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Abstract

Multi-junction solar cells with Si alloys have true potential for high conversion efficiency, be-
cause of the spectrum splitting capability. For optimal spectral utilization, a multi-junction
silicon based device needs a silicon alloy with a bandgap between that of nc-Si (1.1 eV) and
a-Si (1.8 eV). a-SiGe:H has a tunable bandgap between 1.4-1.6 eV by varying the GeH, flow
rate in the layer.

An investigation of deposition parameters on PECVD processed a-SiGe:H films showed that
variation of the GeH, /SiH, flow rate is the most influential deposition parameter to achieve
bandgap tuning. It influences the optical-, electrical- and material properties due to the fact
that it directly changes the GeH, flow rate in the material.

Subsequently, a n-i-p substrate single junction a-SiGe:H solar cell is fabricated. This is
the reversed p-i-n superstrate a-SiGe:H solar cell, fabricated by the PVMD group. It has a
Voo 0of 508 mV, a FF of 0.39, a J,. 0of 9.9 mA/cm? and a final efficiency of 2.9%. Due to the low
performance, manipulation techniques were introduced. The different proposed shapes con-
sist of bandgap grading in the absorber through GeH, flow rate profiling. A study on buffer
type and thickness, different profiling schemes, grading widths and total absorber thickness
strongly improved the device performance.

The overall champion single junction a-SiGe:H solar cell has a 3.2 nm n/i i-a-Si buffer com-
bined with a 5 nm n/i i-a-SiGe:H buffer, a V-shape GeH, peak flow rate of 2.4 sccm, a 134
nm n/i grading width, a 36 nm i/p grading width and a total absorber thickness of 170 nm.
This cell generates a V. of 735 mV, a FF of 0.64, a J,. of 13.23 mA/cm? and a final efficiency
of 6.18%. This is a relative increase of 113.8% in efficiency.

The single junction solar cell fabrication is followed by demonstration of a two-junction de-
vice. The overall champion tandem solar cell consists of a 200 nm a-Si:H top cell and a 170
nm a-SiGe:H bottom cell with a V-shape GeH, peak flow rate of 5.3 sccm. This champion
tandem solar cell generates a V.. of 1395 mV, a FF of 0.69, a current limiting J,. of 8.34
mA/cm? and a final efficiency of 7.99%. Finally, research proved that the change in top-
and bottom cell thickness, the maximum GeH, flow rate and the U- and V-shape profiles
are interesting manipulation techniques in a multi-junction device due to their flexibility to
increase the current limiting Js. and improve current matching.
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Introduction

In this chapter a theoretical background of solar cells working principles, history and motivation
of this thesis is provided, leading up to the research questions.

1.1. Background

Electricity is not a common good for everyone in the world. Around 1 billion people still do not
have access to electricity. These people mostly live in rural places of developing countries in
Africa and Asia. Therefore, sufficient supply of energy is a challenge, which should be tackled.

In the last century we have seen a rapid increase in the total energy consumption, which
is expected to keep rising over the coming years. The International Energy Agency men-
tioned that the global electricity demand rose by 4% in 2018, by 900 TWh, which is nearly
twice as fast as the overall energy demand growth [1]. This phenomena is related to elec-
trification and growth of world population. These factors are expected to continue to rise.
Therefore, electricity generation and supply should be improved to meet those requirements
and trends, indicated by Figure 1.1.
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Figure 1.1: The total worldwide energy consumption from 1990 to 2017 [1].

Figure 1.1 displays that the total energy consumption has significantly increased over the
past 20 years and will increase even further if this trend continues.
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However, the crux of the current energy generation mix is that fossil based energy generation
like coal and gas power plants, cover a significant amount of the total energy consumption.
These sources generate a stable baseload of electricity for countries, but the combustion of
fossil fuels pollute the environment. This has established a raise in CO, concentration in the
air which is one of the causes of global warming.

The influence of humankind is the number one cause of global warming, especially the car-
bon pollution we cause by burning fossil fuels and the pollution-capturing we prevent by
destroying forests. The so-called released greenhouse gasses contribute to pollution, which
alters the earth’s climate system, causing droughts, storms, floods etc, affecting humans.
Moreover, fossil fuels are a finite resource, resulting in volatile energy prices and political
conflicts over their control. For these reasons, an alternative to cover the world energy de-
mand without using fossil fuels should be developed [13].

A shift towards an energy society based on renewable sources, rather than fossil fuels is
required. A decarbonized energy system, increasingly fueled by renewable sources, is vital
to the threat of climate change. Although we have seen an absolute growth in capacity of
renewable energy generating sources, the International Renewable Energy Agency concluded
that: if we want to meet our climate goals, renewable deployment must accelerate six times
faster than today [14].

Global renewable energy consumption, terawatt-hours
Total renewable energy consumption over the long-term, measured in terawatt-hours (TWh) per year. Traditional
biofuels refer to the consumption of fuelwood, forestry products, animal and agricultural wastes. Other
renewables
—— (modern biofuels,
16,000 TWh geothermal,
wave & tidal)
ING
14,000 TWh
—— Hydropower
12,000 TWh
10,000 TWh
8,000 TWh
6,000 TWh __ Traditional
biofuels
4,000 TWh
2,000 TWh
0 TWh
1965 1970 1980 1990 2000 2010 2016

Figure 1.2: The total energy consumption of renewable energy sources over the past 50 years [2].

As can be seen, Figure 1.2 displays that the electricity generated by renewable energy sources
is still low compared to the total energy consumption, Figure 1.1. Electricity generation from
renewable energy sources is required to meet the requirements of the Paris agreement. The
Paris agreement gained more attention around renewable energy sources, including wind,
solar, biomass, hydro and geothermal power. This agreement was signed in order to com-
bat climate change and to accelerate and intensify the actions and investments needed for
a sustainable low carbon future. The Paris Agreement’s central aim is: to strengthen the
global response to the threat of climate change by keeping a global temperature rise this
century well below 2°C above pre-industrial levels and to pursue efforts to limit the temper-
ature increase even further to 1.5°C by low greenhouse gas emissions and climate-resilient
development [15].
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A varied portfolio of renewable energy sources is the key to a stable electricity grid. Es-
pecially solar power still has a low share of the total electricity generation, while it has a
great development potential, due to the fact that the Sun is the largest free and most abun-
dant potential renewable energy source on this planet. Solar energy can be converted into
electricity using a thermodynamic or electronic conversion method [4]. These methods and
all concepts behind solar energy will be explained in the coming paragraphs.

1.2. Solar energy

Solar photovoltaic power (PV) led the expansion in renewable power generation in 2017, as
deployment boomed in China and prices continued to fall. Since 2010, prices have fallen by
70% for new solar PV large utility-scale systems. Moreover, an increase in efficiency of solar
panels and the urgency for renewable energy sources have accelerated the growth in solar
energy contribution to the total installed electricity generation capacity. Those developments,
encouraged by ambitious climate policies in the European Union, the United States, China,
India, Japan and Australia, enable developing countries to expand their renewable capacities

[1]-
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Figure 1.3: The historical development of solar PV power generation and its future SDS target [1].

Power generation from solar PV is estimated to have grown by over a third in 2017, up to 460
TWh, representing almost 2% of total world electricity generation as can be seen in Figure
1.3. Solar PV is well on track to reach the levels envisioned in the Sustainable Development
Scenario (SDS) target, which will require annual capacity additions of 17% between 2019
and 2030 [1].

This thesis concerns photovoltaic (PV) technology, where the radiation of the sun is con-
verted directly into electrical energy. The working principle of a solar cell is based on the
photovoltaic effect, i.e. the generation of a potential difference at the junction of two different
materials in response to electromagnetic radiation [4]. Before diving into the PV effect, the
concept of radiation will be shortly discussed.

1.2.1. Concept of radiation

All objects with a temperature above the absolute zero, equal to 0°K or -273°C, emit elec-
tromagnetic radiation. The sun, 5778°K, emits solar radiation, which can be described as a
wave or a particle. Light consists of energy quanta, which are called photons. Photons are
generally expressed in units of energy, while waves are described by the wavelength. The
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energy of photons (E;},), which defines the energy of the wave can be described by equation
1.1.

hoc 1.1

. (1.1)
where v is the frequency of light, ¢ is the speed of light, h is the Planck’s constant, and 4 is
the wavelength. The light spectrum consists of different wavelengths, given by both visible
and invisible light. Solar radiation comes from both the visible and invisible light wavelength
range. In more detail, roughly 9% the of the solar radiation comes from the ultraviolet region
(150 nm - 400 nm), 40% of the solar radiation from the visible spectrum (400 nm - 700 nm)
and lastly approximately 51% from the infrared region (700 nm - 1000 um) [16]. Formula
1.1 indicates that the longer the wavelength A the smaller the corresponding photon energy
is. Figure 1.4 displays the total spectrum, whereas for PV application people are mostly
interested in the spectrum from ultraviolet to infrared.
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Figure 1.4: An overview of the total spectrum of light ranging from ultraviolet to infrared [3].

To compare the PV performance per location and time a standard reference spectrum is
defined. The spectrum is defined based on Air Mass (=AM). AM determines how far light
has to travel through the Earth’s atmosphere compared to its shortest path [5]. The air
mass coefficient is used to characterize the solar spectrum after solar radiation has traveled
through the atmosphere. The AMO spectrum is therefore defined as the spectrum in the space
and has a total radiation of 1366 W/m?, broadly known as the solar constant. However, it
is important to mention that in this thesis the focus will be on the AM1.5 spectrum, which
represents the irradiance when the beam of light, which reaches atmosphere is in between
45-50°, exactly 48.2°. The AM1.5 spectrum means that the beam passes through 1.5 times
the mass of air, before the surface of Earth is reached, compared to light under normal
incidence. By integrating the irradiance over the whole solar spectrum, the corresponding
radiation equals 1000 W/m? [10].

1.2.2. Photovoltaic effect

PV technology uses the radiation from the sun to generate electrical energy. The electrical
energy, which is a flow of charge carrying particles, is generated using the PV effect. The
PV effect consists of three basic processes, namely (i) generation of charge carriers due to
the absorption of photons in the materials that form a junction, followed by (ii) separation of
the photo-generated charge carriers in the junction and (iii) collection of the photo-generated
charge carriers at the terminals of the junction. These processes will be explained more in
detail in the coming paragraph.
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Generation of charge carriers due to the absorption of photons

Absorption of a photon in a material means that its energy is used to excite an electron from
an initial energy level to a higher energy level. These energy levels are the so-called valence
and conduction band, whereas the energy difference, called the bandgap Eg is defined as
Eg=E¢-Ey, which equals the photon energy, given by equation 1.1.

A photon is only absorbed if the photon energy is equal or greater than the bandgap en-
ergy. In that case the energy is used to excite an electron from the valence to the conduction
band. Therefore, the bandgap is the difference between the top of the valence band and the
bottom of the conduction band, as displayed in Figure 1.5. Generation of an electron-hole
pair occurs when a photon is absorbed, which means that the photon transfers its energy
to an electron in the valence band. The electron is thereby excited to the conduction band,
leaving a void with a positive charge behind in the valence band, called a hole. Electrons are
negatively charged, so while exciting the negative charged particle, the positive hole remains
behind.

Electrons in the valence band Ey, are bound to an atom, while electrons in the conduction
band E( are free to move through the material (free charge carrier). This means that electrons
in the conduction band are able to conduct electric current. However, in single crystal and
pure crystalline materials between the conduction and valence bond no energy states exist,
which could be populated by electrons. Therefore, the bandgap can be seen as forbidden
energy state for electrons.

Besides the fact that E,, can be equal to Eg, another possibility is that Ey, is bigger than
Eg. In this case the energy difference between the photon energy and the bandgap energy
is emitted as heat, also seen as thermalization loss, when the electron and hole relax to the
bottom and top of their allowed energy states [13]. Finally, if a photon with an energy smaller
than Eg reaches an ideal semiconductor, it will not be absorbed but will traverse the material
without interaction and therefore no mobile charge carriers are generated. All those different
options are displayed in Figure 1.5.

o E -~ E - E
\IE oh € \Eph ° \Eph °

Ey e Ev \ l? E, \, l?

Figure 1.5: Generation of charge carriers with the following conditions: Epy=Eg (a), Epn>Eg (b) and lastly Ej,<Eg (c) [4].

(a)

All above described processes appeal to direct bandgap material, which means that the max-
imum of the valence band and the minimum of the conduction band occur at the same k-
vector. Therefore, an electron can be excited from the valence to the conduction band without
a change in the momentum. However, if the electron cannot be excited without changing this
momentum, which means valence and conduction bands are not flat, it is called an indirect
bandgap material. The electron can only change its momentum by momentum exchange
with the crystal, i.e. by receiving momentum from or giving momentum to vibrations of the
crystal lattice [4]. So, extra momentum is needed to excite an electron from valence to con-
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duction band and therefore the absorption coefficient is lower compared to direct bandgap
materials.

Separation of the photo-generated charge carriers in the junction

If no further processes happen, the excited electron will fall back into the valence band and
it will recombine with a hole, releasing its excess energy as thermalization. To prevent this
so-called recombination, the charge carriers need to be separated.

So, once the mobile charge carriers are generated, they diffuse to the selective contacts,
where they are separated by means of an electric field in the so-called depletion region. Such
electric fields are produced by creating junctions of either different materials (heterojunc-
tions) or the same material with different doping atoms (homojunction), which will generate
impurities in the lattice [13].

The electric field sends holes and electrons to opposite directions. After creation of a p-n
junction electrons will diffuse from the high electron concentration n-type side to the low
electron concentration p-type material, since holes are the majority charge carriers. How-
ever, holes will diffuse into the n-type material. Due to above reasons in the depletion region,
also known as space charge region, n-type material becomes positively charged, while the
p-type material becomes negatively charged, see Figure 1.6.

space charge
n-type region region p-type region
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® o [ ~I AP A
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Figure 1.6: Formation of the space charge region with both n-type and p-type semiconductors to form a junction [4].

It is important to design a solar cell such that the electrons and holes can reach the mem-
branes before they recombine. The membranes are used so holes can flow out through one
membrane, while electrons can flow out through the other membrane, which is formed by n-
and p-type materials. This means that the time it requires for charge carriers to reach the
membranes must be shorter than their lifetime.

Collection of photo-generated charge carriers at the terminals of the junction

The last step of the PV effect is the collection of carriers at the terminals of the junction. The
chemical energy of the electron-hole pairs is converted into electric energy. In the depletion
region the internal electric field drifts the electrons to the n-type region, while holes will be
drifted to the p-type region for collection.

Finally, the separated carriers are collected at the outer side of the doped layers by highly
conductive metal contacts. The difference in majority charge carriers creates a potential
difference between the top and bottom contact. Moreover, by applying an external circuit
the electrons flow from the n-type material to the p-type material, due to the experienced
concentration difference.
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1.3. Solar cell history and current techniques

The photovoltaic effect was firstly demonstrated by Edmond Becquerel in 1839. Research in
PV applications has gained since that time. All PV devices use the previous explained pho-
tovoltaic effect to generate electricity, however the configurations and compositions of those
cells do vary. Many different solar cell technologies for different applications are developed
the last century and will be discussed in the coming sections. A division is made into 15¢, 2nd
and 3™ generation solar cells in this thesis. The 15t generation solar cells are wafer based,
2nd generation cells are made out of thin-film technology and 3™ generation solar cells refer
to new innovative PV technologies, that are either very cheap due to abundant materials,
or cells who exceed the SQ limit for single junction solar cells and can establish very high
efficiency, widely known as multi-junction solar cells.

Wafer Based Solar Cells

18t generation solar cells include both single- and multi- crystal wafer based solar cells. This
technique is the oldest and most common used technology, due to their high efficiency. There
are generally two types of first generation solar cells, who differ by crystallization levels. If
the whole wafer is only one crystal, it is called single/mono crystal solar cell, while if wafer
consist of crystal grains, it is called multi crystal solar cell.

Mono crystal solar cells can achieve higher efficiency, while production of multi crystal solar
cell is easier and cheaper. Current record efficiency reported by Martin Green consists of
26.7% fabricated by Kaneka with a n-type rear Interdigitated Back Contact crystalline cell
[17]. A drawback of 15t generation solar cells is their 200-250 um thick wafers and therefore
relatively high production costs compared to other techniques. This has increased further re-
search and a new generation of solar cells were unfolded, namely thin film devices to decrease
the production costs.

Thin Film Technology Based Solar Cells

Thin-film technologies include: amorphous / micro-crystalline silicon (a-/pc-Si:H), cadmium
telluride (CdTe), and copper indium gallium diselenide (CIGS). Although the efficiency of thin-
film solar cells is lower than of c-Si solar cells, it still has some important advantages: (i) itis a
lightweight, (ii) flexible technology, (iii) easy fabrication and (iv) good model system to demon-
strate new light-management concepts [10]. Although c-Si dominates the market with a 95
% market share, thin-film silicon solar cells can be used for specific applications, such as
curved surfaces on buildings. However, due to the price decrease, high efficiency and stabil-
ity of crystalline silicon the interest for Thin Film Silicon Solar Cells (TFSSC) has significantly
dropped in the last decades.

Thin-film silicon solar cells make use of p-i-n junctions instead of p-n junctions. The in-
trinsic layer is sandwiched between a p- and an n-layer. This structure results in an electric
field across the p-i-n junction [18]. The intrinsic (undoped) layer is less defective than the
doped layers. Moreover, charge carriers in this type of material have a lower recombination
rate. Photo-generated charge carriers are separated and collected under the influence of an
internal electrical field and therefore thin film based solar cells are drift driven instead of
diffusion driven solar cells, like wafer based devices.

As mentioned earlier TFSSC suffer from lower efficiency compared to wafer based solar cells.
The reported stabilized record efficiency of thin-film technologies are: 10.2 % for a-Si based
solar cells fabricated by AIST, while 11.9% for u-Si also fabricated by AIST. However, cad-
mium telluride (CdTe) has a reported efficiency of 21.0% fabricated by First Solar, and copper
indium gallium diselenide (CIGS) even reached an efficiency of 22.9% by Solar Frontier [17].
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Innovative new PV technologies

Third generation PV technologies have two different focuses, namely very cheap PV with
abundant materials or using innovative concepts to generate high efficiency. Third genera-
tion PV technologies challenge the Shockley—Queisser (SQ) limit.

The SQ limit refers to the maximum theoretical efficiency of a solar cell, using a single p-n
junction, to collect power from the cell where the only loss mechanism is radiative recombi-
nation. Moreover, some important assumptions are made, namely (i) one electron-hole pair
can be excited per incoming photon, (ii) excess energy is lost as heat, (iii) illumination hap-
pens with non-concentrated sunlight and (iv) the semiconductor is transparent to photons
with energy below the bandgap energy.

Third generation PV technologies are relatively simple to manufacture, for example per-
ovskites. Perovskites are still in early stage of research, but already reached a record ef-
ficiency of 20.9% fabricated by KRICT [17].

Another example is multi-junction devices, which can generate high efficiency solar cells.
Multi-junctions challenge the assumption of a single junction. Multi-junctions cells are fab-
ricated by using 3-5 multi-junction cells based on spectrum splitting capability of multiple
bandgap material. The current world record efficiency multi-junction solar cell is fabricated
by Soitec based on GalnP/GaAs/GalnAsP/GalnAs solar concentrator with an outstanding
efficiency of 46% [17]. However, a typical Si based multi junction cell consists of a-Si/nc-
Si/nc-Si cell with a record efficiency of 14% [17].

Multi-dJunction Devices

In a single junction solar cell all photon energies higher than the bandgap energy generate
charge carriers in the intrinsic layer. A multi-junction solar cell is formed by stacking several
different solar cells and therefore the light of the solar spectrum is preferentially absorbed
in various absorber layers. The top absorber layer will absorb the highly energetic photons
in the blue region of the spectrum and is transparent to yellow/red light. In this case the
yellow/red light is able to transmit through the cell and will be absorbed by the bottom ab-
sorber layer.

Multi-junction devices are mostly made of absorber materials with different bandgap en-
ergies to achieve better utilization of the solar spectrum than single junction solar cells. If
the photon energy is much higher than the bandgap energy, a large fraction of the energy
is lost as heat. The use of multi-junction devices strongly reduces the thermalization losses
[4].

1.4. Motivation Amorphous Silicon Germanium

Multi-junction cells with Si alloys have true potential for high conversion efficiency, because
of the spectrum splitting capability. Silicon is a useful material to have in a solar cell, due
to its high efficiency, stable nature, economically attractiveness and it even has the biggest
market share [4]. Thin film silicon multi-junctions are interesting for niche application that
require a high voltage.

For optimal spectral utilization, a triple junction silicon based device needs a silicon alloy
with a bandgap between that of nc-Si and a-Si, which are the most straightforward and suc-
cessful thin film si alloys [19]. a-SiGe:H has this bandgap between nc-si and a-Si.

a-SiGe:H has a tunable bandgap by varying the Germanium fraction in the layer. Therefore,
for multi-junction solar cells the availability of device grade materials like a-SiGe:H allows
fine tuning of the response of the cell to the solar spectrum.
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Figure 1.7: Bandgap ranges of various silicon alloys in the AM1.5G solar spectrum [5].

Figure 1.7 displays the opportunity of a-SiGe:H in a multi-junction device. Using a-SiGe:H
as middle cell in between the a-Si:H top cell and nc-Si:H bottom cell can decrease thermal-
ization losses and improves spectral utilization.

So due to previously mentioned opportunities a-SiGe:H will be used, which has a tunable
bandgap between the previous mentioned nc-Si (1.1 eV) and a-Si (1.8 eV). However, the
ranges of useful bandgaps are in between 1.4-1.6 eV, which still makes it an interesting
building block.

1.5. Project Description and Outline

Summarizing, a-SiGe:H has a bandgap energy between that of nc-Si and a-Si. This makesita
very interesting material for silicon based multi-junction devices. In principle, a-SiGe:H can
have a mobility bandgap energy ranging from close to that of germanium (1.0 eV) to a-Si:H
(1.8 eV), depending on the germanium content. In practice the range of bandgap energies in
efficient devices is much more limited (1.4-1.6 eV).

The overall goal of this project is to determine the range of device grade a-SiGe:H absorbers,
that can flexibly be used in multi-junction devices. The research objectives include char-
acterization on material- and device level. Firstly, the influence of the SiH,/GeH, ratio, Hy
dilution, deposition pressure, deposition power and substrate temperature on the optical-,
electrical- and material properties will be characterized. This should result in a range of de-
vice grade a-SiGe:H layers.

Secondly, the a-SiGe:H absorber is integrated in a single junction n-i-p substrate solar cell.
The goal is to find a range of grading profiles, in terms of shape, width and thickness of device
grade a-SiGe:H single junction devices. Another investigation focuses on if we can improve
the device performance by introducing a buffer layer and what buffer layer type and thick-
ness gives the greatest performance boost. This characterization will be done in terms of the
Voo, FF, Jsc and 1.

Finally, a two-junction device will be processed to demonstrate the performance of the a-
SiGe:H absorber.
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The objective of this work, including the above mentioned milestones, can be summarized by
the following statement:

”The characterization and determination of the range of device grade a-SiGe:H absorbers, that
can flexibly be used in multi-junction devices, taking into account absorber bandgap, thickness,
grading profile and buffer layers”.

This statement, related to the milestones, can be divided into the following research ques-
tions:

1. Which combination of deposition parameters can be used to process a range of device
grade a-SiGe:H absorber layers?

2. Which bandgap grading profile in terms of shape, grading region width and absorber
thickness should be used to process a range of device grade a-SiGe:H absorber single
junction devices?

3. Which buffer layer and buffer layer thickness should be used to process a range of device
grade a-SiGe:H absorber single junction devices?

4. To what extend can the a-SiGe:H absorber layer be manipulated for use in a multi-
junction device?

This document is structured as follows. In this chapter the reader was introduced to PV
technology and the importance of the research. Further theoretical background is given in
Chapter 2. The theoretical background and the methodology will form the fundamentals of
this research thesis. Chapter 3 will describe the methodology that is used during the exper-
imental phase of this thesis project. A brief description of optical-, electrical- and material
characterization methods and deposition techniques will be presented in this chapter. Chap-
ter 4 will focus on the results of the a-SiGe:H film characterization.

The document will continue with n-i-p substrate single junction solar cell results in Chapter
5. Its main focus is on the intrinsic layer optimization, including GeH, flow rate, intrinsic
layer thickness, bandgap profiling and grading series. This is followed by the buffer layer
investigation. Combining all results will lead to Chapter 6, where two-junction cells will be
displayed with a-SiGe:H as a bottom cell. This thesis will be finalized in Chapter 7 by the
conclusions and recommendations, where a summary of the most important results obtained
during this thesis and an outlook of possible options to further improve the performance of
the tandem solar cells, as an indication for future research will be provided.



Theoretical Background

This chapter will introduce all fundamental concepts of physics and material related properties
involved in PV and provide the theoretical background of this thesis. Firstly, in paragraph 2.1
specific properties related to the a-SiGe:H absorber layer will be discussed. The chapter is fol-
lowed by optical, electrical and material properties. They are sequentially discussed in section
2.2, 2.3 and 2.4. The chapter ends with the device related properties. These are explained in
detail in section 2.5.

2.1. a-SiGe:H absorber layer properties
In general, light is absorbed in all layers of the solar cell. All the absorption in layers other
than the absorber layer is loss, which is called parasitic absorption [20]. Further, due to
the limited thickness of the absorber layer, not all the light entering the absorber layer is
absorbed. Incomplete absorption in the absorber due to its limited thickness is an additional
loss that lowers the energy conversion efficiency [4].

The thickness of the absorption layer is therefore essential. The absorption coefficient in
a direct bandgap material is much higher than in an indirect bandgap material. Thus, the
absorber can be much thinner [4]. However, the absorber should be optically thick to ab-
sorb as much light as possible and the thickness of the absorber layer should not exceed the
carrier diffusion length [21].

2.2. Optical properties

Light management is crucial in a solar cell. The incidence of light on a medium can lead to
three different outcomes, namely light will be either be reflected by the surface, transmit-
ted through the material or absorbed in the material. Ideally you would expect all incident
light on a solar cell to be absorbed, however in real life this is not the case. The following
paragraphs will mainly focus on the introduction of absorption, followed by reflection and
transmittance, given by equation 2.1.

A+R+T=1 2.1)

where transmittance, absorptance and reflectance are all unit-less quantities and sum to
unity.

11
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2.2.1. Optical absorption
For efficient solar cells we are interested in part of light which can be absorbed. The absorbed
light is used for exciting charge carriers that can be used to drive an electric circuit.

Absorptance can be more specified by equation 2.2. Absorptance is calculated by the multi-
plication of absorption coefficient (@) and the thickness (d).

AD) =a(d)-d (2.2)

The absorption coefficient depends on wavelength and is related to the extinction coefficient,
which will be given by spectroscopic ellipsometry tests and is given by equation 2.3. The
absorption coefficient is crucial.

4-m-x(d)
A

To calculate the absorption coefficient, firstly the optical properties need to be described. In
general, the optical properties of an absorbing medium are described by a complex electric
permittivity, which started from the Maxwell equations.

a(l) = (2.3)

e(1) = e'(A) + ie" (1) (2.4)

When light passes through a medium, some part of it will always be attenuated. This can
be conveniently taken into account by defining a complex refractive index. The complex
refractive index, 7, is defined as the square root of é [4].

() = Vé = n(d) + ix(A) (2.5)

Equation 2.5 shows that the extinction coefficient equals the imaginary part of the refractive
index. The real part, n, of the complex refractive index, is the refractive index and is related
to the phase velocity of the wave, while the imaginary part, k , is the amount of attenuation
when the electromagnetic wave propagates through the certain material [22].

Ideally, we would like a solar cell to absorb 100% of the incident light. Such an absorber
is called optically thick and has a transmissivity very close to 0. As we can see from the
Lambert-Beer law, equation 2.6, this can be achieved either by absorbers with a large thick-
ness or with a very large absorption coefficient.

1955 (4, d) = Iy (1)e~ P4 (2.6)

where I(A,d) is the light intensity inside the medium, I,(1) is the initial intensity at the sur-
face, d is the thickness, and a(}) is the material corresponding absorption coefficient.

The absorptance can be expressed by the absorption coefficient, which plays an important
role in TFSSC. Since the optical bandgap of a-SiGe:H films can be varied (from 1.4 to 1.6
eV) by changing the composition, the absorption coefficient can be thus increased at long
wavelengths.
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2.2.2. Optical reflection

The second outcome of light on a medium is reflection. If light travels from air to the medium
and the incident angle lower than the critical angle, the light does not enter the material, but
reflects of the surface. The part which is transmitted into the medium will travel through or
will be refracted. Figure 2.1 shows that when light enters medium 1, a part of it is reflected,
with an angle of incident light equal to the angle of scattered/reflected light. The transmitted
light enters medium 2, where the angle of refracted light, ©,, is related with the angle of
incidence, 0;.

Incident

wave Normal Reflected
part
Medium 1
Refracted

Medium 2
: Reflect:
C part

Medium 3 i
. Transmitted
H part

Figure 2.1: Scheme of light through a medium including reflected, refracted and transmitted light [6].

The characterization of reflection mostly involves the refractive index. The refractive index is
the ratio of the velocity of light of a specified wavelength in air to its velocity in the examined
substance. The higher the refractive index of the material, the more optically dense it is,
which means the harder it will be for the light to travel through the material and vice versa.
The refractive index of a material is often, for the sake of easy comparison, indicated with
just one number. This is at a wavelength of 589 nm, which is seen as an average wavelength
within the visible light spectrum [23].

However, the refractive index does vary over the entire spectrum depending on wavelength.
The ratio of the sines of the incident and refractive angles of light in the tested liquid is equal
to the ratio of light velocity to the velocity of light in vacuum, also known as Snell’s Law [24].

ny - sin@®; = n, - sinB, (2.7)

Relations between the magnitudes of the incident, reflected and refracted fields are given
by Fresnel equations, 2.8 and 2.9. A distinguishment between parallel and perpendicular
polarized light is important to mention. When the electric field is parallel to plane of inci-
dence the wave is P-Polarized. However, if the electric field is perpendicular to the plane of
incidence, the wave is S-Polarized, which comes from the German word for perpendicular,
namely ‘Senkrecht’.

2

n,c0s0; —n,cosO; 2.8)
" |nyc0s0; + nycos0, '
2
_ [n1cos0; —n,cos0; 2.9)
"~ |nyc0s0, + nycosO; '

The sun emits unpolarized light, so it will emit the same amount of S and P polarized light.
So, for the case of normal incidence, 0; = ©; = 0 there is no distinction between S and P
polarization, and therefore at spectral reflectance the total reflectance equals half of the sum
of the S and P type reflectance. Combining equation 2.7,2.8 and 2.9 will finally lead to the
overall equation 2.10.
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2
ny —ny

(2.10)

n, +n,

In order to reduce reflection an anti-reflective coating can be applied. The reflection of an
interface can be reduced if another layer is introduced with refractive index n,. Every refrac-
tive index n, that satisfies n; < n, < n; will reduce the total reflection. However, there is an
optimum refractive index, which is equal to n, of equation 2.11.

n, =+n; -ns (2.11)
whereby the refractive index of n, should be in between n, and n3, which relates to Figure 2.1.

Moreover, a change in deposition conditions, can lead to significant differences in optical
reflection and therefore also in the refracted index, which will influence important solar pa-
rameters. For example, in thin film organic solar cells, light trapping schemes need to be
modified due to the low refractive index of the substrate, or practical difficulties of employing
large textured structures.

2.2.3. Optical transmittance

The third outcome is related to transmittance. The transmittance is the ratio of the light
passing through with respect to the light incident on the medium, as can be seen in Figure
2.1. A very important consequence of Snell’s law is total reflection. If n, > n,, there is a
critical angle at which light can no longer leave the layer with n,, Hence if 0, = 0.,;¢, no light
will be transmitted, but everything will be reflected back into the layer [4].

. ny
SinB@cpip = — (2.12)
na
Therefore, it is important to keep the transmittance to the outside of the medium on a mini-
mum level, so all the light will be refracted in the solar cell layers.

2.3. Electrical properties

After introduction of the optical properties the next important property for the absorber layer
is electrical, divided in conductivity and activation energy.

2.3.1. Conductivity

Conductivity is an intrinsic material property. It is defined as the degree to which a specified
material conducts electricity, calculated as the ratio of the current density in the material to
the electric field which causes the flow of current. This is the amount of electrical current a
material can carry or its ability to carry a current. There is a relation between conductivity
and resistivity, which leads to the total formula, given by equation 2.13.

1 dggp

B RTEMP d-l

o (2.13)

As can be seen, the conductivity is the conductance measured in Siemens per meter. It de-
pends on the temperature dependent resistance, Rrgyp, the layer thickness, d, the contact
length, 1, and the gap between the contacts, dgqy-

Electrical conductivity gradually increases as the temperature is increased, see equation
2.13. The number of free electrons in a unit volume of the semi-conductor increases exponen-
tially with an increase in the temperature. Thus, the resistivity decreases with a temperature
increase. Doping can influence the conductivity as well.
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2.3.2. Activation Energy

Activation energy is a measure of the amount of energy required to excite an electron to a
state where it can conduct. The average energy level of an electron in a material is called
the Fermi level. In an intrinsic semiconductor material, the Fermi level will be halfway the
bandgap. In a doped semiconductor material, the Fermi level will be closer to one of the
bands than the other [5]. Low activation energy will contribute to higher conductivity, due
to the fact that more electrons can be conducted. The activation energy is related to the
conductivity, through the Arrhenius equation, given by equation 2.14.

o(T) =0y - exp(ﬂ> (2.14)
kgT

with gy is the material dependent conductivity constant, kp is the Boltzmann’s constant and

T is the temperature in Kelvin. This means that E,., can be seen as a slope, when the

conductivity is measured at a certain temperature, see Figure 2.2. The activation energy is

sensitive to the temperature.

— High Ea

In K

Low Ea

1T

Figure 2.2: The relation between temperature, conductivity and activation energy [7].

2.4. Material properties

Lastly the typical material properties of amorphous materials will be discussed.

2.4.1. Amorphous Silicon

O Siatom

— Covalent bond

Unpassivated
dangling bond

H passivated
dangling bond

Figure 2.3: Overview of c-Si atom structure (a) and a-Si:H structure (b) [5].
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Crystalline silicon is a well known semiconductor. In c-Si, atoms are arranged in a diamond-
like lattice structure, which is consistent with the underling chemical bonding properties
[10]. Therefore, crystalline structures are generally very ordered, which generates strength
and rigidity. However, amorphous polymers are different, because they have flexibility and
elasticity, but lack long range order. Small deviations in both the bond angle and the dis-
tance cause dangling bonds.

These dangling bonds can be passivated by additional hydrogen. Part of the silicon atoms
make covalent bonds with only three or two other silicon neigbours and the remaining valence
electrons bond to hydrogen atoms [10]. Passivation with hydrogen is of great importance to
reduce the dangling bonds and thereby prevent deterioration of the electronic properties.
Therefore, a change in deposition parameters can affect the amorphous structure of the a-
SiGe:H material.

2.4.2. Defects

This paragraph will focus on defects. In c-Si the periodicity of the lattice, results in the ex-
istence of clearly defined energy bands and a corresponding forbidden bandgap in between.
Due to the spatial disorder in the atomic structure of a-Si:H the periodicity of the potential
energy associated with the lattice in crystalline silicon is disturbed. This leads to a broad-
ening of the conduction and valence bands into the so-called tails, which extend into the
bandgap [25]. Due to the fact that c-Si contains just a few defects, the density of states in
the bandgap is approximately zero.

Single crystal silicon Hydrogenated amorphous silicon
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A R 79
] 0 =
8l o © 2 > |28 Sa
> |5 22| 5|82 28
S E}g Eg=1.1eV 28| o 8§ 3 48 =
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Figure 2.4: Schematic representation of density of states distribution in c-Si (a) and a-Si:H (b).

Figure 2.4 shows the difference between a-Si and c-Si in case of Density of States (DOS)
profiles. The DOS of a system describes the number of states per interval of energy at each
energy level available to be occupied. Therefore, the DOS is the number of different states
at a particular energy level that electrons are allowed to occupy. A high 'DOS’ at a specific
energy level means many states available for occupation. However, a DOS of zero means that
no states can be occupied at that energy level. Thereby, a low DOS automatically leads to a
higher chance of forming unbounded valence electrons, also known as dangling bonds.

The band edges of a-Si are distributed over a range of energy levels, which will lead to the tail
states. The density of states in both valence and conduction band does decrease significantly
with the energy. In between those tail states the defect states are present, mostly in the form
of dangling bonds. Due to the continuous DOS distribution the transport in amorphous sil-
icon is much more complex than in its crystalline counterpart. In a-Si:H the electric current
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is carried not only in extended states of the conduction and valence band, but the states in
the mobility gap can also be involved in the transport [25]. It is important to mention that
a-Si:H and a-SiGe:H are comparable.

2.4.3. Composition

The composition of the material depends extensively on the deposition parameters. The com-
position determines the material properties and thereby most optical and electrical parame-
ters of the absorber layer.

2.4.4. Crystallinity

Crystalline structures are generally opaque because the structure acts to reflect light. One
way of recognizing amorphous polymers is by their transparency. As the percentage crys-
tallinity increases the polymer becomes progressively less clear.

The crystallinity of the material is estimated through the following equation:

Ic—Si
Xe Ieesi+1g-sivY (2-15)
Where X, is the crystalline fraction, I._g; is the crystalline peak area, [,_g; is the amorphous
peak area and lastly y is the correction factor for cross section difference for phonon excitation
of c-Si with respect to a-Si. The TU Delft PVMD group adopts 0.8 as a standard for y and
therefore this is used as correction factor [26]. However, to calculate the overall crystallinity
Germanium should be added as well to equation 2.15.

2.4.5. Bandgap

The important bandgap to use in this thesis is the optical bandgap, which is the threshold
for photons to be absorbed. To determine the optical bandgap of a-SiGe:H, the Tauc-Lorentz
model [27] was fitted to the SE data measured. Those film depositions are performed on
glass substrates. To verify this bandgap two other optical bandgaps are calculated by using
the absorption coefficient. The absorption coefficient from the SE measurement is used to
calculate the Tauc bandgap, Erayc-

Eravc = (@ h-v)/7 (2.16)

Equation 2.16 shows the calculation of the Tauc bandgap. The value of the exponent r de-
notes the nature of the transition, which is indirect for a-SiGe:H and has a value of 1/2 [28].
Typically, a Tauc plot shows the quantity hv (the energy of the light) on the abscissa and the
quantity (ehv)!/* on the ordinate. The line will be extrapolated and the Tauc bandgap can be
calculated.

Another way to verify the optical bandgap is to calculate the Ey, bandgap. It is defined as the
energy at which the absorption coefficient of the material equals 10* cm™ [29]. The absorp-
tion coefficient is calculated using equation 2.3, where the spectral extinction coefficient is
obtained from the SE model fit. Fitting and comparing the Ey, and Er,yc bandgaps provides
a reliable value for the optical bandgap.
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2.5. Solar cell device properties

After material related properties, the focus in this paragraph will be on device characteriza-
tion. The most important parameters to characterize the final solar cell are explained and
will help for better understanding.

2.5.1. Parameters PV device

The Peak Power (Pypp), the short circuit current density (/s.), the open circuit voltage (V)
and the Fill factor (FF), are the most important parameters to characterize the solar cell. All
these parameters are determined from an illuminated J-V characteristics curve, except for
the Ji. which is determined from the EQE measurements. The conversion efficiency (1) of
the solar cell can be determined from those parameters.

It is important to mention that all measurements should be performed under standard test
conditions (STC), which means that the total irradiance measured on the solar cell is equal
to 1000 W/m?, the spectrum should be AM1.5 as discussed earlier and the temperature of
the cell is kept constant at 25 °C.

The first important parameter is the /4., which is the current that flows through an external
circuit if the electrodes are short circuited. This means that no voltage is applied, V=0 and
therefore R=0. The short circuit current depends on the photon flux incident on the solar cell
and is determined by the spectrum of incident light [4]. The I, depends on the area of the
solar cell and to remove the area dependence the short-circuit current density, /4. is used to
describe the maximum current delivered by the solar cell, given by equation 2.17.

(2.17)

Jsc =
Acell

Secondly, the V. is the voltage at which no current flows to the external circuit, I=0, so the
circuit is open and no load is attached. The V. corresponds to the forward bias voltage,
at which the dark current density compensates the photocurrent density, given by equation
2.18.

Voc = —"lde“; B n (1;_;) (2.18)

In this formula njge, is the ideality factor, indicating how closely the solar cell approaches
ideal diode behaviour. n;q., depends on recombination mechanisms of the solar cell. The
term kzT/q is known as the thermal voltage and consists of the Boltzmann constant, the
temperature and the elementary charge. Around 300K the thermal voltage is roughly equal
to 0.0259 V. J 4 typically has a small variation on the V,.. However, the J, can vary by orders
of magnitude. The saturation current density, J,, depends on the recombination in the solar
cell. Therefore, V. is a measure of the amount of recombination in the device.

The third parameter is the maximum peak power, Pypp and will be explained by Figure 2.5.
The point at which the product of the voltage and current is maximal is called the maximal
power point, calculated by equation 2.19. Operating at MPP is important, since it optimizes
the operation and thereby power output of PV systems.

Pupp = Vupp * Iupp (2.19)

Figure 2.5 indicates that Vpp and Iypp are both lower than the V. and I.. After introducing
all parameters the Fill Factor (FF) can be calculated, which is the ratio between maximum
power generated by a solar cell and the product of the V. and I,.. The Fill factor is a mea-
surement tool to indicate the quality of the solar cell. Therefore, graphically the FF is the
area in between the x-axis and y-axis, below point C.

-V I -1
=]MPP mpp _ Impp * Vmpp (2.20)

FF
Jsc Voc Isc *Voc
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Figure 2.5: Schematic representation of basic principles behind the J-V and P-V curve [8].

The FF is directly affected by the values of the series resistance, shunt resistances and diodes
losses. Increasing the shunt resistance (Rg,) and decreasing the series resistance (R,) will lead
to a higher FF, thus resulting in greater efficiency, and bringing the cell’s output power closer
to its theoretical maximum [30].

The parallel, or shunt, resistance, Ry, represents the measure of isolation of the positive
and negative terminals of the solar cell. A lower parallel resistance allows more current to
leak from positive to negative terminal which prevents the current to be used in an external
circuit, mostly affecting the operational current. The value of Ry is mainly affected by qual-
ity of solar cell manufacturing and should be maximized [31]. The Rg normally has multiple
causes, namely (i) the movement of current through the emitter and base of the solar cell,
(ii) the contact resistance between the metal contact and the silicon and (iii) the resistance of
the top and rear metal contacts [32].

The effects of the R, and R, are visualized by Figure 2.6.

£ = 7 -
- .
£ 1 g v
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t | 1 : I
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(a) (b)

Figure 2.6: Effect of increasing series resistance (Rg) (a) and decreasing shunt resistance (Rg;,) (b) on the |-V curve [9].

Finally, all parameters are defined to calculate the conversion efficiency of the solar cell, 7.
The conversion efficiency is calculated as the ratio between the maximum generated versus
the incident power, given by equation 2.21.

_ Puax _ Jupp - Vupp _ Jsc - Voc - FF
Pin Pin Pin
Solar cell parameters can be enhanced by deposition parameters. For example, grading can

(2.21)
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influence the I, V., FF and therefore the n of the solar cell significantly.

The last important device parameter is the EQE. The external quantum efficiency EQE(A)
is the fraction of photons incident on the solar cell that create electron-hole pairs in the
absorber which are successfully collected. As can be seen in the definition, the EQE is wave-
length dependent and is usually measured by illuminating the solar cell with monochromatic
light of wavelength A1 and measuring the photocurrent I,,, through the solar cell [4].

Irn (1)

EQE(}) =
QE) .

(2.22)
where @, ; is the spectral photon flow incident on the solar cell. Since I, is dependent on
the bias voltage, the bias voltage must be fixed during the measurement. An important factor
of EQE will be the difference between short and long wavelengths.

Losses can be defined into subgroups, namely optical losses and electrical losses. Optical
losses happen at the front of the device, where part of light is lost due to external reflec-
tion. At the back side of the device, part of the long wavelength light is lost by transmission
through the gaps between the rear electrodes whereas another part is internally reflected to-
ward the front side, where even a part of it further escapes. However, electrical losses depend
on the spectral region of occurrence: like short wavelength so in between 350 and 600 nm
(ultraviolet-blue), medium between 600-1000 nm (visible range) and long for 1000-1200 nm
(infrared region). The shape of the EQE curve is determined by optical and electrical losses
such as parasitic absorption and recombination losses [4].

All the above parameters will be used to finally characterize both single- and multi-junction
solar cells.

2.5.2. Light Induced Degradation

It is well known that the electrical properties of Si:H based materials suffer deterioration un-
der light exposure. This Light Induced Degradation (LID) behaviour is known as the Staebler—
Wronski effect [33]. The Staebler—Wronski Effect (SWE) refers to light-induced metastable
changes in the properties of hydrogenated amorphous silicon [34].

The defect density of hydrogenated amorphous silicon (a-Si:H) increases with light exposure,
causing an increase in the recombination current, caused by the creation of defects that act
as recombination centers, which will reduce the efficiency of the solar cell [35]. These LID
problems can be partly solved using a-SiGe:H with a low bandgap [36].

Reduction of hydrogen is another option to reduce the degradation, but it will also reduce
the defect passivation and lower the material quality. The performance loss by light-induced
degradation of a-Si:H solar cells can be around 16% and between 30-40% for a-SiGe:H de-
pending on material quality and germanium content [37]. Moreover, the SW effect appears
to diminish for multi-junction solar cells. Reported stabilized efficiency only show a relative
drop of 18% in efficiency of an a-Si:H/a-SiGe:H/nc-Si:H 3J solar cell [31].

One of the reasons for this difference is that the photocurrent for multi-junction solar cells is
much lower than what individual single-junctions can achieve, which limits shunt resistance
losses [31]. However, LID still has a significant influence on the long term stability of solar
cells and will therefore be tabulated in this thesis.



Methodology

This chapter will concern a discussion of the equipment and software used to do measurements
on both cell and device level. A briefintroduction of the working principles behind the fabrication
process is given. The process will be followed by measurement tools and techniques.

3.1. Deposition process

All depositions are done in the Else Kooi Laboratory on the TU Delft in a cleanroom 10000.
Cleanrooms maintain extremely low levels of particulates, such as dust or vaporized par-
ticles. Cleanrooms are typically quantified by the number of particles per cubic feet at a
predetermined molecule measure. For comparison the ambient outdoor air in a typical ur-
ban area contains 35,000,000 particles for each cubic feet which shows the level of filtering
and extraction of particles in a cleanroom 10000.

3.1.1. n-i-p configuration

TFSSC can consist of two different configurations, namely p-i-n (superstrate) or n-i-p (sub-
strate) structure, where the intrinsic absorber layer is sandwiched between the p and n doped
layers. Figure 3.1 schematically displays those different configurations.

/

Front Contact

Glass

= Substrate

(a) (b)
Figure 3.1: Configuration of typical single junction film solar cell in p-i-n superstrate (a) and n-i-p substrate structure (b) [10].
The p-i-n solar cell fabrication starts with glass, followed by deposition of the front Transpar-
ent Conductive Oxide (TCO). Incoming light enters the solar cell from the top, through the

transparent glass.

Most electron-hole pairs will be generated near the side where light is incident. This means
the carrier type collected by the top doped layer will, on average, not have to travel as far
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through the i-layer as the carrier type collected by the bottom doped layer. Therefore, it is
useful to deposit the p-layer first and use n-i-p structure, since holes are less mobile than
electrons. In n-i-p structure the process starts with deposition of a back contact on top of
the substrate, followed by a back TCO.

The use of substrate n-i-p configuration can have different advantages or disadvantages. An
advantage of n-i-p substrate deposition is that the most critical and sensitive top electrode/p-

type window layers are deposited last and are not exposed to subsequent plasma.

3.1.2. Process overview

[ 1

[ 1
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| |
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| |
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Figure 3.2: Flowchart of fabrication process of cell characterization films (a), Corning glass as substrate for solar cells (b) and
Asahi glass as substrate for solar cells (c).

Figure 3.2 displays the flow chart of the fabrication process of the layers, followed by fab-
rication process of solar cells. In the coming paragraphs all processes will be explained in
further detail. The fabrication will be followed by the measurement tools and techniques.

3.1.3. Substrate preparation

Corning® Eagle XG glass was first cut into pieces of 25 by 100 mm, after which they were
cleaned in an ultrasonic bath with acetone and isopropanol. Cleaning in an ultrasonic bath
can be done up to 6 glass substrates per session. First a 10 minute cleaning in acetone
was applied. The substrates were dried with compressed nitrogen and followed by a 10
minute cleaning in an isopropanol bath. However, while processing solar cells also Asahi-
VU substrate was prepared, following the same procedure as explained for Corning® Eagle
XG substrate. Asahi is textured SnO, coated on glass, which can be used for better light

trapping.

3.1.4. Plasma Enhanced Chemical Vapour deposition

The current industrial technique for the deposition of thin film amorphous solar cells is
plasma-enhanced chemical vapor deposition (PECVD) [38]. PECVD uses a chemical reaction
of gas phase precursors to accomplish growth on a substrate. One of the main reasons for
its usage is the capability to operate at lower temperatures (200-400°C) compared to ther-
mally driven CVD (600-800°C), while maintaining quality and homogeneity. In this project
the AMIGO RF-PECVD Cluster tool by Elettrorava s.p.Aisused and will be explained.
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In PECVD a plasma which consists of ionised gas species (ions), electrons and some neu-
tral species in both ground and excited states. The plasma is usually ignited and sustained
by applying a high frequency voltage (microwave frequencies, ultrahigh frequencies or radio
frequencies) to a low pressure gas. In the plasma inelastic collisions take place between
electrons and gas molecules forming reactive species, such as excited neutrals and free rad-
icals, as well as ions and electrons. In essence the electrons acquire sufficient energy from
the applied electric field to create highly reactive species without significantly raising the gas
temperature [39].

It is important to mention that silane, germane, methane, hydrogen and carbon dioxide are
used in PECVD as source of silicon, germanium, carbon, hydrogen and oxygen. Additionally,
diborane and phosphane are used as doping gas for the p- and n-type materials.
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Figure 3.3: Schematic diagram of a RF PECVD deposition system [11].

A schematic diagram of a RF PECVD deposition system is shown in Figure 3.3. This sys-
tems contains a high vacuum reaction chamber with coupled parallel electrodes, RF power
feedthrough and holders and heaters for the substrate. The next important asset is the gas
system, which controls the inflow of different gasses in the chamber. Another important as-
pect is the pumping system, which usually consists of both a turbomolecular pump and a
mechanical rotary pump, which can handle reactive gasses [11]. The last important asset is
the controlling system.

The deposition by PECVD can be divided into four steps [40] and can be found in Appendix A.
Different RF power, gas pressure, temperature, deposition time and gas flows can be used.
Hydrogenation is done during the PECVD process and therefore should not be performed
separately.

3.1.5. Transparent Conductive Oxide deposition

After the PECVD deposition the front TCO is deposited. TCO’s are both optically transparent
and electrically conductive. This is done by establishing a high lateral conductivity to the
metal electrodes for electrons. Moreover, using a suitable thickness will increase the light
trapping mechanisms for the TCO, and therefore a TCO also acts as an anti-reflection coating
(ARC). The TCO is deposited using radio-frequency (RF) magnetron sputtering.

RF magnetron sputtering supports the deposition of thin layers on a substrate by bombard-
ing the target material with highly energetic atoms or ions. In this technique, the target is
bombarded with Argon plasma, and the substrate is placed in front of the target at an ap-
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propriate distance [41]. Magnetron sputtering is widely seen as a relatively a low-cost and
easy control method for film growth, especially suitable for large-scale film deposition.
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Figure 3.4: Schematic overview of sputtering system PVMD Group [10].

The RF magnetron sputtering system used in the PVMD group is a multi-target system, a
Polyteknik AS cluster tool, as displayed in Figure 3.4. In sputtering systems, the cath-
ode, which is the electron emitter, is the target material. The anode, which is the electron
receiver, is usually the vacuum chamber wall or the substrate. By applying an RF power,
sputtering from a dielectric or electrically insulating target material can be accomplished [10].

The deposition chamber has a temperature of 196°C, a power of 135 W and a pressure of 2.2
x 1072 mbar during deposition. This will ensure that no damage is done during the sputtering
process. However, exposing the sample to high power should be taken into consideration,
because it can damage the lastly deposited p-layer.

Different TCO’s are used, namely Aluminum (doped) Zinc Oxide (AZO) and Indium Tin Oxide
(ITO). ITO has a target of 10 % SnO, and 90 % In,O3. AZO has a target of 2 % Al,O3 and 98
% ZnO. The deposition of AZO happened in the previously mentioned PECVD tool. The same
plasma frequency is used and all working principles between the ITO and AZO deposition
tool are the same. However, the deposition chamber has a temperature of 300°C, a power of
400 W and a pressure of 2.6 mbar.

3.1.6. Electron Beam Evaporation

The process is followed by metallization, where the substrate is placed in a holder, which can
hold 4 substrates and is covered with a shadow mask facing the evaporating metal. Evapo-
ration of metal by electron beam deposition is done by Provac PR0O500S metal evaporation
tool. A 500 nm thick aluminum front contact is evaporated on the substrates.

The technique involves evaporation of a metal under high vacuum circumstances. Low pres-
sure is used to avoid contamination of the film by residual gases and even increases the free
path length of metal atoms. Additionally, to increase the uniformity of the metal layer, a
slowly rotating (10-20 rpm) sample stage is used during the evaporation process [42]. The
metallic sources are located at the bottom of the chamber, such that the metallic vapour
flows upwards.

E-beam is a process where highly energetic electrons from an ”electron source” are used
to evaporate a material which condense on any surface in a vacuum chamber. The heat
source of the electron beam evaporation method is the kinetic energy of the electrons and
therefore the evaporant material is heated directly, which gives an efficient result [12]. These
materials mostly include metals like aluminum, titanium and chromium.

Compared with other methods like sputtering and CVD, the deposition rate of E-beam evap-
oration is high, because the e-beam source is capable of heating materials to much higher
temperatures than is possible using a resistive boat or crucible heater. Additionally, pre-
cise control and direct heating give accurate results and a higher purity of the material is
maintained.
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Figure 3.5: Schematic overview of evaporation of metal by electron beam deposition tool [12].

Figure 3.5 shows the schematic overview of the evaporation chamber. The evaporation target
is aluminum and the substrate is placed in the upper part of the vacuum chamber. The
thickness is measured by the crystal type film meter, while the electron source is generated
in the bottom of the chamber. The shutter opens, exposing the aluminum target and the
evaporation flow evaporates the metal on the substrates. The e-beam is finally switched off
when the desired thickness is reached.

3.1.7. Annealing

After all previous deposition steps there is just one step left before measuring, namely an-
nealing. Annealing is performed for contact adhesion and growth related stress release. The
annealing process is done at a temperature below the actual deposition temperature, namely
130°C versus 200-350°C and an annealing step of 30 minutes in a Heratherm Thermo
Scientific oven is performed.

3.2. Film Measurements

In the previous paragraph the main focus was on the fabrications. In this section an ex-
planation will be given on the different measurement techniques used. Measurements are
divided in material-, optical-, electrical- and device related measurements.

3.2.1. Raman Spectroscopy

Raman spectroscopy is a technique used to observe vibrational, rotational, and other low-
frequency modes. Raman scattering arises from molecular vibration causing a change in
polarizability. This means that intense Raman scattering occurs from symmetric vibrations
which induce a large distortion of the electron cloud around the molecule [43]. One of the
purposes of Raman spectroscopy is to quantify the (relative) fractions of crystalline and amor-
phous silicon in thin layer deposits.

Photons from the laser beam are scattered by the atoms in the samples lattice. Most pho-
tons undergo Rayleigh scattering, which means that the photon will not lose energy during
the scattering event. A small fraction of scattered photons however, around one photon per
10° photons, experience inelastic scattering. This scattering is known as Raman scattering,
where a fraction of the photons’ energy causes an atom in the material lattice to vibrate [5].
This vibrational energy, known as a phonon, is lost as thermal energy. So, the Raman shift
is the energy difference of the incident and the scattered photons.

The experiments are performed on a Renishaw inVia Raman microscope on asample which
is illuminated by a 633 nm red laser. The red laser is used, due to the fact that the pene-
tration depth into the material is higher compared to the 514 nm green laser. Measurement
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settings were done at 5% power intensity with a scan time of 100 s and 1 accumulation.
The Raman spectrum width is determined to be 0-2200 cm™!, because all relevant stretching
modes occur within this range.

Table 3.1: Raman stretching mode peaks for a-SiGe:H to their corresponding wavenumber.

Peak Wavenumber (cm™) | Bonds | Stretching Mode Source
80 a-Ge TA [transverse acoustic phonon mode] | [44, 45]
160 a-Si TA [transverse acoustic phonon mode] | [46]
177 a-Ge LA [longitudinal acoustic phonon mode | [44, 45]
230 a-Ge LO [longitudinal optic phonon mode] [44, 45]
278 Ge-Ge | TO [transverse optic phonon mode] [46]
320 a-Si LA [longitudinal acoustic phonon mode] | [46]
380 Si-Ge | Stretching motions [44-46]
390 a-Si LO [longitudinal optic phonon mode ] [46]
470 Si-Si Optic like modes [46]
480 a-Si TO [transverse optic phonon mode] [46]
522 c-Si Zone-centre optical phonon [47]
620 Si-H Wagging [47]
1870 Ge-H Stretching [48]
2000 Si-H indicating voids [49]
2080 Si-H, Stability Issues [49]
2100 Si-H (HSM) on void rich surfaces [50]

Table 3.1 displays different Raman stretching mode peaks with corresponding wavelength.
The most important ones for this thesis are the (i) Ge-Ge stretching at 280 cm™!, (ii) Si-Ge
stretching at 380 cm™!, (iii) a-Si stretching at 480 cm™!, (iv) c-Si stretching at 512-520 cm™!
and (v) Si-H, stretching at 2080 cm™!. (i) Shows the Ge-Ge stretching motions, which can be a
good indication for the Ge-Ge bonds in the material. (ii) Shows the Si-Ge stretching motions,
which can be a good indication for the Germanium fractions in the material. The (iii) mode
corresponds to the a-Si peak which shows the amorphous fraction of the material, which will
be plotted against the (iv) which represents the crystalline silicon fraction in the material. The
amorphous peak is lower and wider compared to the sharp peak for crystalline materials. (v)
Shows the Si-H, bonds, which can be an indicator for the stability of the material.

3.2.2. Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is used for optical measurements. SE measures the change
in the polarized state of light upon light reflection. It is based on the polarization state, which
is reflected or transmitted by a given sample. The light polarization is classified into p- and
s-polarizations depending on the oscillatory direction of the electric field. Ellipsometry mea-
sures the two values (y, A), which represent the amplitude ratio ¢y and phase difference A
between the p- and s-polarizations. When sample structures are simple (i.e., only substrates),
the amplitude ratio g is characterized by n, while A represents light absorption described by
k or the absorption coefficient a [51].

Among many physical parameters, the bandgap and absorption coefficient of light absorbers
are the most important physical quantities. The ellipsometry technique remains the only
method by which the bandgap and the optical functions (i.e., the refractive index, extinction
coefficient, and absorption coefficient spectra) can be determined accurately [51].

The hardware used to conduct the ellipsometry measurements is the Woollam M2000-DI
SE including the CompleteEASE software. The light source covered angles from 55 to 70°
with a wavelength ranges from 190-1700 nm. This angle spectrum is around the Brewster’s
angle, which is £62.5°. Measurements are performed around the Brewster’s angle, because
the difference between p and s polarized light is largest.
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A model is fitted to the measurement data. The model itself is a Cody Lorentz oscillator.
The model uses a global fitting procedure to find the best fitting value while undergoing 10
iterations, taking into consideration the Mean Square Error (MSE). The MSE is proportional
to the total difference between measured data and model calculations. A MSE of less than
10 is desirable for intrinsic layers below 300 nm, because it increases the reliability of the
fitted model and given outcome data.

3.2.3. Reflectance, Transmittance and Absorptance

The absorptance, reflectance and transmittance measurements can tell about what happens
with the incident light on a solar cell. The setup is able to measure both reflectance and
transmittance and therefore with the use of equation 2.1 the total absorptance over the a-
SiGe:H cell can be calculated. Comparing the absorptance and transmittance with the EQE
gives a total overview of electrical or optical losses of a solar cell.

A double beam Lambda 950 UV/vis spectrometer by Perkin Elmer was used in this
work. Double beam means that the light beam is split into a reference and a measurement
beam, which are guided into an integrating sphere, which is coated with a highly reflecting
material. To measure the transmittance the substrate is placed in front of the sphere, while
reflectance measurements are done at the back of the sphere, where light is scattered back
into the sphere.

The spectrometer can measure in three different ranges, namely near infrared, visible light
and UV light. The used spectrometer contains a tungsten-halogen lamp for the visible and
near infrared regions, while using a deuterium arc lamp for the UV region. Those two lamps
switch at a wavelength of around 800 nm and therefore can give some small error near the
switching point. Multiple mirrors are used in the spectrometer, but due to the fact that all
measured spectra are calculated in relative terms, compared to the reference beam, no extra
losses are detected.

3.2.4. Dark Conductivity

Dark conductivity is used to characterize electrical properties. The dark conductivity setup
uses the Keithley 6517A electrometer with the EACTM mainvl.1.1 software. The data
can be used to calculate the dark conductivity, which is needed for to the final calculation of
the activation energy.

In this setup the temperature ranges from 130-60°C including increments of 5°C. More-
over, a stabilization time of 60 seconds takes place after every temperature iteration. On
each point there are 10 measurements with a time between the measurements of 3 seconds.
The dark conductivity setup measures the current over this temperature range with a fixed
bias voltage of 10 V. Therefore, it can be said that the dark conductivity measurement, mea-
sures the temperature dependent resistance, Rrgyp for the calculation of the conductivity,
see equation 2.13.

3.2.5. I-V measurements

For device measurements the current-voltage characteristics are measured at room temper-
ature by the Wacom Solar Simulator. The measurement setup is used to measure V.,
FF and finally calculate the efficiency for solar cells under 1-sun illumination under STC.
This includes AM 1.5 illumination at 25°C under 1000 W/m? illumination. The AM1.5 solar
spectrum is realized by the solar simulator with two lamps (halogen and xenon). There is a
variable illumination/spectrum to detect the presence of shunt in the measurement setup.
This is used to analyze the electrical losses in the cells.

To verify that the measurement setup is performed under STC, the temperature and illu-
mination are controlled and calibrated by two mono-crystalline silicon reference cells. Both
those cells are manufactured by the Fraunhofer Institute for Solar Energy Systems.
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3.2.6. EQE measurements

Another important measurement tool is the External Quantum Efficiency (EQE). The EQE
measurement is done after the J-V measurements, by measuring the best 2-3 cells per sam-
ple.

The EQE measures the spectral response and gives the fraction of photons that is transferred
to collected electron-hole pairs [10]. This means that reflection, transmission, absorption in
non-photoactive layers, and collection losses do not contribute to the EQE.

This setup at the TU Delft measures short-circuit condition in the wavelength range from
300 to 850 nm for a-Si solar cells, using the AM1.5G spectrum. In this way overestimation
of the J,. due to lateral current collection and inaccuracy in defining the active area of the
solar cells in J-V measurements is excluded [10], which is done by the calculated Jg. from
[-V measurements.

3.2.7. LID 1000h Soaking

a-SiGe:H solar cells suffer from the well-known LID effect. Due to the reversibility of the
degradation by annealing, the solar cells are annealed before the measurement starts. The
setup includes three conditions, namely 50°C, 1 sun and 1000 hours. The light soaking
experiment is performed by a setup chamber, which includes mirrored walls and six halogen
lamps. The solar cells are placed under the halogen lamps and illuminated for 1000 hours.

During the experiment the solar cells are taken out and their I-V curve is measured by the
Wacom Solar Simulator. Measurements will be done at 15, 24, 48, 100, 250 and 1000
hours to compare the LID effect over a period of time.



a-SiGe:H Material Characterization

This chapter will mainly focus on the first research question, namely which combination of de-
position parameters can be used to process a range of device grade a-SiGe:H absorber layers.
The paragraph focuses on the different deposition parameters and characterization results for
a-SiGe:H films.

Deposition parameters can influence the optical-, electrical- and material properties of the
a-SiGe:H film differently. It is important to use a proper combination of deposition parame-
ters to process a range of device grade a-SiGe:H absorbers. Therefore, deposition parameter
variations tests are performed on a-SiGe:H films and are summarized in Table 4.1.

Table 4.1: Deposition parameter ranges for material characterization.

Parameter Value Unit
GeH, flow rate 0.8-6.3  sccm
SiH, flow rate 20-40 sccm
H, flow rate 150-200 sccm
Substrate Temperature 120-210 °C

Deposition Power 2-8 W

Deposition Pressure 1.6-6 mbar

Appendix B shows the absorption coefficient curves for variation of GeH, flow rate, SiH, flow
rate, H, flow rate, substrate temperature, deposition power and deposition pressure for a
wavelength range from 400 - 1200 nm. Additionally, it consists of transmittance, reflectance
absorptance measurements on films to show that the film depositions are uniform.

The bandgap used in this chapter is the one given by ellipsometry. The Egs and Eqayc
bandgaps are higher, however the trends are the same, see Appendix B. Additionally, all
E,ct graphs are displayed in Appendix B. Finally, if one deposition parameter is varied, all
other deposition parameters are kept the same.

1 ,Dn 1 [p,\
= - | —= —g/kT
Jo = qN_:N,, N, |, + N, _Tp e (4.1)

Equation 4.1 displays the J; dependency on the bandgap and defects. Jy equals the dark
conductivity, due to the fact that V, L and A are constant. Therefore, the measured dark con-
ductivity can be compared with the calculated dark conductivity. The DOS in the conduction-
and valence band (N, and N,) depends on the GeH, flow rate in the film [52]. The exact con-
centration is related to the GeH, flow rate, but could not be measured. The defect dependency
(between the brackets) changes with variation of GeH4 flow rate [52]. However, the paper sug-
gests N. and N, based on crystalline material. Therefore, many assumptions are made, which
makes a conclusion harder. Nonetheless, it is likely to say that variation of GeH, flow rate
changes the dark conductivity, related to the bandgap and the defect density.

29
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4.1. Flow rate GeH,

The first deposition parameter which is likely to influence the optical-, electrical- and material
properties is the GeH, flow rate. Germane is used as a source for germanium. The chemical
reactions can be found in Appendix A. The GeH, flow rate is varied between 0.8 and 5.3 sccm.
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Figure 4.1: The effect of variation of GeH, flow rate of a-SiGe:H film on the dark conductivity (a) and on the bandgap (b).

The samples processed at a substrate temperature of 180°C have been omitted, since its dark
conductivity was too fluctuating to get a reliable trend.

Figure 4.1a displays an increase in dark conductivity of 10? S/cm while increasing the GeHy,
flow rate between 0.8 and 5.3 sccm, which is likely related to the decrease in bandgap and
increase of defect density. The E,.; decreases accordingly by 100 meV between the highest
and lowest used GeH, flow rate. Figure 4.1b shows that an increase of GeH, flow rate from
0.8 to 5.3 sccm decreases the bandgap by 0.2 eV. Different substrate temperatures show
different bandgap energy levels, but the decrease in bandgap with increasing GeH, flow rate
is almost linear for increasing substrate temperatures.
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Figure 4.2: The effect of variation of GeH, flow rate of a-SiGe:H film on the absorption coefficient with the two vertical lines
indicating the wavelength ranges between 1.4 and 1.6 eV (a) and the effect on the Raman spectrum (b).
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Figure 4.2a shows that the absorption coefficient increases with an increase of GeH, flow
rate. Additionally, Figure 4.2b shows that variations of the GeH, flow rate can directly influ-
ence the optical-, electrical- and material properties due to the fact that it changes the GeH,4
flow rate in the material.

Figure 4.1b displays that increasing the GeH, flow rate decreases the bandgap. Ge has a
lower bandgap compared to Si, 0.67 eV to respectively 1.11 eV for Si. Addition of GeH, would
increase the flow rate of Ge in the film and therefore it is likely that the overall bandgap de-
creases. Moreover, the decrease in bandgap increases the dark conductivity apparently due
to the increase in Ge-Ge bonds, see Figure 4.2b.

Figure 4.2b shows a lack of a Raman peak around 512 cm™!, which means the material
lacks crystallinity. Therefore, the increase in dark conductivity cannot be caused by an in-
crease of the crystalline phase. The peak at 470 cm™' shows the Si-Si bonds. They tend to
increase with decreasing the GeH, flow.

Additionally, there is a peak around 380 cm™!, indicating the Si-Ge bonds. Addition of GeH,4
leads to an increase in Si-Ge stretching if the GeH, flow rate of 2.4 sccm is taken out of con-
sideration. Therefore, it seems likely that the lower the GeH, flow rate, the lower the Si-Ge
peaks are. Comparing the Si-Si and Ge-Si bonds, shows that the Si fraction decreases while
increasing the GeH, flow rate. Another important matter in the graph is the shift in peak
around 280 cm™!, which is the Ge-Ge stretching. It indicates that an increase of GeH, flow
rate increases the peak and more Ge-Ge bonds will be available. More Ge-Ge bonds will be
present with respect to the Si-Si bonds. Preferential bonding of Ge-Ge is plausible, because
GeH,4 decomposes much faster in the plasma than SiH, does [53]. More Ge-bonds therefore
indicate a lower bandgap causing a higher absorption coefficient, see Figure 4.2a.

4.2. Flow rate SiH,

The previous paragraph showed that the GeH, flow rate can directly change the optical-,
electrical- and material properties. Another parameter to vary is the SiH, flow rate. Silane is
used as a precursor to elemental silicon. The chemical reactions can be found in Appendix
A. The SiH, flow rate is varied between 20 and 40 sccm.
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Figure 4.3: The effect of variation of SiH, flow rate of a-SiGe:H film on the bandgap and dark conductivity (a) and the effect on
the Raman spectrum (b).

Figure 4.3a displays a decrease in dark conductivity of 10! S/cm while increasing the SiH,
flow rate between 20 and 40 sccm. The E,; increases accordingly by 200 meV between the
highest and lowest used SiH, flow rate. Figure 4.3a also shows that an increase of SiH, flow
rate from 20 to 40 sccm increases the bandgap by 0.1 eV. The lower GeH, flow rate in the film
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decreases the absorption coefficient with increasing SiH, flow rate. Moreover, the decrease in
dark conductivity is likely related to the decrease in bandgap and increase of defect density,
due to the decrease in Ge-Ge bonds at higher SiH, flow rate.

Figure 4.3b shows that variation of the the SiH, flow rate can indirectly influence the optical-,
electrical- and material properties due to the fact that it changes the GeH, flow rate in the
material.

Figure 4.3b shows the Si-Si bonds at 470 cm™!. They tend to increase with increasing the
SiH, flow. Additionally, there is a peak around 380 cm™!, indicating the Si-Ge bonds. Addi-
tion of SiH, indicates a decrease in Si-Ge peaks. Another important peak is around 280 cm™!,
which is the Ge-Ge stretching. It indicates that an increase of SiH, flow rate decreases the
peak and less Ge-Ge bonds will be available [54]. The reasoning behind it is that increasing
the SiH, flow decreases the GeH,/SiH, ratio. Therefore, less Ge-Ge bonds will be present
with respect to the Si-Si bonds, which indicates that more Si-Si bonds are present. This
likely indicates a higher bandgap.

4.3. Flow rate H,

Another parameter to vary to influence the optical-, electrical- and material properties is the
H, flow rate. The H, flow rate is varied between 150 and 200 sccm.
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Figure 4.4: The effect of variation of H, flow rate of a-SiGe:H film on the bandgap and dark conductivity (a) and the effect on
the Raman spectrum (b).

Figure 4.3a displays an increase in dark conductivity of 10! S/cm while increasing the H,
flow rate between 150 and 200 sccm, which is unexpected. The E,; decreases accordingly
by 200 meV between the lowest and highest used H, flow rate. Figure 4.4a also shows an
increase of H, flow rate from 150 to 200 sccm increases the bandgap by 0.02 eV. The lower
GeH, flow rate in the film decreases the absorption coefficient slightly with increasing H,
flow rate. Figure 4.4b shows that variation of the the H, flow rate can indirectly influence
the optical-, electrical- and material properties due to the fact that it changes the GeH, flow
rate in the material.

Figure 4.4b shows the Si-Si bonds at 470 cm™!. They tend to fluctuate with increasing the
H, flow. Therefore, no trend is observed here. Additionally, there is a peak around 380 cm™!,
indicating the Si-Ge bonds. Addition of Hy indicates a decrease in Si-Ge peaks. Therefore,
with lower H, flow rate more Ge is present in the film, which indicates a lower bandgap.
Adopting H, in a-SiGe:H thin films is one of the most essential approaches for passivation
of dangling bonds [55]. H, incorporation reduces the bulk density of defect states by orders
of magnitude [56]. Moreover, it widens the bandgap and increases the dark conductivity [57].
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Another important peak is around 280 cm™, which is the Ge-Ge stretching. It indicates
that with an increase of the H, flow rate the Ge-Ge peak decreases and more Ge is passi-
vated. When the atomic H, is sufficient in plasma, a high H-coverage growth surface and
local heating lead to a well-relaxed network [58]. Therefore, the increase of H, flow rate is
showing passivation of Ge dangling bonds, which increases the bandgap.

4.4. Substrate temperature

Another parameter which can likely influence the optical-, electrical- and material properties
is the substrate temperature. The substrate temperature is varied between 120 and 210°C.
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Figure 4.5: The effect of variation of substrate temperature with a GeH, flow rate of 3.3 sccm of a-SiGe:H film on the bandgap
and dark conductivity (a) and the effect on the Raman spectrum (b).

Figure 4.5a displays an increase in dark conductivity of 103 S/cm while increasing the sub-
strate temperature between 120 and 210°C, which is likely related to the decrease in bandgap
and increase of defect density. The E,; decreases accordingly by 125 meV between the low-
est and highest used substrate temperature. Figure 4.5a also shows that with an increase
of the substrate temperature from 120 to 210°C the bandgap decreases by 0.14 eV. The
higher GeH, flow rate in the film increases the absorption coefficient with increasing sub-
strate temperature. Moreover, the decrease in bandgap increases the dark conductivity.
Figure 4.5b displays that the change of substrate temperature can indirectly influence the
optical-, electrical- and material properties due to the fact that it changes the GeH, flow rate
in the material.

Figure 4.5b shows the Si-Si bonds at 470 cm™!. They tend to increase with increasing the
substrate temperature. Additionally, there is a peak around 380 cm™, indicating the Si-Ge
bonds. An increase in substrate temperature indicates an increase in Si-Ge bonds. An-
other important peak is around 280 cm™!, which is the Ge-Ge stretching. It indicates that an
increase of the substrate temperature increases the peak and more Ge-Ge bonds will be avail-
able [54]. However, both the Ge-Ge, Si-Ge and Si-Si bonds are higher at higher substrate
temperature, relatively more Ge-Ge bonds will be present with respect to the Si-Si bonds,
which lowers the bandgap.

An increase in temperature leads to a continuous decrease of the Hy content, shown in the
Raman peaks between 1800-2200 cm™! in Appendix B. This will decrease the bandgap en-
ergy, by increasing the Ge dangling bonds. The increase of substrate temperature will cause
a more void rich, so more porous material [59]. A reason for the temperature effect can be
due to enhanced H, effusion at higher substrate temperatures [5]. Moreover, an increase in
temperature decreases the material resistance, which increases the dark conductivity.
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4.5. Deposition power

Another important parameter which can influence the optical-, electrical- and material prop-

erties is the deposition power. The deposition power is varied between 2 and 8 W.
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Figure 4.6: The effect of variation of deposition power with a GeH, flow rate of 4.3 sccm of a-SiGe:H film on the bandgap and
dark conductivity (a) and the effect on the Raman spectrum (b).

Figure 4.6a displays a decrease in dark conductivity of 103 S/cm while increasing the depo-
sition power in steps between 2 and 8 W. The E,; increases accordingly by 500 meV between
the lowest and highest used deposition power. Figure 4.6a also shows that an increase of
the deposition power in steps between 2 and 8 W increases the bandgap by 0.3 eV. The lower
GeH, flow rate in the film decreases the absorption coefficient with increasing deposition
power. Figure 4.6b displays that the change of deposition power can indirectly influence the
optical-, electrical- and material properties due to the fact that it changes the GeH, flow rate
in the material.

Figure 4.6b shows the Si-Si bonds at 470 cm™!. They tend to decrease with increasing the de-
position power. However, the bandgap shows opposite trend, namely increase of Si-Si bonds,
which increases the bandgap. At high RF power more Ge dangling bonds get passivated by
the Hy atoms [40]. This increases the SiH,/GeH, content in the film, which increase the
bandgap, and therefore decrease the dark conductivity. At high power particles continu-
ously bombard the film during growth and combining this with an increase of the deposition
rate with high power, likely results in physical damage to the material [60]. Therefore, more
defects may be incorporated in the intrinsic film at a high growth rate, leading to poor sta-
bility. Thus, the increase of power can lead to physical damage, causing a more void rich
material [59]. The Raman peak of Si-H bonds at 620 cm™! and the Si-H, bonds at 2080 cm™!
show that those assumptions are likely to occur, see Appendix B.

Another reason for the increased bandgap while increasing power is the increase of the hy-
drogen content in the films. This can be seen by the Raman peaks at an intensity of 620
cm! corresponding to the wagging and rocking modes of Si-H bonds, and the intensity at
1870 cm™! corresponding to that of Ge-H bonds. A gradual increase of the hydrogen content
is observed on increasing the plasma power, see Appendix B.

Additionally, there is a peak around 380 cm™!, indicating the Si-Ge bonds. The Si-Ge bonds
tend to increase with decreasing power if the 2 W film is not taken into consideration [61].
Another important peak is found around 280 cm™!, which is the Ge-Ge stretching. It is likely
that, if the 2 W film is not taken into consideration, with a decrease of the deposition power
more Ge-Ge bonds are present in the film, which decreases the bandgap at low deposition
power.
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4.6. Deposition pressure

The last reported parameter which can likely change the optical-, electrical- and material
properties is the deposition pressure. The deposition pressure is varied between 1.6 and 6
mbar.
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Figure 4.7: The effect of variation of deposition pressure with a GeH, flow rate of 4.3 sccm of a-SiGe:H film on the dark
conductivity (a) and on the activation energy (b).

Figure 4.7a displays an increase in dark conductivity of 10%> S/cm while increasing the depo-
sition pressure in steps between 1.6 and 6 mbar. The E,; decreases accordingly by 300 meV
between the lowest and highest used deposition pressure. Figure 4.7a also shows that with
increasing the deposition pressure in steps between 1.6 and 6 mbar the bandgap decreases
by 0.2 eV. The higher GeH, flow rate in the film increases the absorption coefficient with
increasing deposition pressure. Figure 4.7b displays that the change of deposition pressure
can indirectly influence the optical-, electrical- and material properties due to the fact that it
changes the GeH, flow rate in the material.

Figure 4.7b shows the Si-Si bonds at 470 cm™. They tend to increase with decreasing the
deposition pressure. Additionally, there is a peak around 380 cm™!, indicating the Si-Ge
bonds. It seems likely that the Si-Ge bonds increase with a decrease in pressure if the 1.6
mbar sample is not taken into consideration [40]. At higher pressures more Si has reacted,
which increases the GeH, /SiH, ratio, likely by a decrease in Si radical fraction, and therefore
decreases the bandgap [62]. The peaks at 380 and 470 cm ! combined show that more SiH,
is present in the film at lower pressure and therefore the GeH,/SiH, ratio decreases and
accordingly the bandgap increases.

Another important peak is around 280 cm’!, which is the Ge-Ge stretching. It does not
show a significant effect, and therefore no clear trend can be observed from this Raman
peak. However, the bandgap displays that it is likely that with an increase of pressure more
GeH, is present in the film and therefore the Ge-Ge bonds increase. This will decrease the
bandgap and increase dark conductivity. This is confirmed by the increasing Ge-Ge bonds
with respect to the Si-Si bonds. Increasing deposition pressure showed decreased trans-
parency, which leads to decreasing bandgap energy and will lead to decreasing H, content
due to more Ge dangling bonds, as shown by the increase in Si-H bonding peak at 620 cm™?,
see Appendix B.
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4.7. Conclusion materials

The influence of different deposition parameters on the optical-, electrical- and material prop-
erties is divided in a direct and indirect effect. The flow rate of GeH, can directly influence the
optical-, electrical- and material properties due to the fact that it directly changes the GeH,4
flow rate in the material. Other deposition parameters, like deposition power, deposition
pressure, substrate temperature, H, flow rate and SiH, flow rate have an indirect effect on
the final properties. All different effects of deposition parameters on the dark conductivity,

bandgap and absorption coefficient are given by Table 4.2.

Table 4.2: Overview of the deposition parameters influences on material properties.

Parameters Dark Conductivity | Bandgap | Absorption Coefficient
[S/em] [eV] [1/cm]
GeH,/SiH, " 1 1
H,/SiH, 1 1 |
Substrate Temperature ™" l 1
Deposition Power ! M !
Deposition Pressure ™ 1 1




Single Junction Solar Cell

In this chapter an investigation on the a-SiGe:H intrinsic layer of a single junction solar cell is
performed. This chapter will answer two research questions, namely (i) which bandgap grading
profile in terms of shape, grading region width and absorber thickness should be used in an
optimal single junction a-SiGe:H device and (ii) which buffer layer and buffer layer thickness
should be used in an optimal single junction a-SiGe:H device.

5.1. Multiple layer investigation

As a starting point a n-i-p single junction solar cell is fabricated by reversing the p-i-n single
junction a-SiGe:H solar cell fabricated by the PVMD group [63]. The reference a-SiGe:H solar
cell cell has a V, of 508 mV, a FF of 0.39, a J.. of 9.9 mA/cm? and a final efficiency of 2.9%.
Therefore significant optimization is needed.

The optimization process is performed on a transparent substrate without a back reflec-
tor, due the fact that the a-SiGe:H cell will be used as middle cell in a triple junction device.
Each sample consists of 24 cells with an active area of 5 by 5 mm each and the best 3 cells
per sample are averaged and used for interpretation in this thesis. Additionally, all flow rates
in this chapter are peak flow rates, unless it is stated differently.

5.1.1. Transparent Conductive Oxide

All results of the front and back TCO optimization can be found in Appendix C. It is important
to highlight that the FF and V. are significantly lower for the depositions with AZO as front
TCO, compared to ITO. AZO is deposited at high RF power of 400 W, which likely caused
the p-layer to be damaged [54]. ITO is the most favorable front TCO due to its electro-optical
properties and performance. AZO deposited on a corning glass substrate is used at the back
of the device, since it outperformed Asahi substrates both in terms of the V. and FF [64].

5.1.2. n-layer optimization

Different combinations of n-layers are proposed, namely (i) a n-a-Si/n-SiOx:H bilayer and
(ii) a layer in which the oxygen flow is gradually introduced, such that the layer is graded
from n-nc-Si to n-SiOx:H, see Appendix C. N-nc-Si has the lowest E,.; and can provide the
best back contact with the TCO, while the high bandgap of n-SiOx is favourable at the n/i
interface and in terms of parasitic absorption losses at the back [5].

The layer in which the oxygen flow is gradually introduced, such that the layer is graded
from n-nc-Si to n-SiOx:H, provides the best results. It is important to grade the oxygen flow
of n-SiOx:H from low to high. In this case a more oxygen rich fraction will be present near
the n/i interface. It is likely that this leads to high optical transparency and low parasitic
absorption losses [65].

37



38 5. Single Junction Solar Cell

5.1.3. p-layer optimization

Due to the fact that charge carriers generated in the p-layer hardly contribute to the solar
cell performance, a wide bandgap material should be used as p-layer [10]. Two extensively
researched, but different materials are investigated, namely p-SiC:H and p-SiOx:H.

The optimized p-SiC:H and first round of p-SiOx:H layers can be found in Appendix C. It
indicates that p-SiOx:H with a seed layer and a thin p-nc-Si:H contact layer outperforms the
optimized p-SiC:H layers. The p-SiOx:H stack consists of a thin i-nc-Si:H seed layer and a
very thin p-nc-Si:H contact to ensure good ohmic contact with the front TCO [66].

The single-junction a-SiGe:H solar cell structure, before optimization of the intrinsic layer
and addition of buffer layers, is displayed in Figure 5.1.

Metal Contact
Front TCO: ITO

H2 treatment

.-nci-/ilrb"l'J;; nm Hatreatment
Graded i-a-SiGe:H
n/i buffer

H2 treatment

Back TCO: AZO
Corning Glass

Figure 5.1: Structure of single junction solar cell before intrinsic layer optimization.

Figure 5.1 displays the reference n-i-p solar cell, which is fabricated with Corning glass as
substrate, in the following sequence: AZO back TCO 700 nm/ n-nc-Si:H 6 nm/ n-SiOx:H 29
nm/ n-a-Si 5 nm/ i-a-SiGe:H 150 nm/ i-nc-Si:H 6 nm/ p-SiOx:H 12 nm/ p-nc-Si:H 3 nm/
ITO front TCO 75 nm and lastly a metal grid as front contact of 500 nm aluminum.
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5.2. Intrinsic layer

In the coming paragraphs the a-SiGe:H intrinsic layer investigation is performed. Firstly,
the influence of deposition power variation from 2 to 8 W is tested, which is followed by
a deposition pressure series from 2.4 to 6 mbar. Those optimized parameters will be the
starting point for the intrinsic layer investigation.
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Figure 5.2: The effect of variations in deposition pressure on solar cell parameters (a) and EQE (b).

Figure 5.2a shows that no clear trend is observed with the deposition pressure series. It
seems likely that Ji. decreases with increasing deposition pressure. However, this is not as
expected since the film characterization showed that the bandgap decreases with increasing
deposition pressure. The deposition rate decreases with increasing pressure [54], which can
indicate that different thickness is deposited. The highest product in terms of V. and FF is

found at a deposition pressure of 3.6 mbar.
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Figure 5.3: The effect of variations in deposition power on solar cell parameters (a) and EQE (b).

Figure 5.3a shows that the highest product in terms of V,. and FF is found at low power
of 3 W. Additionally, a poor stability is experienced at high power, likely due to an increase
in dangling bonds, resulting in a low FF. This phenomenon is observed due to an increase
in Si-H, bonds. This can be found in the Raman graph, which shows stability problems,
see Appendix B. This is related to an increase in deposition rate at higher deposition power
[60]. Therefore, a low deposition power is chosen. The deposition pressure of 3.6 mbar and
a deposition power of 3 W will be used for further optimization.
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5.2.1. GeH, flow rate
The influence of variations in the GeH, flow rate is tested by varying the flow rate from 0.8
to 5.3 sccm.
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Figure 5.4: The effect of variation of GeH, flow rate on a-SiGe:H solar cell parameters (a) and EQE (b).

Figure 5.4a shows that the V. decreases from 740 to almost 510 mV and that the Jg. in-
creases by almost 3.5 mA/cm? when the GeH, flow rate is increased from 1.6 to 5.3 sccm.
This is related to the bandgap decrease of over 0.2 eV observed in the a-SiGe:H films. The
characterization of films showed that if the GeH, is increased the defect density increases as
well. It is likely that the GeH, flow cannot be increased to a further level, due to the increased
defect density, which causes a decrease in solar cell parameters.

In addition, the FF of the cell decreases when lowering the bandgap, which reflects a higher
recombination in the device, due to an increase of Rg from 15.9 to 22.8 Om?. This is a result
of the increased dangling bond density in the bulk of the absorber. Figure 5.4b shows that a
higher GeH, flow rate improves the Jg., due to a lower overall bandgap and extra absorption
in the longer wavelengths [67]. The decision is made to further investigate a GeH, flow rate of
2.4 sccm, due to the highest product in terms of V. and FF with a Jg. of around 12 mA/cm?.

Annealing

It has been reported that annealing effects can occur at temperatures above 100°C. Anneal-
ing is performed for contact adhesion and growth related stress release. The annealing series
started at 130°C for 20 minutes and ended at 190°C for 20 minutes. This annealing experi-
ment is performed for multiple GeH, flow rates.
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Figure 5.5: Annealing conditions under different temperatures with a GeH, flow rate of 2.4 sccm.
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However, for an easier overview only a GeH, flow rate of 2.4 sccm is displayed in Figure
5.5. Figure 5.5 shows that the reference annealing temperature of 130°C for 30 minutes
outperforms the other annealing temperatures. It indicates that low temperature annealing
improves the performance of a-SiGe:H. The results from Figure 5.5 are further specified in
Table 5.1.

Table 5.1: The effect of annealing series on variation of GeH, flow rate for single junction solar cells.

Temperature (°C) | 150 170 190 | 150 170 190 | 150 170 190
GeH, flow rate Voo Voo Voo | FF FF  FF n n n
(sccm) (%) (%) (%) | (%) (%) (%) |(%) (%) (%)
4.3 -01 -04 -33|-15 -27 -133|-20 -27 -183
3.65 -02 -03 -13|-01 -25 -124|-03 -3.2 -16.0
24 -0.2 -01 -08)|-06 -29 -108|-02 -28 -122

The results of Table 5.1 indicate the performance relative to the sample annealed at 130°C.
The higher the annealing temperature the lower the V.., FF and n are. Further annealing
at higher temperatures will deteriorate the device quality even more. This is both due to a
decrease in Ry, and an increase in Rq.

Light Induced Degradation

LID tests are performed on single junction solar cells with different GeH, flow rates. The cells
were first annealed for 90 minutes at 130°C likely for reordering of the defects, since the cells
have been exposed to ambient light for several hours.
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Figure 5.6: The effect of Light Induced Degradation under different GeH, flow rate conditions on V. (a) and the effect on FF

(b).

Figure 5.6a represents the LID tests effect on the V., where I-V measurements are performed
after 15, 24, 48, 250, 500 and 1000 hours. Figure 5.6b shows the LID tests effect on the
FF. The significant drop in overall efficiency is mostly related to the decrease in FF. This is
related to an increase of Ry and a decrease of Ry, which indicates recombination. Table 5.2
summarizes the results of the LID measurements with respect to the reference cell.
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Table 5.2: The effect of LID series of different GeH, flow rate single junction solar cells after 1000h in reference to their initial

values.

GeH, Voc FF Efficiency Rqh Rq

[sccm] | [V] [-] [%] [am?] | [am?]
5.3 -9.1% | -38.2% -42.3% -43.6% | 0.0%
4.3 -10.9% | -26.7% -34.6% -29.3% | 10.1%
3.65 -15.0% | -37.9% -37.7% -42.9% | 11.3%
24 -15.5% | -40.2% -47.6% -711.1% | 10.1%
1.6 -18.6% | -42.9% -51.1% -75.6% | 23.2%
0.8 -19.9% | -43.0% -52.2% -78.0% | 5.8%

It is assumed that the Ji. does not change significantly over time. Table 5.2 indicates a sig-
nificant decrease in Ry, and an increase in Ry. The contributions to the decrease of Ry can
originate from bulk resistance, the contact resistance between the junction and electrodes
and the resistance of the electrodes themselves [4]. Moreover, Ry affects the FF and is caused
by interface/bulk phenomena. The decrease in Ry, mostly happens if the effective resistance
of the solar cell is high [4], which decreases the V.

Table 5.2 displays an almost linear decrease in both FF and V.. with decreasing GeH, flow
rate. The biggest drop in FF happens in the first 15 hours, effectively around 15%, depending
on the GeH, flow rate. After 1000h of light soaking the deterioration stabilizes and V. was
measured to show a relative degradation of only 0.01-0.02% per hour, while the FF drops
0.04% per hour. Therefore, solar cells with a higher GeH, flow rate suffer less from LID
compared to cells with a lower GeH, flow rate. Detailed tables can be found in Appendix D.

5.2.2. Intrinsic layer thickness

Variation of the absorber thickness can affect the amount of carriers being collected [4].
Therefore, a trade-off between collection of photogenerated charge carriers (V,.) and absorp-
tion of photons (Jg.) should be considered.
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Figure 5.7: The effect of intrinsic layer thickness variations in the GeH, flow rate of 2.4 sccm including grading and buffers on
a-SiGe:H solar cell parameters (a) and EQE (b).

Figure 5.7a shows the device properties as a function of intrinsic layer thickness. At a thin
layer of 125 nm collection seems to be inefficient. The EQE is 1 mA/cm? lower compared
to the 150 nm thickness. However, due to the fact that the Ry is in the same range as the
other thickness, it might be a processing error. The Ry, of 714.4 Om? is significantly lower
than the Ry, of 5093.7 Qm? at 150 nm. The low R, explains the low V,.. Moreover, the bulk
recombination causes the decrease in FF, mostly dominated by the decrease in Rg,.
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A thickness of 150 nm generates a V. of 736.67 mV, a FF of 0.65, a Js. of 12.5 mA/cm?
and an efficiency of 5.95%. Moreover, the 150 nm sample shows a homogeneous deposition.
However, after 150 nm, due to addition of GeH, in the layer the V.. decreases, the Jg. in-
creases, see Figure 5.7b. The FF decreases due to an increase in Ry from 13.8 to 16.3 Om?.
This likely leads to more bulk recombination, which weakens the electric field. Therefore, an
intrinsic layer thickness of 150 nm will be used.

5.2.3. Grading shape

Some major challenges in developing a-SiGe:H solar cells are the defective interfaces between
the a-SiGe:H absorber and the doped layers. The n/i and i/p interfaces can contain a con-
siderable amount of defects due to sharp changes in material composition [68]. In order to
optimize the performance of solar cells, grading of the intrinsic layer by variations in the
GeH, flow rate near the more sensitive regions, namely the n/i and i/p interfaces can be an

interesting option [69]. Literature suggests different types of bandgap grading, such as E-,
U- and V-shape.

The aim of the V-shape is to improve the carrier collection inside the i-layer. It moves the
position of the minimum bandgap away from the i/p junction [70]. The U-shape can replace
the low bandgap material, by an increase in average GeH, flow rate, for a higher bandgap
material. This can reduce the recombination at the n/i and i/p interfaces. Finally, the E-
shape aims to combine the advantages of both the V- and U-shape [54]. These different
functionalities per shape can generate design flexibility of the absorber layer.
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Figure 5.8: Different E- (red), U- (blue) and V-shape (black) grading structures.

Figure 5.8 displays the schematic overview of the grading options in terms of shape and
bandgap. Three different profiling schemes are proposed for the different shapes, namely (a)
a small n/i grading width, (b) a large i/i grading width and (c) a large n/i grading width. The
different shapes are shown and described in the coming paragraphs. This is followed by an
extensive comparison between the shapes.
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V-Shape

Firstly, the V-shape will be discussed.
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Figure 5.9: The effect of variations in grading of the V-shape with a GeH, flow rate of 2.4 sccm on a-SiGe:H solar cell

parameters (a) and EQE (b).

Figure 5.9a shows that an increase of the n/i grading width improves the FF from 0.50 to
0.58. However, the V. is decreased from 747 to 734 mV. Additionally, Figure 5.9b shows
that the Jy. decreases from 12.6 to 11.7 mA/cm?, due to decrease of absorption in longer
wavelengths.

U-Shape
Secondly, the U-shape will be discussed.
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Figure 5.10: The effect of variations in grading of the U-shape with a GeH, flow rate of 2.4 sccm on a-SiGe:H solar cell

parameters (a) and EQE (b).

Figure 5.10a shows that an increase of the n/i width improves the FF from 0.50 to 0.56. The
V.. is the lowest for the U-shape with the largest i-i width, namely 15 mV lower. Additionally,
Figure 5.10b shows that the Jg increases for the largest i-i width from 12.4 to 13.7 mA/cm?,
due to increase of absorption in longer wavelengths, by lowering the overall bandgap.
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E-Shape
Finally, the E-shape will be discussed.
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Figure 5.11: The effect of variations in grading of the E-shape with a GeH, flow rate from 2 to 2.4 sccm on a-SiGe:H solar cell
parameters (a) and on a-SiGe:H solar cell parameters with a GeH, flow rate from 0 to 2.4 sccm (b).

Figure 5.11a shows that an increase of the n/i width improves the FF from 0.28 to 0.5.
However, the V. is the lowest for the E-shape with the largest i-i width, namely 25 mV lower.
Additionally, Figure 5.11b shows that the Jg. increases for a large n/i grading width from
11.0 to 12.4 mA/cm?, due to increase of absorption in both short and long wavelengths. The
EQE graph can be found in Appendix F. The E-shape with the thick i-i grading was shunted in
multiple experiments, but it is likely that it will give a higher J. than the two other E-shapes,
due to an overall lower bandgap.

Similarities Shapes

The three different shapes show similar behaviour in terms of FF. The wider the n/i grading
the higher the FF. The wide n/i grading moves the position of the minimum bandgap closer to
the i/p junction. The increase of n/i grading width likely decreased the recombination, due
to a higher overall bandgap, and also strengthened the built-in electric field in the absorber
[68]. Additionally, the Ry slightly increases, while the Ry, also increases. It is likely that the
increase in Ry, outweighs the decrease in Rq.

The next comparison is the increase in Jg. with the thick i-i plateau. The higher average
GeH, flow rate reduces the bandgap. More GeH, will be present in the layer, which will in-
crease the absorption in the longer wavelength region. However, due to a higher GeH, flow
rate all shapes suffer from suppression of the V..

The deeper back grading at the i/p interface (small n/i grading) decreases the charged defect
state density near the i/p interface, leading to a higher internal electric field [70]. This im-
proves the V., by a reduction in the recombination process in this region, due a significant
increase in Ry, for all different shapes. Therefore, the V. is in all shapes the highest at the
small n/i grading.

Dissimilarities Shapes

The aim of the V-shape is to avoid defect states in the middle and rear parts of the i-layer
in order to improve the electric field (carrier collection) inside the i-layer. This moves the
position of the minimum bandgap away from the i/p junction. To decrease the density of
charged defect states in the bulk of the intrinsic a-SiGe:H layer, the V-shape can replace the
low bandgap material, which is related to high defect density, for a higher bandgap material,
which is related to a lower defect density [70]. The U-shape grading of the i-layer can lead
to a better performance of the cell, by reducing the recombination at the i/p and n/i inter-
faces. The aim of the E-shape is to keep this advantage of the V-shape, while enhancing the
generation rate [71]. The E-shape grading profile increases the electric field in the bulk by
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reducing the charged defect states and the recombination losses and generates more current
due to an average lower bandgap compared to the U-shape [54].

The first grading shape has the small n/i width, see Figure 5.8a. The V-shape has the highest
Voc. Itis 40 mV higher than the U-shape and 25 mV higher than the E-shape. This is due to
an average lower amount of GeH, flow rate and therefore a higher bandgap. The Ry, of the V-
shape is 2759.3 Om?, while the U-shape has the lowest Ry, of 2507.4 Qm? and therefore the
lowest V.. This is due to the fact that more GeH, is alloyed in the U-shape and therefore the
bandgap is lower. If the n/i grading is minimized, the highest V. is reached. The defective
i/p interface is likely the dominant junction for the V.. The J. of the U-shape is significantly
higher than for E-shape, namely 1.3 mA/cm?, due to a lower bandgap of around 0.05-0.1 eV.

The highest FF can be found for the E-shape due to lower R of 12.9 Om? compared to Ry of
the V-shape 13.8 Qm?. The position of the minimum bandgap is closer to the i/p junction for
the V-shape, which decreases the FF. The highest efficiency of 4.7% is found at the V-shape.
This is 0.5 % higher than both the U- and E-shape due to the significantly higher V. and
comparable FF.

The next grading shape has the widest i-i plateau for the U- and E-shape, while the V-shape
has exactly the same n/i as i/p grading width, see Figure 5.8b. The peak GeH, flow rate for
the E- and V-shape happens at the same intrinsic layer thickness position. The V. is the
highest for the V-shape, around 40 mV higher than the U- and E-shape. This is due a higher
bandgap of the V-shape by the lower overall GeH, flow rate. Additionally, the Ry, is twice as
high for the V-shape compared to other shapes. Therefore, the Jg. is 1.4 mA/cm? higher for
the U-shape compared to the V-shape, due to lower bandgap and higher absorption coeffi-
cient.

The FF of the V-shape is 0.02 higher than for the U-shape. This is due to the position shift
away from the defective i/p interface. Moreover, the i/n grading for the V-shape is wider
compared to the U-shape. Recombination in the bulk of the i-layer can reduce the FF [54]
and therefore the FF is lower for the U-shape compared to the V-shape.

Finally, the wide i/n grading is discussed for the different shapes, see Figure 5.8c. The V. of
the V-shape and E-shape are both around 20 mV higher than for the U-shape. The Ry, of the
V-shape is 4133.8 OQm?, which is higher than the Ry, of 2919.3 Qm? for the U-shape. This
is related to a higher bandgap for the V-shape. However, the E- and V-shape show almost
similar V. with a difference of 5 mV. Due to the difference in bandgap of around 0.05 eV the
difference in V. was expected to be bigger. The decrease of this difference is caused by the
peak GeH, flow rate of the V-shape, which position is around 15 nm closer to the i/p interface.

The FF of the V-shape is 0.02 higher than for the E- and U-shape. One of the reasons is
due to the position shift away from the defective i/p interface. Additionally, the Ry is around
1 Om? smaller for the V-shape compared to the E-shape. Moreover, an average higher GeH,
flow rate decreases the FF, due to a higher defect density at higher GeH, flow rate.

The Jg. is around 0.6 mA/cm? lower for the V-shape compared to the U- and E-shape due to
a higher bandgap, which lowers the absorption in long wavelengths. However, in this grad-
ing width scheme the difference in Jg is smaller than in the other two grading schemes, due
to relative suppression of the Ge amount alloyed due to long i/n grading and a smaller i-i
plateau for the U- and E-shape.

Due to the highest product in terms of V,. and FF, mostly dictated by the significant in-
crease in FF, by reducing the recombination at the i/p and n/i interfaces, the decision is

made to continue with the V-, U- and E-shape with the largest n/i grading width.

All top performers per shape are summarized in Table 5.3.
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Table 5.3: The comparison between best performing V-, U- and E-shape in single junction solar cells with an initial GeH4 flow
rate of 2.4 sccm.

Shape | Efficiency | V. FF Jsc R, Rqh
[%] MVl | [ | [mAcm?] [ [am?] [ [0m?]
V-shape 5.03 733 | 0.58 11.75 13.95 | 4133.82
U-shape 4.96 710 | 0.56 12.39 13.81 | 2919.35
E-shape 5.06 728 | 0.56 12.45 14.91 | 3123.65

Table 5.3 shows that the highest efficiency can be reached while using the E-shape. However,
the V.. and FF are the highest for the V-shape, followed by the E-shape. The Jg is signif-
icantly lower for the V-shape compared to the other shapes. However, the enhancement in
carrier collection could not compensate the loss of carriers for the U- and E-shape [54].

The E-shape will therefore not combine the advantages of both shapes. Previous research
showed that by using V-shape instead of U-shape the V.. and FF will enhance, while it suf-
fers from a loss in Jg. due to reduction of amount of Ge alloyed. The same is observed in the
experiment. Based on the high product in terms of V.. and FF, the V-shape will be used for
further investigation. The best V-shape has a V. equal to 733 mV, a FF of 0.58, a J,. 0of 11.8
mA/cm? and an efficiency of 5.03%.

5.2.4. Buffer layers

Buffer layers are part of an iterative process. Multiple structures are possible, from single to
double buffers on both n/i and i/p interface.

Buffer layers play the role of controlling the quality of the n/i and i/p interface in order to
increase both the V. and the FF. They can have several different effects, namely: (i) reduc-
tion of interface recombination, (ii) relaxation of the bandgap discontinuity at the interface,
(iii) prevention of excessive boron diffusion from the p-layer into the i-layer, (iv) prevention of
back-diffusion of photogenerated electrons, (v) spreading of the electric field into the i-layer
near the i/p interface and (vi) prevention of recombination by spatially separating photogen-
erated electrons from holes [72].

Different buffers are used, namely high bandgap i-a-SiGe:H, high bandgap i-a-Si and i-
SiOx:H. High bandgap i-a-Si and i-a-SiGe:H are used to extend the high bandgap at the
i/p and n/i interfaces between the narrow band gap i-a-SiGe:H and wide bandgap p-SiOx/n-
SiOx. The i-SiOx:H buffer can increase the oxygen which increases the optical transparency,
reduces the refractive index and lastly increases the bandgap [73]. Figure 5.12 shows the
depositions of i-a-Si, i-SiOx:H and high bandgap i-a-SiGe:H buffers on both the n/i and i/p
interface.
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Figure 5.12: The effect of different n/i and i/p buffers with a V-shape GeH, flow rate of 2.4 sccm on a-SiGe:H solar cell
parameters (a) and EQE (b).

Figure 5.12a indicates that the use of an i-SiOx:H buffer layer, with a bandgap of 2.0 eV,
does not improve the electrical properties of the solar cell. The IV curves of those n/i and
i/p i-SiOx:H buffers are S-shaped. This indicates at some possible barriers, which can be
caused by for example imbalanced mobilities and likely leads to a damaged cell. Additionally,
n/i and i/p i-a-Si and i-a-SiGe:H show higher FF and V. compared to i-SiOx:H. Due to the
high product in terms of V. and FF the n/i and i/p i-a-SiGe:H will be further investigated.
Moreover, n/i i-a-Si will also be further investigated due to the relatively high FF, while the
i-SiOx:H buffer is eliminated.

i/p i-a-SiGe:H buffer thickness
The first buffer is the i/p i-a-SiGe:H. The thickness of the i/p i-a-SiGe:H buffer is varied
between O and 11 nm.
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Figure 5.13: The effect of different i/p i-a-SiGe:H buffer thickness with a V-shape GeH, flow rate of 2.4 sccm on a-SiGe:H solar
cell parameters (a) and EQE (b).

Figure 5.13a shows that an increase of the i/p i-a-SiGe:H buffer thickness decreases the FF
from 0.61 to 0.55. However, the V. is slightly improved from 710 to 725 mV. Additionally,
Figure 5.13b shows that the J . increases from 12.0 to 13.1 mA/cm?, due to an increase of
absorption in the longer wavelengths.
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Figure 5.14: The effect of different n/i i-a-SiGe:H buffer thickness with a V-shape GeH, flow rate of 2.4 sccm on a-SiGe:H solar
cell parameters (a) and EQE (b).

Figure 5.14a shows that an increase of the n/i i-a-SiGe:H buffer thickness improves the FF
after 2 nm from 0.58 to 0.62. The V. is improved from 710 to 730 mV between O and 8 nm.
Additionally, Figure 5.14b shows that the Jg increases from 12.0 to 12.7 mA/cm? between
0 and 5 nm, due to an increase of absorption in longer wavelengths. However, after 5 nm a
slight drop is observed in Jg..

n/i i-a-SiGe:H and i/p i-a-SiGe:H buffer thickness

The previous results for both n/i i-a-SiGe:H and i/p buffers i-a-SiGe:H are combined to
compare if the two support each other. A thicker i/p i-a-SiGe:H buffer decreases the FF,
while slightly increasing the V. and Jg.. Moreover, a thicker n/i i-a-SiGe:H buffer increased
the FF and the V.. The 5 nm i/p i-a-SiGe:H buffer is chosen as standard and the n/i i-a-
SiGe:H buffer thickness is varied between O and 8 nm.
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Figure 5.15: The effect of different n/i i-a-SiGe:H buffer thickness with 5 nm i/p i-a-SiGe:H buffer with a V-shape GeH, flow rate
of 2.4 sccm on a-SiGe:H solar cell parameters (a) and EQE (b).

Figure 5.15a shows that an increase of the n/i i-a-SiGe:H buffer thickness improves the FF
after 2 nm from 0.57 to 0.61. The V,. decreases between O and 5 nm, but shows a slight
increase from 718 to 725 mV after 5 nm. Additionally, Figure 5.15b shows that the Jg.
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decreases between 0 and 5 nm, but provides an increase from 12.1 to 13.7 mA/cm? between
S and 8 nm, due to an increase of absorption in longer wavelengths.

n/i a-Si, n/i i-a-SiGe:H and i/p i-a-SiGe:H combinations

The n/i i-a-Si buffer gave a relatively high product in terms of V. and FF and therefore,
the 3.2 nm n/i i-a-Si buffer is added. In this test n/i i-a-Si and n/i i-a-SiGe:H buffers are
combined. Extra tests are performed with combining the double n/i buffers with an addition
of i/p i-a-SiGe:H buffer.
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Figure 5.16: The effect of different buffer configurations with a 3.2 nm n/i i-a-Si buffer, a 5 nm n/i i-a-SiGe:H buffer, and a 5 nm
i/p i-a-SiGe:H buffer with a V-shape GeH, flow rate of 2.4 sccm on a-SiGe:H solar cell parameters (a) and EQE (b).

Figure 5.16a shows that an addition of 3.2 nm n/i i-a-Si buffer and 5 nm i/n i-a-SiGe:H
buffer compared to no buffers improves the FF from 0.61 to 0.65. The V. is improved from
710 to 740 mV. The addition of an extra 5 nm i/p i-a-SiGe:H shows a slight decrease in V.
from 740 to 737 mV. Additionally, the 5 nm i/p i-a-SiGe:H addition shows a decrease in FF
from 0.65 to 0.62.

Moreover, Figure 5.16b shows that the Jg. slightly increases from 12.0 to 12.2 mA/cm? with
addition of 5 nm i/p i-a-SiGe:H buffer, due to an increase of absorption in longer wavelengths
compared to no buffers and without addition of 5 nm i/p i-a-SiGe:H.

Comparison buffers

The first buffer is the i/p i-a-SiGe:H. An increase in thickness of the i/p i-a-SiGe:H buffer
indicates two opposite effects, namely an increase in Jg., while the FF decreases. The p-layer
is the first layer which is exposed to light and therefore increasing the buffer thickness can
act as a potential charge barrier and likely blocks the collection. Another possible expla-
nation of the lowered FF could be the decreased hole tunneling probability through the i/p
interface from the reduced potential gradient due to bandgap discontinuity and a mismatch
originating from a thicker i/p interface [73]. This increases the R from 11.6 to 14.8 Qm?.
The fluctuations in V. are likely to be dictated by the fluctuation of Ry;,.

The EQE measurements in Figure 5.13b show that the thicker i/p i-a-SiGe:H buffer gradu-
ally improves the Ji.. This is as expected, because more GeH, is added on the i/p interface,
which decreases the bandgap, and therefore more absorption in longer wavelength range can
happen.

The second buffer is the n/i i-a-SiGe:H. The addition of high bandgap n/i i-a-SiGe:H should
act as a graded interface between the i-layer and the n-a-Si layer. A thicker n/i i-a-SiGe:H
buffer increases the V., due to an increase in Ry, from 2760 to 4512 Qm?. The increased
FF is related to the decrease in Rq from 18.7 to 11.7 Qm? between 2 and 8 nm.
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The addition of a n/i i-a-SiGe:H buffer likely improves the electron collection at the back
of the cell. It increases the collection in longer wavelengths, as shown by Figure 5.14b. It is
likely that the n/ii-a-SiGe:H buffer lowers the n/i interface potential barrier and can reduce
the conduction band discontinuity. This will promote the electron collection, which is one of
the key factors for enhancing cell parameters, especially the FF [74].

However, after 5 nm the FF and J. both slightly drop. A thicker buffer layer can make
the travelling distance for electrons larger and therefore less electrons will be collected at
the n side, as observed by the lower Ji.. The J,. was expected to be higher for 8 nm n/i
i-a-SiGe:H buffer, however the thicker layer likely acts as a barrier in this case.

The third buffer is a combination of a n/i i-a-SiGe:H and i/p i-a-SiGe:H. The FF increases if
the n/ii-a-SiGe:H thickness increases. This is due to the fact that less recombination occurs
at the n/i interface, due to a higher bandgap, displayed by a decrease in R; from 16.6 to 12.2
Qm?.

Compared to the n/i i-a-SiGe:H buffer, combining the n/i and i/p i-a-SiGe:H buffer clearly
shows around the same V.. The V. is slightly increased for both at a thicker n/i i-a-SiGe:H
buffer. However, the FF is lower (maximum of 0.63 versus 0.61). At a thickness of 8 nm
n/i i-a-SiGe:H the Jy. increases, which is mostly likely due to separating photogenerated
electrons from holes. This combination supports each other in terms of J,, compared to the
individual n/i and i/p buffers.

Combining the n/iand i/p buffers clearly decreases the overall FF compared to n/ii-a-SiGe:H
buffer and does not reach the same V. as the i/p i-a-SiGe:H. Therefore, the combination does
not support each other in terms of FF and V. and is not improving the overall results.

The last buffer is the combination of buffers which includes n/i i-a-Si. The V,. and FF
are improved by the addition of the 3.2 nm n/i i-a-Si buffer. This is due to the decrease of
defects at the n/i interface by inserting the n/i i-a-Si layer in the intrinsic layer [75]. The Ry,
increased from 4825 to 5045 Om?, while the R, decreased from 11.6 to 10.5 Qm?.

The addition of i/p i-a-SiGe:H significantly reduces the FF. This reduction is due to a de-
crease of Ry, from 5045 to 4690 Om? and an increase in Rq from 10.5 to 13.6 Qm?. The i/p
i-a-SiGe:H will likely act as a charge barrier and block collection. Moreover, the J,. seems
to be saturated and the maximum Jg. of 12.2 is reached with addition of the i/p i-a-SiGe:H
buffer. The 3.2 nm n/ii-a-Si and 5 nm n/i i-a-SiGe:H buffer combination shows the highest
product in terms of V. and FF.

The best performing buffers are summarized in Table 5.4.

Table 5.4: The overall comparison between different best performing buffers with an initial GeH, flow rate of 2.4 sccm.

Buffer Efficiency | V. FF Jsc R Rqh
[%] [mV] | [ [ [mAlcm?] | [am?] | [am?]
No Buffer 5.03 733 | 0.58 11.75 13.95 | 4134
5 nm n/i i-a-SiGe:H 5.81 721 | 0.63 12.71 11.19 | 6450
2 nm i/p i-a-SiGe:H 5.39 722 | 0.60 12.41 14.26 | 3350
8 nm n/i i-a-SiGe:H + 5 nm i/p i-a-SiGe:H 6.09 726 | 0.61 13.74 12.20 | 6172
3.2 nm n/i i-a-Si + 5 nm nl/i i-a-SiGe:H 5.75 739 | 0.65 12.03 10.52 | 5045

The i/p buffer seems to be the bottleneck in overall performance. It forms a potential charge
barrier and therefore blocks collection. The 8 nm n/ii-a-SiGe:H + 5 nm i/p i-a-SiGe:H buffer
shows the highest efficiency of all performed buffers. However, it is chosen to continue with
3.2 nm n/ii-a-Si and 5 nm n/ii-a-SiGe:H due to highest FF and V..
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The V,. without buffers was equal to 733 mV, with a Ji. of 11.75 mA/cm?, a FF of 0.58
and lastly an efficiency of 5.03%. The V. of the 3.2 nm n/i i-a-Si buffer combined with the 5
nm n/ii-a-SiGe:H buffer equals a V. of 739 mV, which is just a slight increase. However, the
FF increased from 0.58 to 0.65, which is an increase of almost 12%. Additionally, the J,. was
increased by 0.3 mA/cm? and the efficiency was relatively increased by 14.3%. Therefore,
it is likely to conclude that the additional buffer layer reduces the interface recombination
and increases relaxation of the bandgap discontinuity at the interface [74].

5.2.5. Grading width

Previous literature suggests that the width of the profiled region of the intrinsic a-SiGe:H
layer next to the p-i interface (p-i grading) should be small and the profiled region next to
the i-n interface (i-n grading) should be large [76]. This will enhance both V. and FF.

The grading width is an iterative process. In the paragraph about shapes we have observed
that a wider n/i grading width increases the performance of the cell. To investigate the ap-
propriate bandgap grading width, the n/i grading width was varied from 80-140 nm.
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Figure 5.17: The effect of variations in the n/i grading width from 80-140 nm with a V-shape GeH, flow rate of 2.4 sccm on
a-SiGe:H solar cell parameters (a) and EQE (b).

Figure 5.17a displays that the FF decreases with a smaller n/i grading width. When the n/i
grading width is increased, a large improvement can be found in FF. The Jg, is saturated and
fluctuates with a maximum of 0.5 mA/cm?.

The V. is slightly improved with smaller n/i grading compared to wide n/i grading. The
deeper back grading at the i/p interface in the V-type profile decreases the charged defect
state density near the i/p interface, leading to a higher internal electric field [70], due to a
higher bandgap at the i/p interface. This displays a reduction in the i/p interface recombi-
nation, due to an increase in Ry, from 3674 Om? to 3869 Om?, which improves the V. slightly.

On the other hand, the FF decreases with a smaller n/i grading width. This is likely due
to increased recombination near the i/n interface by an increase in R¢ from 10.7 to 12.1 Qm?
and an overall lower bandgap at the i/n interface. However, after a n/i grading width of 100
nm an increase is observed in FF, caused by an improvement of Ry from 10.6 to 9.0 Qm?.
The n/i grading width improved the carrier collection significantly [68].

Figure 5.17 suggests that an improvement in performance can happen after increasing the
n/i grading width to a point behind 140 nm and therefore extra grading width experiments
have been performed.
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Figure 5.18: The effect of variations in n/i grading width from 120-150 nm with a V-shape GeH, flow rate of 2.4 sccm on
a-SiGe:H solar cell parameters (a) and EQE (b).

Figure 5.18a displays that the highest efficiency is reached with a n/i grading width of 120
nm, due to the high J,.. At 150 nm there is no bandgap minimum near the i/p interface.
The lack of a bandgap minimum near the i/p interface clarifies the decreased FF. The lower
Ve is explained by the low bandgap at the i/p interface, due to a high GeH, flow rate.

At a n/i grading width of more than 120 nm one would expect a high Jy., because a sig-
nificant part of the intrinsic layer has a low bandgap. However, Figure 5.18b displays that,
in this case it suppresses the carrier generation in the active layer of the solar cell and thus
the Ji.. This decrease in EQE is likely due to the inefficient hole collection coming from the
low drift mobility of holes in amorphous material [77].

Figure 5.17 and 5.18 both show that a n/i grading width of 120 nm for the V-shaped a-
SiGe:H layer performs best. The improvement for n/i grading width of 120 nm in Jg. in
Figure 5.18 compared to 5.17 is due to compensation for changed deposition rates in a-
SiGe:H. Therefore, the layer will be slightly thicker. This slightly suppresses the V. and FF,
but improves the Jg., due to addition of GeHy.
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5.2.6. Champion single junction solar cell

The intrinsic layer optimization chapter started with a variation of GeH, flow rate for the
non-optimized a-SiGe:H single junction solar cells. The chapter will end with the optimized
variation of GeH, flow rate, including grading and buffers.
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Figure 5.19: The effect of variations of GeH, flow rate with buffers and grading on a-SiGe:H solar cell parameters (a) and EQE

(b).

Figure 5.19 displays the final single junction solar cell serie with a variation of GeH, flow
rate including buffers and grading. The buffers and grading are especially optimized for high
bandgap materials, which means a low GeH, flow rate. An overall comparison of the results
is given in Table 5.5.

Table 5.5: The comparison between single junction solar cells with an initial V-shape GeH, flow rate of 2.4 sccm without a new
grading profile and buffer layers compared to the optimized champion single junction solar cell.

Measured Efficiency | Vo FF Jsc Rs Rsp
[%] MVl | [ | [mA/em?] | [om?] | [Om?]
Initial 41 657.0 | 0.52 12.0 22.0 | 17445
Champion 6.2 734.3 | 0.64 13.2 11.0 | 4779.5
Absolute Change 21 77.3 | 0.12 1.2 -11.0 | 3035.0
Relative Change 51 % 12% | 22% 10% -50% | 174%

The overall champion single junction a-SiGe:H solar cell is the V-shaped cell with a double
n/ibuffer, namely 3.2 nm n/ii-a-Si combined with 5 nm n/ii-a-SiGe:H buffer. It has a GeH,
flow rate of 2.4 sccm, n/i grading width of 136 nm, an i/p grading width of 34 nm and a total
i-layer thickness of 170 nm. This champion single junction solar cell generates a V. of 735
mV, a FF of 0.64, a J,. of 13.2 mA/cm? and a final efficiency of 6.18%.

The efficiency is relatively increased by 51.1%, the V. by 12.5%, the FF by 23.1% and lastly
the Jg. is also improved by 10.4%. Important factor to mention is that Table 5.5 is not the
first a-SiGe:H deposition compared to the champion cell. The initial cell is the first cell after
optimization of TCO, p- and n-layer. Therefore, those differences in performance are rela-
tively smaller compared to the first a-SiGe:H single junction solar cells, where a V. of 508
mV, a FF of 0.39, a Ji. of 9.9 mA/cm? and a final efficiency of 2.9% was reached. This is
a relative increase of 44.5% in V., a 64.1% increase in FF, a 33.6% increase in Ji. and a
relatively increase of 113.8% in efficiency.

The final thickness of the i-layer is 170 nm instead of 150 nm. Therefore, the n/i grad-
ing width moves relatively the same amount (from 120 to 136 nm). The layer is thicker to
compensate for the different deposition rates during grading and therefore small differences
in FF and V,. can be observed compared to previous results.



Tandem Cell

This chapter will be a demonstration of a two-junction a-Si and a-SiGe:H based solar cell. The
last research question will be answered, namely to what extend can the a-SiGe:H absorber
layer be manipulated for use in a multi-junction device.

The devices investigated in this section are two-junction tandem solar cells with an a-SiGe:H
bottom cell and an a-Si top cell. If the intrinsic layer properties will change, it will be stated.

In a multi-junction device multiple single junction cells are generally connected in series.
Therefore, the voltages of those cells are summed up, while the current of the lowest per-
forming cell is limiting. The current generated by the high bandgap top cell absorber and
the low bandgap bottom absorber should be matched so that that the output of the device is
maximal [13].

The EQE measurements of the top and bottom cell are performed separately. To measure
the top cell, the bottom cell is saturated by IR light with a peak intensity at a wavelength of
850 and 935 nm. The bottom cell measurement is performed by saturating the top cell by
UV light with a peak intensity at a wavelength 365-400 nm and Royal Blue light with a peak
intensity at a wavelength of 447.5 nm. The presented current limiting J. is the lowest of the
top and bottom cell J,. measured in EQE.

The single junction a-SiGe:H performed best when processed on Corning glass, while a-Si
cells are generally processed on Asahi. Therefore, the first set of tandems was processed on
both substrates. This first tandem cell deposition on both substrates showed a slight differ-
ence between V,. and FF in favour of Asahi compared to Corning glass, due to increased Ry,
see Appendix F. However, the main difference is observed in Ji.. An average difference in Jq
of around 40% in the bottom cell is found. This is due to better light trapping techniques of
the Asahi glass. Consequently, Asahi is used to process the tandems in this section.
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6.1. Tandems best a-SiGe:H

Firstly, the tandems started with the standard single junction a-Si cell on top of the best
working a-SiGe:H cell, see Appendix F.

However, the bottleneck of the tandem was the current mismatch. The top cell absorbs 9.5
mA/cm?, while the bottom cell absorbs around 3.8 mA/cm?. This is related to the overlap of
spectral absorption between the top and bottom cell. The bandgap of the bottom absorber is
close to the bandgap of the top absorber, due to the relatively low GeH, flow rate in combi-
nation with the V-shape. Therefore, manipulation techniques will be used to manipulate the
tandem for current matching.

6.2. Tandems a-Si/a-Si:H

The low bandgap a-Si top cell and best a-SiGe:H cell show a large current mismatching. One
of the manipulation options is to replace the low bandgap a-Si top cell by a high bandgap a-
Si:H. This has the purpose to decrease the overlap of spectral absorption between the bottom
and top absorbers. a-Si:H with higher bandgap transmits lager part of the spectrum, which
should leave more light for the a-SiGe:H absorber.
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Figure 6.1: The effect of different top cell absorbers of 250 nm and a 170 nm a-SiGe:H bottom cell absorber with a V-shape
GeHy, flow rate of 2.4 sccm on solar cell parameters of tandem solar cells (a) and the effect on EQE (b).

Figure 6.1a displays an increase in all solar cell parameters for a-Si:H top cell compared to
a-Si top cell. The V.. increased by almost 40 mV. , This is due to an increase in top cell
bandgap and an increase of Ry, from 13066 Om? to 16538 Om?. Additionally, an increase
in FF is observed due to a decrease in Rg from 21.0 Qm? to 14.9 Qm?2. Finally, the current
limiting Jg. increased from 3.8 to 5.8 mA/cm?, which dictated the increase in efficiency.

Figure 6.1b displays that the low bandgap a-Si generated a higher top cell J,. compared
to the high bandgap a-Si:H top cell. Material characterization showed that a decrease in
substrate temperature increased the bandgap. The high bandgap a-Si:H is deposited at low
substrate temperature of 120°C compared to 180°C for low bandgap a-Si. Additionally, since
H, is introduced in the a-Si layer, the bandgap increased even more. This increased the top
cell bandgap and decreased the top cell absorption.

The most important fact is that the bottom cell absorption is increased and the top cell
absorption decreased by using the high bandgap a-Si:H. The current limiting Jg. is increased
by almost 50%. The dotted line in Figure 6.1b shows that a-Si:H with higher bandgap trans-
mits lager part of the spectrum, which leaves more light for the a-SiGe:H absorber, especially
between a wavelength of 500-800 nm. Since the purpose of the tandems is to make the top
and bottom cell current matched, a-Si:H is an interesting option.
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6.3. Tandems GeH, flow rate

In the previous paragraph we have seen that the top and bottom cell were not current
matched. Besides, replacing the a-Si top cell by a-Si:H, one of other manipulation options
is to change the a-SiGe:H absorber layer. This can be done by a variation of the GeH, flow
rate, as displayed in Chapter 4. This has the purpose to decrease the overlap of spectral ab-
sorption between the bottom and top absorbers. Therefore, in this paragraph the GeH, flow
rate is increased from +2.3 to 4.3 and 5.3 sccm, because this should decrease the bandgap
of the bottom cell.
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Figure 6.2: The effect of different V-shape GeH, flow rates with a 250 nm a-Si top cell absorber and a 170 nm a-SiGe:H bottom
cell absorber on solar cell parameters of tandem solar cells (a) and the effect on EQE (b).

Figure 6.2a indicates that an increase in GeH, flow rate decreases the V... Additionally,
the FF decreases, while the Ry and Ry, both decrease. It is likely that the decrease in Ry,
outweighs the decrease of Ry with increasing GeH,. The GeH, flow rate of 4.3 sccm shows a
higher FF, which could be due to a processing error. At high GeH, flow rate the plasma con-
ditions are less stable and therefore nanoparticles can be formed in the plasma and attach
themselves to the substrate [4]. This could have affected the tandem with a GeH, flow rate of
4.3 sccm. Other parameters are as expected, due to an increase in GeH, the V. decreases.
This is related to a decrease in bandgap and therefore the Jg. increases.

Figure 6.2b shows that an increase of the GeH, flow rate leads to an increase in Jg. of the
bottom cell, due to a lower bandgap. Additionally, a lower GeH, flow rate gives a lower re-
fractive index, therefore less light is reflected back to the top cell after reaching the bottom
cell i/p interface, which results in the lower Jg. in the top cell at a GeH, flow rate of 2.4 sccm.
Combining the results of Figure 6.2 indicates that although a higher GeH, has a lower V.
and FF compared to a GeH, flow rate of +2.3 sccm, the increase in Jg of the current limiting
bottom cell increases the overall efficiency.

After those deposition a decision is made to continue with a combination of high bandgap a-
Si:H and a GeH, flow rate of 5.3 sccm, due to the goal of making a current matched tandem.
To increase the overall efficiency, which is dictated by the current limiting cell, the Jg. of the
bottom cell should be increased, to level the top cell.

Firstly, some basic optical simulations with the GenPro4 software are performed to get an
indication of the thickness range of the a-Si:H top cell, see Appendix E.
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6.4. Tandems V-shape

In the previous paragraphs we have seen that the top and bottom cell were not current
matched. One of the manipulation options is to decrease the top cell a-Si:H thickness while
using the V-shaped GeH, flow rate. Therefore, in this paragraph the a-Si:H thickness is
decreased from 250 to 150 nm. A total thickness of 170 nm is used for a-SiGe:H bottom cell
with a n/i width of 136 nm and an i/p width of 34 nm.
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Figure 6.3: The effect of different a-Si:H top cell thickness with a 170 nm a-SiGe:H bottom cell absorber with a V-shape GeH,4
flow rate of 5.3 sccm on solar cell parameters of tandem solar cells (a) and the effect on EQE (b).

An increase in a-Si:H thickness linearly decreases the FF from 0.72 to 0.65. This is likely
caused by an increase in Rs from 12.4 to 16.2 Qm?. The V,, increases with an increase in
thickness, due to an increase in Ry, from 16148 to 18673 Om?. Additionally, a single junc-
tion a-SiGe:H with a V-shape and a GeH, flow rate of 5.3 sccm can reach a V. of 570 mV,
which means that in this two-junction device 880 mV is reached in the top cell of 250 nm.
Figure 6.3a indicates that an increase of the a-Si:H thickness improves the voltage of the top
cell, namely an additional 55 mV over 100 nm extra thickness of a-Si:H.

The efficiency reached the maximum at an a-Si:H thickness of 200 nm, which gives an effi-
ciency of around 8%. The top cell becomes current limiting here, while at 250 nm the current
mismatch is higher and the bottom cell is limiting.

Figure 6.3b reveals that the low top cell Jg. for a thickness of 150 nm is out of the expected
range. It is likely that this is due to the fact that a thinner top layer than 150 nm is deposited
due to non-uniformity in the process. The thinner a-Si:H layer decreases the top cell J,. and
therefore increases the Jg. of the bottom cell.

Measurements, see Appendix D, show that the refractive index increases linearly with addi-
tion of GeH, in a-SiGe:H. The use of a GeH, flow rate of 5.3 sccm at the V-shaped a-SiGe:H
layer results in relatively high refractive index of around 4.8, at a wavelength of 589 nm,
which creates a large refractive index mismatch at the i/p interface of the bottom cell. A
fraction of the light is, therefore, reflected to the top cell before being absorbed by the bottom
cell absorber layer, due to the sharp edge at the i/p interface of the bottom cell.
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6.5. Tandems U-shape

In the previous paragraph we have seen that with the use of the V-shape a-SiGe:H absorber,
the top and bottom cell were not completely current matched. One of the manipulation op-
tions is to decrease the top cell a-Si:H thickness while using the U-shaped GeH, flow rate.
Therefore, in this paragraph the a-Si:H thickness is decreased from 250 to 150 nm. Addi-
tionally, a U-shaped GeH, flow rate with a total thickness of 170 nm is used for a-SiGe:H
bottom cell with a n/i width of 34 nm, an i-i width of 102 nm and an i/p width of 34 nm.

The U-shape is used in the tandem due to the higher J,. compared to other shapes, shown
in Chapter 5.
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Figure 6.4: The effect of different a-Si:H top cell thickness with a 170 nm a-SiGe:H bottom cell absorber with a U-shape GeH,
flow rate of 5.3 sccm on solar cell parameters of tandem solar cells (a) and the effect on EQE (b).

Figure 6.4a shows that the use of the U-shape adds more GeH, in the layer, which decreases
the bottom cell bandgap. This lowers the V. and increases the Ji.. The V. of the U-shape is
5% lower than the V-shape. The decrease in FF, while increasing a-Si:H thickness, is mostly
dictated by the increase in Rs from 15.2 to 18.8 Om?. The V. decreases with an increase in
thickness, partly due to a decrease in Ry, from 14584 to 10732 Qm?.

As can be seen in Figure 6.4b the top cell becomes current limiting, due to GeH, addition.
The best result for the U-shape is achieved with a thickness of 250 nm for the a-Si:H top cell
and gives an efficiency of around 7.8%.

With the use of the U-shape, less light is reflected back to the top cell compared to the
V-shape, due to both the absence of a sharp edge at the i/p side and the high constant re-
fractive index at a high GeH, flow rate. Therefore, it is likely that more light is absorbed in
the bottom cell and a small fraction is reflected back compared to the V-shape. Addition-
ally, a possible explanation can be that high GeH, flow rate changes the morphology and the
texturing of the bottom cell. Therefore, it becomes more rough and less light will be scat-
tered /reflected back to the top cell. This can be due to internal reflection by the roughness
created at the average high GeH, flow rate in the U-shape.

Figure 6.3 and 6.4 clarify this statement. The U-shape results show that the top cell absorbs
less current than the V-shape, due to less sharp edges at the i/p interface. The parasitic ab-
sorption of the cell becomes more sensitive to the TCO and top cell thickness (a-Si:H). Other
parasitic absorption can be due to the n-a-Si:H from the top cell in the tunnel recombination
junction of the two cells. The absorptance showed smaller losses around 750-800 nm for the
U-shape compared to the V-shape, due to higher GeH,flow rate more light will be effectively
transmitted to the bottom cell.
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6.6. Overview tandems

Table 6.1: Overview of parameters of the best V- and U-shape a-Si:H/a-SiGe:H tandem solar cells with a GeH, flow rate of 5.3

sccm.

Tandems Efficiency Voe FF Jsc Top | Jgc Bottom
[%] [mV] [1 | [mA/cm?] | [mA/cm?]
a-Si:H 200 nm/a-SiGe:H 170 nm - V-shape 7.99 1395.00 | 0.69 8.34 8.95
a-Si:H 250 nm/a-SiGe:H 170 nm - U-shape 7.73 1324.67 | 0.67 8.76 10.20

Table 6.1 displays that the overall champion solar cell is the V-shaped cell with a thickness
of 200 nm with a high bandgap a-Si:H top cell and a thickness of 170 nm for the a-SiGe:H
bottom cell. This champion tandem solar cell generates a V. of 1395 mV, a FF of 0.69, a
current limiting Jg. of 8.34 mA/cm? and a final efficiency of 7.99%.

We have seen that an increase in GeH, flow rate increases the defect density. This is ex-
plained by the Raman spectra, the decreasing FF and previous literature. However, the re-
search showed that it is possible to manipulate the cell by changing the a-SiGe:H absorber.
The change in top and bottom cell thickness, the maximum GeH, flow rate and the U- and
V-shape profiles can all be interesting manipulation options in a multi-junction device for
different purposes, due to their flexibility, to increase the current limiting J,. to improve
current matching.




Conclusions and Recommendations

In this thesis the development of n-i-p substrate a-SiGe:H thin-film silicon solar cells is stud-
ied. In particular, it focuses on the intrinsic a-SiGe:H layer. This chapter provides a summary
of the most important findings of this thesis. Additionally, it provides recommendations for
further research. The aim of this thesis is summarized by the following statement:

”The characterization and determination of the range of device grade a-SiGe:H absorbers, that
can flexibly be used in multi-junction devices, taking into account absorber bandgap, thickness,
grading profile and buffer layers”.

This statement was divided in four scientific questions. The following sections will discuss
those scientific questions.

7.1. Material characterization

The first research question, stated in Chapter 1 is:
Which combination of deposition parameters can be used to process a range of device grade
a-SiGe:H absorber layers?

The material characterization was carried out in Chapter 4. An investigation of deposition
parameters showed that variation of the peak flow rate of GeH,/SiH,4 can directly influence
the optical-, electrical- and material properties due to the fact that it changes the GeH, con-
centration in the material. An increase in GeH, peak flow rate from 0.8 to 5.3 sccm decreases
the bandgap by around 0.2 eV. It increases dark conductivity by 102 S/cm, likely related to
bandgap decrease and defect increase. This decrease in bandgap is related to the increase
in Ge-Ge bonds and due to the fact that Ge has a lower bandgap, 0.67 eV, compared to Si,
1.11 eV. Additionally, the absorption coefficient increases with increasing GeH, flow rate.

However, the H,/SiH, ratio, the deposition pressure, the substrate temperature and the
deposition power can have an indirect influence on the properties by indirectly changing the
GeH,4 composition in the material, which is assumed to be the most important in this the-
sis. The influences of different deposition parameters on the dark conductivity, bandgap and
absorption coefficient are summarized in Table 4.2.

7.2. Single junction solar cell grading

The second research question, stated in Chapter 1 is:
Which bandgap grading profile in terms of shape, grading region width and absorber thickness
should be used to process a range of device grade a-SiGe:H absorber single junction devices?

After material characterization a reference n-i-p substrate solar cell is fabricated with Corn-
ing glass as substrate. This fabrication is done by reversing the p-i-n superstrate single
junction a-SiGe:H solar cell processed by the PVMD group [63]. Due to low performance,
manipulation techniques are used.
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We have seen that an increase in GeH, flow rate from 1.6 to 5.3 sccm decreases the V.
from 740 to almost 510 mV, the FF drops around 0.15, the defect density increases and that
the J,. increases by almost 3.5 mA/cm?, which is related to bandgap decrease of over 0.2 eV
in a-SiGe:H films. Therefore, the GeH, flow rate can be an interesting manipulation option
in multi-junction devices.

Bandgap grading of the intrinsic layer is another important manipulation technique and
is carried out in Chapter 5. The shapes consist of bandgap grading in the absorber through
GeH,4 concentration profiling. The E-, U- and V-shapes are proposed as different grading pro-
files. The V-shape suffers due to an average lower GeH, flow rate from a lower Jg., however
it still outperforms other shapes based on the product of V. and FF. It increased the overall
performance by 22%.

Additionally, an increase in n/i grading width from 80-120 nm mainly increased the FF,
due to lower recombination at the n/i interface, which is related to a higher overall bandgap
and increase of carrier collection. Finally, an increased absorber layer thickness of more
than 150 nm suppresses the V.. and FF, but enhances the J,.. This is another interesting
manipulation tool for multi-junction devices.

7.3. Single junction solar cell buffers

The third research question, stated in Chapter 1 is:
Which buffer layer and buffer layer thickness should be be used to process a range of device
grade a-SiGe:H absorber single junction devices?

The different buffer options were carried out in Chapter 5. High bandgap i-a-SiGe:H and
i-a-Si buffers are investigated both on the defective n/i and i/p interfaces, including buffer
thickness change from O to 11 nm. The n/i interface was most crucial for significant improve-
ment. The increase of i/p i-a-SiGe:H buffer thickness increased the Jg., but did act as charge
barrier and significantly decreased the FF. Combining the n/i i-a-SiGe:H and i/p i-a-SiGe:H
buffers did support each other in terms of increased Jg., but suffers from FF decrease. The
extra addition of 3.2 nm n/i i-a-Si buffer with 5 nm n/i i-a-SiGe:H buffer increased both
V.. and FF compared to single i/p i-a-SiGe:H and single n/i i-a-SiGe:H buffer and suffers
slightly from a decrease in Jg.. Therefore, the combination of 3.2 nm n/i i-a-Si buffer and
S nm n/i i-a-SiGe:H buffer outperformed the other buffers, which included different i/p i-
a-SiGe:H and n/ii-a-SiGe:H buffer thicknesses, and increased overall performance by 14.3%.

The overall champion single junction a-SiGe:H solar cell has a 3.2 nm n/i i-a-Si buffer com-
bined with a 5 nm n/ii-a-SiGe:H buffer, a V-shape GeH, peak flow rate of 2.4 sccm, a 134 nm
n/i grading width, a 36 nm i/p grading width and a total absorber thickness of 170 nm. This
champion single junction solar cell generates a V,. of 735 mV, a FF of 0.64, a Ji. of 13.23
mA/cm? and a final efficiency of 6.2%, while the first deposited a-SiGe:H single junction solar
cell, the earlier mentioned flipped p-i-n a-SiGe:H, had a V. of 508 mV, a FF of 0.39, a Jg. of
9.9 mA/cm? and a final efficiency of 2.9%. This is a relative increase of 113.8% in efficiency.
Therefore, it can be said that buffer type and thickness, different profiling schemes, grading
widths and total absorber thickness can strongly improve the overall device performance of
a n-i-p substrate a-SiGe:H single junction solar cell.

7.4. Two-junction solar cell

The final research question, stated in Chapter 1 is:
To what extend can the a-SiGe:H absorber layer be manipulated for use in a multi-junction
device?

The different two-junction device manipulation techniques were carried out in Chapter 6.
The current generated by the top cell and the bottom cell should be matched so that the
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output of the device is maximal. The first tandems showed that the bottom and top cell were
not matched. Therefore, based on the single junction device results different manipulation
techniques are used, namely (i) a-Si top cell replacement by a-Si:H, (ii) variation of the GeH,
peak flow rate, (iii) changing thickness of the a-Si:H top cell and (iv) variation of the a-SiGe:H
grading shape from V- to U-shape. The goal of these manipulation techniques is to decrease
the overlap of spectral absorption between the top and bottom cell for current matching.

Firstly, the change of a-Si to a-Si:H increases the transmitted light to the bottom cell and
increases the bandgap of the top cell, which decreases the Jg. in the top cell. Secondly,
Chapter 4 indicated that the Jg. increases by increasing the GeH, flow rate. An increase in
GeH, flow rate decreases the V. and FF. Thirdly, the decrease of a-Si:H top cell thickness
decreases the V. and Jg. of top cell, but transmits more light to the bottom cell. Finally,
the change in a-SiGe:H shape from V to U decreases the overall bandgap of the a-SiGe:H
bottom cell, which leads to an increase in Ji.. The V-shape showed a larger refractive index
mismatch at the i/p interface of the bottom cell. A fraction of the light is, therefore, reflected
to the top cell before being absorbed by the bottom cell absorber layer, due to the sharp edge
at the i/p interface of the bottom cell. Additionally, more light is reflected back to the top cell
when using the V-shape compared to the U-shape, where more light is internally reflected,
likely by an increase in roughness due to the high constant GeH, flow rate. The V-shape
a-SiGe:H bottom cell increases the Jg. of the top cell compared to the U-shape.

The overall champion tandem solar cell consists of a 200 nm a-Si:H top cell and a 170 nm
a-SiGe:H bottom cell with a V-shape GeH, peak flow rate of 5.3 sccm. This champion tandem
solar cell generates a V.. of 1395 mV, a FF of 0.69, a current limiting Jg. of 8.34 mA/cm?
and a final efficiency of 7.99%.

7.5. Recommendations

The main focus of the recommendations will be on the multi-junction tandem. However, on
material characterization level extra XPS measurements for typical content description of the
Ge in the layer could be performed. Optionally, PDS measurements on a-SiGe:H for precise
determination of the absorption coefficient could be done. However, the most interesting
recommendations will be focused on multi-junction devices.

Firstly, the thickness of a-Si:H top cell could be increased, while using the U-shape a-SiGe:H
for current matching of the Jg. of top and bottom cell. It is likely that in such a two-junction
device a current matching J. of around 9.4-9.5 mA/cm? could be reached. However, the V.
will be lower compared to the V-shape, but will increase compared to a thinner a-Si:H top
absorber. Nonetheless, the long wavelength absorption of the U-shape can give some con-
flicts if a triple-junction will be used, because the bottom nc-Si cell starts absorbing around
900-1000 nm and if the bottom layer won'’t get sufficient light it will be current limiting.

Secondly, the thickness of the a-Si:H top cell could be increased, while using the V-shape
a-SiGe:H. It is likely that in a two-junction device current matching Jg. of 8.5-8.6 mA/cm?
can be reached, including a higher V,. compared to the U-shape. The V. can even increase
further if it follows the trend. Moreover, an advantage is that this bottom cell is less absorbing
in the longer wavelengths and will likely increase the chance of sufficient current absorption
in the nc-Si bottom cell in a triple-junction tandem device. Therefore a trade-off can be made
between both U- and V-shape for the a-SiGe:H cell, depending on the purpose of the device.

Finally, the U- and V-shape could be customized, so a wide n/i grading will be combined
with a short i-i plateau so the Jg. could be increased, while just suppressing the V. slightly.
Further investigation depends on the type of device and the desired output in terms of V., and
Jsc- This also includes p-layer optimization, due to the fact that it will be part of the tunnel
recombination junction of the multiple-junction solar cell. Therefore, parasitic absorption
could be reduced by optimizing this layer.
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Appendix A PECVD deposition extra
background

Deposition steps PECVD
The deposition by RF PECVD discharge can be divided into four steps [40]:

1. Initially, electron-impact excitation, dissociation and ionization of the precursor gasses
generate the primary constituents oft he plasma, in which they react through gas phase
reactions.

2. The gas phase reactions are determined by the plasma physics and chemistry. They
can be divided into two types of reactions, which conditions define the flux and nature
of the reactive species diffusing from the plasma to the substrate: primary reactions,
leading to neutral radicals together with ions on the one hand and secondary reactions,
leading to higher radicals (species with higher mass than the species of the feed gasses,
formed by successive reactions) and nanoclusters on the other hand.

3. Plasma-surface interactions, such as physisorption and chemisorption, diffusion, etch-
ing and abstraction by reactive species, define the conditions on the growing surface
that result in the film formation. Modification of the growth surface by atomic hydrogen
is also part of this process.

4. The final step is the series of reactions taking place in the growing zone. Cross-linking
reactions result in the formation of the film and relaxation of the silicon network.

Chemical reactions behind GeH,

The main chemical reactions taking place in the plasma with Ge,4 are equation A.1 and A.3.

e” + GeHy = GeHz + H + 7 [80 — 85%)] (A.1)

This product creates a film by:

2GeH; = (Ge)s + GeH, + H, (A.2)
The other 15-20% of the chemical reactions, which are taking place is the following:
e + GeHy = GeH, + 2H + e [15 — 20%)] (A.3)

this product is followed by a reaction with two different products, but the same reactant

GeH, + GeH, = GeH,Hgq (A.4)
GeH, + GeH, > H;GeGeH + H, (A.5)

As can be seen by the equations there are 2-body and 3-body reactions. A three-body reaction
is a reaction of two species A and B to yield one single product species AB, while 2-body
reactions is a reaction of two species which will result in two different products.
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Chemical reactions behind SiH,4

The main chemical reactions taking place in the plasma with Si, are equation A.6, A.12 and
A.14.
e” + SiH, = SiH, + 2H + e7[80 — 90%)] (A.6)

This dominant reaction is followed by different possible reactions creating 2 or 3 body reac-
tions. Both the reactions have different products, while having same reactants

SiH, + SiH, = Si,Hy (A7)

SiH, + SiH, = H;SiSiH + H, (A.8)

The second chemical reactions which takes place from the product of equation A.6 are dif-
ferent. Or the previous two reactions take place, or those three reactions will take place. All
of them have the same reactants, but different products.

SiH, + GeH, = SiGeH, (A.9)
SiH, + GeH, = HyGeSiH + H, (A.10)
SiH, + GeH, = H,GeSiH, + H, (A.11)

As can be seen from equations A.9, A.10 and A.11 two are 2-body reactions and one is a
3-body reaction. The second important main chemical reaction which takes place consist of
0-20%.

e  +SiH, = SiH+ 2H + H, + e [0 — 20%)] (A.12)

followed by
SiH + GeH, = SiGeHg (A.13)

The third and last chemical reaction related to SiH; has the smallest impact, because it
covers 10% of the total chemical reactions.

e” + SiH, = SiHz + H + e"[< 10%)] (A.14)

creating a film by

2SiH; = (Si); + SiH, + H, (A.15)

The complex H,GeSiH, (A.11) is expected to contribute to growth, while the other products of
the 2-body reactions react with SiH, or GeH, to create higher radicals. Therefore, the growth
of a-SiGe:H can be described by considering first the reactions of SiH, alone (A.6). When
GeH, is added, Doyle et al. have observed that Si;Hg production (A.7) decreases because the
radical SiH, preferentially reacts with GeH,, producing SiGeHg and H,GeSiH, (reactions A.9
A.11).

The last radical is not very reactive and should reach the substrate, contributing to growth.
The efficiency in Si incorporation in the material is thus increased by the addition of GeHy,.
On the other hand, most of the H (from all reactions) will react with GeH,, due to its higher
rate constant, explained in coming paragraph, compensating the losses of GeH; due to the
reaction of GeH, with SiH,. In this way, the efficiency of Ge deposition remains roughly
constant [40].



Appendix B Material characterization

Figure B.1 displays the three different measured bandgap methods.
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Figure B.1: The effect of variation of GeH, flow rate on a-SiGe:H film on three different bandgaps.

Figure B.1 displays the three different measured bandgap methods.
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Figure B.2: Reflectance and transmittance measurements at three different measurement points on one intrinsic layer.

Figure B.2 indicates the transmittance and reflection measurements at three different points
in the a-SiGe:H layer. It shows that the layers are not completely uniform and therefore small
difference in absorptance can be found in the wavelength ranges from 700 to 900 nm, which
is the workable wavelength range. It can be stated that the germanium is deposited by a
shower head scattered over the intrinsic layer, which causes a difference in total transmit-
tance, reflectance and absorptance of the layer. However, the differences are in between a
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range of 5% standard deviation, so therefore the layers are suitable under those deposition

conditions.

Figure B.3, B.4 and B.5, B.6, B.7 and B.8 display the different absorption coefficient and
activation energy curves for variation of GeH, flow rate, SiH, flow rate, H, flow rate, sub-
strate temperature, deposition power and deposition pressure for a wavelength range from

400 - 1200 nm. The vertical lines display the ranges where Germanium is mostly active.
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Figure B.10: The effect of variation of H, flow rate of a-SiGe:H film on the stability part of the Raman spectrum (a) and the

effect of variation of substrate temperature of a-SiGe:H film on the stability part of the Raman spectrum (b).

0.0010 T T Za T T T
Pressure 1.6 mba
Pressure 2 mbar
0.0008 | Pressure 3 mbar
@ —— Pressure 3.6 mbal
S —— Pressure 4.8 mba
£ 00006 —— Pressure 6 mbar
A
2
‘@
& 00004 -
=
0.0002
0.0000 1 ’l/ 1 1 1 1
600 700 1800 1900 2000 2100 220C

Raman Shift [1/cm]

Figure B.11: The effect of variation of deposition pressure of a-SiGe:H film on the stability part of the Raman spectrum






Appendix C Single junction solar cell

A difference between front and back TCO is made. Firstly, depositions focusing on the front
TCO will be done. As a front TCO both AZO and ITO are proposed.

The TCO is one of the essential components in various state-of-the-art opto-electronic de-
vices. They are used to improve the transport of collected carriers to the external circuit.
TCO’s are highly electrical conductive materials with comparably low absorption of electro-
magnetic waves within the active wavelength range of the spectrum. Typically, TCO’s use
electrode materials that have greater than 80% transmittance of incident light and an elec-
trical conductivity higher than 10® S/cm for efficient carrier transport [64]. In general, TCO’s
for use as thin-film electrodes in solar cells should have a minimum carrier concentration in
the order of 102° cm™ for low resistivity and a bandgap greater than 3.2 eV to avoid absorption
of light over most of the solar spectra [78].
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Figure C.1: The effect of different front TCO’s tested by p-SiC layers with ITO (a) and AZO (b).

Multiple tests are performed, but only the results from Figure C.1 are displayed in the thesis.
Figure C.2 clearly displays that the Corning glass-AZO outperforms the Asahi substrate on
both V,. and FF level. However, the Jg. of Asahi is higher, due to better light trapping tech-
niques as displayed in Table C.1. The decision is made to further proceed with the Corning
glass-AZO combination. This is based on major advantages on V.. and FF level compared to
a slightly lower Jg..

It identifies that Corning glass with AZO as a back TCO can be used, because AZO is the
most reliable and best performing available TCO and at the back a reliable TCO with high
stability is required.

Figure C.3 indicates the earlier mentioned different deposition conditions performed for p-
SiC. An optimized carbon content of 45 sccm is chosen, based on previous research con-
ducted by the PVMD group [79].The whole optimization process of p-SiC had several different
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Figure C.2: p-SiOx layers with different back TCO’s, namely with Corning glass - AZO (a) and Asahi glass - thin protective AZO
(b).

Table C.1: Jg on different GeH, flow rate samples on Asahi glass and Corning Glass substrates.

GeH, flow rate [sccm] | 5.3 | 4.3 365 |24 | 1.6 | 0.8
Jsc[mA/cmz] Asahi glass 14.274 | 15.262 | 16.547 | 15.821 | 15.735 | 11.544
Jsc[mA/ecm?] Corning glass - AZO | 13.656 | 13.423 | 14.838 | 11.984 | 11.563 | 10.691

steps, namely varying thickness of the p-layer (between 4 and 20 nm), doping concentration
(1-5 sccm), pre Hy-treatment, post Hy treatment, H, dilution (0-200 scem), buffer layer and
grading, which was followed by different intrinsic layer thicknesses.

Before going into series of effects of variation of intrinsic layer parameters, optimization of
the p-layer based on SiOx:H is done, due to the fact that p-SiOx:H showcased that it out-
performs p-SiC. Several different optimization steps are done, based on variation of the layer
thickness, the intrinsic i-nc-Si seed layer (without and varied between 1 and 3 nm), Hy dilu-
tion, different H, treatment and ramping schemes of p-SiOx:H, like ramping from p-nc-Si to
p-nc-SiOx:H and lastly additional p-nc-Si buffer layer addition.
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Figure C.3: Different deposition conditions first round of p-SiC (a) and second round of p-SiC (b).

Due to this effect of AZO on top it is chosen to use ITO as top TCO. Figure C.4 indicates the
earlier mentioned favorably of ITO compared to AZO as a front TCO, whereas both FF and
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Figure C.4: p-SiC layers of 10 nm with different Transparant Conductive front Oxides, namely ITO (a) and AZO (b).
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V.. are way lower than for ITO deposition and even the workability of the cells decreases.
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Figure C.5: The effect of optimized p-SiC on a-SiGe:H solar cell parameters (a) and the effect of p-SiOx on solar cell
parameters (b).

Different ramping from n-nc-Si to n-SiOx, H, dilution, H, pre- and post treatment and addi-
tional 2 nm n-a-Si buffer layer.
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Figure C.6: The E-shape grading EQE graph
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Figure C.7: Voc and FF of p-SiC layers with variation of thickness (a) and variation of doping concentration (b).

Figure C.7 displays the different p-SiC series under variation of doping concentration and
thickness change. Firstly different Hy conditions, big thickness changes and H, treatments
are performed which indicated a thickness around 10 nm as best performer and therefore
steps are reduced and doping levels of the p-layer are changed around a thickness of 10 nm.

1.0 T T T T T 1.0 T T T T T
09 | — 1scem| 0.9 8
[ —— 2scem| | I nm | 4
o8 r ‘ 3scem| | °°T — 10nm/ 7
0.7 07 L — 12nm| |
L L —— 14nm
__06 4
O L
w 0.5
g
w

0.0 L 1 L L 1 L 1 L . L s
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)
(a) (b)

Figure C.8: EQE of p-SiC layers as a function different doping concentration (a) and function of different thickness (b).

Figure C.8 exposes the effects of p-SiC deposition with ITO as front TCO with different thick-
ness and different doping parameters for the p-SiC layer. This figure displays that the smaller
the doping gas flow rate the higher the response in shorter wavelength regions. While a thin-
ner layer clearly shows that more recombination can be found in the cell bulk and rear plus
more light will be unabsorbed. This will decrease the spectral response and generate a lower
final current density.



Appendix D LID and refractive index
background

Table D.1: The effect of Light Induced Degradation under different GeH, flow rate conditions on the V. in mV.

Time | GeH,; 5.3 | GeH, 4.3 | GeH, 3.65 | GeH, 2.4 | GeH, 1.6 | GeH, 0.8
[hours] [sccm] [sccm] [sccm] [sccm] [sccm] [sccm]
0 515.3 543.7 584.2 651.9 741.2 760.5
15 515.0 540.6 580.5 637.0 701.7 709.0
24 514.0 540.4 576.3 631.3 694.6 703.3
48 514.0 535.7 556.0 618.8 681.6 686.7
250 495.3 513.0 522.3 579.2 640.8 648.0
500 479.6 485.4 505.7 561.0 619.7 623.8
1000 468.3 484.7 496.6 551.0 603.6 609.5

Table D.2: The relative effect of Light Induced Degradation under different GeH, flow rate conditions on the V. in %.

Time | GeH, 5.3 | GeH, 4.3 | GeH,; 3.65 | GeH; 2.4 | GeH, 1.6 | GeH, 0.8
[hours] [sccm] [sccm] [sccm] [sccm] [sccm] [sccm]
0 0% 0% 0% 0% 0% 0%
15 -0.1% -0.6% -0.6% -2.3% -5.3% -6.8%
24 -0.2% -0.6% -1.4% -3.2% -6.3% -7.5%
48 -0.2% -1.5% -4.8% -5.1% -8.0% -9.7%
250 -3.9% -5.6% -10.6% -11.1% -13.5% -14.8%
500 -6.9% -10.7% -13.4% -13.9% -16.4% -18.0%
1000 -9.1% -10.9% -15.0% -15.5% -18.6% -19.9%

Table D.3: The effect of Light Induced Degradation under different GeH, flow rate conditions on the FF.

Time | GeH, 5.3 | GeH, 4.3 | GeH,; 3.65 | GeH,; 2.4 | GeH, 1.6 | GeH, 0.8
[hours] [sccm] [sccm] [sccm] [sccm] [sccm] [sccm]
0 0.410 0.367 0.432 0.466 0.522 0.548
15 0.343 0.324 0.377 0.398 0.433 0.477
24 0.331 0.318 0.366 0.387 0.419 0.463
48 0.296 0.305 0.336 0.352 0.384 0.431
250 0.256 0.276 0.275 0.291 0.316 0.334
500 0.254 0.269 0.272 0.284 0.305 0.320
1000 0.253 0.269 0.268 0.279 0.298 0.312
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Table D.4: The relative effect of Light Induced Degradation under different GeH, flow rate conditions on the FF in %.

Time | GeH; 5.3 | GeH, 4.3 | GeH,; 3.65 | GeH; 2.4 | GeH, 1.6 | GeH, 0.8
[hours] [sccm] [sccm] [sccm] [sccm] [sccm] [sccm]
0 0% 0% 0% 0% 0% 0%
15 -16.3% -11.9% -12.7% -14.6% -17.1% -12.9%
24 -19.3% -13.5% -15.3% -16.9% -19.8% -15.5%
48 -27.6% -17.1% -22.2% -24.6% -26.5% -21.4%
250 -37.5% -25.0% -36.2% -37.6% -39.5% -39.1%
500 -37.9% -26.6% -37.1% -39.0% -41.6% -41.6%
1000 -38.2% -26.7% -37.9% -40.2% -42.9% -43.0%

Table D.5: The Refractive index (n) data for a wavelength from 500 - 715 nm of different GeH, flow rate.

GeH; |16 |24 |33 |43 |53 |GeHy; |16 |24 |33 |43 |53
nm n n n n n nm n n n n n
500 483|480 | 484 | 485 | 4.85 | 612 455 | 459 | 467 | 473 | 4.77
504 483 | 480 | 484 | 485 | 4.85 | 615 454 | 458 | 4.67 | 4.73 | 4.77
507 482 | 480|483 | 485 | 4.85 | 618 453 | 457 | 466 | 4.72 | 4.76
510 4.82 | 480 | 4.83 | 4.85 | 4.85 | 621 452 | 456 | 4.65 | 4.71 | 4.76
513 481|479 | 483 | 485 | 4.85 | 624 451|455 | 464 | 471 | 475
516 4.80 | 4.79 | 4.83 | 4.85 | 4.85 | 627 450 | 454 | 463 | 4.70 | 4.74
519 480 | 4.78 | 4.83 | 4.85 | 4.85 | 631 449 | 453 | 463 | 4.69 | 4.74
521 479 | 4.78 | 4.83 | 4.85 | 4.85 | 634 448 | 4.53 | 4.62 | 4.69 | 4.73
523 479 | 478 | 4.82 | 4.85 | 4.85 | 637 447 | 452 | 461 | 468 | 4.73
524 479 | 4.78 | 4.82 | 4.85 | 4.85 | 640 446 | 4.51 | 460 | 4.67 | 4.72
526 478 | 4.78 | 4.82 | 4.85 | 4.85 | 643 445 | 450 | 459 | 4.67 | 4.72
527 478 | 4.77 | 4.82 | 4.85 | 4.85 | 646 444 | 449 | 459 | 4.66 | 4.71
529 478 | 4.77 | 4.82 | 4.85 | 4.85 | 650 443 | 448 | 4.58 | 4.65 | 4.70
531 477 | 4.77 | 4.82 | 4.85 | 4.85 | 653 442 | 447 | 4.57 | 4.64 | 4.70
534 477 | 476 | 4.81 | 4.84 | 4.85 | 656 441 | 446 | 4.56 | 4.64 | 4.69
537 476 | 4.76 | 4.81 | 4.84 | 4.85 | 659 440 | 445 | 4.55 | 4.63 | 4.68
540 475 | 475 | 4.81 | 4.84 | 4.85 | 662 439|444 | 454 | 462 | 4.68
543 474 | 475 | 4.80 | 4.84 | 4.85 | 665 438 | 443 | 4.54 | 4.61 | 4.67
546 474 | 474 | 4.80 | 4.83 | 4.85 | 669 437 | 443 | 453 | 4.61 | 4.66
550 473 | 473 | 479 | 4.83 | 4.84 | 672 436 | 442 | 452 | 4.60 | 4.66
553 472 | 473 | 479 | 4.83 | 4.84 | 675 435|441 | 451 | 459 | 4.65
556 471|472 | 478 | 4.82 | 4.84 | 677 434 | 440 | 451 | 459 | 4.65
559 470 | 471 | 4.78 | 4.82 | 4.84 | 678 4.34 | 440 | 4.50 | 4.58 | 4.64
562 469 | 4.71 | 477 | 4.82 | 4.83 | 680 434 | 439 | 450 | 4.58 | 4.64
565 468 | 4.70 | 4.77 | 4.81 | 4.83 | 681 433|439 | 449 | 458 | 4.64
569 468 | 469 | 4.76 | 4.81 | 4.83 | 683 433 | 438 | 449 | 457 | 463
572 4.67 | 4.69 | 4.76 | 4.80 | 4.83 | 684 432 | 438 | 448 | 4.57 | 4.63
575 466 | 468 | 4.75 | 4.80 | 4.82 | 686 432 | 437 | 448 | 4.56 | 4.62
578 4.65 | 4.67 | 4.74 | 4.79 | 4.82 | 689 4.31 | 437 | 447 | 4.56 | 4.62
581 464 | 466 | 4.74 | 4.79 | 4.81 | 692 430 | 4.36 | 4.46 | 4.55 | 4.61
585 463 | 4.66 | 4.73 | 4.78 | 4.81 | 696 429 | 435 | 445 | 4.54 | 4.60
588 462 | 465 | 4.72 | 4.78 | 4.81 | 699 428 | 434 | 445 | 453 | 4.60
591 461 | 464 | 472 | 4.77 | 4.80 | 702 4.27 | 4.33 | 444 | 4.52 | 4.59
594 460 | 463 | 4.71 | 4.77 | 4.80 | 705 426 | 432 | 443 | 4.52 | 4.58
597 459 | 462 | 470 | 4.76 | 4.79 | 708 425 | 431|442 | 451 | 4.57
599 459 | 462 | 470 | 4.76 | 4.79 | 711 424 | 430 | 441 | 450 | 4.57
600 458 | 462 | 470 | 4.76 | 4.79 | 715 423 | 429 | 440 | 449 | 4.56
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