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Abstract

Multi-junction solar cells, particularly those that combine amorphous silicon (a-5i ) and nanocrys-
talline silicon (n-Si) materials, represent a promising strategy to boost the efficiency of solar energy
conversion. By integrating a-Si and nc-Si layers within a tandem configuration, these cells optimize
the utilization of the solar spectrum, effectively overcoming the limitations associated with traditional
single-junction solar cells. Positioned as the top cell, the a-Si layer absorbs shorter-wavelength light,
complemented by the nc-Si layer beneath it, which captures longer-wavelength photons. This synergis-
tic absorption capability results in broader spectral coverage and significantly enhanced overall efficiency.

Although thin film silicon solar cells present numerous advantages, they are not without drawbacks
and challenges. A significant issue is stability and degradation, particularly concerning the sensitivity
of amorphous silicon (a-5i ) to light-induced degradation.

Silicon carbide (SiC) and silicon oxide (S5iOx) have garnered increased attention to reduce the parasitic
absorption at the p layer when compared to p-aSi.An outstanding question is how the integration of
p-SiC and p-5iOx impacts the metastability of the solr cells. Previous work in the PVMD group at TU
Delft has studied the stability of the p-nc-SiOx in detail revealing from experimental results that stable
efficiency remains elusive.

This thesis investigates the impact of p-a-SiC on the light-induced degradation (LID) of p-i-n solar cells,
aiming to compare its degradation performance with that of p-nc-SiOx. Prior to comparison, p-a-SiC
fabrication via plasma-enhanced chemical vapor deposition (PECVD) is extensively explored, as it
serves as a widely used light absorber in thin-film silicon solar cells. Various parameters such as power
pressure and gas flow rate of the source gas for silicon carbide formation are meticulously studied
to achieve optimal P-a-SiC performance. Once the optimal fabrication conditions are identified, light
absorption experiments are conducted and characterized using JV and EQE measurements to assess
LID performance.
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Introduction

11. Thin-film technology

The development of crystalline silicon (c-Si) solar cells began in 1954 when Bell Labs produced the
first functional photovoltaic (PV) cell. This pioneering cell, made from crystalline silicon, achieved an
efficiency of approximately 6%, marking a crucial breakthrough in harnessing sunlight for electricity.
This innovation laid the foundation for future solar technology advancements. [1]. For more than
three decades, crystalline silicon (c-Si) has maintained its leading position in the solar market due to
several key factors. First, efficiency: monocrystalline silicon cells, in particular, deliver high-efficiency
levels, often surpassing 20%, making them a dependable option for a wide range of applications.
Secondly, durability: crystalline silicon panels are known for their long-term stability and robustness,
consistently delivering reliable performance for over 25 years. Lastly, cost reduction: improvements
in manufacturing techniques and economies of scale have substantially decreased production costs,
making c-Si cells more affordable and widely available. Thanks to these advantages, crystalline silicon
has remained dominant in the market for more than 30 years[2].

On the other hand, thin-film solar cells are a kind of photovoltaic cell created by layering one or more
thin films of photovoltaic material onto a base. These cells are recognized for their lightweight nature,
flexibility, and lower production costs compared to traditional silicon-based cells. The main materials
used in thin-film cells are amorphous silicon (a-5i), Cadmium Telluride (CdTe), and Copper Indium
Gallium Selenide (CIGS). Due to their flexible and lightweight properties, thin-film cells are often
utilized in scenarios where these characteristics are crucial, such as in building-integrated photovoltaics
and portable solar devices.[3].

Thin-film solar cells come in various types, with CdTe being a prominent material in this category. CdTe
has long dominated the thin-film solar panel market due to its effectiveness in converting sunlight into
electricity and its comparatively low manufacturing costs. Recent data indicates that CdTe accounts
for roughly 50% of the global market share in thin-film photovoltaic technologies [4]. Nonetheless,
cadmium is a highly toxic heavy metal, and its use in CdTe solar panels poses significant environmental
and health concerns [5]. Secondly, CIGS is a significant player in the thin-film solar cell market, though
it holds a smaller share compared to CdTe. As of recent estimates, CIGS accounts for about 10-15%
of the global thin-film solar market [4]. The drawback of CIGS solar cells is that they use rare and
expensive materials like indium and gallium. These materials contribute to the high production costs of
CIGS panels.

Finally, amorphous silicon (a-Si) solar cells, while still holding a notable portion of the market, have been
experiencing a decline in comparison to other technologies. Recent estimates suggest that a-Si solar
cells currently represent about 5-10% of the global thin-film solar market.[4]. The market share of a-Si
cells has gradually declined as they face increasing competition from other thin-film technologies such
as CdTe and CIGS. One key benefit of a-Si cells is their minimal silicon usage compared to crystalline
silicon cells, which helps reduce production costs. Additionally, the manufacturing process for a-5i is
simpler and requires less energy than that of crystalline silicon cells [6].

Another major benefit of amorphous silicon (a-5i) solar cells is their flexibility and lightweight design.
These cells can be applied to flexible substrates, making them ideal for uses such as solar fabrics and
building-integrated materials. Additionally, their lighter weight compared to traditional silicon panels
simplifies handling and installation.[7]. Despite their advantages, a-Si cells typically have lower energy
conversion efficiencies than crystalline silicon cells. Their efficiency usually falls between 6-10%, which
is considerably less than that of crystalline silicon cells [4].

1



1.2. Silicon Carbide and Silicon Oxide layers 2

Additionally, a-Si cells are affected by the Staebler-Wronski effect, a phenomenon where their
efficiency declines after extended exposure to light[8]. These drawbacks have hindered the further
development of a-Si cells.

1.2. Silicon Carbide and Silicon Oxide layers

Edward G. Acheson discovered silicon carbide while attempting to create synthetic diamonds. He
named the material "Carborundum" and patented the process for its production. The Acheson process
involved heating a mixture of clay (silica) and carbon (coke) in an electric furnace.[9]

First, silicon carbide was valued in industrial settings for its remarkable hardness and abrasive quali-
ties. It was extensively used in grinding wheels, cutting tools, and sandpaper abrasives. Nevertheless,
it wasn’t until the mid-20th century that its full potential as a semiconductor material began to be
recognized.

In the 1950s and 1960s, researchers began exploring the semiconductor properties of silicon carbide
(SiC). They discovered that SiC has a broad bandgap, ranging from about 2.2 €V to 3.3 eV depending
on its crystal structure or polytype. This wide bandgap enables SiC to operate efficiently at higher
temperatures and handle greater voltages than traditional silicon (Si) semiconductor materials.[10]

With the advancement of the semiconductor industry, silicon carbide (SiC) began to be acknowledged
for its advantages in high-power and high-temperature applications. During the 1980s and 1990s,
significant progress was made in SiC crystal growth and device manufacturing techniques. These
developments allow the creation of high-quality SiC crystals with few defects, paving the way for their
application in power electronics, LEDs, and, more recently, solar cells and optoelectronics. [11]

The use of silicon dioxide (SiO2) as a gate dielectric in Metal-Oxide-Semiconductor (MOS) transistors
marked a pivotal change in the semiconductor field. This breakthrough enabled the miniaturization of
transistors and sped up the advancement of integrated circuit (IC) technology. As a result, it greatly
enhanced computing power and contributed to the extensive spread of electronic devices toward the
end of the 20th century.[12]

Throughout the years, scientists have progressively improved the methods for depositing SiOx layers,
such as thermal oxidation, chemical vapor deposition (CVD), and plasma-enhanced CVD (PECVD).
These advanced techniques provide accurate control over the thickness and characteristics of SiOx films,
which is crucial for producing sophisticated semiconductor devices with nanoscale dimensions.

1.3. Research questions

Significant advancements and research efforts have been made in amorphous silicon-based thin-film
solar cell technology, focusing on deposition conditions, techniques, material utilization, and device
configuration. Despite these strides, a notable challenge known as the Staebler—Wronski Effect (SWE)
persists.

The PVMD group at TU Delft has conducted extensive research into optimizing the Staebler—-Wronski
Effect over many years. One previous research focus was on studying how the p-nc-SiOx layer influences
the Light Induced Degradation (LID) of p-i-n solar cells. According to experimental findings, the
p-nc-SiOx layer continues to experience LID and did not achieve stable efficiency even after 1000 hours
of light exposure.

As mentioned before, the main reason for using these SiOx and SiC is to reduce the parasitic absorption
at the p-layer when compared to p-aSi. This thesis explores the impact of a P-SiC layer on the Light
Induced Degradation (LID) of p-type amorphous silicon solar cells. Our group is particularly interested
in comparing LID performance between p-nc-SiOx and p-a-SiC to determine if stable efficiency can
be achieved by applying a p-SiC layer. Before conducting comparisons, it is essential to optimize the
fabrication process of p-SiC to ensure optimal layer performance.
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Furthermore, we are applying a p-nc-5iOx window layer in a-Si, nc-5Si, and micromorph cell to assess their
performance in light-induced degradation. Given the occurrence of the Staebler-Wronski Effect (SWE)
in amorphous silicon, we aim to investigate if two nc-Si samples using different types of transparent
conducting oxide (iOH and bi TCO) still exhibit light-induced degradation. Additionally, three samples
of micromorph cell with varying combinations of current density for the top and bottom cells are being
studied in light absorption experiments to determine which current density combination yields the
best performance. The micromorph thin film use a-Si as the intrinsic layer of top cell and nc-5i as the
intrinsic layer of bottom cell.

This thesis will answer the following research questions:

1. How do the material properties of boron-doped amorphous silicon carbide depend on the PECVD
deposition conditions? which P-SiC layers, when integrated into as p-layer into an amorphous
silicon solar cell result in the best device performance?

2. How does the boron-doped silicon carbide when used in a front p-doped layer affect the LID of
amorphous silicon single junction solar cells?

3. How do nanocrystalline single junction solar cells degrade under light exposure ?

4. How to implement fill factor compensation techniques in multijunction solar cells?

1.4. Thesis outline

This thesis comprises 5 chapters. Apart from the Introduction discussed in this section, Chapter 2
delves into fundamental knowledge about amorphous silicon and its applications. It also covers the
fabrication via PECVD and characterization via SE and conductivity measurement relevant to this thesis.
Chapter 3 explores the fundamentals of light-induced degradation, along with background studies
on silicon carbide and silicon oxide. Furthermore, the fabrication process of P-doped silicon carbide
using PECVD. Chapter 4 explores the light-induced degradation performance of p-nc-S5iOx and p-a-SiC
via light absorption experiments. Moreover, the light-induced degradation performance of multiple
junction solar cells is studied, and the experimental results will be presented towards the end of this
chapter. Chapter 5 concludes the thesis by addressing key findings to answer the main questions posed.
Additionally, recommendations for future studies are provided.



Fundamentals

In this chapter, the theoretical framework for the thesis is established. It starts by outlining the essential
principles behind solar cell technology. The chapter then focuses on the properties of amorphous
silicon (a-Si). A thorough analysis of a-Si multi-junction devices is then presented, as these devices
are crucial to the research objectives. Subsequent sections review the various deposition techniques
employed in solar cell production. The chapter concludes by detailing the characterization techniques
used throughout the study.

2.1. Fundamentals of solar cell

The photovoltaic effect describes how a photovoltaic cell produces a voltage or electric current upon
being illuminated by sunlight[13]. This occurs when light or another type of radiant energy interacts
with two distinct materials that are in close proximity, resulting in the generation of electrical voltage. In
1905, Albert Einstein clarified the photoelectric effect by proposing that light is made up of individual
energy units known as photons[14].The photovoltaic effect,based on photons as well, can be broken
down into three primary stages:

1. The generation of charge carriers occurs when photons are absorbed by the materials forming the
junction.

2. Separating the charge carriers created by the absorbed photons within the junction.

3. Collecting the charge carriers generated by the photons at the junction’s terminals.

EV v
D) goner
! generation of

an electron-hole pair

Figure 2.1: The absorption of a photon in a semiconductor [15].
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Figure 2.1 illustrates When a material absorbs a photon, the energy of the photon elevates an electron
from a lower energy band to a higher one. This transition happens only if the energy of the photon is
greater than the material’s band gap energy, EG. The electron energy levels, Ec and Ev, are arranged so
that the difference between them, EG = Ec - Ev, corresponds to the energy of the photon (h)[15].

In semiconductors, the energy levels of the valence and conduction bands are not uniform but instead
vary with the k-vector, which represents the momentum of an electron (or hole) within a crystal lattice
and relates to the wavelength of the electron’s wave-like behavior. This variation implies that an
electron’s energy depends on its momentum due to the periodic nature of the semiconductor crystal. If
the highest energy point in the valence band and the lowest energy point in the conduction band align
at the same k-vector, electrons can transition between these bands without altering their momentum,
classifying the semiconductor as a direct band gap material. Conversely, if such a transition requires a
change in momentum, the semiconductor is referred to as an indirect band gap material. [16]

Separating the charge carriers created by the absorbed photons within the junction.

As depicted in Figure 2.2, usually, the electron-hole pair will recombine, with the electron falling back to
its previous energy state. This recombination can either release energy as a photon (radiative recombi-
nation) or transfer energy to other electrons, holes, or lattice vibrations (non-radiative recombination)[15].

For a solar cell to effectively convert the energy from electron-hole pairs into work in an external circuit,
it must be engineered so that electrons and holes reach the electrodes before they have a chance to
recombine. This requires that the time it takes for charge carriers to travel to the electrodes be less than
their recombination lifetime, which limits the thickness of the absorber layer.

é_.

->.

, N
\- electrons holes—”
— o —
—X—eo

Figure 2.2: The model illustrates generation, recombination, and absorption of solar cells [15].

Collecting the charge carriers generated by the photons at the junction’s terminals

In the last phase, electrical contacts draw out the charge carriers from the solar cells, allowing them to
do work within an external circuit. This process converts the chemical energy of the electron-hole pairs
into electrical energy. As the electrons move through the circuit, they eventually recombine with holes
at the interfaces between the metal and the absorber. This process is depicted in Figure 2.2.

2.11. Loss mechanisms

In single-junction solar cells, there are two primary sources of energy loss: first, photons with energies
below the bandgap cannot be converted into electricity; second, photons with energies higher than the
bandgap result in thermalization losses. This usually leads to more than 50% loss depending on the
band gap of the semiconductor. [17]

The fundamental limitation arises from the thermodynamic boundary. Solar cells function as devices
that convert energy quantum-mechanically and are therefore bound by the limits of thermodynamic ef-
ficiency. Energy exceeding the bandgap gets converted into kinetic energy during carrier recombination.



2.2. Fundamentals of amorphous silicon 6

This additional kinetic energy is eventually released as heat through interactions with phonons, as the
carriers settle back to their equilibrium speeds. As a result, there is a natural limit beyond which solar
energy cannot be effectively converted into electrical power[18].

Figure Figure 2.3 depicts the efficiency of the absorber. When comparing the thermodynamic efficiency to
that of solar cells, it becomes evident that a solar cell can achieve a maximum efficiency of approximately
85% at an absorber temperature of 2,480 K. Despite this, this efficiency is still significantly below the
thermodynamic limit. For a thorough exploration of this thermodynamic limit, readers are encouraged
to refer to the research conducted by Wiirfel et al. [18]

1.0

08

0.6

Efficiency

0.4

0.2

il L

0_0 A 1 L
0 1000 2000 3000 4000 5000 6000
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Figure 2.3: The absorber efficiency A, the thermodynamic efficiency TD, and the combined solar cell efficiency SC under full
concentration are illustrated for a solar temperature of 5,800 K and an ambient temperature of 300 K [18].

2.2. Fundamentals of amorphous silicon

Hydrogenated amorphous silicon (a-Si:H) has garnered significant interest due to its potential for
producing cost-effective solar cells. Additionally, a-Si has been crucial for many years as the intrinsic
absorber layer in combination with doped layers to create PIN junctions. To fully grasp its role in solar
cells and how it differs from traditional crystalline silicon (c-5i) cells, it is important to understand the
material properties of a-Si.

2.2.1. Configuration of amorphous silicon

The Figure 2.4 illustrates the structural differences between c-Si and a-5i. Unlike crystalline silicon (c-5i),
which has a well-ordered atomic arrangement, amorphous silicon (a-Si) lacks long-range order. In a-5i,
silicon atoms are arranged in a random, disordered manner rather than forming a consistent, repeating
pattern as in crystals. This randomness causes variations in bond lengths and angles between adjacent
atoms, resulting in localized structural inconsistencies within the material[19].

Amorphous silicon stands apart from crystalline silicon due to its distinctly disordered atomic structure,
which lacks the long-range periodicity found in crystalline forms. While crystalline silicon features a
regular, repeating lattice arrangement, amorphous silicon displays a more random and irregular atomic
distribution. Additionally, the inclusion of hydrogen is vital for improving the electronic characteristics
of amorphous silicon[19].

In the amorphous silicon lattice, silicon atoms bond together, but due to the lack of a structured
arrangement, there are more defects and dangling bonds than in crystalline silicon. These imperfections
create additional electronic states within the band gap, which notably affect the material’s electrical
properties.[20].
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Figure 2.4: Atomic structure of (a) crystalline silicon and (b) hydrogenated amorphous silicon [19]

To address this issue, amorphous silicon undergoes a process called hydrogenation, where hydrogen
atoms attach to dangling bonds, thereby neutralizing defects. A passivated dangling bond, where
hydrogen has bonded, is represented by a small black circle at the end. Hydrogenation is often
abbreviated with an "H’ following a colon, though for simplicity, the term "hydrogenated’ is frequently
left out. This hydrogen treatment drastically lowers the defect density in amorphous silicon films by
about three orders of magnitude.

In amorphous silicon, dangling bonds are usually not evenly spread but tend to aggregate into small
clusters. These clusters can lead to the formation of common defects such as monovacancies, divacancies,
and nanoscale voids with diameters in the range of several nanometers. The surfaces of these nanoscale
voids are mostly covered with monohydride. Occasionally, within these voids, a silicon atom might
bond with only two neighboring silicon atoms. These two dangling bonds are then passivated by two
hydrogen atoms, resulting in what is known as dihydride silicon atoms.[21].

2.2.2. Crystallinity of a-Si and nc-Si

To comprehend the distinction between a-Si and nc-5i, it is essential to delve into the silicon phases.
nc-Si, also referred to as microcrystalline silicon, constitutes a hydrogenated silicon alloy with a
highly intricate structure. This phase comprises small grains, typically a few tens of nanometers in
size, each possessing a crystalline lattice[15]. The diagram in Figure 2.5 visually represents this sili-
con phase: yellow regions denote crystalline grains, while brown regions indicate the amorphous matrix.

The crystalline volume fraction of the deposited film varies depending on the specific conditions
employed during chemical vapor deposition. On one end of the spectrum, a fully crystalline phase can
be observed, resembling Polycrystalline silicon but with additional cracks and pores in the material[15].
The proportion of crystalline volume decreases progressively from left to right in the illustration, with
the material becoming fully amorphous on the right-hand side. The degree of crystallinity quantifies the
volume fraction occupied by the crystalline phase relative to the total silicon volume. Depending on the
deposition conditions, nanocrystalline material can exhibit a range of crystallinity levels: from entirely
amorphous, through a mixed phase containing small crystalline grains, to a phase predominantly
composed of large crystalline grains with minimal amorphous content.

Research indicates that the most effective nanocrystalline materials used in solar cells typically exhibit a
structure close to the boundary between nanocrystalline and amorphous silicon, with a crystallinity
around 60%[22].
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Figure 2.5: The silicon phases between nanocrystalline and amorphous solar cells [15].

2.2.3. Energy Level Distribution
The contrast in energy states between single-crystal silicon and hydrogenated amorphous silicon is
demonstrated in Figure 2.6, emphasizing their unique atomic configurations. The figure shows that
single-crystal silicon has a distinct band gap separating the valence and conduction bands, indicative of
its regular atomic structure. At room temperature, this band gap (Eg) is 1.12 eV, distinctly defining the
energy levels where electron transitions can occur.

in single-crystal silicon, the density of states in hydrogenated amorphous silicon (a-5i) is continuous,
with no clear band gap between the valence and conduction bands, as shown in Figure 2.3(b). The
atomic disorder characteristic of a-Si leads to the formation of band tail states within the band gap. The
extent of this disorder is evaluated by the width of these band tails, which expand as the disorder in the
a-Si material increases.
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Figure 2.6: distribution of density of allowed energy states for electrons for (a) single crystal silicon (b) a-Si:H [15].

The amorphous silicon lattice is characterized by its disordered nature, where numerous defects and
vacancies contribute to a wider spectrum of allowable energy states, unlike the structured crystalline
lattice. These defect states introduce energy levels within the center of the forbidden gap. Due to
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the absence of sharp band edges, accurately determining the band gap energy for amorphous silicon
becomes challenging[15].

Overall, amorphous silicon is classified as a direct band gap material due to its abundance of
permissible energy states.

2.2.4. Structural imperfections in hydrogenated amorphous silicon

Structural flaws in hydrogenated amorphous silicon arise from deviations from the idealized amorphous
structure, envisioned as a continuous random network (CRN) where every bond is complete: each
silicon atom forms four tetrahedral bonds, and each hydrogen atom forms a single bond [23]. Based on
this concept, defects in a-Si generally involve atoms being either under-coordinated or over-coordinated,
a condition referred to as a coordination defect.

Several models have been employed to analyze the defects in a-Si, one of which is the disordered
network with hydrogenated vacancies (DNHV)..

The model of Disordered network with hydrogenated vacancies (DNHYV):

The disordered network with hydrogenated vacancies (DNHV) model is used to describe the
structural flaws in hydrogenated amorphous silicon (a-Si). Unlike the traditional continuous random
network (CRN) model, which assumes a uniform spread of defects such as dangling bonds throughout
the silicon, the DNHV model suggests a different distribution pattern of these imperfections[24].

The DNHV model emphasizes the role of hydrogenated vacancies within the amorphous silicon
network. These vacancies are essentially sites where a silicon atom is absent, which can either remain
vacant or be occupied by hydrogen. According to this model, these vacancies, along with the hydro-
gen atoms that might fill them, are crucial in determining the electronic properties and stability of a-5i[24].

The DNHYV model suggests that the electronic states linked to these vacancies and hydrogenated sites
contribute to the density of states within the band gap of a-Si. These states influence the material’s
optical and electrical characteristics, such as its capacity to absorb and emit light and its charge carrier
mobility.[24].

Divacancies Multi-vacancies Nanosized voids

Figure 2.7: nanostructures in a-Si:H bulk [25]

These larger structural voids or defects within the silicon network are critical features of the material’s
architecture. Smets and Van De Sanden (2007) explore how these open volume deficiencies, coupled
with the movement of hydrogen throughout the a-5i structure, shape the overall defect landscape of the
material. They highlight that these deficiencies can have a profound impact on the electronic properties
of a-Si by introducing extra defect states within the band gap. Their work underscores the intricate
nature of a-5i’s nanostructure and the essential role of hydrogen in reducing the negative effects of these
defects.[23].
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2.2.5. The Staebler-Wronski effect

The Staebler-Wronski effect (SWE) describes a phenomenon in hydrogenated amorphous silicon (a-5i)
where prolonged light exposure leads to temporary changes in the material’s electronic properties.
Discovered by David Staebler and Christopher Wronski in 1977 [26], this effect manifests as a reversible
decline in the performance of a-Si-based devices, such as solar cells and thin-film transistors, after
extended light exposure. The mechanism behind the Staebler-Wronski Effect can be divided into three
main components:

Light-Induced Defects:

When exposed to light, photons in the a-Si material generate electron-hole pairs. These carriers may get
trapped at defect sites, which can either create new dangling bonds or modify existing ones. As a result,
the density of defects within the material increases[27].

Metastable Changes:

The newly created defects are metastable, so they remain even after the light source is turned off. These
defects lead to a higher rate of charge carrier recombination, which in turn diminishes the material’s
electrical conductivity and its effectiveness in converting light into electrical energy.

Reversibility:

The effects of the SWE can be partially reversed. By annealing the material to higher temperatures,
usually around 150°C, it is possible to lower the defect density and partially regain the material’s initial
properties. This suggests that the defects caused by the SWE do not permanently damage the a-Si
structure [28].

Figure 2.8 shows how the fill factor of an a-Si film decreases with prolonged light exposure. Initially,
there is a sharp drop in the fill factor during the first few hours, followed by a more gradual decline as
documented in the literature. This reduction can be partly reversed with thermal annealing, which
improves the fill factor, indicating that annealing at temperatures above 150°C can alleviate the Staebler-
Wronski Effect. Generally, the degradation process stabilizes after about 1000 hours of light exposure
under standard test conditions (STC), after which the performance of the solar cell levels off for the
rest of its operational life. Ensuring this performance stability is crucial for practical application of the
material.
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Figure 2.8: Fill factor degradation after light induce degradation [15]

2.3. Single junction solar cell

A solar cell constructed from a-Si with either a single p-i-n or n-i-p junction is known as a single junction
device. In Figure 2.9, you can see a schematic representation of this single junction solar cell, which is
arranged in a superstrate configuration.
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Figure 2.9: Architecture of single junction solar cell with superstrate p-i-n configuration [29].

These cells feature both p and n layers that generate an internal electric field across the intrinsic (i)
layer composed of amorphous silicon. Given amorphous silicon’s strong light absorption properties,
the i-layer typically measures between 0.2 and 0.5 micrometers in thickness [22]. Amorphous silicon
exhibits less structural consistency. As electrons and holes travel through the material, the chance of
recombination increases over longer distances. To address this challenge, the i-layer must be precisely
tuned in thickness—thick enough to absorb light effectively but not so thick that it impedes efficient
conduction.[30]

In thin-film silicon solar cells, electrons move much more easily than holes [31]. To optimize hole
collection, the P-doped layer is applied first as a window layer, ensuring that more holes are generated
close to it. Additionally, a transparent conductive oxide (TCO) layer is positioned between the glass
and the P layer to facilitate the lateral flow of charge carriers toward the electrodes. Most of the light
absorption takes place in the intrinsic absorber layer, which is placed after the P layer. This is followed
by a thin n-doped layer. The assembly is completed with a thin back reflector, made of zinc oxide or
silicon oxide, and a metal back contact.

2.4. Multi-junction a-Si:H solar cells

Degradation in a-Si solar cells can be alleviated by using thinner intrinsic layers. These thinner layers
produce a stronger internal electric field that resists distortions more effectively[32]. Nevertheless, the
drawback is a reduction in light absorption. To maintain stability while preserving absorption efficiency,
one effective approach is to stack several single-junction cells with thin intrinsic layers, a technique
called the multijunction concept. Additionally, this multi-junction setup enhances spectral utilization,
as outlined in Figure 2.10.

When two junctions are layered on top of each other, the result is called a tandem or double-junction solar
cell. A triple-junction solar cell, on the other hand, includes three such stacked junctions. Despite having
multiple layers, the total thickness of a multi-junction solar cell is similar to that of a single-junction
cell, though each layer is thinner and less likely to suffer from light-induced damage. Moreover, the
multi-junction design enables each layer to be fine-tuned to absorb different parts of the solar spectrum,
which broadens the range of light it can utilize and improves the cell’s overall efficiency.

Multi-junction solar cells have a much more intricate structure compared to traditional single-junction
cells. A key requirement for the effective operation of these multi-junction cells is the inclusion of a
tunnel-recombination junction (TR]) between the layers, which must have very low electrical and optical
losses[33].

The initial requirement stems from the need for the individual cells to function as current sources
arranged in series. Thus, it is crucial that each cell produces an identical current. The amount of current
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Figure 2.10: Spectral utilization of Multi-junction solar cell [15].

generated is mainly determined by the thickness of the intrinsic layer. To ensure consistent current
output, the thickness of each intrinsic layer must be carefully calibrated to account for the distribution
of photogenerated carriers, referred to as the generation profile.

The second requirement concerns the interface between the individual cells. This interface acts like an
n-p diode and becomes reverse-biased when the cells are forward-biased. For optimal performance,
an ohmic contact is needed instead of a rectifying one. This issue can be resolved by incorporating a
tunnel-recombination junction (TR]), which ensures that electrons from the n-type layer of the upper cell
fully recombine with holes from the p-type layer of the lower cell at their interface. Such recombination
is vital for maintaining current flow through the solar cell. The reverse-biased p-n junction creates
a strong electric field that aids carrier tunneling to the defect states at the junction, where effective
recombination takes place. Typically, achieving a TR] involves using microcrystalline silicon in at least
one of the doped layers or adding a thin oxide layer at the interface to increase defect density[34].

The Figure 2.11 illustrates the configuration of an a-Si:H/a-SiGe:H tandem cell. The a-Si component cell
captures photons with energies greater than 1.70 eV, while photons with lower energies, which pass
through the a-Si top cell, have an opportunity to be absorbed by the a-SiGe bottom cell.

p-type a-SiC:H -
Q

n-type a-Si:H

p-type a-SiC:H

intrinsic
a-SiGe:H

n-type a-Si:H

Al or Ag

Figure 2.11: Device architecture of a-Si:H based multi-junction solar cell with superstrate p-i-n configuration [15].
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2.5. Fabrication techniques
2.5.1. Plasma Enhanced Chemical Vapour Deposition (PECVD)

The silicon-based thin films were fabricated using plasma-enhanced chemical vapor deposition (PECVD).
The Figure 2.12 provides a schematic representation of the PECVD apparatus. In PECVD, plasma is
employed to activate the precursor gases. The process generally involves introducing a mixture of
precursor gases into a vacuum chamber containing a substrate. Radiofrequency or microwave energy is
then applied to generate plasma in the gas mixture, dissociating the precursor molecules into reactive
species. These species then react and deposit onto the substrate, forming a thin film. Deposition
parameters such as pressure, power, gas flow rate, and temperature can be adjusted to optimize the
film’s performance.
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Figure 2.12: schematic representation of the PECVD [35].

The process of fabrication via PECVD needs to be carried out carefully. Firstly, the condition of the
chamber needs to be carried out for around one hour. The Figure 2.13 indicates the control page in
PECVD used in Tu-delft, the coating parameters like power, pressure, and gas flow rate can be settled.
Moreover, the purge button is used before and after the fabrication to remove the gas remaining on the

substrate. The pressure can be set and throttled on the page and this process normally takes 30 seconds
to stable the pressure.

Figure 2.13: Control page of PECVD

To be mentioned, the reflection power should be minimized to obtain stable plasma generation, this can
be achieved by turning the load position and tune position, and the reflected power can be seen on the
monitor, which can be referred to in Figure 2.14.
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Figure 2.14: Tuning of reflected power.

2.6. Characterization processes
In this section, the techniques required to characterize a fully fabricated solar cell are explained.

2.6.1. Current-voltage measurement

The JV measurement, or current-voltage measurement, is an essential method for assessing the
performance of photovoltaic (PV) devices. This technique involves exposing the solar cell to light and
recording its current output as the voltage is varied. This process enables the evaluation of important
performance metrics.

To determine the external characteristics of a solar cell, current-voltage measurements are taken using
the power and JV curves obtained. This process is carried out with a WACOM solar simulator, which
uses both a xenon lamp and a halogen lamp. The xenon lamp is equipped with filters to remove strong
infrared emission lines, providing a more accurate simulation of the solar spectrum. During these
measurements, a standard solar irradiance of 1 Sun (1000 W/m?) is applied.

The solar cell is placed on a stage with a liquid cooling system that keeps the temperature at 25°C.
The setup is controlled by computer software, which immediately shows the JV curve along with key
external parameters, including short-circuit current density (Jsc), fill factor (FF), open-circuit voltage
(Voc), series resistance (Rsc), and shunt resistance (Roc).

2.6.2. External quantum efficiency measurement

External Quantum Efficiency (EQE) is an important metric for assessing solar cell performance. It
gauges how effectively a solar cell converts incoming photons of a specific wavelength into charge
carriers (electrons or holes). Essentially, EQE reflects the efficiency of converting incident light into
electrical current. Presented as a percentage, EQE varies with wavelength, offering insights into the cell’s
response across different segments of the solar spectrum. A high EQE over a wide range of wavelengths
suggests that the solar cell is both well-designed and efficient[36].

In Figure 2.15, a diagram of the EQE measurement setup is shown. The setup uses a light source that
is filtered to emit only a single wavelength, making the light monochromatic. The solar cell being
tested is exposed to this monochromatic light, which is varied across a spectrum typically ranging
from ultraviolet (UV) to near-infrared (NIR). Before conducting the measurements, the light intensity
is calibrated using either a photodiode or a reference solar cell with a known EQE. This calibration is
crucial for ensuring precise measurement of the photon flux hitting the cell.[36]

The External Quantum Efficiency (EQE) of a multijunction solar cell is more involved than for
single-junction cells because of the multiple layers present. This process generally requires dividing the
light into various wavelength ranges to match the absorption properties of each junction. Additionally,
bias light sources are used to correctly bias the other junctions while focusing on the EQE measurement
of a specific sub-cell. For instance, when assessing the EQE of the bottom cell, the bias light should be
set up to stimulate the upper cells without significantly influencing the performance of the bottom cell.
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Figure 2.15: schematic representation of EQE measurement [37].

When testing multi-junction solar cells, exposing the top cell to short-wavelength monochromatic
light can prevent the bottom cell from absorbing any light, resulting in no current from the tandem cell.
To resolve this issue, we use bias illumination by shining light that the top cell does not absorb, such as
infrared light, to saturate the bottom cell. This ensures that the current in the series-connected cells is
controlled by the top cell, which is the intended outcome. Conversely, to measure the response of the
bottom cell, we need to illuminate the top cell with short-wavelength light, such as blue or ultraviolet
light. The EQE curves obtained from this method were for a micromorph tandem cell consisting of an
amorphous silicon top cell and a microcrystalline silicon bottom cell.

2.6.3. Spectroscopic Ellipsometry

The Figure 2.16 presents a schematic of Spectroscopic ellipsometry (SE), an optical technique charac-
terized by its non-destructive, non-contact, and non-invasive nature. This method relies on observing
the change in the polarization state of light as it obliquely reflects off a thin film sample. Spectroscopic
ellipsometry employs a model-based approach to determine the optical properties.
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Figure 2.16: schematic representation of Spectroscopic Ellipsometry [38].

The measured polarization change due to reflection at the sample is fitted using an optical model
that represents the film or stack of films which can be referred to Figure 2.17. The mean square error
(MSE) represents how to match the model and the measurement. Fitting aims to minimize the mismatch
between the measurement and the model. This can be achieved by referring to the waveform which
shows the bottom side of Figure 2.17. The y-axis is the psi which represents the amplitude ratio of
the p- and s-polarized light waves after reflection from a sample surface, and the x-axis represents
the wavelength. The general process to minimize the MSE is to make the thickness value match how
many peaks of the waveform. More peaks of the waveform represent the thicker of the material. In this
case, the two peaks of the waveform can be seen in Figure 2.17 which represents the thickness of range
between 100nm to 200nm. After adjusting the value of thickness, normally the EMS can be reduced
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dramatically. The next step is to adjust the energy band gap of Egl until the MSE is smaller. In general,
the MSE under 10 is considered a good fit between the model and the measurement.
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Figure 2.17: The model of Spectroscopic Ellipsometry

To accurately extract valuable details like film thickness and optical properties, it’s essential to model the
near-surface region of the sample and fit the spectroscopic ellipsometry (SE) data to this model, treating
the relevant parameters as variables during the numerical analysis. The precision of this analysis is
crucial, as incorrect modeling of the SE data can result in misleading or useless outcomes. [39]

2.6.4. Dark conductivity

Dark current is the current flowing through a detector when no photons are incident. This measurement
is essential for determining the baseline current that must be exceeded by photocurrent for a material
to be considered photoactive. Additionally, analyzing how dark current varies with temperature can
provide insights into the activation energy (Ea), which represents the height of the potential barrier
between different energy states. Lower activation energy is generally desirable for higher conductivity.
The setup for performing dark JV measurements is depicted in Figure 2.18.
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Figure 2.18: Schematic representation of dark conductivity [40].
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2.6.5. Reflectance measurement

The Perkin-Elmer spectrometer is an advanced tool designed to analyze how light interacts with
materials. It determines the composition and concentration of substances by measuring their light
absorption, emission, or scattering, particularly for reflectance studies. The system features mirrors,
lenses, and filters to manage the light paths. Two beams of monochromatic light are used—one for
testing and the other for reference. Light is provided by tungsten halogen and deuterium lamps,
covering a range from 175 nm to 3300 nm.

The integrating sphere, lined with Spectralon (a material known for its scattering and reflectivity), is
where the monochromatic beams converge. Light within the sphere undergoes multiple reflections and
scattering, ensuring precise measurement of light intensities due to the uniform electromagnetic field.
Two types of detectors capture light intensity at various wavelengths. During measurement, three key
values are recorded: reflectance (R), transmittance (T), and absorptance (A). As light interacts with the
solar cell, it is either reflected, absorbed, or transmitted through the cell.



The fabrication of Boron doped Silicon
Carbide with PECVD

3.1. Introduction

Boron-doped Silicon carbide (SiC) is conventionally used for the p-layer in thin-film silicon solar cells.
Boron-doped silicon oxide is another option to be used as a front p layer for a solar cell. It has an
advantage over silicon carbide due to its transparency. The previous study done at TU Delft for LID
on amorphous silicon single junction solar cells with boron-doped nanocrystalline silicon oxide as a
p-doped layer has shown a significant degradation under light [41]. As a result, a systematic study to
compare the two is performed in this work. Before that investigation is carried out, the p-doped silicon
carbide layer itself needs to be optimized. This chapter studies the optimization of the recipe for boron
doping of silicon carbide layers that can result in comparable results in amorphous single junction solar
cells.

The Figure 3.2 presents the EQE comparison between p-a-SiC and p-nc-SiOx, it is clearly to be seen
that the overall EQE performance of p-a-SiC suffers from the reflection and low diffusion length and
significantly affected by parasitic absorption in the short wavelength range.

Furthermore, the Figure 3.3 is the JV curve between p-a-SiC and p-nc-5iOx before optimization. It can
be seen that the p-a-SiC suffers from the band gap misalignment, resulting in an S-shaped curve (Red
curve). As a result, the optimization of fabrication of the p-SiC layer is required to be carried out before
investigating the light-induced degradation.
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Figure 3.1: Optimisation of P doped silicon carbide layer for superstrate configuration

In this chapter, p-doped SiC deposition conditions for a Plasma-enhanced chemical vapor deposition
(PECVD) is optimized. The cell architecture with p-a-SiC window layer in PIN configuration is

18
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illustrated in Figure 3.1. The characterization is performed using Spectroscopic ellipsometry (SE) and
dark conductivity measurements.
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Figure 3.2: EQE comparison between p-a-SiC and p-nc-SiOx
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Figure 3.3: JV curve between SiC and SiOx before optimization

3.2. Background study

This section provides a concise summary of the existing background information on the application of
silicon carbide and silicon oxide in multi-junction solar cells, as well as an overview of the principles of
plasma-enhanced chemical vapor deposition (PECVD).

3.2.1. SiC and SiOx

Silicon carbide (SiC) offers several benefits for solar cells, including superior thermal stability, a broad
band gap, and a high electric breakdown field[42]. Despite these advantages, SiC solar cells can suffer
from light-induced degradation, which affects their efficiency. When exposed to light, defects can form
within the material. These defects act as centers for recombination, reducing the lifespan of charge
carriers and thereby diminishing the cell’s overall efficiency[43].

To mitigate the effects of light-induced degradation, researchers have investigated various passivating
layers for SiC solar cells, such as amorphous silicon carbide (a-SiC). The use of a-SiC passivating layers
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has been shown to improve the performance of SiC solar cells by reducing the density of surface states
and hence the recombination rate. Hydrogenated amorphous silicon oxide (a-5iOx:H) films have been
used for solar cell fabrication, as their characteristics are suitable for wide band gap top cells of a
multi-junction solar cell[44].

Few of the important properties of the p-type layer that influence the blue response of the cell are high
conductivity, low thickness, high optical band gap, low defect density, etc.

3.2.2. PECVD

The existing PECVD system was automated to streamline operations and establish a recipe-driven
process for creating thin-film silicon devices. This precise control over deposition parameters allows
for the production of intricate device structures with minimal reliance on the operator’s expertise, as
shown by the samples created using the system. The next phase involves analyzing various samples
made under specific conditions to identify the optimal parameters for the system. This will facilitate
the group’s research into electronic sensors by enabling the production of sophisticated multilayer
electronic devices.[45].

3.3. Methodology

This section outlines the methodology used to investigate the fabrication of P-SiC via PECVD. The
process for investigating the deposition parameters is illustrated in the design of the experiments.

3.3.1. Film deposition

The p-doping layer on SiC solar cells is deposited onto Corning glass Xa. Each sample has the p-
layer applied for a duration of 20 minutes. The deposition rate is determined through spectroscopic
ellipsometry (SE) measurements. High-frequency power at 13.56 MHz is employed to enhance power
conversion efficiency and to consume less energy compared to lower-frequency alternatives in the
PECVD process. The chamber is conducted at 300 degrees Celsius. The Figure 3.4 illustrates the process
of fabrication and characterization for the P layer. It can be seen that the first step is to investigate the
different coating parameters like power, pressure, and gas flow rate. Three gas sources for fabricating
the P-doping silicon carbide are silane, methane, and diborane. After fabricating the P-Sic in PECVD,
the dark conductivity measurement is carried out to get the electrical properties like dark conductivity
and activation energy. The samples are required to do the annealing at 130 degrees Celsius for 30
minutes before measuring dark conductivity to get better conductivity.

Finally, the Spectroscopic ellipsometry (SE) measurement is carried out to obtain the optical properties
like energy band gap, refractive index, and absorption coefficient. Also, the dark conductivity
measurement is carried out to obtain the conductivity and activation energy.
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Figure 3.4: The process of fabrication and characterization for P layer
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3.3.2. Design of experiments
The object is to optimize the fabrication of p-a-SiC to derive better optical and electrical performance.
The power, pressure, temperature, and flow rate of gas are turned to optimize the layer, and silane
(SiH4), methane(CH4), and diborane B2H6 are used as the gas source for p-SiC. The overall process of
experiment can be seen in Figure 3.5

In terms of PECVD, the power, and pressure is selected as the first two investigated deposition parameters,
the starting point is at 5W and 0.7 mbar, and go into different directions to see the optimal zone, and once
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the optimal direction is found, the more detail investigated in which deposition parameters combination
between power and gas is the good one. In the second round, the different gas flows of B2H6 are selected
to see whether the concentration of boron will affect the performance of p-a-SiC. In the third round, the
gas flow of CH4 is investigated to see whether the concentration of C will affect the performance of
p-a-SiC. This experiment aims to fabricate good performance of p-SiC with a high energy band gap and
high conductivity.
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Figure 3.5: Design of experiment

3.4. Results and Discussion

3.4.1. Optical and electrical performance

Activation energy:

The activation energy in a semiconductor refers to the minimum energy required for charge carriers
(electrons or holes) to move from one energy level to another, enabling electrical conduction. In general,
doped layers based on wide band gap materials will have beneficial band bending when the activation
energy is lower resulting in high cell performance. Also doping generally reduces the activation energy
required for charge carriers (electrons or holes) to move into the conduction or valence bands. This
makes it easier for electrical conduction to occur. In this experiment, the activation energy was measured
with the dark conductivity measurement based on the different coating parameters which can be seen in
Figure 3.6. The trend can be seen that the higher the deposition power the lower the activation energy.
This is because higher power can dissociate more B2H6, which makes the activation energy lower. The
Fermi level is closer to the valence band[46].

In terms of pressure, the higher pressure leads to the lower activation energy. This is due to the high
pressure representing more particles inside the chamber which causes an increase in the residence time
of B2H6 precursor gas allowing based on the handbook of PECVD[47], more B2H6 to be dissociated.This
might lead to more boron incorporation and a reduction in activation energy[48].
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Figure 3.6: Activation energy in different power and pressure

In the experiment of power and pressure variation, the processing condition resulting in the lowest
activation energy, at YW and 1.1 mbar respectively, has been selected. In the next experiment, the B2H6
flow and CH4 flow have been varied. It can be seen in the Figure 3.7 that the higher the gas flow of
B2H6, the lower the activation energy, due to more boron incorporation into the layer.[49]
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Figure 3.7: Activation energy in different gas flow rate of diborane(B2H6) and methane(CH4)

Moreover, the activation energy changes with the increase of CH4 can be referred to in Figure 3.7, it can
be seen that activation increases with the increase of CH4.This increase the energy band gap. This leads
to the increase of activation energy as well[50].

Dark conductivity

Dark conductivity in semiconductors provides information about the intrinsic electrical properties of
the material and influences the performance of electronic and optoelectronic devices. The higher dark
conductivity is targeted in this experiment. Figure 3.8 shows that higher pressure and lower power
results in higher dark conductivity.
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Figure 3.8: Dark conductivity in different power and pressure

The relation between B2H6 and CH4 gas flow is presented in Figure 3.9.The dark conductivity increase
with increasing B2H6 flow and decreasing CH4 flow.This is in line with the trends for activation energy
observed in Figure 3.7.
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Figure 3.9: Dark conductivity in different gas flow rate of diborane(B2H6) and methan(CH4)

Energy band gap(EG1)

The energy band gap represents the minimum energy required to excite an electron in a semiconductor
to a higher energy state. Only photons with energy greater than or equal to a material’s band gap can
be absorbed. Ideally, the larger energy bandgap is preferred to absorb more light, and applying the
silicon carbide is also for this purpose. In terms of coating parameters for contributing to the higher
energy band gap, first of all, based on the Figure 3.10, which indicates that an increase of power or
increase of pressure increases the energy band gap. Based on the research of [51], when the amount
of atomic silicon is available for film growth it leads to crystallization. In other words, if more silicon
dissociates in the substrate than carbon does during the fabrication when the increase of power and
pressure, the energy band gap will be reduced. This is due to the film with more silicon having a lower
energy band gap compared to the film with more carbon content[52], the similar concept also can be
seen in Figure 3.11.
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Figure 3.10: Energyband gap in power and pressure
The Figure 3.11 indicates that the increase of B2H6 does not change the bandgap energy;, it only affects

the activation and dark conductivity.
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Figure 3.11: Energy bandgap in different gas flow rate of diborane(B2H6) and methan(CH4)

As the methane flow increases, so does the film’s carbon content. This means that the band gap tends
towards that of a carbon thin film, which is higher than the band gap of amorphous silicon thin films.
This, explains the increase in the band gap proportional to carbon content. Similar results can be seen
inFigure 3.11. However, the increase in carbon also leads to an increase in activation energy.

Refractive index

The refractive index of an optical medium is a dimensionless number that gives an indication of
the light-bending in that medium. The refractive index is wavelength and material-dependent. The
Figure 3.12 is the refractive index of different combinations of power and pressure at wavelength 900
nm. Based on the experiment of [53], for a typical P-SiC fabricated with PECVD, For a typical sample of
SiC the refractive index at 632.8 nm is 2.6353. It can be seen in Figure 3.12 that the higher the power
input, the lower is the Refractive index. This is due to the faster dissociation of precursor gases resulting
in optically less dense substrate. Also, a decrease in pressure which in turn results in slower deposition
and denser materials causes a high refractive index material.
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Figure 3.12: Refractive index in different power and pressure combinations at wavelength 900nm

3.5. Results of optimization of p-SiC

EQE characterisation

After optimization of p-SiC by PECVD techniques, the improvement in EQE is shown in Figure 3.13.
The black line, corresponding to solar cells before p-layer optimization, shows an EQE that suffers
from parastic absorbtion. In contrast, the red EQE representing the solar cell with the optimized layer

performs better overall wavelengths.The optimal receipt of making the p-SiC is at 9W, 1.1 mbar, SiH4 16
sccm, CH4 50 sccm, B2H6 15 scem.
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Figure 3.13: EQE of p-i-n solar cell including the p-a-SiC layer before and after optimization of fabrication

Illuminated JV characterisation
After optimization of P-5iC via PECVD, the performance of JV curve before and after optimization can be
seen in the theFigure 3.14. It can be clearly seen that the performance of JV before optimization includes
an energy barrier shown by the S-shaped curves. This normally indicates an issue with charge carrier
transport between the layers of your device. In contrast, the red JV curve represents the optimized layer
which has also solved the energy band gap mismatch.
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Figure 3.14: JV curve before and after optimization

3.6. Discussion

The results of JV and EQE measurement show that the not-optimized fabrication of the P doping layer
leads to significant parasitic absorption,and the poor EQE performance. Furthermore, the cell with an
energy barrier has a low fill factor and an S shape of JV curve. To optimize the fabrication of p-SiC,
coating parameters like power, pressure, and gas flow rate need to be investigated in PECVD to obtain
good electrical and optical performance.

Based on the results of the characterization from dark conductivity and spectroscopic ellipsometry
measurement, some trends can be observed. First of all, an increase in the power and pressure will
increase the deposition rate, lower the activation energy, higher the conductivity, and decrease the
energy bandgap. Secondly, the increase of gas flow rate in diborane leads to a higher concentration
of boron dissociated in the substrate, which lowers the activation energy and higher the conductivity.
Finally, the increase of gas flow rate in methane leads to a higher concentration of carbon, which higher
the energy band gap but also increases the activation energy. This is due to the more degrees of sp3
bounding formed when more carbon context increases[54].

Furthermore, to overcome the energy barrier in devices, one approach is to dope the transport layers,
which enhances the alignment of energy levels between the P-layer and the absorption layer. [55]. This
doping increases the conductivity of the charge transport layers.[56]. Additionally, incorporating a
passivation layer into the charge transport or adjacent layers can help regulate charge flow within the
device[57].

In summary, the deposition parameters have an interdependent effect on the performance, and the
optimal combination for fabrication of the p-SiC are at the processing conditions of Power 9W, pressure
1.1(mbar), SiH4: 16(sccm), CH4: 50(sccm), B2H6:15 (scem) in this experiment.
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LID study of Different Solar cell
Architectures

4.1. Introduction

One significant drawback of amorphous silicon solar cells is their susceptibility to light-induced
degradation (LID) when exposed to light [2]. This phenomenon, known as the Staebler-Wronski effect,
impairs efficiency by causing the breakdown of fragile silicon-hydrogen bonds within the absorbing
layer, which in turn increases the number of defects. The extent of this effect is highly influenced
by factors such as the quality and thickness of the intrinsic a-Si layer, operational temperature, light
intensity, and other conditions[58]. The standard test for the LID uses an illumination of 1000 W/m2 at
50°C for 1000 hours at open circuit conditions, which is different from the real-life operation of the solar
cells.

As discussed in Chapter 3, optimization of the p-sic benefits reduces the parasitic absorption. Following
the optimization of the fabrication process for p-a-SiC using plasma-enhanced chemical vapor deposition
(PECVD), itis necessary to conduct light absorption experiments to evaluate its degradation performance.
This performance will also be compared to the degradation characteristics observed in the application
of p-nc-SiOx.

Furthermore, to further confirm whether light induced degradation occurred in p-nc-SiOx is mainly at
high energy wavelength. The bi-layer TCO (hydrogen-doped indium oxide (IOH) and intrinsic zinc
oxide (i-ZnO) ) is investigated in the application of p-nc-SiOx window layer in the nanocrystalline
solar cell to check whether light induces degradation still occurs when blue light is mainly absorbed
in the intrinsic zinc oxide (i-ZnO) layer. Lastly, the LID of three micromorph tandem solar cells with
different thicknesses of the intrinsic layer is investigated to see how to achieve better performance and
degradation via the Current Matching method.

The cell characterization involves JV measurements and EQE measurements, which are used to determine
various performance metrics such as fill factor (FF), open-circuit voltage (Voc), efficiency, short-circuit
current density (Jsc), series resistance (Rs), shunt resistance (Rsh), and external quantum efficiency

(EQE).

4.2. Background study

Even though considerable research has been dedicated to the Staebler-Wronski effect (SWE), its exact
nature and underlying causes are still not fully understood. Nanocrystalline silicon shows reduced
sensitivity to the SWE relative to amorphous silicon, suggesting that the disordered structure of
amorphous silicon plays a major role in this phenomenon. Factors such as hydrogen concentration, its
intricate bonding interactions, and impurity levels may also affect the SWE. This section summarizes
the progress made in elucidating the SWE up to this point.

27
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4.2.1. Proposed theories on SWE

Numerous theories offer explanations at the atomic level. During light soaking, the recombination of
charge carriers induces structural defects, forming electronic states near the mid-gap. These states act as
recombination centers, hindering the efficient collection of charge.

The Density of Dangling Bonds depicts the changes in the total density of light-induced degradation
(LID) of dangling bonds in standard a-5Si . The graph shows that the density of these dangling bonds
rises with prolonged light exposure. Saturation of defect density occurs due to a balance between the
creation and annealing of LID, regulated by hydrogen motion. The densities of dangling bonds (DBs)
fluctuate over time until they eventually stabilize[59].
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Figure 4.1: he density of dangling bounds with the function of light absorption time [59].

In 1985, Stutzmann, Jackson, and Tsai introduced the weak-bond model to elucidate the Staebler-
Wronski effect (SWE) seen in hydrogenated amorphous silicon (a-Si). This model offers a theoretical
perspective on the degradation caused by light exposure, which hampers the efficiency of a-5i solar
cells [60]. According to the model, the weakening of certain bonds generates additional defect states,
leading to shorter carrier lifetimes and higher recombination rates, thus lowering the cell’s performance.
The model also accounts for the partial reversibility of the SWE through thermal annealing, which
helps reform Si-Si bonds and redistribute hydrogen, thereby lessening the number of dangling bonds.
Nevertheless, the model faced criticism as it did not fully align with electron-spin resonance (ESR) data.
For instance, localized phenomena like hydrogen migration near dangling bonds, which should have
been detected by ESR, were not observed.

In 1999, Branz introduced the hydrogen collision model (HCM) to offer a different perspective
on the Staebler-Wronski effect (SWE) in amorphous silicon (a-5i). This model highlights hydrogen’s
influence on defect formation and repair within the a-Si structure [61]. Unlike earlier models, the HCM
addresses the absence of changes in ESR signals by emphasizing that hydrogen movement is a key factor,
potentially more impactful than initially recognized. Hydrogen'’s localized hopping around dangling
bonds might not generate a detectable ESR signal. The model integrates thermodynamic stability and
kinetic factors related to hydrogen movement, aligning with the observed rates of defect formation
and repair under varying conditions. By focusing on how hydrogen interacts with silicon, the HCM
offers a broader view of the SWE, shifting the emphasis from just the silicon network’s structure to the
dynamics of hydrogen in the system.

The Figure 4.2 illustrates the process through a schematic configuration-coordinate diagram.
According to this model, the recombination of excess charge carriers generates mobile hydrogen atoms
(Hm) and dangling bonds (DBs). Under normal conditions, these mobile hydrogen atoms tend to reattach
to dangling bonds, preventing the formation of new dangling bonds. However, the Staebler-Wronski
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effect can arise from occasional collisions between hydrogen atoms. When two mobile hydrogen atoms
collide, they can form a metastable complex with two Si—-H bonds, resulting in two metastable dangling
bonds. The H collision model offers a fresh viewpoint on metastability by highlighting mobile hydrogen
as a key precursor. The critical factor in determining the rate of metastable degradation is the density
(Nm) of mobile hydrogen. Due to the typically low density of Nm that causes degradation, detecting
this phenomenon through spectroscopy is challenging, and further research is needed to clarify the
connection between the Staebler-Wronski effect and the density of mobile hydrogen.

The intricate nature of the nanostructure made it challenging to accurately characterize the defects in
a-Si [23].Historically, the nanostructure of a-Si has been represented as a continuous random network
(CRN) [62], where the primary defects are isolated dangling bonds. However, advancements in
Fourier transform photocurrent spectroscopy have led to the view that a disordered network featuring
hydrogenated vacancies (DNHV) offers a more precise depiction of the nanostructure in a-5i. Additionally,
research using Fourier transform photocurrent spectroscopy indicates that defects associated with
inadequately passivated vacancies and tiny voids are likely to be crucial in shaping the a-Si structure.
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Figure 4.2: Schematic representation of a new nanoscopic model of the LID in a-si:H[60].

Melskens et al. [60] conducts an in-depth analysis of a-5i , emphasizing its nanostructures and defect

characteristics. The study thoroughly explores how these factors impact the functionality of a-Si in
different applications, with a particular focus on thin-film solar cells.
Hydrogen atoms are utilized to address dangling bonds—unpaired electrons on silicon atoms that
can cause defects. Melskens investigates how these dangling bonds and the distribution of hydrogen
atoms affect the electronic properties of the material. In addition, Melskens examines the local atomic
arrangements within a-Si and finds that, even though the material is generally disordered, it features
regions with more ordered structures called "Si-Si clusters." These clusters play a role in shaping the
material’s electronic behavior and its response to light.

In the context of light-induced degradation (LID), specific physical interpretations have been given
to defects Al and A2 at the nanoscopic level. Defect A1 is characterized by significant structural gaps
or deficiencies within the amorphous silicon (a-Si) matrix. These gaps, which are essentially large
vacancies or voids in the atomic arrangement, result in considerable open spaces within the material,
often described as large cavities or open volumes within the silicon lattice.

Conversely, Defect A2 features smaller, more randomly scattered imperfections throughout the a-Si
matrix. Unlike the large, open-volume voids seen with Defect A1, these A2 defects are spread more
irregularly and affect the material in a different manner. As light-induced degradation (LID) progresses,
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the quantity of these dispersed defects grows markedly. The size of these defects, denoted by S, shows a
significant relationship with the length of light exposure.[63].

4.2.2. Deposition Conditions and Their Impact on LID

The performance and stability of a-Si thin-film solar cells are significantly influenced by the deposition
parameters and conditions. Light-induced degradation (LID) predominantly affects the intrinsic
absorption layer. Numerous studies have highlighted how variations in thickness and hydrogen dilution
impact the extent of LID in these solar cells. [64]

To start with, an increase in the thickness of the intrinsic layer results in more significant light-induced
degradation of the cell. This occurs because a thicker intrinsic layer absorbs more light, generating a
higher number of charge carriers. As these carriers recombine while the cell is illuminated, the defects
and broken bonds also increase with the thickness, amplifying the Staebler-Wronski Effect.

Oppedal et al. [65] noted that changes in the thickness of the intrinsic layer have a lesser impact on the
degradation of fill factor (FF) and open-circuit voltage (Voc) compared to short-circuit current density
(Jsc). Thinner intrinsic layers exhibit more abrupt band bending at the p-i and i-n interfaces, which
generates a stronger electric field across the layer. On the other hand, thicker layers lead to more gradual
band bending and a weaker electric field. Essentially, the sharp band bending in thinner layers results in
a stronger electric field that aids in the efficient separation of charge carriers. As a result, the degradation
of FF and Voc due to light exposure is less severe because the enhanced electric field mitigates the
increase in recombination losses.

Experimental data shows that the short-circuit current density (Jsc) behaves differently depending on
the thickness of the layer. Specifically, when the thickness surpasses 300 nm, there is a notable decrease
in performance compared to the situation when the thickness is precisely 300 nm.[65]. The ratio of
hydrogen dilution has a significant impact on both the microstructure and electronic characteristics
of the film. By lowering the density of dangling bonds and enhancing the film’s stability, hydrogen
plays a crucial role. This highlights the importance of adjusting the hydrogen-to-silicon ratio to achieve
high-quality amorphous silicon films.[64].

4.2 3. Effects of Thermal Annealing

Thermal annealing involves heating a sample to a range of temperatures (200°C to 300°C) for a set
period. For a-Si, this treatment is effective in reducing the impacts of light-induced degradation (LID).
During light exposure, metastable defects form, but these can be partially remedied through annealing.
The heating process enables hydrogen atoms to migrate and repair dangling bonds. Post-annealing,
improvements in the open-circuit voltage (Voc) and short-circuit current density (Jsc) are observed,
indicating that annealing recovers some of the performance lost due to LID [60]. The Figure 4.3 shows
how the number of dangling bonds decreases following annealing.
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Figure 4.3: Thickness-dependent dangling bond concentration after light exposure and thermal treatment[60].
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4.3. Methodology

This section outlines the comprehensive methodology for the LID study. Just as the fabrication process
of p-SiC is detailed in Chapter 3, the Configurations of cells for the p-a-SiC single junction must
first be described, with ample information provided on the various layers. Following this, the initial
performance of the samples is evaluated. Next, the setup for the light soaking experiment is introduced.
Lastly, the experimental design is elucidated through a flowchart.

4.3.1. Configurations of cells

A set of samples, each consisting of 30 solar cells, was prepared on ASAHI U-type commercial glass
strips. These samples were then coated with a layer of transparent conductive oxide (TCO), as shown
in Figure 4.5. An intrinsic zinc oxide layer (i-ZnO) was applied as a buffer. The samples feature
single-junction solar cells with p-a-SiC used as window layers. To minimize parasitic absorption, the
thickness of the p-doped window layer is restricted to 16 nm. The structural breakdown of these two
layers is depicted in Figure 4.4. Additionally, an intrinsic layer of a-Si is applied, requiring a thickness of
300 nm to enhance cell performance. After the single-junction p-i-n structure is completed, the back
contact is then deposited.

Glass
Front
contact TCO ZnoO (i)
P SiC (p) [16 nm]
|
N
Ag [300
Back < [ ——>Cr [30 nm]
contact Al [800
nm]

Figure 4.4: Device configuration of a-Si:H single junction solar cell with P-SiC window layer

Figure 4.5: Sample with 30 cells.

The configuration of the nc-Si with a p-nc-S5iOx window layer is detailed in Figure 4.6. Initially, the
contact layer is laid down, consisting of a heavily doped nc-5i:OX (p+) material. Next, a buffer layer of
SiOx(i) is applied, which sits between the p-doped layers and the intrinsic bulk. This buffer layer is
designed to minimize recombination at the interface between the p-doped and intrinsic regions. On top
of this, a 300 nm thick intrinsic bulk layer is deposited, followed by nc-5i:OX (n), which serves as the
n-layer. This n-layer enhances conductivity and reduces parasitic absorption in the longer wavelength
range.
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Figure 4.6: Device configuration of a-Si:H single junction solar cell with p-nc-SiOx window layer

The Figure 4.7 illustrates the configuration of two samples that use nc-5i as the intrinsic layer and
p-nc-SiOx as the window layer. The only different layer of these samples is the TCO layer, in which one
uses IOH as the TCO layer, and the other applies bi-layer TCO (iZO+IOH). The purpose of utilizing
these two configurations is to examine the performance of light-induced degradation after incorporating
i-ZnO as the TCO layer. The investigation aims to determine whether degradation occurs at high energy
wavelengths, as i-ZnO predominantly absorbs these wavelengths.
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Figure 4.7: Device configuration of nc-Si:H single junction solar cell with P-nc-SiOx window layer

Micromorph configuration solar cells, being two phases of material, are a combination of amorphous
silicon (a-5i:H) and nanocrystalline silicon(nc-Si:H) one after the other. The configuration of micromorph
silicon thin film illustrated in Figure 4.8, the contact window layer are both p-nc-SiOx for the top and
bottom cell, and the a-si:H and nc-si:H are intrinsic layers for the top and bottom cell respectively. The
aim of this configuration is to see how affects the overall cell by controlling the thickness of the intrinsic
bulk layer in both the top and bottom cells.
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Figure 4.8: Device configuration of c-5iOx:H multi-junction solar cell with p-nc-5i0x window layer

4.3.2. Initial performance

The starting state of the solar cells is essential for performance evaluation, offering a reference point for
comparison. It also provides insights into the material quality of the cells. In this experimental study,
aimed at investigating how light soaking affects single-junction devices with different P-doping layers of
a-Si, it is vital to first establish the initial performance of the cells. Prior to performance measurements,
all samples are subjected to annealing at 180°C for 20 minutes. Since each sample comprises 30 solar
cells, only the cell demonstrating the highest efficiency and open-circuit voltage will be chosen for the
subsequent EQE analysis and measurement.

4.3.3. Light soaking experiment

The process of subjecting solar cell samples to light-induced degradation (LID) was carried out using
the light-soaking system developed by the PVMD team at TU Delft. This system, depicted in Figure 4.9,
involves positioning the samples on a stage that is illuminated by multiple metal halide lamps. To
maintain the stage at a temperature of 50°C, deionized water is circulated through a cooling unit
attached to the stage. Surrounding mirrors are used to reflect light onto the samples. The LID protocol
adheres to IEC 61646 standards for light-soaking thin-film solar cells, with lamp power densities ranging
from 700 to 720 W/m?. A high-sensitivity spectroradiometer is used to measure the light intensity.



4.4. Design of experiments 34

)
!

ooling unit

A
R U
A

Figure 4.9: The set up of Light absorption experiment

4.4. Design of experiments

The LID study was conducted through a series of experiments, necessitating careful consideration

to understand how the results were derived. Figure 4.10 provides a flowchart detailing the entire
experimental design for this study.

Initially, the samples underwent characterization after being annealed at 180°C for 20 minutes. This
characterization included illuminated JV, EQE, and reflective measurements. For EQE measurement,
the best-performing cell in the module, based on efficiency and open-circuit voltage, was selected.

Following this, the light soaking experiment was conducted for 20 minutes, after which the
illuminated JV, EQE, and reflective measurements were repeated. This process, involving light soaking
followed by cell characterization, was repeated throughout the study. The total light soaking time
amounted to 1000 hours, with measurements taken at intervals of 20 minutes, 40 minutes, 60 minutes, 3
hours, 6 hours, 10 hours, 40 hours, 60 hours, 100 hours, 300 hours, 600 hours, and 1000 hours. To be
mentioned, p-a-SiC only processes 600 hours of light absorption totally due to the equipment issue.
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Figure 4.10: The flow chart of Light soaking experiment

4.5. Results and Discussion

4.5.1. LID on Solar cells with p doped Silicon Carbide as Window layer

EQE characterisation: The EQE of the solar cell offers a detailed understanding of the device’s optical
response and electrical losses. Consequently, the external quantum efficiency analysis reveals both the
light absorption in the material and the behavior and movement of the light-induced charge carriers
within the device. As previously noted, each sample contains 30 solar cells (or dots) with an area of 16
mm? per cell. Due to time constraints and equipment limitations, EQE measurements were performed
on a single dot, selected for its superior initial performance throughout the experiments.
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Figure 4.11: Initial performance of EQE and absorptance of SiC and SiOx

The Figure 4.11 illustrates the initial EQE performance between SiC and SiOx. It can be seen that the
EQE of S5iOx is better, especially in the blue region. This is due to the higher band gap energy of material
of 5iOx compared to SiC. This parasitic absorption may also be reduced by optimizing the thickness
of p-layer. The 4.12 shows various EQEs as a function of the light soaking time . It can be seen that
p-a-SiC:H suffers more performance drop due to LID than SiOx. The cell performance showed a sudden
drop after 3 hours of light soaking. This suggest that the cell developed a parallel electrical shunt
path. An overall EQE drop of p-a-SiC:H is due to this shunting of solar cells. There are two distinct
perspectives regarding the cause of cell shunting. One perspective suggests that the issue may arise from
a defect with the probes potentially damaging the solar cell’s back contact by multiple measurements.
Conversely, the other perspective attributes the problem to contaminants introduced during deposition,
which could lead to cell shunting over time. Regardless of this, it is evident that the drop in the first
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three hours of EQE is similar for both solar cells. This suggests that both solar cells might show the
same mechanism of degradation in light absorption at the initial stages of light soaking.
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Figure 4.12: EQE of LID of p-a-SiC and p-a-5iOx window layer in amorphous silicon

INluminated JV characterisation:

A solar cell’s electrical performance can be greatly understood by studying the illuminated JV charac-
terization. The Figure 4.11 illustrates the JV curve of p-a-SiC and p-a-SiOx during light soaking. As
mentioned in the previous section, the p-a-5iC has a shunting issue which also can be seen from the
Figure 4.11 that Jsc drops dramatically compared to p-a-SiOx. Furthermore, it also can be seen that
both shunt resistance decrease and series resistance increase leading to the lower of the fill factor after
degradation. The JV curve changes its shape as a trend over the measurements. Another impact that
has to be noted for both the cells is that for SiC the Voc remains the same, but for the ncSiOx cell, the Voc
drops over time. The Voc drop can be considered as an effect of band bending related to degradation
from the p-layer.
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Figure 4.13: JV curve of p-a-S5iC and p-nc-S5iOx window layer in amorphous silicon

External parameters:

Based on the outcomes of the light soaking experiments for silicon carbide, all the external parameters
obtained from the JV characterization are individually plotted and compared. The Jsc plots are based
on data obtained from EQE measurements. As a result, the Jsc data from EQE was also taken into
account while making the efficiency plots. It shall be noted that the Jsc data from EQE characterization
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is obtained by measuring the EQE of the best-performing cell out of the 30 cells in a sample. This limits
the ability to plot the average data of the best-performing cells along with error bars. However, in
order to observe the trends for more reliability, this has been attempted using a box plot on the external
parameters apart from Jsc and efficiency.

Fill Factor (FF) is a measure of the electrical quality of a solar cell. It quantifies the maximum achievable
power of the cell compared to the theoretical power if both the open-circuit voltage (Voc) and short-circuit
current (Isc) were utilized optimally. In essence, FF is a ratio that compares the actual maximum power
output of the solar cell to the product of Voc and Isc. TheFigure 4.14 illustrates that p-nc-SiOx:H has
a better fill factor for the initial and also after degradation. The fill factor of p-a-SiC decreases slowly
within the first hour of light absorption, decreases faster afterward, and becomes stable after 100 hours
of light soaking. In terms of p-nc-5iOx, it shows a similar trend in the fill factor decreasing slowly in the
first hour of absorption, decreasing faster afterward, and reaching stable after 60 hours of absorption.
Some of the points fluctuate in both p-a-SiC and p-nc-5iOx. However, the conclusion still can be made
that both materials can reach stable fill factor after degradation which is different from the results of the
Figure 4.15 that fill factor keeps suffering from degradation even after 600 hours. To be mentioned, some
points like the 3hours measurement point of p-a-5iC and 6 hours measurement point of p-nc-5iOx have
fluctuation this is due to the unstable JV measurement probably caused by the improper warming-up or
calibration of the system, but the trend still can be referred to overall.
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Figure 4.14: Fill factor for p-a-SiC and p-nc-5iOx window layer in amorphous silicon
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Figure 4.15: Fill factor for p-nc-SiOx window layer in amorphous silicon

Open-circuit voltage (Voc) The value is a crucial indicator of a solar cell’s potential to convert
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sunlight into electrical energy. It is primarily influenced by the material properties of the semiconductor,
such as the band gap energy, as well as the intensity and spectrum of the incident sunlight.TheFigure 4.16
illustrates that p-a-SiOx has a better Voc for the initial and also after degradation due to a higher energy
band gap. However, it also shows that the Voc of p-a-SiOx suffers more from the degradation than
p-a-SiC. This might be due to the increase of the dangling-bond density of the intrinsic absorber layer
which is faster for p-a-SiOx than p-a-SiC, which leads to a higher drop of Voc based on the study of [66].
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Figure 4.16: Voc for p-a-SiC and p-nc-SiOx window layer in amorphous silicon

Series resistance(Rs)

Series resistance represents the total resistance encountered by the current as it flows through the
cell and its external connections. Series resistance is a critical parameter that impacts the efficiency
and performance of solar cells. Minimizing is essential for improving the overall power conversion
efficiency of photovoltaic devices. In general, higher series resistance leads to lower fill factor. Figure 4.17
illustrates the series resistance of SiC suffers more light-induced degradation than SiOx. Some reasons
for series resistance increase after light absorption might be the degradation of contacts and interfaces,
changes in material properties, and, degradation of TCO layers. Some of the points have fluctuations in
both p-a-5iC and p-nc-SiOx due to a mismatch in setup during the JV measurement which makes the
contact between the probe and solar cell not align with each other.
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Figure 4.17: Series resistance of p-a-SiC and p-a-SiOx window layer in amorphous silicon

Shunt resistance(Rsh) Figure 4.17 illustrates the shunt resistance of p-a-SiC and p-nc-5iOx after
light-induced degradation. It can be seen that the shunt resistance of both materials decreases after
degradation which leads to a lower fill factor.
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Figure 4.18: Shunt resistance of p-a-SiC and p-a-SiOx window layer in amorphous silicon
Efficiency

Figure 4.19 illustrates the efficiency of p-a-S5iC and p-nc-S5iOx after light-induced degradation. It
can be seen that the initial and after degradation efficiency of p-nc-SiOx is higher than p-a-SiC. This is
a combined effect of the parameters and in SiC it is majorly due to Fillfactor and Jsc drop. In SiOx p
layer solar cells, the Jsc drop is lower than SiC p layer solar cell but the change in Voc is prominent. In
terms of absolute value change, both p-a-SiC and p-nc-SiOx have around a 2.8% drop in efficiency after
degradation of 600 hours.
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Figure 4.19: Efficiency of p-a-SiC and p-a-S5iOx window layer in amorphous silicon

4.5.2. Effects of Light Exposure on Nanocrystalline Single Junction Solar cells
The optimal TCO is typically chosen by balancing transparency and conductivity. IOH and i-ZnO are
selected as the ideal materials for this structure because of their excellent optoelectrical properties. A
thin IOH layer guarantees high transparency in the visible spectrum and good lateral conductivity,
while an additional i-ZnO layer minimizes parasitic absorption losses and ensures low transverse
resistivity [67]. The high energy wavelength of light is mainly absorbed at iZnO, and from the EQE of
light absorption experiment of p-a-5iOx in Figure 4.11, the degradation mainly is occurred in a higher
energy wavelength. This experiment aims to see whether the light-induced degradation is optimized
after applying a bi-layer that high energy wavelengths are absorbed by iZnO.

EQE characterisation:
The Figure 4.20 illustrates the initial performance of EQE and absorptance of TCO(IOH) and bilayer
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TCO(IOH+iZnO) layers, it can be seen that the EQE of TCO(IOH) has better performance in the blue
region due to the higher energy band gap. In contrast, the bilayer TCO(IOH+iZnO) has a better EQE
performance in the overall and infrared region [68].

Moreover, the Figure 4.20 is the EQE after light-induced degradation. It can be seen that for
TCOIOH) the EQE curve does not suffer too much after degradation. Also, from the Figure 4.21 the
absorbtance ability of bilayer TCO(IOH+iZnO) is better than TCO(IOH) after degradation, it represents
that the degradation of the EQE curve for bilayer TCO(IOH+iZnO) is probably caused by the shunting
of the device instead of light-induced degradation.
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Figure 4.20: Initial performance of EQE and absorptance of TCO(IOH) and bilayer TCOIOH+iZnO) layers
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Figure 4.21: EQE of TCO(IOH) and bilayer TCO(IOH+iZnO) after degradation.

Illuminated JV characterisation:

The Figure 4.22 illustrates the initial and degradation JV curve between of TCO(IOH) and TCO
(IOH+iZnO) layers, it can be seen that the bilayer TCO (IOH+iZnO) has a better initial Voc due to higher
energy band gap, whereas the TCO(IOH) has slightly higher initial current density. It also can be seen
that the series resistance increases after degradation for TCO(IOH). In terms of TCO (IOH+iZnO), series
resistance increases and shunt resistance decreases after degradation. However, as mentioned before,
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Figure 4.22: ]V of TCO(IOH) and TCO (IOH+iZnO) layers

the nc-si:H with bilayer TCO (IOH+iZnO) has been shunted, so the conclusion can not be made that
the degradation has been optimized after applying the bilayer TCO. TheFigure 4.23 illustrates that
TCO(IOH) has a better fill factor.

Open-circuit voltage (Voc) TheFigure 4.24 illustrates that TCO (IOH+iZnO) layers have a better
open-circuit voltage initialluy. The Voc does not reduce too much after degradation compared to a-si
due to less defect density of nc-si:H which suffers less from light-induced degradation. This is reported
that the higher the crystallinity of the intrinsic layer is, the less light-induced degradation is produced in
solar cells [69]. This primarily occurs because the conduction and charge transfer in ncSi bulk happens
exclusively through crystals in the solar cell.
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Figure 4.23: FF of TCO(IOH) and (IOH+iZnO) layers
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Figure 4.24: Voc of TCO(IOH) and (IOH+iZnO) layers

Series resistance(Rs)

TheFigure 4.25 illustrates that Series resistance of TCO(IOH) and (IOH+iZnO) layers are almost the same.
To be mentioned, some points like the 0.66-hour measurement point of TCO(IOH) and the 30-hour
measurement point of (IOH+iZnO) layers have fluctuation this is due to the unstable JV measurement
probably caused by the probe not touching the cell well during the process. The drop observed is null
in both cases, implying the stability of TCO’s under light and their ability to maintain charge transport.
No layer in the total architecture of the solar cell is affected for charge transport and mobility as no
major change in series resistance is observed.

BrT—F—T T T T T T T 35— T —
nc-Si:H: (loH TCO) T R 15108 1 nc-SizH: (IOH+IZNO TCO) B i 4 2108
— Median Line 30 A — Median Line H
20 4 - a  Mean - o Mean
+ Outliers 1 + CQOutliers
E 25 | . .
T 5] 1= A
5 § 20 -
£ £
5 . 5
= 10 J 1 =154 -
lad # Phdte ” |
é ; ; 104 i 3
. | Fg4
5 -
° 0 033086 1 3 & 10 30 60 100 300 6001000 01—
33 0 0 033066 1 3 6 10 30 60 100 300 600 1000
Time(Hours) Time(Hours)
Figure 4.25: Series resistance of TCO(IOH) and (IOH+iZnO) layers
Shunt resistance(Rsh)

TheFigure 4.26 illustrates that shunt resistance of TCO(IOH) is larger then bi-layer TCO (IOH+iZnO)
layers. This might be due to the Bi-layer TCOs exhibiting higher roughness in the superstrate. Due to
the sharp features, nanocrystalline bulk can cause cracks that act as shunt pathways, further reducing
the shunt resistance compared to a single-layer IOH TCO. The single-layer TCO has flat IOH TCO which
might cause a more uniform structure with fewer defects. In nanocrystalline solar cells, the charge
carrier transport majorly takes place through crystals and light soaking doesn’t seem to affect any crystal
structure in the samples. As mentioned, some points like the 0.66-hour measurement point of TCO(IOH)
and the 30-hour measurement point of (IOH+iZnO) layers have fluctuation this is due to the unstable JV
measurement probably caused by the probe not touching the cell well during the process.
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Figure 4.26: Shunt resistance of TCO(IOH) and (IOH+iZnO) layers

Efficiency

TheFigure 4.27 illustrates that initail efficiency of TCO(IOH) is larger then bilayer TCO (IOH+iZnO)
layers. The external parameters stay constant over the 600 hours of light soaking for both cells indicating
that the nc-Si layers are not prone to any kind of degradation in electrical performance. The degradation
of Efficiency is majorly contributed by optical response drop. This shall be also seen to stabilize with
longer exposure to light. The efficiency seems to be stabilized with the stabilization of Jsc.
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Figure 4.27: Effiicieny of TCO(IOH) and (IOH+iZnO) layers

4.5.3. LID on Solar cells with p-nc-SiOx as window layer on micromorph thin
film

The aim of investigating micromorph thin film is to see how much the Jsc of the top cell which uses

amorphous silicon as an intrinsic layer drops after inducing degradation. A total of three samples with

a thickness of the intrinsic layer as top cells 250nm, 270nm, and 300nm respectively are investigated.

TheFigure 4.28 illustrates EQE for micromorph thin film on three samples. It can be seen that the
top cell of the three samples suffers from degradation because amorphous silicon solar cell, whereas the
bottom cell does not suffer too much from degradation due to nanocrystalline as an intrinsic layer. In
general, the thinner the top cell, leaves more light for the bottom cell to utilize which makes the more
degradation of the nanocrystalline solar cells. This matches the results of Figure 4.28, which the thicker
one(M5) suffers less from the degradation of the nanocrystalline solar cells.
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Figure 4.28: EQE for micromorph thin-film

The short circuit current density of top cell and bottom cell in different
light absorption time

0 033h 066h 1h 3h 6h 10 30h  60h 100h 300h 600h

M1
JseToC 122 127 142 143 143 138 138 136 137 134 135 134
JscBoC 10.6 108 11 109 11 104 104 103 104 103 10 10.2

M2
JscToC 138 139 14 14 14 136 136 133 134 135 133 131
JscBoC 113 116 117 117 11.7 112 112 109 113 114 106 11

M5
JscToC 145 145 14.5 145 144 14 139 138 138 137 137 136
JscBoC 11.0 11.2 113 113 114 108 108 109 11 111 108 109

The above tables illustrate the Jsc of the top cell and bottom cell in each measurement point. From
the table, it can be seen that the top cell with a thickness of 270nm of intrinsic layer has an initial Jsc
around 14.2 mA /cm?2 (The points at oh and 0.33h can be neglected due to the unstable measurement).
After degradation, the Jsc drops to 13.4 mA /cm?2 after 600 hours of light absorption, which has around
5.6% of Jsc. Similarly, the M2 with a thickness of 250 nm of intrinsic layer has Jsc around 6.4% (From
initial 140 mA/cm?2 to 131 mA/cm?2). Lastly, the M5 with a thickness 300 nm of intrinsic layer has
Jsc about 6.2 % (From the original 145 mA /cm2 to 136 mA /cm?2). The results give some insights into
how much of the Jsc of the top cell will drop after degradation which is around 6%. However, the
micromorph thin film is still limited by the bottom cell of the nanocrystalline solar cell.

Fill factor: TheFigure 4.29 illustrates the Fill factor of three micromorph thin films. It can be seen
that by manipulating the thickness of the top and bottom cells, a higher fill factor can be obtained in the
M5 sample. Moreover, as mentioned before, the thinner the top cell, leaves more light for the bottom
cell to utilize which causes more degradation of the nanocrystalline solar cell. The Fill factor of M2 with
the thinner intrinsic layer of the top cell suffers the most after degradation due to the more degradation
of the bottom cell which is the limited cell for micromorph thin films.
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Figure 4.29: Fill factor for micromorph thin-film
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TheFigure 4.30 illustrates the open circuit voltage of three micromorph thin films. It can be seen that all
three samples have almost the same value of initial Voc. In terms of Voc after degradation, the sample
with the thickest of top cells suffers slightly more than others. The Voc after degradation for micromorph
thin film is not as serious as single junction solar cell. As mentioned before, the Voc of p-a-5iOx suffers
more from degradation than p-nc-SiOx. In a micromorph thin film, more light reaches the bottom cell,
which causes less degradation in the top cell compared to the single junction of p-a-SiOx.

LT

o Mean

1.354

Voc(V)

1.254

25%-75%
Range within 1.5IQR

M 1 — Median Line

& Outliers

..-.‘
1.304 g
.. .'

Voc(V)

T T T T T T T T
0 033066 1 3 6 10 30 60 100 300 300 600

Time(Hours)

1.40 T T T T

1.354

1.30---.-.-

1.254

T
0 033066 1

— T T T T T T
3 6 10 30 60 100 100 300 600
Time(Hours)

1.354

1.254

T Range within 1.5IQR|
— Median Line

25%~75%

o Mean
+_Outliers

1.20

Figure 4.30: Open voltage for micromorph thin-film

T T
1 3 6 10

Time(Hours)

T T T T
30 60 100 300 600

Series resistance(Rs): The Figure 4.31 illustrates the series resistance of three micromorph thin films.
which should not be varied with the different thicknesses of intrinsic layers. Based on the results, the
series resistance of the micromorph thin film is higher than the single junction due to more layers of the

configuration.
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Shunt resistance(Rsh):
The Figure 4.32 illustrates the Shunt resistance of three micromorph thin films, which can be seen that
the thicker sample (M5) has the lowest shunt resistance. Also, the shunt resistance of the micromorph
thin film is in the between of single junction of a-Si:H and nc-si:H. This might be because the crystal
defect of micromorph thin films is in the middle of a-5i:-H and nc-si:H, and the higher the crystal defect,
the lower the shunt resistance.
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Figure 4.32: Shunt resistance for micromorph thin film

4.6. Summary

Based on the results of the light absorption experiment, the p-nc-SiOx has better EQE, open circuit
voltage, and Fill factor than p-a-SiC. This is because the SiOx has a higher energy band gap than SiC.
Furthermore, both p-nc-5iOx and p-a-SiC can reach a stable efficiency and fill factor, which contradicts
the observation made in [41] where the performance was dropping even at 600 hours. About the
difference of results in light-induced degradation of p-nc-SiOx, this needs to be further confirmed
because sometimes the condition change during the fabrication might also affect the results.

The TCO bi-layer has a better EQE performance in the overall and Infrared area, whereas the TCO(IOH)
has a better blue response due to a higher energy band gap. Both samples do not suffer too much
from light-induced degradation which can be expected due to nanocrystalline as an intrinsic layer not
suffering too much from LID.

In terms of the relationship between high energy wavelength and light-induced degradation, it can not
be concluded due to the shunting issue of the p-nc-S5iOx with the bi layer TCO.

Lastly, based on the results of the light absorption experiment of the micromorph thin film solar cell, it
can be concluded that the top cell of amorphous silicon suffers from light-induced degradation whereas
the bottom cell of nanocrystalline does not suffer too much from LID. The drop of Jsc for the top cell
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after LID is around 6% for each cell, so to implement fill factor compensation, the sub-cells must be
matched such that it has a 6% extra current in the top cell.



Conclusions and Recommendations

5.1. Conclusions

Based on the findings from dark conductivity measurements and spectroscopic ellipsometry under
various deposition parameters, the performance optimization focuses on achieving high conductivity,
low activation energy, higher energy bandgap, and low reflectance and absorption. These factors
contribute to obtaining high Voc and Jsc while minimizing parasitic absorption in p-SiC. To enhance
solar cell performance, higher power and pressure in PECVD are employed, which in turn aids in
accelerating the dissociation of B2H6 and incorporation to the layers, thereby reducing activation
energy and boosting dark conductivity. However, these conditions also result in a lower energy
bandgap due to the rapid dissociation of SiH4 compared to CH4. To counteract this, a higher CH4 gas
flow rate is used to increase the energy bandgap. Conversely, increasing CH4 also raises activation
energy and lowers dark conductivity. A higher B2H6 gas flow rate is applied to decrease activation
energy without significantly impacting the energy bandgap. Regarding refractive and extinction
coefficients, reflectance and absorption are primarily material-dependent, indicating minimal influ-
ence from deposition parameters once the material is fully dissociated on the substrate. The receipt
to obtain the optimal performance for p-SiC is at 9w, 1.1 mbar, SiH4:16 sccm, CH4 50 sccm, B2H6 15 scem.

Based on the results, the p-nc-SiOx has better overall performance in EQE, Voc(0,83V), fill factor(0.625),
and efficiency(7.5%). This is due to the higher band gap of p-nc-SiOx. Moreover, both p-nc-SiOx and
p-a-5iC have reached a stable efficiency after 100 hours of light-induced degradation, with an overall
loss of 28.5% compared to the initial efficiency. LID performance of the p-nc-S5iOx window layer solar
cell is similar to p-SiC window layer solar cell because it degrades less with around 28.5%, whereas
p-SiC has a degradation of around 28.8% efficiency drop.

Based on the results of EQE, Solar cells with two-layer TCO (IOH-iZnO) have a better EQE per-
formance in the green region and also the infrared area, whereas the TCO (IOH) has a better blue
response due to a higher energy band gap of IOH. From the reflection of solar cells after degra-
dation, we conclude that both of the cells suffer less from light-induced degradation than a-si:H
which can be expected. However, it can not be concluded whether the degradation mainly occurred
because of the high energy wavelength due to the shunting of p-nc-5iOx with two-layer TCO (IOH-iZnO).

Based on the results of micromorph thin film solar cells, the solar cells with bottom cell(nc-si:H)
limited current, have better fill factor and suffer less from degradation. This results in an overall better
performance of the solar cell. The current drop of amorphous silicon in a top cell for each sample is
around 6% of the initial current after degradation. Thus to implement current matching, the subcells
must be matched such that it has a 6% extra current in the top cell.

5.2. Recommendations

After optimization of the boron-doped SiC layer, the efficiency of a single junction solar cell after
applying p-sic as a window layer was around 8.2%, which still requires further optimization to obtain
higher efficiency. This might be achieved by applying the buffer layer at the p/i interface to increase the
VoC and efficiency.

48
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Secondly, based on the results of JV measurement and EQE measurement, the cells suffer from
shunting issues, which affects the reliability of results. The shunting issues may result from multiple
measurements by the measuring setup. Addressing these problems can greatly improve result accuracy,
reducing the errors compared to the results included in this report.

Also, the process of optimization of layers requires a stable PECVD. It has been noted that the reflection
power of the equipment is massive for some depositions. This will also lead to different results. However,
the key to obtaining good performance of layers is to make the optical and electrical performance in a
specific range. In our experiment, the energy band gap is around 2.1(eV), and the activation is 0.385(eV).
It can be concluded that making the depositions stable in the PECVD can enhance the performance of
layers in future depositions.
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