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Abstract

Hydrogenated amorphous silicon (a-Si:H) and silicon carbide (a-SiC:H) thin films are
essential materials for optoelectronic and photovoltaic devices. High-quality layers of
these materials are typically produced using vacuum-based deposition techniques, such
as plasma enhanced chemical vapor deposition (PECVD). However, these methods
require expensive equipment and complex infrastructure, which limits their economic
viability. Atmospheric pressure chemical vapor deposition (APCVD) offers a promising
alternative, as it avoids the need for ultra-high vacuum infrastructure. Successfully
addressing challenges in precursor handling, film quality, and process reproducibility
could make this approach a cost-effective method for producing a-Si:H and a-SiC:H
thin films.

This thesis seeks to overcome the limitations of existing APCVD systems by devel-
oping a custom-built system that can reproducibly deposit high-quality a-Si:H and
a-SiC:H films using liquid precursors. The research systematically investigates how
key process parameters – such as deposition temperature, deposition time, precursor
volume, injection frequency, and precursor dilution with cyclooctane – affect film
growth and composition, as well as hydrogen incorporation, purity, defect density,
and the resulting electrical and structural properties. The goal is to use the insights
gained from these investigations, together with targeted post-deposition treatments, to
optimize film properties for a range of applications and thereby demonstrate that liquid
precursors, particularly trisilane and 1,4-disilabutane, can enable low-temperature,
scalable deposition of high-quality functional semiconductor materials when precisely
controlled.

Extensive material characterization was carried out using Fourier transform infrared
spectroscopy, Raman spectroscopy, spectroscopic ellipsometry, electron spin resonance
spectroscopy, secondary ion mass spectrometry, X-ray photoelectron spectroscopy,
and electrical conductivity measurements. For a-Si:H, films with hydrogen contents
up to 10 at%, defect densities as low as 3 × 1018 cm−3 and photosensitivities up to
105 were achieved. While the defect density is higher than for standard PECVD
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films, such hydrogen content and photosensitivity are typical for functional a-Si:H
layers for semiconductor applications. The effective passivation of crystalline silicon
(c-Si) substrates resulted in lifetimes of up to 1.9 ms, comparable to those achieved
with standard c-Si substrates passivated using PECVD a-Si:H layers. Post-deposition
hydrogenation and catalytic doping significantly enhanced electronic properties, and
films crystallized without blistering into polycrystalline silicon via rapid thermal
annealing, enabling high-throughput annealing processes.

APCVD using 1,4-disilabutane enabled the formation of amorphous SiC films at
intermediate temperatures below 600 °C, with carbon concentrations and conductivities
comparable to or exceeding PECVD analogs. Post-deposition annealing and laser
crystallization facilitated the formation of a nanocrystalline SiC and Si mixture. In-situ
nitrogen doping by 1,1,3,3-tetramethyldisilazane – a nitrogen, silicon, carbon and
hydrogen containing molecule – during a-SiC:H deposition enabled conductivities up
to 0.03 S cm−1, typical for n-type nanocrystalline SiC.

The findings demonstrate that APCVD, when combined with well-designed precursor
chemistry and deposition control, is a cost-effective alternative for producing a-Si:H,
a-SiC:H, and their crystalline derivatives. This enables new application routes in
photovoltaic technologies, such as passivated contact solar cells, and in other advanced
electronic devices like micro-electro-mechanical systems.
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Kurzfassung

Wasserstoffhaltige amorphe Silizium- (a-Si:H) und Siliziumkarbid-Dünnschichten (a-
SiC:H) sind zentrale Materialien in optoelektronischen und photovoltaischen Bauele-
menten. Hochwertige Schichten dieser Materialien werden typischerweise durch
vakuumbasierte Abscheidungstechniken wie die plasmaunterstützte chemische Gas-
phasenabscheidung (PECVD) hergestellt. Diese Verfahren erfordern jedoch kosten-
intensive Anlagen und komplexe Infrastruktur, weswegen ihre Skalierbarkeit und
Wirtschaftlichkeit limitiert sind. Die chemische Gasphasenabscheidung bei Atmo-
sphärendruck (APCVD) stellt eine vielversprechende Alternative dar, da sie keine
Ultrahochvakuum-Infrastruktur erfordert. Durch die erfolgreiche Bewältigung der Her-
ausforderungen in Bezug auf die Handhabung der Präkursoren, die Filmqualität und
die Reproduzierbarkeit des Prozesses könnte dieser Ansatz zu einer kostengünstigen
Methode für die Herstellung von a-Si:H- und a-SiC:H-Dünnschichten werden.

Diese Arbeit zielt darauf ab, die Einschränkungen bestehender APCVD-Systeme
zu überwinden, indem ein maßgeschneidertes System entwickelt wird, welches die
reproduzierbare Abscheidung qualitativ hochwertiger a-Si:H- und a-SiC:H-Schichten
aus flüssigen Präkursoren ermöglicht. Systematisch wird untersucht, wie Prozesspa-
rameter – darunter Abscheidungstemperatur, Abscheidungsdauer, Präkursorvolumen,
Injektionsfrequenz sowie die Verdünnung mit Cyclooctan – das Schichtwachstum und
die Zusammensetzung sowie die Wasserstoffeinlagerung, die Defektdichte und die
daraus resultierenden elektrischen und strukturellen Eigenschaften beeinflussen. Das
Ziel besteht darin, die aus diesen Untersuchungen gewonnenen Erkenntnisse zusammen
mit gezielten Nachbehandlungen nach der Abscheidung zu nutzen, um die Filmeigen-
schaften für eine Reihe von Anwendungen zu optimieren. Damit wird gezeigt, dass
flüssige Präkursoren, insbesondere Trisilan und 1,4-Disilabutan, bei präziser Dosierung
eine skalierbare Abscheidung hochwertiger funktioneller Halbleitermaterialien bei
niedrigen Temperaturen ermöglichen.

Eine umfassende Materialcharakterisierung wurde mittels Fourier-Transform-Infra-
rotspektroskopie, Ramanspektroskopie, spektroskopischer Ellipsometrie, Elektronen-
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spinresonanzspektroskopie, Sekundärionenmassenspektrometrie, Röntgenphotoelek-
tronenspektroskopie und Messungen der elektrischen Leitfähigkeit durchgeführt. Für
a-Si:H-Filme konnten Wasserstoffgehalte von bis zu 10 at%, Defektdichten bis zu
3 × 1018 cm−3 sowie Photosensitivitäten bis zu 105 erzielt werden. Während die Defek-
tdichte höher ist als bei Standard-PECVD-Filmen, sind ein solcher Wasserstoffgehalt
und eine solche Lichtempfindlichkeit typisch für funktionelle a-Si:H-Schichten. Eine
effektive Passivierung kristalliner Siliziumsubstrate (c-Si) ermöglichte eine Minoritäts-
ladungsträger-Lebensdauer von bis zu 1,9 ms. Diese ist vergleichbar mit Lebensdauern
in Siliziumsubstraten, welche mittels PECVD a-Si:H-Schichten passiviert wurden.
Durch nachträgliche Wasserstoffanreicherung und katalytische Dotierung ließen sich
die elektronischen Eigenschaften weiter verbessern. Zudem konnten die amorphen
Schichten ohne Blasenbildung und Delamination zu polykristallinem Silizium umge-
wandelt werden, wodurch potenziell ein schneller industrieller Kristallisationsprozess
ermöglicht werden kann.

Die Verwendung von 1,4-Disilabutan als Präkursor ermöglichte die Abscheidung von
amorphen SiC-Schichten bei moderaten Temperaturen unterhalb von 600 °C. Die resul-
tierenden Kohlenstoffkonzentrationen und elektrischen Leitfähigkeiten waren mit denen
von PECVD-Schichten vergleichbar oder übertrafen diese. Durch thermische oder
laserinduzierte Kristallisation nach der Abscheidung konnten nanokristalline Mischun-
gen aus SiC und Si erzeugt werden. Zudem ermöglichte die Dotierung mit Stickstoff
durch Zugabe von 1,1,3,3-Tetramethyldisilazan während der a-SiC:H-Abscheidung
elektrische Leitfähigkeiten bis zu 0,03 S cm−1, wie sie für n-Typ-nanokristallines SiC
typisch sind.

Die Ergebnisse belegen, dass APCVD in Kombination mit geeigneten flüssigen
Präkursoren und präziser Prozesskontrolle eine kostengünstige Alternative zur Her-
stellung von a-Si:H, a-SiC:H und deren kristallinen Derivaten darstellt. Dies eröffnet
neue Anwendungsmöglichkeiten in der Photovoltaik, beispielsweise für Solarzellen mit
passiviertem Kontakt, sowie in modernen elektronischen Anwendungen wie mikroelek-
tromechanischen Systemen.
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1. Introduction

Hydrogenated amorphous silicon (a-Si:H) and silicon carbide (a-SiC:H) thin films
are essential materials in various optoelectronic applications, including solar cells,
thin-film transistors, anti-reflection coatings, microelectromechanical systems (MEMS),
and biomedical applications.[1–6] Traditionally, these materials are deposited using
processes like plasma-enhanced chemical vapor deposition (PECVD) or hot wire
chemical vapor deposition (HWCVD), which offers excellent control over film properties
but requires vacuum infrastructure and sophisticated gas handling systems. As the
demand for cost-effective and scalable manufacturing processes increases, alternative
deposition techniques are gaining attention.[7]

Thermal activated atmospheric pressure chemical vapor deposition (APCVD) is a
promising alternative that eliminates the need for vacuum equipment and allows for
continuous processing, potentially lowering production costs and increasing throughput.
However, the application of APCVD to a-Si:H and a-SiC:H film deposition has
remained limited, primarily due to challenges in precursor selection, process control,
and achieving film qualities comparable to vacuum-based methods.[7, 8]

While the decomposition products resulting from pyrolysis of liquid precursors were
already analyzed in the 1960s [9], it was in 2006 when Shimoda et al. [10] used liquid
precursors to form a-Si:H films via pyrolysis. From this point on, several investigations
on this kind of thin film deposition have been done by multiple groups.[8, 11–13]
Unlike conventional gas-phase precursors, liquid precursors offer ease of handling and
wide applicability not only in solution but also in vapor processes at atmospheric
pressure. In addition, liquid precursor can be used for local deposition processes
or other specialized processes such as Si deposition in nanopores.[14] In addition,
liquid precursor promises a lower temperature for thermal decomposition compared to
gaseous precursors like monosilane (600 °C) or methylsilane (750 °C).[15, 16]

While most investigations were conducted on the deposition of thin films via
cyclopentasilane [11, 17, 18], Paolo Bedini [19] used better available trisilane (TS,
Si3H8) to produce inks for the a-Si:H thin film deposition. In addition, a first test
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1. Introduction

of the deposition using pure trisilane was made, resulting in a-Si:H films deposited
at temperatures down to 425 °C. However, the high volatility of the precursor led to
reproducibility and process control issues, which made a reliable evaluation of the film
properties complicated. To bridge this knowledge gap, this work presents a new version
of the APCVD apparatus designed to improve the reproducibility of the deposition
and the capability to use untreated trisilane as precursor. With this new tool, a large
process parameter space is explored, seeking to improve the quality of the deposited
a-Si:H thin films.

Many of the liquid processes found in literature are made using silicon containing
inks solved in cyclooctane for improved handling and the possibility of thin film produc-
tion by spin coating.[20–22] Cyclooctane (CO, C8H16) was used as a suitable, widely
available solvent with a stable carbon ring, which is important to avoid carbon contami-
nation of the amorphous Si films. However, no investigation has been performed on the
influence of the solvent on the a-Si:H film properties yet. Therefore, another key topic
will be the investigation of the possible incorporation of cyclooctane-related carbon
into the film and its influence on the film properties. The deposition of a-Si:H films
using pure and diluted trisilane was systematically investigated to understand growth
mechanisms, film properties, and the effects of dilution and deposition parameters.
The entire deposition parameter space comprises five dimensions: cyclooctane dilution,
deposition temperature, deposition time, precursor volume, and number of precursor
injections.

While carbon is undesirable in pure a-Si:H films, also research on liquid-processed
a-SiC:H films has been done in the literature, mainly by using a two-component liquid
precursor containing polyhydrosilanes and hydrocarbons.[23] However, this approach
requires pre-processing of the precursor – such as annealing – to form Si-C bonds prior
to deposition. In addition, the Si-C bond density in the resulting a-SiC:H films was
rather low. Therefore, in this work 1,4-disilabutane (DB, C2H10Si2) is employed as a
precursor already containing a stoichiometric amount of silicon and carbon bonds for
the thin film deposition of a-SiC:H.

Beyond characterizing the as-deposited intrinsic a-Si:H and a-SiC:H films, this
work evaluates their functional potential by investigating their passivation behavior,
hydrogenation and doping capabilities, and their suitability for crystallization into
polycrystalline silicon (poly-Si) and polycrystalline silicon carbide (poly-SiC). The
surface passivation of crystalline silicon in silicon heterojunction solar cells remains
a central challenge for achieving high-efficiency devices and is therefore a subject of
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significant research interest.[24–28] Typically, passivation mechanisms are studied using
PECVD-deposited films. Interestingly, optimal passivation is observed in underdense
a-Si:H films that exhibit a high hydrogen content and a substantial density of voids
[24, 25]. By investigating passivation using thermally deposited a-Si:H films, deposited
at varying substrate temperatures to control the defect density, this study will provide
further insight into the passivation mechanism at the c-Si interface and the influence
of a-Si:H film properties.

As the hydrogen content in a-Si:H films strongly influences their electrical perfor-
mance, hydrogenation via radical treatment is explored as a method to optimize their
electrical properties. Doping of amorphous silicon films without hydrogenation was a
huge challenge in the beginning of its investigation due to a high defect density.[29,
pp. 1–3] Only well-hydrogenated films with low defect concentrations can be effectively
doped, making the realization of doped silicon and silicon carbide films a crucial step
toward industrially applicable material.[29, pp. 1–3] Therefore, for a-Si:H, the recently
emerging method of catalytic doping [30–32] is tested as a post-deposition approach for
dopant incorporation. For a-SiC:H and poly-SiC films, in situ nitrogen (N) doping is
explored by introducing 1,1,3,3-tetramethyldisilazane (TMD, [(CH3)2SiH]2 NH) into
the deposition chamber during film growth.

Poly-Si and poly-SiC films are widely used in electronic and photovoltaic applications,
such as in transparent conductive oxide passivating contact (TOPCon) solar cells,
and are typically fabricated by crystallizing a-Si:H and a-SiC:H films. [33, 34] A
major challenge during this process is film delamination (blistering).[35, 36] Therefore,
the crystallization behavior of a-Si:H and a-SiC:H films is of particular interest,
as pyrolytically deposited films with a lower hydrogen content may exhibit greater
resistance to delamination.

By combining fundamental material insights with application-oriented processing
strategies, this study situates itself at the intersection of precursor chemistry, thin-film
engineering, and semiconductor device development. The introduction of new deposi-
tion strategies and the exploration of application pathways for APCVD-derived films
contribute to the ongoing transition toward low-cost, scalable, and high-performance
fabrication methods for next-generation optoelectronic and photovoltaic technologies.
This thesis is structured as follows:

Chapter 2 lays the theoretical foundation by presenting the key physical, structural,
and chemical properties of hydrogenated amorphous silicon (a-Si:H) and silicon carbide
(a-SiC:H) thin films. The chapter also reviews conventional deposition techniques and
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gives an overview of recent developments with regard to APCVD and the use of liquid
precursors.

Chapter 3 describes in detail the precursors, experimental setups, and character-
ization techniques used throughout this work. This includes the development of a
tailored APCVD system and the description of the deposition process. In addition, the
applied thin film analysis methods are explained: Fourier transform infrared (FTIR)
spectroscopy to analyze the H concentration cH, the Si-H bonding configuration,
and the incorporation of carbon, Raman spectroscopy used for structural analysis,
spectroscopic ellipsometry for thickness measurements, electron spin resonance (ESR)
spectroscopy for investigating paramagnetic states, secondary ion mass spectrome-
try (SIMS) for the determination of the atomic composition, X-ray photoelectron
spectroscopy to investigate the bonding structure and atomic decomposition near
the film surface and a custom-built setup for electrical conductivity measurements.
Subsequently, setups for post-treatment procedures, such as annealing, hydrogenation,
and doping, are presented.

Chapter 4 focuses on the deposition of a-Si:H films using pure and diluted trisilane,
examining the influence of process parameters on film growth, reproducibility, and
material properties. This chapter also evaluates the functional potential of the films
through passivation of crystalline silicon (c-Si) wafers, hydrogenation, catalytic doping,
and crystallization into polycrystalline silicon (poly-Si). These investigations aim to
demonstrate the applicability of a-Si:H films deposited with APCVD in device-relevant
processes.

Chapter 5 extends the approach to the deposition of a-SiC:H films using disilabutane
as a novel single-source precursor. The structure, electrical behavior, and doping
potential via 1,1,3,3 tetramethyldisilazane of these films are studied systematically.
This chapter also includes results on the crystallization of amorphous SiC films into
polycrystalline SiC (poly-SiC), using either furnace or laser annealing. Finally, it
addresses the effect of cyclooctane dilution on both the a-SiC:H and poly-SiC film
properties.

Finally, in Chapter 6, the key findings of the investigation are summarized, providing
an overview of the contributions made throughout the thesis. The results are discussed
in relation to the original objectives, highlighting the successful development and
characterization of APCVD-deposited a-Si:H and a-SiC:H films, as well as their
potential applications in semiconductor technology. This chapter also outlines the
implications of the findings and suggests directions for future research.
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Together, the results presented in this thesis contribute to the understanding and
advancement of scalable, low-temperature, atmospheric-pressure deposition techniques
for group IV semiconductor films. By combining a fundamental investigation of
precursor chemistry with the development of process technology and evaluation of
material functionality, this work aims to bridge the gap between laboratory-scale
experiments and application-oriented thin-film semiconductor processing.
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2. Fundamentals

In this chapter, the fundamental concepts and materials investigated in this thesis
are introduced. The chapter begins with an overview of silicon thin films, focusing
on hydrogenated amorphous silicon (a-Si:H). The properties of a-Si:H, including its
structure, electronic and optical characteristics, hydrogenation, and diffusion behavior,
are discussed in detail. Next, the fundamentals of silicon carbide thin films are explored,
differentiating between amorphous and crystallized forms. Finally, deposition methods
for silicon and silicon carbide thin films are covered, with a focus on atmospheric
pressure chemical vapor deposition (APCVD) and recent developments in liquid silane
deposition.

2.1. Silicon thin films
This section provides a brief overview of the various types of silicon thin films, with a
particular focus on hydrogenated amorphous silicon (a-Si:H), which is the primary
material explored in this work. The specific properties of a-Si:H will be examined, like
its structural characteristics, electronic and optical behavior, and other key factors
that make it a material of choice in fields such as photovoltaics and microelectronics.

2.1.1. Types and characteristics of silicon used in solar cells

The growth of thin films is one of the most essential parts of the semiconductor
industry. Among the diverse range of materials available, Silicon (Si) is one of the
oldest and best known materials for the use in thin film devices, first found in its pure
form in 1823 by Berzelius.[37, p. 150] It is the most widely employed semiconducting
material and is applied in almost all semiconductor devices such as diodes, transistors,
batteries, solar cells, and more.[12, 38–40]

Pure silicon can occur in different forms.[41] In the following, crystalline silicon in
wafer form, as used as an absorber in solar cells, is introduced first. Subsequently, the
three types of silicon thin films are described, and their applications are outlined.
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2.1. Silicon thin films

• c-Si wafer – crystalline silicon wafer:

Due to its four valence electrons, silicon (Si) can form a monoatomic cubic
crystal structure. Crystalline silicon (c-Si) represents the purest form of silicon,
characterized by a low defect density, which makes it the standard substrate for
the fabrication of advanced semiconductor structures.[42, pp. 16–17] Its highly
ordered lattice provides the highest electronic mobility among the various forms
of silicon. Crystalline silicon exhibits an indirect band gap of 1.1 eV at 300 K.[43]
In contrast to direct band gap semiconductors, indirect semiconductors like c-Si
have lower photon absorption probabilities near the band edge. Nevertheless, c-Si
is particularly well-suited for photovoltaic applications due to its near-optimal
band gap for solar energy conversion, its natural abundance in the Earth’s crust,
the resulting low production costs, and the extensive manufacturing experience
that enables the production of highly pure, defect-free material.[42, pp. 16–17]
These advantages have made c-Si the most widely used absorber material for
large-scale solar cell production. Its comparatively weak absorption near the
band edge is compensated by using relatively thick wafers, typically between
100 µm and 200 µm in combination with improved light management using
textured surfaces.

Crystalline silicon wafers are thin slices cut from monocrystalline or multicrys-
talline silicon ingots. These ingots are made from liquid silicon at high temper-
atures above the melting point of 1414 °C.[44, p. 156] Multicrystalline silicon
is produced by directional solidification (DS), resulting in wafers composed of
multiple c-Si grains with typical grain sizes above one millimeter. While mul-
ticrystalline Si wafers dominated the solar cell market in the early 2010s,[45] they
are no longer employed as absorber material in industrial solar cells today due
to the high losses associated with defects at the grain boundaries. Instead, high-
quality monocrystalline silicon is used.[46–48] Two main methods are commonly
employed to produce monocrystalline Si: (i) the float zone (FZ) process, which
yields ultra-low defect densities, and (ii) the more cost-effective Czochralski
(CZ) process, which has improved significantly and is now capable of producing
solar-grade wafers with sufficiently low defect density.

At the surface of monocrystalline Si, the periodic crystal order is interrupted,
resulting in a high density of defects due to unsaturated (dangling) bonds. These
surface states can act as recombination centers for charge carriers by introducing
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energy levels within the band gap. To suppress such recombination losses, the
unsatisfied (dangling) bonds at the surface must be saturated. This process
is known as surface passivation.[49] Effective surface passivation is crucial for
achieving high efficiencies in monocrystalline Si-based solar cells.

In this work, monocrystalline Si wafers are used as substrate material for the
deposition of silicon and silicon carbide layers, which are then characterized in
terms of their physical and electrical properties. Furthermore, the deposited films
are evaluated for their potential as surface passivation layers for monocrystalline
silicon.

• poly-Si – polycrystalline silicon:

Similar to multicrystalline silicon, polycrystalline silicon (poly-Si) consists of
multiple silicon crystals with varying orientations. While the term “multicrys-
talline Si” typically refers to wafer materials with large grain sizes above 1 mm,
the term “polycrystalline Si” is commonly used for crystalline silicon thin films
not grown by directional solidification but by a thin film deposition method like
chemical vapor deposition (CVD) often combined with an subsequent annealing
step. This results in a fully crystallized material with grain sizes below 1 mm.[41]
The low grain size results in a high proportion of grain boundaries within the
material that exhibit high defect densities due to structural disorder, internal
stress, and unsatisfied (dangling) bonds.

Historically, poly-Si thin films were employed as an absorber material in thin
film solar cells as a cost-effective alternative to mono- or multicrystalline Si
wafer-based solar cells.[50] However, with the decreasing production costs of
monocrystalline silicon and its superior electrical properties, the use of poly-Si as
an absorber material has declined significantly. Today, in modern photovoltaic
technologies, poly-Si is primarily used as a functional layer rather than the main
absorber. For instance, in transparent oxide passivating contact (TOPCon) solar
cells, poly-Si is implemented as a highly conductive, doped contact layer to
collect charge carriers generated in the mono c-Si substrate.[51]

Although numerous methods exist to fabricate poly-Si thin films, this work focuses
on the formation of polycrystalline silicon thin films by thermal recrystallization
of amorphous silicon (a-Si) layers. This process typically involves annealing at
temperatures above 600 °C.[33]
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2.1. Silicon thin films

• a-Si:H – hydrogenated amorphous silicon:

In addition to crystalline forms of silicon, hydrogenated amorphous silicon
(a-Si:H) is widely used in semiconductor devices. Amorphous silicon (a-Si)
exhibits short-range order similar to that of crystalline silicon, characterized
by fourfold coordination and an average bond angle of approximately 109°.[29,
p. 36] However, unlike crystalline silicon (c-Si), where the bond angles are fixed
and periodicity extends over long distances, the bond angles in a-Si vary slightly,
resulting in a disordered, nonrepetitive structure and the absence of long-range
order. This disordered bonding network leads to a high density of unsatisfied
(dangling) bonds, which act as electronic defects in a-Si films. Consequently, a-Si
was initially considered unsuitable for semiconductor applications.[29, pp. 1–3]

In the late 1960s and 1970s, it was discovered that the incorporation of hydrogen
into a-Si significantly improves its electrical properties.[29, pp. 1–3] Hydrogen
atoms, with a single valence electron, can passivate dangling silicon bonds, thus
reducing the defect density. As a result, amorphous silicon is typically used in
its hydrogenated form, known as hydrogenated amorphous silicon (a-Si:H), for
device applications.

In photovoltaic technology, a-Si:H has long been used to fabricate thin-film solar
cells, serving both as an absorber and in doped functional layers. These solar
cells are cost-effective and can be deposited on large-area substrates. However,
due to their relatively low power conversion efficiency of approximately 10 %
[52–54], similar to poly-Si solar cells, they have been unable to compete with
high-efficiency c-Si-based technologies in large-scale production. Nevertheless,
a-Si:H films continue to play an important role in modern electronics, including
displays, thin-film transistors, diodes, and solar cells. In particular, in silicon
heterojunction (SHJ) solar cells, a-Si:H is used as a critical surface passivation
layer.

A central focus of this study is the deposition of a-Si:H using APCVD with
the liquid precursor trisilane (TS, Si3H8) and the investigation of its potential
applications. Therefore, the structural and electrical properties of a-Si:H films
will be discussed in more detail in Section 2.1.2.

• nc-Si/µc-Si – nano-/microcrystalline silicon:

An intermediate form between a-Si:H and poly-Si is called nanocrystalline silicon
(nc-Si) or microcrystalline silicon (µc-Si). For this material, small silicon crystals
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are embedded within an a-Si:H matrix, while the prefix “nano” or “micro” refers
to the grain sizes of the crystal.[41] To avoid confusion, we will use the term
“nc-Si” throughout.

Similar to a-Si, nc-Si films are used as passivation and charge carrier transport
layers in SHJ solar cells. While the conductivity of nc-Si films is improved
compared to a-Si:H films, the passivation quality is usually reduced since H
diffusion within dense nc-Si is limited.[55]

In this work, no fabrication of nc-Si films is intended. However, when a-Si:H
films are annealed to produce polysilicon films, the a-Si:H films intermediately
switch to nc-Si during crystallization. However, the usual way to produce nc-Si is
the deposition by using, e.g., plasma enhanced chemical vapor deposition, since,
similar to a-Si:H films, nc-Si needs incorporated H that passivates open bonds
at the grain boundaries and within the amorphous phase.[56] The formation of
the nanocrystalline structure is strongly influenced by the specific deposition
conditions, which must be carefully adjusted to promote crystallite growth within
the amorphous matrix.

2.1.2. Hydrogenated amorphous silicon

In contrast to c-Si, the absorption behavior of a-Si:H resembles that of a direct
band gap semiconductor due to the absence of a well-defined crystal momentum k,
which relaxes the momentum conservation rule for optical transitions. The structural
disorder leads to localized electronic states and a broader band gap compared to that
of crystalline silicon. Consequently, a-Si:H exhibits a larger band gap of approximately
1.5–2 eV [57], as opposed to 1.1 eV in c-Si. The exact value of the band gap depends
on the amount of H within the a-Si:H film.

Due to the lack of long-range order, an energy-momentum dispersion relation cannot
be defined for a-Si:H. However, the energy-dependent density of states (DOS) remains
a valuable concept for understanding its electronic properties. A schematic DOS
distribution for amorphous silicon is shown in Figure 2.1. The density of states in
a-Si:H consists of three primary contributions:[29, pp. 16–17]

• The Bands: The bands in a-Si:H resemble a “smoothed” version of the c-Si
DOS, with bonding states forming the valence band and antibonding states
forming the conduction band.
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Figure 2.1.: Schematic representation of the density of states in amorphous silicon as a
function of energy. The diagram indicates the valence and conduction band
states, the band tails, and the deep defect states. Dashed lines represent
the corresponding density of states in crystalline silicon. Redrawn from R.
A. Street [29, p. 10].

• The Band Tails: The band tails arise from atomic lattice disorder, extending
into the band gap and creating localized states. These localized states significantly
influence both electronic transport and optical behavior. The slope of the band
tails is described by the Urbach energy, which quantifies the exponential decay
of the density of states and reflects the structural and thermal disorder within
the material.[29, pp. 88–91]

• The Deep Defect States: The defect states, particularly the dangling bonds,
are energetically located deep within the band gap and result from structural
defects. Dangling bonds exhibit amphoteric behavior, meaning that they can exist
in multiple charge states, with energy levels typically around 0.8–0.9 eV below
the conduction band. These defect states contribute to the overall electronic
properties of a-Si:H and play a critical role in its optical and transport behaviors.

As a consequence of the larger, but direct band gap, compared to c-Si, a-Si:H has
a higher absorption coefficient α for photons with high energy (Ep > 1.7 eV), a lower
α for photons with an energy between the c-Si and a-Si:H band gaps, and a higher
α for photons with Ep < 1.1 eV due to the high density of defect states in a-Si:H.[29,
pp. 83–89, 58]
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2. Fundamentals

Electronic and optical properties

The electrical properties of intrinsic a-Si:H strongly depend on the defect density of
the film. A key measure of film quality is the photosensitivity σse, which is defined as
the ratio of the photoconductivity σph to the dark conductivity σd:

σse =
σph

σd
. (2.1)

Within this work, the photoconductivity is defined as the sum of the dark conduc-
tivity and the increase in conductivity caused by additional charge carriers generated
under illumination (equivalent to 1 sun). High-quality films with low impurity levels
and low defect densities exhibit photosensitivities at room temperature exceeding 105,
with a photoconductivity σph of approximately 10−5 S cm-1 and a dark conductivity σd

of around 10−10 S cm-1.[59]
For intrinsic a-Si:H films, a low σd indicates a low defect density and minimal

unintentional doping. A high defect density increases the density of states within the
band gap, enhancing electron-hopping probability and, consequently, dark conductivity.
Conversely, a high σph usually suggests a greater charge carrier mobility and/or a
lower charge carrier recombination rate, since the charge carrier concentration is only
determined by the illumination intensity and recombination rate for σph ≫ σd. Defects
in the a-Si:H network hinder charge carrier mobility in the conduction band for excited
electrons but increase the probability of hopping electrons under dark conditions.
Therefore, a high defect density in a-Si:H reduces σph and increases σd, resulting in a
photosensitivity close to 1.[29, pp. 16–17]

To enhance the dark conductivity of silicon, doping atoms are intentionally intro-
duced into the material to achieve either n-type or p-type doping. N-type doping
involves the incorporation of impurity atoms with five valence electrons, such as
phosphorus (P), arsenic (As), or nitrogen (N), into a four-fold coordinated semicon-
ductor lattice like crystalline silicon. These dopant atoms contribute an additional
electron to the system, which is only weakly bound and can be thermally excited into
the conduction band. This process increases the concentration of free electrons and
enhances the electrical conductivity of the material.[60, 61]

P-type doping, on the other hand, is achieved by introducing trivalent impurity
atoms, such as boron (B) or aluminum (Al), into the semiconductor lattice. These
dopants create electron-deficient sites, known as holes, by forming incomplete covalent
bonds with surrounding semiconductor atoms. The presence of holes facilitates charge
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2.1. Silicon thin films

transport via electron hopping, effectively increasing the hole concentration and
electrical conductivity of the material.

While doping is highly effective in crystalline silicon, the less ordered structure of
a-Si:H limits the ability of doping atoms to achieve fourfold coordination. Instead,
most dopant atoms are incorporated in coordination environments corresponding to
their preferred valence states, rendering them electrically inactive. The fraction of
dopants incorporated with four-fold coordination, leading to active doping, is very low.
Consequently, the doping efficiency in a-Si:H is also low.[62]

Next to the insertion during the deposition process, dopants can be introduced after
film deposition. A recently developed promising way is the catalytic doping process, in
which a HWCVD system is used to introduce doping atoms into the substrate.[30–32]
This doping process is tested in Section 4.3.2.2, and the experimental procedures are
explained in detail in Section 3.5.2.

Hydrogenation

Although theoretically all elements with a single valence electron, such as chlorine
(Cl), could be used to passivate dangling bonds in a-Si, hydrogen (H) has emerged
as the preferred choice for incorporation into a-Si films. Beyond its natural presence
in most silicon-containing precursors, hydrogen also exhibits significantly higher
diffusivity within a-Si compared to other elements, making it particularly effective
for passivation.[63] In addition to passivating defects in the a-Si matrix, hydrogen
significantly influences the structural, electrical, and optical properties of a-Si:H.
Consequently, the microscopic integration of hydrogen – specifically the microstructural
configuration of Si-H bonds – is of great interest. [64] A schematic representation of
the microscopic structure of amorphous silicon with incorporated hydrogen is shown
in Figure 2.2. The illustration highlights the random network of Si atoms, various
Si–H bonding configurations (Si–H, Si–H2, Si-H bonded in voids), and dangling Si
bonds that contribute to the structural and electronic properties of a-Si:H. It should
be noted that this schematic serves only as a simplified representation of the actual
amorphous network and is intended to illustrate the general bonding configurations
rather than depict an exact atomic arrangement.

Although a hydrogen content of only 0.2 at% would be sufficient to passivate all
dangling bonds, a-Si:H films typically contain hydrogen concentrations of 10–30 at%
since the defect formation and saturation process in a-Si:H follows a near equilibrium
reaction.[65–69] The hydrogen content significantly influences the properties of a-Si:H,
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Si H covalent bond dangling bond

Figure 2.2.: Schematic illustration of a hydrogenated amorphous silicon network. Sili-
con atoms (yellow) are arranged in a random, amorphous network, while
hydrogen atoms (blue) are bonded either within the silicon matrix or at in-
ternal void surfaces. Dangling bonds associated with threefold-coordinated
silicon atoms are indicated by dashed lines.

including its optical band gap. As the hydrogen concentration increases, the optical
band gap and the refractive index increase.[70, pp. 241–242] Further, a higher hydrogen
content also leads to a lower film density.[71]

In addition to the total hydrogen content within the a-Si:H film, the microstructure of
the Si-H bonding configuration also plays a crucial role in determining the properties of
the material. This microstructure can be analyzed by examining the wagging, bending,
and stretching vibrations of Si-Hx bonds, which typically exhibit wavenumbers of
640 cm-1, 800–900 cm-1, and 2000–2150 cm-1, respectively.[72] These vibrations are
commonly detected using techniques such as Fourier transform infrared (FTIR) or
Raman spectroscopy. The most important vibrations are listed in Tables 3.3 and 3.4.

While all modes contribute to the peak at 640 cm-1, only Si-H2 and Si-H3 config-
urations contribute to the wagging mode peak in the range of 800–900 cm-1, with
Si-H3 bending modes are located at slightly higher wave numbers than Si-H2 bending
modes.[72, 73] Several models have been proposed to describe the peaks around 2000–
2100 cm-1, with peaks in this region often being assigned to three or more distinct
Si-Hx species.[74, 75] However, FTIR and Raman spectra are most commonly fitted
using a model involving two separate Gaussian peaks, one around 2000 cm-1 and
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2.1. Silicon thin films

another around 2100 cm-1 as indicated in Figure 2.3. The peak at 2000 cm-1 is typically
attributed to vibrations of hydrogen bonded to silicon within a dense a-Si network,
while the peak at 2100 cm-1 is associated with more void-rich and porous material.[72,
76]
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Figure 2.3.: A typical spectrum of the vibrational modes of Si—H bonds in a-Si:H mea-
sured by FTIR spectroscopy (red dots). The proportion of H contributing
to either the peak at 2000 cm-1 (Si-H2000) or 2100 cm-1 (Si-H2100) is identi-
fied by fitting a Gaussian double peak to the measured signal.Adapted
from an illustration originally created for the Master’s thesis of the author
(B. Fischer, 2022) [77].

In some cases, the peak at 2100 cm-1 is primarily assigned to Si-H2 vibrations.[73,
78] However, this assignment is incomplete, as the 2100 cm-1 peak has been observed
without the accompanying peak in the 800–900 cm-1 region, suggesting that Si-H
vibrations at 2100 cm-1 originate from Si bonded to only one hydrogen atom.

Since each Gaussian peak in the double-peak structure corresponds to either a more
dense or less dense a-Si:H network, the ratio of the two peaks was introduced as a
characteristic value to describe the microstructure of a-Si:H. This ratio is referred to
as the microstructure parameter R, which is calculated as:[79, 80]

R = I2100

I2100 + I2000
. (2.2)
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The integrated (absorption) peak intensities I2000 and I2100 can be determined from
Raman or FTIR spectra.[81, 82] In this study, FTIR spectra are used to calculate R. A
more detailed procedure for obtaining the peak intensities is provided in Section 3.4.1.

With increasing H content also R increases, since the H is not distributed equally
throughout the film but starts to accumulate in voids or clusters, especially for
concentrations above 10 at%.[83] Furthermore, it has been observed that hydrogen
bonded within a dense network (associated with the 2000 cm-1 peak) contributes
effectively to the reduction of dangling bonds in a-Si:H material. In contrast, hydrogen
bonded in voids (associated with the 2100 cm-1 peak) does not contribute to a reduction
in defects and may even increase defect density, possibly due to bonding strains resulting
from void formation.[84, p. 20, 85]

Diffusion

The microstructure plays a crucial role in determining the diffusion behavior of
hydrogen in a-Si:H. The diffusion process can be divided into two main mechanisms,
depending on the hydrogen-bonding configuration. The first mechanism involves
hydrogen hopping between trapping states, primarily associated with dangling bonds.
This type of diffusion can be described by the thermally activated diffusion coefficient
DH [86]:

DH =D0 exp(− Ed

kbT
) , (2.3)

where D0 is the diffusion coefficient prefactor, Ed is the diffusion energy, kb is the
Boltzmann constant, and T is the temperature. Studies of hydrogen diffusion in a-Si:H
have revealed fluctuations in D0 [55, 86, 87], suggesting that, in addition to dangling
bonds, weak or strained Si-Si bonds act as shallow traps. These bonds can break and
form stable Si-H bonds, leading to the creation of new dangling bonds. The energy
gained by breaking a weak bond and saturating one of the resulting dangling bonds
with hydrogen is lower than that for saturating existing dangling bonds. This is why
such hydrogen trapping is referred to as a shallow trap, leading to a different D0.[86].

The second diffusion process, commonly observed in a-Si:H with a high hydrogen
content, is associated with diffusion through interconnected voids. In this mechanism,
two hydrogen atoms that are in proximity react to form H2 and potentially a new Si-Si
bond.[86] It was found that molecular hydrogen can diffuse much more easily through
the porous amorphous network than hydrogen diffusing by hopping between trapping
states. This is in agreement with the fact that effusion experiments have shown that
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2.1. Silicon thin films

the H2 effusion peaks at a lower temperature of 385 °C, compared to the effusion of
single atomic hydrogen, which peaks at temperatures above 500 °C.[88, pp. 220–225]

Although no hydrogen effusion experiments were conducted on the films in this
study, both hydrogen diffusion and effusion processes are of significant interest since
the deposition temperatures used in this exceed 400 °C. This is well above the hydrogen
mobility temperature of approximately 100 °C [29, p. 52] and also higher than the
effusion temperature of around 300 °C, at which hydrogen begins to be released from
the film.

An important aspect to consider when characterizing the material is that deposition
at temperatures above 400 °C can lead to significant out-diffusion of hydrogen bonded
in voids, which strongly reduces the 2100 cm-1 peak in FTIR spectra.[89] In contrast,
H bonded in dense material – corresponding to the 2000 cm-1 peak – is less effused.
As a result, the films might have a low microstructure parameter R, despite the actual
presence of voids in the material.

In addition, the fact that H is highly diffusive in a-Si:H will be used to introduce H
into the a-Si:H films investigated in this work to improve their quality. Further details
of this process are given in Section 3.5.2 and the results are given in Section 4.3.2.1.

2.1.3. Surface passivation via a-Si:H

The passivation process refers to the reduction or elimination of the effects of surface
defects, dangling bonds, and surface states that can lead to charge carrier recombination.
Basically, two types of passivation are distinguished: i) chemical passivation describing
the reduction of defect states, and ii) field effect passivation leading to the repulsion
of minority charge carriers from the defect-rich surface.[92]

Intrinsic a-Si:H layers can act as surface passivation layers for c-Si wafers using
both passivation effects.[93] As schematically illustrated in Figure 2.4 a), chemical
passivation is achieved by the saturation of c-Si surface defects with hydrogen. Field
effect passivation occurs due to band bending at the hetero interface caused by the
larger band gap of a-Si:H in contrast to that of c-Si. The band bending acts as an
energy barrier that leads to a repulsing effect for charge carriers and can be optimized
by appropriate doping. Figure 2.4 b) illustrates the principle of field-effect passivation
using the band diagram of a c-Si wafer coated with intrinsic, n-type, and p-type a-Si:H
layers, as employed in SHJ solar cells. The figure shows that electrons are repelled
on the p-side, while holes are repelled on the n-side, thereby reducing recombination
through defect states at the interface (indicated by red bars).
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Figure 2.4.: a) Schematic illustration of an a-Si:H/c-Si interface passivated with hy-
drogen atoms (chemical passivation). Unpassivated dangling bonds at
the interface, which significantly reduce the minority carrier lifetime, are
indicated by red dashed lines. b) Schematic band diagram of a c-Si wafer
passivated with doped and undoped a-Si:H layers, as typically employed
in SHJ solar cells. The dashed line indicate the Fermi level. The arrows
indicate the field-effect passivation, resulting from the repulsion of elec-
trons at the p-side and holes at the n-side, which effectively suppresses
charge-carrier recombination at surface defect states (red bars). Redrawn
based on Wang et al. [90] and Shi et al. [91].
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A measure of the passivation quality is the effective surface recombination velocity
S eff. The lower the surface recombination velocity, the higher the passivation quality.
The effective surface recombination velocity inversely correlates with the charge carrier
lifetime as [94, pp. 51–52]

1
τ
= 1

τbulk
+ Sfront

W
+ Srear

W
. (2.4)

Here, Sfront and Srear are the effective surface recombination velocities on the front side
and the rear side of the wafer, respectively, and τbulk is the bulk charge carrier lifetime.
Equation 2.4 shows that when using a constant τbulk, the charge carrier lifetime τ

inversely correlates with Seff and therefore is a good measure for the passivation quality
of a-Si:H films. This fact will be used in Section 4.3.1.

2.2. Silicon carbide thin films

Silicon carbide (SiC) can exist in various forms similar to silicon, including monocrys-
talline, polycrystalline, amorphous, and nano- or microcrystalline structures. However,
unlike pure silicon, SiC consists of two elements, silicon (Si) and carbon (C), which
introduce an additional degree of freedom in its structural variations. This results in
a range of crystal formations, known as polytypes. Common examples include cubic
(3C-SiC) and hexagonal (4H-SiC or 6H-SiC) structures.[95, pp. 7–8]

Furthermore, altering the Si-to-C ratio can lead to phase mixtures, such as silicon
clusters embedded in a hydrogenated amorphous silicon carbide (a-SiC:H) matrix.
Each type of SiC possesses distinct electrical and mechanical properties, making the
material highly versatile for various industrial applications.[96–98]

Historically, research on SiC, particularly polycrystalline SiC, has focused on its
mechanical properties to develop materials with high strength, chemical resistance,
thermal stability, and abrasion resistance for applications such as ceramic or steel
coatings.[99] More recently, however, attention has expanded to its electro-optical
properties. Compared to silicon, SiC offers advantages such as a higher melting tem-
perature, wider band gap, higher optical transmission, exceptional chemical stability,
and a high breakdown voltage.[100]

Crystalline and amorphous silicon carbide (SiC) are widely used across various tech-
nological fields. In power electronics, SiC-based MOSFETs and diodes enable efficient
high-voltage operation, significantly reducing energy losses. Hydrogenated amorphous
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SiC (a-SiC:H) finds applications in optoelectronics, including solar cells, thin-film
transistors, and antireflection coatings.[1–4] In photovoltaics, SiC is integrated into
advanced solar cell architectures such as tunnel oxide passivated contact (TOPCon)
and all-silicon tandem solar cells, improving electrical conductivity and surface passi-
vation.[34, 101–103] Additionally, it has been tested in silicon heterojunction (SHJ)
structures [2]. Beyond that, SiC is used in sensors, microelectromechanical systems
(MEMS), and as a stable protective film in harsh environments.[5, 104, 105] In biomed-
ical applications, SiC serves as a passivation material for implantable devices due to
its biocompatibility and resistance to degradation under physiological conditions [6].

Given the numerous structural variations of SiC, this section will focus on the
most relevant forms discussed throughout this work, specifically (understoichiometric)
a-SiC:H and its crystallized structures, such as polycrystalline SiC (poly-SiC).

2.2.1. Amorphous silicon carbide

The fundamental differences between a-SiC:H and crystalline SiC arise primarily
from the absence of a long-range order, a characteristic common to all amorphous
materials.[29, p. 3] This lack of structural periodicity eliminates the momentum
conservation rule, resulting in a band structure similar to that of a direct band gap
material. Further, general effects resulting from the amorphous structure, such as
defect formation and DOS are discussed in more detail in Section 2.1.2.

The structure of a-SiC:H consists of a highly disordered tetrahedrally coordinated
network of silicon and carbon atoms. While some studies suggest that a-SiC:H contains
mainly heteronuclear Si-C bonds, there is also evidence for the presence of homonuclear
Si-Si and C-C bonds, which influence its electronic and optical properties [106, 107].
Thermodynamically, C-C bonds have higher bonding energy than Si-Si bonds, making
their formation more favorable [108]. However, the relative proportion of these bonds
and the overall atomic composition strongly depend on the stoichiometry of the
material and its deposition conditions.

Depending on its microstructural properties, the optical band gap of a-SiC:H can be
tuned between 1.6 and 3 eV.[1, 108] While the Urbach energy of a-Si:H films typically
ranges from 40 to 60 meV, it increases up to 250 meV with the incorporation of carbon
into the material due to higher disorder. Moreover, at high carbon concentrations, the
absorption edge no longer follows an exponential behavior.

In addition to Si and C, as in a-Si:H, hydrogen is typically present in a-SiC:H, where
it plays a crucial role in influencing the electrical properties by passivating dangling
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bonds. Due to the higher degree of disorder, a-SiC:H generally exhibits a higher defect
density compared to that of a-Si:H. The bonding energy of C-H is typically higher than
that of Si-H bonds, which can be attributed to the higher electronegativity of carbon
(2.5) compared to silicon (1.74).[108] Within a-SiC:H, the higher electronegativity
of carbon strengthens Si-H bonds when carbon is bonded to the silicon atom as a
backbond. Vice versa, C-H bonds are weaker, when the carbon has a silicon backbond.
The enhanced strength of the Si-H bond contributes to a higher H effusion peak
temperature of a-SiC:H compared to a-Si:H.[109, 110]

Fourier transform infrared (FTIR) spectroscopy is commonly used to analyze the
hydrogen bonding configuration in a-SiC:H. The Si-H vibrational modes in a-SiC:H
occur at wavenumbers similar to those of a-Si:H. Si-H bending vibrations are observed
at 640 cm-1, while Si-H stretching modes appear in the same region as in a-Si:H,
ranging from 2000 cm-1 to 2150 cm-1. However, the peak at 2000 cm-1 for H in dense
material is typically absent in a-SiC:H, as the wavenumber of Si-H stretching vibrations
with a carbon backbond is shifted to 2100 cm-1.[111, 112] The presence of a peak at
2000 cm-1 would indicate the formation of large clusters of a-Si:H, suggesting a low
carbon content in the a-SiC:H film.

For the Si-H vibrations in voids that occur at 2100 cm-1 for a-Si:H, no shift in
the wavenumber of those vibrations has been reported in a-SiC:H.[112] Moreover,
the classification of Si-H bonds based on their location in dense material or voids
is uncommon for a-SiC:H films, probably due to the structural complexity of this
three-component (Si, C, and H) system. Consequently, some studies propose that
the shift of the Si-H mode to 2100 cm-1 is not due to carbon backbond but rather
to H in voids or clusters in a-SiC:H.[113] This interpretation suggests that carbon
incorporation disorders the silicon network, preventing the uniform distribution of
hydrogen in a dense structure. However, this hypothesis contrasts with hydrogen
effusion measurements, which indicate higher effusion temperatures for a-SiC:H films
compared to a-Si:H films.[110]

Si-H bending vibrations in the range of 800–900 cm-1 are typically not analyzed in a-
SiC:H films, as they are overlapped by peaks originating from carbon-related vibrations
within the material. The most dominant of these is the peak between 720 and 780 cm-1,
which corresponds to Si-C stretching vibrations. The exact position of this peak shifts
depending on the stoichiometry and microstructure of the a-SiC:H film. Additionally,
wagging and rocking vibrational modes arising from C-Si-Hx configurations (1 ≤ x ≤ 3)
are observed around 980 cm-1.[111, 114–117] Further C-Si-Hx-related modes appear
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in the range of 1250–1500 cm-1 [108], although these peaks are typically weaker and
often obscured by noise in FTIR measurements. C-H stretching vibration modes can
be observed in the range of 2850–2960 cm-1.[108, 114] In contrast, C-C bonds are
difficult to detect using FTIR and are challenging to assign unambiguously. However,
they can be identified more clearly using Raman spectroscopy, where they appear at
approximately 1450 cm-1.[118] The most significant FTIR and Raman modes are listed
in Chapter 3.

2.2.2. Crystallized silicon carbide

Hydrogenated amorphous silicon carbide (a-SiC:H) can be transformed into polycrys-
talline silicon carbide (poly-SiC) through annealing. The transition temperature varies
between 800 °C and 1100 °C, depending on the deposition method and the precursor
used.[119, 120] For stoichiometric films, the resulting material is polycrystalline silicon
carbide (poly-SiC). In contrast, silicon-rich films can crystallize into either a mixture
of crystalline silicon (c-Si) and crystalline silicon carbide (c-SiC) or c-Si embedded
within an amorphous SiC (a-SiC) matrix.[120] The crystallization temperature of the
c-Si grains is strongly influenced by the silicon-to-carbon (Si:C) ratio and decreases
with increasing silicon content.[34]

In addition to poly-SiC, c-Si/c-SiC, and c-Si/a-SiC mixtures, an appropriate
temperature-to-time ratio during oven annealing may lead to the formation of nanocrys-
talline silicon carbide (nc-SiC), which corresponds to a c-SiC/a-SiC mixture. However,
for technical applications, nc-SiC is typically hydrogenated and is often used for the
passivation of monocrystalline Si wafers.[102, 121] The formation of nc-SiC films via
annealing results in hydrogen effusion from the film, making this fabrication method
unfavorable for the production of nc-SiC films.

As stated at the beginning of Section 2.2, c-SiC can exist in various polytypes.[95,
pp. 7–8] While different polytypes exhibit significant variations in material properties,
they generally possess a higher band gap and greater conductivity compared to
amorphous silicon carbide (a-SiC).[122, 95, pp. 295–302]Consequently, in this work,
the annealing of a-SiC:H films will focus on maximizing the crystalline SiC fraction
without specifically investigating the polytype structure in detail.

The only measurement technique used in this work that provides information about
the polytypes is Raman spectroscopy. Raman spectroscopy of thick, large-grained
poly-SiC films exhibits distinct peaks in the spectrum, allowing for differentiation
between cubic and hexagonal polytypes. However, for thin poly-SiC films with small

22



2.3. Deposition of Si and SiC thin films

grain sizes, these peaks may appear wider and weaker.[123, 124, pp. 95–98] A detailed
discussion of the Raman measurements can be found in Section 5.2.

A reliable indicator of structural changes in SiC is the Si-C stretching peak at
720–780 cm-1 in FTIR spectra. A broad Gaussian peak at lower wavenumbers typically
indicates an amorphous structure, whereas a sharper Lorentzian peak around 780 cm-1

is characteristic of crystalline material.[125] It remains unclear whether the height
of the Lorentzian peak directly correlates with the crystalline volume fraction or
instead inversely correlates with stress in Si-C bonds.[126] However, since bond stress
in amorphous material arises from structural disorder, a reduction in stress can also
indicate increased crystallinity. Therefore, following the approach proposed by Weiss
et al. [127], in this work the shape and height of the Si-C stretching mode are used as
a measure of the crystallinity of the material.

Doping of poly-SiC films enables a wide range of conductivities, with doping efficiency
strongly dependent on both the doping type and the deposition process. In PECVD-
deposited films, conductivities have been achieved between 10−9 and 10−3 S cm-1 for
n-type doping, while p-type doping typically results in conductivities ranging from
10−8 to 10−5 S cm-1.[128–130] In contrast, HWCVD-deposited films exhibit significantly
higher doping efficiencies, with reported conductivities ranging from 10−7 to 100 S cm-1

for n-type films and 10−5 to 10−1 S cm-1 for p-type films.[131, 132]
During the fabrication of intrinsic poly-SiC films, unintentional n-type doping is

often observed as well. Although the exact cause remains unclear, this effect is
commonly attributed to the incorporation of nitrogen or oxygen impurities during the
deposition process.[131, 133–135]

In this work, nitrogen doping will be investigated. Correlating the intentional
increase in nitrogen content and the unintentionally incorporated oxygen content with
the electrical conductivity of the films, as discussed in Section 5.2.2, may provide
further insight into the nitrogen and oxygen doping processes.

2.3. Deposition of Si and SiC thin films

This section gives an overview of the potential of APCVD as a viable substitute
for traditional methods. In addition, the most recent developments in liquid-phase
deposition techniques for the growth of silicon and silicon carbide thin films are
highlighted.
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2.3.1. APCVD as an alternative to traditional methods

Silicon and silicon carbide films can generally be deposited using the same deposition
techniques. In all of these processes, a precursor, which can be gaseous, liquid, or
solid, is used as the raw material and converted into a thin film. This conversion can
be achieved through various methods, with two of the most common approaches for
silicon and silicon carbide films being the following:

• Plasma enhanced chemical vapor deposition (PECVD):

PECVD is one of the most commonly used deposition techniques for thin films
in solar cell production.[136] As a precursor, either gases or vaporized liquids
are used, such as monosilane for the deposition of a-Si:H. The substrates are
placed inside a chamber between two electrodes and heated to temperatures
ranging from room temperature to several hundred degrees Celsius. During
the deposition process, a plasma is ignited between the electrodes, causing the
precursor gas to decompose into reactive radicals. These radicals interact with
the substrate surface, leading to the formation of a thin film.

• Hot wire chemical vapor deposition (HWCVD):

HWCVD is often used for the deposition of highly conductive nc-SiC films. As
a precursor for HWCVD, gaseous or vaporized chemical compounds are used as
well.[102, 132] The substrates are placed inside a vacuum chamber and heated
to moderate temperatures, typically between 200 °C and 600 °C, depending on
the desired film properties. During the deposition process, a metal filament
(tungsten or rhenium) is heated to high temperatures (around 1,000–2,000 °C).
The precursor gas dissociates upon contact with the hot filament, forming reactive
radicals that diffuse towards the substrate, where they contribute to thin-film
formation.

Further examples are electron beam epitaxy [137], magnetron sputtering [138], pulsed
laser deposition [139], photo-enhanced chemical vapor deposition [140], and many
others. Most of these methods require expensive infrastructure, such as the creation
of ultra-high vacuum conditions, which are necessary for many of the processes.

An alternative to reduce costs by eliminating the need for ultrahigh vacuum pumps
and other systems, such as a plasma generator, is thermal-driven atmospheric pres-
sure chemical vapor deposition (APCVD). APCVD is a widely used deposition
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technique for thin films, particularly in large-area coatings and industrial applica-
tions.[11, 141, 142] Similarly to PECVD, gaseous or vaporized chemical compounds
are used as precursors. The substrates are placed in an open reactor or conveyor
system and heated to temperatures that typically range from several hundreds to over
a thousand degrees, depending on the material being deposited. During the deposition
process, precursor gases, which are often diluted with inert gas, flow over the heated
substrate at atmospheric pressure, leading to thermal decomposition and subsequent
film formation. The absence of vacuum systems makes APCVD a cost-effective and
high-throughput method, although it may result in lower film uniformity compared to
low-pressure techniques.

When depositing silicon-containing films, APCVD has two main disadvantages: i)
A high deposition temperature (> 600 °C for monosilane [15]) is required to decompose
the precursor, leading to thin silicon films with high defect densities due to hydrogen
effusion during the deposition process. ii) Silanes are highly toxic and spontaneously
ignite upon contact with oxygen.

To prevent precursor exposure to oxygen, the APCVD system needs to be operated
in an inert gas atmosphere, for example, using a glove box. The setup of the APCVD
system used in this work will be explained in Section 3.2. The challenge of high
decomposition temperatures can be addressed by using silicon-containing precursors
with lower decomposition temperatures. One approach is to use higher-order silanes
(polyhydrosilanes), which contain Si chains that are easier to break than the Si-H
bond in monosilane, resulting in a growth rate that is several orders of magnitude
higher.[9, 15]

At room temperature, polyhydrosilanes containing more than three Si atoms are
typically liquids.[143, p. 21] Recent research on liquid polyhydrosilanes and their use
for the deposition of silicon-containing films is discussed in the next section.

2.3.2. Recent developments in liquid silane deposition

Over the past 15 years, efforts have been made to reduce the costs of thin-film
deposition by using liquid silane precursors in combination with low-cost deposition
techniques. In addition to a full area film production, liquid precursors have significant
potential for printed electronics, enabling micropattern formation during the deposition
process without the need for post-processing steps.[143, p. 3] In the following, the
focus is on the full area thin film deposition using liquid precursors, which forms the
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basis for all variations in the deposition process used for the patterned deposition of
thin films.

For silicon films, several polyhydrosilane precursors have been tested, with a strong
emphasis on the use of cyclopentasilane.[7, 11, 14, 18, 143, 144] Similarly, for silicon
carbide (SiC) thin films, a variety of precursors have been explored.[1, 23, 104, 145] For
SiC films, either hydrosilanes (only containing Si and H) were mixed with hydrocarbons
(only containing C and H) or precursors containing Si, C, and H in one precursor
(organosilanes) were used. The most recent developments for both materials are
summarized in the following sections.

Liquid processes for silicon thin films

Two main deposition methods are used for the deposition of a-Si:H films using liquid
precursors:

• Solidification of silane inks

• Liquid vapor deposition (LVD)

In the solidification process, polyhydrosilanes are treated with UV radiation or
ultrasound and dissolved in an organic solvent, typically cyclooctane.[7, 21] This treat-
ment results in the formation of a silicon ink containing long polyhydrosilane chains.
For thin-film deposition, the ink is applied to a substrate, and the organic solvent is
evaporated. A commonly used method for this is spin coating. A subsequent pyrolysis
step at temperatures of 400–450 °C is then required to convert the polyhydrosilane
chains into a continuous a-Si:H film, which enhances the electrical properties.[21]

In the liquid vapor deposition (LVD) process described in [143, p. 17], polyhydrosi-
lanes are evaporated and thermally deposited onto a heated substrate. The LVD
process can be carried out under an inert gas atmosphere at atmospheric pressure,
making it equivalent to the APCVD deposition process introduced in Section 2.3.1.
Therefore, the term APCVD will be used in this work to refer to both processes. Al-
though liquid silanes can also be deposited using other methods, such as PECVD, [146,
147] the key advantages of liquid silanes – such as faster thermal decomposition
compared to monosilane – are best utilized within the APCVD process.

There are several reasons why cyclopentasilane (CPS) is commonly used for liquid
silane processes. Among cyclohydrosilanes (SinH2n), cyclopentasilane (n = 5) and
cyclohexasilane (n = 6) offer the best compromise in terms of stability and availability.
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For n < 5, the molecules tend to be unstable, whereas for n > 6, the synthesis
becomes more difficult. Since the properties of cyclopentasilane are better understood
than those of cyclohexasilane, cyclopentasilane is typically the material of choice for
most liquid silane processes [143, pp. 21–22].

Linear polyhydrosilanes (SinH2n+2) are liquids at room temperature for n ≥ 3.
However, for n ≥ 4, polyhydrosilanes are relatively unstable, which is why they are
not often used in liquid silane processes [143, pp. 21–22]. Despite that, recently, Ito
and Kamath [17] demonstrated the deposition of a-Si:H films using poly-tetrasilane
ink for thin-film transistor applications. Shimoda [143, pp. 21–22] noted that trisilane
(n = 3) is too volatile to be handled at room temperature (boiling point: 52.9 °C).
In contrast, Bedini et al. [8] demonstrated the applicability of trisilane-cyclooctane
mixtures in an APCVD process. For deposition, trisilane or trisilane ink was dispensed
on a Petri dish, which was placed upside down on a hot plate. However, this process
was indeed unstable, especially when pure trisilane was used as the precursor.[19]
Therefore, improvements to the deposition system have been proposed. A key aspect
of this study is the development of a stable APCVD (/ LVD) process using trisilane.
Additionally, to the best of my knowledge, the influence of the trisilane/cyclooctane
mixing ratio has not yet been investigated. Thus, this work also explores the effect of
different concentrations of cyclooctane in the precursor on the properties of a-Si:H
films.

Another advantage of using liquid precursors is the ability to introduce white
phosphorus or decaborane for n-type and p-type doping, respectively, as alternatives
to the hazardous phosphine or diborane gases. Using this method, amorphous silicon
films have been achieved with electrical conductivities of up to 10−2 S cm−1 for n-type
films and 10−4 S cm−1 for p-type films.[143, p. 58].

Films deposited with APCVD typically exhibit a higher quality than those produced
by the pyrolysis of solidified silicon inks. This is evidenced, for example, by the higher
photosensitivity of up to 105 for APCVD (LVD) films without additional treatment,
compared to 104 for spin-coated films.[148, 149]

Using an advanced APCVD (LVD) system for the deposition of cyclopentasilane,
Shen et al. [149] achieved intrinsic a-Si:H films, with the microstructure parameter
decreasing from 0.93 to 0.07 as the temperature increased from 300 to 400 °C. Similarly,
the band gap decreased from 1.94 to 1.48 eV, and the hydrogen content decreased from
nearly 40 to 7.9 at%. The highest photosensitivity was observed for a film deposited
at 360 °C, followed by a hydrogen radical treatment, which resulted in a reduction of
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the defect density by one order of magnitude. The dark conductivity was measured at
approximately 10−11 S cm−1, while the photoconductivity was around 10−5 S cm−1.

To address the existing knowledge gap, this work will use trisilane to produce films
in a manner similar to the process discussed above. Due to the higher decomposition
temperature of trisilane, higher deposition temperatures will be tested, which may
influence the film properties.

Considering the advantages of APCVD over the solidification process, APCVD was
chosen for the deposition of a-Si:H films. Furthermore, controlled chemical vapor
deposition in a closed chamber allows the use of highly volatile trisilane without the
need for pre-treatment to form long polyhydrosilane chains, as demonstrated by Bedini
et al. [19]. This process is promising for producing semiconductor-grade a-Si:H films,
achieving a high raw material conversion rate, and minimizing precursor loss.

Liquid processes for silicon carbide thin films

As for silicon thin films, several liquid precursors have been explored in the literature
for the deposition of silicon carbide (SiC) thin films. The advantages of liquid processes
for SiC are consistent with those for silicon films, such as reducing the cost of the
deposition process.

The fabrication of SiC thin films, particularly a-SiC:H films, can be achieved using
two main precursor strategies: i) a precursor containing both silicon and carbon, or
ii) a mixture of polyhydrosilanes and hydrocarbons. Recently, investigations have
focused on the use of cyclopentasilane mixed with hydrocarbons [143, pp. 93–135].
The results of these studies show that the carbon content in the films ranges from
30 at% to 40 at%, as measured by XPS. However, FTIR analysis revealed a Si-C bond
density of approximately 3 × 1021 cm−3, which is an order of magnitude lower than
the carbon content found in amorphous SiC (~4.3 × 1022 cm−3).[150] This discrepancy
is attributed to the clustering of C-C and Si-Si and a high hydrogen content within the
films. The problem probably arises from a low number of Si-C bonds in the precursor.
For example, a mixture of cyclopentasilane and 1-hexyne, followed by annealing to
50 °C, results in a polydihydrosilane with pendant hexyl groups, containing six carbon
atoms and five silane atoms per molecule but only one Si-C bond. Thus, one of the
goals of this study is to investigate the potential for increasing the Si-C bond density
by using precursors that already contain Si-C bonds.

1,3-Disilabutane (C2H10Si2) is one example of such precursors and has previously
been used to deposit poly-SiC films at high temperatures.[145] Okada et al. [151]
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investigated 1,4-disilabutane for Si thin film deposition and found its potential for
SiC thin film deposition as well. Although the alternating Si and C atoms in the
structure of 1,3-disilabutane might offer advantages, herein the focus is on testing
1,4-disilabutane for the deposition of a-SiC:H films due to its lower cost and better
availability. The results of these tests are presented in Chapter 5.

The electrical properties of a-SiC:H films produced by liquid processes differ from
those of a-Si:H films.[143, pp. 93–135] I-V measurements reveal a photosensitivity
of approximately 102, with a photoconductivity of around 10−9 S cm-1 and a dark
conductivity of about 10−11 S cm-1. N-type doping of spin-coated a-SiC:H films slightly
improves the dark conductivity to approximately 10−9 S cm-1.[143, p. 121] P-type
doping was applied to films deposited using an APCVD system as well. However, high
doping efficiencies were only achieved for films with low carbon content, suggesting
that doping was effective only within the a-Si:H phase.[143, pp. 127–128] Both dopants,
phosphorus and boron, were incorporated into the precursor ink using the same method
as described for the a-Si:H films in Section 2.3.2. An alternative doping method for
a-SiC:H films using the nitrogen-containing precursor 1,1,3,3-tetramethyldisilazane is
investigated herein. The results will be discussed in Section 5.1.3, and further details
on doping poly-SiC films are provided in Section 5.2.2.

2.3.3. Pyrolysis of Trisilane

The pyrolysis of thin films using liquid silanes can involve a variety of decomposition
and deposition reactions.[9, 23, 152–154] In the following, the main reactions associated
with trisilane are outlined, as this precursor is studied in more detail regarding its
deposition ratio and activation energy in Section 4.2.4.

Several hypotheses for the reaction mechanism underlying the a-Si:H thin film
deposition from trisilane have been proposed in the literature.[9, 152–154] The reaction
pathways strongly depend on both the deposition temperature and the substrate.[152]
In the temperature range between 380 and 600 °C, trisilane exhibits a unique tem-
perature dependence of the a-Si:H film growth rate, resulting in significantly higher
deposition rates compared to monosilane.[152, 153] Using a low-pressure CVD process,
Gouyé et al. [153] reported growth rates exceeding 10 nm min-1 at 550 °C. This is
more than an order of magnitude higher than those obtained with monosilane, which
exhibited growth rates below 1 nm min-1. In their experiments, the precursor flow
rates were adjusted so that the atomic silicon flow was identical for both precursors.
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The deposition process on a Si substrate can be described as a direct reaction of
trisilane with either surface vacancies (open bonds) or hydrogen-passivated Si sites.[152,
153, 155] One possible reaction involves a ligand exchange, in which hydrogen from
the surface is exchanged with SiH3 from the trisilane molecule. This reaction can be
described as:[155]

Si3H8 +H∗ Ð→ Si2H6 + SiH∗3, (2.5)

where the asterisk (*) denotes atoms or molecules bonded to the substrate surface.
The fact that this reaction can occur on hydrogen-contaminated surfaces and primarily
involves the cleavage of a Si-Si bond in trisilane – which is not possible for monosilane
– may explain the higher growth rate at low deposition temperatures (below 600 °C) of
trisilane compared to monosilane.[153, 155]

Another proposed model for the reaction chain leading to a-Si:H film growth involves
a two-step process: i) initial decomposition of trisilane in the gas phase, resulting in
SiyHx radical formation, followed by ii) subsequent deposition at the silicon surface.[9,
154] For the initial decomposition, Vanderwielen et al. [154] suggested two main
reactions:

Si3H8 Ð→ SiH⋅⋅2 + Si2H6, (2.6)

Si3H8 Ð→ SiH3SiH⋅⋅ + SiH4. (2.7)

Here, the dot notation (⋅) denotes open radicals. The activation energies for these
two reactions were calculated as 51.9 kcal mol-1 for the reaction in Equation 2.6 and
49.2 kcal mol-1 for the reaction in Equation 2.7.[154] Both values are close to the
Si-Si bond energy Eb in trisilane, which is equal to 54 kcal mol-1.[153] In contrast,
radical formation from monosilane requires Si-H bond cleavage, with a bond energy
of Eb = 76 kcal mol-1, which significantly hinders radical generation and corresponds
to the lower growth rates in comparision with trisilane observed in the temperature
range between 380 and 600 °C.[9, 153, 154]

Once radicals are formed in the gas phase, they can react with the substrate
surface, in a manner analogous to PECVD or HWCVD processes. The adsorption
of SiyHx radicals on the Si substrate may proceed via multiple pathways. While a
detailed discussion of these mechanisms is beyond the scope of this work, they have
been extensively investigated in the literature. For instance, Park and Kim recently
reported DFT simulations addressing radical adsorption [156]. Additional studies
on related mechanisms can be found in [29, 157–161]. When substrates other than
Si are used, the initial stages of a-Si:H growth may involve additional reactions and
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mechanisms, making the processes even more complex. For instance, Li et al. [162]
observed the formation of spherical a-Si:H nucleation islands on glass substrates
for a PECVD process. Following their formation, a-Si:H preferentially deposits on
these islands, promoting their growth and eventual coalescence. This process can
cause significant changes in the microstructure of the a-Si:H layer near the substrate
surface.[82]

The exact reaction mechanism underlying a-Si:H deposition from trisilane remains
unclear. It is likely that the deposition involves a combination of trisilane gas-phase
decomposition followed by radical-surface reactions, as well as direct trisilane-surface
reactions.[163]
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This chapter outlines the experimental procedures and analytical techniques used
throughout this study. The chapter begins with a description of the chemical pre-
cursors used in the thin film deposition processes. The following sections detail the
configuration and operation of the atmospheric pressure chemical vapor deposition
(APCVD) system, including a comprehensive overview of the setup, process conditions,
and key characteristics influencing film growth.

Subsequently, the chapter presents the characterization methods used to evaluate
the structural, chemical, and electronic properties of the deposited films. These include
Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, spectroscopic
ellipsometry, electron spin resonance (ESR), secondary ion mass spectrometry (SIMS),
X-ray photoelectron spectroscopy (XPS), electrical conductivity measurements, and
charge carrier lifetime analysis.

Finally, post-treatment steps applied to the films, such as thermal annealing and
hot wire chemical vapor deposition (HWCVD), are described. These processes were
used to modify and optimize the properties of the film for the intended applications.

3.1. Precursors

The precursors used in this work to produce hydrogenated amorphous silicon (a-Si:H)
and silicon carbide (a-SiC:H) films via APCVD are trisilane (TS), 1,4-disilabutane
(DB), 1,1,3,3-tetramethyldisilazane (TMD), and cyclooctane (CO). The structural
formulas of the materials are shown in Figure 3.1.

Trisilane (TS, Si3H8) is used for the deposition of a-Si:H thin films. 1,4-disilabutane
(DB, C2H10Si2) is tested for the deposition of a-SiC:H films. For doping of the a-
SiC:H films, DB is mixed with 1,1,3,3-tetramethyldisilazane (TMD, [(CH3)2SiH]2 NH).
Cyclooctane (CO, C5H16) is first used as a solvent for TS to increase the precusor
volume and therefore improve handling. However, for some deposition parameters,
CO was included in the a-Si:H film, which is why it is listed as a precursor here. In
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addition, it is used in combination with DB for the deposition of a-SiC:H films. To
increase purity and reduce oxygen concentration, CO, purchased from Sigma-Aldrich,
was dried over sodium and degassed using evacuate-refill cycles on an N2-filled Schlenk
line. Trisilane was purchased first from the company Voltaix LLC and then from the
company Gelest Inc., with the same purity of >99.9 % for both distributors. All other
precursors were purchased from Gelest Inc. and directly used for deposition without
pretreatment. Further material properties of the precursors are listed in Table 3.1.

SiH3

SiH3
SiH3 Si
H2

SiH3

SiH
NH
SiH

Trisilane 1,4-Disilabutane

1,1,3,3-
Tetramethyldisilazane Cyclooctane

Figure 3.1.: Structural formulas of the precursors used for thin-film deposition via
APCVD in this work: trisilane (TS), 1,4-disilabutane (DB), 1,1,3,3-
tetramethyldisilazane (TMD), and cyclooctane (CO).

Table 3.1.: Specifications of the liquid precursors used in this study based on the data
sheets from the suppliers.

Trisilane 1,4-Disila-
butane

1,1,3,3-Tetra-
methyldisilazane Cyclooctane

Formula Si3H8 C2H10Si2 [(CH3)2SiH]2 NH C8H16

Molar Mass [g mol-1] 92.32 90.27 133.34 112.21

Density [g cm-3] 0.743 0.697 0.766 0.834

Melting Point [°C] -117 - <0 10–13

Boiling Point [°C] 52.9 45–46 99–100 151

Vapor Pressure [hPa] 127 at 0 °C - >33.3 at 20 °C 5.5 at 20 °C

Purity [%] > 99.99 >99 >97 >99
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3.2. APCVD system

To deposit a-Si:H and a-SiC:H films from the precursors listed above, a prototype of a
low-cost APCVD system was built. While the general system was already designed
at the beginning of this work, I have added some substantial improvements to make
the system work, such as the inlet cooling system explained later on or a quartz glass
plate to prevent contamination with metal atoms of the film and the substrate. The
setup, process steps, and characteristics of the system are described in the following.

3.2.1. Setup

In the APCVD process, thin films are deposited onto a heated substrate under
atmospheric pressure by means of pyrolysis out of the gas phase. The technical
drawing and schematic diagram of the APCVD system are shown in Figure 3.2, a real
picture of the system is shown in Figure A.1. For protection against impurities and
to prevent a reaction between trisilane and oxygen (O2), the system is built into a
MBraun glove box filled with nitrogen (O2, H2O < 1 ppm). The glove box located
in an air-conditioned room makes the process independent of ambient temperature
and humidity. Only the ambient pressure has little influence on deposition pressure,
as the glove box pressure approximately corresponds to the ambient pressure plus
3 mbar. Since changes in ambient pressure due to different weather conditions are
small compared to the absolute pressure, their influence is not considered here.

An Isotemp hot plate from Fisherbrand serves as a heat source. The hot plate
heats a (6 × 6) cm2 stainless steel block and a (10 × 10) cm2 quartz glass plate with
1 mm thickness on top of the steel block. The glass prevents contamination of sample
substrates by diffusion of atoms from the steel block to the substrate. The steel block
is used to conduct the heat in an area of (6 × 6) cm2 on the glass plate because
the precursor only reacts at the hot surface areas with temperatures above 400 °C.
Thermocouples (type K) are used to monitor the temperature of the steel block and
the precursor inlet block. In addition, the temperature of a stainless steel baffle plate is
monitored, which prevents direct hitting of the precursor onto the substrate as shown
in Figure 3.2 b). The temperature of the steel block is measured through a hole at the
edge, which was drilled nearly to the half of the block in which the thermocouple is
placed and is used as “deposition temperature” T d within this work.

To ensure that the precursor is in the liquid phase during pumping/flushing, a Peltier
element cools the inlet block that includes the precursor reservoir to temperatures
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below 30 °C, well below the boiling point of trisilane (53 °C) and 1,4-disilabutane
(46 °C) at 1013 hPa. The Peltier element is controlled by a PID-controller which
modulates the pulse width of the Peltier element’s power supply. The Peltier element
heat sink is thermally connected to a hollow aluminum block through which air flows
by means of a fan.

All electrical components of the system, including the dosage pump, magnet valve,
Peltier element, and thermocouples, are monitored or controlled via an Arduino Mega
2560 r2 microcontroller programmed in C#. The microcontroller is connected to a
computer equipped with a graphical user interface for system interaction.

On top of the hot plate, a height-adjustable head lowered to the hot plate during
the process creates a closed deposition chamber with a volume of approximately 0.5 l.
No special sealing was included, as no vacuum is needed.

Inlet block
(cooled)

Chamber head

Quartz glass

Hot plate

Thermocouples

Steel plate

Dosage pump

Pump

MV

N2

Precursor
reservoir

Chamber head

Baffle plate

N2

Sample

Quartz glass

Hot plate

Steel plate

a) b)

Figure 3.2.: a) Technical drawing and b) schematic of the APCVD system. The main
components of the setup are indicated. Adapted from Fischer et al. [164]
(2024), licensed under CC BY 3.0.

3.2.2. Process

A detailed flowchart for the application of the APCVD system described in the last
section is given in Figure 3.3. Before deposition, the substrates are cleaned in an
isopropyl alcohol ultrasonic bath for 10 min and subsequently stored in isopropyl
alcohol to prevent contamination of the sample surface. Before being inserted into the
glove box for deposition, the substrates were dried using an oil-free nitrogen gun.
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As substrates, polished p-type high-resistivity c-Si (100) float-zone wafers (525 µm,
20 Ω cm) with native oxide from Siegert and boro-aluminum silicate glass (1.1 mm)
from Corning type Eagel 2000 were used unless stated otherwise. 1 mm quartz glass
was used for films treated at high temperatures after deposition. Each substrate
was cut into (1.5 × 1.5) cm2 peaces. One glass substrate (either boro-aluminum-
silicate or quartz) and one c-Si substrate were used as substrates for each deposition.
Conductivity, ESR, and Raman measurements were performed on the glass substrates.
SIMS, FTIR, and XPS measurements were performed on the c-Si wafers.

Before the first deposition of a day, the chamber was flushed 5 min with nitrogen gas
to flush out impurities or precursor residues. After that, the substrates are inserted
into the chamber, and the chamber is closed by lowering the chamber head. When
the steel block temperature reaches equilibrium (±5 °C), the desired precursor volume
is inserted into the precursor reservoir of the inlet block.

The injection of the precursor into the deposition chamber, controlled via micro-
controller, follows one of two procedures depending on its volume and composition.
The steps for the thin film deposition by both procedures are given in Figure 3.4 and
explained in the following:

• i) Injection via dosage pump strokes (for larger precursor volumes VP >
100 µl)

For depositions using larger precursor volumes, the precursor is inserted into the
precursor reservoir at the inlet block via an Eppendorf pipette and then precisely
dosed using a dosage pump (Micro dosing unit Type 7615 from Bürkert) with at
least 5 µl dosage strokes. The precursor is first pumped into a tube located at
the top of the chamber head. Then, by opening a magnetic valve for 0.1–1 s, the
precursor is flushed into the deposition chamber (cf. Figure 3.2 b)). This method
ensures high reproducibility in precursor dosing and film deposition and allows
the provision of several precursor injections during the deposition time instead
of spraying the entire precursor volume into the chamber at the beginning of
the deposition process. This process is used for the sample series Temp2, Time2,
Volume2, and Injection in Section 4.2.

• ii) Injection via flushing (for small precursor volumes VP < 100 µl)

For depositions using pure trisilane or 1,4-disilabutane as precursor, the small
precursor volume makes precise dosing via the dosage pump impractical due
to its large dead volume of 100 µl. Instead, a precise dosed precursor volume is
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manually introduced into the precursor reservoir using an Eppendorf pipette.
After pipetting, the precursor is flushed into the chamber by opening the dosage
pump and applying nitrogen gas (0.3 bar) for 1 second. During this flushing step,
the magnetic valve remains closed. This method introduces higher fluctuations in
the actual precursor volume inside the deposition chamber, leading to variations
in film thickness. The process is used for all sample series, despite the series
Temp2, Time2, Volume2, and Injection in Section 4.2.

In both dosage cases, inside the chamber, the precursor is sprayed onto a baffle
plate. There, it evaporates since the baffle plate and the overall chamber exceed
150 °C during deposition due to the heating of the hot plate. In the gas phase, the
precursor is distributed within the chamber, decomposes at the hot substrate surface,
and deposits as a thin a-Si:H or a-SiC:H film on the substrate. After the designated
deposition time required for film growth has been waited, the process is finished by
lifting the deposition chamber and removing the samples from the hot plate.

After each deposition process, the opened chamber was flushed for at least 60
seconds by opening the dosage pump and the magnetic valve. To minimize cross-
contamination between different deposition runs when using various precursors, several
capping depositions were made. This was not done in between each step for mixing
ratio series in order to save precursors. However, since the mixing ratios were usually
changed in logarithmic steps and because of the flush after every deposition, the effect
is negligible when starting with the smallest dilution.

Using this setup, a number of sample series were prepared. The deposition param-
eters of each sample series are given in tables within the corresponding sections of
the result part. The system allows for variation of the deposition temperature T d,
deposition time td, precursor volume V P, number of injections, and test of various
precursor mixtures.
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Start

Heat up the closed
system to the desired

temperaure

Cleaning of the
substrates with

isopropanol

Insert the substrates
into the glovebox

Initiate the deposition
programm

Turn on the system

Open the chamber
and insert the

substrates

Close the chamber

Wait until temperature
is in equlibrium

Deposition process
(see deposition

flowcharts)

Open the chamber
and extract the

samples

Extract the samples
from the glovebox

Turn off the heater
and shut down the

system

End

Insert the precursor
into the reservoir

Flush chamber with
nitrogen (5 min)

Flush chamber with
nitrogen (1 min)

Repeat until sample series is finished

Figure 3.3.: Flowchart of the APCVD process. Steps shown next to each other can be
performed simultaneously. Steps that need to be carried out only once
for each sample series are marked in violet, while those required for every
individual deposition are marked in blue. The dark blue box highlights
the film deposition process, which is described in more detail in Figure 3.4.
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Figure 3.4.: Flowchart of two deposition processes with different precursor injection
methods: a) injection via dosage pump strokes, and b) injection via
manual flushing. Differences between the processes shown in a) and b)
are highlighted in dark blue.
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3.2.3. Temperature characteristics
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Figure 3.5.: a) Temperature profile of the steel plate, baffle plate, and inlet block during
heating up the closed chamber of the APCVD system with subsequent
chamber opening. b) Temperature profile of the steel plate and the silicon
wafer on the quartz plate after turning on the hot plate with raised
chamber head.

Since thermal energy is the primary driving force for precursor decomposition, the
precise temperature within the deposition system is of great interest. Figure 3.5 a)
presents the temperature profiles of the steel block, the baffle plate, and the inlet
block during the heating phase of the closed deposition system.

The curves indicate that after one hour, the steel plate reaches a steady state tem-
perature with a variation of approximately ±5 K. Although the hot plate temperature
was set to 475 °C, the final temperature of the steel plate is about 50 K higher. This
discrepancy may arise because the small steel plate (6 × 6 cm2) is positioned at the
center of the hot plate.

If the temperature control sensor of the hot plate is not located exactly at the center
but rather between the center and the edge, and if the heating elements within the hot
plate are slightly inhomogeneous, the sensor may register a slightly lower temperature
compared to the thermocouple attached to the steel block. This could explain the
observed temperature difference.

Since the thermocouple in the steel block registers significantly higher temperatures
than the set point of the hot plate, the temperature was verified using infrared
(IR) measurements, and the sensors were also exchanged. All measurements were in
agreement, with a fluctuation of approximately 10 K.
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The baffle plate reaches temperatures above 300 °C, although it is near the top of
the chamber. This is way beyond the boiling point of all the precursors and indicates
that the temperature inside the chamber head is everywhere high enough to avoid
recondensation of the evaporated precursor. In contrast, the cooled inlet block exhibits
only a minor increase in temperature over time, reaching a maximum temperature of
30 °C. This temperature control is essential to prevent precursor evaporation from the
precursor reservoir.

A quartz plate was placed on top of the steel block to prevent metal contamination
of the substrate. However, unlike steel, quartz acts as a thermal insulator, which can
result in a lower surface temperature at the quartz-air interface. To assess this effect,
a thermocouple with silver paste is attached to a silicon wafer and placed on top of
the quartz plate. Figure 3.5 b) compares the temperature profiles of the steel block
and the silicon wafer when the hot plate is heated up with the head of the chamber
raised. Once thermal equilibrium is reached, the silicon wafer exhibits a temperature
approximately 20 K lower than that of the steel block.

The chamber head was raised because the thermocouple, which needed to be
connected to its measurement unit, was placed on the quartz plate. Under closed
chamber conditions, the temperature gradient between the quartz surface and the
steel plate is reduced as a result of overall heating of the chamber. Consequently, the
temperature difference between the steel block and the silicon wafer is expected to be
even smaller than that in open chamber conditions. Therefore, the actual temperature
of the silicon surface (and thus the deposition temperature) is less than 20 K lower than
the steel plate temperature, which is used as the deposition temperature throughout
this work. The actual temperature on glass substrates is likely slightly lower due to
the additional insulating effect of the glass.

During the deposition process, it was ensured that the temperature variation
remained within ±5 K. Due to this fluctuation range and for simplicity and better
readability, the deposition temperatures provided throughout this work are rounded
to the nearest 5 K increment.

3.3. PECVD reference films

To allow a direct comparison between the atmospheric pressure chemical vapor deposi-
tion (APCVD) films investigated in this study and current state-of-the-art plasma
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enhanced chemical vapor deposition (PECVD) films, intrinsic a-Si:H layers were
deposited using the AK1000 PECVD system from Meyer Burger.

The AK1000 system operates using a radio frequency (RF) plasma at 13.56 MHz
and is equipped with a large area electrode configuration, featuring an electrode area
of (500 × 500) mm2 and an electrode gap of approximately 17 mm. Silane (SiH4) serves
as the primary precursor gas and can be diluted with hydrogen to tailor the properties
of the film. This setup enables high-quality, uniform film deposition compatible with
industrial SHJ solar cell fabrication processes.

While intrinsic a-Si:H film thicknesses below 10 nm are typically employed in standard
SHJ solar cells, in this study, thicker films were deposited using established recipes for
the highly passivating, fast-growing i1-layer and the high-quality i2-layer commonly
utilized as a layer stack in SHJ device fabrication.[48] The specific deposition parameters
for both layers are summarized in Table 3.2.

Table 3.2.: PECVD deposition parameters for intrinsic a-Si:H layers used for SHJ solar
cells at the research center in Jülich.

Layer
Type

Temperature
Td [°C]

Power
Pd [W]

Pressure
p [mbar]

Silane Flow
QSiH4 [sccm]

Hydrogen Flow
QH2 [sccm]

i1 200 300 2.7 145 650
i2 200 50 2.7 145 900

3.4. Thin film analysis methods
A range of analytical techniques was used to characterize the structural, chemical,
optical, and electrical properties of the deposited thin films. FTIR and Raman
spectroscopy revealed bonding and microstructure, while ellipsometry provided film
thickness and optical constants. ESR, SIMS, and XPS offered insights into the defect
densities and decomposition of the films. Electrical conductivity and charge carrier
lifetime measurements assessed electronic performance. Together, these techniques
offer a comprehensive understanding of the physical and electronic characteristics of
the thin films produced in this work.

3.4.1. Fourier transform infrared (FTIR) spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a widely used technique for an-
alyzing the transmission spectrum of infrared light through a sample.[72, 114, 165]
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This method is particularly useful for studying molecular vibrations because the
excitation energies of many covalent bonds correspond to the photon energy of infrared
radiation. When infrared light interacts with a material, photons with energies that
match the vibrational excitation energies of molecular bonds are absorbed, leading
to characteristic absorption features in the transmission spectrum. The absorption
spectrum in the infrared region thus provides insights into the chemical bonding and
molecular structure of the material.

IR source

Moving mirror

Sample

Detector

Fixed mirror

Beam
splitter

Figure 3.6.: Schematic of the FTIR spectroscopy setup illustrating the main com-
ponents, including the infrared source, mirrors, moving mirror, sample,
detector, as well as the optical path used to generate an interferogram.
Adapted from an illustration originally created for the Master’s thesis of
the author (B. Fischer, 2022) [77].

Figure 3.6 presents a schematic representation of the FTIR measurement setup. In
this system, a broad-spectrum infrared light source is directed into an interferometer,
which generates an interference pattern dependent on the position of a moving mirror.
The light then passes through the sample before reaching a deuterated triglycine sulfate
(DTGS) cesium iodide (CsI) detector, which records variations in signal intensity.
By continuously varying the mirror position, an interferogram is obtained. This
interferogram is subsequently converted into a transmission spectrum via Fourier
transformation.

43



3. Methods

Measurement procedure

To quantify the transmittance TIR of a sample (film + substrate wafer), the intensity of
the transmitted signal through the sample Is is compared to a reference measurement
I0, which is carried out using a bare substrate wafer of the same type as the sample
wafer. The transmittance is given by:

TIR =
Is

I0
. (3.1)

In this study, FTIR measurements were performed using a Nicolet 5700 spectrometer
from Thermo Electron Corporation. The system outputs the absorbance spectrum as
a function of the wavenumber ν̃ (see Figure 2.3), where absorbance A is related to
transmittance TIR by:

A = − log(TIR) . (3.2)

Furthermore, the relationship between transmittance TIR, absorption coefficient α,
and sample thickness d follows:

TIR = exp(−αd) . (3.3)

From this, the absorption coefficient α can be determined using the expression:

α = ln(I0/Is)
d

= A ln(10)
d

. (3.4)

It is important to note that the calculated absorption coefficient includes both
absorption and scattering losses. However, in this work, scattering effects are not
separately considered, as the primary focus is on variations in the absorption coefficient
owing to vibrational excitations. Similarly, internal reflections that might lead to an
overestimation of the absorption coefficient are not considered here.[166]

Determination of the bond density

To determine the bond density n within a material, the intensity I of the integrated
absorption peak of a vibrational mode of the bond in the FTIR spectrum can be
used. In addition, the microstructure parameter R of amorphous silicon films (cf.
Section 2.1.2, Equation 2.2) is determined based on the integrated infrared absorption
of modes at 2000 cm-1-2100 cm-1.
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The integrated absorption intensity I is calculated from the absorption coefficient
spectrum using the relation [167]:

I = ∫
α

ν̃
dν̃ . (3.5)

To evaluate I, the following procedure was employed:

1. Baseline Correction: A baseline was established by fitting a suitable function
to the left and right of a peak, ensuring accurate quantification of the absorption
characteristics. For thin films, a linear baseline correction is sufficient, while for
thicker films, interference effects during FTIR measurements lead to a non-linear
baseline.[168] For the FTIR spectra shown in this work, a user-defined baseline
subtraction was performed using a user-defined approach, employing second-
order derivative anchor points and spline interpolation to correct for background
contributions and enhance the comparability of the spectra.

2. Gaussian Fitting: A Python-based algorithm utilizing the lstsq function was
employed to fit Gaussian (or Lorentzian) functions to the measured absorption
peaks.

3. Integration: The integrated absorption intensities I were computed by numeri-
cal integration of the fitted Gaussian (or Lorentzian) curves using Equation 3.5.

With the integrated peak absorption, the bond density n can be calculated using the
absorption strength AS using the following relation:

n = ASI . (3.6)

In the case of hydrogen, the H concentration cH, meaning the atomic percentage
of H within the a-Si:H film can be determined nutritionally by dividing the H bond
density nH by the atomic density of a-Si:H nSi = 5 × 1022 cm-3. Therefore, cH is given
as

cH =
nH

nSi
. (3.7)

A list of the most important vibrational modes, their peak position within the FTIR
spectrum, and the corresponding absorption strength used within this work are given
in Table 3.3. Note that throughout Chapter 4, the absorption strength of the Si-H
bonds (0.9 × 10−20 cm-2) was used for all hydrogen content calculations, including in
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films containing carbon deposited from trisilane-cyclooctane mixtures. In contrast, for
the a-SiC:H films discussed in Chapter 5, the absorption strength of the C-Si-H bonds
(1.4 × 10−20 cm-2) was applied.
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Table 3.3.: Infrared active modes, categorized into C-related, H-related, and O-related
modes, along with their absorption strength for the most relevant modes.
The bold written absorption strength within a range is used in this work.

Mode Position Associated
Bonds

Vibration
Type

Absorption
Strength

[10−20 cm-2]
Reference

H-Related Modes

640 cm-1 Si-H1–3
wagging/

rolling 0.21 [72, 166, 167]

840–890 cm-1 Si-H2/3 bending - [72, 73]

2000 cm-1 Si-H Stretching 0.9 [72, 76, 166, 167, 169]

2070–2110 cm-1 clustered
Si-H/Si-H2

stretching 0.9–2.2 [72, 76, 166, 167, 169]

2130–2140 cm-1 Si-H3 stretching - [72, 75, 170]

2080–2135 cm-1 surface Si-H1–3 stretching - [72, 75, 170, 171]

C-Related Modes

720–790 cm-1 Si-C stretching 0.213 [114, 117, 125]

980–1000 cm-1 Si-C-H2/3 wagging - [111, 114]

2100 cm-1 C-Si-H1/2 stretching 1.4 [111, 114]

2850–2960 cm-1 C-H1–3 stretching 13.5 [111, 114]

O-Related Modes

460 cm-1 Si-O2 rocking - [172–174]

800 cm-1 Si-O bending - [173–175]

950–1140 cm-1 Si-O1,2 stretching 0.1–0.2 [175–177]

2100–2250 cm-1 O1–3-Si-H1–3 stretching - [75, 173, 176]

3450 cm-1 O-H stretching - [178, 179]
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3.4.2. Raman spectroscopy

Raman spectra of Si and SiC thin films were acquired using a Renishaw inVia Raman
spectrometer equipped with a 532 nm laser in a backscattering configuration. The laser
power was attenuated to approximately 0.25–2.5 mW and focused on a measurement
spot with a full width at half maximum (FWHM) of 1–2 µm. Preliminary tests
confirmed that this laser power neither alters the structure of the films nor compromises
the measurement signal quality.

532 nm laser

Beam splitter

Grating

CCD
detector

Sample

Objective

a)

Ground state

Excited state

Virtual states

Absorption Stokes 
scattering

Rayleigh 
scattering

Anti-Stokes 
scattering

hνvib

hν532

hν - hν532 vib

hν532

hν532

hν532

hν + hν532 vib

b)

Figure 3.7.: a) Schematic representation of the Raman spectroscopy principle. b)
Illustration of vibrational excitation via absorption or scattering. νvib
denotes the photon frequency required to excite a vibrational state by
absorption, while ν532 represents the frequency of the 532 nm laser used
for Raman spectroscopy. Adapted from an illustration originally created
for the Master’s thesis of the author (B. Fischer, 2022) [77].

In backscattering Raman spectroscopy, a laser beam is focused on the sample surface
through an objective lens, as depicted in Figure 3.7 a). A built-in camera captures
the reflected laser light to verify the focal positioning of the sample. If necessary, the
height of the sample stage is adjusted to ensure optimal focus. The incident laser light
undergoes scattering within the sample via Rayleigh, Stokes, or anti-Stokes scattering
mechanisms, as illustrated in Figure 3.7 b).

In Rayleigh scattering, a covalent bond is excited to a virtual energy state and
relaxes back to the ground state while emitting a photon of the same energy.[180]
In Stokes scattering, the bond returns to a vibrationally excited state, resulting
in an emitted photon with lower energy than the incident photon, leading to a
characteristic wavelength increase known as the Stokes shift.[180] Conversely, in anti-
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Stokes scattering, the final energy state is lower than the initial state, causing a
wavelength decrease. However, due to the low occupation density of higher-energy
states at room temperature, anti-Stokes scattering is negligible in the samples studied
and is therefore not considered further.

The objective lens of the spectrometer collects the backscattered light, which then
passes through a beam splitter and a diffraction grating. The Raman intensity at
different Stokes shifts (henceforth referred to as Raman shifts) is recorded using a
CCD detector.

The most important peaks analyzed using Raman spectroscopy are given in Table 3.4.

Table 3.4.: Raman active mode positions with their associated vibrations and literature
references. The table includes both amorphous (a-Si:H) and crystalline
(c-Si) silicon modes, as well as SiC, C–C cluster, and Si–H stretching
vibrations.

Mode Position Associated
Vibration Reference

160 cm-1 Si TA (a-Si:H) [181, 182]

310 cm-1 Si LA (a-Si:H) [181, 182]

380 cm-1 Si LO (a-Si:H) [181]

480 cm-1 Si TO (a-Si:H) [181, 182]

520 cm-1 Si TO (c-Si) [81, 181]

750–800 cm-1 SiC TO [103, 119, 183]

840–970 cm-1 SiC LO [103, 119, 183]

960–1000 cm-1 Si 2TO (a-Si:H/c-Si) [181, 182]

1330–1580 cm-1 C-C cluster [118, 119, 184, 185]

2000–2150 cm-1 Si-H stretching (a-Si:H) [81, 82, 181]

Similarly to FTIR, Raman spectra can be used to analyze the Si-H bond related
microstructure of amorphous silicon films by investigating the 2000 to 2100 cm-1 peak
ratio. However, because of the different measurement principles, the absolute values
of the ratio differ for Raman and FTIR and cannot be directly compared. [82]
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3.4.3. Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) is an optical technique used to determine the dielectric
properties and thickness of thin film materials by analyzing the change in polarization
of light upon reflection. In this method, a polarized light beam is directed at the
sample at a specific angle. Comparison of the polarization components of the reflected
signal with the incident light provides insights on the complex reflection coefficients
and, therefore, the dielectric properties of the material.[70, p. 4]

For thin films, the reflected signal is influenced not only by the thin film but also by
the substrate material, which is why an optical model is required to accurately describe
the response of the layer stack. This model incorporates oscillators that characterize
the microscopic interactions between the material and the electromagnetic excitation.
For amorphous layers, the Tauc-Lorentz oscillator model is typically employed, as it
effectively combines a Tauc band edge with a Lorentz oscillator. The parameters of
this model are fitted to the measured reflection signal, allowing determination of both
the dielectric function ϵ and the film thickness d.[70, p. 230]

In this work, a Solar/M2000 from J. A. Woollam was used to conduct SE. Since
the fit of the ellipsometry data of the crystallized films was less robust than for the
amorphous films, the film thickness of the amorphous films was used for the calculation
of the FTIR absorption coefficient (see Section 3.4.1) of the crystalline films. This
can lead to an underestimation of the absorption coefficient as a result of shrinking
effects of the film during annealing. For example, Heera et al. [186] found a density
difference between amorphous and crystalline SiC of 12 %.

3.4.4. Electron spin resonance spectroscopy

For the detection of the paramagnetic defect-related spin density nS and the g-value
of the a-Si:H and a-SiC:H films, electron spin resonance (ESR) spectroscopy (a.k.a.
electron paramagnetic resonance (EPR)) was used. The g-value in ESR spectroscopy
is a fundamental parameter that characterizes the magnetic properties of an electron
in a given environment. It is defined by the following equation:

g = hν

µBB
, (3.8)

where h is Planck’s constant, ν is the resonance frequency, µB is the Bohr magneton,
and B is the applied magnetic field.[187, p. 24] While the free electron g-value is 2.0023,
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deviations occur due to spin-orbit coupling, ligand effects, and molecular interactions,
providing insight into the electronic structure of paramagnetic species.

The measurements were made in conventional continuous wave (CW) mode using a
commercial X-band (nu = 9.8 GHz) Bruker ELEXSYS E-500 system in an ER 4108
TMHS resonator at room temperature. Two identical thin film pieces on a Corning
glass substrate cut in (5 × 5) mm2 pieces were fixed face to face with scotch tape at
the tip of a quartz sample tube of 4 mm diameter and placed in the center of an opaque
resonator cavity. To ensure that the substrate or holder does not contribute to the
detected signal, a reference measurement was made on substrates without sample films,
which showed a negligible baseline compared to the signal detected from the films
under test. A calibrated sample of sputtered amorphous silicon with a spin number of
2 × 1015 and a g-value of 2.00565 was used as a reference secondary standard [187,
pp. 35–42] for the calibration of the magnetic field and signal intensity for a further
evaluation of the g-value and spin density in the measured samples. The spectra were
measured at a microwave power of 0.1 mW, a sweep width of 100 G, a magnetic field
modulation at a frequency of 100 kHz, and an amplitude of 3 G. It was confirmed that
saturation or overmodulation effects do not occur under these conditions.

3.4.5. Secondary ion mass spectroscopy

Secondary ion mass spectroscopy (SIMS) can be used to investigate the elemental
structure of thin films as a depth profile. A beam of primary ions bombards the surface
of the target material. Upon impact, the kinetic energy of these ions is transferred
to the target, initiating a sputtering process. This leads to the ejection of secondary
ions from the surface, which are subsequently analyzed using a mass spectrometer
to determine the composition of the material.[188, pp. 1–3] For a-Si:H and a-SiC:H
films, especially H, Si, O, and C isotopes are investigated. To determine the isotope,
the molecular mass of the element and the charge state are usually given next to the
element, e.g., for deuterium: 2H-.

For the doped a-SiC:H films discussed in Sections 5.1.3 and 5.2.2, the depth profile
of nitrogen would be interesting. However, due to the low probability of ionization
of 14N- and its overlay with other ion signals (like 14CH2-), the direct detection of
nitrogen is difficult. Therefore, instead 15NH- or 26CN- ions are used to analyze the
nitrogen content of the films.

SIMS depth profiles were measured using 1 kV Cs ions for sputtering on an area
of (300 × 300) µm2 and 30 kV Bi ions for analysis on an area of (40 × 40) µm2.
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Measurements were performed on a ToF-SIMS5.ncs instrument (IONTOF GmbH,
Muenster, Germany).

3.4.6. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Phi
5000 VersaProbe II from ULVAC Phi Inc. The system was equipped with a monochro-
matic Al-Kα source (1.486 keV). The X-ray settings were adjusted to a power of 50 W
at 15 kV with a spot size of 200 µm.

Survey spectra were acquired with a pass energy of 187.5 eV, a step size of 0.8 eV,
and a dwell time of 100 ms. High-resolution detail spectra were recorded at a pass
energy of 23.5 eV, with a step size of 0.1 eV and the same dwell time.

Using the survey spectra, quantification was performed in atomic percent (at%) with
an estimated error of ≥ 10 %, normalized to 100 at%. Shirley background subtraction
was applied, and elemental concentrations were determined using empirical relative
sensitivity factors. Charge correction was performed by setting the main component
of the C 1s signal to 285 eV. The high-resolution spectra were used to determine the
atomic bonding partners within the material by fitting several Gaussian peaks within
the multiplet of each element (here: Si, C, and O). The information depth of XPS in
silicon materials is usually below 10 nm beneath the surface.[189, 190]

3.4.7. Electrical conductivity

The electrical conductivity σ is one of the most important parameters for Si and
SiC thin films as a benchmark for its applicability in solar cells, transistors, or other
nanoelectronic devices. The electrical conductivity of a thin film (herein mostly called
just conductivity) is the inverse of the resistivity, which can be measured using two
metal pads with a known width and distance between each other. The conductivity is
determined using the relation:

σ = Iσl

Uwd
, (3.9)

where Iσ represents the measured current, U denotes the voltage applied across the
electrodes, l is the gap between the electrodes, w corresponds to the electrode width,
and d is the thickness of the film.

As a benchmark for the quality of intrinsic semiconductors, conductivity is measured
under two conditions: i) under dark conditions to measure the dark conductivity σd,
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and ii) under illumination with approximately 1 sun to measure the photoconductivity
σph. The implications for the film properties that can be derived from the comparison
of these conductivities are discussed in more detail in Section 2.1.2.

Conductivity was measured using a custom-built system with a Keithley 6517A
as an electrometer applying a voltage of ±100 V and a mercury lamp calibrated to
an intensity of one sun as light source. The measurements were made under vacuum
conditions (<10-4 mbar). Two silver pads with a width of 5 mm and a distance of
0.5 mm were deposited using a silver evaporation system to contact the thin film, as
shown in Figure 3.8.

Figure 3.8.: a) Photograph of a sample for conductivity measurements with two silver
pads evaporated on top of an a-Si:H film. The pad width and the distance
between the pads are indicated. b) Schematic side view of a sample for
conductivity measurements.

3.4.8. Charge carrier lifetime measurement

The charge carrier lifetime in double-sided a-Si:H-coated wafers was determined using
the WCT-120 measurement system from Sinton Instruments. This setup enables
quasi-steady-state photoconductance (QSSPC), generalized photoconductance, and
transient photoconductance decay (TPCD) measurements. The system consists
primarily of a temperature-controlled baseplate with an integrated RF coil for electrical
characterization, a flashlamp for charge carrier generation, a monitoring photodiode,
and evaluation software for data processing.

For charge carrier lifetimes exceeding 800 µs, the manufacturer recommends em-
ploying the TPCD method. Below 800 µs, the generalized mode is recommended.
However, preliminary measurements on samples with charge carrier lifetimes of ap-
proximately 800 µs showed that the generalized mode systematically yields lower
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lifetime values than the TPCD mode and exhibits greater measurement fluctuations.
Therefore, all samples were measured using the TPCD mode to ensure comparable
results, particularly within the same sample series.

In the TPCD approach, the sample is initially exposed to a flash pulse with a rise
and decay time of approximately 100–200 µs. Following this excitation, the system
records the sheet conductance as the sample relaxes over time. The excess carrier
density ∆n is subsequently derived from the measured sheet conductance using a
model developed by Dannhäuser [191] and Krausse [192]. This model iteratively
determines the carrier mobility based on the doping concentration and ∆n, ensuring a
self-consistent evaluation. The charge carrier lifetime τ is then calculated as a function
of ∆n and its time derivative dn/dt according to:

τ = ∆n
d∆n

dt

. (3.10)

The charge carrier lifetimes τ given in this study were determined at an excess carrier
density of 1015 cm-3.

3.5. Post-treatment processes

Post-deposition treatments enhance material performance and enable the tailored
adjustment of film properties to specific application requirements. Therefore, in the
following various crystallization methods are described, including furnace annealing,
rapid thermal annealing (RTA), and laser annealing. Additionally, hot wire chemical
vapor deposition (HWCVD) was employed for hydrogenation and catalytic doping,
enabling the precise modification of the composition of the films and electronic
properties.

3.5.1. Annealing

For the crystallization of a-Si:H and a-SiC:H, the films are usually annealed at high
temperatures (above 700 °C for a-Si:H [33, 193] and above 900 °C for a-SiC:H [34, 183]).
Thereby, the annealing parameters like dwell time or heating rate can significantly
influence the material properties of the crystallized film. In this work, furnace
annealing, rapid thermal annealing, as well as laser annealing, are used. The methods
are described below.
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Furnace annealing Furnace annealing of the films was conducted in a quartz fur-
nace with a heating rate of 6.67 °C/min and a dwell time of 120 min at the highest
temperature. Prior to annealing, the furnace was flushed with N2 under ambient
conditions. Due to the absence of vacuum purging, a significant amount of residual
oxygen (O2) could have remained in the furnace during the annealing process. The
highest achievable temperature with this oven is 1100 °C.

Rapid thermal annealing Rapid thermal annealing (RTA) was carried out with an
RTP-150 from Unitemp using a heating rate of 1 K s-1 and a dwell time of 5 min. After
heating, the samples are cooled down with -100 K s-1 to 150 °C under N2 flushing. The
highest achievable temperature with the RTA setup is 900 °C.

Laser annealing The local crystallization of a-SiC:H films was tested using a TALON-
355-12SHTR (Spectra Physics, USA) UV laser with a wavelength of 355 nm. The
Gaussian spot size was set to 60 µm, a power of 92 mW, a pulse frequency of 15 kHz,
and a pulse length of 12.5 ns were used. The laser was scanned across a (9 × 9)mm2

area at a velocity of 9 mm s-1, maintaining a line spacing of 30 µm.

3.5.2. Hot wire chemical vapor deposition

Hot wire chemical vapor deposition (HWCVD) [194], as briefly described in Sec-
tion 2.3.1, can be used not only for thin-film deposition but also for post-treatment
of samples. In this work, HWCVD is used for two treatments: i) hydrogenation of
amorphous silicon samples and ii) incorporation of phosphor atoms into amorphous
silicon films for doping (catalytic doping).[195, 196]

A schematic of the HWCVD concept is shown in Figure 3.9. A gas containing
the atoms to be incorporated into the film flows through a hot filament, where
it decomposes. The resulting radicals hit the surface of the heated film and are
incorporated. Due to the high diffusivity of hydrogen atoms, they penetrate much
deeper into the film compared to much heavier phosphorus atoms, which react with
the a-Si:H film primarily near the surface.[30–32, 196, 197]

In the following, the basic parameters for the HWCVD treatments within this work
are given. Note that for the hydrogen treatment, a different chamber was used than
for the catalytic doping to prevent the intrinsic a-Si:H films from impurities during
hydrogenation.
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H2 / He + PH3

filament

heated substrate
holder

Figure 3.9.: Schematic of a Hot-Wire Chemical Vapor Deposition (HWCVD) system
used for hydrogen treatment and catalytic doping. Arrows indicate the
direction of gas flow within the chamber.
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Hydrogen treatment For the hydrogen treatment, a rhenium filament was used with
a temperature of 1300 °C, while the substrate heater was set to 390 °C. The distance
between the substrate and the filament was maintained at 71 mm. The H2 gas flow
was set to 50 sccm at a chamber pressure of 0.05 mbar. The duration of treatment
was 60 min. Before treatment, the hot wire chamber was preheated for 25 min at a
pressure of 0.05 mbar, using H2 as ambient gas.

Catalytic doping For the catalytic doping, a tantalum filament was used with a
temperature of 1900–2200 °C, while the substrate heater was set to 200 °C. The distance
between the substrate and the filament was maintained at 90 mm. The gas flow of
phosphine (PH3) was set at 20 sccm at a chamber pressure of 0.05 mbar. The duration
of treatment was 60 min. Before treatment, the hot wire chamber was preheated for
20 min at a pressure of 0.5 mbar, using H2 as ambient gas.

Catalytic doping and hydrogen treatment Combinations of catalytic doping and
hydrogenation were conducted in the same chamber as for the catalytic doping only.
For the H-treatment in this chamber, the tantalum filament was set at a temperature
of 1500–1600 °C, while the substrate heater was set to 380 °C. The distance between
the substrate and the filament was maintained at 90 mm. The hydrogen gas flow was
set to 100 sccm at a chamber pressure of 0.05 mbar. The duration of treatment was
60 min. Before treatment, the hot wire chamber was preheated for 20 min at a pressure
of 0.5 mbar, using H2 as ambient gas.
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This chapter presents a comprehensive investigation of hydrogenated amorphous silicon
(a-Si:H) thin films deposited using atmospheric pressure chemical vapor deposition
(APCVD). The first section explores intrinsic hydrogenated amorphous silicon (a-
Si:H) films derived from pure trisilane, examining their structural and electrical
properties through a variety of characterization methods, including FTIR spectroscopy,
electron spin resonance (ESR), and secondary ion mass spectrometry (SIMS). The
subsequent section extends the analysis to films deposited from trisilane diluted with
cyclooctane, evaluating the effects of precursor composition on material quality, film
growth dynamics, and spatial uniformity. The first two sections are based on a
previously published article that was part of my PhD thesis (Fischer et al. [164],
2024). Portions of the text and figures have been adapted from the publication, with
additional data, analyses, and discussions incorporated to extend the original content.

The final section highlights several application-relevant aspects of APCVD a-Si:H
films, including their potential for surface passivation of crystalline silicon (c-Si) wafers,
hydrogenation treatments, catalytic doping processes, and crystallization behavior
under different annealing conditions. Each topic is supported by detailed experimental
results and corresponding discussions, providing a thorough understanding of the
material properties and technological implications of APCVD-deposited silicon films.

4.1. a-Si:H from pure trisilane

In this section, a fundamental evaluation of hydrogenated amorphous silicon films
(a-Si:H) deposited using pure trisilane (TS, Si3H8) with the optimized atmospheric
pressure chemical vapor deposition (APCVD) system is presented. To assess the
viability and characteristics of this approach, the resulting films are systematically
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4.1. a-Si:H from pure trisilane

compared with those deposited using a conventional plasma-enhanced chemical vapor
deposition (PECVD) system.

The comparative analysis focuses on key aspects such as microstructure and elec-
tronic properties, providing insights into how the deposition conditions influence the
quality of the film. Additionally, electron spin resonance (ESR) and secondary ion mass
spectrometry (SIMS) analyses were conducted on APCVD-grown films to investigate
defect densities and hydrogen incorporation. The findings are discussed in the context
of optimizing the deposition parameters and understanding the material properties of
a-Si:H films for potential applications in semiconductor and photovoltaic technologies.
A more detailed analysis of the growth mechanism and the reproducibility of the
process is presented in Section 4.2.4, using 2 vol% trisilane diluted in cyclooctane as
the precursor. The use of a higher volume of diluted trisilane enables a more robust
and reproducible deposition process, as discussed in Section 3.2.

4.1.1. FTIR spectra of APCVD and PECVD a-Si:H

A-Si:H is a long-known and well-analyzed material. The first question that arises is
whether the a-Si:H deposited by a new system has a structure and properties similar
to those of the already known a-Si:H. In the solar cell industry, a-Si:H is most often
deposited using PECVD. Therefore, the high-quality and relatively dense intrinsic
i2-layer used in SHJ solar cells will serve as a benchmark throughout this work to assess
the quality of the APCVD layers produced by the new system. The PECVD system
and the specific deposition parameters used to fabricate the i2-layer are detailed in
Section 3.3. Table 4.1 presents the results of the measured properties of the i2-layer.

Table 4.1.: Thickness d, H concentration cH, microstructure parameter R, dark and
photoconductivity σd and σph of an i2-layer film as used in SHJ solar cells
(in a thinner form), produced by PECVD.

Thickness
d [nm]

H Conc.
cH [at%]

Microstructure
Parameter R

Dark Cond.
σd [S cm-1]

Photocond.
σph [S cm-1]

34.4 22 0.21 3 × 10−11 1.6 × 10−6

The first step in testing the new system for depositing a-Si:H was to confirm that
the process indeed produces a-Si:H. FTIR spectra proved particularly suitable for
this purpose, because they highlight the distinctive characteristics of a-Si:H and give
insight to its microstructure. Figure 4.1 shows the FTIR spectrum of an APCVD film
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deposited at T d = 400 °C, td = 10 min and a trisilane volume V TS of 20 µl on the
upper graph and the FTIR spectrum of the PECVD i2-layer at the lower graph. The
spectrum of the APCVD film follows a pattern similar to the spectrum of the PECVD
film, including peaks at 640 cm-1 and in the region from 1900 to 2200 cm-1. These peaks
are characteristic of a-Si:H films and are caused by wagging and stretching vibrations
of the Si-H bonds.[72, 76, 116, 167] In addition to the Si-H peaks, the spectra of
both films show positive or negative peaks around 1000 cm-1 followed by a negative
peak around 1100 cm-1. In this region peaks from Si-O-Si stretching vibrations can be
found.[172, 177, 198] One reason for the increased peak at 1000 cm-1 for the APCVD
film might be the formation of native oxide layers on the surface of the film and c-Si
substrate, as also found for only annealed films in Section 4.3.3. For the PECVD
film, the negative peak at 1000 cm-1 is probably due to the absence of native oxide
layers, since the substrate was HF-etched prior to the deposition, and for the FTIR
baseline measurement, a wafer with native oxide is used. The peaks at 1100 cm-1 can
be attributed to the fluctuation of O bonded within the c-Si substrate and are not
related to the properties of the film.

While the spectra in Figure 4.1 confirm that the deposited material was indeed
a-Si:H, the microstructure of the APCVD films differs from that of the i2-film. A slight
shift to lower ν̃ and a different form of the double peak structure around 2050 cm-1

shown in Figure 4.1 indicate that the Si-H bonds within the APCVD a-Si:H are located
in a different microstructural surrounding than the bonds within the PECVD films. In
addition, the peak heights at 640 and 2050 cm-1 in the APCVD film are approximately
half those of the PECVD film, indicating a lower hydrogen content within the APCVD
film.
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Figure 4.1.: FTIR spectra of a) an APCVD a-Si:H film deposited at 440 °C using
20 µL of trisilane for 10 min and b) a PECVD i2-layer a-Si:H film, with
deposition parameters listed in Table 4.1. Si–H wagging and stretching
modes are indicated at 640 and 2000 cm-1, respectively.
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4.1.2. Microstructure and electrical properties

The microstructure of the a-Si:H films influences the film properties and is highly
dependent on the deposition conditions.[25, 86, 148] For this reason, films were
deposited with various deposition parameters, namely substrate temperature T d,
deposition time td, and precursor volume V P, using five different sample series shown
in Table 4.2.

Table 4.2.: Deposition parameters of various sample series prepared using pure trisi-
lane. The parameter that was varied is shown in bold. The deposition
temperature T d and time td are given, as well as the total trisilane volume
V P used as precursor for each deposition.

Series Temperature Td [°C] Time td [min] Volume V P [µl]

Temp1 410–580 10 10

Time1 440, 555 10, 20, 50 20

Volume1 440, 555 10 10, 20, 50

ESR 440, 495, 555 10, 20 10, 20

SIMS 440, 495, 555 10, 20 10, 20

Dark- and photoconductivity σd and σph, thickness d, H concentration, and mi-
crostructure parameter R of the pure silane samples of series Temp1, Time1, and
Volume1 are summarized in Figure 4.2, while each series is named after its mainly
varied parameter. Figure 4.2 a) shows the results for samples of series Temp1. The
film thickness of the a-Si:H films increases strongly from 10 to 130 nm with increasing
hot plate temperatures between 410 °C and 495 °C, indicating a higher growth rate, in
agreement with the literature.[199] For temperatures above 495 °C, the film thickness
stops to increase, likely indicating the depletion of the injected precursor. The thick-
ness decreases slightly for temperatures of 555 °C and 580 °C, which can be attributed
to two effects. i) The major effect is a larger area that is unintentionally heated up
to temperatures allowing a deposition of a-Si:H (e.g., at the walls of the deposition
chamber). A larger deposition area at the same precursor volume leads to thinner
films on the substrate if the growth process is limited by the precursor volume and not
by the deposition time. ii) A slight reduction in film thickness may also result from
annealing-related shrinkage of a-Si:H films at elevated temperatures due to hydrogen
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effusion, as indicated by a decrease in cH from 4 at% at T d = 440 °C to below 1 at%
at T d > 525 °C.[109, 200]
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Figure 4.2.: Dark and photoconductivity σph and σd, thickness d, hydrogen concentra-
tion cH and microstructure parameter R of a-Si:H films deposited with
pure trisilane as precursor and a PECVD i2 a-Si:H reference film (marked
with an asterisk) as a function of a) deposition temperature T d, b) de-
position time td, and c) precursor volume V P. td and V P were varied at
temperatures T d = 440 °C (gray) and 555 °C (red). The lines are guides
to the eye. Adapted from Fischer et al. [164] (2024), licensed under CC
BY 3.0.

The conductivity measurement results in Figure 4.2 a) show a split of σph and σd

for temperatures T d ≤ 495 °C. In this range, the logarithm of σph qualitatively follows
the curve of cH. For temperatures above 495 °C, σd increases to values nearly equal to
those of σph. At these higher temperatures, cH drops significantly to below 1 at%. The
conductivity continues to increase with increasing deposition temperature, surpassing
10-6 S cm-1. This increase may be attributed to a higher density of defects, which
could enhance hopping conductivity and might lead to the formation of a conductive
defect band.[29, pp. 16–17] The ratio of σph to σd, known as photosensitivity, is often
used to assess the quality of intrinsic a-Si:H for optoelectronic applications.[201–203]
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The highest photosensitivity, 2.5 × 102, was observed at 470 °C in the Temp1 series
shown in Figure 4.2 a). This photosensitivity is 2 to 3 orders of magnitude lower than
that of the PECVD i2-layer, whose photo- and dark conductivities are marked with
an asterisk in Figure 4.2 a). The high photosensitivity of the i2-layer deposited at
a temperature of 200 °C probably results from the high H concentration of 22 at%
within the film, which is available to passivate defects associated with unsaturated
Si bonds. Considering the high amount of H within the i2-layer, the microstructure
parameter of ~ 0.2 indicates a rather dense amorphous silicon structure, as desired
for i2-layers in SHJ solar cells.[25, 48] The microstructure parameter for the APCVD
films is below 0.1 for all films, except for the film deposited at 410 °C. The low R for
films deposited at T d > 410 °C can result from two different material properties. i)
It can result from dense material with H bonded mainly within the Si-network.[72,
76] ii) It can result from void-rich material where H bonded in voids effused during
the deposition process, since the deposition temperature is above the effusion peak
temperature at approximately 385 °C of H in voids but below that of H within the Si
network at approximately 500 °C.[89] Because of the absence of the H in the voids
which would contribute to the 2100 cm-1 peak, this could result in a low R despite the
presence of voids in the material. The increased R for the film deposited at 410 °C
could be a relic of the low film thickness of d = 9 nm. For low a-Si:H film thicknesses,
the amount of H within the bulk a-Si:H can be of the same order of magnitude as
the H bonded at the interface between a-Si:H and c-Si. The interface hydrogen can
contribute significantly to the 2100 cm-1 peak, leading to a higher R.[82]

Having investigated the influence of T d on the properties of a-Si:H, the next step
was to investigate the influence of the deposition time td, in particular its influence on
the amount of H effused during deposition. For this, the Time1 series was prepared,
where 20 µl of trisilane was injected at 440 °C and 555 °C for durations of 10, 20, and
50 min. The results of this series are shown in Figure 4.2 b). 20 µl of precursor was
used to achieve thicker films than those in the Temp1 series for better evaluation. The
higher precursor volume also leads to microstructural changes, which are discussed
in more detail later when discussing the Volume1 series. The Time1 series shows
for T d = 440 °C a decrease in cH and R with longer deposition times. Specifically,
cH decreases from 8 at% to 4 at%, and R decreases from 0.2 to 0.05. This suggests
that hydrogen bonded in a more porous or void-rich structure (associated with the
2100 cm-1 peak) effuses out of the film over time. As the deposition time increases,
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4.1. a-Si:H from pure trisilane

σd increases while σph decreases. This trend is consistent with a higher density of
defects and a lower hydrogen content, both of which contribute to a lower σph and,
consequently, reduced photosensitivity.[59, 204] For T d = 555 °C, cH is 2 at% for a
deposition time of 10 min and decreases to almost 0 for longer deposition times. R
is approximately 0, as the 2100 cm-1 peak is near or below the detection limit. Both
σph and σd are almost equal, and both increase with longer deposition times. These
observations suggest that the effusion of hydrogen and the resulting changes in the
film microstructure and defect density significantly influence the conductivity and
photosensitivity of the material. The film thicknesses exhibit no clear dependence on
the deposition time, which may be attributed to the near-complete consumption of the
precursor within the first 10 min. Additionally, significant variations in film thickness
are observed, likely caused by the injection mechanism for pure films, as discussed in
the experimental Section 3.2.

The effect of the precursor volume injected has been investigated by preparing the
sample series Volume1, the measurement results of which are shown in Figure 4.2 c).
For two deposition temperatures, T d = 440 °C and T d = 555 °C, precursor volumes
of 10, 20 and 50 µl trisilane were used. Increasing the volume of precursor results in
increased film thickness. For T d = 440 °C, R as well as cH increase with increasing
precursor volume, probably due to a higher growth rate with increasing precursor
volume leading to more H incorporation and less H effusion during film growth.
Conductivity measurements show for all precursor volumes a high photosensitivity
up to 104. For the deposition at T d = 555 °C, the growth rate is higher than for the
deposition with T = 440 °C leading to a film thickness of 500 nm for the film deposited
with 50 µl trisilane. The high temperature probably leads to a high effusion rate,
leading to a low cH and low R for all film thicknesses. Accordingly, the photosensitivity
of all films deposited at T d = 555 °C is ~1 with conductivities in the range between
10-8 to 10-7 S cm-1.

In addition to microscopic properties, the macroscopic properties of films are also
important for the successful application in devices. Especially blistering, meaning the
formation of H-filled bubbles at the interface between c-Si and a-Si:H is a well-known
problem often occurring for a-Si:H films, because it leads to an ablation of the film
from the substrate. Regarding the films of the series in Figure 4.2 a) for T d = 410 °C
and T d = 440 °C, a flat surface without holes is obtained, as shown representatively for
T d = 440 °C in Figure 4.3 a). No signs of blistering have been observed, possibly due
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4. Amorphous and crystalline silicon films

Figure 4.3.: Pictures made with a light microscope at five times magnification of a-Si:H
films deposited at a deposition temperature of a) 440 °C, b) 495 °C, and
c) 555 °C. The bright circle indicates a burst bubble, and the dark circles
indicate bubbles filled with H2. Reproduced from Fischer et al. [164]
(2024), licensed under CC BY 3.0.

to a combination of a small film thickness and a low H-diffusion rate. At T d = 495 °C,
shown in Figure 4.3 b), circular holes were observed. These were found also for the
depositions at T d = 470 and 525 °C. I attribute the formation of these holes to
blistering due to H2 accumulated in voids within the film or at the interface to the
c-Si substrate.[35] For T d = 555 °C and 580 °C, the surface is flat again (shown in
Figure 4.3 c)). As a matter of speculation, this might result from a loose film structure
with micropores in which the hydrogen can easily effuse without accumulation and
subsequent blistering.[35] Also, it is possible that at higher temperatures the hydrogen
is ejected from the surface before it can incorporate into the bulk of the material.
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Figure 4.4.: Raman spectra showing the typical peak of Si-Si vibrations in amorphous
silicon at 480 cm-1 of a-Si:H films deposited at 440, 495, and 555 °C.
Adapted from Fischer et al. [164] (2024), licensed under CC BY 3.0.
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Another possible explanation for the smooth H effusion without blistering is related
to the growth of crystalline structures within the material. These crystalline structures
are expected to reveal themselves in Raman spectra. However, the spectra shown in
Figure 4.4 show a clear peak at 480 cm-1 for all deposition temperatures, indicating
that the material is amorphous and not crystalline.[73, 116, 182] For a deposition
temperature of 555 °C, the peak is slightly shifted to higher wavenumbers which may
be attributed to increased material density or the onset of nanocrystalline growth,
which is often observed in this temperature regime for longer annealing times.[137,
193, 205] However, a definitive interpretation is not possible, as the shift is minimal
and may also result from signal scattering

4.1.3. ESR analysis of APCVD a-Si:H films

Paramagnetic electronic states in the APCVD a-Si:H films were analyzed for 3 samples
via ESR spectroscopy. The deposition parameters of these samples are shown in
Table 4.2 in the row “ESR”. It is widely accepted that the ESR signal detected in the
undoped amorphous silicon originates from Si dangling bonds causing defect states
within the band gap.[29, 59] The ESR spectra given in the appendix in Figure A.2 a)
show a pronounced featureless, slightly asymmetric single line at a g-value of approx.
2.0055 – typical for dangling bonds in amorphous silicon.[29, 59] Both the intensity of
the line and, indirectly, the g-value point at a material with a high density of dangling
bond defects.[59] The density of dangling bonds is crucial for the electronic quality of
a-Si:H. Astakov et al.[59] showed that photoconductivity is inversely dependent on the
spin density in a-Si:H. At the same time, hydrogen passivation can effectively reduce
the density of dangling bonds and improve the electronic quality of a-Si:H. Figure 4.5
shows the conductivity, thickness, H-content, ESR spin density, and g-value for the
three a-Si:H samples with similar thicknesses (~130 nm) as a function of the hot plate
temperature. With increasing temperature, cH measured by FTIR decreases. This
is in line with the increase in the density of dangling bonds detected as an increase
in the spin-density nS measured by ESR.[59, 78] The high amount of dangling bonds
can lead to an increase of the σd and can be responsible for the reduction of σph in
agreement with the trends observed in a-Si:H prepared by the traditional methods.[59,
206]
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4.1.4. Depth-resolved analysis of a-Si:H films using SIMS and
KOH etching

In addition to microstructural and electrical properties, the purity and homogeneity
of the film composition across the thickness are crucial characteristics of a-Si:H films.
Secondary ion mass spectrometry (SIMS) is an ideal technique to accurately analyze
the atomic composition and purity of these films. Figure 4.6 presents SIMS depth
profiles of a-Si:H films deposited at 440, 495, and 555 °C, along with a reference
intrinsic a-Si:H film deposited by PECVD. The samples have similar thicknesses d
between 130 and 180 nm. As PECVD reference for SIMS measurement, an a-Si:H
film with a thickness of 150 nm was produced following the recipe of the i1-layer used
in SHJ solar cells at the FZJ instead of the i2-layer used as reference in Figures 4.1
and 4.2. Although the i1-layer exhibits a lower density compared to the i2-layer, it
possesses comparable purity and a higher deposition rate. For this reason, the i1-layer
process was selected for the deposition of a 150 nm thick film used as a SIMS reference
film. The PECVD deposition parameters of the i1-layer are given in Section 3.3.

The APCVD film deposited at 440 °C shows a purity comparable to the PECVD
reference material, with similar C and O contents. However, the H content in the
APCVD sample is lower and exhibits an inhomogeneous distribution across the
film thickness, decreasing near the surface and the c-Si substrate interface. At
higher deposition temperatures, the SIMS depth profiles confirm a reduction in
the H content, consistent with the FTIR measurements. Simultaneously, increased
deposition temperatures lead to higher C and O contents in the films. While the
impurity concentration near the c-Si interface is relatively low, impurity concentrations
are steadily increasing closer to the surface. This indicates a higher incorporation
of impurities with a lower precursor content within the deposition chamber. The in
average increased impurity incorporation at higher temperatures can contribute to
an elevated number of defect states observed in Figure 4.5 and changes in σph and
σd.[141] A sharp increase in the content of O and C is observed on the film surface
for all samples. These impurities are likely not incorporated during film growth but
instead attributed to surface contamination from exposure to ambient air. This is
also the reason for the sharp increase in O, C, and H content at the interface. The
H and C peaks exhibit intensities similar to those of the APCVD and PECVD films.
However, the O peak is significantly higher in the APCVD films compared to that in
the PECVD film. This difference is attributed to the substrate for the PECVD film
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being HF-etched prior to deposition, effectively removing the native oxide layer from
the substrate surface.

To further investigate the origin of the inhomogeneous H content and impurity
content in the a-Si:H films, a sample was deposited at 440 °C using two trisilane
injections of 10 µl each – one at the start of the deposition and the other after
10 min – over a total deposition time of 20 min. In between both layers, the chamber
was not opened or purged. The SIMS depth profile, shown in Figure A.3, reveals
a distinct two-layer structure corresponding to the two precursor injections. Both
layers display inhomogeneous H distributions, with maximum H ion intensity near
the accommodating layer or substrate. This suggests that the inhomogeneous H
distribution is mainly the result of growth rate variations during deposition. The H
content is highest shortly after precursor injection, corresponding to the maximum
concentration of H radicals in the chamber as the precursor evaporates and becomes
evenly distributed. The second layer (green) exhibits a higher H content than the
first (red), likely due to the residual trisilane from the first injection increasing the
available precursor during the second deposition phase.

The behavior of the C and O content is inversely correlated with the H content.
Higher trisilane concentrations lead to reduced impurity incorporation, while local
maxima in the C and O content occur between the two layers. These maxima are
attributed to a minimum in the growth rate as a result of trisilane depletion prior to
the second precursor injection. The depletion reduces the ratio of trisilane molecules
to impurity molecules. Therefore, the available precursor volume highly influences
the growth rate and thus the incorporation of H and impurities during deposition.
The absence of an H peak at the interface in between both layers highlights the fact
that the a-Si:H growth did not stop before the second injection, leading to a smooth
transition between both films rather than to a distinct film interface.

The former SIMS results show an inhomogeneous H concentration along the film
thickness. To investigate the influence of this inhomogeneity on the microstructure of
the a-Si:H films, a-Si:H samples were treated with KOH to form a thickness gradient,
allowing a thickness-resolved investigation of the film. The film thickness along the
gradient was measured using a Dektak profilometer. To ensure precise alignment,
the measurement line was marked by laser ablation. Raman spectroscopy was then
performed along the same line as the profilometer measurements, using the laser
ablation mark as a guide. A Raman laser with a wavenumber of 532 nm was used with
a 1

e penetration depth of approximately 100 nm in a-Si:H.[82, 207]. These experiments
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Figure 4.6.: Silicon, hydrogen, carbon, and oxygen SIMS depth profiles of a) an intrinsic
PECVD film and APCVD films deposited at b) 440 °C, c) 495 °C and d)
555 °C. The film thickness and the detected isotopes are indicated within
the graph. Adapted from Fischer et al. [164] (2024), licensed under CC
BY 3.0.

were carried out on a sample deposited on borosilicate glass at 470 °C for 10 min
using 10 µl of trisilane, resulting in an initial film thickness of approximately 100 nm.
Figure 4.7 a) shows the thickness of a-Si:H along the gradient and the corresponding
microstructure parameter R, determined via Raman spectroscopy. Figure 4.7 b) shows
Raman spectra measured throughout the film thickness (p4), half the film thickness
(p10), at the second last point, where Si-H modes could be observed (p15), and at a
place with a fully etched film (p20). For film thicknesses between 100 and 30 nm, the
microstructure parameter increases slightly from 0.05 to 0.2 as the thickness decreases.
However, for thicknesses below 30 nm, R exhibits a significant increase, reaching a
value of 0.7 for the thinnest measurable regions of the film.

The steep increase in R suggests the presence of hydrogen bonded within larger voids
near the substrate surface. This trend in R has also been reported in the literature
for PECVD films.[82] Si-H vibrations with O backbond are also located at 2100 cm-1.
Silicon bonded to the O of the substrate glass or to oxygen-containing impurities
on top of the glass could also be the reason for an increased R at the interface. In
agreement with this assumption, a peak at 2250 cm-1 appears within the raw spectra
at p15 and p20 in Figure 4.7 b). This peak indicates Si-H stretching vibrations with 2
or 3 O backbonds.[176]
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4. Amorphous and crystalline silicon films

The more gradual increase in R with decreasing film thickness observed for films
between 100 and 30 nm might result from the higher proportion of hydrogen located
near the substrate interface relative to the overall Si-H spectrum. This higher propor-
tion arises because of the thinner film thickness, which leads to i) fewer Si-H bonds
from the bulk that contribute to the spectrum, and ii) greater light penetration to the
interface, thereby enhancing the Raman scattering signal.

Taking into account the SIMS depth profiles shown in Figure 4.6, the gradual
increased R may also be attributed to the higher hydrogen content within the film,
which could facilitate hydrogen bonding within a more porous structure. However, it is
noteworthy that R does not decrease for very thin films, although the hydrogen content
decreases near the substrate interface, as shown in Figure 4.6. This discrepancy could
be explained by an accumulation of hydrogen atoms at the interface, as revealed by
SIMS, which leads to the increased R. However, it remains unclear whether similar
accumulation occurs on glass substrates. Finally, it is important to note that the Si-H
bonding configuration may be influenced by the KOH etching process itself, potentially
due to hydrogen or oxygen incorporation into the film during the treatment.
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Figure 4.7.: a) R measured by Raman spectroscopy along a thickness gradient at the
edge of a crater etched with KOH on an a-Si:H film. The film thickness,
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4.1. a-Si:H from pure trisilane

4.1.5. Discussion

A-Si:H films deposited with pure trisilane have properties and quality on par with a-Si:H
films deposited with similar methods found in the literature. The best photosensitivity
of 4 × 104 found for films deposited at 440 or 470 °C is similar to or greater than
the values of other films without H treatment investigated by Bedini et al. [21] and
Masuda et al. [148] The purity of the low temperature a-Si:H films regarding the
incorporation of oxygen and carbon is comparable with the purity of PECVD films,
as shown in Figure 4.6. However, the lowest defect density measured by ESR was
3 × 1018 cm-3, which is rather high compared to standard PECVD films.[59] Masuda
et al. [148] found spin densities between 1017 and 1018 cm-3 for films deposited with
cyclopentasilane at a temperature between 360 and 420 °C.

A cH of less than 10 at% and a low R were found in all films, which is consistent with
the fact that even the lowest deposition temperature used in this work is above the
H effusion temperature.[89] Elevated temperatures result in a high rate of hydrogen
effusion during the growth process, particularly for hydrogen located in voids leading
to a low R. This suggests that the high defect density measured by ESR may be
due to insufficient passivation and structural imperfections.[204] In agreement with
this, the SIMS measurements shown in Figure 4.1.4 show an inhomogeneous depth
profile of H with lower H content near the a-Si:H surface and the a-Si:H/c-Si interface,
characteristic for H out-diffusion profiles.[88, pp. 220–225]

A clear correlation between hydrogen concentration and the conductivity of the films
was observed, consistent with the findings of Beyer and Wagner [204] and Fritzsche.[78]
They suggest that a decrease in cH can cause an increase in defect densities, leading
to a decrease in σph.[59] The film with the best photosensitivity was deposited at
400 °C with σd = 3.4 × 10-12 S cm-1 and σph = 1.5 × 10-7 S cm-1. These conductivities
are in a range similar to that found by other groups.[7, 21, 148]. The APCVD films
presented here show potential to achieve slightly lower σd than the literature, which
shows σd from 10-11 to 10-10 S cm-1. This indicates a high purity with a low amount of
unintentional doping. At the same time, the σph of the films investigated herein is
slightly lower than found in literature, indicating lower defect passivation. Bedini et
al. [21] achieved a photosensitivity of 2.8 × 105 for films made by sonophotolytically
synthesized silicon nanoparticle-polymer composite ink from trisilane. In contrast to
films investigated here, these films were passivated by a hydrogen radical treatment,
which improved the electrical properties. A similar treatment of the a-Si:H samples
in this work will be investigated in Section 4.3.2.1. Shen et al. [7] and Masuda et

73



4. Amorphous and crystalline silicon films

al. [148] used Cyclopentasilane (CPS, Si5H10) instead of trisilane to deposit a-Si:H films.
Due to the lower decomposition temperature of CPS, low deposition temperatures of
300–400 °C can be used to deposit a-Si:H films with high H concentrations compared
to those achieved in this study. In combination with a H radical treatment, this leads
to a photosensitivity of almost 106. However, films lacking H radical treatment and
deposited at similar temperatures (close to 400 °C) as those used in this study show
equal or lower photosensitivities compared to the films investigated here.

The a-Si:H films produced by the APCVD setup in this work are characterized
by high purity when deposited at temperatures below 495 °C, particularly in terms
of low oxygen and carbon incorporation. Although SIMS measurements showed
inhomogeneities in the H depth profile with a maximum H content in the middle of
the film, KOH etching indicated a homogeneous microstructure over the film thickness,
except for a strong increase of R near the interface between the film and the substrate.
The observed increase may be attributed to a higher hydrogen content bonded in voids
within the nucleation layer located near the surface of the glass substrate. This layer,
only a few nanometers thick, originates from the coalescence of spherical nucleation
islands that form on the glass surface at the onset of the deposition process.[162]
Consequently, this can lead to a higher proportion of void-rich material and, therefore,
an increased microstructure parameter within the nucleation layer.[82] Another possible
explanation for the increased R is the presence of Si–H vibrations with O backbonds
originating from silicon atoms bonded either to oxygen in the glass substrate or to
oxygen-containing impurities on the substrate surface, as these vibrations also occur
at approximately 2100 cm-1.

The relatively low hydrogen content (cH < 10 at%) in the a-Si:H films presents
a challenge for some specific applications. For example, passivating layers of a-
Si:H in silicon heterojunction (SHJ) solar cells require higher hydrogen content for
effective passivation. To address this issue, one potential solution is post-deposition
hydrogenation, as will be discussed in Section 4.3.2.1. A low concentration of H
for films deposited at high temperatures T d ≥ 555 °C renders them highly suitable
for various high temperature processes, including recrystallization, as it significantly
reduces the risk of blistering, as will be discussed in Section 4.3.3. The low cH (<
2 at%) indicates that the deposition time of 10 min is long enough to remove not only
nearly all H at internal surfaces (2100 cm-1 peak) but also almost all H atoms within
the silicon network. In addition, the low cH and therefore high defect density seem to
create a conductive defect band, which increases the σd while also speeding up the
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4.1. a-Si:H from pure trisilane

recombination of photogenerated carriers, resulting in a photosensitivity around 1.[29,
pp. 16–17] The defect density increases by one order of magnitude for a deposition
temperature increase from T d = 440 °C to 555 °C, probably as a result of less H
incorporation into the film.[204]

With increasing deposition temperature, the O and C content also increases, with
an especially sharp increase near the surface, as shown in Figure 4.6. This can be
tentatively attributed to a combination of two effects: i) C and O tails occurring from
surface contamination.[163] ii) slower a-Si:H film deposition at the end of the deposition
process, due to a depletion of the trisilane concentration during the growth process.
The depletion in combination with the high temperature leads to a higher ratio of
impurity molecules to trisilane molecules and therefore to a higher incorporation of
impurities. Hence, for films deposited at high temperatures, in addition to the lack of H,
oxygen impurities can also lead to a greater number of defects within the material.[141,
208] Kinoshita et al. [208] showed a decrease in conductivity with increasing oxygen
content. However, they only found a minor reduction in photosensitivity for very
high atomic oxygen density up to 1021 cm-3, indicating that the reduction of the
photosensitivity for high temperatures in Figure 4.2 a) is mainly a result of the low H
content available for passivation within the film.

The origin of the C and O atoms within the film can be residues of organic solvents
used for other film depositions within the chamber or impurity gases within the glove
box, which are not monitored. The very steep increase in C and O counts at the surface
of all samples, observed for sputter times > 100 s in Figure 4.6, can be attributed to
impurities on the surface of the samples originating from the transport of the samples
at ambient atmosphere.

By varying the deposition time and precursor volume, the film properties can also
be varied. A higher precursor volume leads to a higher number of precursor molecules
or radicals that can interact with the substrate surface. The increased growth rate due
to more radicals can lead to a higher incorporation of H and a more porous or void-rich
film, resulting in a higher R.[29] In fact, increasing the deposition time, decreases the
average growth rate and can lead to annealing effects. Both a decreased growth rate
and thermal annealing reduce cH and R for films deposited with pure trisilane.
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4.2. a-Si:H from trisilane diluted with cyclooctane

In this section, the deposition of hydrogenated amorphous silicon (a-Si:H) films is
investigated using trisilane (TS, Si3H8) diluted with cyclooctane (CO, C8H16) as a
solvent in the atmospheric pressure chemical vapor deposition (APCVD) process. The
use of a liquid-phase precursor dilution approach aims to improve deposition control
and enhance film uniformity via improved handling due to a higher precursor volume.
In addition, improved TS dilution with CO was used for spin coating processes.[20–
22] However, potential influence on the properties of the a-Si:H material due to C
incorporation needs to be investigated.

To characterize the resulting films, Fourier transform infrared (FTIR) spectroscopy
was employed to analyze the bonding structure, particularly with respect to C within
the a-Si:H films. The effect of varying the trisilane-to-cyclooctane (TS-CO) ratio on
the film composition and growth characteristics is systematically examined. Further-
more, the spatial uniformity, growth mechanisms, and reproducibility of the films
are discussed. Finally, the impact of different precursor injection strategies on film
properties is explored before concluding with a broader discussion of the findings.

4.2.1. FTIR spectrum of a-SiC:H films

Table 4.3.: Deposition parameters of various sample series prepared using trisilane-
cyclooctane mixtures. The parameter that was varied is shown in bold.
The proportion of trisilane in the precursor (TS concentration χTS) is given
in percent by volume. In addition, the deposition temperature and time
are given, as well as the total precursor volume, including trisilane and
solvent (Volume). The injection number gives the number of flushes used
to spray the precursor in equal volumes into the deposition chamber.

Series TS Concentra-
tion χTS [vol%]

Temperature
Td [°C]

Time
td [min]

Volume
V P [µl]

Injection
#

Dilution 1–100 440, 495, 555 10 10–1000 1

Temp2 2 410–580 10 400 1

Time2 2 470 1–50 400 1

Volume2 2 470 10 200–1000 1

Injection 2 470 10 400 1–120
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4.2. a-Si:H from trisilane diluted with cyclooctane

Cyclooctane is often used in APCVD as a solvent for easier handling and growth
rate control.[20–22, 209] To study the influence of cyclooctane on the film properties,
I deposited films with trisilane concentrations of 1 to 100 vol% diluted in cyclooctane
at temperatures of 440, 495, and 555 °C. The deposition parameters for the “Dilution”
sample series are summarized in Table 4.3. The film properties were investigated
in the same way as for pure trisilane presented in Section 4.1. The FTIR spectra
of the “Dilution” series samples were additionally analyzed for carbon-related IR
vibrations. Figure 4.8 shows a comparison of the FTIR spectra of a) a film deposited
with pure trisilane and b) a film deposited with 2 vol% trisilane diluted in cyclooctane.
In Figure 4.8 a) the most dominant peaks arise from Si-H bending and stretching
vibrations at 640 and 2100 cm-1.[167] Additionally, from 900 to 1100 cm-1 there are Si-O
vibrations, either because of impurities or because of the native oxide on the surfaces
of the c-Si substrates.[172, 176, 177] In the same region, Si-C-H2 wagging modes can be
found.[111, 114] The sample in Figure 4.8 b) shows Si-C vibrations at 720–780 cm-1 and
C-H vibrations around 2850–2950 cm-1, which clearly shows that the sample contains
carbon.[111, 112] For the films with incorporated carbon, the 2100 cm-1 peak is more
dominant than the 2000 cm-1 peak. This could be caused by a material that is very
rich in voids or, more likely, by a higher amount of hydrogen bonded to silicon with a
carbon backbond.[111, 112, 167, 210] In addition, the peak at 900–1100 cm-1 shifts
slightly to a lower wavelength. The shift is likely due to a higher concentration of
Si-C-Hx modes compared to Si-O, which are probably dominant within the spectra of
the a-Si:H deposited purely shown in Figure 4.8 a). In the following, the Si-C peak at
720–780 cm-1 is used to quantify the carbon content within the a-Si:H films.
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4.2.2. Impact of the trisilane-to-cyclooctane ratio

Figure 4.9 a) shows the conductivity, thickness, hydrogen content, microstructure pa-
rameter R and density of Si-C bonds as a function of trisilane concentration in samples
from the Dilution series deposited at 440 °C. Both σd and σph as well as cH are mostly
unaffected by the cyclooctane dilution. In contrast, the microstructure parameter R
increases with decreasing trisilane concentration for trisilane concentrations below
10 vol%. In this series, no significant Si-C modes were detected around 720–780 cm-1

with FTIR, as can be seen in the raw date shown in Figure A.4 a). However, SIMS
measurements, shown in Figure 4.10, revealed a 3–4 orders of magnitude increase in
carbon content compared to films made with pure silane. In addition, the hydrogen
content is more uniformly distributed across the film thickness, with a maximum at
the interfaces rather than in the middle, as observed in pure a-Si:H films. When
changing the CO dilution ratio, the H concentration varies only slightly between 6
and 8 at%. The scatter of the film thickness within the Dilution series is probably due
to the manual injection of the precursor (cf. experimental Section 3.2).

Figure 4.9 b) shows the properties of the material versus the dilution ratio for
films deposited at 495 °C. The figure shows that cH and R increase with increasing
cyclooctane concentration for films made with less than 10 vol% trisilane content. This
trend might be due to the incorporated carbon, which is supported by the increasing
Si-C vibrational peak located at 720–780 cm-1 (see Figure A.4 b)). The increase in cH,
up to 6 at% might be one reason for the increased photosensitivity observed in samples
with trisilane concentrations below 10 vol%. Note that films deposited with higher
CO dilutions showed less blistering, maybe due to a stronger H bond to silicon with a
carbon backbond.[109, 110] The difference in photosensitivity between 10 vol% and
100 vol% trisilane content is probably due to fluctuations in the deposition conditions.
A deposition temperature of 495 °C is close to the critical point where the splitting of
photo- and dark conductivity vanishes (as shown in Figure 4.2 a)). Therefore, small
differences in temperature or precursor volumes can have a significant impact on
photosensitivity.

Figure 4.9 c) shows the properties of the material versus the dilution ratio for films
deposited at 555 °C. For trisilane concentrations above 10 vol%, no hydrogen is detected.
However, at concentrations below 10 vol%, a significant amount of hydrogen is present
in the film, and the microstructure parameter is 1 (see Figure A.4 c)). Despite this,
hydrogen does not appear to passivate defects, as the conductivities (σph and σd)
remain similar in all films, regardless of the hydrogen content.
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A Si-C peak was observed for all dilution ratios. Even in pure trisilane deposition,
enough carbon – likely from impurities in the glove box – was incorporated into the
film, resulting in a noticeable peak in the FTIR spectrum. Reducing the trisilane
concentration leads to increased carbon incorporation, reaching concentration levels
comparable to the silicon concentration (∼ 1022 cm-3).

4.2.3. Films deposited using highly diluted trisilane

A precursor with a trisilane concentration of 2 vol% in cyclooctane was used to
investigate the influence of a high cyclooctane dilution on the properties of the a-Si:H
film in more detail. Characterization of the a-Si:H material produced with the 2 vol%
trisilane solution was also conducted, following the same approach used for the pure
trisilane sample. Series were performed varying temperature, deposition time, and
precursor volume (Temp2, Time2, Volume2). The deposition parameters of all three
series are given in Table 4.3. The Time2 and Volume2 series were made at 470 °C
to have an appropriate balance between a high growth rate and high film quality
(high cH and photosensitivity). The measurement results for the series are shown in
Figure 4.11.

Figure 4.11 a) shows the results of the Temp2 series. The corresponding FTIR
absorption coefficient spectra can be found in Figure A.5. The thickness of the films

81



4. Amorphous and crystalline silicon films

10-10

10-9

10-8

10-7

0

100

200

300

0

2

4

6

0.4

0.6

0.8

1.0

400 450 500 550 600

0.01

0.1

1

0 10 20 30 40 50 200 400 600 800 1000

C
on

du
ct

iv
ity

σ 
[S

 c
m

-1
]

a)

σd

σph

T
hi

ck
ne

ss
 d

[n
m

]
H

 C
on

ce
nt

ra
tio

n 
c H

 [a
t%

]

M
ic

ro
st

ru
ct

ur
e

P
ar

am
et

er
 R

S
i-C

 B
on

d 
D

en
si

ty

n S
i-C

 [1
022

 c
m

-3
]

Deposition Temperature Td [°C] Deposition Time td [min]

c)b)

Precursor Volume VP [µl]

0

Figure 4.11.: Dark and photoconductivity σd and σph, thickness d, hydrogen concen-
tration cH, microstructure parameter R and Si-C bond density nSi-C of
a-Si:H films deposited with 2 vol% trisilane diluted in cyclooctane as
precursor as a function of a) deposition temperature T, b) deposition
time td, and c) precursor volume V P. Deposition time and precursor
volume were varied at a deposition temperature of T d = 470 °C. The
red-marked points were set to 0, since the signal-to-noise ratio was too
small to determine a peak within the FTIR spectrum. The lines are
guides to the eye. Adapted from Fischer et al. [164] (2024), licensed
under CC BY 3.0.

82



4.2. a-Si:H from trisilane diluted with cyclooctane

increases with increasing deposition temperature for T < 525 °C and remains almost
constant for T > 525 °C. For all films, R is higher than 0.4. The microstructure
parameter R decreases with increasing temperature for T < 495 °C, probably due
to a lower proportion of H at the interface (which vibrates at a wavenumber of
2100 cm-1)[82] relative to the overall Si-H spectrum. In contrast, for T d > 495 °C, R
increases, tentatively due to an increase in carbon content that leads to more Si-H
bonds with C backbonds. This more stable bonded H might also lead to a cH of 2 vol%
for layers deposited atT d > 495 °C, instead of a full H effusion. Except for the film
deposited at T d = 580 °C, all films show a photo response with a maximum at 470 °C,
probably due to the higher cH (σd at 440 °C probably an outlier).

In Figure 4.11 b) the results of the Time2 sample series are shown. The photo-
sensitivity increases with the deposition time, with a maximum at t = 10 min. For
deposition times greater than 10 min, the photosensitivity decreases. Accordingly, cH

strongly increase from 2 to 6 vol% and R strongly decrease from 1 to 0.4 within the
first 5 min. The data of film thicknesses indicates that the growth rate is initially
approximately constant and then, for deposition times longer than 5 min, the growth
rate decreases to almost 0, due to depletion of the precursor. In addition, a longer
deposition time leads to a higher carbon incorporation and lower H incorporation into
the film.

Figure 4.11 c) shows the results of the sample series Volume2. An increased precursor
volume seems to increase the a-Si:H growth rate. This leads to a (linear) increase in the
thickness of the film. Higher film growth is related to an increase of photosensitivity
and cH. The higher growth rate is also accompanied by lower carbon incorporation
and lower R, probably because of fewer Si-H bonds with carbon backbonds.

The detection of Si-C and C-H modes in the FTIR spectra suggests that C-C bonds
might also be present in the material. However, no significant C-C signals, which
typically occur in the range of 1300–1600 cm-1, are observed in the spectra.[211] To
further probe the presence of C-C bonds, Raman spectroscopy was performed on
the Temp2 series as shown in Figure A.6. The Raman spectra reveal C-C modes
in the range of 1400–1450 cm-1 in films deposited at temperatures T d > 495 °C,
indicating small amounts of carbon clusters.[184] This indicates that the cyclooctane
precursor does not decompose solely into single carbon atoms but also contributes to
the formation of carbon chains, or possibly retains whole cyclooctane rings, which also
show Raman peaks around 1450 cm-1 due to C-H2 wagging modes.[185]
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The presence of C-C bonds may cause a slight underestimate of the carbon content
incorporated in the a-Si:H films. Nevertheless, given the limited quantitative precision
of Raman spectroscopy and the absence of significant C-C modes in the FTIR spectrum,
the Si-C stretching peak in FTIR remains the most reliable measure of the carbon
content in these films.

Next, FTIR, Raman spectroscopy, and ESR were used to analyze the material
stoichiometry and get insight into the defect density. For one film deposited at
T = 580 °C using the solution with 2 vol% trisilane, an ESR measurement was made
to analyze the g-value. This value is a measure of the magnetic properties of an
unpaired electron within a material. It is influenced by the interaction of the electron
with the direct surrounding material and therefore by the SiC stoichiometry.[212] As
shown in Figure A.7, the film with a thickness of 430 nm showed a g-value of 2.004
which is closer to that of amorphous silicon carbide (a-SiC:H) (2.003) rather than
a-Si:H (2.0055), in agreement with the high carbon content in the films.[212] The spin
density of this sample was with 1.35 × 1019 cm-3 slightly lower than that of the sample
deposited with pure trisilane atT = 555 °C, possibly because of the increased cH and
related passivation of defects for films deposited using high cyclooctane concentrations.

4.2.4. Film growth mechanism, spatial uniformity, and
reproducibility

The use of cyclooctane as a solvent for trisilane increases the total volume of the
precursor solution, allowing for more precise dosing and better reproducibility (cf.
Section 3.2). In contrast to the flushing of small volumes of pure precursor (~10 µl),
as described in Section 4.1, which is sensitive to precursor losses due to evaporation or
uncertainties with Eppendorf pipettes, dosing larger volumes of less volatile TS-CO
solution is much less affected by these losses. Therefore, the films deposited by this
more robust method are used to investigate the reproducibility, uniformity, and growth
mechanism of a-Si:H deposited by APCVD.

Figure A.8 shows the SIMS depth profiles of the APCVD films deposited in three
separate runs. The deposition conditions for all three samples were identical, with
600 µl of 2 vol% TS in CO at T = 470 °C for 10 min, resulting in similar film thicknesses
of 67, 79, and 80 nm. The SIMS depth profiles exhibit nearly identical curves for the
hydrogen, carbon, and oxygen content, demonstrating a high reproducibility of the
deposition process.
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Beyond reproducibility, the spatial uniformity of the film growth across the deposition
area of the APCVD system is crucial. Due to the small deposition area, restricted by
the metal plate area, of a maximum of 6 × 6 cm2, a significant temperature gradient is
expected from the center of the deposition area to its edges. To analyze the uniformity
of film growth, a film using 400 µl of 2 vol% TS diluted in CO, a deposition time
of 10 min, and a T d of 495 °C is deposited on a 5 × 5 cm2 Corning glass plate. A
picture of the resulting film and the corresponding thickness measurements are shown
in Figure 4.12. The film thickness is maximal at the center of the glass plate, reaching
~92 nm, and decreases to a minimum of ~33 nm near the edge of the measured area,
spanning 4 × 4 cm2. This observation aligns with the fact that film growth is primarily
temperature-driven, and the reduced film thickness near the edge is attributed to
lower temperatures on the metal plate.

The results indicate that within a 4 × 4 cm2 area, the film thickness varies between
30 and 100 % of the maximum thickness. Within the central 2 × 2 cm2, the thickness
varies roughly between 70 and 100 % of the maximum. Thus, for a consistent sample
series, it is critical to place the samples in the same position during all depositions.
Considering that sample sizes of 1.5 × 1.5 cm2 are typically used for this work, the
spatial uniformity is sufficient to produce relatively uniform samples. However, it is
important to note that uniformity can vary significantly with deposition temperatures
different from 495 °C. Especially at higher T d, uniformity could decrease due to rapid
growth rates, potentially leading to a less uniform distribution of precursors within
the chamber. Additionally, for most series, one glass substrate and one c-Si substrate
were used, leading to non-central positioning of the samples. The samples themselves
also influence the spatial heat distribution, which further affects the film thickness.
Consequently, within the small prototype system used here, multiple factors influence
the uniformity of the film, potentially causing variation in thickness and probably also
in other film properties like the H concentration. Even when using small 1.5 × 1.5 cm2

samples, film characterization measurements should always be performed at the same
position on the sample.

After investigating the reproducibility and spatial uniformity of the APCVD a-
Si:H films, the focus now shifts to fully characterizing the growth mechanism by
examining the factors influencing film growth and developing a model for this process.
For pyrolytic-driven CVD, the film growth rate is primarily limited by two factors:
temperature and the concentration of precursor gases within the chamber.[163] The
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Figure 4.12.: a) Picture and b) heat-map of the thickness measured by ellipsometry of
an a-Si:H film on a 5 × 5 cm2 corning glass plate deposited with 400 µl of
2 vol% TS diluted in CO, a deposition time of 10 min, and a T d = 495 °C.
The heat map shows an area of 4 × 4 cm2 in the center of the sample.

precursor gas concentration determines the availability of molecules or radicals for the
reaction with the substrate surface or the already grown film.

In a typical CVD process, temperature influences film growth through two key
mechanisms: i) It facilitates the desorption of H from the silicon surface, creating open
bonds available for reaction with precursor radicals. ii) It regulates the generation
of radicals by providing the necessary thermal energy.[29] If the creation of dangling
bonds at the surface were the rate-limiting step, varying the precursor volume would
have little effect on the deposition rate. However, as shown in Figure 4.11 c), an
increase in TS amount correlates linearly with an increase in film thickness. This
observation indicates that the availability of precursor radicals (i.e., TS radicals) limits
the film growth rate during the deposition process. For trisilane deposited via CVD,
an additional growth mechanism has been identified, driven by a direct reaction with
the substrate surface without prior radical formation.[152, 153, 155] Since this reaction,
analogously to radical formation, is thermally activated, its rate exhibits the same
dependence on deposition temperature.

In consideration of the aforementioned findings and in accordance with the linear
relationship that has been established between film thickness and TS concentration, it
is proposed that the deposition rate will increase linearly with the amount of available
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precursor. To quantify this, a temperature-dependent deposition rate, rd, is defined,
representing the percentage of precursor within the chamber that is deposited as a-Si:H
film per minute. Furthermore, a percentage loss, r l, is introduced, accounting for losses
due to, for example, imperfect chamber sealing or deposition on the chamber walls.
If the time-dependent amount of trisilane molecules within the chamber is defined
as N TS(t), a differential equation can be derived to describe the amount of precursor
within the deposition chamber during the deposition process:

dNTS(t)
dt

= −(rd + rl) ⋅NTS(t) . (4.1)

With the molecular amount N 0 of TS at the beginning of the deposition, a solution
for this differential equation is given by:

NTS(t) = N0 ⋅ e−(rd+rl)t . (4.2)

The molecular TS amount N d deposited as a film can then be calculated by

dNd(t)
dt

= rd ⋅NTS(t) . (4.3)

With the boundary condition that the molecular TS amount Nd(0) deposited as a
film at the beginning of deposition is 0, the following function for Nd(t) is obtained
by integrating Equation 4.3:

Nd(t) =
rd

rd + rl
N0 (1 − e−(rd+rl)t) . (4.4)

Since the film thickness d grown at a certain area is linear to the molecular TS amount
N d used for deposition with d = 3Nd/(nSi ⋅Aplate), an equation for the time dependent
film thickness can be derived by dividing Equation 4.4 by (nSi ⋅Aplate)/3. nSi is the
atomic density of a-Si:H, Aplate the area where the film is deposited, and the factor
3 accounts for the 3 Si atoms per TS molecule. Therefore, the time dependent film
thickness d(t) is given by

d(t) = rd

rd + rl
dmax (1 − e−(rd+rl)t) . (4.5)

Here, dmax = 3N0/(nSi ⋅Aplate) corresponds to the maximum achievable film thickness
in the ideal case of 100 % utilization (rl = 0). Using the molar mass of trisilane
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M = 92.32 g mol-1, the density ρ = 0.739 g cm-3, the inserted TS volume V TS of 8 µl
(2 vol% of 400 µl) and the Avogadro constant N A, the inserted number of TS molecules
can be calculated by N0 = NA VTS ρ M−1. Assuming a homogeneous film across the
deposition area of 6 × 6 cm2 results in dmax = 643 nm. As shown in Figure 4.12, the
assumption of a spatially uniform film is not true, and the thickness of the film in the
middle of the heated area, where the sample substrates are placed, is higher than the
average thickness of the film. In addition, film deposition on the top or walls of the
chamber is also not considered, which could reduce the film thickness on the sample.
For simplicity and given that these two effects on the film thickness are mutually
counteractive, a homogeneous deposition over the metal-block area is assumed.

Using these assumptions, Equation 4.5 is used to fit the time-dependent film thickness
d to the measurement results of the Time2 series presented in Figure 4.11 b). This was
achieved by adjusting rd and r l. The comparison of the fit of the thickness d with the
measured thickness is shown in Figure 4.13. The model aligns well with the measured
values, with a leakage rate of approximately ~ 11.5 % min-1 and the deposition rate is
~ 2.1 % min-1, meaning that the highest deposition rate at the beginning of the process
was ~ 13.2 nm min-1 and a trisilane utilization uTS = rd/(rl + rd) of 15.4 % was achieved.

Building on this, the growth dynamics were further analyzed. Using the temperature
dependence of the deposition rate rd, the activation energy (EA) of the growth process
can be estimated. Under the highly approximate assumption that, that the loss rate
rl = 11.5 % min−1 is constant for all deposition temperatures, rd is adjusted to align
the film thickness calculated by the growth model with the corresponding measured
thicknesses from the Temp2 series. This resulted in deposition rates between 0.1 and
9.5 % min-1, corresponding to a trisilane utilization uTS between 0.9 and 47.5 % for
deposition temperatures between 410 and 525 °C. Subsequently, the calculated values
of rd are used to construct an Arrhenius plot, as shown in Figure 4.14, to estimate the
activation energy EA of the growth process. From the linear fit of the Arrhenius plot,
an EA of approximately 1.8 eV was calculated. Note that the determination of the
activation energy is only a rough estimate since it is influenced by several estimations
and measurement uncertainties.
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4.2.5. Effect of precursor injection variation

The use of cyclcooctane as a solvent for trisilane not only allowed a more reproducible
deposition process but also opened a new parameter space next to the parameters
already investigated in Figure 4.11. The increased precursor volume enables the use
of precise dosing through the APCVD system dosing pump with minimum dosing
steps of 5 µl. In addition, continuous dosing of the precursor during deposition might
improve the homogeneity of the a-Si:H films. For the deposition with pure trisilane
the precursor volume was less than 50 µl, which was too small to overcome the 100 µl
dead volume between the dosage pump exhaust and the N2-flush inlet, resulting in
incomplete precursor transfer to the chamber.

A total volume of 400 µl of 2 vol% trisilane diluted in cyclooctane was used to test
the influence of a steady precursor injection during deposition compared to a complete
precursor injection at the beginning of the deposition process, as used for the other
series of samples in this work. The dosage pump was programmed to deliver in total
600 µl for each deposition in the chamber, compensating for the dead volume and
ensuring the complete transfer of the precursor. The volume of 600 µl was divided into
1, 2, 10, 20, or 120 injections, evenly distributed over ten minutes. For example, in the
case of 10 injections, 60 µl of the precursor was dosed every 60 seconds. A summary
of all the deposition parameters of the “Injection” series is given in Table 4.2. The
material properties of the resulting films are presented in Figure 4.15. The photo-
and dark conductivities of the samples are similar across all films, while the dark
conductivity scatters between slightly above 10-10 and slightly below 10-11 S cm-1. The
film thickness of the films is rather independent of the amount of injections and scatters
between 60 and 80 nm. Only the film produced using 120 injections shows a significant
decrease in thickness of only 30 nm. The hydrogen content decreases from 7 at% to
3 at% with increasing injections, while R increases from 0.43 to 0.6. However, for films
with 1 to 20 injections, it remains unclear whether the observed changes in hydrogen
content and R are genuinely correlated with the injection amount or whether the
minor variations result from scattering.

The results indicate that the film properties are only minimally influenced by the
number of precursor injections, up to 20 injections per deposition. The properties
measured so far represent averages over the film thickness and therefore do not reveal
potential inhomogeneities along the growth direction. To assess the compositional
homogeneity of the films, SIMS depth profiling was employed to determine the atomic
composition as a function of depth. Figure 4.16 compares the SIMS depth profiles
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of 400 µl precursor and a total deposition time of 10 min were used. The
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of O, C, H, and Si of films deposited with varying injection numbers. Both H and
C exhibit relatively uniform distributions throughout the film thickness, compared
to a-Si:H films deposited using pure trisilane (cf. Figure 4.6 b). However, near the
surface, the H and C contents are up to 100 % higher than near the interface with the
c-Si substrate. This increase is particularly pronounced in the film deposited with a
single injection, probably because of the high cyclooctane to trisilane molecule ratio at
the end of the deposition process. The C and H content for all films are very similar,
aside from a lower H content for the film deposited with 120 injections, which is in
agreement with the lower H content found by FTIR shown in Figure 4.15. In contrast,
the oxygen content strongly depends on the number of injections, increasing by more
than an order of magnitude with a higher number of injections. Furthermore, for films
deposited with 2 and 10 injections, distinct oxygen peaks are observed corresponding
to each injection. This suggests that the nitrogen flush, which delivers the precursor
into the chamber, contains oxygen impurities, possibly due to minor leaks in the
nitrogen supply line.

Deposition using multiple injections slightly improved the homogeneity of the C
and H content along the thickness of the film. However, both elements exhibited a
gradual increase towards the film surface, likely as a result of the accumulation of not
decomposed CO in the chamber atmosphere, independent of the number of injections.
Additionally, the O content increased with the number of injections. Given this and
the observation that the material properties shown in Figure 4.15 are only minimally
affected by the number of injections, a single injection was used for all films in this
work used for material analyzes to assess the key properties of the film. In addition,
for pure trisilane deposition, a single injection was the only feasible approach.

The deposition using multiple injections could slightly improve the homogeneity of
the C and H content along the film thickness. However, both increased with ongoing
deposition tentatively because of the growing ratio of not decomposed CO in the
chamber atmosphere, independent of the injection number. In addition, the O content
increased with increasing injection number. Because of that and the fact that the
material properties investigated in Figure 4.15 only hardly depend on the amount of
injections, it is valid that for all material analysis in this work, only one injection is
used to investigate the main film properties. For pure trisilane deposition, this was
the only possible option available anyway (see Section 3.2).

92



4.2. a-Si:H from trisilane diluted with cyclooctane

0 100 200 300 400
101

102

103

104

105

106

0 100 200 300 4000 100 200 300 400
101

102

103

104

105

106

0 100 200 300 400

Sputter Time tS [s]Sputter Time tS [s]

Io
n

 I
n

te
n

si
ty

 [
co

u
n

ts
]

Sputter Time tS [s]

a) b) c)

Injection
#

Injection #
 1
 2
 10
 20
 120

16O- intensity 12C- intensity
28Si- intensity

1H- intensity
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4.2.6. Discussion

The introduction of cyclooctane as a solvent for trisilane enhances the reproducibility
of the deposition process by increasing the precursor volume available and thus better
controllable dosage. Films grown with the 2 vol% trisilane solution exhibit greater
thickness, particularly at higher temperatures, due to the more efficient utilization
of precursors. Specifically, 400 µl of the 2 vol% trisilane solution (equivalent to 8 µl
of trisilane) produces a thicker film compared to 10 µl of pure trisilane. For trisilane
concentrations above 10 vol% within the precursor, no significant changes in microscopic
or macroscopic film properties were observed for all deposition temperatures.

At lower temperatures (≤ 470 °C) but high cyclooctane concentrations (>90 vol%),
moderate carbon contamination has minimal impact on conductivity and cH but
increases R. The increase in R for films with a significant carbon content is not a clear
indicator of void-rich material as for pure a-Si:H [167] but it can also indicate Si-H
bonds with carbon backbonds.[111, 114] Because of the effect of added carbon on R,
the R values of films with higher carbon content cannot be directly compared to those
of films made with pure trisilane. The change in bonding structure is also indicated
by the more homogeneous distribution of H throughout the thickness of the film, as
shown in Figure 4.10.

At deposition temperatures above 470 °C and cyclooctane concentrations above
90 vol%, key differences in film properties emerge. Significant carbon incorporation is
accompanied by increased hydrogen incorporation and higher R.

Effusion experiments of a-SiC:H show a higher temperature stability of H in a-SiC:H
than in a-Si:H [109, 110], in agreement with the fact that a higher carbon content of
the films also leads to increased H incorporation at high deposition temperatures and
that films deposited with higher CO dilutions showed less blistering. Furthermore,
the fact that H bonded in the voids shows even lower effusion temperatures than H
bonded in dense a-Si:H without carbon indicates that H found at 2100 cm-1 via FTIR
can be assigned to H bonded to silicon with a carbon backbond instead of H bonded
in a void-rich material. More details can be found in Section 2.2.1.

Due to the higher H content, the incorporation of carbon can improve the photo-
sensitivity of films deposited at temperatures between 495 °C and 555 °C. For films
made of pure silane, almost no splitting of the photo- and dark conductivity can be
observed for this temperature regime.

The robust and reproducible deposition process using TS-CO mixtures enabled the
development of a growth model and fitting of the calculated film thicknesses to the
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measured thicknesses. This model revealed a precursor loss rate of approximately
11.5 % min-1, which mainly results from the missing sealing of the deposition chamber.
The precursor deposition rate rd increases with increasing T d from 0.1 % min-1 for
T d = 410 °C to 9.5 % min-1 for T d = 525 °C. Due to the increasing ratio of the
deposition rate rd to the loss rate r l with increasing temperature, the utilization rate
of the precursor increases as well with a maximum of uTS = 47.5 % at T d = 525 °C.
An improved chamber sealing could increase this value and allow a high a-Si:H film
deposition with high utilization also at lower deposition temperatures. Note, however,
that the calculation of the temperature dependency of rd is based on the crude
assumption of a temperature-independent r l. Although this assumption is expected
to be sufficiently accurate, manual closure of the deposition chamber and thermally
induced fluctuations of the gas at elevated temperatures may introduce additional
variations in the loss rate.

Using the deposition rates calculated in an Arrhenius plot, an activation energy
EA of approximately 1.8 eV is derived for the a-Si:H deposition via TS. This value
is in good agreement with the decomposition temperatures of silanes reported in
the literature. For instance, Vanderwielen et al. [154] found an activation energy
of 2.1–2.3 eV (48.2–51.9 kcal mol-1) for trisilane decomposition. Similarly, Vincent et
al. [163] reported activation energies between 1.3 and 2.2 eV (31–51 kcal mol-1) for
a-Si:H film grown from trisilane. The activation energy of the growth process likely
reflects the activation energies of the primary decomposition or deposition reactions,
as discussed in more detail in Section 2.3.3. These reactions predominantly involve
the cleavage of a Si–Si bond within the transition state, which is consistent with
the observed activation energy (EA = 1.8 eV) being close to the Si–Si bond energy in
trisilane (EB = 2.3 eV).

For the calculation of rd, deposition was assumed to occur only on the metal plate
area (36 cm2) on top of the hot plate. Potential errors in this assumption, such as
a-Si:H deposition on chamber walls or inhomogeneous film growth, were compensated
within the fit by adjusting r l. However, assuming a constant r l across all temperatures
may not be entirely valid, as higher T d leads to increased precursor loss due to chamber
wall deposition. This is also why the two highest temperatures of the Temp2 series
were excluded from the Arrhenius fit.

If the precursor injection is spread over the deposition time using several injections
(up to 20), the properties of the layer are very similar to those where the precursor
is injected all at once at the beginning of the deposition, as seen in Figure 4.15. For
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a high injection number of 120 injections and therefore a low precursor volume per
injection, the film has a lower film thickness due to the higher precursor loss due to
flushing out parts of the precursor within the chamber during the pipe flushing with a
magnetic valve after every injection. The microstructure parameter increases slightly
with increasing injections, maybe caused by a higher O content that leads to more
Si-H bonds with an O backbond with a vibration wavenumber of ~2100 cm-1. While
the increased O content is not beneficial, an increased injection number can lead to
slightly improved homogeneity along the thickness of the film. However, to take full
advantage of constant dosing, a way to constantly dose pure trisilane is needed to
prevent the incorporation of cyclooctane, which also leads to higher C and H contents
with increasing deposition time. In addition, the purity of the N2 inlet needs to be
improved to prevent oxidation. For an industrial application, the spatial film growth
uniformity needs to be improved, which can be made by a more qualitative heat source
but also is done by itself when the deposition area increases, and therefore the ideal
case of an infinite plane area is more closely approached.

A high Si-C peak in FTIR spectra and the g-value of 2.004 observed for a sample
deposited at T d = 580 °C and with 2 vol% trisilane solved in cyclooctane as precursor
demonstrate that for films deposited at high temperature and with high cyclooctane
concentrations the material configuration shifts from carbon-polluted a-Si:H to an
a-Si:H/a-SiC:H mixture. The silicon-rich a-SiC:H matrix is a promising candidate as
a precursor for nanocrystalline silicon embedded in an a-SiC:H matrix, which can be
achieved through the process of annealing. This material has a wide applicability in
optoelectronic applications.[96, 98, 103, 120, 213]

These results show that the use of cyclooctane as a solvent for silicon precursors can
significantly influence the film properties. However, it is also shown that deposition
temperatures and cyclooctane concentrations below 495 °C and 90 vol%, as used for
most liquid silane processes, are not critical regarding the incorporation of C.[20–22]
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4.3. Applications and post-treatments of APCVD
a-Si:H films

After detailed analysis of the properties of the a-Si:H films deposited using trisilane
and trisilane-cyclooctane mixtures, the next step is to explore their applications
and potential post-treatment methods. This section focuses on various processing
techniques and modifications that enhance the functionality of these films for different
applications.

First, the passivation properties of APCVD a-Si:H films on crystalline silicon (c-
Si) wafers are investigated. The passivation results are presented, followed by a
detailed discussion. Beyond passivation, the hydrogenation of a-Si:H films is examined,
a crucial step in optimizing their electrical and optical properties. Additionally,
catalytic doping is used as a method to modify the electronic properties of the films,
followed by a discussion that evaluates the impact of this approach on the a-Si:H
film conductivity. Finally, the crystallization of a-Si:H films is investigated as a
pathway toward enhancing the material performance. Two crystallization techniques
are examined: furnace annealing with a slow temperature ramping, which is typically
used to crystallize a-Si:H films with high H content without blistering, and rapid
thermal annealing, which enables very fast processes and potentially larger crystal
grain sizes.

4.3.1. Passivation of c-Si wafer

The passivation of dangling bonds on the c-Si surface is crucial for the performance of
various devices.[24, 25, 28, 214, 215] One approach is the deposition of a-Si:H layers
on the c-Si surface, which provide H to passivate the dangling bonds. Especially
in silicon heterojunction solar cells, silicon surface passivation is a key challenge to
achieve high-efficiency devices and is therefore of great interest.[24–28] To achieve good
passivation in SHJ solar cells, thin (< 10 nm) a-Si:H films with a high H concentration
(> 20 at%) are used to saturate the dangling bonds at the c-Si surface.[24, 78, 204,
216]

The APCVD films investigated in this work exhibit a significantly lower hydrogen
content (< 10 at%), which may limit their passivation potential. This section explores
the limitations of this potential in detail. In addition, the use of APCVD layers instead
of the more commonly employed PECVD layers might offer an opportunity to gain
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deeper insights into the physical mechanisms underlying the passivation process. This,
in turn, helps identify the key film properties responsible for high passivation quality.

One example is the influence of the defect density on the passivation. Although
PECVD-deposited a-Si:H films with a high hydrogen content (> 20 at%) generally
achieve superior passivation quality, they are also known to exhibit higher defect
densities compared to films with moderate hydrogen content (< 10 at%).[84, p. 20,
204] This suggests that passivation quality does not directly correlate with the defect
density in a-Si:H. APCVD films, which naturally exhibit higher defect densities due
to deposition temperatures exceeding the hydrogen effusion threshold (as discussed in
Section 4.1.3), provide a useful platform to investigate this assumption further.

To gain a deeper understanding of the role of hydrogen content in passivation quality,
two parameters are introduced:
i) The first parameter is the hydrogen concentration, cH, which can be calculated from
FTIR spectra as described in Section 3.4.1.
ii) The second parameter is the hydrogen area concentration, cA, which is defined
herein as:

cA = cH ⋅ d , (4.6)

where d is the thickness of the film. By multiplying the hydrogen concentration cH by
the thickness of the film d, this parameter represents the total areal hydrogen content
within the a-Si:H layer. It provides a measure of the hydrogen that is theoretically
available per unit area to passivate the two-dimensional defective c-Si surface.

As sample substrate, n-type (<100>, 280 µm, 1–5 Ω cm) and p-type (<100>, 525 µm,
20 Ω cm) 4-inch float-zone wafers were used. Since the deposition area of the system is
only (6 × 6) cm2 the wafers were cut by laser into 4 pieces. For each sample series,
pieces from only one wafer are used to minimize the influence of the bulk charge
carrier lifetime of the wafer on the results. After the cutting process, the wafers were
etched in a diluted hydrofluoric acid solution of 1 % (HF) for 10 min to remove native
oxide just before the deposition process. A temperature passivation series (Temp_P1)
was deposited, with a-Si:H films formed at various temperatures on both wafer types.
Additionally, only on n-type wafers, a deposition time series (Time_P), a precursor
volume series (Volume_P) and another temperature series using 2 vol% TS diluted
in CO as precursor (Temp_P2) were prepared. The detailed deposition conditions
are given in Table 4.4. For each individual wafer, the a-Si:H films on both sides are
produced using identical recipes and deposition temperatures. For the deposition,
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the wafers were placed on a quartz substrate within the deposition chamber. After
deposition of the first layer, the substrate was flipped by 180°, since the film grows only
on the side not facing the quartz plate. After rotation, the second film was deposited.
To enhance the charge carrier lifetime, the samples from the Time_P series underwent
a light soaking procedure, following the protocol commonly applied to SHJ solar cells
at the Jülich Research Center.[217]

Table 4.4.: Deposition parameters of the different passivation sample series. The
parameter that was varied is shown in bold. The trisilane content of the
precursor, the deposition temperature, and time are given, as well as the
total precursor volume including trisilane and cyclooctane.

Series TS concentration
χTS [vol%]

Temperature
Td [°C]

Time
td [min]

Volume
V P [µl]

Temp_P1 100 440–525 5 15

Time_P 100 470 2–20 15

Volume_P 100 470 5 5–20

Temp_P2 2 470–555 5 600

4.3.1.1. Deposition temperature dependency

Although the H bonding configuration is already analyzed in Section 4.1.2, the
temperature series Temp_P1 is used to check the H concentration cH and the Si-H
bonding microstructure of the a-Si:H films used for passivation. Figure 4.17 shows the
Fourier transform infrared (FTIR) spectra of the Si-H stretching vibrations located in
the range from 2000 cm-1 to 2100 cm-1 for these films deposited on the n-type wafers.
As for the films of the Temp1 series in Section 4.1.2, cH decreases with increasing
temperature. Moreover, the proportion of the 2100 cm-1 peak in the total area of
the double peak structure decreases with increasing temperature due to a faster
effusion of H contributing to this peak in contrast to H contributing to the peak
near 2000 cm-1.[109] The decrease in cH indicates a lower amount of H and therefore
more defects, according to Section 4.1.3, where an anti-correlation between the H
content and the defect density was observed.[204] Using these films, the temperature
dependence of the passivation quality is investigated.

Figure 4.18 a) shows the charge carrier lifetime τ measured by transient photo
conductance decay (TPCD) of n-type (gray) and p-type (red) wafers covered with
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Figure 4.17.: FTIR spectra of a-Si:H films deposited at temperatures of 440, 470, 495,
and 525 °C. The spectra show the region of the Si-H vibrational modes.
The depositions are performed using 15–20 µl of trisilane at each side of
n-type wafers.

a-Si:H layers on both sides, deposited at temperatures between 440 and 525 °C. PL
images for the n-type films are additionally shown in Figure A.9. Although the films
are deposited with temperatures above the critical H effusion temperature of a-Si:H,
all samples show a significant charge carrier lifetime τ (>100 µs). τ is maximum at
T d = 470 °C with τmax = 1500 µs for n-type and τmax = 1740 µs for p-type wafer. For
higher temperatures, τ decreases, which is expected due to the increased H effusion.
Films deposited at 440 °C show a lower τ than films deposited at 470 °C, despite a
higher cH as indicated in Figure 4.17.

One reason for the low τ might be the low thickness of the films deposited at
T d = 440 °C, as shown in Figure 4.18 b). In this figure, the mean thickness of both
a-Si:H films is shown, where the upper and lower edges of the error bar indicate the
film thickness measured on each side of the wafer. The film thickness increases with
increasing T d, indicating a higher growth rate with increasing T d as already observed
in Section 4.1.2. An exception is the deposition at T d = 525 °C for the n-type wafer.
The lower film thickness might be caused by a not fully sealed chamber head leading to
higher precursor loss during the deposition or due to a slightly higher inlet temperature
leading to a higher evaporation of liquid trisilane before injection and an unwanted
deposition at the chamber walls. (see Section 4.2.4 and the corresponding discussion
in Section 4.2.6).

Figure 4.18 c) and d) show the H concentration cH and the H area concentration cA

calculated from the FTIR Si-H stretching modes as shown in Figure 4.17 versus the
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Figure 4.18.: a) Charge carrier lifetime τ of the charge carriers within n-type and
p-type c-Si wafers and b) thickness d of a-Si:H passivation layers covering
the wafers versus deposition temperature T d of the a-Si:H layers. The
edges of the error bar indicate the thickness of the films on each side of
a sample. c) H area concentration cA and d) H concentration cH of the
same samples versus deposition temperature T d. Charge carrier lifetime
τ versus e) H area concentration cA and f) H concentration cH of the
same samples. The lines are guides to the eye.
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deposition temperature of the a-Si:H films. The hydrogen concentration cH increases
with decreasing deposition temperature. In contrast, the hydrogen area concentration
cA initially increases with increasing deposition temperature, reaching a maximum at
Td = 470 ○C, before decreasing again at Td = 440 ○C. The trends of cA resemble the
behavior observed in Figure 4.18 a), which shows the effective charge carrier lifetime τ

as a function of Td.
To investigate potential correlations between hydrogen content and passivation

quality, Figure 4.18 e) plots τ as a function of cH, and Figure 4.18 f) shows τ versus
cA. A clear correlation is observed between τ and the hydrogen area concentration
cA, whereas no obvious correlation is found with the hydrogen concentration cH alone.
This indicates that the total amount of H within the film is crucial for the passivation
mechanism, which means that τ is proportional to the product of cH and the thickness
of the film d.

4.3.1.2. Deposition time and precursor volume dependency

To investigate in more detail the influence of film thickness on surface passivation,
a deposition temperature of 470 °C was used, as it yielded the highest lifetimes in
Figure 4.18. In two separate series, the thickness of the a-Si:H layer on n-type FZ
wafers was varied between 46 and 133 nm by adjusting the inserted trisilane volume
(Volume_P series) and the deposition time (Time_P series). The precursor volume
was varied from 5 to 20 µl in 5 µl steps using a td of 5 min, and for the deposition time
series, td was set to 2, 5, 10, and 20 min using a precursor volume of 15 µl.

The charge carrier lifetimes of the resulting samples and their correlation with the
film thickness are shown in Figure 4.19 a). An increase in film thickness from 46 to
133 nm by increasing the precursor volume (gray) leads to an increase in the charge
carrier lifetime from 200 µs to 1900 µs. In contrast, an increase in film thickness from
48 to 100 nm by increasing deposition time (red) leads to a decrease in the charge
carrier lifetime from 580 µs to 160 µs.

To understand the different behavior of the lifetimes with increasing film thickness,
for both series cH is plotted versus the film thickness in Figure 4.19 b), while the
corresponding relationship for cA is shown in Figure 4.19 c). For the precursor volume
variation, both, cH and cA, increase with increasing film thickness. The increase in cH

with film thickness can be attributed to the higher growth rate of the film due to the
higher precursor volume inserted for the deposition. This leads to a higher cH due to
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Figure 4.19.: a) Charge carrier lifetime τ of n-type FZ c-Si wafer versus thickness d of
the a-Si:H passivation layers covering the wafer. The edges of the error
bar indicate the thickness of the films on each side of a sample. b) H area
concentration cA and c) H concentration cH of the same samples versus
thickness d. Charge carrier lifetime τ versus d) H area concentration cA
and e) H concentration cH of the same samples. The lines are guides to
the eye. The layer thicknesses were varied by changing i) the precursor
volume V P (gray) and ii) the deposition time td (red). Samples marked
with an asterisk were prepared using the same deposition recipe (15 µl,
5 min, 470 °C) in both series.
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a higher H incorporation rate, as already shown in Section 4.1.2. The higher cH and
the higher d obviously have a higher cA as a consequence.

In contrast, for the deposition time series, cH and cA decrease with increasing film
thickness for films deposited using a deposition time between 5 and 20 min. This could
be because a longer deposition time also increases the time available for H effusion,
significantly reducing H concentration within the film, as shown in Figure 4.19 c).
However, the sample deposited with td = 2 min shows lower cH and cA than the sample
deposited with td = 5 min.

The correlation between cH and the charge carrier lifetime τ is shown in Figure 4.19 d),
while the corresponding relationship for cA is shown in Figure 4.19 f). For all samples,
τ increases with increasing cH and cA, except for the film deposited with td = 2 min.
For this film, the lifetime is maximal, although cA is lower and cH is similar compared
to the sample where the a-Si:H film was deposited for 5 min.

In Figure 4.19, one sample in each series is marked with an asterisk. Those samples
were made using the same deposition recipe (15 µl, 5 min, 470 °C) but the Time_P
series was made half a year after the Volume_P series. Although made with the same
recipe, the lifetime and layer thickness of both films are very different. In addition, cH

for the sample of the deposition time series is slightly lower. Possible reasons for the
difference between the samples are discussed in Section 4.3.1.5.

Figure 4.20 presents the Raman spectra of a-Si:H films within the Si-H stretching
mode region for both the precursor volume and deposition time series, showing the
spectra of each individual film on both sides of a wafer. The Si-H peak heights of
the films deposited first are lower than those of the films deposited second, indicating
hydrogen effusion from the first layer due to annealing during the deposition process
of the second layer.

The trend of the peak heights with varying precursor volume and deposition time is
aligned with the trend of cA in Figure 4.19 b). The Si-H peaks of the first deposited
a-Si:H films in the deposition time series (Figure 4.20 c)) appear very similar for all
deposition times. This is likely because, although a shorter deposition time reduces the
duration for hydrogen effusion during deposition, the preheating phase of approximately
10 min required to achieve a constant deposition temperature for the second layer
results in more similar effective annealing times for the films deposited first.

The films of the deposition time series show almost no peak at 2100 cm-1, indicating
only a low amount of hydrogen bonded in a less dense Si structure. While the 2000 cm-1
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Figure 4.20.: Raman spectra of Si-H modes measured on the front and rear sides of
c-Si FZ wafers covered with a-Si:H layers. a) Spectra of the precursor
volume series on the side where the a-Si:H film was deposited first. b)
Spectra of the precursor volume series on the side where the a-Si:H film
was deposited second. c) Spectra of the deposition time series on the side
where the a-Si:H film was deposited first. d) Spectra of the deposition
time series on the side where the a-Si:H film was deposited second.
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peak for the 2-minute deposition is lower than that for the 5-minute deposition, the
2100 cm-1 peak appears similar or even slightly higher. This indicates a potentially
higher amount of highly diffusive hydrogen bonded in a less dense environment, which
might explain the increased lifetime observed for the 2-minute sample.

4.3.1.3. Light soaking

Diffusive H is the driving aspect for intensive light soaking processes for SHJ solar
cells.[217–221] Therefore, intensive light soaking was applied to the precursor volume
sample series shown in Figure 4.19, following the standard procedure used for solar
cells at my institute (FZJ – IMD-3) (process temperature: 210 °C, process time: 180 s,
light intensity: 20 suns)[217]. However, as shown in Figure A.10, no significant change
in the charge carrier lifetime was observed. This result might indicate that hydrogen,
which is diffusive at 210 °C has already effused from the film during deposition or that
the hydrogen remaining within the film has already reached its optimal configuration.
It is also important to note that the light soaking process was specifically optimized
for textured solar cells, rather than polished charge carrier lifetime samples without
an Indium Tin Oxide (ITO) layer. This might be one reason for the lack of impact of
light soaking on the charge carrier lifetime.

4.3.1.4. Passivation with carbon-containing a-Si:H

The FTIR and Raman spectroscopy results indicate that surface passivation strongly
depends on the total hydrogen content within the a-Si:H film. To increase the hydrogen
content, particularly in films deposited at higher temperatures, the use of 2 vol% TS
diluted in CO was tested as a precursor for the a-Si:H films. As shown in Section 4.2,
this approach leads to an increased hydrogen concentration in these films. Therefore,
films using 600 µl of 2 vol% TS diluted in CO for 5 min at deposition temperatures
(T d) of 470, 495, 525, and 555 °C were prepared on n-type FZ wafers. A comparison of
the resulting passivation and film properties with those of the pure a-Si:H temperature
series is presented in Figure A.11.

Despite higher cA and similar cH at elevated temperatures compared to lower
temperatures, the longest charge carrier lifetime was again measured for the film
deposited at 470 °C. This finding is consistent with the low photosensitivity of these
films, despite their increased hydrogen concentration, as observed in Section 4.2.3. The
lower charge carrier lifetime of the TS-CO sample in contrast to samples passivated
with pure a-Si:H films deposited at T d = 470 °C likely results from a wafer with a low
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bulk lifetime. A separate test (not shown here) on a p-type FZ wafer at a deposition
temperature of 440 °C using a 400 µl TS-CO mixture yielded a charge carrier lifetime
of 1.4 ms.
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4.3.1.5. Discussion

Successful passivation of float zone c-Si wafers was demonstrated, as indicated by their
long charge carrier lifetime of up to 1.9 ms using pyrolytically deposited a-Si:H. This
is significantly higher than the charge carrier lifetimes of up to 350 µs reported by
Guo et al. [222], who passivated c-Si wafers using CVD of cyclopentasilane. However,
they used film thicknesses below 20 nm, whereas the films with the longest lifetimes
analyzed here exceed a thickness of 100 nm. Passivation samples with a film thickness
of 40–50 nm exhibited charge carrier lifetimes of up to 500 µs, which is much closer to
the values reported by Guo et al. [222] and aligns well with the results of Mews et
al. [223], who also investigated samples with d = 50 nm.

Despite high deposition temperatures of 440–555 °C, H concentrations of up to 9 at%
were achieved. For passivation layers deposited at T d ≥ 470 °C, τ decreases with
increasing deposition temperature, probably due to the increased effusion of H from
the film. In contrast, the sample deposited at 440 °C, shows a lower τ than the sample
deposited at 470 °C, although the H concentration within the sample deposited at
440 °C was higher. This indicated that the H concentration alone is not the limiting
factor for the passivation quality. Instead, the areal H concentration cA, representing
the total H content above the surface, showed a linear correlation with the lifetimes
of the samples. This indicates that the total amount of H within the film limits
passivation rather than the hydrogen concentration cH in the a-Si:H film.

To understand this fact, the underlying mechanism leading to passivation needs to
be discussed. For films made by APCVD, it can be assumed that the H saturation
at the c-Si surface corresponds to the frozen equilibrium state present at the end of
the deposition process. The rapid cooling (quenching) of the sample at the end of
deposition significantly reduces hydrogen mobility, effectively freezing the equilibrium
state present just prior to cooling. During the deposition process, the high temperatures
lead to a high mobility of H within the film and at the c-Si surface. The number of
passivated defects at the c-Si surface depends on the equilibrium between H absorption
and desorption at the interface. The H absorption can be increased by increasing
the amount of available H within the a-Si:H film. The fact that for the Temp_P1
series, the charge carrier lifetime increases with the areal H concentration cA indicates
that H from the whole sample contributes to the passivation during film deposition.
This suggests that c-Si surface passivation is primarily achieved by hydrogen, which
can easily diffuse throughout the entire film during the deposition process. Perhaps
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passivation is performed by highly diffusive molecular H2 as proposed by Fischer et
al. [216].

Since the 2100 cm-1 peak linearly correlates with the total H content, no separate
evaluation of the intensity of this peak was performed. However, it should be mentioned
that the decrease in the ratio of the 2100 cm-1 peak to the 2000 cm-1 peak with increasing
temperature, as shown in Figure 4.17 usually suggests a reduction in the amount of H
bound in voids or inner surfaces, indicating denser films.[72, 116, 167] H in inner voids
is known to have a lower diffusion constant than H bound within a dense Si network.
The lower amount of this H within the a-Si:H films could be another explanation for
the lower passivation quality with increasing deposition temperature.

Another interesting fact that can be observed from the Temp_P1 series is that
effective passivation was achieved using a-Si:H films produced at temperatures above
the hydrogen effusion threshold, despite concerns about increased defect density at
these temperatures. In particular, samples with films deposited at T d = 495 °C showed
higher lifetimes than films deposited at 440 °C, although a film deposited at 495 °C
exhibited a defect density determined by ESR twice as high as for a film deposited at
440 °C. This is a clear indicator that the passivation is mostly independent of the defect
density within the films and is dominated more by the a-Si:H/c-Si interface defects. As
such, even defective a-Si:H films produced at elevated temperatures can still provide
effective surface passivation. This aligns with the findings of Luderer et al. [224], who
emphasized that interface effects at the a-Si:H/c-Si junction dominate over bulk a-Si:H
properties in determining surface passivation and charge carrier transport in SHJ solar
cells.

The Volume_P series in Figure 4.19 shows a correlation of the charge carrier lifetime
with the thickness, cH and cA. Here, a clear assignment of the increase in τ either to
cH or to cA is difficult since they correlate linearly. In addition to the increased cH and
cA, also the thickness of the films might be beneficial for the H passivation at the c-Si
surface, since an increased thickness could hinder hydrogen effusion from the first layer
deposited during the deposition of the second layer. However, this passivation effect is
not the dominant one, since for the Time_P series, τ decreases with increasing film
thickness, which is in contrast to the Volume_P series.

The Time_P series shows that τ decreases with increasing deposition time, probably
due to a longer time available for H effusion. For the Time_P series, a lifetime
correlation with cH and cA still holds for deposition times ≥ 2 min. However, the
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best lifetime was observed for the sample with the lowest total H content, which was
deposited using a deposition time of 2 min. It can be concluded that for the evaluation
of the passivation quality, cH and cA are valuable indicators within a closed series
for implications on the lifetime. However, next to those values, other factors such
as the equal distribution of H on both sides of the wafer, the silicon density of the
a-Si:H film, variations in between the wafers used in each series, and the proportion
of H bonded in more porous (2100 cm-1) and of H bonded in more dense (2000 cm-1)
material influence the passivation. This leads to a scattering for general cross-series
correlations of the H content with the charge carrier lifetime. For instance, the Raman
spectra of the sample with a deposition time of 2 min showed a slightly increased
2100 cm-1 peak for this sample, maybe indicating a higher amount of highly mobile H,
which is available for passivation during the deposition process. Therefore, the higher
amount of H available in the voids might explain the longer lifetime of this sample,
although the total H content is low.

Samples deposited with the same deposition parameters in the Volume_P and
Time_P series (marked with an asterisk in Figure 4.19) showed different charge carrier
lifetimes. The lower lifetime for the sample of the Time_P series fits to a lower film
thickness. Since the deposition time for this sample is the same as for all samples of
the Volume_P series, the lower thickness indicates a lower growth rate, fitting to a
slightly lower cH as well. The Time_P series was made half a year after the Volume_P
series. Other depositions and maintenance of the APCVD system at this time may
have led to a change in the precursor leak rate r l, causing a lower film thickness using
the same deposition parameters. Additionally, despite the fact that wafers of the same
ingot were used, the bulk lifetime of the wafer used for the Time_P series might be
low, causing lower achievable effective lifetimes. While these factors make a direct
comparison of individual points of both series more difficult, the trend of each series is
more valid and comparable since all samples within a film were prepared on the same
day on a quarter of the exact same wafer.

Highly diffusive H in a-Si:H is often associated with H, which effuses out of the film
already at low temperatures below 400 °C.[25, 86, 216, 225] Light soaking at 210 °C,
however, could not change the passivation quality of the with APCVD films passivated
samples. This indicates that the H, which is diffusive at temperatures below the
deposition temperature, is mainly effused out of the film during deposition. The H
leading to passivation seems to be highly diffusive only during the deposition process.
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This fits the assumption that the thermally activated H diffusion and therefore a
change in surface passivation stops with the deposition process.

By using 2 vol% TS diluted in CO as the precursor for the passivation films, it
was demonstrated that carbon-containing a-Si:H films also exhibit good passivation
quality, comparable to samples made with pure trisilane. However, despite their higher
hydrogen concentration, films deposited with diluted TS at elevated temperatures do
not exhibit significant advantages in passivation over those made with pure TS. The
high hydrogen concentration at elevated T d in contrast to films deposited with pure
TS is primarily the result of a significant fraction of hydrogen atoms bonded to silicon
with carbon as a backbond. This stronger bond enhances thermal stability against
H effusion.[109, 110] However, the same effect likely leads to reduced passivation
efficiency, as strongly bonded hydrogen atoms have limited diffusivity and are therefore
not available for passivating the c-Si interface upon thermal treatment.

In Figures 4.18 and 4.19 the average thickness of the film on both sides of the wafer
is plotted and used to calculate cH. Using the average of both thicknesses for this
is justified if the charge carrier lifetime scales linearly with thickness. Although the
slope was totally different, a linear change in charge carrier lifetime was observed with
thickness for both series in Figure 4.19 a). In this case, variations in the thickness
across the wafer, such as a higher thickness on one side, also result in a linear change in
the effective surface recombination velocity (Seff) measured by the Sinton instrument.
The reason is that, in the case of high bulk charge carrier lifetimes, the bulk charge
carrier lifetime does not limit the overall lifetime τ and can be neglected, resulting
in S eff being reciprocal to the charge carrier lifetime τ (see Section 2.1.3).[94] This
reciprocal relationship ensures that the average thickness represents the effect of
different film thicknesses on both sides of the wafer corresponding to its effect on τ in
a meaningful way. The assumption above is not entirely valid since the films on both
sides are produced using different processes. The first layer undergoes an additional
annealing step during the deposition of the second layer. However, the assumption
remains sufficiently accurate to enable a valid data analysis.

With all these considerations, it must be taken into account that inhomogeneous
layer growth, which is system-related here, can also influence the film thickness and
H content. The PL picture in Figure A.9, for example, shows the resulting spatial
inhomogeneities of the lifetime. By measuring FTIR, ellipsometry and Raman at the
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same point for each sample, the influence of such inhomogeneities was minimized as
far as possible.

A major problem occurring when depositing a-Si:H passivation layers on both sides
of a c-Si wafer with the APCVD system presented herein is that for the second
deposition, the already existing film is faced to the bottom of the deposition chamber.
During this deposition of the second layer, the first film is just annealed without further
film growth. Surprisingly, the annealing does not lead to a full H effusion, although it
exceeds the H effusion temperature.[109] This phenomenon may be attributed to two
potential causes: i) the emergence of a H2-saturated gas layer at the interface between
the substrate and the quartz plate; ii) an increase in the partial H pressure within the
deposition chamber, resulting from the continuous trisilane decomposition that occurs
during the deposition process.

Although H within the first layer is not fully effused, Figure 4.20 shows that the
H content of the first deposited layer is lower than the H content within the second
deposited layer, which is potentially detrimental to the passivation quality of the first
layer. While Figure 4.20 d) shows higher amounts of H (beside for the 2 min deposition)
with lower deposition times for the second layer, Figure 4.20 c) shows similar H peak
intensities for all films of the first deposited layer. This is likely due to an annealing
time above 10 min for all films, since this is required to achieve a constant deposition
temperature for the second layer. Therefore, a deposition of the a-Si:H films on both
sides at the same time would be beneficial and might be addressed in the future.

Overall, the passivation quality widely correlates with cA and remains largely
independent of the thickness of the film across all series. This indicates that the
passivation is dominated by highly diffusive H within the film, perhaps of molecular
structure. If the H is highly diffusive, the whole film can be used as a reservoir for
H migrating through the film and contributing to passivation at the interface. The
passivation is rather independent of the defect density within the a-Si:H films. These
two observations are likely central to explaining why underdense, void-rich intrinsic
a-Si:H films provide excellent surface passivation in SHJ solar cells.[24, 25] For a given
temperature and in the investigated parameter range, the lifetime can be optimized
by minimizing the deposition time and increasing the precursor volume. Both increase
the average growth rate of the film.
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4.3.2. Doping and hydrogenation of a-Si:H films

This section investigates strategies to enhance the electrical properties of a-Si:H
films, focusing on post-deposition hydrogenation, catalytic doping, and the combined
application of both techniques. First, the effects of hydrogenation on film quality and
defect saturation are examined. Next, catalytic doping is introduced as a method
to increase conductivity. Finally, both processes are combined to assess potential
synergistic effects, followed by a discussion of the key findings.

4.3.2.1. Hydrogenation

The previous section demonstrated that a-Si:H films are capable of passivating c-Si
wafers. However, these films must be relatively thick (~100 nm) and exhibit lower
passivation quality compared to state-of-the-art PECVD passivation layers. This
deficiency is primarily due to the low hydrogen concentration available for passivation
in the APCVD a-Si:H films.

To address this issue, the hydrogen content was increased by treatment with hydrogen
radicals. For this purpose, a hot-wire chamber was utilized, where the samples were
placed in a heated holder, and the H2 gas was passed through filaments that decompose
the gas due to the high temperature of the filament into H radicals. For this process, a
filament temperature of 1350 °C, a holder temperature of 390 °C, a H2 flow of 50 sccm
at 0.05 mbar, and a process time of 1 h were used. Rhenium filaments were placed
71 mm above the substrate. The HWCVD setup is described in detail in Section 3.5.2.

Figure 4.21 a) shows the FTIR spectra in the region of the vibrational modes of
Si-H bonds of films deposited at 440, 495 and 555 °C before (gray) and after (red)
H-treatment. The results show that, for all films, the H concentration within the film
was increased. Although this clearly indicates the incorporation of H into the film, the
H content measured after treatment is probably underestimated since the H-treatment
leads to blistering for the films on the c-Si substrate. The blistering effectively removes
parts of the a-Si:H film, leading to less absorption of the IR signal in these areas.

As for the as-deposited films, after hydrogenation, the peak at 2000 cm-1 is dominant,
indicating a dense material. However, for all samples, the peak at 2100 cm-1 increases,
with the highest increase for the film deposited at 440 °C.

For films on glass substrates, no blistering or delamination of the film was observed,
allowing a reliable conductivity measurement. The results of the measurement are
shown in Figure 4.21 b). The figure shows that the films deposited at 495 and 555 °C
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with former low photosensitivity have a significant increased photosensitivity after
H-treatment. The photosensitivity of the film deposited at 440 °C decreases slightly,
despite an increase in H content within the film. The decrease is due to an increase
in the dark conductivity, maybe due to the incorporation of some impurities during
H-treatment, leading to unintentional weak doping. The blue stars in Figure 4.21
indicate the photo- and dark conductivities of the i2-layer reference film from Table 4.1
The photosensitivity of the 440 °C film before treatment, the photosensitivity of the
other 495 and 555 °C films, as well as the photosensitivity of the i2-layer film, are
very similar. They are in the range between 104 and 105. However, films deposited at
higher temperature and with treatment show with 5 × 10-6 S cm-1 a more than 1 order
of magnitude higher photoconductivity than the untreated 440 °C film, even exceeding
the photoconductivity of the i2 reference film. The dark conductivity was reduced to
6 × 10-11 S cm-1, which is still an order of magnitude higher than for as-deposited films
grown at 440 °C. The results show that an H-treatment of hot wire can significantly
increase the H content within the a-Si:H films, leading to fewer defects and therefore
increased photosensitivity, similar to PECVD films.
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Figure 4.21.: a) FTIR spectra of Si-H vibrational modes within a-Si:H films deposited
at various deposition temperatures T d (indicated within the graph)
before (gray) and after (red) H-treatment. b) Corresponding photo- and
dark conductivities σph and σd and conductivity of the a-Si:H reference
film from Table 4.1. The lines are guides to the eye.

4.3.2.2. Catalytic doping

The properties of intrinsic a-Si:H films were successfully enhanced by hydrogenation.
However, for the application in devices, not only intrinsic but also doped a-Si:H films
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are required to improve conductivity and enable the formation of essential electrical
structures, such as pn-junctions. There are several approaches for incorporating
dopants into a-Si:H films. The most straightforward method involves introducing a
dopant-containing precursor during the deposition process. However, due to technical
constraints and safety considerations, handling these typically highly toxic precursors
within the existing glove box was not feasible.

However, recently a doping process utilizing catalytically activated dopants was
established at my institute (FZJ – IMD-3).[31, 32] Similar to the hydrogen treatment
described in the previous section, this process is conducted within a hot-wire CVD
chamber. For the application on the APCVD a-Si:H films, an existing recipe developed
at the institute for catalytic phosphorus doping in SHJ solar cells was employed. The
process parameters included a filament temperature of 2200 °C, a phosphine flow of
50 sccm, a substrate temperature of 200 °C, and a chamber pressure of 0.5 mbar. To
evaluate catalytic doping, parallel tests were performed on i2-layers fabricated by
PECVD (see Table 4.1) with a thickness of approximately 20 nm, serving as a reference,
as well as on APCVD layers deposited at 440 °C with thicknesses ranging from 30 to
50 nm.

Liu et al. [31] reported that after the catalytic doping process, a capping layer was
used to prevent phosphorus desorption during transport and subsequent measurements.
Similarly, Duan et al. [32] described a multilayer stack approach, incorporating
successive intrinsic a-Si:H depositions followed by catalytic doping, to increase film
thickness and enable conductivity measurements. On the basis of these findings, the
deposition of a capping layer, and other treatments following catalytic doping were
investigated on APCVD a-Si:H samples.

In a single PECVD process, a-Si:H films were deposited on four Corning glass
substrates, and on the other four glass substrates, a-Si:H films were deposited using
APCVD. For one sample from each deposition method, the conductivity was measured
under the following conditions: i) directly after deposition (as-dep.), ii) after catalytic
doping (+ cat), iii) after catalytic doping followed by a 5 nm i2 capping layer deposited
via PECVD (+ 5 nm i2), and iv) after catalytic doping, a 5 nm i2 capping layer and a
second catalytic doping step (+ cat2). A side view of the various stacks of layers is
shown in Figure 4.22.

Figure 4.23 a) show the lateral photo- and dark conductivities, σph and σd of
the various layer stacks. The results reveal similar trends for both APCVD and
PECVD reference layers. However, the photosensitivity of the PECVD-based films is
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Glass

as-dep.a) b) + cat + cat2+ 5 nm i2

Glass Glass Glass

c) d)

Figure 4.22.: Schematic side view of various catalytic doping layer stacks. a) Directly
after deposition (as-dep.), b) after catalytic doping (+ cat), c) after
catalytic doping followed by a 5 nm i2 capping layer deposited via PECVD
(+ 5 nm i2), and d) after catalytic doping, a 5 nm i2 capping layer, and
a second catalytic doping step (+ cat2).

consistently one to two orders of magnitude higher. After the initial catalytic doping
step, σph and σd exhibit minimal changes. The subsequent addition of a 5 nm i2
capping layer via PECVD results in an approximate two-order-of-magnitude increase
in σph for both APCVD and PECVD films. Meanwhile, σd increases by more than
one order of magnitude for the APCVD film and by three orders of magnitude for
the PECVD film. The second catalytic doping step has little effect on conductivity,
except for a slight decrease in σph for both APCVD- and PECVD-based films and a
slight reduction in σd for the PECVD-based film, bringing it to a level similar to that
of the APCVD-based film.

These results clearly highlight the necessity of a capping layer to enhance conductivity
through catalytic doping. However, the exact mechanisms responsible for this increase
in conductivity remain unclear. To investigate this further, an additional sample series
was prepared to isolate various processes occurring during capping layer deposition
and determine the key factor responsible for conductivity enhancement.

The samples were categorized on the basis of two aspects. The first aspect was
whether the films underwent catalytic doping after deposition (w cat) or not (w/o
cat). The second aspect classified the films according to the applied post-treatment,
including i2-capping layer deposition (5 nm i2), annealing within the PECVD chamber
(an.), and APCVD capping layer deposition (APCVD). This resulted in a total of five
different processed samples for each type of base film (APCVD and PECVD).

Figure 4.23 b) shows σph and σd of samples processed with an APCVD layer
(gray) and a PECVD layer (red) as the base film. In the first process variation, the
conductivities of the films were measured directly after deposition without catalytic
doping, serving as a reference (w/o cat, as dep.). In the second variation, samples
that were not catalytically doped were covered with a 5 nm i2 capping layer (w/o cat,
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Figure 4.23.: Photo- and dark conductivities σph and σd of i2-layer PECVD films
(red) and APCVD films deposited at T d = 440 °C (gray) after various
post-deposition processes. In a), the post-treatments accumulate from
left to right, meaning that the “+cat2” sample was catalytically doped,
then covered with another i2 layer, and catalytically doped again. In b)
the conductivities of a-Si:H layers with and without cat doping are shown
with various posttreatments that do not add up. As posttreatment an
i2 capping layer, annealing within the PECVD chamber, and a capping
layer made by APCVD at 440 °C are used.

5 nm i2). This additional capping layer slightly increases the photosensitivity of the
samples. However, this increase is minor, suggesting that a catalytic doping step is
necessary prior to the capping layer deposition to significantly enhance conductivity.
Therefore, the observed conductivity increase is likely not due to unintended oxygen
or nitrogen impurities incorporated between the deposition processes. It is important
to note that between the first and second (5 nm i2 layer) depositions, the samples
were stored under ambient conditions, just like it is needed for the samples with the
catalytic doping step.

In the third process variation, samples with catalytic doping and the i2 capping
layer (w cat, 5 nm i2) show significant increases in both σph and σd, as already seen
in Figure 4.23 a) for this process recipe. For the fourth variation, the samples were
annealed in the PECVD deposition chamber at the same temperature (200 °C) and the
duration of the process as used for the i2-layer deposition process following catalytic
doping (w cat, an.). The resulting films exhibited conductivities similar to those of the
reference films, indicating that annealing alone is insufficient to activate the phosphor
doping atoms.
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In the fifth process variation, an additional APCVD layer was deposited on the base
film after catalytic doping (w cat, APCVD). In this case, the conductivities of the
samples with both PECVD and APCVD base films align after the deposition of the
APCVD capping layer. The dark conductivity (σd) increases significantly, reaching
a maximum value of ∼ 10−6 S cm-1. For samples with the APCVD base layer, the
photoconductivity (σph) also reaches its maximum value of approximately 10−5 S cm-1.
In contrast, for the sample with the PECVD base film, σph increases only minor
compared to the as-deposited films.

4.3.2.3. Combined catalytic doping and hydrogenation

The previous section demonstrated that effective doping via catalytic incorporation
of phosphorus (P) requires the presence of a capping layer. This capping layer likely
enhances doping efficiency by promoting the incorporation of P atoms into the a-Si:H
network. To eliminate the need for a capping layer, an alternative method is necessary
to induce a restructuring of a-Si:H near the surface to facilitate proper integration of
P atoms. Hydrogenation has been shown to successfully saturate defects, resulting in
the restructuring of the a-Si:H network, as discussed in Section 4.3.2.1. Therefore, it
is logical to investigate this process in combination with catalytic doping.

To enable catalytic doping with hydrogen treatment in the HWCVD system for
doping, a dedicated H-treatment process was developed to avoid a vacuum break and
since the original H-treatment HWCVD chamber was decommissioned during this
period. The process parameters are detailed in Section 3.5.2.

To evaluate the combined effects of improved quality of a-Si:H through hydrogenation
and enhanced conductivity through catalytic doping, four identical a-Si:H samples
were deposited at 555 °C. The samples were subjected to the following treatments:

i) no treatment,

ii) hydrogen treatment (H-treatment),

iii) catalytic doping combined with H-treatment in a single process,

iv) catalytic doping followed by H-treatment in two separate processes.

The process parameters for all treatments are provided in Section 3.5.2, except for
combined catalytic doping and H-treatment. In this case, the conditions of the
H-treatment were used, with the addition of 20 sccm phosphine (PH3) to the gas
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flow during treatment. This adjustment was necessary because the original catalytic
doping conditions (high temperatures around 2200 °C), when combined with hydrogen,
produce high-energy hydrogen radicals capable of fully etching the a-Si:H film.

The results of the combined treatments are presented in Figure 4.24. The FTIR
spectra in Figure 4.24 a) demonstrate that all treatments involving hydrogenation lead
to an increased hydrogen concentration within the films. Figure 4.24 b) shows that
the as-deposited film exhibits a conductivity of 4 × 10−7 S cm-1 and a photosensitivity
of 1, as expected due to the high defect density typical for films deposited at this
temperature. In contrast, the hydrogenated film shows a photosensitivity greater
than 105 and a photoconductivity exceeding 10−5 S cm-1. These results confirm the
successful defect saturation achieved by applying the H-treatment within the HWCVD
chamber for catalytic doping.

The combined treatment led to a slight improvement in photosensitivity, reaching a
value of 10, due to a reduction in σd and an increase in σph. The two-step process,
comprising standard catalytic doping followed by a subsequent H-treatment, yielded
the highest photoconductivity, approaching 10−4 S cm-1, along with a dark conductivity
of 5 × 10−8 S cm-1. Therefore, this process resulted in both higher photo- and dark
conductivities compared to the catalytic doping of APCVD films combined with
a PECVD capping layer. The performance approaches that of catalytically doped
PECVD films with a PECVD capping layer, as shown in Figure 4.23. These results
clearly demonstrate that the use of a capping layer for catalytic doping can be effectively
replaced by hydrogenation following the doping step.
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Figure 4.24.: a) FTIR spectra of Si-H vibrational modes within APCVD a-Si:H films
deposited at T d = 555 °C before (gray) and after H-treatment (red),
combined catalytic doping and H-treatment (blue) and catalytic doping
with subsequent H-treatment (green). b) Photo- and dark conductivities
σph and σd of the same films after treatment.
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4.3.2.4. Discussion

Hydrogenation The hydrogen treatment effectively increased the hydrogen content
in the a-Si:H films. The resulting H concentration of all films remained below 10 at%,
indicating no substantial improvement beyond the H concentration of the highest
as-deposited hydrogenated a-Si:H films from Section 4.1. However, the presence
of blistering for films on polished c-Si wafers suggests that the actual hydrogen
content in the treated films might be higher than that measured via FTIR, because
parts of the film were removed in the process, leading to an underestimation of the
absorption. However, blistering is undesirable because it damages the continuity of
the film and limits the applicability of hot-wire-treated a-Si:H layers for passivation
on polished wafers. To enable practical application, treatment conditions should
be refined to minimize blister formation, for example, by adjusting the hydrogen
exposure time, pressure, or substrate temperature. The homogeneity of hydrogen
incorporation throughout the film thickness was not directly investigated in this work.
Although future studies using SIMS measurements could address this question in
detail, the observed accumulation of hydrogen at the a-Si:H/c-Si interface leading to
film delamination suggests that hydrogen is distributed throughout the entire film.

The absence of blistering on glass could be attributed to differences in adhesion and
mechanical stress between the substrate and the a-Si:H film. Unlike crystalline silicon,
which has a rigid and well-defined interface with the deposited film, the glass substrate
may allow for greater stress relaxation during film growth, preventing film delamination.
In addition, a different heating efficiency for the quartz substrate in contrast to the
c-Si substrate by the substrate heater might lead to different temperatures of the
substrate, which can change the diffusion of H.

Regarding the electrical properties, the H-treatment could significantly enhance
the photosensitivity of films deposited at 495 and 525 °C to almost 105 with a σd of
6 × 10−11 S cm-1 and a σph of 5 × 10−6 S cm-1. In contrast, the photosensitivity of
the film deposited at 440 °C was decreased by hydrogen treatment due to an increase
in dark conductivity. This could be due to sample-to-sample variations, as only one
sample was measured. However, on the other hand, an increase in dark conductivity
fits to a high microstructure parameter for the sample deposited at T d = 440 °C,
which indicates a porous material with inner voids and therefore defects.[72, 76, 167]
Additionally, H-treatment may promote incorporation of impurities, potentially leading
to increased dark conductivity.

121



4. Amorphous and crystalline silicon films

When comparing these results with the findings of Section 4.1, another consideration
arises. In that section, films deposited at 500 °C did not exhibit blistering, which was
previously interpreted as an indication of a less compact film structure. In contrast,
the films in this study do exhibit blistering, which would typically suggest a denser
structure that traps hydrogen more effectively. This fits to the FTIR results indicating
a relatively low microstructure parameter even after hydrogenation. Therefore, it seems
more likely that the treated films are indeed denser, which limits excessive hydrogen
incorporation but still attains a level where internal stress leads to blister formation.
In this case, the reason for the blister-free, as-deposited films from Section 4.1 is the
H desorption from the film surface before it is incorporated into the film.

Catalytic doping The results presented in the previous section indicate the successful
enhancement of the electrical properties of a-Si:H films made by APCVD through
catalytic doping, after capping the doped films with both, either another APCVD or
a PECVD layer. However, as for the as-deposited APCVD films, also after catalytic
doping, significant differences in conductivity were observed in comparison with the
reference PECVD-based films, probably due to a lower H content within the APCVD
films and therefore a higher defect density.

The results presented in Figure 4.23 a) are consistent with the findings of Liu
et al. [31] and Duan et al. [32], both of whom reported that a capping layer after
catalytic doping is essential to achieve increased conductivity. However, in contrast
to Duan et al. [32], where a multilayer stack was used to improve film thickness, my
study demonstrates that a single stack was sufficient to achieve successful doping,
reaching the same dark conductivity of 10−7 S cm-1 for PECVD films. This suggests
that the increase in thickness is not the primary factor contributing to the enhanced
conductivity.

In support of this conclusion, the conductivity increases by two orders of magnitude
(i.e., 100 times). If film thickness were the dominant factor, a stack of four catalytically
doped layers – effectively four conducting layers in parallel (cf. Figure 4.22) – would
only lead to a four-fold increase in conductivity. Additionally, no further improvement
in conductivity was observed beyond the second catalytic doping step, reinforcing the
idea that another mechanism is responsible for the increase in conductivity.

Liu et al. [31] proposed that the capping layer prevents the desorption of phosphorus
atoms after catalytic doping. While this explanation aligns more closely with the
findings herein, it raises the following important considerations:
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1. All samples were stored in a nitrogen (N2) box between processing steps, mini-
mizing exposure to ambient conditions that could lead to oxidation. The total
exposure time to ambient atmosphere was similar for samples with and without
a capping layer, as the intrinsic PECVD process introduces a delay comparable
to that of the silver pad evaporation required for conductivity measurements.

2. For samples that only underwent catalytic doping, the most critical process is
silver evaporation, which occurs at a low pressure of 10−4 mbar. This environment
may promote phosphorus desorption. However, since this process does not involve
elevated temperatures, its impact is uncertain. In contrast, during capping layer
deposition, the samples are exposed to high vacuum conditions and additionally
subjected to temperatures of up to 200 °C, which would presumably increase
phosphorus desorption rather than prevent it.

Based on these observations, I hypothesize that the capping layer not only serves as
a barrier preventing phosphorus desorption but also plays a crucial role in activating
the phosphorus atoms at the surface of the catalytically doped films. To determine
the exact process responsible for the increase in conductivity, the experimental series
shown in Figure 4.23 b) was carried out.

First, the results confirmed that the observed conductivity enhancement is indeed a
result of catalytic doping rather than the activation of unintentionally incorporated
impurities between the two PECVD deposition steps. Second, they demonstrated that
annealing within the PECVD chamber alone does not activate the dopants. However, I
found that not only PECVD films but also APCVD films can serve as effective capping
layers, indicating that a plasma is not necessary for dopant activation. Rather, the
presence of the capping layer itself is critical. Furthermore, annealing at 440 °C prior
to APCVD film deposition did not result in complete phosphorus removal, providing
additional evidence that phosphorus desorption at room temperature is insufficient to
fully explain the need for a capping layer.

The fact that catalytically doped films with an APCVD capping layer exhibit the
highest photo- and dark conductivity among APCVD-based films, as well as the
highest dark conductivity among PECVD-based films, suggests the most effective
dopant activation. However, the simultaneously low photosensitivity indicates a high
defect density, likely due to the low hydrogen content within the film due to the high
deposition temperatures. Furthermore, a comparison with APCVD films produced
using a liquid precursor containing dissolved phosphorus and boron, as reported by
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Masuda et al. [11], shows that the highest achieved dark conductivity of 10−6 S cm-1 for
the films herein is four orders of magnitude lower than that of phosphorus-doped films
and two orders of magnitude lower than that of boron-doped films. This highlights
significant potential for improving the catalytic doping process.

Combined catalytic doping and hydrogenation The results presented demonstrate
that hydrogenation in combination with catalytic doping is a viable approach for
improving the electronic quality of a-Si:H films. Hydrogenation facilitates catalytic
doping without the need for a capping layer, thereby simplifying the overall process.

Among the hydrogenation and doping combinations tested, the two-step process,
consisting of standard catalytic doping followed by hydrogen treatment, proved to
be the most effective. This approach yielded the highest photoconductivity, reaching
values close to 10−4 S cm-1, and an increased dark conductivity of 5 × 10−8 S cm-1

compared to intrinsic hydrogenated a-Si:H films. These values exceed those achieved
through catalytic doping of APCVD films with a PECVD capping layer and approach
the performance levels observed in PECVD-based catalytic doping processes.

The relatively high dark conductivity compared to the intrinsic a-Si:H films indicates
that the phosphorus was not desorbed from the film during the pre-annealing step
prior to hydrogen treatment at 380 °C. The successful doping without the use of a
capping layer, even after treatment at elevated temperatures, supports the hypothesis
that the capping layer not only prevents the desorption of phosphorus atoms following
catalytic doping but also promotes their incorporation into the a-Si:H matrix at the
film surface.

Hydrogen radicals are known to saturate and break Si-Si bonds on the silicon
surface [204], potentially leading to a restructuring of the a-Si:H surface and therefore
activation of the phosphorus dopant. Additionally, the elevated substrate temperature
of 380 °C during treatment results in a high hydrogen diffusion rate, allowing bond
breaking and reformation not only at the surface but also within the bulk of the
material. It is conceivable that hydrogen diffusion during the treatment process may
also facilitate a deeper incorporation of phosphorus into the film. To further investigate
this mechanism, additional analyses such as ToF-SIMS are recommended in future
studies.

The combined one-step process, in which phosphine was introduced to the precursor
gas during hydrogenation, showed a modest improvement in photosensitivity. The
dark conductivity of 10−7 S cm-1 is high compared to those of high-quality a-Si:H films,
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but similar to the as-deposited film, grown at a deposition temperature of 555 °C.
Therefore, it is unclear whether this conductivity results from successful phosphorus
doping or from insufficient defect passivation, leading to the formation of a conductive
defect band.

Whether phosphorus is actually incorporated into the film during the combined
process requires further investigation. In addition, the process conditions for the
combined treatment need to be optimized. In particular, it is crucial to avoid etching
of the a-Si:H layer caused by high-energy hydrogen radicals while simultaneously
ensuring that sufficient energy is available to enable effective phosphorus incorporation.

4.3.3. Crystallization of a-Si:H films

In addition to their direct application in devices, a-Si:H films serve as precursors for
polycrystalline silicon (poly-Si) films, which are used, for example, in tunnel oxide
passivated contact (TOPCon) solar cell structures. To induce crystallization, the
amorphous films are annealed at temperatures above 700 °C, causing a restructuring
of the silicon network.[33, 193] During annealing, multiple crystalline silicon nuclei
form within the a-Si:H film and grow into crystals with various orientations, resulting
in a polycrystalline silicon matrix. The crystal size depends on both the annealing
temperature and the heating rate.[103, 193, 226]

A critical issue during the annealing of a-Si:H, particularly for films with a high
hydrogen content, is the occurrence of blistering.[36] This phenomenon arises mainly
when hydrogen from the a-Si:H film accumulates at the a-Si:H/c-Si interface, leading
to a peel off of the amorphous film from the crystalline silicon wafer. This separation
results in the formation of H2 bubbles that can easily burst. Another reason for film
delamination can be inner strain, which can results in a delamination of the film in
various forms.

Section 4.1.2 demonstrated that the APCVD a-Si:H films exhibit a very low hydrogen
content, below 2 at%, for T d > 500 °C. This suggests that these films are well-suited
for annealing without the risk of H related blistering. Furthermore, at these elevated
temperatures, rapid film growth was observed, which is promising for the development
of a fast deposition process for a-Si:H films intended for TOPCon structures. Such
structures require polycrystalline silicon layers with a thickness exceeding 100 nm.
Therefore, in the following, the application of furnace annealing is investigated as a
slow annealing process at high temperatures and rapid thermal annealing (RTA) as
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a fast annealing process where the process temperature system-related is limited to
900 °C.

4.3.3.1. Furnace annealing

To evaluate the suitability of APCVD a-Si:H films for the fabrication of polycrystalline
silicon, samples were annealed in a quartz furnace with a heating rate of 6.67 °C min-1

and a dwell time of 120 min at T a = 900, 1000, and 1100 °C. Two types of a-Si:H
films were prepared: high purity films using pure trisilane as the precursor and carbon-
containing films using 2 vol% TS diluted in cyclooctane. All films were deposited at
580 °C to minimize hydrogen content and thereby prevent blistering.

Figure 4.25 presents FTIR and Raman spectra for both as-deposited and annealed
samples.

For films deposited from pure trisilane (Figure 4.25 a) and b)), the transverse optical
(TO) Si-Si mode in the Raman spectrum shifts from a broad peak at 480 cm-1 to a sharp
peak near 520 cm-1 across all annealing temperatures, confirming the transformation
from a-Si:H to poly-Si. At T a = 900 and 1000 °C, the TO Si-Si peaks appear at
515.5 cm-1, while at 1100 °C, the peak shifts slightly to 517 cm-1. Additionally, side
peaks in the 485–510 cm-1 range decrease with increasing annealing temperature.

FTIR spectra show the emergence of a peak at 1080 cm-1 after annealing, which is
higher than the 1000 cm-1 peak observed in the as-deposited film. The intensity of the
Si-O rocking vibrations around 460 cm-1 also increases slightly. Furthermore, a side
peak at 1200 cm-1 appears, which is attributed to Si-O stretching vibrations, likely
due to longitudinal asymmetric stretching. The increased intensity of the Si–O-related
peaks after annealing indicates the formation of a silicon oxide surface layer, which is
further supported by the SIMS depth profiles shown in Figure A.15. In films annealed
at 1000 and 1100 °C, a weak peak at 820 cm-1 is observed , which might be related
to Si-C vibrations due to impurities. For the as-deposited film and the film annealed
at 900 °C, a negative peak at 600 cm-1 is present, likely an artifact due to an FTIR
reference wafer from a different wafer batch.

Figure 4.25 c) and d) present the Raman and FTIR spectra of the films deposited
using the 2 vol% TS-CO mixture as a precursor. These films contain up to 1 × 1022 cm-3

carbon atoms, corresponding to an concentration of 12 to 20 at%, assuming the density
of a-Si:H (5 × 1022 cm-3) and a-SiC:H (8 × 1022 cm-3) as boundary values.

Unlike the films deposited from pure TS, the carbon-containing films do not exhibit
a crystalline Si peak at 520 cm-1 for T a = 900 °C. Instead, the broad peak at 480 cm-1
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shifts toward higher Raman shift values. However, as T a increases, a peak at 520 cm-1

gradually emerges. At T a = 1100 °C, this peak of the TO Si-Si vibration of poly-Si
becomes significant and is observed at 513 cm-1.

The FTIR spectrum of the as-deposited film exhibits a broad peak corresponding
to the Si-C vibrational modes at 760 cm-1. With increasing T a, the intensity of the
peak increases nearly three times, while its position shifts to 810 cm-1. The peak shape
also narrows into a Lorentzian-like form, indicating crystalline SiC. A strong peak
at 1000 cm-1 is observed in the as-deposited sample, but after annealing, this peak
disappears and a new peak emerges at 1080 cm-1 with a side peak at 1220 cm-1 and
another peak at 460 cm-1, which are all characteristic for near stoichiometric SiOx.[174]

The conductivities of the films deposited from pure TS are shown in Figure A.12 a),
while those of the films deposited using 2 vol% TS diluted in CO are presented in
Figure A.12 b). Due to the high deposition temperature of 580 °C and consequently
the low hydrogen content, both materials exhibit a photosensitivity of approximately
1 in their as-deposited state. For films made from pure TS, crystallization leads to a
separation between photo- and dark conductivity in all samples, resulting in a maximum
photosensitivity of approximately 3. While the photoconductivity after crystallization
at 900 °C remains similar to that of the as-deposited film at 8 × 10−7 S cm-1, the dark
conductivity decreases, possibly due to a reduction in defects within the crystalline
matrix. As T a increases, both the photo- and dark conductivity increase slightly, with
the maximum photoconductivity reaching 8 × 10−6 S cm-1.

The carbon-containing films exhibit a similar increase in conductivity. Photo- and
dark conductivity increase from 1 × 10−7 to 1 × 10−5 S cm-1 at T a = 1100 °C, while
the photosensitivity remains constant at 1 for all films.

4.3.3.2. Rapid thermal annealing

Furnace annealing is a slow process that consumes significant time and energy, making
it less suitable for large-scale production. A faster alternative is rapid thermal annealing
(RTA), which employs heating rates of several K min-1 and dwell times of only a few
seconds or minutes. Faster annealing can reduce the number of nucleation sites,
leading to larger crystal sizes.[103] However, RTA of a-Si:H films often carries a high
risk of blistering due to hydrogen release. Given that APCVD films exhibit a low
hydrogen content, which is beneficial for preventing blistering, their suitability for
RTA was investigated to assess their potential for high-throughput polycrystalline
silicon production.
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Figure 4.25.: a) Raman and b) FTIR spectra of silicon films deposited using pure
trisilane at 580 °C and annealed at T a = 900, 1000, and 1100 °C. c)
Raman and d) FTIR spectra of carbon-containing silicon films deposited
using 2 vol% TS in CO as a precursor at 580 °C and annealed under
the same conditions. The primary peaks are labeled according to their
corresponding vibrational modes.
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Since furnace annealing showed that films deposited with 2 vol% TS diluted in CO
did not crystallize at T a = 900 °C, and the RTA system is limited to this maximum
temperature, the focus was placed exclusively on films deposited from pure TS. The a-
Si:H films were prepared at deposition temperatures of 440 and 580 °C. Films deposited
at 440 °C were annealed at 700, 800, and 900 °C, while films deposited at 580 °C were
annealed at 825 and 900 °C. None of these samples exhibited blistering after RTA.

Figure 4.26 presents the Raman spectra and conductivity measurements for the
RTA-processed samples. The Raman spectra of the films deposited at 580 °C are
shown separately in Figure A.13 a).

Figure 4.26 a) shows the normalized Raman spectra for films deposited at 440 °C.
The as-deposited material exhibits a broad peak centered at 480 cm-1, characteristic of
amorphous silicon. After RTA at 700 °C, the spectrum remains largely unchanged,
indicating that crystallization has not yet occurred. However, at higher annealing
temperatures, the 480 cm-1 peak diminishes, while a sharp c-Si TO phonon peak
emerges, confirming the transformation to poly-Si.[193] For both annealing temper-
atures, 800 and 900 °C, the c-Si TO phonon mode appears at 517 cm-1. The same
position is observed in samples deposited with a deposition temperature of 580 °C
(Figure A.13 a)).

Figure 4.26 b) compares the electrical conductivities of RTA-treated films deposited
at 440 and 580 °C. While furnace-annealed films showed only a slight increase in
conductivity (less than one order of magnitude; see Figure A.12), RTA resulted in
a significant enhancement in conductivity, reaching values of up to 10-1 S cm-1. This
value far exceeds typical intrinsic crystalline silicon conductivity, which is typically
below 10-3 S cm-1.[227] Even for polycrystalline silicon with large grain sizes and low
defect densities, the observed increase in conductivity cannot be attributed solely to
improved carrier mobility.

A possible explanation is unintentional doping. Secondary ion mass spectrometry
(SIMS) measurements (Figure A.14) reveal a slightly higher phosphorus concentration
in RTA-annealed films compared to furnace-annealed samples, suggesting the possibility
of unintentional doping. However, the hydrogen concentration is also elevated in these
films, and the phosphorus depth profile closely follows that of hydrogen. Thus, the
increase in phosphorus signal could result from 31SiH3- ions rather than 31P- ions.

X-ray photoelectron spectroscopy (XPS) measurements indicate a higher nitro-
gen concentration of 1.3 at% in the RTA-treated film compared to 0.5 at% in the
furnace-annealed counterpart (data not shown), which could contribute to increased
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conductivity. This difference may stem from the purer inert gas atmosphere in the
RTA process, whereas furnace annealing likely results in an oxide layer that prevents
nitrogen incorporation. However, because of the low nitrogen signal in the XPS
measurements and the surface sensitivity of the technique, this hypothesis remains
uncertain.
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Figure 4.26.: a) Raman spectra of silicon films deposited at 440 °C and annealed via
RTA at T a = 700, 800, and 900 °C. b) Photo- and dark conductivity σph
and σd of the same samples and additionally Si films deposited at 580 °C
and annealed at T a = 825 and 900 °C.
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4.3.3.3. Discussion

Furnace annealing The results in Figure 4.25 confirm that high-purity a-Si:H films
crystallize into poly-Si at T a = 900 °C. The shift of the TO mode from 515.5 cm-1 at
900 and 1000 °C to 517 cm-1 at 1100 °C suggests an increase in grain size from 6 to 9 nm,
as previously observed in similar studies [228]. The decrease in the 485–510 cm-1 side
peaks with increasing annealing temperature indicates a reduction in grain boundary
effects, which is consistent with improved crystallinity.

FTIR spectra show the formation of a near-stoichiometric SiO2 surface layer at
higher annealing temperatures. The significantly larger 1080 cm-1 peak after annealing,
compared to the peak around 1000 cm-1 in the as-deposited film, indicates not only
a transition from a homogeneous SiOx matrix to a mixed Si + SiO2 matrix but also
the formation of a silicon oxide layer on the film surface. This is further confirmed
by the SIMS measurements presented in Figure A.15. The presence of these peaks
results from residual O2 within the furnace. Notably, this SiO2 layer can be removed
by hydrofluoric acid etching. The presence of an additional peak at 820 cm-1 for
films annealed at 1000 and 1100 °C suggests contamination by residual carbon or the
appearance of Si-O bending modes, as previously reported by Hinds et al. [174]

In carbon-containing films, the suppression of crystallization at lower T a, indicated
by the absence of a 520 cm-1 peak, aligns with previous observations that carbon
incorporation raises the crystallization temperature of a-Si:H.[34] The shift of the
480 cm-1, indicating amorphous silicon, to higher Raman shifts point to the initial
stages of poly-Si formation. The eventual appearance of the 520 cm-1 peak at 1100 °C
confirms crystallization. However, the higher relative intensity of the 490 cm-1 side
peak compared to films deposited from pure TS, together with the TO mode located
at 513 cm-1, suggests the presence of smaller silicon crystals.[228]

The appearance of a strong Lorentzian-shaped peak around 800 cm-1 indicates
the formation of crystalline SiC structures within the carbon-containing films after
annealing.[127] While for the as-deposited film, the peak around 1000 cm-1 might
originate from both Si-Ox and Si-C-Hx vibrational modes [176, 177], after annealing,
the peak shifts to 1080 cm-1 and can be clearly assigned to Si-Ox vibrations, similar as
for Si films made with pure TS.

The conductivity increase from 10−7 S cm-1 to 10−5 S cm-1 follow typical behavior
observed in intrinsic poly-Si, where crystallization improves carrier transport by
increasing the long-range order.[229] The increasing photoconductivity with T a and
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the slight separation between photo- and dark conductivity in pure TS films suggest a
reduction in defect density in contrast to TS-CO films.[59]

Rapid thermal annealing The results confirm that RTA effectively crystallizes a-
Si:H films into polycrystalline silicon without causing blistering, demonstrating the
robustness of APCVD films for high-throughput production. Therefore, this material
shows strong potential for the use as a precursor for polycrystalline silicon in TopCon
solar cells. The ability of the a-Si:H films to be rapidly deposited and annealed without
blistering makes them a superior alternative to a-Si:H films produced by PECVD using
silane (SiH4), which are typically deposited at temperatures below 500 °C, resulting in
higher hydrogen content and an increased risk of blistering.

Compared to furnace annealing at 900 °C, RTA results in a Raman TO peak shift
toward higher wavenumbers, suggesting larger grain sizes, possibly due to the rapid
heating and cooling rates maybe limiting nucleation sites. The peak position of
the TO Si-Si mode for RTA-treated films annealed at 900 °C is similar to that of
furnace-annealed films treated at 1100 °C, indicating similar grain sizes. Note that
Raman spectra from RTA-treated films exhibit greater scattering compared to furnace-
annealed films (Figure 4.25), as the Raman measurements were conducted with a
tenfold lower laser power.

The significant increase in conductivity in films treated with RTA, reaching up to
10-1 S cm-1, suggests unintentional doping. According to literature, this conductivity
corresponds to a phosphor or boron dopant concentration in microcrystalline silicon
of ~1015 cm-3.[230, 231] SIMS measurements indeed indicate a higher phosphorus
concentration. However, the phosphorous depth profile is correlated with the H depth
profile, indicating that the increased phosphor SIMS depth profile results from 31SiH3-

ions rather than 31P- ions. XPS measurements reveal an increase in nitrogen content,
which can contribute to the enhanced conductivity as well. However, due to the surface
sensitivity of the XPS and the uncertainty of the SIMS results, the exact origin of the
high conductivity remains unclear.

Despite these uncertainties, high conductivity at 900 °C is consistently achieved
for films deposited at both 440 and 580 °C. This indicates that the higher levels of
oxygen and carbon impurities in the fast-growing 580 °C films (see Section 4.1.4) do
not significantly hinder crystallization or electrical performance, suggesting that these
films remain viable for the production of polycrystalline silicon using RTA.
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Silicon carbide (SiC) is a material of great technological interest due to its wide band
gap, exceptional thermal stability, and robust chemical resistance. These properties
make SiC highly suitable for applications in high-temperature electronics, power
devices, and photovoltaics. In particular, both amorphous (a-SiC) and polycrystalline
SiC (poly-SiC) play crucial roles in advanced silicon-based solar cells, such as TOPCon
and tandem structures, by potentially providing excellent optical properties, surface
passivation, electrical conductivity, and thermal resilience.

In this chapter, the deposition, properties, and transformation of hydrogenated
amorphous silicon carbide (a-SiC:H) into its crystalline form (poly-SiC) are investigated,
with a focus on the impact of different processing conditions on microstructure,
electrical properties, and doping behavior. Using 1,4-disilabutane (DB) as a precursor,
first, the deposition of a-SiC:H films at atmospheric pressure is explored, analyzing
their atomic composition, microstructure, and surface characteristics. Furthermore,
the incorporation of N is tested using 1,1,3,3-tetramethyldisilazane (TMD) as an
N-containing precursor additive to achieve doping of the films and increase their
electrical conductivity.

The crystallization process is then examined, with an emphasis on the formation of
undoped and doped poly-SiC films through furnace and laser annealing. The impact
of annealing temperature and nitrogen incorporation on film conductivity is discussed
in detail, highlighting improvements in electrical performance.

Finally, to increase the carbon content within the SiC films, the study was extended
to SiC films deposited from a combination of disilabutane and cyclooctane, investigating
their as-deposited properties and subsequent structural transformations upon annealing.
The comparative analysis of these different approaches provides valuable insight into
scalable and cost-effective pathways for SiC film fabrication, with potential applications
in photovoltaics and nanoelectronics. The chapter is based on a previously published
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article that was part of my PhD thesis (Fischer et al. [232], 2025). Portions of the text
and figures have been adapted from the publication, with additional data, analyses,
and discussions incorporated to extend the original content.

5.1. a-SiC:H deposition using disilabutane

In this section, the deposition of a-SiC:H films is explored using 1,4-disilabutane (DB)
as a liquid precursor in an atmospheric pressure chemical vapor deposition (APCVD)
process. DB offers advantages for the deposition at temperatures below 600 °C
over conventional gaseous precursors, such as lower decomposition temperatures and
improved handling, making it a promising candidate for scalable SiC film fabrication.

The analysis begins with the microstructure and electrical properties of the deposited
a-SiC:H films, followed by a detailed investigation of the near-surface atomic structure
using X-ray photoelectron spectroscopy (XPS). The effect of nitrogen doping on film
conductivity is then discussed, providing insight into optimizing electrical performance
for potential device applications. Finally, a comprehensive discussion of the results is
presented, comparing the findings with existing deposition methods and highlighting
the advantages of DB-based APCVD for cost-effective and high-quality a-SiC:H film
growth.

5.1.1. Microstructure and electrical properties

To evaluate the suitability of 1-4-DB for producing a-SiC:H layers, thin films were
deposited at temperatures ranging from 500 °C to 600 °C, and their composition was
analyzed using FTIR and Raman spectroscopy. FTIR spectra around the characteristic
IR peaks of a-SiC:H are shown in Figure 5.1.[111, 114, 115] In Figure 5.1 a) mainly
three modes contribute to the spectra: the Si-H wagging mode at 640 cm-1, the SiC
stretching mode in the range between 720 and 780 cm-1 and the Si-C-Hx wagging modes
around 980 cm-1.[111, 114–117] The Si-H mode at 640 cm-1 is strongly overlapped
by the dominant SiC mode. The Si-C-Hx wagging modes may overlap with Si-Ox

or Si-O-Si modes located at a similar wavelengths.[176, 177] The broad SiC peak
with a peak maximum located clearly below 780 cm-1 indicates that the as-deposited
material is amorphous.[111, 114] Figure 5.1 b) shows the Si-H stretching modes around
2100 cm-1 and Figure 5.1 c) the C-H stretching modes at 2850 cm-1.[114, 116, 167]
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The C-H stretching peak at 2850 cm-1 increases proportionally with the peak at
980 cm-1, as shown in Figure A.16. This suggests that the 980 cm-1 peak is more likely
due to Si-C-Hx wagging modes rather than Si-Ox and Si-O-Si modes. The ratio of the
Si-C-Hx wagging mode peak to the Si-C peak decreases as the deposition temperature
increases. This indicates a lower amount of C-Hx bonds within the film.

This trend is also shown in Figure 5.1 d), which shows the densities of Si-C, Si-H, and
C-H bonds in the films. Note that in contrast to the spectra shown in Figure 5.1 a)–c),
which show the absorbance of the films, the calculation of the bond density takes into
account the thickness of the film. These densities were calculated from their respective
stretching vibrations, as described in reference [114]. While the Si-C bond density
increases with temperature, the Si-H and C-H bond densities decrease, with a steeper
decrease for the C-H bond density.
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Figure 5.1.: FTIR spectra of a-SiC:H films deposited at temperatures between 500 and
600 °C. a) Si-H wagging, Si-C stretching, and Si-C-Hx wagging modes; b)
Si-H stretching modes; c) C-H stretching modes. d) Density of Si-C, Si-H,
and C-H bonds as a function of the deposition temperature. Adapted
from Fischer et al. [232] (2025), licensed under CC BY 4.0.

The increase of the Si-C bond density with temperature indicates that the atomic
carbon density nC of the films increases as well. The observation is supported by
the SIMS depth profiles in Figure 5.2. By comparing with a reference sample with a
known implanted nC of 6 × 1019 cm-3 in the peak maximum, the average nC within the
a-SiC:H films was determined to 0.97 × 1022 cm-3 for T d = 530 °C, 1.29 × 1022 cm-3 for
T d = 560 °C, 1.34 × 1022 cm-3 for T d = 585 °C and 1.33 × 1022 cm-3 for T d = 600 °C. The
ionization cross-section in SIMS strongly depends on the material and its structure.
Due to the difference of more than two orders of magnitude in nC between the

135



5. Amorphous and crystalline silicon carbide films

implantation standard and the samples, SIMS can only give a rough estimation of the
absolute nC. However, the nC of ∼ 1.3 × 1022 cm-3 for T d = 585 and 600 °C roughly fits
to a FTIR-determined Si-C bond density of ∼ 8 × 1022 cm-3 which corresponds to a nC

of 2 × 1022 cm-3 if a 4-fold bonding to Si of all C atoms is assumed. On a logarithmic
scale, the SIMS depth profiles indicate homogeneous film growth with minor changes
in C, H, and O and Si concentrations throughout the film thickness. Near the interface
to the c-Si wafer as well as at the film surface, Figure 5.2 shows peaks in O intensity.
The peak at the interface likely occurs due to native oxide on the c-Si substrate that
was not removed prior to deposition. Oxygen at the film surface probably results from
a native oxide layer often emerging when a-SiC:H films are exposed to ambient air.[105,
233] However, on a linear scale, the nC near the surface is higher than near the c-Si
interface, possibly due to a gradual shift in the C radical to Si radical ratio within
the deposition chamber atmosphere. The shift observed during deposition may result
from preferential incorporation of Si over C, leading to increased Si consumption. This
leads to nC differences along the film thickness of ± 25 % compared to the average,
disregarding surface or interface effects. The minimum and maximum values of nC are
given in Table 5.1. In agreement with this, the Si depth profiles for films deposited at
585 and 600 °C exhibit a complementary behavior to the C depth profiles, showing
a lower Si intensity near the surface compared to the region near the interface. For
the film deposited at 600 °C, the Si content decreases by more than 10 %. Assuming
an initial atomic Si density of 4 × 1022 cm-3, this corresponds to a reduction of over
4 × 1021 cm-3. This value is in reasonable agreement with the observed increase in
carbon content of approximately 5.4 × 1021 cm-3. For films deposited at 530 and
560 °C, a distinct decrease in Si ion intensity near the film surface is not observed.
This is likely due to the lower film thickness at these deposition temperatures, which
increases the influence of edge effects on the depth profiles.

The SIMS spectra in Figure 5.2 show that the O content slightly decreases with
increasing deposition temperature. When compared with hydrogenated amorphous
silicon (a-Si:H) deposited in the same system, as analyzed in Section 4.1, all films
exhibit relatively high O concentration, maybe caused by the lower purity of DB
(97 %) in contrast to TS (99 %) and therefore higher amount of unwanted O-containing
substances, or due to higher oxidation probability of C containing Si films.[105, 233]
In the FTIR spectra in Figure 5.1 oxygen could not be distinctly detected, due to the
overlap of Si-Ox modes with the Si-C-Hx modes around 980 cm-1.
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Figure 5.2.: SIMS depth profiles of a-SiC:H thin films deposited at a) 530 °C, b) 560 °C,
c) 585 °C, and d) 600 °C. On the left y-axis, the ion intensities of SIMS
counts for H, Si, and O are given; the right y-axis corresponds to the
atomic carbon density nC. Film thicknesses are shown at the bottom of
the graphs. Adapted from Fischer et al. [232] (2025), licensed under CC
BY 4.0.

Table 5.1.: Minimum, average, and maximum atomic carbon density nC according to
the SIMS depth profiles of a-SiC:H films shown in Figure 5.2. Adapted
from Fischer et al. [232] (2025), licensed under CC BY 4.0.

Td
[°C]

Minimum
nC [1022 cm-3]

Average
nC [1022 cm-3]

Maximum
nC [1022 cm-3]

530 0.69 0.97 1.12

560 1.09 1.29 1.41

585 1.16 1.34 1.52

600 1.09 1.33 1.63
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The SIMS depth profiles and FTIR spectra indicate that the films deposited by
DB are silicon-rich a-SiC:H layers. This can be verified by the analysis of the Raman
spectra shown in Figure 5.3. Here, the Raman spectra of the a-SiC:H films deposited
at various temperatures are compared with the spectra of a Corning glass substrate
and an APCVD a-Si:H film deposited at 580 °C. All a-SiC:H films show a TA Si mode
around 160 cm-1, typical for amorphous silicon.[182] The shape of the TO Si mode
at 480 cm-1 of the a-SiC:H films clearly differs from the shape of this mode for the
a-Si:H film. The peak is less sharp and, especially for films deposited at low deposition
temperatures, resembles the Si-O peak of the glass substrate without film, which is
located in the same region.[234] The spectrum of the film deposited at 500 °C, which
has a thickness of only 3 nm almost exactly resembles the overall spectrum of the glass
substrate. Only a slightly sharper 480 cm-1 peak and the TA Si mode at 160 cm-1

indicate the existence of a-Si.
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Figure 5.3.: Raman spectra of a-SiC:H films deposited at temperatures between 500
and 600 °C. Additionally, a Raman spectrum of a corning glass substrate
without film and a spectrum of an a-Si:H film deposited at 580 °C are
shown for comparison with the a-SiC:H films.
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With increasing T d up to 560 °C, the shape of the Raman spectra is less dominated by
the modes of the glass substrate due to the greater film thickness. A more pronounced
TA and TO Si mode emerge as well as the second-order transversal optical (2TO) Si
mode, confirming the high Si content within the a-SiC:H films. In addition, a peak at
1450 cm-1 emerges, indicating the existence of C-C bonds within the material.[118]
With further increasing T d, a peak at ~750 cm-1 occurs, which might be assigned to
SiC vibrational bonds.[103, 183] However, in the region between 700 and 1000 cm-1,
second-order longitudinal optical (2LO) and second order TO modes of Si occur as
well, which might overlap with the Si-C modes, which makes a clear classification
difficult.[235]

The 480 cm-1 broadens with higher T d, and next to the TA Si peak at ~160 cm-1, a
side peak at ~200 cm-1 rises. Both can be a result of emerging SiC modes in this range
[118], fitting to the higher C content within the film, already observed with FTIR
spectroscopy and SIMS.

5.1.2. Surface analysis

X-ray photoelectron spectroscopy (XPS) was used to analyze the atomic composition
and bonding structure of the a-SiC:H films. Since X-rays are absorbed within the
first 10 nm of the a-SiC:H films [189, 190], this method primarily provides information
about the surface composition rather than the bulk material. Despite HF etching
prior to measurement, the near-surface material is significantly affected by oxidation,
probably due to the high oxidation affinity of a-SiC.[105] Consequently, for the films
investigated here, XPS is not a reliable technique to determine the oxygen content.
However, the composition of the near-surface material, when combined with data from
FTIR, SIMS, and Raman measurements, can provide valuable insight into the bulk
material.

Figure 5.4 presents the XPS atomic composition near the surface of a-SiC:H films
deposited at various temperatures. The percentage values consider only Si, C, and O
bonds, ensuring that their combined atomic contributions sum up to 100 %. Hydrogen
atoms are neglected, and no significant nitrogen peak was detected. The total pro-
portions of Si (yellow), O (blue), and C (orange) were determined by integrating the
corresponding peak intensities within the survey spectra, recorded with a step size of
0.8 eV, and scaling them using empirical relative sensitivity factors. To analyze bonding
configurations, high-resolution detail spectra with a step size of 0.1 eV were used, in
which multiple Gaussian peaks were fitted to each Si- or C-related multiplet. The peak
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Figure 5.4.: Atomic composition at the surface of a-SiC:H films deposited at temper-
atures between 500 and 600 °C measured by XPS. For the percentage
values, it was assumed that the material consists only of Si, C, and O.

area fractions shown in Figure 5.4 represent the product of the relative contribution of
a specific bonding configuration within a multiplet and the total elemental proportion
obtained from the survey spectrum. Because the Si and C multiplets were fitted
independently, discrepancies may arise between the amount of C bonded to Si derived
within the C multiplet and Si bonded to C derived within the Si multiplet.

All films exhibit an oxygen content of 26 to 27 at%, likely due to surface oxidation.
Consistent with the results of FTIR spectroscopy, Raman spectroscopy, and SIMS, the
silicon content within the films decreases with the deposition temperature, while the
carbon content increases. For the film deposited at T d = 600 °C, the XPS measurements
indicate an equal atomic concentration of carbon and silicon at the surface. This
suggests a higher C-to-Si ratio at the surface compared to the bulk composition, as
determined by FTIR and SIMS. While the absolute atomic concentrations at the
surface differ significantly from those in the bulk, the temperature-dependent trends
observed in XPS are likely qualitatively comparable to those of the bulk material.

The Raman spectra in Figure 5.3 reveal a more dominant peak at 480 cm-1, indicating
an increased proportion of a-Si:H within the film. This correlates with a high fraction
of Si atoms bound to other Si, reaching up to 24 at% according to XPS. As the
deposition temperature increases, the proportion of Si atoms bound to C, as well as C
atoms bound to Si, also increases. In contrast, the fraction of C atoms bonded to other
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5.1. a-SiC:H deposition using disilabutane

C remains relatively constant at 14–17 at% across all films, showing no significant
temperature dependence.

5.1.3. Conductivity and nitrogen doping

For applications in solar cells and other technical devices, the electrical conductivity of
a material is a critical property that must be tailored to meet the specific requirements
of the device. Figure 5.5 a) show σph and σd for the a-SiC:H temp series discussed
in Section 5.1.1. The dark conductivity increases by three orders of magnitude
with increasing deposition temperature, reaching a maximum value of approximately
2 × 10−7 S cm-1. While for T d = 500 and T d = 530 °C, the photosensitivity is ~10,
for higher T d, the photosensitivity is 1. For the application in solar cells, higher
conductivities and photosensitivities would be beneficial for better charge carrier
transport and low recombination rate due to defects.
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Figure 5.5.: Photo- and dark conductivity σph and σd of a-SiC:H films a) deposited
with pure DB at temperatures between 500 and 600 °C and b) deposited
at 585 °C using various TMD concentrations χTMD solved in DB to incor-
porate N as dopant.

To increase conductivity, SiC is often doped with nitrogen.[102, 121, 125] Unlike
phosphorus, nitrogen is present in several less toxic precursors, which potentially
allows in situ doping during film growth within the glove box used in this work.
However, the incorporation of N only with thermal energy and without plasma or
hot filament usually requires high substrate temperatures to decompose gases such
as N2 or NH3. Therefore, I searched for a liquid precursor molecule that has already
N embedded within a hydrogen-silicon carbide matrix, which can be mixed with

141



5. Amorphous and crystalline silicon carbide films

DB. During deposition, the molecule might be easier incorporated into the film as
a result of radical formation via bond braking of Si-C, Si-H, or C-H bonds of the
molecule instead of breaking the more robust N-H and N-N bonds. For this purpose,
1,1,3,3-tetramethyldisilazane (TMD, [(CH3)2SiH]2NH) was used, which meets these
requirements. Various TMD–DB mixtures were prepared, and a-SiC:H films were
deposited at 585 °C. This temperature was used since it leads to the highest Si-C bond
density, as found in Section 5.1.1.

Figure 5.5 b) shows the conductivity of a-SiC:H films deposited using 5–80 vol%
TMD in DB as precursor. Up to 20 vol% TMD, the conductivity is slightly above
10−7 S cm-1 and the photosensitivity is 1, similar to the film made from pure DB. The
film deposited with 50 vol% TMD shows a photosensitivity of 10 with a slightly higher
σph of almost 10-6 S cm-1. For a TMD content of 80 vol%, the conductivity decreases
drastically, maybe due to a high incorporation of the TMD molecule.
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Figure 5.6.: FTIR spectra of nitrogen-containing a-SiC:H films deposited with a TMD
concentration χTMD within the precursor of 0–80 vol%. a) Si-H wagging,
Si-C stretching, and Si-C-Hx wagging or Si-O modes; b) Si-H stretching
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To evaluate whether N is incorporated within the a-SiC:H film and its influence
on the microstructure, FTIR spectra were measured. Figure 5.6 presents the spectra
of films deposited with varying TMD contents, normalized to the Si-C stretching
peak. With increasing TMD content within the precursor, the 980 cm-1 peak increases,
possibly caused by increasing Si-Ox, Si-C-Hx, or Si-N modes.[114, 176, 177, 236, 237]
At the same time, the peak around 2100 cm-1 shifts to higher wavenumbers. The C-H
vibration peaks at 2850 cm-1 shown in Figure 5.6 c) are similar for all films, except
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5.1. a-SiC:H deposition using disilabutane

for the film deposited with 80 vol% TMD, where the C-H peak is notably enhanced.
In addition, the films deposited with TMD show an additional peak at 3450 cm-1,
which increases with increasing TMD content within the precursor. In this region,
N-H modes and O-H modes occur.[179, 236]

While the FTIR spectra clearly show a change in the microstructure of the films
deposited with TMD-DB mixtures, it remains unclear which atoms exactly lead to the
changes within the FTIR spectra, since O, N, and C incorporation can lead to peaks
at similar positions. Therefore, SIMS measurements shown in Figure 5.7 of a pure DB
a-SiC:H film and an 80 vol% TMD in DB film were made to investigate the atomic
composition of the films. The depth profiles show a reduction of the Si content and an
increase in the O, H, and N content for the film deposited with TMD. The N content
is indirectly shown by the content of 15NH- ions, since N generally has an extremely
low ionization probability in SIMS and an isobaric interference with 14CH2- ions. The
depth profiles show that N incorporation in a-SiC:H films via a liquid precursor is
possible using TMD. However, at the same time, at least for very high proportions of
TMD as used here (80 vol%), a significant amount of O is unintentionally incorporated
as well. A more detailed investigation of the N incorporation is given in Section 5.2.2,
where the doping of crystallized films is investigated made with significantly lower
concentrations of TMD (~10 vol%) within the precursor.
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5.1.4. Discussion

The study showed that liquid precursors, specifically 1,4-DB and 1,1,3,3-TMD, can
be used effectively for a-SiC:H film deposition at atmospheric pressure, offering a
cost-effective and scalable alternative to traditional vacuum-based CVD methods. By
using TMD, a significant incorporation of N into the films was achieved at deposition
temperatures below 600 °C, which is lower than typical doping temperatures above
1000 °C when using N2 or NH3.[238, 239] However, the incorporated N within the film
could not increase electrical conductivity, probably due to a lack of dopant activation
or a high density of defects that are electrically active and therefore hinder the charge
transport via the conducting band by trapping the charge carrier. The FTIR spectra
shown in Figure 5.1 show a dominant SiC stretching mode peak and a significant
Si-C-Hx wagging modes peak typical for amorphous SiC and also found for a-SiC:H
films made by PECVD.[105, 114] The Si-C bond density up to 8 × 1022 cm-3 and a H
number density between 0.8 and 1.7 × 1022 cm-3 found in Figure 5.1 aligns perfectly
with the density of a-SiC:H films reported by Kaneko et al. [114], who reported Si-C
densities up to 6 × 1022 cm-3. This demonstrates the applicability of this process
for the deposition of a-SiC:H films, which might be directly used as passivation layer
in solar cells.[240] Further enhancement of the hydrogen content could potentially
be achieved by increasing the growth rate.[164] However, the hydrogen content is
inherently limited by the significant hydrogen effusion rates that occur at the elevated
deposition temperatures required for the decomposition of DB. Figure 5.1 d) shows
that, especially for low deposition temperatures, there are more C-H than Si-H bonds
within the a-SiC:H films. The higher ratio of C-H to Si-H vibrations for low deposition
temperatures might be due to lower thermal energy, leading to less C-C bond breaking
during the deposition process. This agrees with a more pronounced C-C peak for lower
deposition temperatures observed by Raman spectroscopy in Figure 5.3. While the
peak caused by C-C vibrations clearly indicates C within the films, other Si-C-related
features are less pronounced, probably due to the low Raman scattering efficiency of
Si-C vibrations in contrast to, e.g., Si-Si vibrations.[118] In contrast, the presence of
amorphous Si clusters is clearly indicated by the presence of both the TA Si-Si mode
at 160 cm-1 and the TO Si-Si mode at 480 cm-1.

The SIMS depth profiles in Figure 5.2 show an increase in the incorporation of C
into the film with increasing growth duration. The calculated decrease in the atomic
Si density of 4 × 1021 cm-3 for the film deposited at 600 °C aligns well with the
observed atomic carbon density increase of 5.4 × 1021 cm-3. Minor deviations may
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5.1. a-SiC:H deposition using disilabutane

result from matrix-dependent ionization probabilities of the secondary ions, which
affect the quantitative accuracy of SIMS measurements.

These gradients in C and Si content might result from fewer Si atoms remaining in
the precursor gas, leading to a higher amount of C radicals compared to Si radicals.
This indicates that the Si to C ratio within the film can be adjusted by adding
additional precursors containing only C-H complexes to increase the nC within the
film or only Si-H complexes to increase the atomic Si density. The maximum average
nC of 1.34 × 1022 cm-3 (cf. Table 5.1) and a nC of ∼ 2 × 1022 cm-3 according to FTIR
indicates a carbon deficiency in the SiC relative to its stoichiometric composition.
Assuming an atomic density range of 5 to 8.6 × 1022 cm-3 for pure a-Si:H and SiC:H
[150], respectively, the highest nC of 1.34 × 1022 cm-3 corresponds to an proportion of
16 to 27 at%. However, since the reference sample had a nC three orders of magnitude
lower and since the density of the a-SiC:H films is unknown, estimating the absolute
C to Si ratio is challenging.

A system allowing higher deposition temperatures might allow for higher nC within
the film. However, the current system is already at its limit when operating at 600 °C.
The use of other, carbon-rich precursors can also lead to higher C incorporation, but
these precursors must match the decomposition temperature of DB. Further research
is needed to find suitable precursors and their optimal mixing ratios with DB.

XPS measurements largely resemble the assumptions regarding atomic composition
and bonding structure derived from SIMS, FTIR, and Raman spectroscopy. The
Si-C bond density increases with temperature, and at lower temperatures there is a
higher proportion of C-C and Si-Si clusters within the film. However, since XPS is a
surface-sensitive measurement, the absolute atomic composition measured by XPS does
not represent the composition of the bulk material due to a high fraction of oxidized
surface atoms leading to oxygen concentrations of 26–27 at% and probably a higher
fraction of C-atoms near the surface, as already observed via SIMS measurements (see
Figure 5.2).

However, SIMS measurements, shown in Figure 5.2, reveal that a significant amount
of oxygen is also present in the bulk material in the films compared to the a-Si:H
films discussed in Section 4.1 (see Figure 4.6. The higher oxygen content within the
a-SiC:H films can be attributed to three reasons: i) The decomposition temperature of
trisilane is lower than for disilabutane, which is why the ratio of the precursor radicals
to oxygen impurity radicals is higher. This leads to fewer impurities within the film.
ii) In contrast to disilabutane, trisilane highly reacts with oxygen, forming solid silicon
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oxide. This leads to self-purification of the process by reducing the O2 content not
only within the deposition chamber but within the whole glove box. iii) The purity of
the trisilane precursor (>99.9 %) is higher than for the disilabutane (99 %). The lower
purity might lead to a higher amount of O-containing solvents, which are incorporated
into the material during film growth. However, the exact composition of the remaining
1 % of the precursor is not specified in the certificate of analysis document.

To reduce the O concentration due to solvents, precursors with higher purity can
be used. Another possibility to reduce the O content is to increase T d as indicated in
Figure 5.2. The lower O content with increased T d might result from higher amounts
of precursor radicals to impurity radicals.

The dark conductivity of the undoped a-SiC:H films ranges from 10-10 S cm-1 to
10-7 S cm-1. Only for the films deposited at T d = 500 and 530 °C the photoconductivity
is with 10-9 S cm-1 significant higher than the corresponding dark conductivity. These
values agree with a photoconductivity of ~10-9 and a dark conductivity of ~10-11 found
for a-SiC:H films made by Masuda et al. [23]. Note, however, that these films were
made by a self-synthesized precursor deposited at temperatures between 320 and
420 °C.

The conductivity could only hardly be improved by adding TMD as a nitrogen-
containing precursor for doping. However, SIMS and FTIR measurements indicated
an incorporation of N. Therefore, in the next section, annealing is tested to activate
the N as dopants within a crystalline SiC matrix. The use of TMD as precursor can
increase the O content as well, as indicated by the increased 16O- intensity in the
SIMS depth profiles shown in Figure 5.7. In agreement with this, the FTIR spectra
show a large peak around 3450 cm-1, which probably originate from O-H bonds.[178,
179, 241] However, also N-H stretching modes can be found in the same region.[236]
The reason for the higher O content might be a more porous structure allowing the
diffusion of O and H2O into the film or a precursor with a low purity of 97 %, maybe
causing a higher amount of O and O-H radicals within the deposition chamber due
to O-containing solvents. Since the conductivity significantly decreases for the film
deposited with 80 vol% TMD, indicating substantial microstructural changes, TMD
concentrations way below 80 vol% will be used for the annealing tests in the next
section to minimize the influence of O on the film properties.
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5.2. Crystallization of a-SiC:H films

In addition to amorphous SiC films, crystalline SiC films are also used in a wide range
of applications.[34, 101, 102, 242–244] The crystalline films have the potential for
improved electrical and optical properties in contrast to amorphous films. Therefore,
in this section the crystallization of the a-SiC:H films discussed in the Section 5.1.1
will be investigated and the properties of the resulting films are discussed.

The crystallization of a-SiC:H films was examined through different annealing
techniques. First, the formation of undoped poly-SiC films by furnace annealing is
explored, and the structural changes induced by varying the annealing temperature are
analyzed. The effects of doping on poly-SiC are then investigated, with a focus on how
nitrogen incorporation influences conductivity and crystallinity. Additionally, laser
annealing is evaluated as an alternative method for achieving localized crystallization,
which could enable more precise material modifications for device integration.

Finally, the implications of these crystallization processes are discussed, comparing
their effectiveness and applicability for industrial applications. By optimizing the an-
nealing conditions and doping strategies, the goal is to improve the material properties
of poly-SiC films.

5.2.1. Undoped poly-SiC films

Crystallizing amorphous SiC films through furnace annealing is a common step in
the fabrication of solar cell devices such as TOPCon solar cells and all-silicon tandem
solar cells.[34, 245] To determine the optimal crystallization process, the annealing
temperature T a was varied between 900 and 1100 °C. Further details are given in
Section 3.5.1. A-SiC:H films deposited at T d = 585 °C were used for crystallization to
maximize the Si-C bond fraction, as shown in Section 5.1.1. All the annealed films were
blistering-free. Figure 5.8 shows that already at T a = 900 °C, the SiC peak increases
and shifts to higher wavenumbers, indicating a higher fraction of crystalline SiC within
the film. Further, increasing the temperature to 1000 °C leads to a more Lorentzian
than Gaussian-shaped peak form, significantly increases the peak height, and shifts the
peak maximum to wavenumbers above 800 cm-1. At 1100 °C, the absorption coefficient
maximum further increases slightly to a value three times higher than that of the
as-deposited film.

Crystallinity can be measured by the ratio of the Lorentzian to Gaussian peak
contributions to the SiC stretching mode, shown in Figure 5.8 b) (see Section 2.2.2).[127]
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Crystallinity increases with higher annealing temperatures, reaching a maximum of
60 % at T a = 1100 °C. For all annealing temperatures, H was completely effused
from the films, as indicated by the disappearance of the 2100 cm-1 mode in the FTIR
spectra (not shown). Besides changes in the Si-C peak, a new peak emerges around
1080 cm-1, while the peak around 980 cm-1 vanishes. The comparison of the SIMS
depth profiles of i) an as-deposited a-SiC:H film and ii) an at 1100 °C annealed SiC
film in Figure 5.9 shows that during annealing, a layer with high oxygen content
emerges at the surface of the film. This suggests that oxygen is incorporated during
annealing from the surrounding atmosphere, which, although purged with nitrogen
(N2), is not fully evacuated before the process begins. As shown in Figure A.17, most
of this oxygen can be removed with an HF dip without etching any SiC. The absence
of a significant Si-Ox peak within the FTIR spectrum after the HF dip indicates that
the oxygen content within the bulk of the film is less than 5 at%. For the calculation
of the O content the peak at 1080 cm-1 was used, using an absorption coefficient of
0.1 × 1020 cm-2 (see Section 3.4.1).
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Figure 5.8.: a) FTIR spectra of SiC films as-deposited and after annealing at 900, 1000,
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the SiC peak position νSi−C. The increasing peak position νSi−C with
increasing annealing temperature is indicated with an arrow. Adapted
from Fischer et al. [232] (2025), licensed under CC BY 4.0.

Since the FTIR and SIMS measurements of the amorphous material in Section 5.1.1
indicated a non-stoichiometric, silicon-rich material, the Raman spectra, shown in
Figure 5.10, are used to investigate the formation of crystalline Si clusters within the
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Figure 5.9.: Silicon, hydrogen, carbon, and oxygen SIMS depth profile of a) an at
T d = 585 °C deposited a-SiC:H film and b) a SiC film deposited under the
same conditions but after post-annealing at 1100 °C. The SIMS counts
for H, Si, and O are given on the left axis. On the right axis, the atomic
carbon density nC is given, calculated by comparing with a reference
sample with a known amount of incorporated C in Si. Adapted from
Fischer et al. [232] (2025), licensed under CC BY 4.0.

films during annealing. The features of the as-deposited film were already discussed in
Section 5.1.1. The spectrum of the film annealed at 900 °C is similar.

At a T a of 1000 °C, a small peak at 520 cm-1 emerges, which gets stronger for
T a = 1100 °C. This clearly shows the formation of c-Si clusters within the SiC film. The
fact that this peak occurs only for T a ≥ 1000 °C, indicates a substantial concentration
of C since the crystallization temperature of Si increases with increasing C content.[120,
183]
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5.2.2. Doped poly-SiC

Knowing from Figure 5.8 that annealing at T a = 1100 °C leads to the highest crys-
tallinity in SiC samples, this temperature was used to crystallize N-containing SiC
films as already analyzed in their as-deposited state in Section 5.1.3. Figure 5.11 a)
shows the conductivity of the films after annealing at 1100 °C as a function of the TMD
content within the precursor. By varying the TMD content, the conductivity can be
adjusted over three orders of magnitude. Below 1 vol% TMD content, no doping effect
is observed in the SiC film. Between 1 and 5 vol% TMD content, the conductivity
increases dramatically, indicating sufficient incorporation of N to dope the material.
For higher TMD contents, the conductivity saturates at values up to 0.03 S cm-1.

Increasing N concentration within the SiC films alters the chemical and electrical
properties of the material, potentially shifting the Si-C vibrational modes.[184, 237]
Therefore, the vibrational modes were investigated via FTIR. Figure 5.11 b) shows
the normalized FTIR spectra of selected films from Figure 5.11 a) made with TMD
contents between 1 and 20 vol%, along with a spectrum of an as-deposited sample.
With increasing TMD content in the precursor, the SiC peak broadens. The broadening
between 850 and 950 cm-1 of the Si-C peak within the FTIR spectra is likely caused
by emerging Si-N peaks located in this wavelength regime, fitting to an increased N
incorporation with higher TMD content.[125] The broadening to lower wavelengths
might be caused by changes in the electrostatic environment of the Si-C bonds due to
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N inclusion or a higher amorphous SiC fraction resulting from N incorporation.[125]
Raman measurements on the films also reveal a higher amorphous fraction, as evidenced
by the reduction of the 520 cm-1 peak with increasing TMD content. This trend is
illustrated in Figure A.18, where with increasing TMD content, the increase in the
amorphous peak relative to the crystalline peak, used for spectral normalization, is
observed.

In addition to an increased amount of N, the changes in the shape of the peaks in
the Raman and FTIR spectra might also be caused by an increased O content, as was
already indicated in Figure 5.7 within the previous Section 5.1.3. However, note that
for the crystallized samples here, a lower concentration of TMD was used than for the
film analyzed in Figure 5.7.

Figure 5.11 c) shows the dependence of the conductivity on T a for undoped samples
and samples doped with a precursor containing 20 vol% TMD. The samples were
deposited at a temperature of 585 °C, which is why the T a of the as-deposited samples
is set to 585 °C on the x-axis. As-deposited, the doped and undoped samples exhibit a
similar conductivity of ∼ 2 × 10-7 S cm-1, indicating that the introduced N is not active
as a dopant. Annealing at T a = 900 °C increases the conductivity of both undoped
and doped SiC to almost 10-4 S cm-1. This increase might be due to an increase in
the number of dangling bonds due to H effusion or other restructuring of the SiC
configuration, as indicated by a change in the Si-C FTIR peak position shown in
Figure 5.11 d). Further, increasing the T a does not change the conductivity of the
undoped sample, even though a structural change from amorphous to crystalline SiC
occurs, as shown in Figure 5.8 and the content of silicon nanocrystals (nc-Si) increases
as shown in Figure 5.10. However, in contrast to undoped samples, the transition
from the amorphous to the crystalline phase in doped samples is accompanied by a
significant increase in conductivity up to 3 × 10-2 S cm-1. This increase is most likely
due to the activation of the N dopants within the crystalline SiC structure.

In Figure 5.12, SIMS spectra of crystallized SiC films either deposited with (10 vol%
TMD) or without doping are compared to investigate changes in nitrogen and oxygen
content after doping. As a measure of the nitrogen content within the film, the SIMS
counts of 16CN- ions are given. Both spectra show a significant but similar amount
of oxygen. In contrast, the doped film shows 2 orders of magnitude increased SIMS
counts of 16CN- ions, indicating that the incorporation of nitrogen is the main reason
for the increased conductivity of the films. The fact that also for the undoped film, a
significant amount of 16CN- ions are detected might be due to low amounts of N that
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are within the film or due to overlapping peaks from other ions, e.g., C2H2. However,
the strong increase over two orders of magnitude in ion intensity for doped samples is
probably caused by N, since the other atomic ions, in particular C and H, show far
less significant changes in ion intensity. In agreement with this, XPS measurements
showed no nitrogen atoms for undoped crystallized SiC films and up to 2 at% nitrogen
for the film doped with 10 vol% TMD (see Figure A.19). Other atomic contributions
(Si, C, and O) show only minor changes, underlining the results from SIMS.
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5.2.3. Laser annealing

In the previous two sections, it was demonstrated that the a-SiC:H films produced
by the APCVD system can be successfully crystallized via oven annealing. Although
oven annealing results in full-area crystallization, localized crystallization of SiC
films may be beneficial for several semiconductor devices. For example, transistors
or microelectromechanical systems (MEMS) feature localized structures, potentially
necessitating localized poly-SiC structures.[5]

To achieve localized crystallization, an a-SiC:H sample prepared at T d = 585 °C
was illuminated with a UV laser (wavelength: 355 nm, Gaussian spot size: 60 µm,
power: 92 mW, pulse frequency: 15 kHz, pulse length: 12.5 ns). The laser was scanned
over an area of (9 × 9)mm2 at a speed of 9 mm s-1 with a line distance of 30 µm.
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5. Amorphous and crystalline silicon carbide films

A microscope image of the resulting structure is shown in Figure 5.13. The laser
scanning produced a continuous crystalline structure over the entire treated area, with
slight optically visible variations between the laser focus and the overlap of two laser
lines. Additionally, small black dots observed at the laser focus may indicate hydrogen
effusion during the annealing process.

Figure 5.14 presents the FTIR spectra of the film before and after laser treatment.
Two major aspects can be observed: (i) The peak at 720 cm-1, associated with Si-
C bonds in an amorphous environment, increases in intensity and shifts to higher
wavenumbers, indicating the formation of crystalline SiC. (ii) The peaks around
2050 cm-1 and 2850 cm-1, corresponding to Si-H and C-H stretching modes, respectively,
decrease to one-fourth of their original height after laser treatment but do not fully
vanish. This suggests that residual a-Si:H remains within the film either across the full
treated area or possibly only at the laser spot edges due to lower annealing temperatures.
Raman measurements along a pathway perpendicular to the laser scanning direction
shown in Figure A.20 reveal consistent peak heights for the 2050 cm-1 Si-H stretching
mode, indicating that the remaining hydrogen is distributed uniformly throughout the
treated area.
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5.2. Crystallization of a-SiC:H films

Figure 5.13.: Microscope image of a laser-crystallized SiC film at the edge of the
crystallized area using a magnification of 50×.
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5.2.4. Discussion

Furnace annealing of a-SiC:H films at 1000 and 1100 °C results in the formation of
crystalline silicon carbide (c-SiC) as well as nanocrystalline Si clusters within the
material, as shown in Figures 5.8 and 5.10. While carbon clusters were also detected
by Raman spectroscopy (see Figure 5.3), it remains unclear whether they crystallized
during annealing.

The successful crystallization of the a-SiC:H films aligns with the existing literature
and confirms the feasibility of the annealing process in enhancing the properties of
the material.[34, 96, 125, 213, 242] However, the Raman signal of the Si-C modes
(750–800 cm-1) in Figure 5.10 is too weak and too broad to draw conclusions about
the polytype of the SiC crystals. This is probably due to the small crystal size and
low film thickness.[123, 124, pp. 95–98]

In FTIR spectra, the crystallized films show Si-C peaks at 800 cm-1, which is slightly
higher than the typical position of the SiC peak at 780 cm-1. This shift might be
caused by an over-stoichiometric Si concentration within the film, as also observed by
Weiss et al. [127]. By comparing the Lorentzian fraction with the Gaussian fraction of
the peak, a maximum crystallinity of 60 % was found. A crystallinity below 100 % for
non-stoichiometric Si-C is in agreement with the findings in Weiss et al. [127] and may
also be influenced by the relatively high O concentration within the films, as found
via SIMS measurements (see Figures 5.2 and 5.9).

The formation of a c-Si peak at high temperatures (1000–1100 °C) within the
Raman spectra indicates a significant C content within the films, since for a-Si:H
films, crystallization can already be observed at 700–800 °C as shown in Section 4.3.3.
Song et al. [183] found similar Raman spectra for non-stoichiometric SiC as shown in
Figure 5.10. Song et al. [183] give a correlation between the c-Si formation temperature
and the C concentration within the films. Comparing the c-Si formation temperature
of the APCVD films analyzed here with the results of Song et al., a C concentration
between 24 and 39 at% can be concluded, which is in good agreement with the
concentrations found using FTIR spectroscopy.

The increase in conductivity from 2 × 10-4 S cm-1 to 0.03 S cm-1, shown in Figure 5.11
for the films deposited using a mixture of >5 vol% TMD in DB demonstrates the effec-
tiveness of a liquid precursor for the incorporation of active dopants. The conductivity
is within the typical range for crystalline, solar-grade SiC doped with N.[122, 246, 247]
Anwar et al. [248] reviewed several series of SiC samples with conductivities ranging
from 10-9 S cm-1 to 102 S cm-1. The conductivities observed in the work presented here
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5.2. Crystallization of a-SiC:H films

align well with this range and, spanning five orders of magnitude, cover a broader
conductivity range than most other standalone sample series. Compared with the work
of Miyajima et al. [128, 131] the maximum achieved conductivity of 0.03 S cm-1 is higher
than for nitrogen doped PECVD (10−3 S cm-1) films but lower than for nitrogen-doped
HWCVD films (101 S cm-1).

The observed increase in conductivity is likely attributable to the formation of doped
SiC or Si crystals. The most significant improvement in conductivity occurred between
annealing temperatures of 900 °C and 1000 °C, a range that coincides with substantial
c-SiC formation as shown in Figure 5.8 and only minimal crystalline Si formation,
which increases more for T a = 1100 °C, as shown in Figure 5.10. This suggests
that the doped c-SiC phase is the primary contributor to the observed conductivity
improvements, supported by a significant broadening of the SiC mode within the FTIR
spectrum, which indicates nitrogen incorporation into the SiC matrix. Therefore, an
optimization of the c-SiC content by using stoichiometric Si:C mixtures might be
beneficial to further improve the conductivity for other semiconductor applications
such as transistors.[242, 243] Routes to achieve more stoichiometric SiC are discussed
in 5.1.4.

Optimizing the N doping process could also yield higher conductivities, and exploring
other dopants like aluminum may further enhance the properties of the film.[249]
Additionally, a post-treatment for the incorporation of H could further increase the
conductivity, making the film feasible for application as a passivation layer in TOPCon
solar cells.[34, 36]

Not only near-stoichiometric SiC films, but also a-SiC:H films with lower nC than the
films used for crystallization in this work are utilized in nanoelectronic or optoelectronic
devices. Reducing nC lowers the crystallization temperature of nc-Si below that of SiC,
potentially resulting in conductive nc-Si embedded within an a-SiC:H matrix, thereby
enabling tunability of the optical band gap.[96, 98, 103, 120, 213] This reduction in
nC can be readily achieved by decreasing the deposition temperature or by mixing
1,4-DB with a silicon-rich precursor like trisilane, making the process suitable for the
deposition of films designed for the formation of nc-Si within an a-SiC:H matrix.

In Section 5.1, via SIMS measurements, high O contents were found within a-SiC:H
in comparison with a-Si:H made with pure TS. In FTIR, the corresponding Si-O peak
is overlapped with the Si-C-Hx peak at the same position, making a clear assignment
difficult. However, the 980 cm-1 peak was mainly attributed to Si-C-Hx vibrations due
to its correlation with the C-H peak, as found in Section 5.1.
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After crystallization, the peak at 980 cm-1 vanished and a new peak at 1080 cm-1

emerged. If the 980 cm-1 was due to Si-Ox and Si-O-Si vibrations, its reduction could
be explained by a shift to higher wavelengths due to the reordering of the Si-Ox and
Si-O-Si bonds.[175] These bonds would then contribute to the 1080 cm-1 peak shown
in Figure 5.8 a). Assuming that the 980 cm-1 peak is attributed to Si-C-Hx vibrations,
an alternative explanation for the disappearance of the 980 cm-1 peak could be due
to the restructuring of carbon within the crystals formed during the annealing and
the effusion of H from the film. The appearance of the 1080 cm-1 peak might not be
directly related to the 980 cm-1 peak. Figure A.15 shows a sharp O peak at the surface
of the film. Therefore, the O peak at 1080 cm-1 mainly occurs due to an oxide layer
at the surface. This assumption is supported by the fact that an HF-etching of the
sample led to a drastic decrease of the 1080 cm-1 peak while the Si-C peak height was
maintained (cf. Figure A.17).

The unintentional incorporation of oxygen into the film can have significant effects
on both the electrical and structural properties of the material. The acceptable
amount of oxygen within the film depends on the application. Avila et al. [250] found
significant structural changes of the material for oxygen contents > 15 at%. However,
mechanical properties can be changed significantly for lower O content already.[251]
For the application in electric devices, at grain boundaries and surfaces, oxygen can
lead to the formation of SiO2, an insulating phase that can interrupt conductive
paths and thus reduce the overall conductivity of the SiC films. In contrast, in small
amounts, oxygen can also act as an (unintentional) dopant, influencing the charge
carrier concentration.[248] While oxygen incorporation can potentially enhance certain
properties of SiC films, careful control of its content is critical to maintaining the desired
electrical and structural characteristics for electronic and photovoltaic applications.
The SIMS analysis in Figure 5.12 used to detect and quantify both nitrogen and
oxygen in the films shows that after doping with TMD, the oxygen concentration in
the film remains comparable to that of the undoped film. However, the amount of
nitrogen increased significantly, indicating that the increased conductivity is indeed
due to nitrogen doping instead of unintentional oxygen doping. This is in agreement
with the findings of Lebedev et al. [135] and contradicts the assumption that doping
is due to oxygen incorporation. However, a mechanism involving both N and O atoms
is still conceivable.

The evaluation of the O content within the a-SiC:H films of Section 5.1 through
FTIR was challenging due to overlap of the Si-Ox modes with the Si-C-Hx modes.
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However, the FTIR spectrum after the HF dip in Figure A.17 allows a clear assignment
of the peaks within the region from 1000 to 1200 cm-2 to Si-Ox modes, since most of
the H effused out of the material due to annealing. The spectrum shows almost no
Si-O peak, indicating an oxygen content of less than 5 at% in the bulk crystalline SiC
material.

Finally, Figures 5.13 and 5.14 show that the a-SiC:H film can be locally crystallized
using a Gaussian-shaped UV laser. The observation of Si–H modes after crystallization
via FTIR and Raman spectroscopy indicates that an a-SiC:H layer persists after
crystallization. Given that a UV laser was used, which is strongly absorbed in Si and
therefore probably in the here used under stoichiometric a-SiC:H as well [252–254], it
is likely that the residual amorphous layer is located near the interface with the c-Si
wafer, where only a low intensity fraction of the UV light penetrates and is absorbed
within the film. This might be beneficial for passivation applications.

To achieve a fully crystallized SiC film, a laser with a higher wavelength would
allow more uniform annealing of the film due to a higher penetration depth. The
microscopic image shows minor layer destruction, which probably occurs due to an
accumulation of H at the laser line edge after the 1st laser-line scan and then abrupt
H effusion during the scan of the next line, since for this line the focus is on the edge
of the 1st line. This destruction could be prevented by an optimization of the laser
power and the distance between each line.

The APCVD method for the SiC film deposition reduces operational costs and
simplifies the scaling process, making it feasible for large-scale manufacturing. The
structural integrity and electrical properties of these films make them promising can-
didates for applications requiring high thermal stability and efficient charge transport,
such as TOPCon solar cells and all-silicon tandem solar cells.
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5.3. Silicon carbide films from disilabutane diluted with
cyclooctane

Depending on the application, SiC films with various Si-to-C ratios are required for
electrical devices. In this chapter, it has already been established that depositing
a-SiC:H films using DB results in films with an overstoichiometric Si content. Films
with even higher Si concentrations can be readily achieved by optimizing the TS-to-DB
ratio within the precursor, as TS decomposes at temperatures lower than those of
DB (cf. 5.1). A confirmation of this hypothesis can be found in Figure A.21, where
the number density of SiC bonds is shown for 3 films made of TS, DB, and a 50:50
mixture of both. The bond number density clearly decreases with decreasing DB
concentration.

In contrast, increasing the carbon content presents a challenge, as the decomposi-
tion temperature of conventional precursors containing only C and H is potentially
higher than that of DB or due to desorption mechanisms of carbon chains during
deposition.[151] However, Section 4.2 showed, that mixtures of TS and CO can be
used to produce SiC films with low C content. Therefore, in this section, the use
of DB and CO mixtures as precursors is explored to potentially enhance the carbon
content in a-SiC:H films and achieve a stoichiometric Si:C ratio.

5.3.1. a-SiC:H films from disilabutane and cyclooctane

When the Si-to-C ratio approaches a stoichiometric level, the number of Si-C bonds
increases. To investigate these changes, FTIR spectroscopy was employed to analyze
the Si-C bond density as a function of the precursor mixture. The resulting FTIR
spectra are presented in Figure 5.15.

As shown in Figure 5.15 a), the Si-C bond peak exhibits only minor variations
for DB concentrations ranging from 100 vol% to 10 vol%. However, further dilution
with CO leads to a pronounced increase in the peak at 1000 cm-1, while the Si-C
peak diminishes. At the same time, the film thickness increases significantly (see
Figure 5.15 d)). As discussed in Section 5.1, the enhancement of the peak around
1000 cm-1 suggests an increased presence of Si-C-H3 or Si-O bonds. Furthermore,
the position of the Si-H stretching modes, shown in Figure 5.15 b), shifts to higher
wavelengths for films deposited with DB concentrations below 10 vol%. In addition,
a distinct triple peak structure emerges at approximately 2100, 2150, and 2250 cm-1,
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strongly indicating the presence of Si-H bonds with oxygen backbond.[176] Consistent
with this observation, Figure 5.15 c) reveals the appearance of a broad peak around
3450 cm-1, corresponding to O-H vibrational modes within the film.[178, 179, 241]
Furthermore, a slight increase in C-H bond absorption is observed with decreasing DB
concentration. It should be noted that the absolute values of the absorption coefficient
for films deposited with 5 vol% and 2 vol% DB may deviate as the thicknesses may
deviate due to the higher mean square error in the fitting of the ellipsometry data for
these samples.
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5.3.2. Poly-SiC films from disilabutane and cyclooctane

To further characterize the properties of the films deposited with DB diluted in CO,
the samples were annealed at 1100 °C in a furnace. The FTIR spectra obtained after
annealing are presented in Figure 5.16 a). All samples exhibit a sharper peak around
780 cm-1, indicating the transition from amorphous SiC to a more crystalline SiC
structure.[127]

Consistent with observations for amorphous films, the Si-C peak intensity for
annealed films remains nearly unchanged for films deposited with DB concentrations
ranging from 100 vol% to 10 vol% but decreases for films deposited at higher dilution
levels. As observed for films deposited with pure DB (see Section 5.2), annealing
causes the peak at 1000 cm-1 to disappear while a new peak emerges at 1080 cm-1.
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This peak is associated with the formation of a silicon-oxide layer at the film surface.
The peak is particularly pronounced for the film deposited with 10 vol% DB, as the
reduced film thickness enhances the influence of surface silicon oxide on the absorption
coefficient spectrum.

To remove the SiOx layer, the annealed films were subjected to HF etching, and the
FTIR spectra were remeasured. The results, shown in Figure 5.16 b), reveal that for
films deposited with 50 vol% and 100 vol% DB, the 1080 cm-1 peak is almost entirely
eliminated, suggesting that it originates primarily from a silicon oxide layer formed at
the surface during annealing. However, for films deposited with lower concentrations
of DB, the 1080 cm-1 peak, along with a side peak around 1200 cm-1, partially persist
even after etching. This indicates a significant incorporation of oxygen into the film
during deposition, consistent with the presence of Si-O and O-H peaks in the FTIR
spectra of the amorphous films shown in Figure 5.15. In agreement with this, the
conductivity of the crystallized film decreases significantly with increasing dilution for
films deposited with a DB concentration below 10 vol% as shown in Figure A.22.
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5.3.3. Discussion

The deposition of a-SiC:H films using DB diluted with CO did not increase the Si-C
bond density within the material. For DB concentrations between 10 vol% and 100 vol%
in the precursor, the carbon content (as indicated by the Si-C peak in FTIR) remains
constant, but it decreases significantly for DB concentrations below 10 vol%. Instead,
oxygen is incorporated into the film, as evidenced by O-H vibrations in the FTIR
spectra of the amorphous film (Figure 5.15) and Si-Ox modes in the FTIR spectra
of the crystallized films (Figure 5.16 b). The increased oxygen content may result
from either a higher level of oxygen impurities in CO, which is consistent with the
findings in Section 4.2, where an increased O content was observed in films with higher
CO concentrations in the precursor, or from a porous film structure that facilitates
oxidation upon exposure to ambient air.

The highest absorption coefficient found for the Si-C peak was 4 × 104 cm-1 after
crystallization for DB concentrations between 10 vol% and 100 vol%. This is half of
the maximum peak value reported for SiC films produced via HWCVD by Köhler et
al. [255]. This finding is consistent with the results of Section 5.1, where the carbon
concentration in films deposited using disilabutane was determined by SIMS to be
approximately 16–27 at%, compared to the 50 at% expected for stoichiometric films.
Köhler et al. [255] correlated the maximum Si-C peak height with the grain size of the
SiC crystal. If the influence of carbon concentration is disregarded, the peak height of
4 × 104 cm-1 observed in this work corresponds to a grain size of approximately 8 nm.

When comparing the FTIR spectra in Figure 5.15 with those of the a-SiC:H films
incorporating nitrogen in Section 5.1.3 (Figure 5.6), both materials exhibit a very
similar peak around 3450 cm-1. While in Section 5.1.3 it remained unclear whether this
peak originates from N-H or O-H modes, the films deposited using the DB-CO mixture
are not expected to contain nitrogen, suggesting that the peak originates primarily
from O-H modes. However, substantial differences are observed in other regions of the
FTIR spectra. While the peak at 3450 cm-1 is significantly more pronounced in the
DB-TMD films, only a minor shift of the 2100 cm-1 peak and a slight increase in the
1000 cm-1 peak are observed compared to the FTIR spectra of the DB-CO films. Both
peak changes indicate the presence of Si bonded to O. Therefore, the increase in the
peak at 3450 cm-1 appears to be decoupled from other typical oxygen-related peaks,
which potentially indicates that, in the DB-TMD films, this peak is indeed related to
N-H modes or that a different O-H bond incorporation mechanism occurs compared
to the DB-CO films.
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The significant increase in oxygen content for films deposited with a DB concentration
below 10 vol% can have substantially influence on the film properties [248, 250,
251], which aligns with the pronounced drop in conductivity observed for these
films, as shown in Figure A.22. This decrease in conductivity further supports the
conclusion that, for the TMD-doped films discussed in Section 5.2.2, the increase
in conductivity is not due to unintentional oxygen doping but rather a result of the
successful incorporation of nitrogen dopants.

To enhance carbon incorporation, the use of precursors with lower decomposition
temperatures might be advantageous. This is supported by the observation that the
introduction of TS, which decomposes at a lower temperature than DB, into the
precursor mixture resulted in a significant increase in the silicon content within the
film. However, identifying a suitable carbon precursor remains challenging because
of the high bond strength of C-C bonds, which hinders efficient decomposition. The
introduction of a catalyst may be necessary to facilitate the formation of reactive
carbon radicals capable of interacting with the film surface.

When films produced using TS-CO mixtures, DB-CO mixtures, and pure DB are
compared, those deposited with pure DB exhibit the highest density of Si-C bonds while
also achieving the highest film purity, particularly with respect to oxygen impurities.
Therefore, pure DB is the optimal precursor for depositing a-SiC:H films that meet
these two criteria.
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This work investigated the deposition of a-Si:H and a-SiC:H films using liquid precursors
in an atmospheric pressure chemical vapor deposition (APCVD) process. A new
APCVD prototype was built to pave the way for the industrial application of this
process and to demonstrate the potential for using the layers in solar cells and other
semiconductor devices.

The successful use of pure trisilane for controlled deposition of a-Si:H films fills a gap
in the field of liquid silane pyrolysis, which has focused primarily on cyclopentasilane
or nanoparticle polysilicon inks so far.[21, 143, 149] Furthermore, a wide range of
trisilane-cyclooctane (TS-CO) mixtures was explored to define the limits of the trisilane
dilution to achieve minimal impact of the carbon-containing solvent on the a-Si:H film
properties. For the first time, 1,4-disilabutane (DB) was employed for the intentional
deposition of a-SiC:H films, thus extending the parameter space for liquid-precursor-
based a-SiC:H deposition.

For both a-Si:H and a-SiC:H, new application pathways in semiconducting structures
were explored, particularly their crystallization into poly-Si and poly-SiC films. This
work thereby combines a detailed understanding of film properties with well-founded
suggestions for how these properties can be optimized or adapted for specific applica-
tions, while also identifying limitations. The key findings related to silicon and silicon
carbide films are summarized as follows.

6.1. Silicon Films

Using a custom-built APCVD prototype and the readily available liquid precursor
trisilane, a-Si:H films were deposited with qualities comparable to those achieved
using cyclopentasilane.[7, 148] By adjusting the deposition parameters, hydrogen
content between 0 and 10 at% and microstructure parameters between 0 and 0.6 were
obtained. Among these parameters, the deposition temperature was identified as
the most critical: higher temperatures led to higher hydrogen effusion rates during
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deposition, resulting in a reduced hydrogen content. In addition, higher temperatures
also promoted the incorporation of carbon and oxygen impurities. Films deposited
at lower temperatures (440–470 °C), on the other hand, exhibited higher hydrogen
concentrations and purities comparable to PECVD-deposited films used in solar cell
applications, as shown in Section 4.1.

Varying the deposition time and precursor volume allows for tuning of the film
properties as well. A higher volume of precursor increases the probability of precursor
molecules or radicals interacting with the substrate surface. This increases the growth
rate and leading to higher hydrogen incorporation and a more porous film, which
raises R. In contrast, longer deposition times lower the average growth rate and may
induce annealing, both of which reduce the hydrogen concentration and R in films
made with pure trisilane.

The lowest defect density observed in this work was 3 × 1018 cm-3, which is
significantly higher than that of PECVD films. This elevated defect density is likely
due to the lower degree of defect saturation stemming from the relatively low hydrogen
content. The photosensitivity of the films was directly correlated with the hydrogen
content, with the highest photosensitivity values reaching 4 × 104 in as-deposited
films, with a dark conductivity of 3.4 × 10-12 S cm-1 and a photoconductivity of
1.5 × 10-7 S cm-1. Post-deposition hydrogenation via hot-wire CVD further increased
the photosensitivity to values exceeding 105. This treatment was particularly effective
for films deposited at higher temperatures and with initial low hydrogen content, while
films with higher initial hydrogen levels showed little to no improvement.

Due to a precursor volume of only a few microliters, films deposited with pure
trisilane showed considerable thickness variation. The dilution with cyclooctane
significantly improved the reproducibility and precursor utilization by enabling a more
precise dosing by the dosage pump. Therefore, a film series deposited with a highly
diluted TS-CO mixtures (2 vol% TS) was used for a detailed analysis of the a-Si:H film
growth mechanism. A growth model was established, revealing that the thickness of
the film over time is governed by a temperature-dependent deposition rate, a precursor
loss rate, and the total precursor volume in the chamber. The activation energy of the
a-Si:H growth process was estimated at 1.8 eV. The precursor loss rate, primarily due
to the lack of a proper chamber seal, was determined to be approximately 11.5 % min-1.
The model indicated that the deposition process is limited by the availability of
decomposable precursor rather than by the generation of reactive silicon surface sites,
which are the main limiting factors in a CVD process.[29, pp. 20–35]
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The dilution of trisilane with cyclooctane influences the properties of the a-Si:H
film through carbon incorporation, which depends on the deposition parameters. The
following three regimes can be distinguished:

• χTS ≥ 10 vol%:

No significant changes in macroscopic or microscopic film properties compared
to those deposited with pure trisilane.

• χTS ≤ 10 vol% and Td ≤ 470 °C:

Moderate carbon contamination had minimal effects on conductivity and hydro-
gen content but increased R due to the formation of Si-H bonds with carbon
backbonds.

• χTS ≤ 10 vol% and Td > 470 °C:

Significant carbon incorporation occurred, increasing both cH and R. The films
transitioned to a mixed phase of a-Si:H and a-SiC:H.

The silicon-rich a-SiC:H films formed under regime 3 are promising precursors for
producing nanocrystalline silicon embedded in an a-SiC:H matrix via post-deposition
annealing. The increase in hydrogen content for films made with highly diluted TS-
CO mixtures slightly improved the photosensitivity of films deposited at 495–555 °C.
However, as long as the material is a mixture of Si and SiC clusters, the overall film
properties are only hardly improved by increased hydrogen incorporation, since most
additional incorporated H when depositing with TS-CO mixtures is bonded to Si with
a carbon backbond while silicon clusters within the films still exhibit a high defect
density.

Films exhibited inhomogeneities in hydrogen, carbon, and oxygen content across their
thickness due to the initial precursor injection method. The distribution of precursor
injections over time mitigated this issue, but led to increased oxygen incorporation,
possibly from impurities in the N2 carrier gas. To fully leverage continuous dosing,
future work should aim to develop a method for the constant supply of pure trisilane
to avoid contamination.

Significant carbon incorporation occurs only at deposition temperatures above 470 °C
and for trisilane contents below 10 vol%. Consequently, most studies in the literature
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employ conditions within these limits and therefore indeed report the formation of
pure a-Si:H films with low carbon concentrations.[20–22]

Passivation

Although the as-deposited a-Si:H films exhibited high defect densities, they were
still effective in passivating polished c-Si wafers, achieving charge carrier lifetimes up
to 1.9 ms at a deposition temperature of 470 °C, which exceeds previously reported
values.[19, 222, 223] This shows that defects within the a-Si:H films themselves have a
minor influence on the passivation of c-Si wafers.

The results indicate that the charge carrier lifetime of the wafers cannot be correlated
with a single material characteristic but depends on several factors such as film
thickness, hydrogen content, or differences of the a-Si:H film on each side of the wafer.
The total hydrogen content within the film is more critical for passivation than its
concentration, suggesting that passivation is mediated by highly mobile hydrogen
species, possibly molecular hydrogen (H2), as proposed in previous studies.[216, 256] If
the H is highly diffusive, the whole film can be used as a reservoir for H that migrates
through the film and contributes to passivation at the interface.

Shorter deposition times and higher precursor concentrations generally led to higher
lifetimes, since higher average growth rates led to more H incorporated into the film.
Light-soaking treatments had no effect on the passivation quality, indicating that
hydrogen, which is mobile at light-soaking temperatures (200–300 °C), had already
been effused during deposition and the H configuration is frozen to the condition that
is established in the end of the film deposition.

Due to the relatively low hydrogen content (<10 at%), only thick films (>100 nm)
achieved effective passivation. Consequently, improvements in hydrogen content
are necessary for application in SHJ solar cells. To increase the H content within
the films, carbon-containing films from cyclooctane-diluted trisilane were tested for
passivation. However, the films showed no improvement in passivation despite higher
hydrogen contents, likely due to its bonding within strong Si-H bonds with C backbond.
Simultaneous deposition on both sides of the wafers may also increase the H content
within the films because of a reduction of the hydrogen loss within the first film during
the deposition of the second film. Furthermore, post-deposition hydrogen radical
treatment of hydrogenated a-Si:H films, as investigated as well in this study, can
enhance the hydrogen content and should be explored as potential passivation layers
for SHJ solar cells in future studies.
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Doping and hydrogenation

The electronic quality of a-Si:H films was improved through hydrogenation and catalytic
doping, both individually and in combination. While hydrogenation increased hydrogen
incorporation, its effectiveness was limited by film blistering on polished c-Si substrates.
The blistering leads to an underestimation of the hydrogen content via FTIR, which
was found to be a maximum of 10 at%. Thus, the treatment conditions must be
refined to prevent delamination. It was not investigated whether H was incorporated
homogeneously through the film thickness. While this can be addressed in the future
via SIMS measurements, the accumulation of H at the a-Si:H/c-Si interface leading
to the film delamination indicates a distribution of H throughout the whole film
thickness. The highest photosensitivities of ∼ 105 were achieved for films deposited
at a temperature of 555 °C with a dark conductivity of 6 × 10-11 S cm-1 and a
photoconductivity of 5 × 10-6 S cm-1.

Catalytic doping substantially increased the conductivity of APCVD a-Si:H films,
especially when followed by deposition of a capping layer. Herein, it was found that the
capping layer not only prevents phosphorus desorption as suggested by Liu et al. [31],
but likely promotes dopant activation by modifying the surface during deposition.
Both PECVD and APCVD capping layers were effective, demonstrating that plasma
is not essential for activation.

Despite these improvements, doped APCVD films still showed lower conductivities
than their PECVD counterparts, likely due to reduced hydrogen content and higher
defect densities. However, combining catalytic doping with hydrogen treatment proved
particularly promising. A two-step process, doping followed by hydrogenation, achieved
high photoconductivities close to 10−4 S cm-1 and rather high dark conductivities of
5 × 10−8 S cm-1 compared to intrinsic hydrogenated a-Si:H films, outperforming the
doping-plus-capping layer approach and simplifying the process by eliminating the
need for an additional deposition step. These findings suggest that hydrogen radicals
may aid both dopant activation by bulk/surface restructuring and defect saturation.

The combined use of hydrogenation and catalytic doping offers a promising route
to significantly enhance the performance of a-Si:H films. Future work should focus
on process optimization to reduce defect densities, mitigate blistering, and improve
dopant incorporation, ideally achieving parity with state-of-the-art PECVD films.
Further, a more detailed investigation of the hydrogenated and doped samples using
techniques such as SIMS or ESR could provide deeper insights into the distribution
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of hydrogen and phosphorus within the films and changes in their defect densities,
potentially allowing further optimization of these processes.

Crystallization

The relatively low hydrogen content (<10 at%) of the as-deposited APCVD a-Si:H films
makes them excellent candidates for crystallization into polycrystalline silicon, as this
mitigates blistering, which is a major issue during poly-Si formation on c-Si substrates.
Indeed, films deposited at 440–555 °C were successfully crystallized through both the
furnace and rapid thermal annealing (RTA) without blister formation. Because most
PECVD-deposited films show blistering during the RTA process, the use of APCVD
films for crystallization is beneficial, enabling a high-throughput crystallization process.

RTA-treated films exhibited grain sizes larger than those annealed in a furnace, likely
because of rapid heating and cooling, which limit nucleation. These films also showed
significantly increased conductivities up to 10−1 S cm-1, which exceeds the intrinsic
conductivity of crystalline silicon. Although the precise mechanism remains unclear,
SIMS and XPS measurements indicated the incorporation of nitrogen or phosphor
atoms, leading to unintentional doping during the crystallization process.

The potential to crystallize APCVD a-Si:H films blistering free using fast and
high-throughput annealing processes and their high purity support their suitability
for poly-Si formation in TOPCon solar cells. Further investigations should focus on
the crystallization of doped a-Si:H films, potentially by combining catalytic doping
with subsequent annealing.

6.2. SiC Films

This study demonstrates that atmospheric pressure chemical vapor deposition (APCVD)
using 1,4-disilabutane (DB) as a single source precursor enables the deposition of
hydrogenated amorphous silicon carbide (a-SiC:H) films at intermediate temperatures.
The process yields strong Si-C and C-H bonding features within the film as verified by
FTIR and Raman spectroscopy, with Si and C clustering also observed via XPS and
Raman. The formation of Si-C bonds is less effective at lower temperatures (< 555 ○C),
likely due to insufficient cleavage of the C-C bond.

At a deposition temperature of 585 °C, a-SiC:H films with atomic carbon densities
of 2 × 1022 cm-3 according to FTIR and 1.34 × 1022 cm-3 based on SIMS analy-
sis were obtained. The carbon incorporation is similar to a-SiC:H films made by
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PECVD [105, 114] and exceeds that of most other low temperature pyrolyzed a-SiC:H
films, particularly those deposited from binary precursors.[1, 23]

In terms of electrical performance, the dark conductivity of the films increases from
10−10 S cm−1 to 10−7 S cm−1 with higher deposition temperatures. Nitrogen incorpora-
tion was attempted using 1,1,3,3-tetramethyldisilazane (TMD) in combination with
DB as a precursor, introducing N atoms into the films without significantly affecting
the electrical properties. This may result from ineffective incorporation of N into the
a-SiC:H network or the presence of a high density of electrically active defects.

Oxygen contamination was more pronounced in the a-SiC:H films than in the a-Si:H
films, as revealed by SIMS, but not greater than 5 at% as indicated by FTIR. The
increased O content is attributed to either higher deposition temperatures or the use
of precursors with lower purity for the a-SiC:H film deposition. To achieve SiC films
with high purity and an exceptionally low oxygen content (≪ 0.1 at%), it may be
necessary to purify the precursor and lower the oxygen concentration within the glove
box to below 1 ppm.

Post-deposition annealing induced structural transitions from amorphous a-SiC:H
to nanocrystalline SiC (nc-SiC) and nanocrystalline Si (nc-Si), as confirmed by the
emergence of Lorentzian-shaped peaks originating from Si-C stretching modes in FTIR
spectra and a typical transversal optical mode for crystalline silicon in Raman spectra.
While carbon clusters were detected via Raman spectroscopy as well, it remains
unclear whether they underwent crystallization. Because of the small crystal grain
size, the Si-C-related peaks in the Raman spectra were weak and broadened, hindering
accurate identification of the SiC polytype. A minimum temperature of 1000 °C
was identified as necessary for the formation of SiC crystals. Higher temperatures
increase the proportion of crystalline material. The phase transition from an undoped
amorphous material to crystalline material leads to an increase in conductivity from
2 × 10−7 S cm-1 to almost 10−4 S cm-1.

In addition to furnace annealing, localized crystallization was demonstrated using
a Gaussian-shaped pulsed UV laser. This approach allows for spatially controlled
transformations, but further optimization is needed to ensure uniform crystallization
throughout the film and to prevent surface damage due to hydrogen effusion.

For nitrogen-containing a-SiC:H films, annealing at 900−1000 ○C led to conductivity
improvements that exceeded three orders of magnitude, resulting in a maximum
conductivity of 0.03 S cm-1. This enhancement suggests successful N doping of the
crystallized poly-SiC matrix. The achieved conductivity surpasses the maximum
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reported for nitrogen-doped PECVD films (10−3 S cm-1) found by Miyajima et al. [128],
but remains below that of nitrogen-doped HWCVD films (101 S cm-1) found in another
study of Miyajima et al. [131].

Since oxygen levels remained similar between doped and undoped samples, the
increase in conductivity can be attributed to nitrogen rather than unintentional oxygen
doping. These results show the possibility to produce doped crystalline films with
an adjustable conductivity over several orders of magnitude using a low-temperature
APCVD process employing low-cost liquid precursors only.

By adding trisilane to the DB precursor, the carbon content in the a-SiC:H films
could be reduced in a controlled manner, potentially enabling the formation of conduc-
tive nc-Si phases within the SiC matrix. This tunability supports band gap engineering
and opens avenues for tailoring the material for specific device applications. On the
other hand, using mixtures of DB and cyclooctane as precursors for the a-SiC:H depo-
sition did not enhance Si-C bond formation compared to the use of pure DB. Instead,
oxygen incorporation was observed, indicated by O-H vibrations in the FTIR spectra
of amorphous films and Si-O modes in the spectra after crystallization. This suggests
that cyclooctane may introduce unwanted oxygen contamination rather than con-
tributing additional carbon. Future work could explore alternative carbon-containing
precursors with decomposition temperatures better matched to DB, to enable more
effective carbon incorporation and control. Approaching near-stoichiometric Si:C
ratios and optimizing both the dopant species and post-deposition treatments-such
as hydrogenation-could further enhance the electrical properties of these materials,
supporting their use in electronic and photovoltaic applications.

6.3. APCVD Process Optimization and Future
Perspectives

To further improve the APCVD process, the implementation of an advanced precursor
injection mechanism would be beneficial. Such a system should enable robust and
reproducible dosing of small volumes of undiluted precursor, either continuously or
in discrete injection strokes. One potential solution is the integration of a suitable
precursor evaporation system. In addition, optimizing the deposition chamber sealing
could help reduce precursor losses and enhance film purity. Improved sealing would
also facilitate the introduction of various ambient gases, such as hydrogen, which may
contribute to improved film quality.
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In the current APCVD setup, the films deposited on an area of 2 × 2 cm2 exhibited
a thickness reduction of approximately 30 % at the edges compared to the center. This
highlights a key scalability challenge: achieving a uniform temperature distribution
across the substrate and ensuring consistent precursor delivery. However, concepts
from existing large-area pyrolysis systems could be readily adapted to the APCVD
configuration presented here.[145]

While this work has already explored two n-type doping strategies: catalytic a-Si:H
doping and in situ a-SiC:H doping via TMD, future efforts should further investigate
both n-type and p-type in-situ doping of a-Si:H, a-SiC:H, and their polycrystalline
counterparts to broaden the application potential of these materials.

Moreover, the process offers promise for development into a direct, localized thin-
film deposition technique, such as laser-based local annealing or inkjet printing.
This could enable advanced applications in microelectromechanical systems (MEMS),
interdigitated back contact (IBC) solar cells, and other devices utilizing patterned
thin-film structures. A laser-based local deposition system, based on the results
presented in this work, is currently being developed.

In conclusion, APCVD stands out as a scalable and cost-effective approach for
fabricating a-Si:H, a-SiC:H, poly-Si, poly-SiC, and nc-Si/nc-SiC films for advanced
electronic and photovoltaic applications. With further refinement in precursor chem-
istry and thermal processing, these materials show strong potential for integration
into technologies such as TOPCon or heterojunction solar cells, all-silicon tandem
architectures, thin-film transistors, MEMS, and biomedical devices.
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A. Supplementary Figures

Figure A.1.: Photograph of the APCVD deposition system assembled inside a glove
box. The hot plate is visible at the bottom, and the chamber head is
raised to its upper position, with cooling elements on top for the inlet
block (not visible here), which is located just behind these elements. The
quartz glass is already coated with several a-Si:H and a-SiC:H layers from
former depositions.
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Figure A.2.: ESR spectra of the a-Si:H films of the “ESR” series deposited with pure
trisilane. The deposition temperature T d and the g-value determined
by the spectra are given in the graph. Adapted from Fischer et al.[164]
(2023), licensed under CC BY 3.0.
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Figure A.3.: Silicon, hydrogen, carbon, and oxygen SIMS depth profiles of an APCVD
a-Si:H film deposited by two precursor injections of 10 µl each, one at the
beginning of deposition and the second after 10 min. The total treatment
time was 20 min at 440 °C.
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Figure A.4.: FTIR spectra of a-Si:H films deposited using trisilane concentrations of
1–100 vol% diluted in cyclooctane at three different temperatures: a)
440 °C, b) 500 °C and c) 555 °C. The spectra are bases for the data given
in Figure 4.9. Sharp peaks at 610 cm-1 are related to wafer artifacts, and
the increased peak at 1000 cm-1 for the film deposited with 100 vol% TS
shown in c) probably is due to increased O content within the chamber
since it was the first deposition on that day.
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Figure A.5.: FTIR spectra of a-Si:H films deposited with 2 vol% trisilane diluted in
cyclooctane at deposition temperatures T d between 410 and 580 °C. a)
Si-H wagging, Si-C stretching, and Si-C-Hx wagging modes; b) Si-H
stretching modes; c) C-H stretching modes.
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Figure A.6.: Raman spectra of a-Si:H films deposited using 2 vol% trisilane diluted
in cyclooctane at deposition temperatures T d between 410 and 580 °C.
The deposition temperatures as well as the origin of the most significant
peaks are indicated within the graph. The following modes are indicated:
transversal acoustic (TA) Si-Si, longitudinal acoustic (LA) Si-Si, transver-
sal optical (TO) Si-Si, Si-H stretching, and C-C cluster modes.
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Figure A.7.: ESR spectra of an a-Si:H film deposited with 2 vol% trisilane diluted in
cyclooctane in comparison with a film deposited with pure silane. The
deposition temperature Td and the g-value determined by the spectra
are given in the graph. Adapted from Fischer et al.[164] (2023), licensed
under CC BY 3.0.
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Figure A.8.: Silicon, hydrogen, carbon, and oxygen SIMS depth profiles of APCVD
films deposited using three different deposition processes under identical
conditions, with 600 µl of 2 vol% TS at T d = 470 °C for 10 min. Film
thicknesses for the samples are indicated within the graph.
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Figure A.9.: PL image of a quartered n-type float-zone c-Si wafer (original diameter:
4 inches), symmetrically coated on both sides with a-Si:H passivation
layers deposited at 440, 470, 495, and 525 °C. The deposition temperature
for each sample is indicated within the image.
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Figure A.10.: a) Charge carrier lifetime τ of n-type CZ c-Si wafer versus thickness
d of the a-Si:H passivation layers covering the wafer before and after
intensive light soaking. The edges of the error bar indicate the thickness
of the films on each side of a sample.
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Figure A.11.: a) Charge carrier lifetime τ of p-type c-Si wafers covered with a-Si:H
films and b) thickness d of those a-Si:H passivation layers versus their
deposition temperature T d. The edges of the error bar indicate the
thickness of the films on each side of a sample. c) H area concentration
cA and d) H concentration cH of the same samples versus deposition
temperature. Charge carrier lifetime t versus e) H area concentration
cA and f) H concentration cH of the same samples. The lines are guides
to the eye. Gray squares mark data points of a-Si:H films made with
2 vol% TS diluted in CO and red circles mark data points of a-Si:H films
made with pure TS.
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Figure A.12.: Photo- and dark conductivity σph and σd of silicon films deposited using
a) pure TS and b) 2 vol% TS in CO as a precursor at 580 °C and annealed
at T a = 900, 1000, and 1100 °C.
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Figure A.13.: a) Raman and b) FTIR spectra of silicon films deposited using pure TS
at 580 °C and annealed at T a = 825, and 900 °C via RTA, and at 900 °C
via furnace.
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Figure A.14.: Silicon, hydrogen, carbon, oxygen, and phosphor SIMS depth profiles
of via a) furnace annealing and b) rapid thermal annealing crystallized
a-Si:H films deposited at 580 °C. Film thicknesses are given on the upper
left of the graphs.
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Figure A.15.: Silicon, hydrogen, carbon, and oxygen SIMS depth profiles of a) an
a-Si:H film deposited at 555 °C using pure TS and b) a film deposited at
the same conditions but after furnace annealing at 1100 °C. In b), the
black horizontal line indicates the interface between the silicon oxide
layer formed during annealing and the underlying recrystallized silicon
film.
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Figure A.16.: Integrated peak intensity of the C-H mode at 2850 cm-1 measured via
FTIR on a-SiC:H films versus the peak intensity of the Si-O/Si-C-Hx
peak at 980 cm-1. The integrated peak intensity here is calculated via
Equation 3.5, but using the absorbance A instead of the absorption
coefficient α.
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Figure A.17.: FTIR spectra of SiC films crystallized at T a = 1100 °C before (gray)
and after (red) HF-etching of the surface oxide. The arrow indicates the
reduction of the Si-Ox peak due to the etching of an O-rich film near
the surface. Adapted from Fischer et al.[232] (2025), licensed under CC
BY 4.0.
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Figure A.20.: a) Microscopic image of a crystallized SiC film after UV laser treat-
ment. The purple arrow indicates the direction of the UV laser used for
annealing, while the green arrow marks the path along which Raman
measurements were performed at intervals of 3 µm. b) Corresponding
plot of the maximum peak heights of the Si-H stretching mode observed
at a Raman shift of ∼2050 cm-1.
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Figure A.21.: Bond densities n of Si-C, Si-H and C-H bonds as measured by FTIR in
c-SiC films deposited using TS-DB mixtures.
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films from Figure 5.15 deposited using 1 to 100 vol% disilabutane diluted
in cyclooctane as precursor.
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