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Samenvatting

De opwekking van elektriciteit met behulp van duurzame en-
ergiebronnen begint een integraal onderdeel van de elektrische energie
mix te worden. Het wordt voorzien dat een aanzienlijk deel van
deze elektrische energie geleverd zal worden door fotovoltaische (Eng:
Photovoltaic; PV) zonnecellen die licht direct omzetten in elektriciteit.
Om fotovoltäısche energie op grote schaal praktisch en esthetisch in
onze maatschappij te integreren, zal het een onderdeel moeten worden
van onze gebouwen. Voor het implementeren van PV op grote schaal
heeft het gebruik van non-toxische en niet-schaarse materialen en
productietechnieken de voorkeur [1]. Door deze eigenschappen geniet
silicium de voorkeur voor gebruik in zonnecellen, ook al zijn voor de
zuivering en dotering toxische materialen nodig [2].

Dit proefschrift is onderdeel van een onderzoek naar het
ontwikkelen van zonnecellen gebaseerd op dunne lagen van kristallijn
silicium die worden verkregen door het kristalleren van dunne lagen
van amorf silicium. Deze lagen van kristallijn silicium moeten een
dikte hebben van ongeveer 10 µm om voldoende licht door de zonnecel
te laten absorberen [3]. Deze dikte vraagt om hoge groeisnelheden
bij het vormen van de lagen. De siliciumlagen die in dit proefschrift
gepresenteerd worden, zijn in eerste instantie amorf van structuur en
bevatten waterstof (a-Si:H). De lagen zijn gegroeid door middel van
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twee technieken: Expanding Thermal Plasma Chemical Vapour Depo-
sition (ETPCVD) en Plasma Enhanced Chemical Vapour Deposition
(PECVD).

Het is belangrijk om de atomaire configuratie van a-Si:H te
kennen bij het bestuderen van het kristallisatie proces. Deze kan
namelijk van grote invloed zijn op dit proces. Voor het kristalliseren
is het herpositioneren van de Si atomen noodzakelijk. Ook zullen wa-
terstofatomen uit de laag moeten diffunderen omdat de oplosbaarheid
van waterstof in de kristalstructuur veel lager is dan in de amorfe
structuur [4]. Daarom is kennis van de ‘amorfe’ structuur van de
lagen, voorafgaand aan de kristallisatie, essentieel. De microstructuur
en de waterstofconfiguratie van de gegroeide lagen zijn bestudeerd
met Raman Spectroscopie (RS). Fourier Transform Infrared (FTIR)
spectroscopie wordt veelvuldig toegepast om de Si-Hx wagging- en
stretching-modes te meten en daarmee de microstructuurparameter
R∗ te bepalen. Deze stretching modes zijn ook meetbaar met RS. In
tegenstelling tot FTIR, is het mogelijk om substraatonafhankelijke
metingen te maken met RS. In Hoofdstuk 3 van dit proefschrift
worden de metingen van waterstof en de waterstofconfiguraties door RS
vergeleken met die door FTIR. Door de verschillen in collection depth
van de RS-signalen is het nauwkeurig bepalen van de c

H
niet mogelijk

voor deze lagen. Het golfgetal van de wagging mode is goed te bepalen
met de RS-metingen met de groene laser, maar minder goed met de
rode laser. De Si-Hx gerelateerde kenmerken in de RS spectra kunnen
gebruikt worden om de piekposities van de low stretching mode (ωLSM),
de high stretching mode (ωHSM) en de microstructuurparameter R∗

te bepalen. De gevoeligheid voor de low stretching mode en high
stretching mode verschilt tussen FTIR en RS, daarom moeten de R∗

en ω geschaald worden wanneer metingen met elkaar vergeleken worden.

Voordat de silicium kristallaag in zonnecellen toegepast kan
worden, moet deze gedoteerd worden. Dit kan na de kristallisatie van
de laag, maar de doteringselementen kunnen ook meegegroeid worden
met de laag. Het voordeel van het meegroeien van het doteringselement
is dat er een processstap minder nodig is. Doteringselementen kunnen
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de kristallisatie van de a-Si:H lagen bëınvloeden [5]. Daarom zijn
zowel intrinsieke als borium gedoteerde lagen tijdens het kristalliseren
bestudeerd met in-situ röntgendiffractie.

De eerste borium gedoteerde a-Si:H lagen gegroeid door middel
van ETPCVD worden gepresenteerd in Hoofdstuk 4. De lagen zijn
vergeleken met a-Si:H lagen gegroeid met PECVD. De B-gedoteerde
ETPCVD-gegroeide a-Si:H lagen hebben een B-gehalte van ongeveer
8.5 × 1015 cm−2 bij een gasverhouding van B2H6-op-SiH4 van 8 × 10−4

en een groeitemperatuur van 325 ◦C. Dit gehalte is vergelijkbaar met
lagen die met PECVD gegroeid zijn bij vergelijkbare gasverhouding
en temperatuur. Het B-gehalte neemt toe bij het verhogen van
de B2H6-op-SiH4 verhouding bij beide technieken. Voor ETPCVD
gegroeide lagen is het B-gehalte onafhankelijk van de groeitemperatuur,
maar bij PECVD gegroeide lagen neemt het B-gehalte toe wanneer
de groeitemperatuur afneemt. Na kristallisatie van de lagen is het
doteringsrendement ongeveer 40%. Voor a-Si:H lagen gegroeid met
ETPCVD bij een temperatuur van 350 ◦C is de bandgap, Eg, zowel
afhankelijk van het B-gehalte als van het H-gehalte en de configuratie
(R∗). Hoewel er aanvullend onderzoek naar de invloed van het H-
gehalte noodzakelijk is, is de invloed ervan op het kristallisatie proces
aangetoond door middel van de microstructuurparameter R∗.

In de hoofstukken 5 en 6 staan de resultaten van de in-situ
röntgendiffractie metingen van de kristallisatie van ETPCVD gegroeide
a-Si:H-lagen. Verwarmen naar 500 ◦C leidt niet tot kristallisatie.
Lagen verwarmd naar 600 ◦C gedurende twee uur bevatten nog
a-Si:H materiaal. Het waterstofgehalte en de atomaire configuratie
in de lagen bëınvloedt aantoonbaar het kristalliseren; een toename
in R∗ reduceert de kristallisatiesnelheid. Het blijkt dat lagen bin-
nen een half uur kristalliseren bij temperaturen van 650 ◦C en hoger.
In RS metingen van deze lagen zijn geen a-Si:H kenmerken gedetecteerd.

Zowel de R∗ als het B-gehalte bëınvloeden de vaste stof
kristallisatie (Eng: solid phase crystallisation) van a-Si:H. In Hoofd-
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stuk 6 wordt aangetoond dat de B-dotering de tijd waarna kristallisatie
waarneembaar is (de zogenaamde initiatietijd) reduceert. Daarnaast
laten de resultaten in dit hoofdstuk zien dat ook de tijd tot volledige
kristallisatie (de kristallisatietijd) korter wordt. Na analyse van de
röntgendiffractieresultaten concluderen we dat B de groeisnelheid
van de kristallen bevordert, maar dat het effect op de nucleatie van
kristallen beperkt is. De mate waarin B-dotering de groeisnelheid van
de kristallen bevordert wordt bepaald door de gasverhouding B2H6-op-
SiH4. Dit geldt zowel voor de ETPCVD als de PECVD gegroeide lagen.
Bij de intrinsieke PECVD en ETPCVD lagen wordt een toename in
initiatietijd tot kristallisatie geobserveerd bij een toename in R∗ [6]. De
invloed van R∗ op de kristallisatie is geobserveerd voor B-gedoteerde
a-Si:H lagen gegroeid met zowel ETPCVD als PECVD.



Summary

Generation of electricity using renewable energy sources is becom-
ing an integral part of the electrical energy mix. A substantial fraction
of the electrical energy is foreseen to be generated by photovoltaic
(PV) solar cells that directly convert light into electricity. Large
scale application of building integrated PV is envisaged to aid the
integration of renewable energy in our society, both from a practical
and an aesthetic point of view. For implementation of large-scale PV
preferably abundant and non-toxic materials are required as well as
production processes for making the solar cells in large quantities [1].
For this purpose silicon is the most preferred element, because of its
properties for application in solar cells and because of its abundance,
despite the fact that refining and doping of Si are dependant on toxic
materials [2].

This dissertation is part of a study into the development of thin
film crystalline silicon solar cells. Such solar cells require a thickness of
the crystalline silicon layer of approximately 10 µm to ensure sufficient
light absorption [3]. The deposition of films with such a thickness
requires high deposition rates. For the work presented in this thesis
hydrogenated amorphous silicon (a-Si:H) films have been deposited by
Expanding Thermal Plasma Chemical Vapour Deposition (ETPCVD),
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with which high deposition rates have been demonstrated, and Plasma
Enhanced Chemical Vapour Deposition (PECVD).

In order to study the crystallisation of a-Si:H it is important
to know about the atomic configuration of the material as this can
strongly influence the crystallisation process. In the case of crys-
tallisation of a-Si:H, not only a reconfiguration of the Si atoms is
needed. The solubility of hydrogen atoms in c-Si is much lower than
in a-Si:H [4] and for this reason hydrogen atoms must diffuse out of
the film during annealing. Therefore information on the structure of
the amorphous films prior to crystallisation is essential. In this thesis
the silicon microstructure and the hydrogen bonding configuration
of as-deposited films are studied using Raman Spectroscopy (RS).
Fourier Transform Infrared (FTIR) spectroscopy is frequently used
to detect the Si-Hx wagging and stretching modes to determine the
microstructure parameter R∗ of a-Si:H films. These stretching modes
can also be detected by RS. In contrast to FTIR, RS can make
substrate independent measurements. In Chapter 3 of this dissertation
the detection of hydrogen and hydrogen bonding configurations by RS
is compared to the detection by FTIR. The RS measurements of the
Si-Hx related features can be used to evaluate the peak positions of
the low stretching mode (ωLSM), and high stretching mode (ωHSM),
as well as the microstructure parameter R∗. The sensitivity to the
low and high stretching modes is not the same for the FTIR and
RS measurements and therefore the R∗ and ω need to be scaled for
comparison.

For thin film polycrystalline Si to be used for solar cell appli-
cations, they must be doped. This can be achieved by doping after
crystallisation, but also by crystallising films which already contain the
dopant atoms. The main benefit of in-situ doping of the a-Si:H film
during deposition is a reduction in processing steps. As dopants can
influence the crystallisation process for a-Si films [5], the crystallisation
of intrinsic and boron-doped films is studied by in-situ x-ray diffraction
during the crystallisation process.
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The first boron doped a-Si:H films deposited by ETPCVD are
presented in this work in Chapter 4. The films are compared to
B-doped a-Si:H films deposited by PECVD. The B-doped ETPCVD
deposited a-Si:H films have a B content of approximately 8.5 × 1015

cm−2 for a B2H6-to-SiH4 gas-flow ratio of 8 × 10−4 deposited at
325 ◦C. This B content is similar to films deposited by PECVD with a
similar B2H6-to-SiH4 ratio and deposition temperature. The B content
increases with increasing B2H6-to-SiH4 ratio for both deposition
techniques. The B content is independent of the deposition temper-
ature for ETPCVD films but increases with decreasing deposition
temperature for PECVD films. Crystallisation of the films leads to
a doping efficiency of approximately 40%. For the a-Si:H ETPCVD
films deposited at 350 ◦C it is shown that the Eg depends both on
the B concentration as well as the H content and configuration (R∗).
Although additional research into the influence of the H content is
required, the influence is evident from the microstructure parameter R∗.

In Chapters 5 and 6 the crystallisaton of ETPCVD a-Si:H is
studied by using in-situ x-ray diffraction (XRD). We observed that
after annealing at temperatures of 650 ◦C and higher the crystallinity
saturates within half an hour. In these films no a-Si:H contribution is
detected by RS. Annealing at 500 ◦C does not induce any crystallization
at all. Films annealed at 600 ◦C for two hours still contain an a-Si:H
fraction. The hydrogen content and bonding configuration in the
films are shown to influence the crystallization process, specifically an
increase in R∗ decreases the crystallisation rate.

Both the R∗ and the B concentration influence the solid phase
crystallisation of a-Si:H. In Chapter 6 we show that B doping reduces
the onset of crystallization of a-Si:H and the crystallization time. From
the analysis of the XRD results we conclude that B enhances the grain
growth rate of the B-doped a-Si:H films, but that the effect of B on the
nucleation rate is limited. The extent of the enhanced grain growth
rate due to B doping is controlled by the B2H6-to-SiH4 gas-flow ratio,
for both PECVD deposited films and ETPCVD deposited films. For
both intrinsic PECVD and ETPCVD samples increasing R∗ increases
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the onset time to crystallization [6]. The influence of R∗ is also present
in the crystallisation process of the B-doped a-Si:H films deposited by
ETPCVD and PECVD.



Chapter 1

Introduction

On 22 April 2017 the UK National Grid reported that Britain
did not use coal to generate electricity for a full day. This was the
first time since the 1880s, the start of the Industrial Revolution, that
this has occurred [7]. On 30 April 2017 66% of consumed electricity
in Germany was produced by renewables only [8]. These reports are
examples of the metamorphoses that energy production has undergone
in the past twenty years and is undergoing today. The combined energy
production by hydroelectricity plants, wind turbines, and photovoltaic
(PV) solar cells (devices that directly convert light into electricity)
has increased from approximately 29.0 million tonnes of oil equivalent
(MTOE) (∼ 1212.9 PJ) in 1996 to 64.1 MTOE (∼ 2683.0 PJ) [9]
in 2015, as shown in figure 1.1. This indicates that the utilisation
of renewable energy is no longer an academic discussion. Electricity
harvested using the above-mentioned renewable energy sources has
become an integral part of electrical energy mix. Sustainable electrical
energy generation, transport, and balancing are immediate concerns
of the energy markets, legislation offices, home owners, and the oper-
ators of electricity distribution and transmission grids as it strongly
influences energy prices and alters the energy distribution paths. From



2 Introduction

a balance perspective urban generation of electricity from sunlight is
particularly interesting as the electrical energy consumption profiles of
office buildings match the electricity production of solar cells during a
day rather well [10]. This issue is a challenge for the distribution grid
operators as the grid was not designed for energy transport in lateral
directions.

Figure 1.1. Annual electricity production in thousand tonnes of oil equivalent
(kTOE) in the European Union (28 countries) since 1996, according
to Eurostat [9].

Urban applications of PV modules fuel the research efforts into
building integrated PV. PV modules can replace conventional building
materials in parts of a building’s outer shell such as the roof covering
or façades [11, 12]. Technology based on thin-film solar cells has been
of particular interest for solar cell glazing products. In PV industry the
term ’thin film’ is often used to simple distinguish between cells with
absorber layers thinner than approximately 20 µm with traditional
wafer based technologies having a thickness well in excess of 100 µm.
Thin film PV technology allows for light weight, flexible and even
semitransparent solar panels, allowing more freedom of form. Solar
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cells can be integrated in fenestration products (e.g. windows), façades,
or roofs and provide various aesthetic options for building envelopes
[13]. Application of PV technology in building materials could be a
strong aid in the acceptance of this technology in our society, both from
a practical and an aesthetic point of view. Large scale application of
PV technology does require a reasonable abundance of, preferably, non-
toxic materials for the implementation [1]. Silicon is the most preferred
element for usage as PV absorber layer, because of its suitable proper-
ties for application in solar cells and abundance, despite the fact that
refining and doping of this material are dependant on toxic materials [2].

1.1 Silicon for solar cells

On 25 April 1954 Bell Labs demonstrated the first practical silicon solar
cell, made by Chapin, Fuller and Pearson [14, 15]. This design was
subsequently improved and exceeded the 10% efficiency mark within 18
months. Since that time the efficiency of solar cells based on crystalline
silicon (c-Si) has steadily increased to the level of 26.6% demonstrated
by Kaneka Corporation [16]. These research efforts have resulted in a
large Si-based PV industry. In fact, the majority of PV panels installed
in the world are modules based on c-Si wafers [17]. The Si solar cell
technologies can be categorised by the material used for the absorbed
and/or by the device design. For silicon the absorber categories are
single crystalline, multi-crystalline, thin-film crystalline and thin-film
amorphous [18]. These categories are based on the atomic structure of
the silicon used in the PV cells and the thickness of the absorber layer.
These forms of silicon are explained in this section.

1.1.1 Mono- and multi-crystalline silicon

In crystalline silicon the atoms are arranged in a regular lattice; all
silicon atoms are bonded to four neighbouring atoms in a diamond
cubic lattice (see figure 1.2) with fixed bond length of 5.43 Å and angle
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Figure 1.2. Diamond cubic crystal structure, the unit cell is indicated by the
dashed cube [19].

of 109 ◦. The atomic structure of crystalline silicon is diamond cubic
(see figure 1.2). For solar-cell application the crystalline silicon is cut
into wafers. Mono-crystalline silicon wafers consist of a single crystal.
Multi-crystalline silicon wafers consist of more than one crystal. These
crystals have dimensions in the order of 1 mm to 10 cm [20], which
exceeds the wafer thickness, thus appearing to be a single crystal.
Mono-crystalline solar cells, also referred to as single crystalline solar
cells, are based on Si wafers, typically cut from a single crystal ingot
and often grown using the Czochralski process. Multi-crystalline cells
use wafers cut from cast Si.

Crystalline Si is a PV material: the absorption of photons by Si
can result in the excitation of electrons, creating electron-hole pairs.
This process is known as the photovoltaic effect. PV device structures,
based on one or more pn-junctions, allow for the separation and collec-
tion of the charge carriers. In PV devices, PV material is used as the
absorption layer. The thickness of this layer is a compromise between
the absorption of light and the effective collection of the charge carriers.
In 70 µm of monocrystalline silicon 90% of the light spectrum between
280 and 1100 nm is absorbed [21, 22]. Not all energy absorbed by the
solar cell will be delivered to the external circuit, as part of the energy
is lost. Two main energy loss mechanisms are non-absorption and ther-
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malisation. Light with a wavelength beyond 1127 nm is not absorbed,
as the energy of these photons is insufficient to create an electron-hole
pair in crystalline Si (bandgap of 1.1 eV). Thermalisation occurs when
photons with energies higher than the bandgap are absorbed. The ex-
cess energy of the excited electron is lost in interactions with the silicon
lattice, leading to a higher temperature. Another energy loss mecha-
nism for silicon-based solar cells is the recombination of electrons and
holes. For single crystal Si solar cells the diffusion length of the minority
carriers is typically 100-300 µm [23, 24]. The main difference between
single and multi-crystalline Si is the presence of grain boundaries (in
the multi-crystalline Si), which can act as recombination sites for the
charge carriers, this decreases the carrier lifetime and thus the diffusion
length.

1.1.2 Polycrystalline silicon

Polycrystalline silicon (poly-Si) consist of multiple crystals with typical
grain size of < 1 mm. In literature, multicrystalline silicon is sometimes
considered as a type of poly-Si, with crystalline grains typically as large
or larger than the thickness of a wafer. For this reason multicrystalline
silicon is often compared to mono-crystalline silicon, but taking into
account the effect of grain boundaries.

Thin poly-Si films can be made in several ways. Thin films can
be sliced from Si cast ingot, or cast as ribbons. A different production
method is epitaxial growth of poly-Si (from vapour or solid a-Si(:H)) on
a crystalline substrate, such as a monocrystalline silicon wafer. After
the film is grown it can be separated from the wafer. Another method is
crystallising a-Si(:H) films. This can be done by methods such as laser
induced crystallisation (LIC) [25], solid phase crystallisation (SPC), and
rapid thermal annealing (RTA). In the latter method crystallisation is
induced at temperatures above 700 ◦C, using lamps as heat source [26].
SPC uses temperatures around 600 ◦C and it can take up to 20 hours of
furnace annealing before the film is completely crystallized [27]. Using
SPC, metals such as aluminium can be included to lower the crystallisa-
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tion temperature and time. This is metal induced crystallisation (MIC)
[28].

As mentioned previously grain boundaries can act as recombi-
nation sites. As poly-Si has small grains, grain boundaries present
one of the most important challenges for the application of poly-Si
in solar cells. Investigation over the past five decades has led to a
detailed understanding of the precise influence of various kinds of grain
boundaries on the electronic properties of crystalline silicon. In general
the crystallographic orientation of neighbouring grains determines the
local properties. Grain boundaries with a strong lattice mismatch cause
electron-hole pair recombination, while grain boundaries with matching
lattices, such as twin boundaries, have a much smaller influence. In
addition crystallographic defects, such as lattice distortions within a
grain, can also act as recombination centres [29]. Ideally PV material
is free from grain boundaries and inter-grain crystallographic defects.

1.1.3 Amorphous silicon

As discussed in Section 1.1.1, atoms in crystalline silicon are arranged
in a regular lattice. In amorphous silicon the interatomic distance and
in particular the bond angles show variations, leading to some degree
of disorder of the atomic lattice. Also so-called ’dangling bonds’ occur,
where one of the Si bonding electrons is not bonded to a neighbouring
atom. Amorphous silicon [30, 31] typically contains a defect density
of 1019 to 1021 cm−3. Incorporation of hydrogen can reduce the large
densities of electronically active dangling-bond defects from 1019 cm−3

in pure a-Si to 1015 cm−3 in a-Si:H [32]. Mostly the influence of
hydrogen in reducing the defect density is explained by assuming that
atomic hydrogen forms a bond to replace the missing neighbouring
atom this defect [33].

Research by Smets [34], Roca [35] and Schropp [36] shows that
a-Si(:H) material can be produced through a wide range of methods
and exhibiting different atomic structures. Currently two models
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or model groups are used to describe the structure of a-Si:H: the
continuous random network (CRN), and the anisotropic disordered
network (ADN). The CRN models are the most simple: they are based
on a random distribution of the Si-Si and Si-H bonds in the a-Si:H
network. Street [33] uses the covalent bond based CRN model to
explain a-Si:H properties such as doping and defect passivation. In
contrast to models based on CRN, ADN models for a-Si:H include
anisotropic features such as nanovoids and specific mono- and dihy-
dride (MH and DH) configurations [37]. Smets et al. [38] proposed an
ADN model based on divacancy configurations within the Si-Si network.

A-Si:H can be made by chemical vapour deposition (CVD), com-
monly using silane (SiH4) as the precursor gas. Hydrogen is incor-
porated during the deposition process. The most common deposition
method in research and industry is Plasma Enhanced CVD (PECVD),
which will be discussed in more detail in section 2.1.1. In the deposi-
tion process hydrogen is of great influence as has been shown by Kessels
et al. [39]. The growth conditions of the film determine the mate-
rial structure and the hydrogen concentration in the film. Hydrogen is
also included in a variety of models describing the growth of a-Si:H for
multiple deposition techniques. Hydrogen is important in both the ther-
modynamic approach [40, 41, 42], and in kinetic growth models which
include surface processes [43, 44]. The focus of this thesis is the forma-
tion of thin film poly-Si on glass by solid phase crystallisation of a-Si:H.
As the absorption of crystalline Si is much lower than of a-Si:H, solar
cell applications require thicker films to ensure sufficient light can be
absorbed. The production of such films requires high deposition rates.
Expanding Thermal Plasma CVD (ETPCVD) allows for a-Si:H deposi-
tion with growth rates up to 10 nm/s [39], as will be discussed in section
2.1.2. The a-Si:H films discussed in this thesis are made ETPCVD, or
by PECVD for comparison.
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1.2 Thermodynamics and kinetics of crys-

tallisation

In order to understand the transformation of a-Si and a-Si:H to a
polycrystalline material, several concepts about thermodynamics and
kinetics are discussed in this section. First, the classical description of
the thermodynamics of solid phase transformation will be given. Next
the difference between homogeneous and heterogeneous nucleation will
be explained and related to nucleation in a-Si(:H).

1.2.1 Thermodynamics of phase-transformation

Phase transformation occurs because the initial phase of the material
is unstable relative to the final state [45]. This stability of the material
is quantified by the Gibbs free energy (G) of a system, as is defined by
equation:

G = H − TS (1.1)

where H is the enthalpy, T the absolute temperature and S the entropy
of the system [45]. The enthalpy is a measure of the heat content of the
system and is given by the classic thermodynamics equation:

H = E + PV (1.2)

where P is the pressure, V is the volume and E is the internal energy
of the system. The internal energy can be divided into potential and
kinetic energy of the atoms which make up the system [45].

In mathematical terms an equilibrium can be described by:

dG = 0 (1.3)



1.2 Thermodynamics and kinetics of crystallisation 9

According to the definition in Ref. [45] a system is said to be in (stable)
equilibrium when it is in the most stable state, i.e. it shows no desire to
change ad infinitum. Other configurations than the most stable one are
often possible and typically associated with their own local minimum in
free energy. A local minimum is called a metastable equilibrium. Figure
1.3 shows a variation of the Gibbs free energy in which configuration
‘A’ has the lowest free energy and therefore is a stable equilibrium and
configuration ‘B’ is a metastable equilibrium. A criterion for any phase
transformation is

∆G = GA −GB < 0 (1.4)

where GB and GA are the initial and final state, respectively.

Figure 1.3. Gibbs free energy for two arrangements of atoms. Configuration
‘A’ has the lowest free energy, making this arrangement the stable
equilibrium. Configuration ‘B’ is a metastable equilibrium. [45]

In this representation, the B state concurs with the a-Si:H phase. A
transformation does not need to go directly to the stable equilibrium
state but can pass through a whole series of intermediate metastable
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states. Figure 1.4 shows the relative free energy of amorphous to crys-
talline Si described by Spinella et al. [5]. The relation between the dif-
ference in free energy of unrelaxed a-Si and diamond cubic crystalline
Si, indicates another metastable phase: relaxed a-Si. Many different
a-Si:H and a-Si materials have been reported. The state of the a-Si(:H)
material is dependent on the deposition technique and deposition con-
ditions. For a transformation from configuration B to A to occur, the
activation energy of transition between configurations has to be over-
come. The concept of solid phase crystallisation is that the material
does not have to take liquid form to allow the atoms to reconfigure to a
crystalline phase. Figure 1.4 shows that there is a free energy difference
between a-Si and crystalline Si which might drive a phase transition, if
the material kinetics allow it. Olson and Roth [46] and Spinella et al.
[5] investigated the solid phase crystallisation of a-Si and found that at
temperatures of around 600 ◦C the Si atoms have sufficient mobility for
this phase transition, both for grain growth and nucleation.

Figure 1.4. Free energy difference of relaxed and unrelaxed a-Si with respect to
crystalline Si [5].
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1.2.2 Nucleation

The initiation of a phase change, such as the formation of a solid
crystal typically from a liquid in a small region, is called nucleation.
In this work nucleation will refer specifically to the formation of Si
crystals from a-Si(:H) material. Nucleation is initiated by rapid local
fluctuations on a molecular scale in the metastable state, a-Si(:H).
There are two ways nucleation occurs: homogeneous and hetero-
geneous nucleation. Homogeneous nucleation is not influenced in
any way by pre-existing solids or surfaces. When a foreign substrate
or foreign particles are involved, one speaks of heterogeneous nucleation.

Figure 1.5. Free energy change associated with homogeneous nucleation of a
sphere of radius r, where V is the volume, Gv is the free energy
and Gs misfit strain energy both per unit volume, A is the interface
area, γ is the interfacial energy per unit area. [45]
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Homogeneous nucleation
In classical thermodynamics homogeneous nucleation in solids is asso-
ciated with the free energy change of three contributions:

• The creation of a volume (V ) of the stable phase (c-Si) will cause
an energy reduction of V × Gv, where Gv is the free energy per
unit volume.

• The creation of an interface area (A) will give a free energy in-
crease of Aγ, where γ is the interfacial energy per unit area, as-
suming that the interface between the parent and child phase is
isotropic.

• As stated in Ref. [45] the transformed volume will in general not
fit perfectly into the space that was originally occupied by the
solid parent phase. This gives rise to a misfit strain energy ∆Gs,
per unit of volume. The resulting positive term of free energy ∆Gs

is proportional to the volume of the inclusion (V ).

The total change in the Gibbs free energy, ∆G, is the sum of the three
contributions discussed above and becomes:

∆G = −V∆GV + Aγ + V∆Gs (1.5)

In this equation the second term Aγ is proportional to r2, with r the
radius of the nucleus that has been crystallized. The other two terms
are proportional to r3. When examining figure 1.5 it becomes apparent
that amorphisation will lead to an energy reduction when the clusters
are smaller than the critical cluster size, r∗. Similarly an increase of
the cluster beyond the r∗ reduces the energy. So for clusters with radii
larger than r∗ the nuclei tend to grow, for smaller clusters the nuclei
shrink [47].

Heterogeneous nucleation
Heterogeneous nucleation occurs at preferential sites at which the effec-
tive surface energy is lower, lowering the free energy barrier to form a
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more stable phase. Foreign particles can induce a local energy benefit,
while the nucleation process remains quite similar to the homogeneous
process. As described in subsection 1.1.3, the structure of a-Si:H can
vary depending on the deposition method and settings. Based on stud-
ies of the a-Si:H nanostructure [38, 37, 48, 49] the possible presence
of preferential sites within the a-Si:H matrix should be considered as a
possible trigger to the nucleation process of a-Si:H. Surfaces can also act
as preferential sites, as they promote nucleation because of interfacial
tensions. These influence Aγ and V∆Gs in equation 1.5.

1.3 Solid phase crystallisation for silicon

solar cells

In the early 90’ies Tanaka et al. [50] and Matsuyama et al. [51] in-
troduced solid-phase crystallisation (SPC) as a method to fabricate
thin-film polycrystalline silicon for solar cells. Brendel and Scholten
[52] calculated that single-junction c-Si thin film solar cells (1 to 3 µm)
could result in efficiencies of 17% when appropriate light trapping is
applied. The company CSG Solar made modules using SPC produced
thin film solar cells on glass [53]. After crystallisation of the n+/p/p+

stack both rapid thermal annealing (RTA) and plasma hydrogenation
were used to improve the intergrain quality and electrical passivation
of defects [54, 55, 56], and they demonstrated modules with a 10.5%
efficiency [57]. These promising results prompted the scientific commu-
nity to further investigate the possibilities of SPC for PV on glass. The
crystallisation of hydrogen-free a-Si films deposited by e-beam was in-
vestigated by the Helmholtz Zentrum Berlin [58]. Aluminium induced
crystallisation (AIC) also caught the attention of the community, be-
cause of the enhanced crystallisation rate compared to SPC and in-situ
doping of the Si films by Al. This metal induced crystallisation was
already reported in the late 70’ies. Nast et al. [28, 59] proposed to use
this effect to produce thin-film crystalline silicon for solar cells.



14 Introduction

Parallel to the development of thin film crystalline silicon solar
cells using SPC, the concept of a-Si/c-Si heterojunction solar cells
was introduced by Tanaka et al. [50]. They envisioned an a-Si/c-Si
heterojunction with intrinsic thin-layer (p/i/n) solar cells design: HIT
(Heterojunction with Intrinsic Thin-layer). Their design, using a 10
µm thick poly-Si layer created by SPC of CVD deposited phosphorous-
doped a-Si, resulted in a cell with an 6.3% conversion efficiency [51].
The version of this solar cell design based on an a-Si:H(p+) emitter on
a ∼100 µm thick c-Si(n) wafer has resulted in an efficiency of 24.7%
[60]. The Interdigitated Back Contacted (IBC) structured HIT cell
even resulted in a 26.6% efficiency [61].

IMEC combined the AIC with a heterojunction design. A
solar cell with an 8.5% efficiency was realised using a heterojunction
a-Si/poly-Si design with light trapping texturing and hydrogen passi-
vation by remote plasma [62]. They made use of a so-called seed layer
using AIC followed by the epitaxial growth of poly-Si using CVD at
temperatures beyond 1100 ◦C [62].

A serious competitor for SPC is liquid phase crystallisation (LPC).
LPC can be achieved both through electron beam crystallisation (e-
beam) or laser induced crystallisation (LIC). Efforts by Dore et al. [63],
Haschke et al. [64], and Amkreutz et al. [65] have increased the effi-
ciency of silicon heterojunction solar cells on glass to above 14% [66].
Although LPC is currently a promising route to thin film silicon solar
cells on glass, the efficiency record for thin film silicon PV modules on
glass is still held by CSG Solar using SPC [67].

1.4 Scope and outline of this dissertation

This dissertation is part of a study into the development of thin film
poly-crystalline silicon based HIT solar cells with light trapping fea-
tures. Thin film poly-Si solar cells would require a thickness of approx-
imately 10 µm to ensure sufficient light absorption [3]. The deposition
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of films with such a thickness requires high deposition rates, in this case
Expanding Thermal Plasma Chemical Vapour Deposition (ETPCVD).
This dissertation will discuss the crystallisation of a-Si:H films deposited
by ETPCVD.

Different from the crystallisation process of a molten material,
the mobility of atoms during the solid-phase crystallisation process is
limited. For this reason the configuration of atoms prior to the crys-
tallisation process can strongly influence the onset and time required for
crystallisation. In the case of a-Si:H, not only a reconfiguration of the Si
atoms is needed. The solubility of hydrogen atoms in c-Si is much lower
than in a-Si:H [4] and for this reason hydrogen atoms must diffuse out
of the film during annealing. Therefore information on the structure of
the amorphous films prior to crystallisation is essential. In this thesis
the silicon microstructure and the hydrogen bonding configuration of
as-deposited films are studied, and in particular their influence on the
crystallisation process.

For thin film polycrystalline Si to be used for solar cell appli-
cations, they must be doped. This can be achieved by doping after
crystallisation, but also by crystallising films which already contain the
dopant atoms. The main benefit of in-situ doping of the a-Si:H film
is a reduction in processing steps. Until this work, no doped a-Si:H
films were produced using ETPCVD. This dissertation will discuss the
deposition of boron doped a-Si:H films by ETPCVD. As dopants can
influence the crystallisation process for a-Si films [5], th crystallisation
of intrinsic and boron-doped films is studied by in-situ x-ray diffraction
during the crystallisation process.

In order to characterize the structure of a-Si:H by Raman spec-
troscopy (RS) in addition to Fourier transform infrared spectroscopy
(FTIR) a comparison is made between the Si-Hx related modes detected
by both techniques. This is presented in chapter 3. Chapter 3 shows
the relation between the microstructure parameter R∗ determined from
RS and FTIR. Chapter 4 presents the first boron doped a-Si:H films
produced by ETPCVD. The boron content and the doping efficiency
of these films is compared to those produced by PECVD. To study
the crystallisation we have opted to measure x-ray diffraction of the
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a-Si:H films during annealing, thereby observing the phase transition
from amorphous to crystalline silicon. Chapter 5 discusses these results
and the influence of the microstructure and hydrogen content from the
a-Si:H films on the crystallisation process. In chapter 6 both the in-
fluence of the microstructure and boron doping on the crystallisation
of a-Si:H are presented. The influence of boron on both the nucleation
rate and the grain growth rate is discussed.

1.5 Contribution to the field

The focus of this work is the solid phase crystallisation of a-Si:H on
glass for solar cell applications. In this work three main topics are dis-
cussed: the evaluation of the microstructure parameter of hydrogenated
amorphous silicon (R∗) by Raman spectroscopy, the deposition of boron
doped a-Si:H layers by ETPCVD, and the crystallisation of intrinsic
and B-doped a-Si:H layers on glass deposited by ETPCVD. The work
described in this thesis has contributed to the research field with the
following new results:

• Fourier Transform Infrared Spectroscopy is frequently used to de-
tect the Si-Hx stretching modes to determine the microstructure
parameter R∗ of a-Si:H films. The stretching modes can also be
detected by Raman Spectroscopy. In contrast to FTIR, Raman
Spectroscopy can make substrate independent, contactless mea-
surements. This work demonstrates the relation between the R∗

determined from both measurement techniques.

• The first boron doped a-Si:H films deposited by Expanding Ther-
mal Plasma CVD are presented in this work. The films are com-
pared to B-doped a-Si:H films deposited by PECVD. The B con-
tent increases with increasing B2H6-to-SiH4 ratio for both deposi-
tion techniques. The B content is independent of the deposition
temperature for ETPCVD films but decreases with increasing de-
position temperature for PECVD films.
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• The crystallisation of a-Si:H films deposited by Expanding Ther-
mal Plasma CVD by solid-phase crystallisation is studied in-situ
using x-ray diffraction. The hydrogen content and bonding con-
figuration in the films is shown to influence the crystallization
process, specifically an increase in R∗ decreases the crystallisation
rate.

• Both the influence of R∗ and the boron content on the solid phase
crystallisation of a-Si:H are studied in this work. B is shown to
enhance the grain growth rate of the a-Si:H films, but the effect
of the B content on the nucleation rate is limited. The extent of
the enhanced grain growth rate due to B doping is controlled by
the B2H6-to-SiH4 gas flow ratio, for both PECVD deposited films
and ETPCVD deposited films.





Chapter 2

Experimental procedures and
details

In this chapter the experimental methods are described. First the
deposition methods are explained and then the measurement techniques
used to characterise the material structure of the produced thin films are
discussed. The last part of the chapter explains how the opto-electronic
properties of the films are determined.

2.1 Deposition of a-Si:H

2.1.1 Plasma Enhanced Chemical Vapour Deposi-
tion

An approach to produce a-Si:H is through chemical vapour deposition
(CVD). In CVD the deposition compounds are brought in contact with
a substrate while in a vaporized state and condense on the substrate
surface. Often a plasma is used to enhance the chemical reaction rates
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of the precursor gas: Plasma Enhanced Chemical Vapour Deposition
(PECVD). For the deposition of Si films, silane (SiH4) is a common
precursor gas. For laboratory and industrial deposition of a-Si:H
radio-frequency plasma enhanded CVD (rf PECVD) is common and
will be used in this thesis. This method uses an 13.56 MHz rf signal
to generate a plasma discharge between two electrodes. This plasma
ionizes the precursor gasses in the deposition chamber, such as SiH4,
H2, and B2H6 for doped films. This results in silicon containing radicals
(SixHy), hydrogen radicals, molecules, and ions in the gas. Of the
different species the SiH3 radical is the dominant precursor for a-Si:H
growth [68]. The radicals reach the substrate by diffusion and form a
film on the substrate surface.

The PECVD films discussed in this work are made in a parallel
plate rf PECVD setup as is shown in figure 2.1. The rf electrode has an
area of 12 cm × 12 cm and on the grounded electrode substrates with a
maximum size of 10 cm × 10 cm can be placed. The distance between
the electrodes is 10 mm for depositions of intrinsic a-Si:H and 11 mm
for doped a-Si:H. P-type doped films were made in chambers designated
for p-type depositions. The substrate is placed top down between the
electrodes and is in direct contact with the plasma. The substrate is
preheated using an electric heater.

Figure 2.1. A schematic of a parallel plate rf PECVD reactor.
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2.1.2 Expanding Thermal Plasma CVD

Most depositions reported in this work were carried out in the main de-
position reactor of the Cascaded Arc Solar Cell Apparatus Delft Eind-
hoven (CASCADE), at Delft University of Technology (TUD). The main
chamber holds the expanding thermal plasma CVD (ETPCVD) reac-
tor. This method, developed at Eindhoven University of Technology
(TU/e), was developed with the aim to deposit various materials at
high growth rates [69, 70, 71]. With this technique a-Si:H films can be
grown at deposition rates up to 11 nm/s [72]. ETPCVD is a remote
plasma technique so the substrate is not in direct contact with the region
where the plasma is created. ETPCVD allows for deposition of a-Si:H
within a broad range of micro-structures [73], due to the independent
manipulation of plasma and substrate conditions.

Figure 2.2. A schematic of the ETPCVD reactor.
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A schematic representation of the ETPCVD reactor can be seen
in figure 2.2. At the top of this reactor is the cascaded arc source. In
the arc a DC Ar-H2 plasma is created from Ar and H2 gasses between
the cathode tips and the anode plate. The current in the arc is 40
A. The plasma travels in a narrow channel (2.5 mm in diameter) at
a pressure of approximately 45 × 103 Pa and expands supersonically
into the deposition chamber. The pressure in the deposition chamber is
typically around 20 Pa. At the end of the nozzle H2 is injected, while
for B-doped films B2H6 is added to the H2 flow. Approximately 4.5
centimetres below the end of the nozzle an injection ring injects SiH4.
The gases injected via the nozzle and the injection ring are dissociated
and sometimes ionized by the expanding plasma [39]. The substrate is
placed approximately 40 cm below the nozzle, face up, on a temperature
controlled substrate holder.

All intrinsic films have been deposited prior to the connection of
the B2H6 gas lines to the setup.

2.2 Structural film characterisation

2.2.1 Fourier Transform Infrared Spectroscopy

Fourier Transform InfraRed spectroscopy (FTIR), measures the wave-
length dependent absorption in the infrared wavelength range. When
the frequency of the infrared radiation matches the resonant frequency
of the bond or group that vibrates in the material a fraction of the
light is absorbed. One restriction is that only vibrations with a transi-
tion dipole moment are infrared active. A list of Si-H, Si-H2 and Si-H3

is shown in table 2.1, the stretching and wagging modes are used to
characterise a-Si:H [74].

The hydrogen bonding in a-Si:H is investigated by infrared absorp-
tion measurements using a Thermo Electron Nicolet 5700 Fourier Trans-
form Infrared Spectroscope. Measurements were made in the range of
400 to 6000 cm−1.
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The FTIR measurements were made on films deposited on lowly
doped c-Si wafers. The raw FTIR spectra were corrected for absorption
in the c-Si wafer by measuring the spectrum of the bare wafer. The
interference fringes were fitted, characterizing the spectra of the samples
in the non-absorbing spectrum range. The parameters for the fitting of
the interference fringes are the film thickness and the refractive index in
the infrared (n∞). The absorption peaks are fitted by multiple gaussian
interpolations representing the absorption bands related to the material
structure. An example of the analysis of the stretching modes (SM) is
shown in figure 2.3.

Figure 2.3. Example of a typical FTIR measurement of the stretching modes,
showing both the background and the two fitted gaussians.

The wagging mode of all hydrogen in the film contributes to the absorp-
tion peak at ω ≈ 630 cm−1 [75, 74]. Two stretching modes are present in
the spectra. The low stretching mode (LSM) is found at ω ≈ 2000 cm−1

and the high stretching mode (HSM) at ω ≈ 2100 cm−1 [75, 74]. The
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areas of the absorption peaks are used to calculate the density of corre-
sponding chemical bonds Nx through the corresponding proportionality
constant Ax , according to 2.1.

Nx = AxIx = Ax

∫
α(ω)

ω
dω (2.1)

In here, α(ω) is the absorption coefficient and Ix is the integrated ab-
sorption of the specific peak. The proportionality constants used in this
work are A630 = 2.1 · 1019 cm−2 and ALSM = AHSM = 9.1 · 1019 cm−2

[73, 38]. The atomic hydrogen concentration cH of the films can be de-
termined by the hydrogen and silicon densities NSi and NH as follows
[76]:

cH =
NH

NSi +NH

(2.2)

where NSi + NH is assumed to be around 5.3 · 1022 cm−3 [76].
The microstructure paramater R∗ is defined as follows

R∗ =
IHSM

ILSM + IHSM

(2.3)

Where I is the integrated intensity as defined in equation 2.1. Films
of a-Si:H suitable for solar cell application typically have an R∗ <
0.1. It has been demonstrated in literature that such layers have
a high material density and low defect density, leading to a high
photo-response (defined as the ratio between the photo-conductivity
and dark conductivity) [73, 38]. Films with higher R∗ are commonly
observed to have low material density and high defect density, resulting
in a low photo-response.

In this work the R∗ will also be evaluated using Raman spec-
troscopy, see Chapter 3. In this case the ILSM and IHSM are the inte-
grated intensities of the counts measured for the specific Raman shift.
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Table 2.1. Si-H vibrations for Si-H, Si-H2, and Si-H3 as described by Luckovsky
et al. [75]. The table shows the character of the vibrational mode,
the activity (ir for infra red absorption, R for Raman scattering), and
the estimated frequency.

Structural group Mode Activity Est. frequency
Si-H Stretch ir, R 2000

Bend ir 650
Si-H2 Stretch ir, R 2100

Bend-scissors ir, R 900
Wag ir, R 850

Twist R 820
Rock ir, R 650

Si-H3 Stretch ir, R 2150
Degenerate deformation ir, R 900
Symmetric deformation ir, R 850

Wag, Rock ir, R 630

2.2.2 Raman Spectroscopy

Raman spectroscopy (RS) measures the Raman effect [77], which is a
shift in the wavelength of light (photons) that occurs when a photon
scatters inelasticly with atoms or molecules. Specifically the energy
difference measured by the Raman effect is equal to the difference of vi-
brational and rotation energy-levels in molecules or the specific allowed
phonon energies in crystals [78]. In amorphous materials the spectral
features observed in the spectra of crystals are broadened. For vibra-
tions to be Raman active a change in polarisability of the transition
is required. RS is often used as a complementary technique to FTIR,
as RS can detect the vibrations of the Si-Si bonds (phonons) in the
a-Si:H. For amorphous silicon the active phonons are the transverse op-
tical (TO) mode1 at approximately 480 cm−1, the longitudinal optic
(LO) mode at 400 cm−1, the longitudinal acoustic (LA) mode at 300
cm−1, and the transverse acoustic (TA) mode at around 130 cm−1 [79].
The disorder of the amorphous structure can be characterised by the

1For crystalline Si the TO mode is at 520 cm−1.
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width ΓTO of the TO peak and its frequency shift ωTO. ΓTO increases
roughly linearly with the increase in distortion and ωTO is related to the
Si-Si bond length [80, 81]. The higher the shift towards smaller frequen-
cies the longer the average bond length. A decrease in ωTO indicates a
higher disorder in the amorphous silicon. Some hydrogen vibrations are
also Raman active and visible in Raman spectra[75]. Table 2.1 shows a
list of Si-Hx vibrational modes. Both the LSM and HSM of the Si-Hx

bonds can be detected [82] as well as the wagging and rocking mode at
approximately 630 cm−1 [79].

The volume of material that is probed in a measurement is depen-
dent on the focus of the laser and the wavelength dependent absorption
coefficient, αλ of laser light by the film [83]. The actual sensitivity for
detection also depends on the probability of the Raman effect under
influence of the applied laser, the cross section σR, which can be wave-
length dependent [83].

RS spectra of the films were measured using a Renishaw In Via
RS using a 514 nm Ar laser and an 633 nm HeNe laser. The spectra
are measured from 180 to 800 and from 1700 to 2400 cm−1 and have a
resolution of 2 cm−1. The laser focus is set manually. The two ranges
are measured consecutively.

The evaluation of the RS spectra is split into two parts, the 250
to 850 cm−1 range and the 1700 to 2400 cm−1 range. The first range
is fitted with six gaussians and a constant baseline, see figure 2.4 (a).
The baseline is set to the lowest point of the spectrum. The gaussians
are related to the four Si phonon modes, TA, LA, LO and TO, and the
hydrogen related 630 cm−1 mode.

The second range is fitted using a second degree polynomial for the
background signal and two gaussians, see figure 2.4 (b). In analogy to
FTIR detection of the Si-Hx, the integrated intensities of the RS spectra
ILSM and IHSM are used to determine the RS R∗ (or R∗RS), through
equation 2.3. Futher details about the detection of Si-Hx related features
in the RS spectra can be found in chapter 3.



2.2 Structural film characterisation 27

Figure 2.4. Example of fitting RS measurement with (a) six gaussians and a
constant baseline and (b) with two gaussians and a polynomial
background.

2.2.3 X-ray diffraction

X-ray diffraction (XRD) occurs when an incident beam of X-rays scat-
ters on the atomic planes of a crystalline material and the X-rays in-
terfere with each other while leaving the crystal, see figure 2.5. This
interference can be measured and the average spacing between layers or
rows of atoms (d) can be determined from the interference pattern by
Bragg’s law [84], equation 2.4.

The constructive interference of the scattered X-rays is strongest
for angles of θ that satisfy Bragg’s law:

λ = 2d sin θ (2.4)

where λ is the wavelength of incident light.

The red lines in figure 2.6 show the XRD pattern of a polycrys-
talline silicon reference powder. The peaks in the pattern are labelled
using Miller indices [86]. The Miller indices indicate the family of lattice
planes by three integers: h, k, and l. The peak due to the diffraction
from the {111} planes is strongest in the pattern of crystalline Si.
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Figure 2.5. Schematic of the geometrical requirements of Bragg’s law. Light
scattered from the atom planes produce an angle dependent inter-
ference pattern [85].

For chapters 5 and 6 of this thesis XRD is used to monitor the
development of the crystalline fraction upon annealing by measuring c-
Si related peaks. Two measurement types are used: ex-situ and in-situ.
Ex-situ measurements are used to evaluate the crystalline material.
The blue line in figure 2.6 shows the pattern from a crystallized Si
film on a glass substrate. The positions of the peaks indicate that the
sample contains crystalline silicon. The ratio between the intensity of
the lines matches that of the reference powder. This means that no
preferential grain orientation is observed for this sample. In-situ XRD
is used to monitor the phase transformation from a-Si:H into poly-Si.
Both types of XRD measurements were carried out in Anton Paar
high-temperature chamber HTK 1200 setups (see figure 2.7(a)). The
actual setup and chamber conditions are specific to the experiments
and details can be found in the relevant chapters. In all cases the
XRD patterns were collected by an automatic powder diffractometer
in symmetric geometry, using Copper Kα characteristic radiation (λ
= 0.154 nm). The irradiated area of the samples was 10 mm × 10
mm. The in-situ XRD patterns were measured from 26 to 31◦ (2θ),
where the strongest silicon line of {111} planes is located. A typical
measurement is shown in figure 2.7(b). Ex-situ measurements were
made over a range of 15 to 65◦ (2θ), these patterns include the three
strongest silicon lines, {111} {220} and {311}.



2.2 Structural film characterisation 29

Figure 2.6. Complete XRD pattern for polycrystalline silicon reference powder
(red line), red dots indicating the expected line positions [87] and
polycrystalline silicon on glass (blue line) showing both the signal
from the silicon and the glass background. The polycrystalline ex-
ample sample was deposited at substrate temperature of 400 ◦C
and was annealed at 600 ◦C for 8 hours.
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The XRD patterns were preliminary processed using an Xpert
HighScore plus software package (background determination and
subtraction, removal of the Kα2 component). In order to obtain the
basic parameters of the lines (2θ peak position, intensity, full width half
maximum (FWHM) and integrated intensity), diffraction line profiles
were then approximated by a Pearson VII function using a least square
procedure.

Figure 2.7. Example of (a) the Anton Paar high-temperature chamber HTK
1200 (b) an XRD pattern showing the {111} line of silicon as mea-
sured during the annealing procedure.

As a measure for crystallization, the crystalline fraction, χ, was
determined by normalizing the integrated intensity of the {111} line
during crystallization with respect to the average integrated intensity
of the {111} line of the film after saturation of crystallisation occurred.
This fully crystallized film will be referred to as the material with crys-
talline fraction χ=1, see figure 2.8.

In the S-shaped crystallization curves (see chapters 5 and 6) we
distinguish two separate parts: (i) the time until the onset of crystal-
lization, and (ii) the curve from the onset of crystallization until crystal-
lization saturation (full crystallisation). The time to full crystallization
is affected by the onset or retardation time and the slopes of the crys-
tallization curves. In order to quantify these aspects the measured crys-
talline fractions are fitted using the Avrami, Johnson and Mehl (AJM)
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Figure 2.8. The results of the in-situ XRD measurements of the {111} diffrac-
tion line for two ETPCVD deposited samples. The markers show
the crystalline fraction χ as a function of annealing time. The lines
show the AJM model fitted to the χ(t).

model [88, 89, 90, 91]. Avrami, Johnson and Mehl [88, 89, 90, 91] used a
phenomenological approach to develop an expression for the crystalline
fraction as a function of annealing time. The AJM description can be
applied to many different nucleation processes. In fact the same equa-
tions can be constructed from a classical model for nucleation of a solid
from a liquid or gas phase [33]. The basic assumption of this model
is that no nucleation or growth occurs during the retardation or effec-
tive lag time, θ, and that any misfit strain is negligible. According to
the AJM model, θ is related to the minimum detectable grain size or
crystalline material volume and is therefore dependent on the detection
limit of the measurement technique. In the model, the nucleation rate
is defined as the increase of grain density per unit time and is assumed
to reach steady-state value (Is in cm−2 s−1) when t = θ [91]. The grain
growth rate, νg, is assumed to be time independent. With this assump-
tion the crystallized volume fraction, χ, as function of annealing time
can be expressed as:
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χ(t) = 1−exp(−( t−θ
τc

)4) (2.5)

In here τc is the crystallization time, defined as:

τc = (3/πdIsνg
3)

1
4 (2.6)

with d the film thickness. The grain growth rate νg is directly related
to the jump rate of atoms at the surface of a grain [92, 47]. Is
and the νg are typically described by Arrhenius type equations [91].
However, often νg is simplified with a single Arrhenius equation with
an associated activation energy of SPC (Ea,SPC) [93]. In a similar
fashion an Arrhenius equation is often used to evaluate the activation
energy of the onset time to nucleation, θ.

An estimation of the crystallite size was calculated using a proce-
dure that is based on a Voigt function analysis of the widths of diffrac-
tion lines (FWHM and integral width β = area/I0) proposed by Langford
[94], where I0 is defined as the peak height.

2.3 Opto-electrical film characterisation

2.3.1 Optical transmission and reflection

Light incident on a thin film of material can be reflected, transmitted, or
absorbed. The absorption (A) is determined according to A = 1−R−T ,
where (R) is the reflection and (T ) the transmission. The optical proper-
ties of a-Si:H layers are determined from a measurement of the reflection
and transmission as a function of wavelength. For the extraction of the
optical properties from the measurements a model is used [95], taking
into account the optical properties of the substrate glass. In essence, the
model uses the interference fringes that can be observed in the reflection
and transmission spectra.



2.3 Opto-electrical film characterisation 33

The complex refractive index, ñ = n + ik, of the film can be
determined. The real part n is the refractive index, and the imaginary
part k is the extinction coefficient. The extinction coefficient is related
to the absorption coefficient α by:

k =
αλ

4π
(2.7)

The optical bandgap is determined from the optical constants ac-
cording to Klazes method [96]. The optical bandgap is determined by
extrapolation [α(E)n(E)E]1/(1+p+q) versus the photon energy E to α(E)
= 0, for α ≥ 103 cm−1:

(α(E)n(E)E)1/(1+p+q) = Bg · (E − Eg) (2.8)

where α(E) is the absorption coefficient, n(E ) the refractive index, p
and q are the constants related to the shape of the band edges and Bg

is a prefactor. Klazes et al. [96] proposed that the density-of-states dis-
tribution near the band edges can be assumed to be linear (p = q = 1 ),
resulting in the following equation for the Klazes, or cubic gap Eg :

(α(E)n(E)E)1/(3) = Bg · (E − Eg) (2.9)

In this work the cubic (or Klazes) bandgap is determined.

The transmission and reflection (RT) of the films on glass sub-
strates are measured using a Theiss RT setup. The setup consists of a
50 W halogen lamp, a monochromator and filters. The Theiss software
model is used to calculate the absorption. The input for the model is the
reflected light and the transmitted light which are measured directly by
separate photodiodes. The model takes into account the optical prop-
erties of the Corning Eagle 2000 glass substrate and determines the film
thickness from the interference fringes. The wavelength range of 375
nm to 1060 nm is measured and the complex refractive index and the
cubic bandgap are determined.
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2.3.2 Dark IV and activation energy

The conductivity of a material is defined by the mobility and concen-
tration of free charge carriers in the material according to:

σ = e(µen+ µhp), (2.10)

where µe is the electron mobility, µh is the hole mobility and n and
p are the electron and hole concentration, respectively. At thermal
equilibrium the charge carrier densities in the material can be expressed
as:

n0 = Nce
(EF−Ec)/kT (2.11)

p0 = Nve
(Ev−EF )/kT (2.12)

Where Nc and Nv are the effective density of states in the conduction
and the valence band, which in turn are dependent on the temperature
N ∝ T 3/2.

For p-type material the electron concentration is negligible, so
equation 2.10 can be simplified to

σ = eµhp (2.13)

By increasing the temperature, the effective density of states at
the band edges increases while the exponential portion of the equation
decreases. The activation energy of the dark conductivity, Ea, is de-
termined from the temperature dependence of the dark conductivity
according to:

σ
D
(T ) = σ0 exp

−Ea
kT

(2.14)
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with Ea the activation energy, k Boltzmann’s constant, and T the
temperature.

Samples are prepared by depositing two coplanar aluminium elec-
trodes on the a-Si:H films and annealing them at 130 ◦C to ensure good
contact. The contact deposition is done using e-beam evaporation in a
Provac PRO500S metal evaporator. Using a Keithley 617 electometer,
a voltage (V ) of usually 10 V is applied to the contacts and the current
(I) is measured. The dark conductivity is determined by:

σ
D

=
I

V
· d
tL

(2.15)

where d is the gap between the contacts (0.5 mm), L is the length of the
contacts (20 mm), and t is the film thickness. During the measurement,
the temperature is controlled by a temptronics Thermo-Chuck. The
current measurement starts at 130 ◦C and is cooled down to 60 ◦C in
steps of 5 ◦C.

2.3.3 Hall effect

The Hall effect occurs when a conductor or semiconductor is placed in
a magnetic field and current (I) is flowing through the material per-
pendicular to the magnetic field. The Lorentz force, FL, induced on a
charge particle by the magnetic field is:

FL = qvB (2.16)

where q is the charge on the particle, v is the velocity and B the strength
of the magnetic field.

The electron velocity of the current flowing through to the material
is:

υ =
I

nAq
, (2.17)

where n is the electron density, A is the cross-sectional area of the film
and q is the elementary charge. When the external magnetic field is
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applied perpendicular to the direction of current flow, the Lorentz force
on the electrons will become:

FL =
IB

nA
(2.18)

This results in a separation of positive and negative charge carriers.
The separation induces an electric field perpendicular to the direction
of current flow, which generates the potential difference in the material,
the Hall voltage (the electric field is assumed to be homogeneous).

VH = wε (2.19)

In this equation w is the width of the sample and ε is the electric field
strength, which is:

ε =
IB

qnA
(2.20)

Applying equation 2.20 to equation 2.19 gives:

VH =
IB

qnd
(2.21)

where d is the film thickness.

The sheet resistance is determined from the measured voltage dif-
ference between the four outer positions of the samples and depends on
the overall Hall voltage according to:

Rs =
IB

q|VH |
(2.22)
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The resistivity of the films, assuming that the doping concentra-
tion is much larger than the intrinsic carrier concentration, is:

ρ =
1

qpµ
(2.23)

where p is the doping level for p-doped material and µ the carrier
mobility.

The measurement of the Hall effect is done using the Van
Der Pauw method. This method allows us to calculate the carrier
concentration and mobility in the poly-Si. The setup used for these
measurements is the Ecopia Hall Effect Measurement System HMS-
5000, the system software was used to calculate the film properties.
The samples were cut in to squares and contacted at the corners. The
complete measurement and calculations were executed four times for
each sample, values shown in this thesis are the average of these four
measurements.





Chapter 3

Comparison of FTIR and RS for
the characterisation of a-Si:H

3.1 Introduction

Hydrogen bonding configurations in hydrogenated amorphous silicon
(a-Si:H) are directly related to the Si-Si network structure (voids,
divacancies, multivacancies) [38, 73, 97]. Presence of hydrogen in-
fluences the electrical properties of the material, in particular the
defect density. Amorphous silicon (a-Si; i.e., material that does not
contain hydrogen) [30, 31] typically has a defect density of 1019 to
1021 cm−3. Incorporation of hydrogen reduces this large density of
electronically active dangling-bond defects from 1019 cm−3 in a-Si to
1015 cm−3 in a-Si:H [32, 33]. Hydrogen is usually incorporated during
the deposition process when SiH4 is used as the precursor gas for
film growth. In the deposition process of a-Si:H hydrogen is of great
influence to the material structure as is shown by Kessels et al. [39].
The growth conditions of the film determine the material structure and
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the hydrogen concentration in the film. Hydrogen is important in both
the thermodynamic approach of film growth [40, 41, 42] and in kinetic
growth models including surface processes [43, 44].

Annealing a-Si:H layers at temperatures around 600 ◦C alters
the Si-Si structure due to hydrogen effusion and crystallisation [98].
This makes identification of the a-Si:H structures a requisite for
crystallisation studies discussed discussed in Chapters 5 and 6. The
solubility of H in c-Si is in the order of 1016 cm−3 while up to 25%
H can be present in a-Si:H [4, 99] and therefore full crystallisation
requires effusion of H. In turn, the H effusion characteristics of a-Si:H
are very dependent on the microstructure of the material.

The atomic hydrogen content (c
H
) and the manner in which

hydrogen is incorporated in a-Si:H can be evaluated by Fourier trans-
form infrared spectroscopy (FTIR) [100, 101, 34]. FTIR measures the
absorption of infrared light by the a-Si:H film. Typically the Si-H(x)

wagging modes, as well as the Si-H(x) stretching modes are used to
determine the c

H
. The configuration of the H atoms within the Si

structure, a.o. the presence of clustered hydrogen, is derived from the
Si-H(x) stretching modes. R∗, the microstructure factor [102], is a figure
of merit for the atomic configurations in the bulk of the film. For R∗

values > 0.5 (for c
H

of 14%) a-Si:H films have been described as void
dominated [73]. The presence of clustered hydrogen is important for
the H effusion process [4]. Unfortunately, FTIR measurements can only
be carried out on films deposited on IR-transparent substrates, such
as c-Si wafers. The substrate on which the film is grown can influence
the a-Si:H growth process as well as the kinetics of the solid phase
crystallisation (SPC), and therefore it is desirable to measure a film
that is deposited on the same substrate as is used for the SPC process.

Cardona [82] and Volodina and Koshelev [103] were able to
detect the low and high stretching modes 2000 cm−1 and 2100 cm−1

using Raman Spectroscopy (RS). RS allows for substrate independent
measurements of the a-Si:H films. Additional advantages of RS include
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the laser dependent collection depth. Using different wavelengths
for RS measurement, the depth to which the film is probed can be
controlled. In this manner inhomogeneities in the growth direction
can be evaluated. In order to use RS for studying the hydrogen
configurations in a-Si:H films, a comparison must be made between RS
and FTIR results. Another reason to compare RS with FTIR for a-Si:H
characterisation is that the complete evaluation of Si films by RS would
simplify the characterisation process of a-Si:H, µ-Si, and poly-Si. Being
a fast and contactless measurement, RS can be used to make surface
scans, allowing identification of crystals as well as characterising the
a-Si:H material.

This chapter will evaluate if the detection of the Si-Hx modes by
RS is sufficient to determine the a-Si:H structure similar to the char-
acterisation by FTIR. First the measurement techniques, set ups and
procedures are presented in section 3.2. Section 3.3 shows a compari-
son of the Si-Hx modes measured by RS to those determined by FTIR.
Finally, the comparison of the results from both techniques is discussed.

3.2 Experimental

Samples

The samples are deposited on Corning glass and c-Si wafer substrates
simultaneously by ETPCVD. This deposition technique is explained
in section 2.1.2. The gas flows during the depositions are 570 sccm of
Ar, 340 sccm H2, and 230 sccm SiH4. The arc current is set to 40 A,
the arc pressure ranged from 40 - 49 kPa, the chamber pressure varied
from 17 - 30 Pa and the substrate temperature range is 200 to 375 ◦C.
The film thickness varies between 300 and 1000 nm. The samples
are characterised using FTIR and RS. The details of the analysis of
the FTIR and RS spectra are described in sections 2.2.1 and 2.2.2,
respectively. The measurement principles and the measurement setups
are explained in this section.
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Fourier Transform InfraRed Spectroscopy

FTIR measures the wavelength dependent absorption in the infrared
part of the electromagnetic spectrum. This absorption is the result
of excitation of overtones or harmonic vibrations in a material. The
frequency ν of the absorbed radiation is given by the Bohr frequency
condition:

∆E = hν (3.1)

Where ∆E is difference between the energy states of a bond or
group that vibrates within the material, and h is Planck’s constant.
Only vibrations with a transition dipole moment which is infrared active
can be detected by FTIR. It is common practise to present the mea-
sured spectra as a function of the vacuum wavenumber, ω, expressed in
reciprocal centimetres (cm−1), as ω is the inverse of the wavelength (λ):

ω =
ν

c
=

1

λ
(3.2)

The FTIR measurements are made on a-Si:H films deposited on
c-Si wafer as explained in section 2.2.1. The FTIR spectra are mea-
sured with the Thermo Electron Nicolet 5700 Fourier Transform In-
frared Spectroscope. The absorption bands in a-Si:H related to the res-
onant frequencies of the Si-H bending, wagging and stretching modes
are measured with this setup. The wagging mode of all the bonded hy-
drogen in the film contributes to the absorption peak at ω ≈ 630 cm−1

[75]. Two stretching modes are present in the spectra. The low stretch-
ing mode (LSM) is found at ω ≈ 2000 cm−1 and the high stretching
mode (HSM) at ω ≈ 2100 cm−1 [75]. These absorptions can be used to
evaluate the hydrogen content c

H
, and microstructure parameter R∗ as

is explained in section 2.2.1.
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Raman Spectroscopy

In RS a shift in wavelength of light (photons) is measured after
interaction with the material, this is called the Raman shift or the wave
shift (ω). Raman shifts occurs when a photon scatters inelastically with
lattice atoms or molecules [78]. The shift in wavelength corresponds to
the energy difference between two resonant states of the material and
is independent of the absolute energy of the photon. For vibrations to
be Raman active a change in polarisability of the transition is required.
The Raman active phonons in a-Si:H related to the Si-Si bonds are
the transverse optical (TO) mode, detected at approximately 480
cm−1 Raman shift, the longitudinal optic (LO) mode at 400 cm−1,
the longitudinal acoustic (LA) mode at 300 cm−1, and the transverse
acoustic (TA) mode at around 130 cm−1 [79]. Several Si-Hx related
vibrations are also visible in Raman spectrum of a-Si:H [75]. Both the
LSM and HSM of the Si-Hx bonds can be detected [82] as well as the
wagging and the rocking mode which are observed at approximately
630 cm−1 [79].

Raman spectra were measured with a Renishaw inVia Raman mi-
croscope using a 514 nm Ar laser and a 633 nm HeNe laser. The volume
probed by RS is dependent on laser, spot size and the wavelength depen-
dent absorption coefficient, αλ, of the film [83]. The actual sensitivity
of RS also depends on the cross section for the Raman scattering pro-
cess σR, which in turn can be wavelength dependent [83]. Brodsky et
al. observed that for Si-Hx related scattering there was little differ-
ence for lasers with phonon energies from 1.8-2.5 eV (689-496 nm), for
the TO peak some difference has been observed [100]. The polariza-
tion ratios reported are ρ = 0.2 for the Si-Hx and ρ = 0.55 for the TO
peak [104, 100]). The laser (or wavelength) dependent Raman collection
depth (RCD) is directly related to the wavelength dependent absorption
of the film. The collection depth can be estimated through [105]:

RCD =
1

2 · αλ
(3.3)
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The αλ of a-Si:H is approximately 1.2·105 cm−1 for λ = 514 nm
and 2·104 cm−1 for λ = 633 nm [106]. These values result in a RCD
of around 40 nm for green laser light (λ = 514 nm) and 250 nm for
red laser light (λ = 633 nm). It should be noted that the returning
(shifted) laser light will have a different wavelength from the light
entering the film, making equation 3.3 a rough estimate of the RCD.

3.3 Results of a-Si:H characterisation

The results of the a-Si:H characterisation are presented in this section.
As explained in section 3.2, FTIR and RS do not (necessarily) evaluate
the same film volume of each a-Si:H sample, as the collection depth
is dependent on the laser wavelength. For this reason the results of
this section are depicted per technique and laser, rather than a direct
comparison of the integrated intensities of the respective modes. This
section first shows the hydrogen content, c

H
, calculated from FTIR data

as explained in section 2.2.1. The intensities of the stretching and wag-
ging modes (I

LSM
, I

HSM
and I630) determined from RS and FTIR spectra,

as explained in sections 2.2.2 and 2.2.1 are compared. Next the RS
shifts (ω) of the Si-Hs RS modes are presented and compared to the
FTIR wavenumbers (ω) of the Si-H absorptions.

3.3.1 Si-H modes detected by RS and FTIR

Figure 3.1 shows the results of the FTIR and RS detection of the Si-
H rocking, wagging, and stretching modes in the ETPCVD deposited
films. The first two plots evaluate the c

H
from the stretching modes

c
H, LSM

, c
H, HSM

as a function of the c
H, 630

, as determined by FTIR. No
clear relation between the c

H, LSM
and the c

H, 630
is observed in figure

3.1 (a). On the other hand, the c
H, HSM

increases with c
H, 630

for the
same samples (figure 3.1 (b)). For c

H, 630
values up to 17% this relation

is linear. For values above 17% the c
H, HSM

still increases with c
H, 630

although the relation is no longer linear.
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Figure 3.1. (a) The cH, LSM and (b) the cH, HSM as a function of cH, 630 , deter-
mined from the integrated intensities of the respective absorptions
(FTIR) in the ETPCVD films deposited on c-Si wafer (the error bars
are hidden in the markers). (c) Graphs of the ILSM and (d) the IHSM

as a function of I630 of ETPCVD filmps deposited on glass. The
integrated intensities are determined from the red laser RS spectra
and (e), (f) from the green laser RS spectra.
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Figure 3.2. (a) The cH, LSM+HSM and (b) the R∗ results determined from the
stretching modes in the FTIR spectra, as a function of cH, 630 of the
ETPCVD films on c-Si. The red laser RS results of (c) ILSM + IHSM

and (d) R∗, as a function of the red laser RS I630 and (e) the green
laser RS ILSM + IHSM and (f) R∗ as a function of the green laser
RS I630 . RS is measured on ETPCVD films deposited on glass.
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The RS measurements of the stretching modes, using the red
laser, show some increase of the I

LSM
and the I

HSM
with I630 (figure 3.1

(c, d)). The green laser RS measurements (figure 3.1 (e, f)) show a
strong linear relation between both the I

LSM
and the I

HSM
with the I630 .

Figure 3.2 shows the low and high stretching modes of the
ETPCVD deposited samples in two ways. First, graphs 3.2 (a), (c)
and (e) show the superposition of the stretching modes, with respect to
the I630 or c

H,630
, for FTIR and RS measurements respectively. Second,

graphs 3.2 (b), (d) and (f) show the R∗, calculated according to
equation 2.3, with respect to the I630 or c

H,630
. The values determined

from the FTIR measurements (figure 3.2 (a, b)) serve as a reference for
the comparison. Figure 3.2 (a) shows that the c

H
from the stretching

modes is similar to the c
H,630

determined from the I
LSM+HSM

rocking,
wagging mode. All graphs in figure 3.2 show an increase of both the
combined stretching modes (I

LSM
+ I

HSM
) and R∗ with increasing I630 or

c
H,630

. The stretching modes and the R∗ determined with the red laser
increase with I630 although no clear relation is visible (3.2 (c) and (d)).
The green laser I

LSM
+ I

HSM
shows a linear increase with respect to the

I630 (3.2 (e)). This is similar to the relation observed by FTIR ((3.2
(a)). The R∗ determined from the green laser measurements increases
with increasing I630 . The relation appears to be linear for I630 values
above 0.04 × 106. The graphs in figure 3.2 show that the red and green
laser measurements of R∗ and I630 do not match the FTIR R∗, c

H,630

relation.

For the R∗ evaluation, the samples are presented by the c
H, 630

values of the films deposited on c-Si. Figure 3.3 shows the direct com-
parison of the R∗ determined by (i) FTIR, (ii) RS using the green laser,
and (iii) RS using the red laser. The values of R∗ determined by FTIR
show a larger variation than the R∗RS values do. The R∗RS is deter-
mined using equation 2.3, by simply replacing the I

LSM
and I

HSM
from

FTIR by those measured by RS. The R∗RS can be linearly scaled to (ap-
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proximately) match the R∗ values calculated from FTIR measurements
using the following equation:

R∗ = R∗0 + A×R∗RS (3.4)

For both lasers the scaling factors have been determined,
the results are shown in table 3.1. The resulting linear relations
are depicted in figure 3.3 (b). The grey line shows the results
for the green laser, the red line shows the results for the red laser.
The R∗RSred and R∗RSgreen show a similar increase with increasing R∗FTIR.

Table 3.1. Overview of parameter values for the R∗ equation (3.4) for green
and red laser RS measurements.

R∗0 A
RS green 0.220 ± 0.031 0.524 ± 0.051
RS red 0.208 ± 0.071 0.444 ± 0.114

Figure 3.3. (a) The R∗ measured by FTIR and RS as a function of the cH, 630

determined by FTIR. (b) The relation between the R∗ determined
from RS measurements and the R∗ from FTIR, the red line indicates
the linear fit of the red laser RS data, the grey line of the green laser
RS data.
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3.3.2 Positions of Raman shift and absorption fre-
quencies of Si-Hx related features

Figure 3.4. (a) Centre of the LSM Raman shift distribution, ωLSM , from RS
spectra as a function of the LSM absorption frequency, ωLSM , mea-
sured by FTIR. (b) Centre of the HSM Raman shift distribution,
ωHSM , as a function of the frequency position, ωHSM , measured by
FTIR.

The Raman shifts and the frequency positions of the LSM (ω
LSM

)
and HSM (ω

HSM
) in the RS and FTIR spectra are shown in figure 3.4.

The spread in range of the ω
LSM

is larger for the red than the green laser
Raman shift. The RS values are approximately 10 cm−1 higher than
those of FTIR. With increasing values of ω

LSM
by FTIR, the ω

LSM
by RS

increases non-linearly. For values of ω
LSM

(FTIR) larger than 2000 cm−1

the increase is stronger for the red laser ω
LSM

than for the green laser
values.

The ω
HSM

values of the RS spectra are also approximately 10 cm−1

higher than the ω
HSM

from the FTIR measurements. The bulk of the
ω
HSM

measurements by RS follow a (nearly) linear relation with the
FTIR data. The FTIR measurements show a gap in the ω

HSM
data

around 2087 cm−1, prompting an investigation of the existence of a
middle stretching mode (MSM) [97]. Multiple samples have been eval-
uated, and the MSM is absent in these samples.
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Both the ω
LSM

and ω
HSM

data have been fitted as linear relations.
These relations are quantified using equation 3.5, where the ω

SM
is the

FTIR value, and ω
SM, RS

is the RS value:

ω
SM

= ω0 + C × ω
SM, RS

(3.5)

The equation constants ω0 and C for the ω
SM, FTIR

are presented in table
3.2.

Table 3.2. Overview of parameter values for the ω
SM’s

relations between FTIR
and RS, for values below 2000 cm−1 (ωLSM by FTIR) and below
2079.5 cm−1 (ωHSM by FTIR) for green and red laser RS measure-
ments.

ωLSM,0 CLSM ωHSM,0 CHSM
RS green -94 ± 579 1.04 ± 0.29 1227 ± 186 0.406 ± 0.089
RS red 448 ± 645 0.77 ± 0.32 1576 ± 167 0.239 ± 0.080

Figure 3.5. (a) Raman shift and FTIR absorption frequency ω630 as a function
of the cH, 630 measured by FTIR. (b) Raman shift ω480 as a function
of the cH, 630 measured by FTIR.

To compare the 630 cm−1 mode detection by RS with FTIR,
figure 3.5 (a) shows the ω630 with respect to the c

H, 630
. A slight decrease

in ω630 is observed in the FTIR measurements with increasing c
H, 630

.
This decrease is not present for the green laser RS measurement of
ω630 . The scattering between the data points from the red laser RS
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measurements is much larger than on the other measurements. As this
could be a result of the a-Si:H structure in the bulk of the films, the
transverse optical mode of the Si-Si bonds at 480 cm1 was examined
(see figure 3.5 (b)). No difference, other than an offset in ω480 between
the red and green laser measurements is observed. This observation
does confirm, nor exclude the influence of the a-Si:H structure in the
bulk of the films on the red laser ω630 values.

3.4 Discussion on characterization of a-

Si:H

The previous section shows the results concerning three topics (i) the
comparison of Si-Hx absorptions measured by FTIR with the detection
of the Si-Hx related modes by RS (ii) the comparison of R∗ values deter-
mined from FTIR and RS measurements and (iii) a comparison between
the frequency positions of Raman shift and the FTIR absorption wave
number of the Si-Hx related features. These comparisons were made to
determine to what extent the RS measurements are supplementary to
the FTIR measurements and in which cases they are redundant. The
determination of the microstructure R∗, and the frequency positions
requires the following:

• relations between the RS and FTIR results concerning the I630 ,
I
LSM

, I
HSM

,

• the R∗ ratio itself,

• the ω
SM’s

and ω630 .

This section will first discuss the determination of the c
H, 630

by RS with
respect to FTIR, followed by the comparison of the R∗ values from
RS and FTIR and finally the relation between Raman shifts and the
absorption wave number is evaluated.
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Evaluation of the Si-Hx stretching modes and R∗ by RS

The results of the Si-Hx stretching modes are presented in figures
3.1 and 3.2. The RS determined I

LMS
and I

HMS
are presented with respect

to the RS determined Si-Hx wagging mode I630 . The relation between
the I

SM’s
and the I630 measured with the green laser is strong. The FTIR

measurement does not show a clear increase in I
LSM

with I630 , but it does
for I

HSM
and I

LSM
+ I

HSM
with the I630 . The FTIR measurements probe

both the top and the bulk of the films. The differences between the red
and green laser RS data can both be seen in the FTIR measurements.
The most likely explanation is that the green laser RS is more sensitive
to the film surface and the red laser to the bulk of the films, although
a direct evaluation of the influence of film thickness was inconclusive.
The measurement results of the red laser RS and the FTIR show film
structure closer to the substrate. In addition some influence of the glass
substrate itself may be present in the red laser RS spectra in addition
to the a-Si:H structure at the glass interface.

The difference in RCD between the two stretching modes, LSM
and HSM, themselves is limited. As such the determination of R∗

by RS is possible and the use of the green and red laser allows for
more detailed studies of the film structure perpendicular to the film
surface. This is reflected in the figure 3.3 and table 3.1. From the
relation described by equation 3.4 it is clear that the RS values of R∗

yield slightly different results. This is most likely due some difference
to the sensitivity to Raman scattering of the LSM and HSM. This
means that the R∗ determined by RS is indeed a figure of merit for the
microstructure of a-Si:H but the value is not interchangeable with the
R∗ determined by FTIR.

Relation of the wave number ω in FTIR with the wave
shift ω in RS

As explained in the introduction of this chapter, information about
the structure a-Si:H can be deduced from FTIR measurements. The
wave numbers at which the absorption of Si-Hx vibrations are observed
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by FTIR depend on the dielectric screening of these bonds by the sur-
rounding matrix material [34]. The wave numbers ω

LSM
and ω

HSM
com-

bined with the c
H

are used to determine the nano structure parameter
K . As explained the c

H
is not accurately determined from RS measure-

ments. However, the values of the hydrogen related wave numbers ω
and the Raman shifts ω can still give insight into the material structure,
especially if variations in structure perpendicular to the film surface can
be detected.

The wave number of the rocking wagging Si-Hx mode ω630 of the
green laser RS and the FTIR measurements are approximately constant
with c

H
. The FTIR value of ω630 is approximately 10 cm−1 higher, which

is likely due TO phonon mode detected by RS, which influences the ω630

value in RS. The effect is not observed for the red laser RS measure-
ments. The scattering on the ω630 values is quite large. This effect could
be related to the influence of the substrate.

Figure 3.6. Raman spectrum of bare corning glass substrate.

Figure 3.6 shows the red laser RS spectrum for the glass substrate.
A strong asymmetric feature near 500 cm−1 with a slight shoulder at
600 cm−1 is present. When examining the spread in both the ω630 and
ω
LSM

of the red laser RS measurements: both are larger than for the
green laser measurements. In addition the red laser TO (ω480) does not
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differ in spread from the green laser measurements. This observation
makes it likely that the spread in the red laser ω630 is due to the material
structure in the bulk of the films.

The ω
LSM

and ω
HSM

for values up to 2000 cm−1 and 2080 cm−1 are
rather similar. For higher ω

LSM
the green and red laser measurements

deviate. Like the determination of R∗, the values of ω
LSM

and ω
HSM

can
be determined by RS. It should be noted that the values measured by
RS are somewhat higher than those measured by FTIR. This difference
could be due to differences in screening of the dipole for RS scattering
compared to IR absorption.

3.5 Conclusions

This chapter compares the detection of hydrogen and hydrogen bonding
configurations by Raman Spectroscopy with this detection by Fourier
Transform InfraRed spectroscopy. Due to variation in collection depth
of the RS signals, the determination of the c

H
cannot accurately be

achieved using RS for these films. The Si-Hx wagging and stretching
modes can be detected by both techniques and is strongly related to the
rocking-wagging mode detected by RS for both lasers. The wavenumber
of wagging mode is well defined for the green laser RS spectra, but
less so for the red laser spectra. This effect is also observed for the
ω
LSM

measurement by red laser RS and is likely due to the material
structure in the bulk of the films. The RS measurements of the Si-Hx

related features can be used to evaluate the ω
LSM

and ω
HSM

as well as
the microstructure parameter R∗. The sensitivity to the low and high
stretching modes are not the same for the FTIR and RS measurements
so the R∗ and ω

LSM,HSM
must be rescaled for a comparison between both

techniques.



Chapter 4

Deposition of B doped a-Si(:H)
films by ETPCVD

4.1 Introduction

Producing solar cells from amorphous Si through SPC requires doped
films with a thickness of up to 10 micrometer. We use Expanding
Thermal Plasma Chemical Vapour Deposition (ETPCVD) as a deposi-
tion method for the high deposition rates that can be achieved by this
technique, as is discussed in section 2.1.2. Solar cells require doped
layers and ideally doping atoms are incorporated during the deposition
of the Si films to minimise the number of production steps. Prior
to this study, ETPCVD was used only for intrinsic a-Si:H and other
materials such as SiNx [39, 71, 70]. In this chapter we discuss the first
boron doped hydrogenated amorphous silicon films (B-doped a-Si:H)
produced by ETPCVD.
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In order to investigate the B-doped a-Si:H films made by ET-
PCVD, a comparison of these films is made with B-doped a-Si:H films
deposited by Plasma Enhanced Chemical Vapour Deposition (PECVD).

The application of a-Si:H films in semiconductor devices such as
solar cells require n-type and p-type doping. Doped a-Si:H were first
reported by Chittick et al. [107]. Müller [108] generalized the doping
mechanism theories of both Street [109] and Robertson [110] in 1986.
The generalization follows the concept that the position of the Fermi
level and the constraints imposed by the 8 − N rule determine the
defect structure (where N is the number of valence electrons). An
increase in the relative concentration of microvoids was observed with
the increase of doping by B2H6 [111] for PECVD deposited films. This
relates the doping to the defect structure in the material. As ETPCVD
allows for a broad range of microstructures and has different film
surface conditions during growth than PECVD depositions this chapter
makes a comparison between the B-doped a-Si:H films produced by
both techniques.

In this chapter the results of a study are presented on the prop-
erties of boron doped a-Si:H deposited by ETPCVD. Particular focus
is dedicated to the boron concentration, determined by measuring the
carrier concentration of crystallized boron doped a-Si:H films.

4.2 Experimental details

4.2.1 Deposition techniques

As mentioned in the introduction, two techniques are used to de-
posit the samples studied in this chapter. The depositions made
by Radio Frequency Plasma Enhanced Chemical Vapour Deposition
(RF-PECVD, or PECVD) are used as reference material, because
PECVD is an established deposition technique for B-doped a-Si:H films
both in laboratories and industry. PECVD is a direct plasma technique
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commonly used for laboratory and industrial deposition of a-Si:H. The
PECVD setup used in this chapter is a parallel plate rf configuration.
The substrates are placed top down between the electrodes and
preheated using an electric heater. The grounded electrode has an area
of 12 cm × 12 cm and the distance between the electrodes is 10 mm
for depositions of intrinsic a-Si:H and 11 mm for doped a-Si:H. Doped
films are made in the chamber designated for p-type depositions. All
precursor gasses (SiH4 and 2% B2H6 diluted in H2) are injected and
dissociated with the aid of a plasma. The plasma is created using an
RF generator. The substrate is placed on the grounded electrode and
thereby exposed to ion bombardment. The deposition temperature
is set to either 180 ◦C or 325 ◦C for the different sample series. The
B2H6-to-SiH4 ratio has been varied from 0.2 to 1.0 × 10−3 within each
series.

The second deposition technique for this chapter is the ETPCVD.
It is important to note here that ETPCVD in contrast to PECVD is a
remote plasma technique. This technique is explained in chapter 3 for
the deposition of intrinsic a-Si:H films. To deposit B-doped a-Si:H films
the setup has been altered by injecting a mixture of 2% B2H6 in H2 at
the exit of the channel into the plasma. During deposition of intrinsic
films, only H2 is added to the plasma. The deposition temperature was
set to 180 ◦C, 325 ◦C and for some samples to 350 ◦C. The chamber
pressure varied from 8.1 to 8.5 Pa. The B2H6-to-SiH4 ratio has been
varied from 0.0 to 0.8 × 10−3 within each series.

4.2.2 Sample preparation and characterisation
techniques

The samples have been deposited on two types of substrates: glass
and Al2O3. Before deposition the glass (Corning glass type GX) is
cleaned by etching in a solution of HF, HNO3, CH3COOH, and H2O.
The layers deposited on Al2O3 substrate have been used specifically
for the Neutron Depth Profiling (NDP) measurements, and is required
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in order to exclude (or quantify) the influence of the B in the glass on
the measurement results. The NDP measurement is used to determine
the B concentration of specific samples. The as-deposited samples on
glass are measured with Raman spectroscopy (RS) to evaluate the
a-Si:H microstructure R∗. The optical transmission and reflection are
measured to determine the optical bandgap (Eg) and the film thickness.
I-V measurements were made to determine the dark conductivity and
activation energy of the films. The concentration of B atoms is deter-
mined by crystallising the a-Si:H films on glass by annealing them for
16 h at 600 ◦C in an Ar atmosphere. Subsequently, Hall measurements
have been carried out on the poly Si films to determine the carrier
concentration. The carrier concentration is used as a measure for the
B concentration. More details on the determination of the B content
from the carrier concentration can be found at the end of this section.

Raman Spectroscopy
The microstructure parameter R∗ is determined from the low and high
Si-Hx stretching mode, as described in chapter 3. For the R∗ determi-
nation the range from 1700-2300 cm−1 is used. After annealing of the
a-Si:H films on glass, the RS spectra are determined to confirm that the
films are fully crystalline. For the evaluation of crystalline fraction, the
range from 300-600 cm−1 is used; the absence of the a-Si:H transverse
optical (TO) mode at 480 cm−1 is used to determine that the films are
fully crystalline. Details on the determination of the crystalline fraction
can be found in section 2.2.2.

Optical transmission and reflection
The transmission and reflection of the films on glass substrates are
measured using a Theiss RT setup for wavelengths ranging from 375
nm to 1060 nm. From these measurements the complex refractive
index (ñ = n + ik) obtained. The cubic bandgap is determined from
the optical constants according to Klazes method [96]. Details can be
found in section 2.3.1.
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Neutron Depth Profiling and validation of the measurement
of the B concentration
The atomic B concentration of several films is determined by Neutron
Depth Profiling (NDP) [112]. NDP is a quantitative determination of
composition. The sample volume is uniformly exposed to low energy
neutrons. Upon the absorption of a neutron certain nuclides react by
isotropic emission of alpha particles or protons and the diametrically
emitted recoil nucleus. The 10B(n,α)7Li reaction can produce one of
two possible particle pairs: a 1776-keV alpha and its 1014-keV recoil 7Li
nucleus, or a 1472-keV alpha and its 840-keV recoil 7Li nucleus [113]. All
four of these particles are visible in the NDP spectrum. Each particle
generates an independent and redundant profile of the B distribution
in the film. The 1472-keV particle has the highest yield and is used to
identify the B content of the films. For this measurement films were
deposited both on glass and on Al2O3. There are two reasons for this.
First, the measurement sensitivity to the B in the glass, which can
obscure the NDP measurement. The second reason is the evaluation of
the effects of substrate on the measurement, such as enhanced doping
of the films by the glass substrates.

The principle of the B content determination in this chapter is
based on the assumption that all B atom become active dopants in the
crystallized Si films. Using Hall measurements the number of active
dopants can be evaluated through the carrier concentration (section
2.3.3). Multiple assumptions are made in this method of B content
evaluation. To qualitatively establish this method NDP measurements
are made to validate the underlying assumptions.

The relationship between the carrier concentration and the B con-
tent in the as-deposited films is established by measuring the B content
of the as-deposited films on glass by NDP and comparing these results
to the carrier concentration calculated from the Hall measurements. As
the glass substrate contains boron, additional films are made on B free
substrates, Al2O3, to ensure that the NDP measurements are not influ-
enced by the B content of the substrate material. It was not possible
to make suitable poly-Si samples from the films on Al2O3 for the Hall
measurements. The samples on Al2O3 have been deposited as part of
a specific deposition series. The results of the NDP measurements on
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Al2O3 samples (that will be presented in section 4.3) have been com-
pared to carrier concentration data obtained from Hall measurements
on poly-Si samples on glass produced in the same deposition series.

4.3 Results

Figure 4.1. The (a) deposition rate and (b) R∗ of the boron doped a-Si:H films
as a function of the B2H6-to-SiH4 ratio, deposited by PECVD (P)
and ETPCVD (E) at different deposition pressures (8.1 and 8.5 Pa)
and temperatures.

In figure 4.1 (a) the deposition rates are shown as a function of
the B2H6 / SiH4 gas-flow ratio. The deposition rate of PECVD material
deposited at 180 ◦C increases from about 0.15 nm/s to 0.25 nm/s with
increasing B2H6 flow, whereas at 325 ◦C this rate increases from 0.25
to 0.35 nm/s. For samples deposited using ETPCVD we observe more
scattering, although the data suggest some increase of the deposition
rate with increasing B2H6 fraction. The deposition temperature does
not seem to influence the deposition rate very strongly. A small increase
of the deposition pressure results in a reduction of the deposition rate,
in contrast to what has been reported for ETPCVD of intrinsic a-Si:H
[69]. Figure 4.1 (b) shows the variation of R∗ obtained from the RS
spectra as a function of the B2H6 / SiH4 ratio. The results show that
the low temperature depositions by both ETPCVD and PECVD result
in high R∗ values (see figure 4.1 (b)). The low temperature depositions
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show a large difference in R∗ between the two deposition techniques,
with a larger R∗ for low temperature ETPCVD depositions. A larger
R∗ was also observed for intrinsic ETPCVD films compared to PECVD
films [73].

The cubic bandgap, Eg, (determined from RT measurements) and
the activation energy, Ea, of the dark conductivity are presented as a
function of the B2H6 / SiH4 gas-flow ratio in figure 4.2 (a) and (b),
respectively. A direct comparison of the Ea and Eg (see figure 4.2 (c))
shows a strong relation between the Ea and Eg. This indicates that the
difference between the deposition series observed in 4.2 (a) and (b) are
due to differences in the (active) B content of the films and possibly the
hydrogen content.

As explained in the experimental section, the B content is deter-
mined directly by NDP and indirectly from the carrier concentration
of the poly-Si films. The carrier concentration of the poly-Si films as a
function of the B2H6-to-SiH4 ratio is shown in figure 4.3 (b). All but one
deposition sets show an increase of the B content determined by NDP
with increasing B2H6-to-SiH4 ratio. Both measurement procedures show
that the B content of the PECVD films, deposited at 180 ◦C, for a given
B2H6-to-SiH4 ratio is higher than of the other deposition series.

The NDP measurements were made to validate the carrier con-
centration in the poly-Si films as a measure for the B content in the
as-deposited films. Figure 4.4 shows the relation between the B con-
tent determined by both methods. As explained earlier, two different
substrates were used. The B content obtained from the carrier concen-
tration, shows lower absolute values than when determined by NDP.
The two methods show a linear relation for the B content. The differ-
ences due to the use of different substrates seem negligible. This results
in the following empirical equation to determine the B-content (CB)
from the carrier concentration (CC):

CB = 2.474× CC (4.1)
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Figure 4.2. The (a) Eg, (b) Ea for boron doped films as a function of the B2H6-
to-SiH4 ratio, deposited by PECVD and ETPCVD. (c) The Eg as
function of the Ea, which appears to be linear up to an activation
energy of approximately 0.55 eV.
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Figure 4.3. (a) The B content determined by NDP as a function of the B2H6-
to-SiH4 ratio, deposited by PECVD and ETPCVD. All but one
deposition sets show an increase with B content with increasing
B2H6-to-SiH4 ratio. (b) The carrier concentration of the poly-Si
films as a function of the B2H6-to-SiH4 ratio, deposited by PECVD
and ETPCVD. All but one deposition sets show an increase with B
content with increasing B2H6-to-SiH4 ratio.

Figure 4.4. The carrier concentration of the poly-Si films as a function of the
B content determined by NDP. The black line indicates the linear
fit result of the carrier concentration as a function of the B density
content.
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After establishing that the carrier concentration in the poly-Si
films is a reasonable measure for the B content of the as-deposited
films the Ea and Eg are presented as a function of the B content as
determined from the carrier concentration of crystallized films.

Figure 4.5 shows the deposition rate (a) and the R∗ (b) as a func-
tion of the B content of the films. The deposition rate shows no de-
pendence on the B content. The R∗ values of the ETPCVD350 ◦C
series decrease with increasing B content, in the other series this trend
is absent.

Figure 4.5. The (a) deposition rate and (b) R∗ of the B doped a-Si:H films on
glass as a function of the B content (determined from the carrier
concentration in the poly-Si films).

The Ea values of all deposition series show a decrease with increas-
ing B content, see figure 4.6 (b). The B-content in the PECVD films
deposited at 180 ◦C is higher than the other series. The decrease of Ea
with B content is less pronounced in this deposition series. This could
indicate that the doping efficiency of these films is lower, or that the
doping is approaching saturation. Other depositions series show similar
values and dependence on the B content. The Eg values decrease with
increasing B content. The low temperature depositions have larger Eg’s
than the high temperature depositions. The difference between the Eg
values of deposition series are most likely due to the hydrogen content
of the films, as lower deposition temperature result in higher hydro-
gen contents. ETPCVD films deposited at high temperature typically
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Figure 4.6. The (a) cubic bandgap and (b) the activation energy of conductivity
of the B doped a-Si:H films on glass as a function of the B content
(determined from the carrier concentration in the poly-Si films).

have higher hydrogen content that PECVD films deposited at the same
temperature.

4.4 Discussion

A comparison is made between the B content of a-Si:H films produced by
ETPCVD and by PECVD, using neutron depth profiling and the carrier
concentration of the crystallised films. We found a strong correlation
between the B concentration obtained from the NDP measurements and
that derived from measurement of the carrier concentration on poly-Si.
The B content for both deposition techniques increases with increasing
B2H6-to-SiH4 ratio. By comparing the NDP and carrier concentration
measurements (see figure 4.4) we have determined that approximately
40% of the B atoms are active as dopants in the crystallised films. Based
on the measurements by NDP and of the carrier concentration, the
carrier concentration can be used to evaluate the B content of the as
deposited films.

The results, figure 4.3, show that the PECVD samples deposited at
lower temperatures (180 ◦C) have the highest B content: 19 × 1015 cm−2

for a B2H6-to-SiH4 ratio of 1 × 10−3 (figure 4.3 (a) ). This is approx-
imately twice the B content of the PECVD films deposited at 325 ◦C
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with a similar gas flow ratio. The B content for the films deposited by
ETPCVD at 180 ◦C and at 325 ◦C is approximately 8.5 × 1015 cm−2 for
a B2H6-to-SiH4 ratio of 0.8 × 10−3. The important difference between
ETPCVD and PECVD films is the temperature dependence of the B
content. The B content of the PECVD deposited films reduces with in-
creasing deposition temperature, while the B content of the ETPCVD
deposited films is not affected by the substrate temperature. A possi-
ble explanation is that the indirect plasma of the ETPCVD depositions
is not affected, while the PECVD plasma chemistry is affected by the
substrate temperature. The decomposition of B2H6 is temperature de-
pendent [114]. B2H6 is exposed to the direct plasma during PECVD,
and this plasma is in direct contact with the substrate. It appears that
the high temperature PECVD plasma results in a similar decomposition
of B2H6 as the remote expanding thermal plasma used in ETPCVD.

The opto-electrical properties of the films show a dependence on
the B2H6-to-SiH4 ratio. This dependence is directly linked to the density
of B atoms incorporated into the films. The B content can be deter-
mined from the carrier concenration of the crystallised films according
to equation 4.1 (figure 4.2). The Eg as well as the Ea decrease with in-
creasing B content (figure 4.5). The slope (cEg) of the Eg, as a function
of B content is similar for the PECVD180 ◦C and PECVD325 ◦C series.
The ETPCVD series show a stronger decrease in Eg with increasing B
content, in particular the ETPCVD350 ◦C series. The influence of the
B content on the Eg can be quantified by:

Eg = Eg0 − cEg × CB (4.2)

with Eg0 , the Eg for intrinsic films, we find the values for cEg . The data
are presented in figure 4.4(b) and in table 4.1.

The ETPCVD350 ◦C series shows a decrease in R∗ with increasing
B content. Nasu et al. [111] only observed an increase in void density in
B-doped films when compared to intrinsic films, but did not detect an
increase in void density with increasing B content. Our finding indicates
that the incorporation of H in the ETPCVD350 ◦C series is likely to
change with the B content. Hydrogen is known to influence the Eg of a-
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Table 4.1. Values of R∗average (determined from RS spectra), Eg0 , and cEg

determined from figure 4.4(a) and (b).

Tdeposition R∗RSaverage
Eg0 [eV] cEg [eV·10−19 cm3]

PE 180 ◦C 0.289 ± 0.064 1.6682 ± 0.0225 0.0011 ± 0.0006
PE 325 ◦C 0.034 ± 0.034 1.4561 ± 0.0054 0.0018 ± 0.0003
ETP 180 ◦C 0.370 ± 0.016 1.7430 ± 0.0214 0.0030 ± 0.0014
ETP 350 ◦C 0.167 ± 0.051 1.6273 ± 0.0018 0.0056 ± 0.0010

Table 4.2. Values of CH,HSM estimated from Eg0 and figure 4.7, R∗0,RS as-
sumed to be R∗Raverage

for PECVD180 ◦C, PECVD325 ◦C, and
ETPCVD180 ◦C and extrapolated for ETPCVD350 ◦C, R∗0,FTIR
determined from R∗0,RS and equation 3.4.

Tdeposition CH,HSM R∗0,RS R∗0,FTIR
PE 180 ◦C 11 at.% 0.289 0.371
PE 325 ◦C < 5 at.% 0.034 0.239
ETP 180 ◦C 16 at.% 0.370 0.414
ETP 350 ◦C 8 at.% 0.205 0.327

Si:H films deposited by ETPCVD and PECVD. Smets et al. [48] showed
that the Eg depends on the HSM bonded hydrogen content determined
from FTIR measurements (CH,HSM), see figure 4.7 (a). We use this
bandgap dependence to find the hydrogen content in our layers.

From the Eg0 values the CH,HSM are estimated and presented in
table 4.2. Considering the values of R∗0,FTIR, the CH,HSM estimates
are high, but reasonable for these deposition techniques and deposition
temperatures.

If we assume that the CH,HSM of the PECVD series is not influ-
enced by the B content (as the R∗ is not affected by the B content), and
that the influence of the B content on the Eg is similar for ETPCVD
and PECVD material, we can reconstruct the change in Eg due to the
CH,HSM for the ETPCVD series. For the ETPCVD350 ◦C series this
would mean that samples with a B content around 25 × 1019 cm−3

would have a Eg0 of approximately 1.6 eV and an CH,HSM of < 6%.
These values are reasonable for ETPCVD films deposited at 350 ◦C.
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If we assume that the total hydrogen content is not affected by the
B-content, the reduction of CH,HSM would result in an R∗FTIR of 0.267,
or an R∗RS of 0.090, this matches the results in figure 4.5 reasonably well.

Clearly, the influence of H in combination with B in a-Si:H films
deposited by ETPCVD requires additional investigation. In particular
the influence of the total hydrogen content and CH,HSM on the Eg for
doped films should be examined. Based on the finding presented in this
chapter it is clear that both B and H influence the Eg of the ETPCVD
deposited films. The Eg increases with increasing CH,HSM and decreases
with increasing B-content, see figure 4.7 (b). Based on the Eg0 and
R∗ values, the PECVD325 ◦C film structure is divacancy dominated
while the other films are void dominated. As the R∗ values for the
ETPCVD350 ◦C decrease with increasing B-content, the film structure
might be increasingly divacancy dominated. This is well explained when
taking into account that B decreases the activation energy for H effusion,
thus allowing effusion to occur at lower temperatures [4].

Figure 4.7. (a) The HSM related H content CH,HSM as function of Eg for
ETPCVD and PECVD deposited films, as reported by Smets et al.
[48]. (b) The B content depicted with respect to the Eg to show
the influence B and H on the Eg.

The influence of the B content on the Ea values is similar for
PECVD and ETPCVD deposited films. The Ea reduces with an increase
in B content. The influence of the deposition temperature on the Ea
is also similar for both techniques. A higher deposition temperature
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results in a lower Ea, indicating that the amount of active dopants in
the as-deposited films depends strongly on the deposition temperature
(figure 4.6(b)).

4.5 Conclusion

In this chapter the results of characterization measurements on B-doped
ETPCVD a-Si:H films have been presented for the first time. The B-
doped ETPCVD deposited a-Si:H films have a B content of approxi-
mately 8.5 × 1015 cm−2 for a B2H6-to-SiH4 ratio of 0.8 × 10−3. This B
content is similar to PECVD films deposited at 325 ◦C with a similar
B2H6-to-SiH4 ratio. The B content increases with increasing B2H6-to-
SiH4 ratio for both deposition techniques. The B content is independent
of the deposition temperature for ETPCVD films but decreases with
increasing deposition temperature for PECVD films. Crystallisation of
the films leads to a doping efficiency of approximately 40%. For the
ETPCVD films deposited at 350 ◦C it is shown that the Eg depends
both on the B concentration as well as the H content and configuration.
Although additional research into the precise H content is required, the
influence is evident from the microstructure parameter R∗.





Chapter 5

Formation of poly-Si on glass
observed by in-situ XRD

5.1 Introduction

Several methods can be used to obtain a thin poly-Si film from
amorphous silicon (a-Si) deposited on glass, like aluminium induced
crystallization, laser induced crystallization and solid phase crystalliza-
tion (SPC) [115, 116]. The a-Si films can be deposited by techniques
such as plasma-enhanced chemical vapour deposition (PECVD) and
e-beam evaporation [117]. For the SPC approach to become a viable
technology, both the deposition conditions and the annealing treatment
should be optimized in order to minimize the energy consumption
during production and achieve a high solar cell performance. The
maximum temperature of the annealing treatments for industrial solar
cell production should be limited to about 650 ◦C, which is the glass
softening temperature.
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Additionally, an advantage of lower temperatures for processing
is that it reduces the thermal budget and the thermal stress induced
by the annealing treatment.

In this chapter intrinsic poly-Si films were obtained by annealing
hydrogenated amorphous silicon (a-Si:H) films, deposited by expanding
thermal plasma chemical vapour deposition (ETPCVD). We studied the
influence of the annealing temperature on the rate of phase transition
for temperatures in the range between 500 and 700 ◦C. We also inves-
tigated the effect of the hydrogen content and the hydrogen bonding
configuration on the phase transition from a-Si:H to poly-Si. We will
demonstrate that a temperature of at least 600 ◦C is needed to achieve
crystallization. In addition we will show that the grain size decreases
with microstructure factor, R∗, suggesting that the nucleation density
is dependent on the microstructure of the material.
This chapter is organized as follows: sections 2.1.2, 2.2, and 5.2 describe
the details of the deposition technique, the measurement techniques em-
ployed and the annealing procedures. Section 5.2 is followed by the
presentation and discussion of the results of the crystallization for the
different annealing profiles (section 5.3 and 5.4). The average crystallite
sizes of the poly-Si films are discussed in section 5.4.

5.2 Experimental details

The a-Si:H films were deposited by the ETPCVD method, which
has been discussed in detail in section 2.1.2. The a-Si:H films were
deposited on Eagle 2000 Corning glass and on c-Si boron doped prime
CZ wafer with 〈100〉 orientation. The depositions were made under
the same conditions except for the substrate temperature. The gas
flows were: 690 sccm Ar, 340 sccm H2 and 230 sccm SiH4. The arc
current was 40 A. The arc pressure was approximately 45 × 103 Pa.
The pressure in the deposition chamber was approximately 20 Pa. The
film thicknesses were approximately 850, 1000 and 1700 nm. Fourier
Transform Infrared (FTIR) spectroscopy (see section 2.2.1) was used to
evaluate the hydrogen content and bonding configuration in the a-Si:H
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films. The integrated absorption of the vibration mode at 640 cm−1

was used to determine the hydrogen content in the film. The modes
centered at ∼ 1980-2010 cm−1 and 2070-2100 cm−1 are designated
the low stretching mode (LSM) and high stretching mode (HSM),
respectively, and were used to determine the microstructure parameter,
R∗. An R∗ value below 0.1 is generally found for device quality a-Si:H
[75, 31]. The hydrogen content and bonding configuration can be
manipulated by the plasma conditions and the substrate temperature
during deposition. The deposition temperatures were 200, 300 and
400 ◦C, resulting in hydrogen contents varying from 5.6 to 11.5 at.%,
and R∗ ranging from 0.01 to 0.45. Raman spectroscopy (RS) (see
section 2.2.2) was used to investigate the presence of the crystalline
phase in the layers. From measurements on as-deposited a-Si:H layers
we did not detect any crystalline fraction.

The phase transformation of a-Si:H films on glass into poly-Si
film was monitored by in-situ x-ray diffraction (XRD). In-situ XRD
experiments were carried out in an Anton Paar high-temperature
chamber HTK 1200. During the experiments the high-temperature
chamber was pumped down to 2 × 10−1 Pa. Futher measurement
details and processing methods can be found in section 2.2.3.

Two annealing treatments have been used in the in-situ experi-
ments, the profiles of which are shown in figure 5.1.

• Profile AF : is a simple plateau (figure 5.1a).

• Profile A8h: is similar in to AF in ramp up, but has a duration of
8 hours (figure 5.1b).

The first annealing profile (AF ) is used to evaluate the crystalline
fraction that develops within 2 hours of annealing. The AF profile
was carried out on four similar samples using four different plateau
temperatures: 500, 600, 650, and 700 ◦C, to evaluate the influence of
temperature on the crystallization process. Profile A8h was carried
out at 600, 610 and 620 ◦C; during these treatments in-situ XRD
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Figure 5.1. Sketches of the temperature profiles used for the annealing profiles.
The circles indicate the time at which the in-situ XRD measure-
ments are made: (a) Ramp up to constant temperature and an-
nealing for two hours. This profile, each time with the same ramp
up, is also used for temperatures from 500 to 700 ◦C; (b) ramp up
to constant temperature and annealing for eight hours. This profile
is used for temperatures of 600 to 620 ◦C.

measurements were carried out each half hour. The samples used
for in-situ measurement during profile AF had thicknesses of around
1700 nm and a hydrogen content of approximately 6 at.%; for the
A8h profile, samples with a thickness of approximately 1000 nm and
hydrogen content around 8 at.% were used.

Ex-situ XRD measurements were carried out on samples deposited
at different temperatures to obtain variation in the hydrogen content
and bonding configuration in the films. The samples were annealed for
2 hours using profile AF . The plateau temperatures for this annealing
treatment were, at 600, 612 and 625 ◦C for samples with a thickness of
1700 ± 50 nm and 600 ◦C only for samples with a thickness of 1000 ± 50
nm and 850± 50 nm. An overview of the samples, annealing profiles and
temperatures can be found in table 5.1. After the annealing treatment
the samples were cooled down and measured ex-situ using XRD, the
results of which are shown in figure 5.5.



5.3 Results 75

Table 5.1. Overview of XRD experiments for different annealing profiles, AF
in-situ, A8h in-situ and AF ex-situ. The profiles are described in
section 5.2 and figure 5.1.

AF (in-situ) A8h (in-situ) AF (ex-situ)
Annealing time (h) 2 8 2
Measurements per sample 4 16 1
Sample thickness (nm) 1700 ± 50 1000 ± 50 850 ± 50

1000 ± 50
1700 ± 50

Plateau temperature ( ◦C) 500/600/650/700 600/610/620 600/612/625
Deposition temperature ( ◦C) 400 300 200/300/400

5.3 Results

Figure 5.2 shows the results of the measurements made during an-
nealing profile AF at 500, 600, 650 and 700 ◦C. Each plot shows
measurements carried out after the same annealing time at different
temperatures. For the sample annealed at 500 ◦C no {111} line is
observed during the two hours of annealing. The sample annealed at
600 ◦C shows almost no peak after 85 minutes (AF2), but this peak
is clearly present after 125 minutes as can be seen in figure 5.2(c)
(AF3). For samples annealed at 650 and 700 ◦C the {111} integrated
intensity saturates before the first measurement. After the annealing
by profile AF , RS was carried out on these four samples. The four
XRD diffraction patterns are shown in figure 5.2, the RS spectra in
figure 5.3. The sample annealed at 500 ◦C shows no crystalline TO
peak, located at 520 cm−1. The detail in figure 5.3 shows all spectra
scaled to the sample annealed at 600 ◦C. This sample has both
amorphous and crystalline material: the TO peak of the amorphous
material (at 480 cm−1) is present, as is the crystalline TO peak
(located at 520 cm−1). The samples annealed at 650 and 700 ◦C a
strong TO peak is present. These films show no TO peak (at 480 cm−1).

Figure 5.4 shows the measurements made during the A8h anneal-
ing profile at three different temperatures: 600, 610, and 620 ◦C. In
this figure the integrated intensities of the {111} diffraction line are
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Figure 5.2. XRD scans of the {111} line for samples annealed using profile AF
at temperatures varying from 500 to 700 ◦C: (a) after 45 minutes,
AF1 (b) after 85 minutes, AF2 and (c) after 125 minutes, AF3.



5.3 Results 77

Figure 5.3. The RS spectra made after the XRD experiments shown in figure
5.2 are shown in this figure. The RS spectra in the inset have been
scaled to the transverse optical modes of the sample annealed at
600 ◦C.

plotted, which indicate to what extent the transition from amorphous
to the crystalline phase is completed. The films are assumed to be
fully crystallized when reaching this level (as was confirmed by RS).
The time in which full crystallization is reached, is shortened with
increasing annealing temperature.

Ex-situ measurements were performed after annealing treatments
with profile AF at a temperature of 600, 612 and 625 ◦C. The samples
used for these experiments had different hydrogen contents and bonding
configuration before SPC (induced by deposition at temperatures of
200, 300, and 400 ◦C).The {111} line intensities were somewhat lower
for material with hydrogen contents lower than 9 at% and R∗ values
lower than 0.3 [118]. These results were not conclusive as observations
are within the error margins of these measurements. A small series of
ETPCVD deposited a-Si:H with a full range of hydrogen content and
R∗ values was annealed at 600 ◦C for two hours (AF ). The integrated
intensities of the {111} lines, scaled to the film thickness, are shown
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Figure 5.4. Plots of the integrated intensity of the {111} line as measured by
XRD as a function of annealing time during annealing profile A8h,
executed at three different temperatures: 600 ◦C (squares), 610 ◦C
(circles), and 620 ◦C (triangles). The integrated intensities are
normalised to the saturation values of the fitted lines. The lines are
the result of the AJM analysis.
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in 5.5. Despite the error margin of the measurement a decrease in
crystallinity is observed for hydrogen contents exceeding 9 at%. A clear
trend can be observed for the decrease in crystallinity as a function of
the R∗ over the full range of R∗ values.

Figure 5.5. The integrated intensity of the XRD {111} line as a function of (a)
the hydrogen content and (b) the microstructure parameter, R∗, for
samples annealed at 600 ◦C for two hours. All measurement results
have been normalized to the fully crystalline integrated intensity,
and compensated for the sample volumes.

Figure 5.6 shows the crystallite size estimated from the {111} XRD
line. All samples presented were deposited at 300 ◦C. The general trend
shows a reduction of crystallite size with annealing temperature. The
crystallite size shows no dependence on the film thickness. However,
the error margins are too large for this data to be conclusive.

5.4 Discussion

The initial experimental results by XRD of the SPC process, figure
5.2, show that crystallization is observed at annealing temperatures of
600 ◦C. The complete crystallisation curves, shown in figure 5.4, have
been analysed using the AJM model, as explained in section 2.2.3. The
AJM model parameters found for the SPC process are listed in 5.2 for
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Figure 5.6. The crystallite size as a function of the annealing temperature dur-
ing SPC. The crystallite size is obtained from the XRD pattern.
The red square and black circle markers show the results from the
AF profile. The grey triangles show the results from the A8h profile.

steady state nucleation we found that θ < 0 h. This value indicates the
presence small crystallites or nucleation sites in the a-Si:H film prior
to annealing. θ does not appear to be temperature dependent in this
series, confirming the concept of pre-existing nuclei. The presence of
crystallites is not confirmed by the RS measurements of the as-deposited
films, most likely a result of the fact that the crystallites cannot be
detected by RS due to location and size. The crystallisation time (τc)
from the AJM model strongly depends on the annealing temperature, as
can be concluded from table 5.2. As the τc depends on the nucleation
rate and the grain growth (related to the jump rate of atoms at the
surface of a grain) this temperature dependence is expected.

Table 5.2. Overview of AJM model parameters of the crystallisation curve (fig-
ure 5.4).

Annealing temperature 600 ◦C 610 ◦C 620 ◦C

Start time nucleation θ (h) -0.69 ± 0.27 -0.11 ± 0.17 -0.39 ± 0.22
Crystallisation time τc (h) 4.37 ± 0.30 2.31 ± 0.19 1.45 ± 0.23
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The influence of hydrogen content and bonding configuration on
the crystallisation process is shown in figure 5.5. The degree of crys-
tallisation after two hours annealing decreases with R∗ (and hydrogen
content). Hydrogen effusion from a-Si:H films occurs around 300 ◦C
[99]. Effusion must be occurring during the annealing treatment, as the
solubility of hydrogen in silicon is lower for the crystalline phase than
in the amorphous phase [119]. The lower XRD integrated intensity
could be due to a lower density of the material, which in turn may be
caused by hydrogen entrapment. However, we observe differences too
large to support this explanation (see figure 5.5). Up to about 8 at.%
hydrogen concentration no difference in crystallisation is observed.
The influence of the R∗ appears more prominent than the influence
of the actual hydrogen content. It should be noted that R∗ increases
with increasing hydrogen content for ETPCVD films; a high R∗ value
is indicative of void rich material. From figure 5.5 (b) we conclude
that for dense material (low R∗) more crystalline material is formed
during the annealing treatment. Grain growth becomes easier when
sufficient neighbouring atoms are available for repositioning at the
grain boundary or the crystallite surface (this influences the jump
rate). For this reason it is likely that high R∗ values and high hydrogen
content limit the grain growth.

From crystallisation experiments estimates of the average crystal-
lite size has been calculated. Although the error margins are substantial,
all three series show a decrease in crystallite size with increasing anneal-
ing temperature, figure 5.6. This observation suggests that apart from
the influence of temperature on the grain growth, the temperature also
influences the nucleation rate. The trend visible in figure 5.6 can be
explained by assuming that the rate at which stable nuclei are formed,
increases with increasing temperature. As these nuclei grow into crys-
tallites, the distance between two neighbouring nuclei (nuclei density)
can be the limiting factor for the crystallites to grow. This cannot ex-
plain why the thinner film has a larger crystallite size. It is possible that
hydrogen effusion paths [99] influence the nucleation rate, and that the
film thickness influences the hydrogen effusion. Comparing the series
from figure 5.6 it should be noted that results of the AF profile are not
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always completely crystalline: the films annealed for 2 hours, annealed
at 600 ◦C still hold an amorphous fraction. The average crystallite
size from both annealing treatments is similar, despite the difference in
crystallinity.

5.5 Conclusion

We have observed that after annealing at temperatures of 650 ◦C and
above the {111} integrated intensity saturates before the first measure-
ments (AF1). Annealing at 500 ◦C does not induce any crystallization
at all during the flat profile, as is confirmed by RS. In addition, RS
indicates that films still contain an a-Si:H fraction after annealing at
600 ◦C for two hours. In the samples annealed at 650 ◦C and above no
a-Si:H contribution is detected by RS.

A-Si:H films of approximately 850 nm to 1700 nm, deposited by
ETPCVD, can be fully crystallized within 2 hours at temperatures in
the range of 620 to 650 ◦C. The crystallization rate increases with
annealing temperature. Additionally the results demonstrate that the
annealing temperature has a large influence on the rate of phase tran-
sition. Hydrogen content and bonding has been shown to influence the
crystallization process, specifically an increase in R∗ decreases the crys-
tallisation rate. The average crystallite sizes for fully crystallized and
mixed phase films are both in the order of 60 to 170 nm.



Chapter 6

Influence of B doping and R* on
the crystallisation of a-Si:H

In this chapter the SPC of B-doped a-Si:H, deposited using plasma
enhanced or expanding thermal plasma CVD, is examined. By varying
the deposition conditions the B doping level and the microstructure of
the material is altered. This chapter shows that the microstructure of
the as-deposited material is hardly affected by incorporating B in the
material, whereas the SPC kinetics become much faster. This chap-
ter is organized as follows. In the next section we will discuss (i) the
experimental procedures for making the a-Si:H layers, (ii) the determi-
nation of the microstructure parameter R∗, and (iii) the XRD setups
and methods used during the experiments. In the Results section the
in-situ XRD data on doped a-Si:H layers having varying dopant con-
centration and microstructure is shown. This section is followed by the
discussion of the in-situ XRD results using the Avrami-Johnson-Mehl
(AJM) model for phase transition [88, 89, 90, 91].



84 Influence of B doping and R* on the crystallisation of a-Si:H

6.1 Introduction to Solid Phase Crystalli-

sation of doped a-Si:H

Thin layers of c-Si can been obtained using several methods. The
most direct way of making thin c-Si layers is by cleaving or sawing
crystalline silicon from ingots [120]. Alternatively, other methods use
the crystallization of amorphous silicon (a-Si) or a-Si:H, in particular
laser-induced crystallization (LIC) [25] and solid-phase crystallization
(SPC) [25, 117] resulting in polycrystalline silicon (poly-Si). Using
LIC Dore et al. [121] made c-Si grains with a size of 1 mm wide and
10 mm long for 10 µm thick films, and solar cells were made having a
conversion efficiency of 8.4% [121]. Problems using LIC are associated
with the control of the heat transfer of the laser light to the silicon
layer, in particular for films with thickness of more than 300 nm [122].
Another method for the production of thin-film poly-Si is SPC of
a-Si(:H) films. In this method a thin layer of a-Si(:H) is annealed at
temperatures in excess of 560 ◦C [123], leading to the formation of
c-Si regions. The annealing temperature can be reduced when the
crystallization process is catalysed using a metal, most notably Al.
This Al-induced crystallization of a-Si(:H) leads to layers having grain
sizes of up to 18 µm [124] and as Al is a dopant in Si, the material
is always p-type doped. Gall et al. [124] demonstrated this method
making solar cells with an efficiency of 2.7%, but higher efficiencies
have been reached for other SPC solar cells. A major drawback of the
SPC methods is the low open-circuit voltage, VOC , resulting from a
high intragrain defect densities [125].

The defect densities in cast c-Si are often associated with the B-
content. However, studies on the crystallization process by SPC have
mostly been carried out on intrinsic a-Si(:H) layers or on complete solar-
cell stacks. Sharma et al. [126] showed that the crystallization kinetics
of intrinsic a-Si:H depends strongly on the hydrogen concentration and
the microstructure of the material, expressed in the microstructure pa-
rameter, R∗, obtained from the stretching modes in the infrared absorp-
tion spectra of as-deposited films. Faster crystallisation was observed
for lower values of R∗. The largest average grain size was obtained
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for material having an R∗ value of about 0.3. The faster crystallisa-
tion was induced by a faster onset of crystallisation, the onset changes
in two ways: (i) the crystallisation onset time increases with decreas-
ing the medium range order (MRO) for low R∗ values; (ii) for layers
with increased disorder (i.e., R∗>0.3) the onset decreases with a further
decrease in the MRO of the a-Si:H. This is could be induced by nano-
sized voids collapsing upon hydrogen out-diffusion, leading to a more
compact structure during SPC. Technologies based on chemical vapour
deposition (CVD) allow for doping of a-Si:H films during the deposi-
tion process. The great benefit of doping during the deposition is that
(depending on the cell design) post crystallization doping is no longer
necessary. Olson and Roth [46] described the crystallization process
of doped a-Si(:H) and found that both B and P doping increase the
crystallization velocity in epitaxial growth experiments [46, 127]. For
amorphized compensated intrinsic a-Si Suni [128, 129] showed that the
crystallization velocity is dependent on the doping level and not on the
dopant atom. Additionally, B doping greatly enhances the diffusion of
hydrogen in a-Si:H . Therefore it is expected that the SPC of a-Si:H is
influenced by the B doping. The solubility of H in c-Si is in the order of
1016 cm−3 [99] while up to 25% H can be present in a-Si:H and therefore
full crystallisation requires effusion of H. The H effusion characteristics
of a-Si:H are very dependent on the microstructure of the material.

6.2 Experimental details

Samples have been deposited using two different techniques: Radio-
Frequency Plasma Enhanced Chemical Vapour Deposition (PECVD)
at 13.56 MHz and Expanding Thermal Plasma Chemical Vapour Depo-
sition (ETPCVD). The PECVD setup has a conventional parallel plate
configuration with an electrode distance of 10 mm for the intrinsic de-
position chamber and 11 mm for the B-doped deposition chamber. The
precursor gases were SiH4 and H2. For B-doped a-Si:H, B2H6 (2% in
H2) was added to the gas mixture. The layers were deposited using an
RF power of 28 mW/cm2 and a deposition pressure of 70 Pa. The de-
position temperature of the PECVD samples was 180 ◦C and the layers
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were deposited at a rate of approximately 0.15 nm/s. For ETPCVD of
a-Si:H, a DC Ar-H2 plasma is created in a narrow channel of a cascaded
arc at a pressure of approximately 45 × 103 Pa. The current in the
arc is 40 A. The plasma expands through a nozzle into the deposition
chamber and at this point H2 is injected. B-doped films are made by
adding B2H6 to the H2 injected at the end of the nozzle. In the depo-
sition chamber, about 8 cm below the nozzle, SiH4 is injected into the
plasma beam and the a-Si:H film is deposited on a temperature con-
trolled glass substrate approximately 40 cm downstream. The pressure
in the deposition chamber is about 20 Pa. The deposition temperature
is 350 ◦C and deposition rates used for these samples are between 0.35
and 0.5 nm/s. The films have a thickness of approximately 300 nm.
The temperature difference between the PECVD and the ETPCVD de-
position was chosen to correspond to the solar grade material from both
techniques.

Figure 6.1. Two parts of a typical Raman spectrum of a-Si:H are shown. The
250 to 850 cm−1 range shows the phonon modes related to the
Si-Si bonds of a-Si:H, the 2000-2100 cm−1 region shows the Si-Hx

related low and high stretching modes.

The as-deposited (doped) a-Si:H layers were examined by Raman
spectroscopy (RS) using a Renishaw InVia Raman spectrometer with a
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resolution of 2 cm−1. More specifically attention was paid to the Raman
active stretching modes of Si-H vibrations at about 2000 to 2100 cm−1

[130], see figure 6.1. By determining the relative contributions of the
low and high stretching mode, the microstructure parameter, R∗, is
obtained, as is explained in detail in chapter 3. It has been shown
that the HSM contribution is associated Si-Hx bonding configurations
indicative of void-rich material, whereas the LSM contribution is linked
to Si-H bonds in divacancies [73]. This makes the R∗ a figure of merit
for the microstructure. In this chapter R∗R will be used to indicate
that the R∗ is determined from the RS spectra. The a-Si:H films were
monitored during the crystallization process by in-situ XRD in two
sets of experiments. The first experiment consisted of annealing at two
temperatures: 580 and 600 ◦C, in an Anton Paar high temperature
chamber HTK 1200 under Ar atmosphere. The samples used in this
experiment were intrinsic (PE i and ETP i) or deposited using a
B2H6-to-SiH4 ratios of 2×10−4 (PE B and ETP B). The second exper-
iment was carried out at 580 ◦C and 590 ◦C, in a similar Anton Paar
HTK setup. In this second experiment the high-temperature chamber
was pumped down to 2×10−1 Pa, thereby creating a more controlled
atmosphere. The B concentration in a-Si:H influences the H-effusion.
For this reason the films with varying doping levels are annealed
in a more controlled environment. In this experiment two B-doped
PECVD films were annealed at 580 ◦C and two B-doped ETPCVD
films were annealed at 590 ◦C. The B2H6-to-SiH4 ratios of the PECVD
samples were 2×10−4 and 7×10−4 for PECVD 2B and PECVD 7B,
respectively. The ETPCVD films for the second experiment were made
with B2H6-to-SiH4 ratios 1.7×10−4 and 7.3×10−4 (ETP 1.7B and ETP
7.3B, respectively).

In both cases XRD patterns were collected by an automatic pow-
der diffractometer in symmetric geometry, using Copper Kα characteris-
tic radiation (λ = 0.154 nm). The irradiated area of each sample was up
to 10 mm × 10 mm. The XRD pattern was measured in 4 minutes for
θ varying from 26 to 31 degrees, where the strongest silicon line of the
(111) planes is located. A typical measurement is shown in figure 6.2.
As a measure for crystallization, the crystalline fraction, χ, was deter-
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Figure 6.2. Example of an XRD pattern showing the (111) line of silicon as
measured during the annealing procedure.

mined by normalizing the integrated intensity of the (111) line during
crystallization with respect to the average integrated intensity of the
(111) line of the film after saturation of crystallisation occurred. This
fully crystallized film will be referred to as the material with crystalline
fraction χ=1. After annealing RS was used to confirm that the films
were indeed completely crystallized.

6.3 Results

Before the crystallization experiments, the as-deposited (B-doped)
a-Si:H layers were first characterized using RS (specifically focusing
on the Si-Hx stretching modes). RS was used to detect the presence
of any crystalline phase in the as-deposited films and we found that
all as-deposited films were amorphous. A typical Raman spectrum is
shown in figure 6.1. For layers deposited using ETPCVD no strong
relation between B2H6-to-SiH4 ratio and R∗R was observed. We found
that R∗R is to a large extent determined by the deposition tempera-
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ture: at low deposition temperatures the R∗R of the PECVD samples
showed a slight increase with increasing B2H6-to-SiH4 ratio. The R∗R
of the ETPCVD samples deposited at low temperatures is highest,
followed by the low temperature PECVD samples, high temperature
ETPCVD samples, and the lowest R∗R values were observed for the
high temperature PECVD samples. We conclude from these results
that the microstructure is therefore strongly related to the deposition
technique and temperature. For annealing experiments and in-situ
XRD analysis we selected samples with varying R∗R deposited at
different B2H6-to-SiH4 ratios.

In figure 6.3 examples of the time evolution of the crystalline
fraction, χ, are shown for intrinsic and B-doped a-Si:H films deposited
with ETPCVD and annealed at 580 ◦C, and deposited with PECVD
and annealed at 600 ◦C. For all films χ follows the typical S-shape
that characterizes the crystallization of a-Si:H. Intrinsic films deposited
by ETPCVD and PECVD show similar crystallisation kinetics for
annealing at 600 ◦C. The onset of crystallisation of the PECVD
sample, which has a larger R∗R, is slightly later than for the ETPCVD
and the slope of the S-curve is smaller. The slight differences between
the PECVD and ETPCVD crystallization curves are amplified in the
SPC treatment at 580 ◦C, for which we observe that the crystallisation
of the ETPCVD film is now much quicker than of the PECVD film.
Sharma et al. [6] showed that the total crystallization time was shorter
for intrinsic ETPCVD a-Si:H films with smaller R∗. The reduction
of the total crystallisation time was largely due to a reduction of
the onset time to crystallisation, θ, with a decrease of R∗. This
R∗ dependence of the crystallization behaviour is observed when we
compare the crystallization of our intrinsic ETPCVD sample with an
intrinsic PECVD sample. This indicates that the influence of R∗R on
the crystallisation of intrinsic a-Si:H films deposited by PECVD is
similar to that of films deposited by ETPCVD.

The R∗R of the as-deposited intrinsic PECVD samples is higher
than of the intrinsic ETPCVD samples. The samples deposited with
a B2H6-to-SiH4 ratio of 2×10−4 have a lower R∗R than the intrinsic
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Figure 6.3. (a,b) Show the results of the in-situ XRD measurements of the
(111) diffraction line. The markers show the crystalline fraction χ
as a function of annealing time. The lines show the AJM model
fitted to the χ(t). (c,d) Show the width-per-integrated intensity of
the (111) diffraction line as a function of the crystalline fraction χ.
The connecting lines are guides to the eye.



6.4 Discussion 91

samples deposited by the same technique. The most important
observation from figure 6.3 is that the onset time for crystallization is
reduced when B is incorporated into the film. In addition, the slopes
of the crystallization curves become steeper when B2H6 is added to
the gas mixture. From the XRD measurement results it turns out
that the onset of crystallization for the PECVD sample annealed at
600 ◦C occurs before the annealing temperature has been reached.
Although the slope of the ETPCVD sample is slightly steeper than
that of the PECVD sample, the overall crystallization time is smaller
for the PECVD sample due to the short crystallization onset time. The
experiment conducted at 580 ◦C shows a faster onset of crystallisation,
like at 600 ◦C, but in this case the slope is also steeper for the PECVD
sample crystallisation curve compared to that of the ETPCVD sample.
We conclude that the crystallization is faster when the samples are B
doped and that the effect of B doping on the crystallization time is
stronger for PECVD samples than for ETPCVD samples.

In the second experiment the S-shape results of the χ are similar to
the results of the first experiment, but the time scale is slightly different.
The difference is most likely caused by differences between the setups.
Increasing the B2H6-to-SiH4 ratio leads to a faster onset of crystalli-
sation, more strongly for the ETPCVD samples than for the PECVD
samples. The slope of the crystallisation process increases with increas-
ing B2H6-to-SiH4 ratio. The effect is more pronounced for the PECVD
samples. A strong reduction in the time to crystallisation saturation is
observed for both techniques.

6.4 Discussion

In the S-shaped crystallization curves we distinguish two separate parts:
(i) the period until the onset of crystallization, and (ii) the curve from
the onset of crystallization until crystallization saturation (full crys-
tallisation). The time to full crystallization is affected by the onset or
retardation time and the slopes of the crystallization curves. In order to
quantify these aspects the measured crystalline fractions are fitted using
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the Avrami, Johnson and Mehl (AJM) model [88, 89, 90, 91]. Avrami,
Johnson and Mehl [88, 89, 90, 91] used a phenomenological approach to
develop an expression for the crystalline fraction. The AJM description
can be applied to many kinds of nucleation. In fact the same equations
can be constructed from a classical model for nucleation of a solid from
a liquid or gas phase [33]. The basic assumption of this model is that no
nucleation or growth occurs during the retardation or effective lag time,
θ, and that any misfit strain is negligible. Experimentally, θ is related to
the minimum detectable grain size or crystalline material volume and is
therefore dependent on the measurement technique. In the model, the
nucleation rate is defined as the increase of grain density per unit time
and is assumed to reach steady-state value (Is) when t = θ [91]. The
grain growth rate, νg, is assumed to be time independent. With this
assumption the crystallized volume fraction, χ, as function of annealing
time can be expressed as:

χ(t) = 1−exp(−( t−θ
τc

)4) (6.1)

In here τc is the crystallization time, defined as:

τc = (3/πdIsνg
3)

1
4 (6.2)

with d the film thickness. The grain growth rate νg is directly
related to the jump rate of atoms at the surface of a grain [92, 47]. Is and
the νg are typically described by Arrhenius type equations. However,
often νg is simplified with a single Arrhenius equation with an associated
activation energy of SPC (Ea,SPC) [93]. In a similar fashion an Arrhenius
equation is often used to evaluate the activation energy of the onset time
to nucleation, θ. The results of this analysis are presented in table 6.1.

As XRD is only sensitive to the crystalline phase, the assumptions
of steady-state nucleation and time-independent grain growth rate
cannot be confirmed directly. From literature reports B is known to
increase νg by a factor of 10 to 25 for epitaxial growth of silicon films
[127, 46, 5]. If we assume such a large increase in νg and no change in
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Is, then according to the AJM model τc should decrease by 82 to 91%.
The decrease observed for our doped films is in between 45 and 76%,
implying that Is of the B-doped films is lower if the assumption of a
large increase in νg is correct. A difference in Is between the B-doped
and intrinsic samples should result in a difference of the width of
the (111) diffraction line, as described by Langford and Wilson [131].
For an infinite crystal the number of reflection planes is infinite and
therefore the diffraction line is in fact a line. For small crystallites the
number of reflection planes is restricted, resulting in a broadening of
the (111) diffraction line. This width is expected to be smaller for
lower Is values. In figure 6.3 we show the development of the (111)
relative width, defined as the width-to-integrated intensity ratio, as a
function of crystalline fraction χ. From this figure we can see that for
all samples the relative width of the (111) initially increases (χ < 0.1)
and then decreases with χ. According to Sharma et al. [6] annealing
of intrinsic ETPCVD samples with a larger R∗ results in films with
a larger grain size. As the R∗R of the intrinsic PECVD samples is
larger than those of the intrinsic ETPCVD samples it is reasonable to
expect a lower nucleation rate and therefore smaller width of the (111)
diffraction line, as we observe in figure 6.3. This observation supports
the idea that the crystallization of intrinsic a-Si:H films deposited by
PECVD are affected by R∗R in a similar way as ETPCVD films. The
observation indicates that the grain density in the intrinsic PECVD
samples is smaller than in the ETPCVD samples.

Because of the difference between the expected and determined
τc due to an increase in νg we think that the Is values of the B-doped
samples are smaller than the intrinsic samples. These smaller Is values
result in a decrease of the diffraction line width of the B-doped samples.
For a given annealing temperature the absolute diffraction line width of
the B-doped ETPCVD films is equal to that of the intrinsic ETPCVD
films. The ETPCVD samples annealed at 600 ◦C have slightly smaller
absolute and relative width than those annealed at 580 ◦C, implying a
lower grain density. No difference between the B-doped and intrinsic
ETPCVD results is observed. This indicates that the grain density of
the B-doped samples is similar to that of the intrinsic samples made by
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ETPCVD. The only detected difference is a dependence of the grain
density on the annealing temperature.

Comparing B-doped to the intrinsic PECVD films, is more
complex. The B-doped PECVD sample annealed at 580 ◦C shows a
larger relative width than the intrinsic PECVD sample, in contrast
to our expectations outlined above. The reverse is observed for the
B-doped PECVD sample annealed at 600 ◦C, this shows a smaller
relative width than the intrinsic PECVD sample. Only one set of
samples showed a decrease in the relative width with B-doping, the
PECVD sample annealed at 600 ◦C. This leads us to conclude that
the differences in τc of the intrinsic and B-doped samples, deposited
by both techniques, are not caused by a decrease in Is. The difference
in τc of the intrinsic and B-doped samples is the result of a increase
in νg, which is smaller than the increase expected from our literature
study. The observed decrease in τc could be related to the degree of
B-doping. The differences between the crystallisation of the B-doped
ETPCVD and B-doped PECVD films can be influenced by Is and/or
τc. We therefore conclude that the variation of Is is not the main factor
for the difference in crystallisation behaviour of the intrinsic and doped
samples.

In order to study the observed differences between the B-doped
ETPCVD and PECVD films in more detail, a second experiment was
carried out in which the effect of increasing B-doping is investigated.
With this experiment we attempt to shed more light on the differences
between the values of νg described in literature reports and our findings.
Olson and Roth [46] described that at very high B concentrations the
increase of the grain growth rate, νg, was diminished by B precipitates
or B-Si complexes. The crystallisation curves of four additional samples
are measured and analysed using the AJM model and the results are
presented in figure 6.4 and table 6.1. By increasing the B2H6-to-SiH4

ratio to 7×10−4 and higher we obtained lower τc values, indicating a
further increase of νg. The PECVD film 7B shows a decrease of τc with
respect to 2B of 51% (for annealing at 580 ◦C) and the ETPCVD film
7.3B a 19% decrease with respect to 1.7B (for annealing at 590 ◦C).
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Figure 6.4. The results of the in-situ XRD measurements of the (111) diffraction
line, measured using the second XRD setup. The markers show the
crystalline fraction χ as a function of annealing time. The lines
show the AJM model fitted to the χ(t).

The second experiment also provides information on the influence of R∗R
on τc and θ. Two samples were selected having similar R∗R but different
deposition techniques. These samples were annealed at 580 ◦C and
590 ◦C. Notably the crystallisation curves of the PECVD 2B sample
annealed at 580 ◦C and the ETP 1.7B annealed at 590 ◦C look very
similar. These two curves are used as a reference to observe changes in
the crystallisation curves when: (i) the B2H6-to-SiH4 ratio is increased
from 1.7×10−4 and 2×10−4 to 7×10−4 and 7.3×10−4, and (ii) the R∗R
of the PECVD sample is increased and the R∗R of the ETPCVD sample
is reduced. The results show that increasing the B2H6-to-SiH4 ratio
shortens θ and τc. A decrease in R∗R should lead to reduction of the
incubation time θ according to Sharma et al. [6]. The θ of PECVD
7B and the ETP 7.3B samples is reduced in both cases, showing the
influence of B. The degree to which θ is reduced is affected by the R∗R of
the samples. The reduction in θ is smaller for the PECVD sample for
which the R∗R increases, and larger for the ETPCVD samples for which
R∗R decreases.
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6.5 Conclusion

We have shown that B doping reduces the onset of crystallization of a-
Si:H and the crystallization time. From the analysis of the XRD results
we conclude that B enhances the grain growth rate of the B-doped a-Si:H
films, but that the effect of the B on the nucleation rate is limited. The
extent of the enhanced grain growth rate due to B doping is controlled
by the B2H6-to-SiH4 gas flow ratio, for both PECVD deposited films
and ETPCVD deposited films. In addition to the influence of B, we
conclude that also R∗R influences the crystallisation process. For both
intrinsic PECVD and ETPCVD samples increasing R∗R increases the
onset time to crystallization [6]. The influence of R∗R is also present
in the crystallisation process of the B-doped a-Si:H films deposited by
ETPCVD and PECVD.





Chapter 7

Conclusions

This dissertation is part of a study into the development of thin film
crystalline silicon solar cells. Such solar cells would require a thickness
of approximately 10 µm to ensure sufficient light absorption [3]. The
deposition of films with such a thickness requires high deposition rates,
in this case Expanding Thermal Plasma Chemical Vapour Deposition
(ETPCVD). This dissertation will discuss the crystallisation of a-Si:H
films deposited by ETPCVD.

Different from the crystallisation process of a molten material,
the mobility of atoms during the solid-phase crystallisation process is
limited. For this reason the configuration of atoms prior to the crys-
tallisation process can strongly influence the onset and time required for
crystallisation. In the case of a-Si:H, not only a reconfiguration of the Si
atoms is needed. The solubility of hydrogen atoms in c-Si is much lower
than in a-Si:H [4] and for this reason hydrogen atoms must diffuse out
of the film during annealing. Therefore information on the structure of
the amorphous films prior to crystallisation is essential. In this thesis
the silicon microstructure and the hydrogen bonding configuration of
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as-deposited films are studied, and in particular their influence on the
crystallisation process.

Fourier Transform Infrared (FTIR) spectroscopy is frequently used
to detect the Si-Hx stretching modes to determine the microstructure
parameter R∗ of a-Si:H films. The stretching modes can also be de-
tected by Raman Spectroscopy (RS). In contrast to FTIR, RS can
make substrate independent measurements. In this dissertation the
detection of hydrogen and hydrogen bonding configurations by RS is
compared to the detection by FTIR. The Si-Hx wagging and stretching
modes can be detected by both techniques and is strongly related to the
rocking-wagging mode detected by RS. The RS measurements of the Si-
Hx related features can be used to evaluate the peak positions of the
low stretching mode (LSM), ωLSM , and high stretching mode (HSM),
ωHSM , as well as the microstructure parameter R∗. The sensitivity to
the low and high stretching modes is not the same for the FTIR and
RS measurements and therefore the R∗ and ω

LSM,HSM
need to be scaled

for comparison. In conclusion the RS measurements can be used to de-
termine the bonding configuration in a-Si:H instead of FTIR, but the
hydrogen content cannot be determined.

For thin film polycrystalline Si to be used in solar cell applications,
the material must be doped. This can be achieved by doping after
crystallisation, but also by crystallising films which already contain the
dopant atoms. The main benefit of in-situ doping of the a-Si:H film
is a reduction in processing steps. Until this work, no doped a-Si:H
films were produced using ETPCVD. This dissertation discusses the
deposition of boron doped a-Si:H films by ETPCVD. As dopants can
influence the crystallisation process for a-Si films [5], the crystallisation
of intrinsic and boron-doped films is studied by in-situ x-ray diffraction
during the crystallisation process.

The first boron doped a-Si:H films deposited by ETPCVD are pre-
sented in this work. The films are compared to B-doped a-Si:H films de-
posited by Plasma Enhanced CVD (PECVD). The B-doped ETPCVD
deposited a-Si:H films have a B content of approximately 8.5 × 1015

cm−2 for a B2H6-to-SiH4 gas-flow ratio of 0.8 × 10−3. This B content
is similar to films deposited by PECVD with a similar B2H6-to-SiH4



101

ratio. The B content increases with increasing B2H6-to-SiH4 ratio for
both deposition techniques. The B content is independent of the de-
position temperature for ETPCVD films, but decreases with increasing
deposition temperature for PECVD films. Crystallisation of the films
leads to a doping efficiency of approximately 40%. For the ETPCVD
films deposited at 350 ◦C it is shown that the bandgap, Eg, depends
both on the B concentration as well as the H content and configuration.
Although additional research into the influence of the H content on the
crystallisation process is required, we conclude that this influence on the
crystallization process is evident from the microstructure parameter R∗.

The crystallisation of ETPCVD deposited a-Si:H films by solid-
phase crystallisation is studied in-situ using x-ray diffraction (XRD).
Annealing at 500 ◦C does not induce any crystallization at all. Films
annealed at 600 ◦C for two hours still contain an a-Si:H fraction. We
have observed that after annealing at temperatures of 650 ◦C and above
the observed crystallinity saturates within half an hour. In these sam-
ples no a-Si:H contribution is detected by RS. The hydrogen content
and bonding configuration in the as deposited films is shown to affect
the crystallization process, specifically an increase in R∗ decreases the
crystallisation rate.

Both the R∗ and the boron content influence the solid phase
crystallisation of a-Si:H. We have shown that B doping reduces the
onset time for crystallization of a-Si:H and the crystallization time.
From the analysis of the XRD results we conclude that B enhances the
grain growth rate of the B-doped a-Si:H films, but that the effect of the
B on the nucleation rate is limited. The extent of the enhanced grain
growth rate due to B doping is controlled by the B2H6-to-SiH4 gas-flow
ratio, for both PECVD deposited films and ETPCVD deposited
films. For both intrinsic PECVD and ETPCVD samples increasing R∗

increases the onset time to crystallization [6]. We find that also in this
case R∗ influences the crystallisation process of the B-doped a-Si:H
films deposited by ETPCVD and PECVD.
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promotor, René van Swaaij, for not giving up on me and showing me
how to do research, and especially how to write it down.

This dissertation would not be possible without the help and coop-
eration of (i) TU Delft groups: DIMES, Materials Science and Engineer-
ing, Laboratory of Inorganic Chemistry and of course the PVMD group,
(ii) TU Eindhoven Plasma and Materials Processing group, (iii) New
Technologies Research Centre (University of West Bohemia) in Plzen,
and (iv) Helmholtz Institute Berlin. Thank you for your efforts in ma-
terial analysis and uncovering the crystallisation process of those pesky
Si and H atoms: Kashish Sharma, Adriana Creatore, Pavol Šutta, Lu-
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