessary to reduce the voltage from
the original 7.3 to 5V. The influence of degradation was extensive so it could not
be observed under the previous conditions.

Most of the other samples have already been manifested by the increasing inten-
sity of radiation from the same area after thermal processing. This was the expected
phenomena which can be attributed to the degradation of the cell.

Surface of the sample showed less signs of degradation. The contact on the cell
was kept firm after processing. Its separation was not observed, and only moderate
oxidation of the silver appeared. The differences are visible in Fig. 5.11.

During the high temperature stress of the given GaAs surface the atoms of silver
can diffuse into the structure of semiconductor. It is a desirable aspect that can
improve the electrical properties of the solar cell. Withal, it must be counted with
the undesirable appereances that will change some properties of the semiconductor

and the conductor thermally e.g. a degree of thermal expandability.

10 pm : ‘ ; 10 pm

Fig. 5.11: The contact and surface of the GaAs solar cell scanned by SEM using a BSE detector
a) before and b) after thermal processing. The GaAs solar cell exhibits slight changes in the form
of oxidation on the surface of the contact after processing. Changes on the surface of the cell are
not noticeable.

SEM investigated surface degradation of the contact. EDS was focused only on
the GaAs surface and confirmed the excellent material stability. On the spectrum

in Fig. 5.12, there are almost two overlapping curves with marked elements. The
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weight of the individual elements and their comparison after thermal stress are
also expressed as a percentage. For a broader overview, changes and differences
in element distribution after processing are highlighted in Fig. 5.13. This is the
subtract of EDS spectra before and after thermal stress. The difference in intensity
was observed in the order of thousands of counts, which is almost negligible, as can
be seen in Fig. 5.12. Similarly, there are weight differences of the elements from
the additional bar graph in Fig. 5.13. Mainly loss of aluminium and titanium is

observed.
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Fig. 5.12: Comparison of the elemental composition after thermal stress. The changes in the graph
are negligible, so an additional bar graph quantifying these changes was plotted.
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Fig. 5.13: Difference spectrum intensity in elemental structure of the cell after thermal processing.

Noise fluctuation measurements were indicated as the flicker noise which was de-
scribed above in Sec. 3.4.8. The noise power is approximately inversely proportional

to the frequency at whole spectrum. Along with increasing voltage, the noise spectra
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magnitude grew with almost identical slope of the PSD after thermal processing in
Fig. 5.14a.

Solar cell noise grew by almost one order and at higher voltages changed the slope
to f~157 for the thermal treatment in Fig. 5.14b. It can be observed that, except for
the voltage of 6 V, which is still in front of the knee of I-V reverse-biased curve, the
noise at all remaining voltages shifted to a relatively uniform level. There are much

smaller noise spectra magnitude ranges contrary to the noise before processing [67].
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Fig. 5.14: Flicker noise is visible on all measured voltages. Curves with a voltage that extends
behind the knee of the reverse-biased characteristic have a very similar character and the slope of
index of 1.27 in figure a) before thermal processing. A smaller range and a higher noise spectra
magnitude shift between the individual voltages and a greater slope with the index of 1.57 was
observed b) after processing. This applies in particular to voltages above 7V or higher.

5.3 Low-temperature processing

The reflectance spectrum of the solar cell after rapid cooling (—120°C) in Fig. 5.15
shows an almost unchanged character, mainly in the VIS and NIR region. The
measurement curves clarifies a minimal change in the structure of the surface, as its
reflectivity is very similar to that before cooling, morphological analysis using AFM,
therefore, appears to be unnecessary.

Sharp peaks of specific longitudinal (AlAs LO) and transverse (GaAs TO) op-
tical modes in Fig. 5.16 express the well-preserved crystalline structure even after
cooling. The composition of these peaks shows a slightly different ratio in the form
of (GaAs TO):(AlAs LO) after cooling. Ratio results in the difference of 1.449:1
compared to the previous 1.847:1.
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Fig. 5.15: Differences in reflectance after cooling. The excellent resistance of thin layers and surface

to low temperatures is shown.
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Fig. 5.16: Raman spectroscopy curves after cooling. Growth of peaks after cooling and a slight

increase in AlAs LO mode are observed.
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Although the previous results of optical properties and Raman spectroscopy
gave relatively unchanged characteristics before and after cooling and the GaAs
cell appeared stable, the elements were examined by XPS during cooling for this
purpose. Because of the extensive amount of measurement, results from XPS have
been moved to the appendix (Fig. A.2-A.5).

The dark and light electrical characteristics in Fig. 5.17, which were measured
before and after cooling to —120°C, showed a significant decrease in the curves of
both measurements, which could occur considering the sharp negative temperature
expansion [68] without changes of chemical bonds between the elements. The power
drop of the solar cell is from 3.7mW to 2.48 mW.
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Fig. 5.17: Dark and light I-V curves after cooling experiment. Despite the relatively good reflec-
tivity properties in Fig. 5.15 and the elemental composition from the Raman spectra in Fig. 5.16,
there was a comparatively significant decrease in power, which is confirmed by both a) dark and
b) light I-V characteristics.

With slow cooling and stabilization at —100°C, the declining character of the
spectra of elements Cls (Fig. A.2) and Ols (Fig. A.3) can be seen. In the binding
energies of Al2p region (Fig. A.4), it is visible that the element bonds are relatively
stable at a given temperature. When the temperature rises back, the spectra return
to their original shape but not fully recovered. A much more distinctive decrease
of the Cls, Ols and Al2p spectra in Fig. A.5 is seen in the case of more rapid
cooling to the temperature of —120 °C, which has a significant effect on the state of
the sample. Again, the effect of temperature for Al2p is less noticeable compared
to other measured elements, and it was confirmed that the previous state, when

returning to room temperature, is not entirely restored. The higher degradation
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of the sample for lower temperatures is also evident due to the negative thermal
coefficient, which occurs at very low temperatures and can lead to negative thermal
expansion and damage to the atomic structure of the cell [69]. It is also necessary
to realize that each material has a different thermal coefficient and may otherwise
affect the sample. Here, only the top protective layers are examined due to the
application of a given method, which allows elemental analysis to a depth of few

nanometers.

5.4 lonising radiation processing

Atomic force microscopy measurement of the morphology on the sample after ex-
posure (Fig. 5.18b) manifested itself in the form of higher surface segmentation.
These surface changes described in Tab. 5.2 may affect the differences in the optical
parameters, but it depends mainly on its extent. The most considerable differences
against measurement in Fig. 5.18b were observed in the case of higher skewness Sy
and kurtosis Sy, parameters. In histogram in Fig. 5.18 can be seen a slight decrease
in height on average. It can be assumed that this change will not affect the optical
properties on a larger scale. It is important to realize that the changes in the surface

area are in order of units of nanometres.

Tab. 5.2: Surface roughness parameters for irradiated PV cells.

Average height / nm S, /nm  Sg / —  Sku / —

Before irradiation 9.122 2.357 0.316 0.247
After irradiation 5.561 1.521 1.046 2.233

In roughness analysis, it was mentioned when changing the surface parameter
differences in Tab. 5.2, some optical properties may change. One of the essential
properties of a solar cell is its reflectance. This reflectance is described by the light
spectrum in Fig. 5.20, which is composed of three parts. As can be seen, the two
curves of the sample almost overlap both before and after irradiation. Thus, it can
be stated that gamma radiation minimally affects the performance of the cell in
terms of reflectance. The most sensitive spot can be considered in the near-infrared
spectrum, where there was a decrease in reflectance in units of per cent from 800 nm.
The detected interference in the NIR region indicates the occurrence of the existing
thin layers described in Sec. 4.1. Intensity change and curve shift results by reason
of different thicknesses of the coating layers before and after irradiation. In the UVA
light region is a visible shift. The difference is apparent within 5 to 10 nm. Shift of

the curve results in a change in refractive index.
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Fig. 5.18: a) Non-irradiated surface of GaAs solar cell in 3D and 2D view using an atomic force
microscope. The cell has a typical shape and morphology with a relatively smooth surface compared
to other types of solar cells. But b) after irradiation its structure shows a noticeable difference
from the non-irradiated cell in Fig. 5.18a.
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Fig. 5.19: Histogram of solar cell surface height distribution before and after irradiation. Statistical
data is calculated from the surface of dimension 10 x 10 pm.
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Fig. 5.20: Electromagnetic spectrum divided into three areas of light — ultraviolet, visible and near-
infrared. The reflectance of the solar cell before and after irradiation is shown in the spectrum.

Measurement with SIMS of the irradiated sample was divided into two parts
before and after irradiation for better clarity. The first part (Fig. 5.21 and Fig. 5.23)
shows the top layer of the solar cell. The second part shows the interface to the Ge
substrate (Fig. 5.22 and Fig. 5.24). Fig. 5.21 and Fig. 5.23 shows that a considerable
amount of aluminium was found on the very surface. Thanks to this layer, the cell
also maintains its stability and its degradation is slowed down. The peak of AlIO™
was also added which correlates perfectly with Al peak suggesting that Al exists in
the form of oxide mostly. The second part of the GaAs-Ge interface in Fig. 5.22 and
Fig. 5.24 indicates that the material composition has not lost its stability.
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Fig. 5.21: The process of ion bombarding of the solar cell top layer before cobalt-60 irradiation.
Several elements are visible in the plot. These elements indicate the protective and anti-reflection
layers and the subsequent growth of the GaAs layer as the sputtering progresses further into the
depth.
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Fig. 5.22: Detail of transition between GaAs layer and Ge substrate before cobalt-60 irradiation
analysed by Secondary Ion Mass Spectroscopy.
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Fig. 5.23: The process of ion bombarding of the solar cell top layer after cobalt-60 irradiation. A
higher increase in diffusion of the elements into the GaAs material is observed.

It is evident from Fig. A.6 and A.7, and A.10 that in most cases between a) and b)
did not undergo significant changes for gallium, arsenide, and germanium after irra-
diation, and the solar cell thus retained its elemental composition for the most part?!.
Slight difference can be seen in the loss of Ga and As in the top layer in Fig. A.6
and A.7 a) before and b) after the irradiation. This loss can be confirmed by the
different distribution of the thin layer of Al (Fig. A.8) and especially Ti (Fig. A.9)
layer, where the difference is most noticeable and where after irradiation, there is a

LAll three-dimensional images from the SIMS measurement after irradiation were moved to the
appendix (Fig. A.6-A.10) for greater clarity of the dissertation.
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Fig. 5.24: Detail of transition between GaAs layer and Ge substrate after cobalt-60 irradiation
analysed by Secondary Ion Mass Spectroscopy.

significant diffusion of the titanium layer into the material.

For the Raman spectroscopy depth profiling method, several differences were
noticed before and after irradiation and within different depths. The profile images
in Fig. 5.25a and 5.26a show the occurrence of a particular mode at different depths
from the surface, which is colour-coded according to the intensity of the mode.
The coloured area is a 40cm™! wide region selected around the GaAs LO mode.
It is evident in Fig. 5.26a, the distribution of this occurrence is broader, while
in Fig. 5.25a, it is located more centrally. Also, a slight shift from occurrence in
Fig. 5.25a has been observed against Fig. 5.26a.

If we focus on plots of three different spectra depending on their position (A, B,
and C) in the range of about 800 nm apart in the surface, we see differences from the
Fig. 5.25b and 5.26b again. Moving deeper from position B to A and from position
B to C in Fig. 5.25b will result in almost the same decrease in GaAs LO. However,
the same movement dramatically changes the ratio between AlAs TO and AlAs LO.
It can be argued that the differences in the structure below from A to B position
results in the aluminium containing layer mainly.

Fig. 5.26b shows a different situation. The decrease in GaAs LO mode appears
between the A and C positions. Also, there is a continuous decrease in AlAs TO
mode from A to C position. Nevertheless, if we focus on GaAs LO and AlAs LO
in position B, peaks remain the sharpest. Also, the ratio between AlAs LO and
AlAs TO is the highest in the same position [70].
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Fig. 5.25: Depth profiling of unprocessed GaAs solar cell using the Raman spectroscopy. Picture
a) shows a profile map of a specific band selected and marked in plot b). This band is 40 cm ™!

wide.
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Fig. 5.26: Depth profiling of irradiated GaAs solar cell investigated by the Raman spectroscopy.

Again, picture a) shows a profile map of a specific band selected and marked in plot b). The band
position is the same as in Fig. 5.25b, from 245cm ™! to 285 cm™!.
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An excellent result after irradiation can be marked in changes which is shown in
Fig. 5.27a and Fig. 5.27b measured by SEM with STEM detector. As is evident in
a given scale, the degradation of the material is minimal, and it can be said that the
stability of the material is high. Both figures show a cross-section of a thin lamella
over several layers. On the top side of the cell — the lightest layer — is carbon, which

served only as a protective layer from the creation of the lamella. The other layers

do not show visible signs of degradation.

50 nm
|

a) b)

Fig. 5.27: Observation of the a) non-irradiated and b) irradiated solar cell by electron microscope
with STEM detector. The picture shows a cross-section of a thin lamella and several surface layers.

Using the electroluminescence showed in Fig. 5.28a, where is the solar cell before
irradiation in the forward direction, several micro-cracks and defects are visible on
the surface. These microcracks cannot be considered to have a significant impact on
the function of the solar cell and, just as the occurrence of point defects in Fig. 5.28b,
this number of defects within the solar cell is typical, as all measured samples showed
a similar condition.

If we compare the solar cell before and after the irradiation (Fig. 5.28 and
Fig. 5.29) in the a) forward and b) reverse direction by electroluminescence, we
can see that, especially in the forward state, the number of defects remains about
the same density. Some cases showed an increased number of point defects on silver
contacts (Fig. 5.29b). As mentioned, this interesting phenomenon did not mani-

fested in all cases, and therefore further investigation is needed.
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Fig. 5.28: Defect visualisation using electroluminescence before irradiation. The solar cell was
connected in a) forward and b) reverse direction. In particular, cracks are visible in Fig. a), but
point defects in Fig. b).
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Fig. 5.29: Defect visualisation using electroluminescence after irradiation. There is an interesting
case where there are several point defects on the PV cell contact in Fig. b).
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Further investigation of defects was carried out in the form of the EBIC method
and its examination of charge carriers on material and its surface. During observa-
tion in PV-EBIC mode, small changes were recorded at the surface contact interface.
Extensive top view of the solar cell surface (Fig. 5.30) was realized to examine not
only the contacts but also the surface and sub-surface defects around it. Defects on
the PV cell surface do not appear here in the context of different charge carriers.
The difference in the surface-contact interface may also be by reason of the defects

affecting the contacts described in Fig. 5.29b during electroluminescence.

25 pm .

Fig. 5.30: Top view of the contact and solar cell surface a) before and b) after irradiation in PV-
EBIC mode.

A detailed view of the contact extending into the surface of the material in
PV-EBIC mode is provided in Fig. 5.31. The functional interface between the two
materials demonstrates the hardness of the PV cell to a high radiation dose.

A noticeable difference between the carriers can be seen when applying the EBIC
between the non-irradiated (Fig. 5.32a) and irradiated (Fig. 5.32b) samples in the
X-EBIC mode. The different regions of the PN junction can be caused by the pre-
viously mentioned changes in the upper layers of the PV cell. Another interesting
thing revealed by the SEM microscope is the crystallization of the germanium sub-
strate in some parts of the solar cell. The occurrence of the crystallized region is

well visible in Fig. 5.32b in the bellow part.
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Fig. 5.31: Detail from the top view of the contact and solar cell surface a) before and b) after
irradiation in PV-EBIC mode.

a) b)

Fig. 5.32: Cross-section of GaAs-based PV cell a) before and b) after irradiation in X-EBIC mode.
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Initially, the crystalline Ge substrates are used for the direct growth of high-
quality epitaxial GaAs. Radiation-stimulated solid-state recrystallization was caused
because gamma irradiation supplies additional energy to the crystal and could be
compared with irradiation by fast neutrons. Caused by irradiation point defects,
strain in the crystal lattice, atomic displacements lead to the appearance of irregu-
lar patterns at the substrate.

The remaining optical measurements using FTIR and spectral ellipsometry in-
dicate that interference fringes in the plot of dielectric function (Fig. 5.33) have
different periodicity. The difference indicates the changing layer thickness caused
by the diffusion of the metal component from the anti-reflective coating into the
active layer of solar cells. The shift of the maximum of dielectric function is at-
tributed to the occurrence of disorder caused by radiation. This structure related
to a phenomenon is confirmed by FTIR measurements (Fig. 5.34), where the same
trend interference maxima narrowing is observed. A possible consequence of diffu-
sion may occur by breaking oxygen bonds by gamma radiation in the metal oxide,
as reported by authors of Ref. [71].

The change of the oscillation period at FTIR spectra confirms incorporation of
the metals coming from anti-reflective coatings, contacts, and doped regions into
the structure of the PN junction.

Besides the interference fringes, ellipsometry shows the shift of permittivity.
Movement of both imaginary and real part of permittivity to lower energy range
is evidence of changing of electronic structure and optical constant as the refractive

index as well.
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Fig. 5.33: The character of dielectric function of a) real &1 and b) imaginary €5 part. The variation
of real and imaginary parts of € is attributed to additional light scattering at the irregular surface
and near-surface area.
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Fig. 5.34: Different interference in PV cell before and after irradiation indicates a different thickness

of layers.

From the [-V characteristics measured in Fig. 5.35a and Fig. 5.35b, the solar cell
power loss can be observed. This power loss was predicted and could be caused by
the degradation of the structural bonds mentioned, for example, in part of Raman
investigation and by the change in the optical parameters of the cell (reflectance
investigation). In the dark I-V characteristic in Fig. 5.35a, the change is reflected
behind the knee reversed and forward bias in decreasing steepness. In Fig. 5.35Db,
P-V characteristics, the output of the irradiated cell decreased by 0.32mW, and the
fill factor decreased by 0.24.

As in I-V curves, deteriorated electrical properties after particle penetration by
the radioactive isotope ®°®Co were assumed. The most significant impact of increased
power spectral density occurred in the lower voltage range, where noise increased
by order of magnitude, mainly for 2, 3 and 4 V. From this limit, the noise value of
the sample after irradiation has not changed, and the noise in the area approaching
the curve knee about 4.5, 5, 5.5 and 6 V has remained stable (see Fig. 5.36).

Nearly every sample which has been exposed to the atmosphere typically contain
from (0.6 + 0.2) nm thick adventitious carbon surface contamination [72]. These are
common contaminants that may be removed by argon sputtering. In this case, the
behaviour of the carbon after irradiation is also monitored and therefore it is not
desirable to clean it. In Fig. 5.37b, a typical Cls spectrum of oxygenated carbon
with the adventitious carbon (C — C bonds) is visible at 284.8eV binding energy.
After irradiation, these bonds decreased, but also increased C — O — C bonds at
binding energy 286.2eV which are partially overlapped by C — C structure. Also,
contamination of O — C = O components has emerged at 288.5eV. According to

XPS and this peak, it can be seen that oxygen is part of aluminium.
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Fig. 5.35: In a) first figure are two overlaid dark I-V curves in lin-lin scale. The blue line indicates
the characteristic of the non-irradiated solar cell, and the red line represents the irradiated solar
cell. In b) second figure are illuminated I-V and P-V characteristics of the same sample before
and after irradiation of %°Co. The maximum power point is marked in the characteristic, which
indicates the highest efficiency point of the solar cell. The plot also shows the fill factor and the
maximum power of the cell before and after irradiation.
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Fig. 5.36: Comparison of two plots from measured power spectral density data. The figure on the
left side represents the PSD of the sample before irradiation, on the right side, the PSD of the
same sample after irradiation. Both plots are also supplemented with background noise.
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5.5 Exposure to the supercontinuum light beam

It is known that AlOy is used for passivation of solar cell surfaces [47] by virtue of
the excellent protective and anticorrosive properties of aluminium oxide [73]. XPS
broad spectra in Fig. 5.38 show the presence of aluminium and oxygen peaks that
belong to the coating. Before evaluation, the spectra were calibrated to Cls peak
at 284.6eV. Both Al2s and Al2p peaks (Fig. 5.42 and 5.41) were deconvoluted to
AT and AI*" oxidation states. The amount of aluminium suboxides bonds [74] is
lower after illumination.

Nevertheless, a slight displacement of the Al peak indicates the degradation
of the film. A change of the binding energy indicates a relative loosening of the
structure because the elements from the anti-reflection coating diffused into the
depth. Slight increase of C — O bonds could be observed at Cls peak (Fig. 5.39).
The components of Ols (Fig. 5.40) binding energy are associated with bonding with

carbon and aluminium and in agreement with Al2p, Al2s and Cls peaks fitting.
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Fig. 5.38: Wide XPS spectra from supercontinuum laser irradiation. Marked are four significant
peaks: Ols, Cls, Al2s and Al2p.
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Fig. 5.41: High resolution of Al2p region from XPS a) before and b) after SL irradiation.
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Scattering at longitudinal optical phonons and changes in layer thickness as a re-
sult of aluminium diffusion can cause energy losses. The decrease of these phonons’
intensity, as shown in Raman spectra in Fig. 5.43, may explain the temporary im-
provement in the performance of solar cell under illumination (Fig. 5.45). Change
of local vibrational modes at Raman spectra can also be associated with deep donor
levels referred to as DX centres. The TO phonon of GaAs stays similar asymmetric
form before and after SL irradiation. It is possible to observe the small difference
in relative intensities of AlAs phonons indicates that displacements may occur at
As sites. Low-intensity broad peaks around 500 to 580 cm~! belong to second-order
GaAs-like TO and LO phonons [75].
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Fig. 5.43: Raman spectroscopy from supercontinuum laser irradiation. Due to the height of the
transverse-optical mode of GaAs, in order to preserve detail, the peak was plotted in a separate
graph.

The results in Fig. 5.44 of reflectivity in VIS are negligible; the interference
fringes in NIR show a difference. Number and amplitudes of the fringes slightly
differ, and a small shift to higher wavelength is observed. Larger intensity is related
to the degradation of antireflective coating of the samples.

The number of fringes increased due to changing of the layers interface areas
and their thickness, and the same time the shift of the spectra confirms it as the
result of damages induced by radiation is consist in displacement and interdiffusion
of Ti and Al atoms. The results of the reflectometry are in correlation with element
profile studied by SIMS (Fig. 5.48).

Light exposure produces the defects caused by the displacement of atoms. It
influences a charge distribution at the interfaces of the PN junction. The SIMS
analysis was carried out several times in order to avoid the effect of local defects on
the results [76]. Fig. 5.47 shows the distribution of elements along with all PV cell
and shows the changing of the distribution of the elements at the GaAs/Ge interface.

89



[9§) N ()} N
(=] (=] (e o
I

Reflectance / A.u.
[y}
(]

UVA

Unexposed area —
- = —Exposed area

450 500
Wavelegth / nm

Fig. 5.44: Reflectance measurement from supercontinuum laser irradiation. There is a significant

change, especially in the NIR region, indicating differences in thin-films.

: 6 <10~ : : :
x 0 days
] e 7 days X
5r o 20 days ‘55""’-} 1
1 + 32 days - o
42 days 565 ° o
o i 4 o 57 days Cd % x i
= . = Sy, %o -
~5l o © ox 12 DD** o
+ ot © oy o o
g * 0 g3r o ]
£ 4t = O B 5% ©
5 o 9?1 8t 5
3L X 2ga‘ys * O % 4 2+ D** 4
ays * o )‘O
ol| o 20 days 5 0 I *O'X
32 days o %0 1t o |
1t 42 days * J 5 *o
o 57 days Do Hox
0 ] I I & 02 . . . )
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Voltage / V Voltage / V
a) b)

Fig. 5.45: Light I-V curves from supercontinuum laser irradiation. In a) I-V characteristics are

MPPs indicated. In b) power characteristics, a slight increase in performance may be observed

during

42d.

90



x 0 days
10-21 1072}| ¢ 7 days
o 20 days
* 32 days
42 days
< < 10—4 o 57 days
~ 10 ~
= k=|
g 2
: 5
&) 0 days O 10
1078L| ¢ 7 days o
o 20 days o
* 32 days =
42 days 1078} P E
o 57 days *®
1078 1 L L X L L
-8 -6 -4 -2 10~ 10-2 1072 107! 10°
Voltage / V Voltage / V
a) b)

Fig. 5.46: Dark I-V curves from supercontinuum laser irradiation in a) semi-logarithmic and b) log-
log scale. Slight relaxation and improvement during 20 to 42d is observed.

Nevertheless, the most significant changes that influence electrical behaviour belong
to the thin surface layers. Thin-films layers were also visualised three-dimensionally
before irradiation in Fig. A.11. The detailed spectrum is shown in Fig. 5.48. The
character of Al and Ti diffusion is mostly anisotropic and tends to AlGaAs layer,
changing the concentration of aluminium creating displacement defects. Kinetics of
Ti-sinking to GaAs compounds was intensively studied in Ref. [77, 78] before.
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Conclusion

A comprehensive measurement of degradation of GaAs photovoltaic cells has been
performed. Surface morphology, material, electrical and optical properties were
studied. All evaluation methods were selected to complement each other. Each
measurement provides different information and varies in used method.

Prior to the use of the methods by which GaAs solar cells were stressed, surface
and cross-section inspections and the occurrence of subsurface cracks and point
defects were investigated using the EBIC method. In contrast to silicon cells, GaAs
PV cells are very resistant to surface cracks, which were present in substantial
quantities in silicon cells. It was seen from the cross-section of the GaAs sample
that electrically active impurities could be introduced into the thin layers during
production and thus affect their function.

The results from thermal processing confirm the excellent stability of the ma-
terial structure regarding such high temperatures. In particular, the ratio of the
elements from EDS remained almost unaltered after processing and their weight
differences varied within a percentage of units. Slight oxidation of contacts has been
observed, but it can be assumed when using the cell only on Earth’s terrestrial use.
However, the roughness of the surface and the number of structural features, which
were examined using the atomic force microscope, increased slightly. The thermal
radiation of the cell in the case of reverse-bias has changed and increased. The high
temperature resulted in the restructuring of defects, which were also observed from
the dark characteristics. Fluctuations from PSD increased, and power performance
from light curves decreased, which is a consequence of not only surface but also
internal elementary processes. The solar cell remained functional even though the
thermal stress was relatively at the high level of 350 °C for over 4 hours. However,
with more prolonged annealing, an increasing incidence of defects and a consequent
decrease in performance can be expected. A sudden change results under reverse
bias after increasing the processing temperature of the solar cell to the limit of its
functionality (420°C). This change is in the form of an immediate electric break-
down.

In contrast to the thermal stress of 350 °C, the successful cooling to —120 °C with
nitrogen and subsequent XPS analysis was performed, which also took place dur-
ing cooling, as opposed to heating where measurements were achieved only before
and after processing without XPS measurement. The optical properties of the solar
cell after cooling were considered to be excellent and, due to the almost unchanged
reflectivity, it was not necessary to measure the surface morphology using AFM.
Raman spectroscopy also indicated a relatively high quality unchanged elemental

composition. However, the degradation of the sample probably occurred, by reason
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of negative thermal expansion and internal processes. The decrease in performance
was confirmed by I-V and P-V characteristics. The main surface modification at
cooling is connected with C — O bond. Partial degradation of Al — O bond is as-
sociated with dissociatively adsorbed oxygen [79]. Decreasing of dangling oxygen
bonds can be connected with C — O local surface defects [80].

The most comprehensive part of the work from the standpoint of analysis can
be considered intense irradiation of samples with the gamma emitter with a dose
of 500kGy. In exception to the EDS method and infrared camera observation,
all analytical measurements and tools listed in Tab. 4.1, were used. Most of these
methods used mutually confirmed differences in anti-reflection and protective layers,
their diffusion and also the decrease in PV cell performance.

In results of irradiation by the continuous laser, summarized dependences of
electrical properties on exposure duration show a slight increase in efficiency at
42th day of the experiment. The SL energy caused displacement defects by virtue
of migration of Ti and Al atoms. A good agreement between functional (electri-
cal), optical and structural properties was observed. The XPS spectra show the
degradation of the protective AlO, layer as well. Raman spectroscopy allows us
to suggest that As sites are related to defects formation. Diffusion of Al and Ti
caused the changing of interference fringes studied by reflectometry. The fact of
element displacement, as well as the anisotropic character, were shown by SIMS.
The current-voltage (Fig. 5.46 and 5.45a) and power characteristics (Fig. 5.45b)
studied during SL illumination shows that electron traps that appear as the result
irradiation can relax over time, and the bond between electrons and the lattice of
the material becomes weaker. The traps originate from the displacement of an atom
when the kinetic energy of radiation is sufficient, and Frankel pair can appear [81].
The minor carriers are responsible for the electrical behaviour of solar cell under
illumination. Generation of electron-hole pair can be affected by defects of the ma-
terial structure. Defects at the depletion region caused increasing of recombination
current and indicated degradation of PN junction (Fig. 5.46). The decreasing in the
concentration of charge carriers can be associated with the capture of charge carri-
ers on the resulting defects. Low effective lifetime of carriers can also be connected
with defects caused by the migration of Al and Ti atoms. Electrical characteristics
demonstrate non-linear character of degradation. It was most probably by cause of
the fact that including of Al caused the appearance of deep donor level centres (DX
centres). Diffusion of titanium creates additional charge separation in the film. The
phase transformation of the Ti — O superlattice from the anatase phase to rutile
may occur at the interface, which contributes to a change in the efficiency [82]. In

this case, Ti atoms are partially released from the structure, which is confirmed by
SIMS.
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The results of this work provide opportunities for new studies not only in the
field of solar cells but also in semiconductors and thin-films, which have been shown
to diffuse into the surface during various stress tests. The work is also a valuable
source of information for the advanced production of PV cells specializing in space
applications because GaAs solar cells directly designed for satellites were used here

as well.
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List of units

Unit Description Notation
A electric current ampere
a.. ratio of intensity amount arbitrary unit
at% concentration of dopant atoms atomic percentage
Bq activity or quantity of radioactive material becquerel
°C Celsius temperature degree Celsius
eV amount of kinetic to move an electron across electronvolt
a electric potential difference of 1V
Gy absorbed dose, absorbed dose index gray
Hz frequency hertz
K absolute temperature or thermodynamic tem- kelvin
perature
Pa internal pressure or stress pascal
px point in a raster image pixel
m~! Raman shift reciprocal metres
s unit of time second
A?2Hz ! unit of current spectral density square current of the
noise signal
Torr unit of pressure defined as 1 standard atmo- torr
sphere divided by 760
\Y voltage, electric pressure, electric tension or volt
electric potential difference
4 1 joule of work performed in 1 second watt
W /m? power density, heat flux density, irrandiance watt per square metre
wt% mass fraction of the species times 100 weight percentage
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List of symbols

Symbol  Description Unit
A area of the solar cell m?
ao distance between the Earth and the Sun: 149600 x 10° m
ApuLk absorbance of the bulk PV cell -/ %
FEagrs total solar irradiance W/ m?
E. conduction band eV
Er Fermi level eV
E, energy bandgap eV
E; intrinsic energy eV
Eo photon energy eV
E, flux density on Earth’s orbit: 1367 W /m?
E, valence band eV
E? electric field from an electromagnetic incident wave Vm™!
El external electric field Vm™!
FF fill factor -
I diode saturation current A
Iy, generated photocurrent A
I, maximum current A
Iy output current of PV cell \Y
I short-circuit current A
Ly noise current A
Jse short-circuit current density Am—2
k Boltzmann constant: 1.380649 x 10~ JK!
El wavevector of incident wave m~!
L solar luminosity constant: 3.828 x 102° W
n ideality factor of diode -
N number of PV cells in series -
P, maximum power W
P polarisation vector Cm™2
R electrical resistance Q
r distance from the Sun m
R, shunt resistance Q
Ry series resistance Q
r incident wave position -
R4 radius of the Earth: 6371 x 103 m
Ry radius of the Sun: 696 340 x 103 m
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Symbol  Description Unit
Sa average roughness nm
Sc solar constant -
S current spectral density A?2Hz !
Sku kurtosis —
Ssk skewness —
Sy voltage spectral density VZ2Hz !
T absolute temperature K
t time S
Tar transmittance of the anti-reflective coating -/ %
T effective temperature of the Earth: 254.33 K
T effective temperature of the Sun: 5780 K
U noise voltage \Y%
Vin maximum voltage \Y%
Ve open-circuit voltage Vv
Vv output voltage of PV cell \Y
Vr thermal voltage \Y
AFE, conduction band offset eV
AFE, valence band offset eV
Af frequency bandwidth Hz
a albedo of the Earth: 0.3 -/ %
n efficiency of the solar cell -/ %
o Stefan-Boltzmann constant: 5.67 x 1078 Wm2K*
X electric susceptibility -
w1 angular frequency of incident wave Hz
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List of acronyms

Acronym Description

2DHG Two-Dimensional Electron Gas
2DHG Two-Dimensional Hole Gas

ADC Analogue-to-digital converter
AM Amplitude Modulation
AMI1.5 Air Mass coefficient fo terrestrial PV cells

BF Bright-Field

BSE Backscattered Electrons

CCD Charge-Coupled Device

CIGS Copper Indium Gallium Selenide

CIS Copper Indium Selenide

CMB Cosmic Microwave Background

CME Coronal Mass Ejection

CpPV Concentrator Photovoltaics

CPVT Concentrated Photovoltaic Thermal system
DML Dynamic Mechanical Load

EBIC Electron-Beam-Induced Current

ECHA European Chemicals Agency

EDS Energy-Dispersive X-ray Spectroscopy
EDX see EDS

ESA European Space Agency

FET Field-Effect Transistors

FM Frequency modulation

FTIR Fourier-Transform Infrared Spectroscopy

FWHM Full Width at Half Maximum

GCR Galactic Cosmic Rays
GPHS General Purpose Heat Source

HCPV High Concentration Photovoltaics
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Acronym

Description

HEMT

ISS

LCD

LO

LSC
LWRHU

MJ
MPP

NIR

POE
PSD

PV
PV-EBIC

QDSC

RTG

SAC
SEH
SEM
SIMS
SL
SOE
SPE

TCU
TO

UVA

VIS

High Electron Mobility Transistor

International Space Station

Liquid Crystal Display

Longitudinal Optical

Luminescent Solar Concentrator
Light-Weight Radioisotope Heater Unit

Multijunction

Maximum Power Point

Near Infrared

Primary Optical Element
Power Spectral Density
Photovoltaic

Plain-View Electron-Beam-Induced Current

Quantum Dot Solar Cell

Radioisotope Thermoelectric Generator

Sample Analysis Chamber

Solar Energy Harvesting
Scanning Electron Microscope
Secondary Ion Mass Spectrometry
Supercontinuum Laser

Secondary Optical Element

Solar Particle Events

Temperature Control Unit

Transverse Optical

Ultraviolet A

Visible
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Acronym Description

X-EBIC Cross-sectional Electron-Beam-Induced Current
XPS X-ray Photoelectron Spectroscopy
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List of used instruments

BASEBAND ANALYSER
e Rohde & Schwarz FMU36

ELECTRON MICROSCOPE

o FEI Helios NanoLab 660
— FIB setup
— STEM detector

o FEI Verios 460L

o Tescan LYRA3, 2nd generation
— EDS detector: Oxford Instruments X-Max 50
— BSE detector
— EBIC setup

FOURIER-TRANSFORM INFRARED SPECTROMETER
o Bruker Hyperion 3000

INFRARED CAMERA
e Micro-Epsilon TIM 160

MONOCHROME CCD CAMERA
e Moravian Instruments G2-3200 Mark 11

OPTICAL SPECTROMETER
e Ocean optics JAZ 3-channel

POWER SOURCE UNIT
o Agilent E3631A
Keithley 2420
Keithley 2510-AT
Keithley 6220
PXI1-4130 module

RAMAN IMAGING SYSTEM
o WITec alpha300 R

¢ Renishaw inVia
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SCANNING PROBE MICROSCOPE

¢ Bruker Dimension Icon

e NTEGRA Prima

SECONDARY ION MASS SPECTROSCOPY
« IONTOF TOF-SIMS 5

SIGNAL RECOVERY
o Ametek Model 5184 Ultra Low-Noise Preamplifier

SPECTROSCOPIC ELLIPSOMETER
e J.A. Woollam V-VASE

X-RAY PHOTOELECTRON SPECTROMETER

o Kratos Analytical Axis Supra
— Heat & Cool setup

111



Gl

Cell Efficiency (%)

52
Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies S
9 (MM, 302%) |, 501ec NREL
LM = |attice matched © CIGS (concentrator) Boeing- . (4-J, 297x) 6-J,143x
48 — MM = metamorphic ® CiGS Su;c!ro?ab FhG-ISE/ Soitec ( & )
IMM = inverted, metamorphic O CdTe (LM, 364x) S(y)j‘aran{lc‘ F |
V' Three-junction (concentrator) O Amorphous SiH (stabilized) Spectrolab | FhG S T R
— 'V Three-junction (non-concentrator) i (MM, 299x) | (MM, 454x) (MM, 406x) s
44 Emerging PV ) g
A Twojuncton (concentrator) oD itized celk Boeing-Spectrolab  Boeing-Specrolab NREL
A Tworunction (non-concentrator) ye-sensitized cells Boeing-Spectr oeing-Spectrolab EL
B qu oo ( walor) O Perovskite cells MM, 179x) (MM, 240x) . (41, 3190 |4—VBJL: X)
our-junction or more (concentral A Perovskite/Si tandem (monolithic) v v " ing-
— . ) ( NR SolarJunc S (5.} NREL (8-J)
40 O Fourjunction or more (non-concentrator) ® Organic cells (various types) \’QJSEL (IMM) - ‘,’ ‘.Hli JEZE 70) (LM, 418 Spectrolab (5-J)
Single-Junction GaAs A Organic tandem cells ~Boeing- . 29 Sharp (IMM)
A QSingle crystal 4 Inorganic cells (CZTSSe) Boeing Spectrolab  grarm (M) I a’ y d
36 A < Quantum dot cells (various types) Spectrolab NREL P ! - o NREL (38.1x)
Concentrator role ¢ Boeing- . oo Sharp (IMM) FhG-ISE
¥ Thinfilm crystal O Perovskite/CIGS tandem (monolithic) NREL Spectrolab Spectrolab (IMM) .-
REL/ 7 CHOIaD - r e W 67x)  NREL (M)
| Crystalline Si Cells Jopan  SPectrolab_ Spectroleb | '\*;EL (467x) R.. “"",AL- S—
- Singe o romconcammeo) = wRe NEEL Energy Bl NREL (2581
W Single crystal (non-concentrator] 6 e it A s il Al >
o icrystallin . \ - Radboud Uniy. FNG-ISE
o Multicrystalline \ HzZB
= Silicon heterostructures (HIT) F Panasonic LG ord PV FrGHSE
28 V Thi = == == o Amonix (92x) % LA= 1PV FhGHSE
Thin-film crystal - - - - - 7 i Oxford PVIKRIGTMIT
- ~ 3 Panasonic ok H Univ
TS Tttt it som= FhG-ISE__Alta SerdAsy
24— . B UNSW UNswUNSW o e
BM - LINSW UNSW ! S
(T.J. Watson L= === LRE Stanford UNSW s UNSW / NREL Sanyo sash™ J Iﬂno Solar
Research Center) UNSW Georgia  Eurosolare  (14x) = - IScAS UCLA “-Canadian
20— ARCO Georgia  Georgia  Tech O A= = ~ - VKRICT/UNIST  Solar
Westing- Spre | INSW Tech Tech 0 @-@——\F T REL NREL NREL NREL SFH KRICT FhG-ISE Univ. of
. i Varian UNSW . NREL NREL ! _:NREL U. Stuttgart _, »«FhG-ISE Solibro || E"D}[LSOW SJTU-UMass
16 | andia o " 3 First S¢ GE - SolarFron—11Ng O -SCUT-CSU
No. Carolina o= Florida NREL! U. Stuttgart _—— . nergy Tek of Tawan
Mobil State U, gojare,SOlarex ST UniSolar  Mitsubishi s
Solar N - Boeing UniSolar (aSiincSi/ncSi) " SCUT/eFlexPV
121~ 0BG ogax_Kodak fodak AEE0 ARCO - Sharp~, e S )
Phillips 66\ ;57 2 ICCAS
A Kodak UCLA
Matsushita T
ARCO R U.Toronto
8- U.of Maine Monosol : Koo Solarmer MIT U, Toronto
EL /Konarka Konarka Tor
NELIM Hopark U. Toronto
U.of Maine EPFL Groningen U. Linz (PbS-QD)
vy -
RCA (ZnO/PbS-QD)
0 | LI b % § 3 1 5 §f 3 ¢ § & 5 % 3 4 3 % i i Lt 9 % £ 1 T 5 ¢ 4 L % § 4 F T i
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Best Research-Cell Efficiencies

2 INREL

Transforming ENERGY

Fig. A.1: Chart of the highest confirmed conversion solar cell efficiencies from year 1975 to 2020.
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Fig. A.2: XPS observing during slow cooling process for Cls during a) cooling to —100°C and
subsequently b) return back to room temperature.
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Fig. A.3: XPS observing during slow cooling process for Ols during a) cooling to —100°C and
subsequently b) return back to room temperature.
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Fig. A.4: XPS observing during slow cooling process for Al2p during a) cooling to —100°C and
subsequently b) return back to room temperature.
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Fig. A.5: XPS observing during fast cooling process (—120°C) of a) Ols, b) Cls and c) Al2p high
resolution spectra.
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a) b)

Fig. A.6: Three-dimensional visualisation of the elemental distribution of gallium a) before and
b) after irradiation with the 6°Co isotope investigated by SIMS .

a) b)

Fig. A.7: Three-dimensional visualisation of the elemental distribution of arsenic a) before and
b) after irradiation with the 6°Co isotope investigated by SIMS.
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a) b)

Fig. A.8: Three-dimensional visualisation of the elemental distribution of aluminium a) before and
b) after irradiation with the °°Co isotope investigated by SIMS.

a) b)

Fig. A.9: Three-dimensional visualisation of the elemental distribution of titanium a) before and
b) after irradiation with the °°Co isotope investigated by SIMS.
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Fig. A.10: Three-dimensional visualisation of the elemental distribution of germanium a) before
and b) after irradiation with the ¢°Co isotope investigated by SIMS.
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Fig. A.11: Three-dimensional structure of a) Ga, b) As, ¢) Ti and d) Al of the PV cell measured
by SIMS.
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