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Resum en Catala

El primer bloc d’aquesta tesi es centra en ’estudi del procés de degradacié dels
filaments de tungsté catalitics en el camp del diposit de silici amb la técnica de
diposit quimic en fase vapor assistida per filament calent (HWCVD). També es
tractara el desenvolupament de solucions tecnologiques dirigides a la proteccio fil-
aments. El segon bloc tracta sobre 'escalat de la técnica HWCVD cap a gran area
i sobre I'existéncia d’una llei d’escala que permeti el diposit de silici microcristal-1i
(uc-Si:H) a altes velocitats, tot preservant la qualitat del material. En primer lloc
s’exposard una breu introduccié sobre cél-lules solars micromorfes, les limitacions
actuals, relacionades amb el diposit de pc-Si:H, per a fer la produccié de moduls
micromorfs economicament rendible i la potencialitat de la técnica HWCVD per
superar aquestes limitacions. A continuacid, es mostra experimentalment que el
decaiment del rendiment catalitic dels filaments s’inicia després d’una primera
etapa de dissoluci6é d’atoms de Si en el filament i que la durada d’aquesta primera
etapa és només d’unes poques hores. Mitjancant I'is d’un model de difusio, es
mostrara que, en la majoria de les situacions practiques, la durada d’aquesta etapa
de dissolucié d’atoms de Si és independent del radi de filament triat. S’utilitzara
un model eléctric per a comprovar I'estat del procés de degradacié del filaments
en temps real, simplement per mitja del seguiment del pendent de la resisténcia
eléctrica de filaments. Es mostrara que el final de 'etapa de dissolucié de atoms
de Si correspon a un canvi brusc del pendent de la resisténcia eléctrica de fila-
ments. Presentarem un dispositiu de proteccié (anomenat “cavitat d’auto-neteja”)
desenvolupat i fabricat al nostre laboratori, que ofereix una proteccié eficag per
als extrems freds dels filaments contra la formacié de siliciurs. Mitjancant la im-
plementacié d’aquests dispositius de proteccid, la formacié de siliciurs als extrems

freds del filament es redueix a un ritme menor que l'observat a la porcid central



del filament. Mostrarem els resultats de les proves de validacié6 d’un mecanisme
automatic de reemplagament del filaments, desenvolupat per nosaltres, que permet
substituir una porcié usada d’un filament per una altra porcié neta de filament,
sense necessitat de trencar el buit. Aquest mecanisme de reemplacament dels fil-
aments inclou un mecanisme d’ajust de la tensi6 que permet mantenir tensa, en
totes les situacions de funcionament, la porci6é de filament que vindra utilitzada
per al diposit de la pel-licula. Es mostrara que aquest mecanisme de reemplaca-
ment del filaments, en combinacié amb 1'as de dispositius de proteccié “cavitat
d’auto-neteja”, garanteix la repetibilitat i I'estabilitat d’un procés HWCVD per al
diposit de materials basats en silici. No tenim constancia que mai abans s’hagi
notificat la construccié d’un aparell de HWCVD similar. Tot seguit, demostrarem
Iexisténcia d™un “limit de area gran” que permet estudiar, mitjancant una xarxa de
filaments catalitics relativament petita, el comportament de qualsevol reactor de
mida arbitrariament més gran. Si la configuraci6 de filaments es tria convenient-
ment, veurem que es pot aconseguir una uniformitat de gruix de les pel-licules
dipositades excel-lent (< +2.5%). També s’exposara un model de difusio de rad-
icals que permet predir amb gran exactitud, els perfils de gruix de les pel-licules
dipositades.

Mostrarem la possible existéncia d’una llei d’escala que podria permetre I'aug-
ment del ritme de diposit, r4, de capes uc-Si: H, utilitzant sila i hidrogen com a
gasos precursors, preservant alhora la qualitat del material dipositat. Aquesta llei
d’escala només és valida si el producte p - dy_s (pressio de procés per la distancia
del filament al substrat) i la relacio entre les pressions parcials d’hidrogen i sila,
Psim,/PH, €8 mantenen constants. Si aquestes dues condicions es compleixen, la
relacié esperada entre els ritmes de diposit obtinguts /amb dues configuracions
diferents del reactor HWCVD (p,ds_s i p/,d}_,) és :—j = jf_s. La validacio
d’aquesta llei d’escala s’ha posat a prova experimentalment C{Jgnt a terme una

série de diposits, variant la concentracié de sila, de capes de silici amorf (a-Si:H)
i microcristal-li pc-Si:H amb dues configuracions de reactor diferents. Els resul-
tats experimentals mostren que, en el cas del material amorf, el ritme de diposit
varia d’acord amb la llei d’escala anteriorment esmentada. Pel que fa al mate-
rial microcristal-li, observem petites desviacions respecte la llei d’escala que es

fan més evidents per a baixes concentracions de sild. Finalment, mostrarem un



treball preliminar pel que fa a 'optimitzacié de material uc-Si:H, dipositat a ele-
vats ritmes de diposit r4=240.3 nm/s. En aquests experiments, hem utilitzat una
xarxa catalitica formada per 12 filaments paral-lels de 0.175 mm de didametre i 20
cm de longitud que estan separats els uns dels altres per una distancia d;_ ;=16
mm. La distancia dels filaments al substrat va ser fixada a d;,—18 mm en lloc dels
50-80 mm habitualment utilitzats per al diposit de material pc-Si:H d’alta qual-
itat. La qualitat del material dipositat es va avaluar indirectament mitjancant
la supervisio, usant espectroscopia infraroja per transformada de Fourier (FTIR),
de la progressio dels processos d’oxidacio post-diposit que afecten les mostres. La
signatura de 'espectre IR del material pc-Si:H optimitzat de forma preliminar, de-
mostra que quan s’utilitzen dy, tan curtes com en el nostre cas, el millor material
pc-Si:H s’obté per a una pressio de treball p ~10 Pa (en lloc de 'habitual p ~1-5
Pa). Aquest régim de treball permet obtenir mostres de material pc-Si:H, diposi-

tades a alta velocitat, amb una oxidacié post-diposit considerablement reduida.






Abstract

The first block of this thesis deals with the study of the degradation process of
tungsten catalytic filaments in the field of silicon deposition with the Hot Wire
Chemical Vapour Deposition (HWCVD) technique. The development of techno-
logical solutions addressed to the filaments protection will also be dealt. The
second block deals with the scaling up of HWCVD towards large area and the
existence of a scaling law that may allow the deposition of microcrystalline silicon
(uc-Si:H) at high rate preserving the material quality.

We will firstly expose a brief introduction about micromorph solar cells, the
current limitations, related to the deposition of uc-Si:H, for making the production
of micromorph modules economically profitable and the potentiality of HWCVD
for overcoming such limitations.

Next, it will be experimentally shown that the decay of the catalytic perfor-
mance of the filaments is initiated after a first stage of Si atoms dissolution in the
filament and that the duration of this first stage is only of a few hours. Using a
diffusion model, we will show that, in most practical situations, the duration of
said Si atoms dissolution stage is independent of the chosen filament radius. An
electric model will be used to check the status of the filament degradation process
at real time by simply monitoring the slope of the filaments electric resistance. We
will show that the end of the Si atoms dissolution stage corresponds to an abrupt
change in the slope of the filaments electric resistance.

We will expose an own-developed protection device, the self cleaning cavity,
that offers an effective protection for the filaments cold ends against silicidation.
By implementing such protection devices, the silicides formation at the filament
cold ends is reduced to a rate lower than that at the central portion of the fila-

ment. We will show the results of the validation tests of an own-developed au-



tomatic filament replacement mechanism, that allows replacing a used portion of
a filament by another clean portion of filament, without breaking vacuum. This
filament replacement mechanism includes a tension adjustment mechanism that
allows keeping tense, in all operating situations, the portion of filament that is
going to be used for the deposition of the film. We will show that the developed
filament replacement mechanism, in combination with the use of self cleaning cav-
ity protection devices, guarantees the repeatability and stability of a HWCVD
deposition process for silicon based materials. As far as we know, it has not ever
been reported before the construction of such a HWCVD apparatus.

After that, we will show the existence of a large area limit that allows studying,
using a relatively small catalytic filament net, the behaviour of any arbitrary larger
reactor. If the filaments configuration is conveniently chosen, we will see that
excellent (< £2.5%) thickness uniformity of the deposited films can be achieved.
We will also expose a radicals diffusion model that allows predicting with great
accuracy, the thickness profiles of the deposited films.

We will expose the possible existence of a scaling law that could allow the
increase of the deposition rate, r4, of puc-Si:H layers, using silane and hydrogen
as precursor gases, while preserving the quality of the deposited material. Said
scaling law only holds if the product p-d;_s (working pressure times the filament to
substrate distance) and the ratio between the silane and hydrogen partial pressures,
Psin, /P, are kept constant. If these two conditions are satisfied, the expected ratio

between the deposition rates achieved with two different HWCVD configurations
r! ds_
(p,ds_ and p/,d ) is <4 = —L==
Tq df—s
experimentally tested carrying out a series of depositions of amorphous silicon

The validation of this scaling law has been

(a-Si:H) and pc-Si:H layers, varying the silane concentration, with two different
reactor configurations. The experimental results show that in the case of a-Si:H
material, the deposition rate varies according to the aforementioned scaling law.
For pc-Si:H material, we observe small deviations which become more evident for
low silane concentrations.

Finally, we will show a preliminary work regarding the optimisation of pc-Si:H
material at high deposition rates ry =240.3 nm/s. In these experiments, we have
used a catalytic net formed by 12 parallel filaments of 0.175 mm diameter and

20 cm length which are separated from each other by a distance of dy_ ;=16 mm.



The filaments to substrate distance was fixed to d;_,=18 mm instead of the usual
50-80 mm used for the deposition of high quality pc-Si:H. The deposited material
quality was indirectly evaluated by monitoring, using Fourier Transform InfraRed
spectroscopy (FTIR), the progression of the post-deposition oxidation processes
affecting the samples. The IR spectrum signature of the preliminary optimised pc-
Si:H material shows that when such short dy_ are used, the best pc-Si:H material
is obtained for a working pressure p ~10 Pa (instead of the usual p ~1-5 Pa),

resulting in samples with a considerably reduced post-deposition oxidation.
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Chapter 1

Introduction

The photovoltaic (PV) industry sector has experienced, in the last decade, annual
market growth rates between 40% and 90% with a PV production increase of al-
most two orders of magnitude [1]. About 83% of the PV production in 2011 used
wafer-based crystalline silicon (¢-Si) technology while the rest 17% was taken by
thin film PV technology [2]. Indeed, thin film PV production has boosted since
2005 due to the irruption of companies offering turn-key production lines for thin
film PV modules, combined with a temporary shortage of c-Si feedstock. Over
150 companies (most of them in Asian countries) announced in 2011 an start or
increase of thin film PV production and, if all the expansion plans were realised in
time, thin film PV production capacity could be around 24% of total in 2015 [2].
However, the present economic context and the large price reduction of ¢-Si in the
last three years is putting a lot of pressure in many newcomer thin film PV factories
which risk struggling in the current market scenario. In terms of mid-long term
projected thin film PV capacity increases, thin film silicon is expected to be the
leading technology, followed by CIGS and CdTe. It is probable that in an eventual
future scenario of several hundreds GW of PV energy production, thin film Si will
be the only technology that may sustain such a large market growth rate. The
main reasons for this are: virtually unlimited raw materials abundance, strong syn-
ergy with flat panel display industry and a large road beyond for further increases
in modules efficiency. At present, most of the Si based thin film PV companies
produce amorphous silicon (a-Si:H) modules while just a few of them use a micro-

morph structure [3|, which basically consists in amorphous and microcrystalline
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silicon (pc-Si:H) stacked solar cells, for tandem modules fabrication.

1.1 The micromorph concept: an upgrade for Si

thin film PV factories

In order guarantee their future survival, Si film PV factories must find the way
of increasing modules efficiency and reducing manufacturing costs which allow
offering a competitive price per Watt produced. The micromorph concept con-
stitutes one of the most promising silicon based technologies for the upgrading of
Si thin film solar cell factories. Fig. depicts schematically the structure of a

micromorph solar cell.

Light

Ll

Glass

Front contact
a-Si:H top cell

uc-Si:H bottom cell

Back contact

Figure 1.1:  Basic structure of a micromorph (a-Si:H/puc-Si:H) solar cell. The
different layer thicknesses are not depicted in scale.

The combination of two stacked solar cells using a-Si:H and puc-Si:H active
layers, with different bandgap energies of approximately 1.75 eV and 1.1 eV re-
spectively, induces light absorption within a wider range of the solar spectrum. In
a micromorph tandem solar cell, the top a-Si:H cell mainly collects photons with

energies within the visible range whereas the bottom pc-Si:H solar cell enhances
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Table 1.1: Efficiency of a-Si:H/puc-Si:H and a-Si:H commercial modules and record
solar cells at laboratory scale 4] (as of June, 2012). Data for a-Si:H/puc-Si:H and
a-31:H modules efficiency have been collected from various manufacturers specifi-
cation data sheets.
a-Si:H  a-Si:H/pc-Si:H
Laboratory scale 10.1 % 12.3%
Commercial module ~7-8% ~9-10%

the absorption in the red and near infrared region. This leads to an increase of
the photogenerated current in comparison with a single a-Si:H or uc-Si:H solar cell
resulting in higher energy conversion efficiencies. In addition, the production of
micromorph modules does not entail the usage of any additional precursor gases.
Table shows the increase in efficiency achieved with the micromorph structure
in comparison with single junction a-Si:H solar cells.

Due to the lower optical absorption coefficient of pc-Si:H (compared to that
of a-Si:H), in micromorph solar cells, the thickness of the active layer of the puc-
Si:H bottom cell must be around five times larger (~1 pm) than that of the top
a-Si:H cell (~200 nm). Since the current deposition rate, ry, of high quality a-
Si:H is around 0.2-0.5 nm/s [5], in order to keep a high production throughput
in micromorph thin film PV factories, the deposition rate of uc-Si:H layers must
be increased up to r4 >1 nm/s. However, achieving such high r, for high quality
pe-Si:H layers is a big challenge, from either a technological and a engineering
point of view, that has not yet been overcome at an industrial scale. Nowadays,
this latter issue constitutes a major limitation for making economically profitable

the industrial production of micromorph modules.

1.2 Current limitations in PECVD puc-Si:H depo-
sition

At present, for uc-Si:H layers deposition, the Plasma Enhanced Chemical Vapour
Deposition (PECVD) technique is the most widely used technology and the only
one that has reached industrial relevance. Briefly speaking, in PECVD, the pre-
cursor gases used for the films deposition are introduced into a vacuum chamber

trough a gas inlet. Said vacuum chamber includes two parallel electrodes: one
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grounded (holding the substrate) and the other connected to an electrical RF
power supply system (used as the precursor gas shower). If a high RF voltage
(typically using a frequency of 13.56 MHz) is applied between both electrodes, a
glow discharge or “cold plasma” is originated thus activating the dissociation of the
precursor gas molecules and initiating the deposition process. The residual gases
are evacuated through a pumping system.

High deposition rates up to 10 nm/s [6] can be achieved with the standard
PECVD technique by combining the so-called high pressure depletion (HPD)
regime |7] with the very high frequency (VHF) approach [8]. In the HPD regime,
high deposition pressures in the range of 10° Pa are used [9,[10]. In the VHF
regime, the used plasma excitation frequency is usually in the range of 40-150 MHz.
This combination (HPD-VHF) allows obtaining high quality material at high r4
which results in high conversion efficiencies of pc-Si:H solar cells; n=6.3% for r4=8
nm/s [11] and n=9.1% for r4=2.3 nm/s [9] or micromorph solar cells; n=9.6% for
rq=1 nm/s [12]. However, the aforementioned efficiencies correspond to cells with
an effective area around 0.25 cm? for [9,/11] and 1.25 ¢cm? for [12]. We must notice
that depositing high performance pc-Si:H i-layers for solar cells over large area
using the HPD-VHF regime in PECVD entails a major technological challenge.
Indeed, when the wavelength of the plasma excitation becomes comparable to the
substrate dimensions, the PECVD technique is affected by plasma standing surface
waves effect, which can compromise the uniformity of the film [13,[14]. Thus, using
very high excitation frequencies (i.e. lower equivalent wavelengths) leads to large
inhomogeneities in the thickness of the deposited film. This makes it difficult to
achieve high deposition rates (>1 nm/s) using VHF sources and, simultaneously,
keeping a reasonable thickness uniformity on the whole substrate [15,/16]. Since
the structural uniformity of the intrinsic puc-Si:H layer is crucial to preserve the ef-
ficiency of the cells [17,/18], this undesirable effect compromises the performance of
large area (>1 m?) modules when the HPD-VHF approach is used for the intrinsic
pe-Si:H layer deposition. For instance, if an excitation frequency of 100 MHz is
used and the substrate dimensions are about a quarter of the frequency-equivalent
vacuum wavelength (~0.75 m), the obtained thickness inhomogeneities are around
+25% [19]. Thickness inhomogeneities of pc-Si:H layers deposited at 2.5 nm/s can
be further reduced to +15% by using novel antenna type electrodes [20,[21] and a

voltage phase modulation method that requires very complex VHF power supply
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systems. Nevertheless, even lower thickness variations around +13% produce crit-
ical variations in the deposited films crystallinity [22]. In any case, the achieved
thickness uniformities using the HPD-VHF regime over large area are still far
from the standard thickness uniformity (around 5%-10%) achieved with industrial
PECVD reactors [5| using 13.56 MHz excitation frequencies. Moreover, if interme-
diate excitation frequencies are used, the HPD regime becomes susceptible to form
powder in the reactor [18,123]. On the whole, even though many efforts are being
focused in developing novel electrode shapes or exploring “non-standard” deposi-
tion regimes in PECVD, the objective of depositing high quality pc-Si:H layers
over large area (>1 m?) and at high deposition rate (r4 >1 nm/s) has not yet been

accomplished and still complex technological obstacles need to be overcome.

1.3 Deposition of uc-Si:H with HWCVD

The Hot Wire Chemical Vapour Deposition (HWCVD) technique, also known as
catalytic CVD (cat-CVD) [24], has arisen in recent years as a promising alternative
for the deposition of puc-Si:H. Contrary to PECVD, in HWCVD the energy required
for the precursor gases dissociation and the subsequent initiation of the film growth
is provided as thermal energy by the action of incandescent filaments (usually
tungsten or tantalum filaments heated up to temperatures around 1500-2000°C by
Joule effect) in a catalytically activated decomposition process. The substrate is
usually located facing the catalytic filament net inside a vacuum chamber fed by
the precursor gases through a gas inlet. A pumping system evacuates the residual
gases from the deposition chamber. Regarding a-Si:H and pc-Si:H deposition for
solar cells applications with HWCVD, the reader may find detailed information
in some published extended reviews [25-27]. A summary of the application fields
of HWCVD and some clues of its industrial implementation can be found in [28].
Finally, to get a general picture of the research state of the art in the field of
HWCVD, the reader may consult reference [29]. Let us just highlight the most
relevant facts concerning the scope of this thesis work:

Firstly, HWCVD has the potential to deposit uc-Si:H layers at high deposition
rate [30,31] and low deposition pressure (1-20 Pa). Secondly, high quality pc-Si:H
solar cells with the intrinsic layers deposited with HWCVD have already been ob-
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tained. The efficiencies of these solar cells are equal to those obtained for pc-Si:H
solar cells prepared entirely by PECVD [27]|. Furthermore, the lack of ion bom-
bardment allows obtaining sharp p/i interfaces, leading to an enhanced extraction
of the photogenerated carriers in HWCVD pc-Si:H solar cells [32]. Thirdly, the
kinetics of the radicals, generated at the filaments surface and moving towards
the substrate, is governed exclusively by the diffusion of the different chemical
species. As no plasma is used to generate the radicals, the homogeneity of the
deposited films is not affected by the standing waves effect characteristic of the
PECVD technique, thus making much easier the scaling up of HWCVD towards
large areas without any loss in the film’s homogeneity [33-35].

Such noticeable advantages of HWCVD, have attracted the attention of various
industry sectors such as the flat panel displays, thin film PV or hard coating indus-
tries. However, the industrial exploitation of HWCVD is up to now strictly limited
by certain technological features that impede this technique achieving industrial

relevance.

1.4 Current limitations in HWCVD uc-Si:H depo-
sition

Although high r4 up to several nm/s for uc-Si:H layers deposition can be achieved
with HWCVD, the obtained material in such high r; regimes is of poor quality. At
present, the standard r4 for high quality pc-Si:H layers is below 0.5 nm /s [27,36137].
It is then necessary to put investigation efforts in exploring alternative deposi-
tion regimes or strategies that may allow increasing the r4 of uc-Si:H layers with
HWCVD while preserving the material quality. In any case, one should notice
that the r; achieved in industrial-size PECVD reactors for pc-Si:H layers deposi-
tion is as well below 0.5 nm/s [5]. In fact, the most limiting factor to industrially
exploit the HWCVD technique is, undoubtedly, the filaments degradation issue,
commonly known as “filament ageing”. In the particular case of silicon based mate-
rials deposition, it is well known that the used filaments (made of either tungsten
or tantalum) are severely affected by silicides formation. This leads to a reduc-
tion, or even suppression, of the filaments catalytic performance. Furthermore, the

formation of silicides entails structural damages which finally cause the catalytic
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filament(s) breakage that, in the best cases, takes place after a few hundreds hours
of usage. When this occurs, the deposition process must be interrupted to replace
the broken filaments by new ones. Of course, this is completely unacceptable for
any industrial process, wherein large operating times without maintenance stops
are required. Hence, in order to make real the prospects of implementing HWCVD
reactors at an industrial scale, it is mandatory developing novel HWCVD systems

that allow overcoming the problem of filaments ageing.

1.5 Scope of the thesis

The goal of this thesis work is to explore different strategies and develop tech-
nological solutions addressed to overcome the current limitations of the HWCVD
technique for its eventual industrial exploitation in the field of Si thin film solar
cells. The following chapters are focused on three main subjects: The filaments
degradation issue, the scaling up of the HWCVD technique towards large area and
the deposition of pc-Si:H at high deposition rate.

In Chapter 2, it will be exposed a systematic study of the silicidation processes
affecting tungsten filaments at high filament temperature during a-Si:H and/or
pe-Si:H deposition. We will discuss the different stages of the filaments silicida-
tion process and their influence in the filaments electric resistance. Next, we will
deal with the issue of filament protection against silicidation. We will focus on
the development of an effective protection device against silicidation for the fil-
aments cold ends, wherein breakage usually takes place. This protection device
is compatible with an own-developed automatic filament replacement mechanism
that allows changing the used filaments by new ones, without breaking vacuum
and keeping tense the filaments in all operating situations. The proposed designs
of said technological solutions and the experimental results of their corresponding
validation tests will be exposed in Chapter 3. In Chapter 4, a discussion about
the scalability of the HWCVD technique towards large area will be exposed. We
will deal with the issue of film thickness uniformity. We will also discuss about
the possible existence of a scaling law in HWCVD that allows increasing the de-
position rate of uc-Si:H layers maintaining the material quality. An experimental

work, addressed to the confirmation of this possibility, is exposed in Chapter 5.






Chapter 2

Filament Degradation

2.1 Introduction

In essence, any chemical reaction can be understood as breaking atom bonds and
creating new ones. A catalyst affects the rate of a certain chemical reaction by
lowering the amount of energy that must be surmounted to activate it. When
the catalyst is in a different phase than the reactant, like in a HWCVD process,
the catalytic process is known as heterogeneous catalysis. The surface chemistry
involved in heterogeneous catalysis is extremely complex when studied at an atomic
scale in non-equilibrium conditions [38|. However, things turn out easier if we
consider the case of steady state conditions and the subject is dealt using statistical
mechanics. In a HWCVD process, the activation energy necessary to decompose
the precursor gas molecules is provided as thermal energy by a catalytic heated
filament which is usually made of a refractory metal. In the case of a-Si:H or
pc-Si:H deposition, the most used precursor gas is silane (SiHy), which is usually
diluted with hydrogen, whereas the catalytic filaments are usually made of tungsten
(W) or tantalum (Ta).

When SiH; molecules enter in contact with the catalytic filament, this last

provides the energy necessary to cleave four Si-H bonds, following the reaction

SiHy — Si+ 4H (2.1)
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thus producing Si and H radicals with a dissociation probability that depends
on the filament material and its temperature T;. Of course, there exist many
other intermediate reactions [39] which have great influence on the quality of the
deposited film.

The measured apparent activation energies of Si radicals production for W
and Ta catalysts are, respectively, 50-80 kcal /mol and 140-180 kcal /mol [39H41].
Such results indicate that W filaments are very good candidates to be used as
catalysts in HWCVD for depositing silicon based materials. Comparing these
values to the energy required to pyrolytically break the four Si-H bonds of silane,
308 keal /mol [42], it is clear that the decomposition of silane on W or Ta filaments
is catalytically activated.

Unfortunately, independently of the chosen material, the lifetime of the cat-
alytic filaments used for a-Si:H or pc-Si:H deposition is very limited. During its
usage time, a W (or Ta) filament is affected by the formation of silicides which alter
its chemical composition. Accordingly, used filaments also experience changes in
their emissivity and electrical resistivity values. The dynamics of the silicidation
process of a filament depends on the used precursor gas mixture, the filament ma-
terial and, of course, the deposition conditions. The resulting degradation process
of used catalytic filaments is commonly known as “filament ageing”. Furthermore,
the density mismatch between the different chemical phases present in an aged fil-
ament leads to lattice expansion effects that introduce tensile stresses which may
cause crack formation and, eventually, the breakage of the filament. Nevertheless,
even if an aged filament does not break during the deposition process, it may not
be any longer useful because the filament ageing often entails a reduction of its
catalytic properties [43|, thus affecting the reproducibility of the deposited films
in terms of both material quality and deposition rate [44,145]. At present, the
filaments degradation issue constitutes the major limiting factor to industrially
exploit the HWCVD technique for the deposition of Si based thin film materials.
Several works dealing with the silicidation process of filaments during a-Si:H or
pue-Si:H deposition with HWCVD have been published in the last decade for either
tantalum |46{-50] or tungsten [4345,/47,[50-52| filaments. Although there exist
slight differences, the silicidation processes of Ta and W filaments are very similar.
We decided to use W filaments in our HWCVD reactor (described in Appendix A)

due to the good catalytic performance, low cost and market availability of tung-
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sten. Hereinafter, the results presented in this chapter and the ongoing discussion
only deal with the degradation of W filaments. The reader can find more infor-
mation about the particularities of the silicidation process of Ta filaments in the
suggested bibliography.

It is well known that when W filaments are used as catalysts in HWCVD for a-
Si:H or uc-Si:H deposition, silicide formation is faster at those filament regions close
to the corresponding electrical contacts, i.e. the so called cold ends. Therefore,
the filament breakage usually occurs at its cold ends. It has been observed that
silicides formation usually begins at the filament cold ends and then progressively
expands towards the middle of the filament [47]. However, the central portion of
the filaments, defined as the portion of filament that is located between the silicide
fronts expanding from the cold ends, is also affected by silicidation. The formation
of silicides at the central portion of the filament reaches its maximum rate at a
filament temperature, T's;, of 1650°C [51]. If T'; >1650°C, the silicidation process
of the central portion of the filament is considerably slowed down. Furthermore,
it has been suggested in previous works [45,47, 51| that if W filaments are used at
Ty >1800°C, silicides formation is almost suppressed. Given that, if the filament
cold ends were efficiently protected it would be expected to achieve industrially
relevant filament lifetimes for this high T; >1800°C regime. This scenario could
open the door to the industrialisation of HWCVD technique for depositing, for
instance, device quality pc-Si:H layers to be used as absorbers in tandem solar cells.
However, it is premature to stablish such conclusions. In particular, Honda et.
al. [51] studied the silicidation kinetics of 0.5 mm diameter W filaments at filament
temperatures Ty;=1450°C-1750°C under a-Si:H deposition conditions. Honda et.
al. reported in that paper that, for T%;=1450-1650°C, the silicidation of the central
portion of the filament starts from the beginning of the deposition process and
that the formed silicide layer is exclusively composed of the silicon rich tungsten
silicide phase WSi,. For filament temperatures between 1700°C and 1750°C, the
formed silicide layer contains both WSi; and W5Si3 composites, suggesting that a
transition phase from WSi, to W5Sis formation takes place at these temperatures.
In that paper it is also reported that for T';=1850°C it takes longer SiH4 exposure
times (180 min) to observe any appreciable (thickness is not specified) silicide
layer which is exclusively constituted by W5Si3. The authors conclude that the
formation of WSi, is apparently suppressed in this high T'; regime.
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There exist other similar works that deal with the silicidation process of tung-
sten metal plates at lower temperatures (1000°C-1200°C and 1300°C-1500°C)
[53,54]. However, the reported data dealing with tungsten silicidation at tem-
peratures above 1800°C are, if not absent, very scarce. To our knowledge, it has
not been yet published any systematic study of the silicides growth kinetics in W
filaments in the high T%; >1800°C regime. Moreover, even if the filament breakage
does not occur, it is not clear if its catalytic performance and, in consequence, the
reproducibility of the deposited films, would be guaranteed at long term (several
hundreds of hours) if W filaments were used at said high T'; regime in HWCVD
for the deposition of a-Si:H and/or pc-Si:H films.

In this chapter we report the results obtained from a systematic study of the
degradation of W filaments in the high T'; regime (T’; ~1850°C) used as catalysts
in HWCVD under deposition conditions compatible with a-Si:H deposition using
pure SiH, as precursor gas.

We will show that the central portion of a W filament goes through three
different stages during its usage time. There is a first stage of Si atoms dissolution
in the W filament wherein there is no silicide formation. The duration of this first
stage is what we call the time delay ty. At t = ty, the Si concentration in the W
filament reaches its solubility limit and the second stage begins. Then, the W5Si3
silicide phase precipitates and a W5Sig outer corona is formed, growing in depth
at expense of the pure W bulk. A diffusion model, applied to the stage of Si atoms
dissolution in W, will be exposed to discuss the behaviour of ¢y3. Finally, when the
Si atoms concentration exceeds the solubility limit of Si in W5Si3, an outer corona
of WSis is formed and it progressively grows at expense of the previously formed
W5Sis silicide layer. This constitutes the third stage that in essence, is analogous
to the second one. We will show that the initiation of the second stage at t = ¢
entails the beginning of the decay of the catalytic performance of the filament. We
will also show that the time delay ¢, is stabilised if the new W filaments are subject
to a pre-deposition annealing treatment. Furthermore, we will also show that if
the SiH, precursor gas is diluted with pure H,, the time delay t; is considerably
increased. In addition, we will expose an electric model that allows obtaining
information about the progress of the silicidation process of the filaments at real

time by monitoring the filaments electric resistance.
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2.2 Silicidation study of a tungsten filament at high
temperature

The following study is based on the analysis of the data obtained in a series
of depositions (silicidation tests) that were carried out in our HWCVD reactor.
The main objective was to study the silicidation processes affecting the central
portion of a tungsten filament used as catalyst in HWCVD when pure silane,
SiHy, is used as precursor gas. Such silicidation tests were carried out under a-
Si:H deposition conditions, being the accumulated silane exposure time the only
variable parameter. Very thin filaments of 0.125 mm diameter (instead of the
usual 0.5 mm diameter filaments used in the previously cited works) were used
to minimize the deposition time needed to obtain highly silicidated filaments. All
silicidation tests were performed using a fixed electrical DC current to heat the
filaments by Joule effect. The monitoring of the filaments electric resistance, Ry,
gave information about the ongoing degradation process in each silicidation test.
For each silicidation test, the total amount of silicides formed in the central portion
of the filaments as well as the identification of the present silicide phases were
determined by means of Scanning Electron Microscopy (SEM), Energy Dispersive
X-ray spectroscopy (EDX) analysis and Raman Spectroscopy. The obtained results

were interpreted with the help of a diffusion model and an electric model.

2.2.1 Experimental details

All silicidation tests have been carried out in our single chamber HWCVD reactor
described in Appendix A. A single W filament of 0.125 mm diameter was used
in each test. The filaments were heated at a temperature 7; ~1850°C by Joule
effect and exposed to a pure SiH, atmosphere at a pressure of p = pg;y,=2 Pa
using a SiH, flow rate ®g;y,—12 scem. Such conditions are typical for a-Si:H
deposition and are similar to those used in previous works [46,47,51]. The details
concerning the measurement of T; are given in Appendix A. The base pressure
of the deposition chamber was always lower than 10~ Pa. The electric current
flowing through the filament, I, was fixed at 1.63 A using a DC power supply. By

fixing the electric current instead of the applied voltage, it is assured that the local
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dissipation of power (per unit length) P; = I?R/, only depends on the silicidation
state at that particular point z; R/ is the electric resistance per unit length at
x. In that way, we can assure that at any point of the central portion of the
filament, the local temperature is kept at 1850°C as long as silicides formation is
not yet initiated there. The filament electric resistance time evolution Ry;(t) was
monitored in all the silicidation tests that were carried out. Once each deposition
was completed, little portions of the aged filaments were collected as samples.
Those samples were taken from the central portion of the filament, located between
the two advancing silicide fronts originated at the filament cold ends. The filaments
length was chosen long enough (L;;=30 c¢m) in order to avoid any contribution
of the silicide fronts advancing from the filament cold ends. The accumulated
SiH4 exposure times ¢ varied from 3 min to 190 min (Ls; was 40 cm for the 190
min silicidation test). The collected samples were embedded into a corresponding
conductive resin matrix which was subsequently sliced and mirror-like polished in
order to obtain clearly visible cross sections of the filament as much perpendicular
to the filament axis as possible. Morphological studies and chemical analysis of
the samples were performed by means of SEM (Jeol JSM-840 and Quanta 200
FEI) equipped with an X-ray microanalysis system (INCA Energy 250, Oxford
Instruments). In addition, micro-metric mappings of the samples were performed
using Raman spectroscopy (Micro Raman T64000 Jobin Yvon, Ajgser = 532nm,
Praser=4.3 mW) in order to obtain the distribution map of W, W5Siz and WSiy

for each of the collected samples.

2.2.2 Results

The first interesting result comes out from direct observation of the deposition
process. Indeed, one can easily notice an abrupt change in the brightness of the
filament at the position of the silicide fronts advancing from the cold ends. From
EDX measurements, we know that the portions of filament located between the
cold ends and the corresponding silicide fronts are constituted by WSis. With the
help of an aluminum plate riddled with holes every 5 mm acting as a ruler (see
Fig. , we could measure the propagation velocity of such WSi, front which
turned out to be approximately constant after 15-20 min since the beginning of

the deposition process with a value v=(4.040.3)-10~* m/min.
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Figure 2.1:  Advancing WSi, front from a filament cold end during a silicida-
tion test. The holes in the aluminium plate were performed every 5 mm. The
photographs, from top to bottom, were taken at times t=0, 35 and 105 min re-
spectively.

The monitoring of Rg;(t) permits to observe any change in the total electric
resistance of the filament Ry; during the deposition process. Fig. shows
the Ry;(t) curves corresponding to the silicidation tests that resulted in samples
(cross sections from the central portion of the filaments) wherein it was latter
identified the presence of silicides (WSiy and/or W5Si3) by means of SEM, EDX
and Raman spectroscopy analysis. On the other hand, Fig. shows the Ry;(t)
curves corresponding to those silicidation tests wherein the central portion of the
filaments did not reveal any presence of silicides formation. In the following figures
of this section, we will maintain the notation of symbols used in Figs. and
to refer to each particular sample.

The first thing we must notice when looking at Figs. and is that the
curves Ry;(t) do not look like the same for all the silicidation tests. In particu-
lar, the initial tendency of Ry;(t) is quite different for each test. However, it is
remarkable that, after a first transient period, many Ry;(t) curves follow a linear
tendency with almost identical slopes (see Fig. [2.2)). This linear regime of Ry;(t)
is only observed for those silicidation tests that resulted in samples with presence
of silicides formation. For those silicidation tests with a total SiH, exposure time

higher than 60 min, the observed linear tendency is maintained beyond. The only
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Figure 2.2:  Ry;(t) curve of the silicidation tests performed with 0.125 mm diam-
eter W filaments (7 ~1850°C, I=1.63 A, pg;u,= 2 Pa, ®g;y, = 12 sccm) wherein
silicide formation is present at the corresponding samples. In particular, the sam-
ples o, O, x and < (see inset) correspond to silicidation tests with a total silane
exposure time of 90 min, 75 min, 140 min and 190 min respectively.

exemptions are the silicidation tests that lasted 140 and 190 min. In these two
cases, the Ry;(t) curves abandon such linear tendency at larger exposure times
and a dramatic decrease of the electric resistance holds afterwards. Such trend
change in Ry;(t) is probably linked to the beginning of WSi, formation as those
silicidation tests were the only ones that resulted in samples with the presence of
a WSi, outer corona.

We will now deal with the identification and quantification of any eventual
silicide WSi, presence in the collected samples. Figs. 2.4and[2.5show SEM images
of cross section samples taken from the central portion of the tested filaments and
their corresponding Raman signal mappings, wherein green, red and blue colours
indicate the presence of pure W, W5Si3 and WSi, respectively. Colour saturation
gives information about the intensity of the characteristic Raman peaks of W5Sis
(red) and WSiy (blue) but not in the case of pure W (green) as metals do not exhibit

any Raman signature. It must be noticed that the interfaces between the different
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Figure 2.3:  Ry;(t) curve of the silicidation tests performed with 0.125 mm diam-
eter W filaments (7 ~1850°C, I=1.63 A, pg;n,= 2 Pa, ®g;u,= 12 sccm) wherein
silicide formation is absent at the corresponding samples.

WSi, phases are recognizable in the SEM images because the different electric
resistivity of each material produces an appreciable contrast in brightness. The
increase of the cross section area observed in silicidated filaments is proportional
to the volumetric ratio between the corresponding silicide phase and pure W. This
volumetric ratio comes from the difference between the molar density of W;Si3 (or
WSis) and that of pure W.

The characteristic Raman signatures of the different WSi, phases permit the
identification of the areas occupied by W;5Siz or WSi,. Fig. depicts the mea-
sured Raman spectra of such regions showing the characteristic peaks of W5Sis3
at 117, 170 and 270 cm™! [55] and WSi, at 335 and 456 cm™! [55/57]. The Ra-
man signature identification of both Wj;Si3 and WSi, phases was confirmed by
EDX measurements resulting in Si concentrations of 34-37 at.% and 66-67 at.%
respectively.

Once the composition of the different regions observed in the filaments cross
section SEM images has been identified as either W, W5Si3 or WSiy, the frac-
tion of W atoms that have reacted and formed either W5Sis (F Rw,si,) or WSiy
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Figure 2.4: Cross sectional SEM images (left) and the corresponding Raman signal
mappings (right) of aged 0.125 mm diameter W filaments at T; ~18500C and
exposed to a SiH, atmosphere during 26 min (a), 30 min (b), 37 min (c,d), 38 min
(e) and 45 min (f). Green and red colours in the Raman signal mappings indicate
the presence of pure W and W5Si3 respectively. All symbols correspond to those

represented in Figs. and

(F Rwsi,) can be calculated by evaluating the areas covered by each material. For
those samples where there is no evidence of neither W5Siz nor WSi, presence,
one automatically obtains F' Ry g;, =0. In the case of samples which show a pure
W core surrounded by a W;5Sis outer corona, without any WSi, presence, the
corresponding F' Ry, s, can be evaluated by two ways:

On one hand, FRw,si; = Aw,sis/(YwssisArir), where Ay, g, is the area oc-
cupied by W5Sis, Ay is the initial cross section area of the filament and vy, g,

is the volumetric ratio between W5Siz and pure W. On the other hand, the frac-
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Figure 2.5: Cross sectional SEM images (left) and the corresponding Raman signal
mappings (right) of aged 0.125 mm diameter W filaments at T; ~18500C and
exposed to a SiH, atmosphere during 46 min (a), 75 min (b), 90 min (c), 140
min (d) and 190 min (e). Green, red and blue colours in the Raman signal map-
pings indicate the presence of pure W, W5Si3 and WSi, respectively. All symbols
correspond to those represented in Fig.

tion of W atoms that have not reacted equals Ay /A, being Ay, the area occu-
pied by pure tungsten. Then, F'Ry,g;, can also be evaluated as 1 — (Aw /Ayi).
These two preceding procedures lead, respectively, to a lower and an upper limit
value of F'Ryy,gsi,. The calculated lower and upper limit values of F'Ry,g;, for
these samples have been plotted in Fig. using black and grey symbols respec-
tively. Finally, for those samples which show a presence of both silicide phases,

FRwesi, =1 — Aw /Ay — FRw,si, where F'Ry, g, can now only be evaluated as
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Figure 2.6: Measured Raman signature of the W5Siz (bottom) and WSiy (top)
regions of aged 0.125 mm diameter W filaments at T’; ~1850°C and exposed to
a SiH, atmosphere during 75 min and 140 min respectively.

Awssis/ (YwssisAgir)-

Fig. shows the calculated values of the fraction of W atoms that have
reacted into W5Si3 or WSi, for each sample as a function of the accumulated
SiH4 exposure time, t. The data points that are vertically aligned correspond to
different samples taken from the same tested filament. It can be observed that
there is only silicide formation for ¢ >26 min and that the initial formed silicide
layer is exclusively composed of W;5Siz. The necessary SiH, exposure time to
obtain F'Ryy,s;, values close to unity is of the order of 100 min.

Although the increasing trend of F Ry, s;, with SiH, exposure time is recog-
nizable, if we look carefully at the data shown in Fig. we can observe some
contradictions. For instance, regarding the sample corresponding to t=30 min an
almost zero F' Ry, s, <0.01 was determined. Even though, there is a sample with
a lower accumulated SiH, exposure time (=26 min) with higher F Ry, g, ~ 0.2-
0.3. For slightly higher exposure times (37-45 min) the data is widely scattered,
ranging from a fraction reacted of 0.16 to 0.60. The data plotted in Fig. turns
out to be a messy aggregation of points as similar SiH, exposure times lead to very
different values of F'Ryy,gs;, while higher exposure times do not necessarily corre-
spond to higher values of F'Ryy,g;,. It is hard to believe that a formed silicide layer
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Figure 2.7: Fractional distribution of tungsten in the different silicide phases as
a function of exposure time during the silicidation tests of 0.125 mm diameter W
filaments at Ty; ~1850°C exposed to a SiH, atmosphere (pg;u,= 2 Pa, ®gin,—
12 sccm). All symbols correspond to those represented in Figs. and
Grey and black symbols indicate, respectively, the higher and lower limit values
of F'Ry,si,- Red symbols indicate the F'Ryg;, of those samples with presence of
WSi, precipitates.

can eventually stop growing, decrease for a certain amount of time and afterwards
grow again. If we decline such idea, it is not possible to give a satisfactory expla-
nation for the silicides growth process unless the time origin of the experimental
data is redefined. Certainly, it is clear that there exists an initial period of time
0 < t <ty wherein no silicide formation is observed. According to the data shown
in Fig. to takes different values for each of the performed silicidation tests,
ranging from 0 minutes to 30 min or even larger values. Given that the deposition
parameters were always kept the same for all the silicidation tests, the uncertainty

in tg must come from differences or particularities in the superficial state of the
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used filament in each test.

2.2.3 Discussion of the experimental results

Let us go back to the Ry;(t) curves shown in Fig. 2.2l As it has been afore-
mentioned, for all the samples that show any presence of W5Siz formation, the
corresponding Ry;(t) curves reach a linear regime with approximately the same
slope. Hence, it seems reasonable to think that reaching this linear regime of
Ry (t) is directly linked to W5Sis formation in the filament. Most of the Ry;(t)
curves shown in Fig. reveal a “critical point” just before entering into the linear
regime, where the slope of R;(t) changes drastically. Before reaching said critical
point, the initial trend of these curves resembles to those shown in Fig. which
correspond to samples without any presence of silicides. Thus, it is a straightfor-
ward conclusion that the formation of W5Si3 begins at said critical point. We may
then try out to set the “silicidation time origin” at this specific moment for each
sample, that is to say, introduce a corresponding time delay t; in each case. To
determine ty and its error for each particular silicidation test, it is useful to plot
the derivative of Ry;(t) curves (see Fig. 2.8). We can easily identify the aforemen-
tioned critical points as they entail an abrupt change in dRy;/dt with an S-shaped
form. The position and width of this S-shaped curve determine, respectively, the
value and the error of ¢, for each sample.

However, if we look again at Fig. we can recognize four Ry;(t) curves (the
upper ones) for which it is not possible to identify any critical point. In these
cases, Ry;(t) increases monotonically at a higher rate and enters softly into the
aforementioned linear regime. A reasonable assumption is that, in these four cases,
the formation of W;Siz may have started at any time between the beginning of
the deposition process and the moment whenever the linear regime of Ry;(t) is
approximately reached. Therefore, the determination of the corresponding time
delay ty includes a larger error.

In total, 14 silicidation tests were performed. As it can be seen in Fig.
the corresponding values of t; are widely scattered within 0-60 min. Thus, when a
W filament is used as catalyst in a HWCVD process under the present deposition
conditions, it seems to be unpredictable when will the W;Si3 outer corona forma-

tion begin. For sure, the value of the time delay t; will strongly depend on the
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Figure 2.8:  Calculated derivative of the Ry;(t) curves of the silicidation tests
performed with 0.125 mm diameter W filaments (T; ~1850°C, I=1.63 A, pgim,=
2 Pa, ®g;y,= 12 sccm) wherein silicide formation is present at the corresponding
samples. The inset shows the derivative of the V(t) curve of a silicidation test
with a total silane exposure time of 190 min. All symbols correspond to those
represented in Fig. 2.2

initial superficial status of the tested filament. Certain structural defects at the
filaments surface may act as nucleation sites which favour the formation of silicides
at that particular point. If that occurs, W5Si3 formation will be initiated at those
nucleation points and afterwards extend over the filament surface. Indeed, there is
no certainty in that the superficial state of a W filament as manufactured is homo-
geneous all over the filament surface. For instance, if one looks at Fig. 2.4tb it is
possible to check how W;5Si3 formation begins at a particular point of the filament
surface instead of being homogeneously initiated. Nevertheless, we will show in
section that if the W filaments are subject to a pre-deposition treatment, the
silicidation process of the filaments turns out to be much more repeatable giving
similar values of ¢y ~ 60 min.

We can now re-plot the data shown in Fig. introducing the corresponding
time delay ¢, for each sample, that is to say, plotting F' Ry ;. (t—to) (see Fig.
where t — ty is what we will call from now on, the effective silicidation time. The
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Figure 2.9: Values of the time delay t;, when W5Si3 formation begins, plotted
against the total SiH, exposure time ¢, for the silicidation tests performed with
0.125 mm diameter W filaments (T; ~1850°C, I=1.63 A, pgin,= 2 Pa, ®gip,=
12 scem) wherein silicide formation is present at the corresponding samples. All
symbols correspond to those represented in Fig.

data is then rearranged in such a way that the inconsistencies disappear. Despite
this, we still have a considerable vertical scattering of the F' Ry, g;, values obtained
for low effective silicidation times suggesting that, initially, the formation of W5Si

is very inhomogeneous along the length of the central portion of the filament.

2.2.4 Modelling of the silicidation process of a W filament
at high temperature

In this section we will describe in detail the degradation process of a W filament
subject to a silicidation test like those described in section [2.2.1}

We will firstly show that, during the deposition process, the central portion
of the filament goes through three different stages: (1) Si atoms dissolution in
W, (2) W;Sis precipitation and (3) WSiy precipitation. To do so, we will use the
Si-W phase diagram, assuming that the overall process occurs under quasi-static

thermodynamic equilibrium. Secondly, we will use a diffusion model to evaluate
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Figure 2.10: Fractional distribution of tungsten in the different silicide phases as
a function of the accumulated exposure time ¢ — £, since W5Si3 formation is initi-
ated for the silicidation tests of 0.125 mm diameter W filaments at T'; ~18500C
exposed to a SiHy atmosphere (pgig,= 2 Pa, ®g;z,= 12 sccm). All symbols corre-
spond to those represented in Figs. and [2.3] Grey and black symbols indicate,
respectively, the higher and lower limit values of F'Ry,s;,. Red symbols indicate
the F'Ryyg;, of those samples with presence of WSi, precipitates. The dotted lines
are just guides to the eye.

the duration of the Si atoms dissolution stage (i.e. the time delay ¢y). We will also
show that for relatively large filament radius rg, ty becomes independent of ry. Fi-
nally, we will expose an electric model that relates the filament electric resistance
time evolution Ry;(t) with the degradation status of the filament.

The Si-W solid solution phase diagram.

It is known that, regarding the silicidation process of the filaments, the domi-
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nant diffusing species are silicon atoms [43]. The driving force of Si diffusion is the
presence of a gradient in its chemical potential. Given that the time scale of the
whole process is much larger than that of a precipitation step, the formed solid
solution of Si and W is assumed to be always in quasi-static thermodynamic equi-
librium. Hence, the W-Si binary phase diagram [58,/59] can be used to elucidate
which stages will the central portion of the filament go through, when said filament
is subject to a silicidation test like those described in section 2.2.1] Fig. 2.11]shows
such W-Si phase diagram wherein continuous red lines indicate the path followed
by a certain point located at the central portion of the filament where (initially)
T—=1850°C; red dots indicate the Si at.% values at which the different phases may
precipitate and the red semi-continuous lines indicate the shift in Si at.% when a

silicide phase precipitates.

T(°C)

at.% W
Figure 2.11: Si-W Binary phase diagram [58,59]

We can see in Fig. that during a silicidation test, a local region of the
central portion of the filament goes through three different stages:

At the beginning of the deposition process, the concentration of Si atoms in
the filament, ¢(r,t), is zero (r refers to the radial coordinate). Once the deposition
process starts, Si atoms begin to diffuse into the pure W bulk forming a Si-W solid
solution. For any given temperature, there exists a solubility limit of Si atoms in

pure W, ¢, determined by the solvus lines of the W-Si phase diagram. In the
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temperature range of our interest (1" ~ T';), cim takes a value of few atomic %
(around 10%! at/cm3) and it decreases if T'is lowered. As long as the solubility limit
is not reached, no silicide phases will precipitate. The first stage is characterised by
the dissolution of Si atoms in the W bulk without any silicide phase precipitation.

The solubility limit of Si in W will be firstly reached at the filament surface.
At t = to, the surface Si concentration will be ¢(rg, ty) = ¢jjm. From this moment
on, the local precipitation of the tungsten rich W;Sis silicide phase takes place
and the second stage of the filament central portion silicidation process begins. As
long as the deposition process is not interrupted, the precipitation of W;Si3 takes
place at deeper regions of the filament bulk. Hence, during this second stage it is
formed an outer corona of W5Si3 and the local temperature decays, for instance,
from 1850°C to approximately 1750°C due to the higher emissivity of W;Si3 in
comparison to that of pure W.

For even longer silicidation tests, the filaments may enter into the third stage
which stands for the precipitation of the silicon rich silicide phase WSiy in a W5Si3
matrix. This stage is analogous to the second one but now, we have to take into
account the solubility limit of Si atoms in the W5Si3 silicide phase which is even
lower than that in pure W. Once this solubility limit is reached, the local precipita-
tion of WSiy begins and once more, it progressively advances towards the filament
core. For the considered T't;; range, the emissivity of Wi, is always larger than the
emissivity of W5Sis3, so the filament temperature drops again, for instance, from
1750°C to approximately 1550°C. Finally, if ¢(rg,t) becomes larger than 66.7%,
pure silicon films may grow on the filament surface. We suggest those readers
who would like to know more about precipitation and nucleation processes in solid

solutions, to check references [60L/61]

Diffusion model for the stage of Si atoms dissolution in the W fila-

ment

The SiH; and Si fluxes involved in the first stage of Si dissolution in a W
filament are shown in Fig. 2.12]

J&y, is the number of SiH, molecules striking the W filament surface per
unit area and time. If gz, is the catalytic dissociation probability of the SiH,4

molecules that strike the filament, the production rate of Si atoms is given by
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Figure 2.12: Schematic view of the fluxes involved in the dissolution stage of Si
atoms in a W filament

Esim Ty .- Hence, the ﬂu of SiH,4 molecules desorbing from the filament surface
will be J&4%;, = (1 — &simy) Sy, J&* is the flux of produced Si atoms desorbing
from the filament surface. On the other hand, the flux of Si atoms diffusing into

the W bulk at the filament surface is JZ! and can be written as

J§ = Esim Jdm, — J& = a(co — c(ro, 1)) (2.2)

where ¢y is the concentration of Si atoms at the filament surface for which the
chemical equilibrium would be reached if there was not any precipitation of sili-
cides, ¢(ro,t) is the Si concentration at the filament surface and « is a constant
of proportionality. If we consider the Si-W system to be an ideal solid solution,
Raoult’s law states that in the chemical equilibrium, the Si vapour pressure of the

solution must equal the Si gas pressure of the environment pg; = s;p,psim,. Then,

EsityPsit, = PgiCo (2.3)

Iplease be aware that no vectorial notation of the flux J is used. For writing commodity reasons, the more
simple notation, J, stands for the norm of the vector J
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where pg;p, is the silane gas partial pressure (2 Pa in our experiments) and p¥, is the
vapour pressure of Si at 7' = T;. At temperatures in the range of T ~1850°C,
ps; ~1 Pa [62] and &gy, takes a value around 0.2 according to [63] or 0.4 [64].
Introducing these values in Eq. one finds that, in any case, ¢y > ¢. Clearly,
we can not assure that the Si-W system behaves like an ideal solid solution but,
even if applying Raoult’s law constitutes a rough approximation, for a relatively
large Si pressure in the environment, the equilibrium concentration ¢y should be
much larger than cy,,. Hence, the limit ¢y > ¢y, would still hold. Given that,
Eq. can be written as

J& =~ acy , (2.4)

thus meaning that the flux of Si atoms diffusing into the W filament can be con-
sidered constant. In this steady state approximation, the solution of the diffusion
equation

Jc(r, t)

— DV?2 = 2.
o — DVl ) = 0, (25

applied to the case of a cylinder of radius ry, under the boundary condition of Eq.
and with the initial condition ¢(r,¢ = 0)= 0 Vr, can be found in [65] (chapter
5.3.5). In our case, D is the diffusion coefficient of Siin W. Imposing that c(rg, tg) =
cim and applying the limits r2 > Dt and 79 > A\; (where \; = mDcyn/acy is a
characteristic length scale of the problem), one obtains the following expression
for the time delay ¢

ty = im0 26)

2,2
ascg

where to does not depend on the filament radius. If we now define &4, as the
desorption probability of a Si atom located at the filament surface, the flux of Si

atoms diffusing into the W filament can be written as
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J& = (1 = &aes)Esim, T, = aco . (2.7)

Mixing Egs. and 2.6 one gets

. ClQimDﬂ-
. - (2.8)
((]. - fdes>£SiH4 nglf‘h)

More details of the calculations concerning this model are given in Appendix B.

Electric resistance model for the silicidation process of a finite W

wire at high T%;

We have already identified the two independent processes that contribute to the
silicidation of W filaments during a-Si:H and/or uc-Si:H deposition in HWCVD at
high T;.

On one hand, two WSi, fronts are rapidly formed at both filament cold ends.
After a first transient period (15 min-20 min in our experiments), the WSi, fronts
start expanding towards the middle of the filament with an almost constant prop-
agation velocity v.

We have seen in section that the electric resistance of a filament, Ry,
varies during its usage time. In order to interpret the obtained Ry;(t) curves in
our experiments (see Figs. and , we propose a model wherein the aged
filament is discretised into three different zones (I, IT and III in Fig. with
different contributions to Ry;.

Zone I refers to the portion of filament that is covered by the advancing WSiy
fronts from the filament cold ends. Zone III corresponds to the central portion of
the filament and, finally, zone II covers the two transition gaps between zones I
and III.

Regarding zone I, we must consider the case of two filament portions that
have been fully transformed into WSi, with an extension that increases as the
WSis fronts advance towards the middle of the filament. The transition zone
IT is assumed to introduce a small and practically constant contribution to Ry;.

With respect to Zone III, we will only discuss the case regarding the first two
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WSi, W,Si,

Figure 2.13: Schematic view of the different resistances considered in a W filament
during its degradation process at t =~ 0 (top), t <ty (middle) and t > ¢, (bottom).

stages of the filament central portion silicidation process (Si atoms dissolution in
W and W;Si; precipitation). Then, the contribution of zone III to Ry will be
given by the parallel association of the remaining pure W filament core and the
formed W5Si3 outer corona. The fraction of W atoms reacted into W5Sis is zero
for t <ty (FRysysis(t < to) = 0). For simplicity, we will consider that, at a certain
time ¢t > to, F' Ryysi,(t > to) takes a mean value between 0 and 1 for the whole
extension of zone III. Taking all this into consideration, the time dependence of

the filament electric resistance Ry;(t) can be written as

Rypy(t) = 2C 4+ 2Rt + Ry (Lyy — 20t) (2.9)

where the first term 2C' is a constant introduced by the contribution of the two
transition zones IT and the electric contact resistances, Ly; is the total filament
length and v is the expansion velocity of the WSi, fronts. R} and R}, are, respec-
tively, the electric resistance per unit length of zone I and zone III. The details of
the calculations concerning this model are given in Appendix C.

Given that in our experiments the electric current [ is fixed, the local dissipa-



46 Filament Degradation

tion of power only depends on the local status of the silicidation process. Hence,
we are able to evaluate the local temperature T" as a function of F'Ryyg; for any
point located in zone I or in zone III. We just have to find the solution of the
equality between the local power (per unit length) dissipated by Joule effect and
the local radiated power (per unit length).

The calculated temperatures of a 0.125 mm diameter tungsten filament which
is gradually converted into W5Si3 (red line) or WSiy (black line) are plotted in
Fig. as a function of F Ry g;,. The blue line in Fig. gives the calculated

temperature of a W5Si3 filament which is progressively transformed into WSi,.

2000
7W58i3%WSi2
1900} —— W—WSi, |
T=1850°C W4>W8i2
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o
=
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16001 ]
1500 1 1 1 1
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Fraction reacted

Figure 2.14: Temperature as a function of the fraction of W reacted for a 0.125
mm diameter W filament which is progressively converted into W5Sis (red line) or
WSi, (black line). The case of a filament that is converted from W5Siz to WSi, is
also represented (blue line). The electric current value is fixed to 1.63 A.

Once the temperature of a silicidated portion of filament has been calculated
as a function of F'Ryg;_, the corresponding evaluation of its electric resistance per
unit length R/ is straightforward. The obtained results are plotted in Fig.

According to our model, R} takes a constant value R} = Ry,g;, as zone I is
considered a region wherein F'Ryyg;,=1 is fixed. Regarding the portion of filament

comprised in zone III, R}, takes a constant value R}, = Ry, for t < ty as
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Figure 2.15: Electric resistance per unit length as a function of the fraction of
W reacted for a 0.125 mm diameter W filament which is progressively converted
into W;5Sis (red line) or WSi, (black line). The case of a filament that is converted
from W;5Si3 to WSis is also represented (blue line).

FRy.si,(t < ty)=0. However, for t > ty, the precipitation of W;Si3 takes place
and F Ry, si, progressively increases with time. Hence, F' Ry, g, (t > t9) becomes
a time dependant parameter. This means that R};; will also vary with time for
t > to. To obtain the time dependence of R}, ;(t > ty), we need to introduce the
time dependence of F' Ry, s, (t > to) which can be evaluated from the experimental
data collected in the present study (see Fig. . As a first approximation, we
will consider a linear dependence of R, (t > to) with time (the quadratic term is
only relevant for large times, that is to say for values of F'Ry,g;, pretty close to

unity) like

/IH(t>to) =A+B-t. (2.10)

Finally, we can now write the time derivative of Ry;(t) for ¢ < t, which reads

dRyy

LUt < tg) = 20(Riys,, — Riy). (2.11)
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and for t < tg which reads

dRyy
dt

(t > to) = 2R§/I/Si2v — 2Av + BLfil s (212)

where Rjyg, =57+ 3 Q/m, Rj,—=52+3 Q/m, v=(4.040.3)-10™* m/min, A=45+2
Q/m, B=0.194+0.05 /m-min and L;;=0.3 m.

According to the proposed model, a linear regime should be observed in Ry;(t)
for t < ty with a slope within the range 0.005+0.005 /min. Still, for ¢ > t,
Ryu(t) also follows a linear regime but in this case, the corresponding slope is
considerably higher, around 0.065+0.020 € /min.

2.2.5 Analysis of the results

In polycrystalline metals, diffusion of species may occur along the metal surface,
the grain boundaries or through the crystal grains volume. Given that there is
more open space for atoms motion at the metal surface or the grain boundaries,
the mobility (and in consequence the diffusion coefficient) of Si atoms diffusing
along these interfaces is much larger than those of Si atoms diffusing through
the crystal volume [61]. Hence, the in-diffusion of Si atoms towards the filament
core basically occurs through the W crystal grain boundaries. Let us imagine a
W filament that is immersed in the initial Si atoms dissolution stage when the
deposition process ends. The filament is then cooled down to room temperature
and therefore, the solubility limit of Si in W becomes practically zero. Then,
the solute Si atoms must precipitate, preferably at the grain boundaries of the W
filament bulk. During the cooling of the filament, such grain-boundary precipitates
may grow large in size and deplete the solute Si atoms from the areas adjacent
to the crystals interfaces [60]. Fig. shows a non-polished cross section of an
aged W filament wherein such grain boundaries are clearly visible. The individual
tungsten grains are much larger close to the filament surface and they tend to
decrease in size towards the filament core giving an approximate idea of how deep
have Si atoms diffused into the filament core.

The dissolution of Si atoms lasts until ¢ = ¢, when the W rich W5Sis silicide
phase begins to precipitate. The expression of ¢y, given by Eq. states that
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Figure 2.16: Cross sectional SEM image of and aged 0.125 mm diameter W filament
at Ty ~1850°C and exposed to a SiHy atmosphere during 30 min

it is independent of the filament radius ry. Eq. only holds if 7o > A\;. The
characteristic length scale \; has been estimated to be in the range of few microns
(see details in Appendix B) while W filaments used as catalysts in HWCVD usually
have radius of several tenths or hundreds of microns (in our case, ry=62.5 um).
Hence, in most practical situations, it is a reasonable approximation to apply the
limit o > A;. This means that in practice, increasing the filament radius does
not have a considerably impact in the time delay t5. On the other hand, the

temperature dependence of t; is introduced in ¢y, D, Eges and Egip,. D, Eges and

€sim, which are thermally activated parameters, proportional to emp(_k?é) where k
is the Boltzmann’s constant and E! is their corresponding activation energy (index
i refers to the parameter 7). According to Eq. when either pg;g, is decreased
and/or T'y; is increased, the time delay ¢, becomes larger. The evaluation of the
time delay ty and its respective dependences is a crucial issue because, as we will
see in section [2.3] it determines the initiation of the filament catalytic performance
decay.

It should be noticed that in some HWCVD processes, like for instance in pc-

Si:H deposition, the SiH, precursor gas is usually diluted with pure Hy. We realized
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some preliminary tests in order to check which is the influence of hydrogen dilution
in to. We found that if relatively high hydrogen dilutions are used, ¢, is considerably
increased, thus meaning that the W5Si3 precipitation at the central portion of
the filament retarded. Fig. shows the Rg;(t) curve of a silicidation test
performed under deposition conditions compatible with uc-Si:H deposition. The
chosen deposition parameters were exactly the same as those used in the tests
performed under a pure SiHy atmosphere (see section [2.2.1). The only difference
is that in this case, an additional Hy flow of 128 sccm was introduced in the
deposition chamber (Hs dilution of 91.5 %), thus giving a total working pressure
p=10 Pa.
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Figure 2.17:  Rg;(t) curve of a silicidation test performed with a 0.125 mm di-
ameter W filament using a SiH, and H, mixture as precursor gas (T; ~1850°C,
I=1.63 A, psig,= 2 Pa, ®g;py,= 12 scem, Py, = 128 scem).

For such deposition conditions, we found that ¢y ~120 min, which is a twofold
increase with respect to the maximum value of ¢ty found in those tests wherein
pure SiH4 was the only precursor gas used. The explanation of such effect comes
from the fact that when Hs is added to the precursor gas mixture, a large amount
of atomic hydrogen is created at the filament surface by catalytic dissociation of

hydrogen molecules. The Si etching properties of atomic hydrogen [66] favour the
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desorption of Si atoms from the filament surface. Then, the term (1 — &) in Eq.
2.8 becomes even smaller, thus leading to larger values of ¢y. However, the slopes of
Ry(t) for t < tp and ¢t > o (around 0.01 ©/min and 0.06 2/min respectively) are
similar to those obtained from the tests without any H, dilution. This suggests
that hydrogen dilution has a remarkable influence on the nucleation process of
silicides but not on the growth rate of the corresponding precipitates.

The precipitation of stable phases in a solid solution always entails a decrease in
the free energy of the system. However, the nucleation process of such phases can
be inhibited by additional energy contributions coming from surface tension effects
and the strain introduced in the lattice. The additional surface and stress energy
contributions are considerably lowered at lattice discontinuities such as dislocations
or grain boundaries. This is the reason why the nucleation of precipitates, in a
solid solution, often occurs at grain boundaries or dislocation clusters in the solid
solvent (the W filament in our case). This type of nucleation process is known
as heterogeneous nucleation. When the local nucleation of W5Siz takes place, the
area of the filament covered by the W5Si3 precipitate is subsequently expanded
and the local temperature drops significantly as the result of an increase of the
local filament emissivity. As a result, the local value of ¢, decays dramatically,
thus promoting further precipitation of the W;Siz phase in that region of the
filament. This explains the large scattering of F'Ry.g;, values observed in aged
filaments subject to silicidation tests with low effective silicidation times (see Fig.
2.10). However, such large differences in FRyy,s;, along the filament length are
less severe for those silicidation tests with larger accumulated SiH, exposure times
because the surface diffusion of Si atoms is much faster than the in-diffusion of
Si atoms in the filament volume and in consequence, the nucleation of the W5Si3
phase is rapidly expanded all over the entire filament surface.

Regarding the relation between the progress of the silicidation process of a
filament with the monitoring of Ry;(t) it has been exposed that Ry; follows, after
a first transient period, a linear regime (see Figs. and 2.8). According to the
proposed electric model, for silane exposure times ¢ < ¢, the slope, dRy;/dt, of
such linear regime is calculated to be about 0.005+0.005 €2 /min whereas for ¢ > ¢,
the predicted slope is 0.065£0.020 2/min. An abrupt change of dRy;/dt should
then be observed at t ~ f;. On one hand, the experimental data of dRy;/dt for
t > to shows good agreement with the values predicted by the proposed electric
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model. On the other hand, it can not be stated that the linear trend of Ry;(t) for
t <ty predicted by the model holds in all cases. Certainly, the experimental data
of Ry(t) for t < ty show several diverse trends. We assumed in our model that
silicides formation was homogeneous all over the central region of the filament but,
in fact, as it has been aforementioned, this process might not be neither stable nor
homogeneous. Indeed, it can be seen in Fig. 2.9 that the experimental values of the
time delay ¢, are widely spread and in some cases, to might even be close to zero.
Nevertheless, as we will show in section [2.3] if the tested filaments are subject to a
pre-deposition annealing treatment, the time delay % is stabilised and the evolution
of Ry;(t) is much more repeatable. In these latter experiments, the Ry;(t) curves
follow practically identical linear trends. The slope of such linear regime changes
abruptly at ¢t = to from dRy;/dt ~0.01Q/min to dRy;/dt ~0.08(2/min, which is
in good agreement with the prediction of the proposed model.

It is important to notice that the slope change observed at ¢t = ¢y will be less
intense if higher filament radius ry are used. Given that the filament cross section
area is proportional to rZ, the time needed to reach a certain value of F Ry g;, at
the central portion of the filament will also be proportionally increased. Then, if
for instance 0.5 mm diameter filaments were used (instead of 0.125 mm diameter
filaments as in our case), the parameter B in Eq. would be 16 fold lower and
the jump in dRy;/dt at t = t, would be expected to be much less perceptible.

In the proposed electrical model, it was assumed that, after a first transient
period, the transitions between the WSi, silicide fronts expanding from the cold
ends and the central portion of the filament reach a stationary state covering an
extension of few mm. In order to verify such assumption, we decided to directly
check it in a real sample. A 0.125 mm W filament was aged by performing a sili-
cidation test like those described in section A portion of the tested filament
was embedded into a resin matrix and afterwards it was mirror like polished. In
this case, the sample was specially prepared to obtain a longitudinal cross section
of the filament to observe the extension of such transition regions.

Fig. shows an optical microscope image (proportions are not maintained)
of this sample and a Raman spectroscopy signal mapping that allows identifying
the WSiy and W;Sij silicide phases, marked with blue and red colour respectively
(the procedure is explained in section . The dark spots correspond to regions

of pure W or alternatively, to regions wherein a large fluorescent signal from the
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Figure 2.18: Longitudinal cross section optical image (top) and the corresponding
Raman signal mappings (bottom) of an aged 0.125 mm diameter W filaments.
Red and blue colours in the Raman signal mapping indicate the presence of W5Si3
and WSi, respectively. The red square corresponds to an area of 5 mm x 160 pm
(not in real scale). The green lines correspond to the estimated W/W;Si3 and
WSi, /W5Sis interfaces.

resin matrix was detected. The red square corresponds to the area scanned by
means of Raman spectroscopy (5 mm x 160 um). The green lines delimit the
estimated W/W;5Si3 and WSiy/W5Sis interfaces. By looking at Fig. we can
certify the assumption that the length of the transition zone II is only of the order

of few mm, independently of the accumulated SiH, exposure time.

2.3 The tungsten silicidation process influence on
the deposition rate

It is known that filament ageing entails a decrease in its catalytic performance
and consequently, in the deposition rate r4 of the films [43-45]. However, it still
has not been elucidated which is the relation between the progress of the silici-
dation process of the filaments and their catalytic performance. As long as the
deposition conditions are kept the same during the HWCVD process, the changes
in the current deposition rate of the film are a direct consequence of the filament

catalytic performance decay. We will show how r; evolves during the deposition
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process of a-Si:H when a W filament is used at T’; ~1850°C. Afterwards, we will
relate the decay of r4 with the initiation of the W;Si3 precipitation at the central
portion of the filament. To do so, we will use the Ry;(t) curves obtained during
each silicidation test. The experimental set-up must guarantee that any contri-
bution to ry coming from the filament cold ends and from the WSi, expanding
fronts is avoided. Furthermore, we have implemented a pre-deposition annealing
treatment to the W filaments used in our experiments. With this procedure, the

time evolution of Ry; becomes much more repeatable.

2.3.1 Experimental details

The silicidation tests performed for this study have been carried out under deposi-
tion conditions typical for a-Si:H deposition. Two 0.125 mm diameter W filaments
were used in each test. For all the performed silicidation tests, the deposition
parameters are the same as those described in section [2.2.1] i.e T}y ~1850°C,
psir,—2 Pa, I=1.63 A, Ly;=30 cm. The only difference is that the silane flow is
now doubled to SiH;= 24 sccm, as in this case two filaments are being used instead
of one. For our purposes, we need to keep as stable as possible other deposition
parameters such as the substrate temperature and filament to substrate distance.
Hence, the filament must be kept straight during the deposition process by means
of a spring or a weight system. Doing so with only one filament as thin as 0.125
mm diameter turns out to be a complex matter as it easily breaks prematurely due
to the imposed tensional force. An easier way to do this is using two filaments,
instead of one, and connecting them in series by means of a copper microtube
whose weight acts as the tensional force needed to keep the filaments straight.
Fig. depicts schematically the experimental set-up mounted inside the
HWCVD reactor for these experiments. There is an aluminium (Al) wheel with
eight open windows that allow the deposition of the film on the substrate attached
to the back of the Al wheel. Said wheel is able to rotate (the motion is transferred
by means of a rotatory feed-through). Only one of the two used filaments (left one
in Fig. contributes to the deposition of the film on the substrate. The other
filament is enclosed in a glass box. An Al plate is placed in front of the “contribut-
ing” filament. A hole practised in such Al plate permits the depositing on the

substrate through a single open window once at a time. Furthermore, only a part
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Figure 2.19: Experimental set-up mounted inside the HWCVD reactor for the
study about the silicidation process influence on the deposition rate.

of the central portion of the filament does indeed contribute to the film deposition
through the current substrate window because an Al mask shadows any contribu-
tion coming from the portions of filament close to the cold ends. The filaments
cold ends have been covered with conventional cavity protection devices that con-
siderably slow down the silicidation process at these locations (more details about
such devices are given in Chapter 3). It is then avoided any contribution coming
from the WSi, fronts formed at the filament cold ends to the film growth. During a
single test, the current open window is periodically changed (up to eight times) by
rotating the Al wheel. Then, it is possible to check how r; evolves with time just
by measuring the accumulated thickness of the film deposited through each open
window during a certain period of time (the current open window through which
the deposition of the film takes place, was changed every 15 min or 25 min, de-
pending on the performed silicidation test). An halogen lamp, acting as a heater,

was placed at the back of the Al wheel to assure that the substrate temperature
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was kept constant during the whole deposition process. In this way, we can assure
that the deposition rate evolution along a single test is only consequence of the
progress of the silicidation process at the central portion of the filament. The
filament to substrate distance was approximately dy_; ~1.5 cm. Thickness mea-
surements were performed with an interferometric optical microscope (Sensofar,
PLu 2300). Prior to the beginning of each test, the filaments were pre-annealed
in vacuum during 30 min at T; ~1850°C. The filament electric resistance time

evolution Ry;(t) was monitored in all the silicidation tests that were carried out.

2.3.2 Results

Fig. shows the Ry;(t) curves of three performed silicidation tests and their
corresponding r4(t) data points. The electric resistance data, Ry, plotted in Fig.
[2.20] corresponds to one of the two used filaments.

The three Rg;(t) curves show a clear repeatability. All Ry;(t) curves enter a
linear regime and in all cases, an abrupt change of the slope takes place at ty ~60
min. From what we have discussed in previous sections, we can determine that for
all the performed silicidation tests the central portion of the filaments has entered,
but not surpassed, the W5Sis precipitation stage. Regarding the r4(t) curves, it
can be seen that the initial deposition rate is maintained during the first minutes
of deposition. However, for SiH, accumulated exposure times close to tg, r4 drops
significantly and is stabilised at about 65% of its initial value. Afterwards, 4 tends

to increase for larger SiH, exposure times.

2.3.3 Discussion and analysis of the experimental results

The plot of the derivative of the obtained Ry;(t) curves is shown in Fig.
Following the same procedure as in section we can obtain the values of the
time delay t, and the slopes of the two observed linear regimes. The obtained
values of ty are within the range 60 £+ 0.5 min. On the other hand, the slope
of the first linear regime, related with the Si atoms dissolution stage, is around
0.01 2/min, whereas the slope of the second linear regime, related with the W5Sis
precipitation stage tends to a value around 0.08 ©/min. Both values are in good

agreement with the values expected from the electric model exposed in section
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Figure 2.20:  Ry;(t) curves (bottom) of three silicidation tests and their corre-
sponding r4(t) data points (top). The dotted, semi-continuous and continuous
lines in 74(t) are just a guide to the eye. The accumulated deposition time of the
corresponding r4(t) data points are 25 min (M, e) and 15 min (V).

2.2.4

The repeatability of the Ry;(t) curves, as well as the stabilised value of ¢, in-
dicate that the nucleation of the W5Si3 silicide phase is much more homogeneous
along the length of the central portion of the filament. Indeed, a pre-deposition
annealing treatment at such high temperatures diminishes the density of structural

defects at the filament surface, like grain boundaries and dislocations. It is known
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Figure 2.21:  Calculated derivative of the Ry;(t) curves of the three performed
silicidation tests. All symbols correspond to those represented in Fig.

that if metals are subject to high temperature annealing treatments, the metal
crystal grains tend to increase in size and aggregate, resulting in a lower density
of such structural defects [61]. Even micro-fractures caused during the extrusion
of the filament in its manufacturing process can be reduced by the self-diffusion
of W atoms over the filament surface [43]. The consequence is that the process
of heterogeneous nucleation becomes less probable and, statistically, the nucle-
ation of W5Sis is much more homogeneous. As a result, in the high T}; regime,
the silicidation process of pre-annealed W catalytic filaments becomes reasonably
predictable and its progress can still be evaluated at real time by monitoring the
evolution of the used filaments electric resistance.

Regarding the observed decay of the deposition rate r; at accumulated SiH,
exposure times close to ty, it seems a reasonable assumption that it is a conse-
quence of the precipitation of the WySis silicide phase at the filament surface.
The explanation of such effect is manifold. On one hand, as the filament surface
is covered by W5Sis, there is less space left for W atoms that are responsible of
the catalytic decomposition of the SiH, precursor gas molecules. On the other
hand, the initial filament temperature is considerably reduced, for instance from
Ty ~=1850°C to Ty ~1750°C, thus reducing further the catalytic performance of

the filament. It is also observed an increasing trend of r; for larger SiH, exposure
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times. We have already pointed out in previous sections that the filament radius is
increased when silicide phases precipitate due to the difference between the molar
density of W5Si3 (or WSiy) and that of pure W. Hence, the observed increase of

rq is probably just a consequence of an increment of the catalytic filament surface.

2.4 Conclusions

In this chapter we have discussed the degradation of W filaments at high tem-
perature used as catalysts in HWCVD for depositing silicon based materials such
as a-Si:H using SiHy as gas precursor, or pc-Si:H (using mixtures of SiH, and Hy
as gas precursor). We have shown that the silicidation of W filaments consists
of two independent processes. On one hand, the filament cold ends are rapidly
silicidated and transformed into WSi,. After a first transient period, these WSi,
fronts advance towards the middle of the filament with an approximately constant
velocity. On the other hand, the central portion of the filament is simultaneously
affected by silicidation and three different stages have been identified: the initial Si
atoms dissolution in W stage; the W5Si3 precipitation stage wherein a W5Si3 outer
corona is formed and, finally, the WSi, precipitation stage wherein the previously
formed W;Si3 outer corona is progressively transformed into WSis.

We have also shown that when the initial Si atoms dissolution stage ends, the
catalytic performance decay of the filaments is initiated, resulting in a decrease
of the deposition rate of about 35%. The duration of the Si atoms dissolution
stage is what we call the time delay t,. If it is desired to control and keep the
deposition conditions constant during a HWCVD process, the effective filaments
lifetime will be determined by ¢y, and thus, the Si atoms dissolution becomes the
only relevant stage. For a-Si:H deposition conditions, using 0.125 mm diameter W
filaments as catalysts at T; ~1850°C, the experimental results showed that t, may
range from nearly zero min to 1h. Such scatter in the ¢, values is attributed to an
heterogeneous nucleation of W5Siz. However, a pre-deposition annealing treatment
of the filaments stabilises ¢, at 60 = 0.5 min, thus meaning that the silicidation
process becomes much more repeatable and, in consequence, predictable.

We have proposed an electric model that allows identifying which is the current
stage of the silicidation process of a at real time by simply monitoring the slope

of the filaments electric resistance. As a consequence of the initiation of W5Si;
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precipitation at the central portion of the filament, an abrupt change in the electric
resistance slope is observed at ¢ = ;. Such effect can be less evident if larger
filament diameters are used.

A diffusion model for the evaluation of the time delay ¢y, has also been ex-
posed. The results show that, for filament diameters of several tens or hundreds
of microns, tg is independent of the filament radius. Hence, in most practical
situations, increasing the filament radius does not have a considerable impact on
the effective filament lifetime. Eq. shows that ¢y can only be considerably in-
creased if the SiHy partial pressure is decreased and/or if the filament temperature
is increased. However, such strategies for increasing ¢ty may result in deposition
conditions which are not any more suitable for device quality a-Si:H or pc-Si:H
material deposition. Regarding pc-Si:H deposition, the hydrogen dilution of the
SiH, precursor gas results in higher values of ¢y, due to the Si etching properties
of atomic hydrogen. Usual hydrogen dilutions of SiH, used for uc-Si:H deposition
(Pp,/(Pr, + Psim,) ~ 90%), result in a twofold increase of ty. Even though, in
this latter case, the effective filament lifetime would only take a modest value of
approximately 2 h.

Taking all this into account, it is clear that regarding the HWCVD deposition
of 5i based materials, using W filaments as catalysts in the high T}; >=1800°C
regime and protecting the filament cold ends against silicidation, are not at all
sufficient conditions to guarantee industrially relevant filament lifetimes. Even if
the formation of the advancing WSi, fronts is avoided by implementing an efficient
protection device at the filaments cold ends, the degradation of the central portion
of the filaments seems to be inevitable for ¢ > .

Our conclusion is that in order to guarantee large operating times without
maintenance interruptions of an eventual industrial HWCVD reactor for deposit-
ing Si based materials, an automatic filament replacement system should be de-
veloped and implemented in the deposition chamber. In addition, as we will see
in Chapter 3, the current protection devices against silicidation for the filaments
cold ends, have several limitations. In the following chapter, we will deal with the
filaments protection issue and expose some technological solutions addressed to
the development of an efficient protection device for the filaments cold ends and

an automatic filament replacement mechanism.



Chapter 3

Filament Protection

3.1 Introduction

As it has been pointed out in Chapter 2, a tungsten filament used as catalyst in a
HWCVD process for depositing either a-Si:H or uc-Si:H is affected by two different
silicidation processes that limit its usage time: On one hand, two silicide fronts
are rapidly formed at the filament cold ends and they progressively advances to-
wards the middle of the filament. The portion of filament that is covered by these
advancing silicide fronts is rapidly silicidated and is practically constituted of pure
WSi, with the exception of two little transition regions that may be formed by
both WSi, and W;5Si3 silicide phases. This first process can be practically sup-
pressed if the filament cold ends are effectively protected against silicidation. On
the other hand, the central portion of filament, located between the two advancing
silicide fronts, is also affected by silicidation. After a first stage, characterised by
the Si atoms dissolution in the tungsten filament, the precipitation of the W5Sis
silicide phase takes place in the first place, followed by the precipitation of WSis.
At said central portion of the filament, the core of the tungsten filament is pro-
gressively substituted by a W;5Si3 outer layer which grows in depth and that is
later transformed into WSi,. For low filament temperatures (Ty; <1700°C), the
precipitation of WSi, is almost immediate since the deposition process begins. In
the high Ty, (>1800°C) regime, the solubility limit of Siin W is increased up to a
few % and the desorption of Si atoms at the filament surface is enhanced. Then,

using such high T%; regime delays the formation of silicides in the central portion
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of filament for a period of time (that we have called the time delay ty). As we have
shown in the previous chapter, ¢ is, in the best cases, of the order of few hours
and it determines the effective filament lifetime as it corresponds to the initiation
of the decay of the catalytic performance of the filament. Despite this, the term
“filament lifetime” is usually referred to the accumulated usage time of a filament
until its breakage occurs. However, this definition is, in our opinion, extremely
inadequate as it ignores a crucial issue: the stability of the deposition conditions
during the usage time of a filament. Up to now, most of the proposed solutions
for the filament silicidation issue have been focused on preventing (delaying) the
breakage of the used filaments. Some of these precedent works report filament
lifetimes up to several hundreds of hours, ignoring the fact that, if the deposition
conditions are desired to be kept stable, the effective filament lifettme may indeed
be much minor:

A frequent approach to extend the filament lifetime is based on using high
filament temperatures to delay as much as possible the degradation of the central
region of the filament. In addition, a protection device must be developed to
protect the filament cold ends from silicidation as the filament breakage usually
occurs in these regions.

H. Matsumura and K. Ishibashi [67,68] alternatively developed a protection
mechanism which consists in introducing the filament cold ends into cavities with
two open ends for the filament pass-through. A purge gas (No, Hy, Ar...) flow
is then introduced into the cavities to avoid SiH4 molecules reaching the filament
cold ends. Professor H. Matsumura drafted a patent application of his invention
(patent document WO /2007/148457). His group predicted that theoretical fila-
ment lifetimes of 680 hours could be achieved by implementing this solution for
0.5 mm diameter tungsten wires at T';=1850°C under a-Si:H thin film deposition
conditions [51]. A particular limitation of this kind of protection device relies in
the fact that the proposed purges are not as effective as expected (see details in
section . Our group reported the protective limits of a simple cavity device
without using any gas purge in [69].

Another protection mechanism to avoid the filament cold ends silicidation was
developed by the group of professor B. Schroeder [47]. In the manuscript, a lifetime
of 139 hours was reported for a 0.5 mm diameter tungsten filament at 7%;—2000°C
under a-Si:H deposition conditions. In this paper, the protection mechanism was
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not disclosed and, to our knowledge, the authors have not drafted any patent
application related to the invention.

There exist many other attempts to solve the problem of filament silicidation.
For instance, carburization of tungsten filaments has been tested as a possible
protective method showing that filament silicidation is relatively slowed down [70].
However, the catalytic performance of carburized filaments is considerably lower
than in the case of using pure metal filaments. The same idea holds for the
solution reported by Martin et al wherein the catalytic filament is replaced by a
tantalum carbide (TaC) rod [71]. In this case, the reported experimental results are
limited to deposition times of only 2 hours. Regarding these latter solutions, the
higher emissivity of carburized filaments results in larger radiated power which may
become unsustainable. Moreover, the problem of film contamination by carbon
impurities is not dealt and the deposited material quality is not reported. A
different solution proposed to avoid the filament silicidation process is based on
the use of radio-frequency alternate current (RF, 13.5 MHz) instead of direct
current (DC) to heat the filament [48]. In this case, the underlying idea is that the
skin effect of RF current reduces silicon deposition and in-diffusion at the filament
surface. By using this method, the filament lifetime extension is reported to be
increased by less than twofold.

As a remark, it is interesting to point out that for tantalum filaments used as
catalysers (instead of tungsten filaments), certain filament treatments may extend
their lifetime. Examples of such filaments treatments are those suggested by the
groups of professors D. Knoesen and R.E.I. Schropp which consist in pre- and post-
deposition filament thermal annealings in Hy, atmosphere and vacuum respectively.
The work published by Knoesen et al [49] reports a lifetime of 322 hours for 0.5 mm
diameter tantalum filaments at 7';=1600°C. The filament was annealed before and
after each deposition run during 5 minutes minimum. The deposition conditions
were not specified. On the other hand, the study made by C.H.M van der Werf et
al [46] does not report any value of filament lifetime. However, it is demonstrated
that for a 0.5 mm diameter tantalum wire at T';=1750°C under pcSi:H deposition
conditions that has accumulated a total deposition time of 8 hours, the silicidation
process related to the central region of the filament is reversible (but not the one
related to the cold ends). The filament treatment consists in a 30 min vacuum

annealing at T7;=2050°C after each deposition run and a final vacuum annealing
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of 4 hours at T7;=2100-2200°C when the aged filament has already been working
for a total deposition time of 8 hours. It seems that there are no references in
the literature that report such results for these filament treatment methods when
applied to tungsten filament catalysers.

To summarize, for a-Si:H or pcSi:H deposition processes, the filament breakage
occurs, in the best cases, after a few hundreds of hours if certain protection devices
[47,67,68] or filament treatments are implemented [49]. However, the reported
protective mechanisms usually limit the hot wire configuration or alter the process
deposition conditions while the filaments pre- and post-deposition treatments are
highly time consuming. Moreover, these solutions do not guarantee that, during
the respective reported filament lifetimes, the deposited material quality and the
filament catalytic performance remain unaltered. This last aspect is crucial in the
field of solar cells. Hence, a more suitable definition for the filament lifetime should
be “the total operating time whenever the catalytic performance of the filament
assures the reproducibility of the required film quality levels”.

Developing an effective protection device for the filament cold ends is manda-
tory but it is not the unique requisite that must be fulfilled in order to find a
definitive solution for the problem of the filament ageing in HWCVD. As we have
exposed in Chapter 2, the silicidation of the central region of the filament is in-
evitable. Thus, a mechanism to replace this portion of filament, once its catalytic
performance is unsatisfactory, must also be developed. We decided to focus our
research in developing a technologically feasible filament replacement system that
allows implementing effective protection devices that prevent the silicidation of
the filament cold ends.

This chapter deals with the work carried out during this thesis to design, build
and test our own developed cold ends protection device and filament replacement
mechanism. For the design of the filament cold ends protection device, two different
strategies have been explored: the first one consists in increasing the temperature
of the coldest portions of filament which are exposed to SiH4. This can be achieved
by decoupling the electric and thermal contacts of the filament as explained in
section [3.2} The second strategy explores the possibility of decreasing the SiHy
partial pressure at the regions wherein the filament cold ends are located. This
can be achieved by introducing the filament cold ends into a cavity as explained in

sections [3.3] and [3.4] Furthermore, the proposed protection devices were designed
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in such a way to be compatible with an automatic filament replacement mechanism
that has been developed in our laboratory, the details of which are given in section
As far as we know, up to now it has not been reported the construction of
any HWCVD reactor implementing any kind of automatic filament replacement
mechanism or similar. There exist however, a few patent application documents
wherein there are proposed certain technological solutions for constructing such
a HWCVD apparatus. Among them, the most relevant are patent applications
JP7254566-A, JP2008140945-A and US2008/0095937-A1.

The first patent application JP7254566-A discloses a HWCVD apparatus whe-
rein a catalytic filament is supported between a sending object and a coiling object.
The filament electric contacts are located between these two objects. In the fil-
ament replacement process, a portion of catalytic filament can be sent from the
sending object and wound around the coiling object. The sending and the coiling
objects can be, for instance, two reels. The motion is transferred to the mecha-
nism by the action of an electrical motor coupled to the axis of one of both reels.
However, it must be taken into account that during the heating of the catalytic
filament, this last is subject to thermal expansion. To avoid the bending of the
filament due to its lengthening, it is necessary to implement a mechanism which
keeps tense the catalytic filament during all operating situations. This point is
particularly important to guarantee a good film homogeneity and the repeata-
bility of the HWCVD process. This would be a critical issue for all large area
deposition systems implementing a continuous or semi-continuous replacement, of
the catalytic filaments. A solution to this problem is based on the utilisation of
an additional electrical motor for controlling the torque exerted over the two reels
wherein the filament is wound. However, this solution can not be applied to large
systems with a catalytic filament net composed of tens or hundreds of filaments,
because it would be necessary to use tens or hundreds of electrical motors, with
their corresponding vacuum rotational feed-troughs to transmit the motion to the
reels, what is impracticable. In the patent application document JP2008140945-A,
it is disclosed a HWCVD apparatus and a catalytic filament replacement method,
which tries to overcome this problem by creating the catalytic filament net using
a single filament covering a zigzag path around rollers placed along two distanced
parallel lines. Still, this solution is also impracticable for other different reasons.

Firstly, because the catalytic filament becomes brittle during its degradation pro-
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cess and the zigzag path can not be adequately dense without risking its rupture.
Secondly, the usage of many rolls along a single filament introduces accumulative
frictions which alter the tension exerted on the filament. Thirdly, the replacement
velocity of the catalytic filament may become unsustainably high due to the fact
that the filament portions, which compose the catalytic filament net, are changed
sequentially, one after the other.

Therefore, there is a need to provide a HWCVD apparatus able to change
the different catalytic filaments in parallel using a minimal number of motors, but
keeping each catalytic filament tense during all operating situations. Technological
solutions for the construction of such a HWCVD apparatus will be exposed in
section The experimental results obtained using a first prototype of our own

developed filament replacement mechanism will also be presented.

3.2 Cold ends protection using a ceramic cover de-
vice

The idea underlying this strategy is that the electrical contact, which is usually at
a temperature of a few hundred degrees, is decoupled from the thermal contact,
that is to say, a thermal contact body is introduced just after the electric contact
surrounding the filament cold ends. In this way, it is possible to cover the filament
portion wherein the local temperature T'(x) is lower than the local filament tem-
perature at the extreme (x = L.) of the thermal contact body (T(x) < T(L.)).
The thermal contact body should be designed in order to achieve the highest pos-
sible value of T'(L.). If T'(L.) ~1750°C or larger, the portion of filament wherein
silicidation is most aggressive (where the local temperature is around 1650°C [51])
is covered by the thermal contact body meaning that this critical region would
not be exposed to SiH, gas molecules, thus being protected from silicidation. The
thermal contact body was designed like a ceramic thin tube. To facilitate the
manipulation of this protection device, it was necessary to enlarge the diameter of
the ceramic tube along the first millimetres. This first section of the ceramic tube
constitutes a large thermal mass with high radiation losses due to its larger diam-
eter. Thus, the point where both thicker and thinner ceramic tubes are joined can

be considered as the effective thermal contact of the system, located at x = 0 with
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a temperature 7'(0). The thin ceramic tube section, which extends from z = 0
to x = L. is enclosed by a hollow body that creates a furnace effect, what mini-
mizes the radiation energy losses thus raising further the temperature T'(L.). The
whole assembly is schematically depicted in Fig. The material chosen to build
the thermal contact body and the furnace was alumina, Al,O3, because of its high
chemical stability, high working temperature compatibility, high electric resistivity
and market availability (Al23 alumina from FRIATEC-DEGUSSIT company).

/ x=0" \/\XLC '\
Electric

contact Ceramic thin tube Furnace walls Filament

Figure 3.1: Schematic view of the ceramic cover device surrounding a filament
cold end.

3.2.1 Calculation of the cold end temperature

To calculate the local temperature profile T'(x) at the filament cold ends, we need
to solve the diffusion equation that is derived from applying Fourier’s law. The
gradient of the local heat flow equals the difference between the local power (per
unit length) dissipated by Joule effect and the local power (per unit length) irradi-
ated following Stefan-Boltzmann’s law. One gets the following diffusion equation

(the details on the following calculations are given in Appendix D)

d*T 4 9
=0 T(x)* —caT(x) —e3T(x) —cy, (3.1)
where the coefficients ¢, o, c3, ¢4 take different expressions for 0 < x < L. and
x > L. as the thin ceramic tube only covers the filament portion between x = 0 and
xr = L. Eq. must be solved imposing the corresponding continuity conditions
for the temperature and the heat flow at x = L.. The boundary conditions are
given by the thermal contact temperature T'(z = 0) = T(0) and the asymptotic
filament temperature T'(x > L) = Tyy.



68 Filament Protection

Let us now consider the effect of enclosing the thin ceramic tube in a hollow
body acting as a furnace. A percentage of the power radiated by the ceramic thin
tube will be reflected back from the inner furnace walls and partially reabsorbed
by the thin ceramic tube. It can be seen that the furnace effect is equivalent to

renormalise the emissivity of the ceramic thin tube, e., as follows

(1-R)

I1-R(1—e.)’ (3:2)

/ —_—
€. = €

what in fact corresponds to a renormalisation of the power irradiated by the ce-
ramic thin tube, being R the reflectance of the inner furnace walls. If the furnace
is fabricated with the same material as the ceramic thin tube, then R = 1 — e..
The material chosen for fabricating the device was alumina Al23 from FRIATEC-
DEGUSSIT. In the data sheet given by the company, the emissivity of Al23 is
only given for 1000°C (e4;23(1000°C=0.21). Using this emissivity value as a first
approximation, one finds that the renormalised emissivity of the ceramic thin tube
inside a furnace would be e/, ~0.12. The pictures shown in Fig. were taken
during a preliminary test of the protection device and show how the furnace effect
helps to increase the temperature T'(L.) at the end of the thin ceramic tube. The
calculated T'(z) profile for different tungsten filaments, with their cold ends covered
with a Al23 thin tube and enclosed in a Al23 furnace, are shown in Fig. 3.3 The
temperature at the end of the ceramic thin tube is in all cases T'(L.) ~1500-1600°C
except for the 0.5 mm diameter filament where it reaches T'(L.) ~1830°C.

3.2.2 Experimental test of the ceramic cover protection

In our HWCVD reactor, we usually use thin tungsten filaments with diameters
in the range of 0.1 to 0.2 mm for depositing either a-Si:H or pc-Si:H. Hence, we
decided to make some preliminary tests using 0.2 mm filaments in order to check
the real performance of the protection device and also to detect any unexpected
drawback. The tests were performed under regular pc-Si:H deposition conditions
used in our HWCVD reactor (T, ~ 1850°C, p—=10 Pa, ®;,,—300 sccm and a silane
concentration SC' = ®gip, /(Psim, +Pu,)= 8.5 %). Fig. shows two pictures of
two filament assemblies taken during a single experiment in which two filaments of

0.2 mm diameter and 20 cm length were used. A spring system keeps the filaments
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Figure 3.2: Three pictures of 0.2 mm diameter filaments, heated at a temperature
of 1850°C, with the cold ends covered by a thin ceramic tube. The temperature
differences at the end of the thin ceramic tube when it is either enclosed in a
furnace (right picture) or not (left and middle pictures) are clearly identifiable.

straight despite of thermal expansion by applying a constant tension of about 1
N. One of the filaments was assembled with a ceramic cover device (see Fig.
protecting one of its cold ends. The other filament had no protection at all. The
test lasted for 2h and 30 min.

3.2.3 Results and discussion

The cold ends of either an unprotected and a protected filament after one single test
(see Fig. were observed by means of SEM. Chemical analysis of the different
regions observed was performed by means of EDX. Fig. shows the SEM cross
section images of both filament cold ends as well as the chemical composition
of the different regions observed. It can be seen that the benefits of the tested
protection device are quite poor. The filament cold end that was covered by
the protection device seems to be slightly less affected by silicidation but it still
presents a large amount of cracks. Si-rich silicide WSiy formation is evident at
both cold ends. This poor protective performance of the tested device was already
expected as the simulation of 7'(x) showed that the temperature at the end of the
thin ceramic tube would be around 7T'(L.)=1580°C. In addition, during the test
we could observe an unpredicted effect that is clearly detrimental for the device

performance. We are referring to the silicon deposition that takes place on the
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Figure 3.3: Temperature profile for three wires of different diameter covered
with a Al23 ceramic thin tube which is located inside an optical furnace. The
renormalised thin tube emissivity is set to e/, =0.12. The thermal contact temper-
ature and the asymptotic filament temperature are respectively set to 7'(0)=300°C
and T'¢;=1850°C. The ceramic thin tube dimensions are 7,,,=0.25 mm (external
radius), 7;,=0.1 mm (inner radius) and L.=10 mm (length) for the 0.15 mm diam-
eter filament, 7,,,=0.3 mm, r;,=0.15 mm and L.=10 mm for the 0.2 mm diameter
filament and r,,,=0.5 mm, r;,=0.3 mm and L.=20 mm for the 0.5 mm diameter
filament. The crosses indicate the point x = L. in each case.

furnace inner walls (see Fig. and, as it was latter observed by SEM analysis,
on the surface of the thin ceramic tube. This silicon layer growth is evident just
after a few minutes from the beginning of the deposition process and its immediate
effect consists in increasing the radiating emissivity from e 423 =~ 0.21 to eg; =~ 0.6,
so the temperature T'(L,.) drops dramatically. Hence, we can conclude that even
if the initial value of T'(L.) was greater than 1750°C, this situation would only
last for a few minutes until the emissivity of the radiating body becomes that of
the deposited silicon film. Furthermore, it has been noticed that the silicon layer
deposited at end of the thin ceramic tube can grow thick enough to bond the thin
ceramic tube with the tungsten filament. This eventual bonding entails that the

filament is not able to move freely through the ceramic thin tube any more, what
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Figure 3.4: Close up of the two tested filaments cold ends (left filament: unpro-
tected, right filament: protected). The image to the left was taken at the beginning
of the test. The right image was taken after a few minutes of initiating the test
and it can be observed that a thick silicon film has already been deposited at the
furnace walls.

constitutes an insurmountable obstacle for assembling this protection device to an

automatic filament replacement mechanism.

3.2.4 Conclusions

It has been seen that for filament diameters lower than 0.5 mm, the maximum
temperature reachable at the end of the thin ceramic tube is still much lower than
1750°C. In addition even in the case of using a 0.5 mm (or even larger) diameter
filament, the deposition of Si over the ceramic surface would rapidly decrease the
temperature far below 1750°C. This means that the protection against silicidation
becomes absent or marginal. To avoid this undesired Si deposition, a completely
different device should be developed. Finally, the eventual bonding between the
thin ceramic tube and the tungsten filament disallows the possibility of the simul-
taneous implementation of an automatic filament replacement mechanism.
Taking all these considerations into account, it was decided to discard this
strategy for the protection of the cold ends of the filaments and focus our efforts
in developing a different protection device based on decreasing the silane partial

pressure at the regions wherein the filament cold ends are located.
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Figure 3.5: SEM images of an unprotected filament cold end (top left) and a
protected filament cold end (top right) and their respective cross sections (bottom
left and bottom right). Chemical compositions were obtained by EDX analysis.
The test deposition conditions were T; ~ 1850°C, p=10 Pa, ®;,,—300 sccm and
SC = bgim, / (Psin, +Pu,)= 8.5 %. The test lasted for 2 h and 30 min.

3.3 Cold ends protection using a simple cavity

This kind of protection mechanism is very simple and can be easily implemented in
a HWCVD reactor. It was alternatively proposed in year 2001 by H. Matsumura
[67] and K. Ishibashi [68]. The idea consists in introducing the filament cold ends
into a cavity with an open end for the filament pass through and, at the same
time, filling the cavity with a purge of Hy, Ny or an inert gas like for instance Ar.
During a deposition process, the purge gas flow exits the cavity through the same
hole through which the filament is passing. The underlying assumption is that
a large amount of collisions between the purge gas molecules and the precursor
gas (SiH4) molecules will take place, thus preventing silane from entering into the
cavity where the filament cold ends are located. From the kinetic gas theory [72],

it can be seen that the molecular mean free path Ay is given by
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kT
Af \/§7Td3,wlp ) (3.3)
where k is the Boltzmann constant, d,,,; is the molecule diameter and p is the gas
pressure. For a gas temperature 7' of few hundred degrees (i.e the temperature
of the cavity inner walls) and typical working pressures of 1 to 10 Pa used in
HWCVD processes for a-Si:H or uc-Si:H deposition, the mean free path is of the
order of few millimetres. This means that a silane molecule entering the cavity
has a great probability of suffering one collision with a purge gas molecule within
the first millimetres of the cavity length. Of course, this does not suppress the
diffusion of silane molecules into the cavity. For a cavity length of few cm, high
flows, around 50 sccm [51], of an inert purge gas like Ny must be used to achieve
a substantial reduction of the silane partial pressure at the filament cold ends.
However, this strategy has the inconvenient of promoting heat conduction losses
from the filament to the gas phase [73,/74], specially at the cavity entrance. In
consequence, the local temperature of the filament portion near the cavity entrance
drops considerably and another undesired cold region of the filament is created in
this location. The problem is then shifted from the filament cold end towards the
portion of filament close to the cavity entrance. Despite this, even if no purge gas
is used, a simple cavity device still produces a protective effect for the filament cold
ends [33]: Although silane molecules may enter into the cavity, they are as well
dissociated by the catalytic filament. This leads to a decrease of SiH4 concentration
along the cavity axis which is the most relevant reason why the filament cold ends
are partially prevented from silicidation when such protection devices are used.
In this section, it will be discussed the performance and limits of a simple cavity

device, without any kind of purge, for protecting the filament cold ends.

3.3.1 Model of a simple cavity

The working mechanism of a simple cavity like the one depicted in Fig. can
be explained in terms of the linear SiH4 concentration ng;y, (x) along the cavity
axis. Silane molecules that enter into the cavity are catalytically dissociated by
the tungsten filament at a rate rg,. If the cavity length L is much bigger than its

inner radius (L >> 7. ), the problem can be treated as a one dimensional diffusion
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Figure 3.6: Schematic view of a simple cavity for one filament cold end protection.

process. The one dimensional diffusion equation reads

dQTLSUﬂ (I)

D
dx?

— Kais * Nim, () =0, (3.4)

where D is the diffusion coefficient of SiH, inside the cavity. The boundary condi-
tions are: ng;pg, (0)=ngiy,, being niy; the silane concentration outside the cavity,
(i.e the cavity has an open end at z = 0) and dn(L)/dz=0 (i.e the cavity is closed

at x = L). The solution of ng;y,(x) takes the form of a hyperbolic cosine curve as

follows
x—L
nSiHél(x) _ COSh( A2 ) (3 5)
nout - I ) :
SiH,4 cosh (E)
with
D
Ay = . .
? Rdis (3 6)

Let us now consider the thickness profile d(z) of the silicon layer deposited on the
inner cavity walls during a certain deposition time t. It is a reasonable approxi-
mation to suppose that the thickness profile d(z) is directly proportional to the
amount of silane dissociated by the filament at the same position t - kg5 - ().
Then, d(z)/dy does also take the form of Eq. 3.5
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3.3.2 Experimental tests of a simple cavity protection de-
vice

All the experiments were carried out in our single chamber HWCVD reactor using
a single filament hot wire assembly. A spring system allows keeping a tungsten
filament of 0.2 mm of diameter straight despite of thermal expansion by exerting
a constant tension of about 1 N.

A first group of experiments were prepared for the validation of the model of
a simple cavity protection device exposed in the previous section: Two stainless
steel cylindrical cavities with an internal radius r.,,=2 mm and a length L.,,=90
mm were assembled at both cold ends of the tested 0.2 mm diameter filament.
In order to measure the thickness profiles of the Si film deposited on the cavity
inner walls, one of the wire holders was modified in such a way to be able to
fix in there a glass substrate. The thickness profiles along the axis of the cavity
were measured with a profilometer. Filaments of 0.2 mm diameter with the same
length as the cavity (L ;=90 mm) were used for these tests. However, preliminary
tests using longer filaments did not show any substantial difference in the thickness
profiles of the deposited Si layers. Two different deposition conditions were chosen:
Normal pressure deposition (®g;z,=10 scem, @y, =90 scem, p=>5 Pa, pgig, ~ p -
Dgin, / (P, +Psim,)=0.5 Pa) and low pressure deposition (®g;p, =2 scem, $p,—0
scem, p=pgig,=2- 1072 Pa). In both cases the filament temperature was set to
approximately 1900°C.

A second group of experiments were prepared in order to evaluate the perfor-
mance of the simple cavity protection device and its limitations: We studied the
formation of silicides at the cold ends and the central region of three different 0.2
mm diameter filaments (L;;=34 cm) for a certain accumulated deposition time.
Two of the tested filaments had its corresponding cold ends protected by a sim-
ple cavity device while the other was completely unprotected. The accumulated
deposition times ranged from approximately 1h to 13h. In these experiments, the
following deposition conditions were used: Pg;y, =10 sccm, Py, =90 sccm, p=>
Pa, psin, = p- Psin, /| (P, +Psim,)=0.5 Pa. Morphological studies and chemical
analysis of the tested filaments were carried out by means of SEM and EDX. The

filaments temperature was set to approximately 1900°C.
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3.3.3 Results and discussion

Fig. shows the normalized thickness profiles of the Si layers deposited on the
internal walls of the cavity along its axis. Two tests have been carried out at two
different silane partial pressures, pg;z,—0.5 Pa, and pg;z,—2-1072 Pa. In both
cases, the results have been fitted with Eq.
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Figure 3.7: Normalized thickness profile of the Si layers deposited on the inner
walls of the cavity along its axis. The squares and the triangles show the data
obtained for pg;z, =0.5 Pa, and pg;z, —2-10~2 Pa respectively. The continuous and
the dotted lines have been obtained fitting the data with Eq.

The diameter of SiH, molecules is dg;z,=—0.232 nm [75] and the gas tempera-
ture is estimated to be around 7T=600 K, which is a mean value between the wire
temperature and the temperature that reaches the inner cavity wall due to fila-
ment radiation. Introducing these parameter values and the pressures previously
mentioned in Eq. the mean free path of silane molecules comes out to be of
the order of few mm. Since Ay is of the order of the cavity inner diameter, the
system is subject to an intermediate flow regime close to a Knudsen type flow.
Assuming the approximation of considering a Knudsen flow, the diffusion constant

for a pipe is given by [72]
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D= 2Tcav . DSiH4/3 y (37)

where vg;y, is the mean thermal speed of the SiH, molecules. The number of

molecules striking the filament per unit length and unit time is given by

Us;
%TO -n(x), (3.8)

cav

Rdis * n(x) = fszH4

where Eg;py, is the probability of SiH, dissociation.
From Eq. [3.5]it follows that the thickness d(x) of the silicon layer deposited on

the inner cavity walls decays exponentially with a characteristic length scale \:

43
Ny = 4| —Cav 3.9
2 \/ 3Esim,To (3:9)

The theoretical estimation of Ay taking a filament radius ro=0.1 mm, 7.,=2 mm
and Egip, ~0.4 for Ty, ~2000°C [64], gives Ao ~16 mm.

The characteristic length scale A\ resulting from the fittings of the experimental
data (see Fig. is about 16 mm for pg;z,=—0.5 Pa and 12 mm for pg;z, =2-1072
Pa. Both values show a good agreement with the theoretical estimation of A\y. The
decay factor is fully determined by the two radius (rg and 7.,,) of the system and
by the dissociation probability of the catalyzer.

Regarding the tests using long filaments of 34 ¢m length, the unprotected fil-
ament broke in about 1 h, while the protected filament did not break after more
than 13 h of uninterrupted deposition. Nevertheless, the cavity does not avoid
silicidation at the cold ends, but it drastically slows down the process, thus reduc-
ing the effects on the mechanical stability of the wire. Even though the protected
filament lasted for more than 13 hours, at that moment the whole filament had
already been converted into WSi; and furthermore, a pure Si layer grew at its
surface. This means that its catalytic activity was practically suppressed. Fig.
shows the aspect of the cold ends and the central region of the tested filaments:
an unprotected filament after 77 minutes of deposition time and two different fila-

ments protected with a simple cavity device (with 77 min and 13 h of accumulated
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deposition time). The Si concentrations found at the cold ends and the central

region of each filament are summarised in Table [3.1]

Figure 3.8: SEM images of a cold end and the central region of: an unprotected
filament after 77 minutes of deposition time (a) and (d) respectively, a filament
protected with a simple cavity device after 77 min (b) and (e) respectively, and
a filament protected with a simple cavity device after 13 h of deposition time (c)
and (f) respectively.

The benefits of using a simple cavity device are evident when one compares
the aspect and Si concentration of the protected and unprotected filament cold
ends: The latter are strongly silicidated and present huge fractures after 77 min
of deposition time whereas the former have been only superficially silicidated and
present much smaller cracks. On the other hand, as one would expect, there are no
significant differences in the aspect and chemical composition of the central region
of both filaments. In the case of the protected filament after 13 h of deposition
time, there is no longer any difference between the cold ends and the central region,
neither in morphology nor in chemical composition: Both present large cracks, a
rich WSi, filament core and a pure Si superficial layer. As a result, the catalytic

performance of the filament becomes practically null.
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Table 3.1:  Si:W ratio concentration, measured by EDX analysis, at the cold
ends and the central region of either a protected filament and an unprotected
filament after 77 minutes of deposition time and of a protected filament after 13
h of deposition time.

Unprotected Protected Protected

(77 min) (77 min) (13 h)
Cold end (surface) 66.2:33.8 45.9:54.1 94.3:5.7
Cold end (core) 63.3:36.7 0.0:100.0  65.4:34.6
Central region (surface) 3.7:96.3 3.7:96.3 99.8:0.2
Central region (core) 0.0:100.0 0.0:100.0  68.4:31.6

3.3.4 Conclusions

A simple cavity offers the opportunity of protecting the filament cold ends by
reducing exponentially the silane concentration along its axis if its length is L.q, >
Ao. However, the use of simple cavity protection devices does not solve definitively
the problem of filament ageing. Moreover, there is still a major drawback regarding
the simple cavity protection device: Once the deposition process starts, the silicon
layer deposited on the inner cavity walls may grow so thick that it eventually
starts to peel off, thus filling the cavity with Si waste. If that occurs, the cavity
protective mechanism is no longer effective and the deposition process must be

interrupted to remove the Si waste and clean the cavity inner walls.

3.4 Cold ends protection using a self cleaning cav-
ity

In the previous section, the limitations of a simple cavity protection device have
been pointed out. We will now discuss the possibility of developing a self cleaning
cavity to achieve a higher protection of the filament cold ends against silicidation
and, at the same time, overcome the problem of Si waste peeling off from the
cavity inner walls. This novel protection device must also be compatible with an
eventual automatic filament replacement mechanism. This means that the self
cleaning cavity must have its both ends open to allow the filament movement
through it.
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To assure cleanness inside the self cleaning cavity device, we can take advantage
of the Si etching properties of atomic hydrogen [66}/76]. If one manages to locate
the filament cold ends into a cavity wherein the partial pressure of silane pg;pg, is
kept low and highly diluted with hydrogen and, at the same time, the Hy molecules
are decomposed into atomic H, it is expected that Si deposition over the walls will
be suppressed and that the cold ends silicidation will be minimised. Fig. shows

an schematic view of the proposed design for a self cleaning cavity device.
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Figure 3.9: Schematic view of the proposed self cleaning cavity device.

The scheme shown in Fig. includes a cavity through which the filament
is passing. A purge gas (Hs) flow inlet is directly connected to this cavity. Con-
trary to prior solutions [67,68|, wherein the purge gas is expelled from the cavity
through the same open end through which the catalytic filament is passing, in
the proposed self cleaning cavity device, the majority of the purge gas flow leaves
the cavity through an alternative exit hole towards an auxiliary expelling zone.
Only a small fraction of the purge gas flow exits from the cavity open end through

which the filament is passing. This means that the cooling of the filament por-
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tion near the cavity exit is negligible if moderate (=20 sccm) Hy purge flows are
used. In addition, an auxiliary catalyser is located inside the expelling zone. This
auxiliary catalyser is heated to high temperature (>1900 C) by Joule effect during
the HWCVD process to dissociate the Hy gas molecules and activate its etching
properties. The auxiliary catalyser also decomposes the SiH, molecules that reach
the expelling zone and assures that pg;p, inside the expelling zone is much lower
than in the deposition area. The deposition area is the space region wherein the
portion(s) of the catalytic filament(s) that contribute(s) to the film growth on the
substrate (i.e the portion of filament between the electric contacts, discounting the
filament parts surrounded by the cold ends protection devices) is (are) located. In
this way, the SiH, molecules that inevitably effuse into the cavity through its open
end, are forced to flow towards the expelling zone where pg;g, is much minor.
Hence, the region wherein the filament cold ends are located is always kept in a
highly hydrogen diluted atmosphere with low pg;, and a large presence of atomic
hydrogen that keeps the area clean. The expelling zone can be connected to an
alternative pumping system or, as in our tests, evacuated directly through the
reactor vacuum chamber. The geometry of the device and the purge Hy flow must
be dimensioned in order to get proper values of the conductances involved as well
as an appropriate Hy and SiH, flow distribution. A self cleaning cavity device like
that depicted in Fig. [3.9] was built in our workshop in aluminium in two parts. A

water serpentine was used for the cooling of the device.

3.4.1 Experimental tests of a self cleaning cavity protection

device

The experimental tests for proving the feasibility of the self cleaning cavity device
were carried out in our single vacuum chamber HWCVD reactor. A single tung-
sten filament of 0.2 mm diameter was used. Next to one of the electric contacts
it was implemented the developed self cleaning cavity device while the other fila-
ment cold end was protected by a simple cavity device as that described in section
[3.3] with the only difference that, in this case, the two cavity ends were open and
the cavity length was 30 mm. The whole assembly permitted the filament dis-
placement across both protection devices and the corresponding electric contacts.

Hence, the tests could be performed using an own developed automatic filament
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replacement mechanism. The technological details and working principle of this
filament replacement mechanism will be described in the following section [3.5] By
now, it is only necessary to state that a portion of filament is able to be unwound
from a storage reel and move across the deposition area towards a reception reel
where it is wound by means of the action of a step by step motor. Four meters of
tungsten filament were loaded on the storage reel. The portion of filament located
between both electric contacts was kept straight during all operating situations
by means of a spring mechanism. From now on, we will only refer to the issues
concerning the self cleaning cavity device.

The experimental tests conceived for evaluating the protective performance of
the self cleaning cavity consisted in several series of deposition runs of 20 min each.
After each deposition run, the used portion of filament, located between the two
electric contacts, was wound on the reception reel, thus being fully replaced by
a new clean portion of the same filament unwound from the storage reel. Each
deposition run took place under the following conditions: T't; ~1850°C, ®g;p, =5
scem, ®p,=20 sccm, p=10 Pa. All the Hy flow was introduced in the reactor
chamber through the entry hole of the self cleaning cavity device as a purge gas.
The effects of silicidation on the different regions of the portion of filament used
in a single run have been studied by means of SEM images and EDX analysis.

However, many other preliminary tests were carried out using the same exper-
imental set-up. Summarising, the self cleaning cavity device has been operating

for an accumulated deposition time of more than 10 h.

3.4.2 Results and discussion

Fig. shows SEM images taken from three different regions of a portion of
filament that was used during a single deposition run as those previously described.
Pictures (a) and (d) correspond to the cold end that has been protected with the
self cleaning cavity. It can be observed that the filament is in almost perfect
conditions. There is no sign of cracking and only a little corona (~10 pm depth)
is observable when one looks at the cross section image. This outer corona may
correspond to a region wherein Si is diluted within the W bulk with a very low
atomic percentage (beyond the limit resolution of the EDX analysis system) or

it could also be an effect of W recrystallisation due to the filament annealing
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process. In fact, the cold end protected by the self cleaning cavity seems to be in
better conditions than the central region of the filament, see pictures (b) and (e),
where the outer corona is much thicker (=30 pum depth). In this central region,
EDX analysis showed that the outer corona presents atomic Si contents between
0% (at 30 um depth) and 36% (at 1-3 pum depth), suggesting that W;Sis silicide
formation has already started close to the filament surface. In particular, picture
(e) evidences this contrast of the filament conditions as it shows a region of the
filament that is partially inside (left side) and outside (right side) the self cleaning
cavity. On the other hand, the cold end protected by the simple cavity device
(pictures (c) and (f)) presents a large density of cracks and an outer corona of
about 40-50 pum depth which is composed of rich silicon WSij silicide phase. Table
shows the Si:W atomic ratio measurements performed at different regions of

this used portion of filament.

Figure 3.10: SEM images of a used portion of filament during a single deposition
run: (a), (b) and (c) are cross section images of the cold end protected by the self
cleaning cavity, the central region of the filament located in the deposition area
and the cold end protected by the simple cavity respectively; (d), (e) and (f) are
zoom out images of the cold end protected by the self cleaning cavity, the portion
of filament located near the exit hole of the self cleaning cavity and the cold end
protected by the simple cavity respectively.

The aspect of the inner walls of either the simple cavity and the self cleaning

cavity has been photographed after a certain amount of accumulated deposition
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Table 3.2: Si:W ratio concentration, measured by EDX analysis, at the inner core
and the outer corona present at different regions of the used portion of filament
during a single deposition run.

Outer corona Inner core
Cold end (self cleaning cavity) 0.0:100.0 0.0:100.0
Cold end (simple cavity) 66.5:33.5 2:98

Central region (deposition area) (0.0-36.8):(100.0-63.2)  0.0:100.0

time for each device (less than 3 h for the simple cavity and more than 10 h for
the self cleaning cavity). If one compares the pictures shown in Fig. it is clear
that the self cleaning cavity mechanism accomplishes the objective of maintaining
the inner walls clean from Si deposition. On the other hand, the simple cavity
needs to be cleaned very often as it is rapidly filled with Si material that peeled

off from its inner walls.

Figure 3.11:  Pictures of the self cleaning cavity (top) and the simple cavity
(bottom) after a total operating time of 10 h and 3 h respectively. A zoom from
the interior of both devices is also showed. The simple cavity was made in two
slices to allow photographing its interior.
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3.4.3 Conclusions

A self cleaning cavity device has been developed to protect the filament cold ends.
This new device slows down the silicidation at the cold ends to a rate even lower
than that at the central region of the filament. By using an auxiliary catalyser,
which is able to create a large amount of atomic hydrogen by catalytically acti-
vating the Hy purge gas, any silicon deposition at the interior of the device can
be prevented. The developed self cleaning cavity is compatible with an automatic

filament replacement mechanism (described in the following section .

3.5 Automatic filament replacement mechanism

As it has been pointed out in the introduction of this chapter, the mere protection
of the filament cold ends, though being necessary, is not sufficient to guarantee
large uninterrupted operating times of an eventual industrial HWCVD reactor
because the silicidation of the central region of the filament is inevitable. To
overcome this problem, a filament replacement mechanism must be developed and
it must be able to implement an effective protection device for the filament cold
ends. Already in 1994, Takaoki (patent application JP7254566-A) proposed a first
apparatus to replace the used filament making use of a storage reel for feeding clean
filament into the deposition area and a storage reel to receive the compromised
portion of the filament. It has already been pointed out in the introduction of
this chapter that all the apparatus of this kind proposed in the past, but probably
never constructed; JP7254566-A, JP2008140945, and US2008,/0095937-A1, are not
adequate for deposition systems composed of several filaments. For this reason, we
developed a new apparatus based on the usage of tension adjustment mechanism
modulus which act independently over each filament. The utilisation of this tension
adjustment mechanism makes it possible to replace the different catalytic filaments
in parallel using only one or, maximum, two motors. Figs. and [3.13 show
two possible configurations for such apparatus.

As it can be seen in Fig. [3.12]there is an independent tension adjustment mech-
anism for each filament. Said tension adjustment mechanisms work the following
way: A constant force spring is attached by its ends to both a storage drum and a

torque output drum. Said drums are adapted to turn in opposite directions. The
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1 Storing reel
2 Reception reel
3 Catalytic filament
4 Cold end protection device
6 Step by step motor
7 Constant force spring
8 Storage drum
9 Torque output drum
10 Storing reel shaft
11 Reception reel shaft
-~ 12 Deposition area
13 Tension adjustment mechanism

Figure 3.12: Schematic view of a particular embodiment of the filament replace-
ment mechanism, including the corresponding tension adjustment mechanisms and
the protection devices for the cold ends of the filaments. A HWCVD system with
two catalytic filaments is represented.

torque output drum is coupled to the storage reel by means of a shaft. When the
step by step motor turns, the storage and the reception reels rotate in the same
direction. Let us assume that the motor rotates clockwise. Then, the reception
reel, the storage reel and the torque output drum do also rotate clockwise while the
storage drum rotates counterclockwise. In this case, the constant force spring is
unwound from the storage drum and wound around the torque output drum. This
operating condition entails that the used portion of filament is being replaced by
a new portion of filament coming from the storage reel and, simultaneously, that
the constant force spring gets charged. If the motor rotates counterclockwise, the
whole situation is reversed and the constant force spring is discharged. No matter
how much the constant force spring has been charged, the torque output drum
applies a constant torque on the storage reel which is, at last, traduced into a
pulling constant force exerted on the corresponding filament. However, it may
happen that the limited length of the constant force spring does not allow to make

use of the whole filament that was initially wound on the storage reel. Then,
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one may think of implementing a supplementary mechanism that allows charging
and/or discharging the constant force spring when necessary without transferring
any motion to the corresponding catalytic filament. Fig. shows a particular
embodiment of the filament replacement mechanism applied to the case of two
catalytic filaments where a charging/discharging mechanism is implemented for

each tension adjustment mechanism.

Figure 3.13:  Schematic view of a particular embodiment of the filament re-
placement mechanism, including the corresponding tension adjustment mecha-
nisms with a charging/discharging mechanism for the constant force spring and
the protection devices for the cold ends of the filaments. A HWCVD system with
two catalytic filaments is represented.

In the arrangement shown in Fig. a second step by step motor is used for
transferring motion to all the implemented charging/discharging mechanisms. The
shaft of this second motor passes through the torque output drum and the storage
reel of each tension adjustment mechanism by means of a bearing. Each storage
drum is coupled to the second motor shaft by means of a bearing arranged with a
l-shaped arm in such a way that the storage drum is able to rotate around its own
axis. When the second motor rotates, the storage drum of each tension adjustment

mechanism traces a circular path around its corresponding torque output drum
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thus charging or discharging the constant force spring depending on if the rotation

direction is counterclockwise or clockwise.

3.5.1 Experimental tests of the developed automatic fila-

ment replacement mechanism

The automatic filament replacement mechanism tested in our laboratory was built
like the assembly sketched in Fig. for the case of using a single 0.2 mm
diameter tungsten filament. Both reels radii and the tension adjustment mecha-
nism were accordingly dimensioned. The assembly was introduced in our single
chamber HWCVD reactor. A position controlled step by step motor was located
outside the vacuum chamber to transfer motion to the reception reel by means of
a rotatory pass-through. Two different aspects were considered for the validation
tests of the developed filament replacement mechanism: Firstly, the capability of
the developed mechanism in replacing automatically a portion of used catalytic
filament without breaking the vacuum has been evaluated. The main point was to
test the effectiveness of the tension adjustment mechanism in keeping the filament
straight during all operating situations. Secondly, it was also necessary to verify
that the replacement of a portion of used catalytic filament leads the HWCVD
apparatus back to the same initial conditions observed before the deposition took
place.

The validation tests consist in a series of deposition cycles. The depositions
were carried out under conditions compatible with a-Si:H growth. Each deposition
cycle consisted in:

- heating up the tungsten filament to about 1850°C by Joule effect using a constant
voltage supply;

- introducing a silane and hydrogen gas mixture (®g;x,=5 scem, ® 5, =20 scem) in
the vacuum chamber at a pressure of about p=10 Pa;

- carrying out a deposition for a deposition period time of 20 minutes under the
described conditions;

- stopping the deposition (®g;,=0 sccm, $p,=0 scem);

- reducing the tungsten filament to a temperature below 1000°C; and

- automatically changing the used portion of tungsten filament, comprised between

the two electric contacts, which is then replaced by another clean portion of cat-
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alytic filament.

The voltage supply used to heat the catalytic filament by Joule effect was
switched off once every two deposition cycles. The catalytic filament was observed
during the whole process to be sure that it was not subjected to any bending orig-
inated from the lengthening caused by thermal expansion. To check the stability
and repeatability of the process, the electric current flowing through the catalytic
filament was monitored. The reported results are taken from tests wherein a self
cleaning cavity has been implemented for the protection of one cold end, whereas
the other cold end is being protected by a simple cavity as in the experimental
tests described in section 3.4l

3.5.2 Results and discussion

It was observed that the filament was kept straight during the whole test (no bend-
ing from thermal expansion was observed) indicating that the conceived tension
adjustment mechanism was working correctly. It was also verified that during the
replacement of a used portion of filament, this last is successfully wound on the
reception reel without any risk of filament breakage.

Fig. shows the electric current flowing through the tungsten catalytic
filament monitored during a deposition sequence which consists of six deposition
cycles. When the electric current is around I /3.4 A, the approximate temperature
of the filament is 1850°C. During these time periods, the precursor gas mixture
enters into the vacuum chamber and the deposition process takes place. The
period times when [ ~1.4 A correspond to the replacement of the used portion
of catalytic filament by another clean portion of catalytic filament. During each
deposition period time (I ~3.4 A), the measured electric current slowly decreases
with time. This indicates an increase of the electric resistance of the used portion
of filament that may be due to its degradation during the deposition period time
(20 minutes). Nevertheless, the electric current fluctuations are less than £1% and
are attributed to silicides formation at the filament cold end that is being protected
by the less effective simple cavity device. The replacement of the used portion of
catalytic filament takes back the electric current to its initial value observed at the

beginning of each deposition cycle.
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Figure 3.14: Electric current as a function of time during the validation test of the
filament replacement mechanism which consisted in 6 consecutive deposition cy-
cles. Once every two deposition cycles, the electric power which feeds the filament
was switched off.

3.5.3 Conclusions

We have developed an automatic filament replacement mechanism that allows
replacing a used portion of filament by another clean portion of filament, without
breaking vacuum. The apparatus is conceived in a modular way, based on the
usage of tension adjustment mechanism moduli which act independently over each
filament. The utilisation of said tension adjustment mechanism makes it possible to
replace the used portions of the different filaments in parallel, keeping them tense in
all operating situations and using only one or, maximum, two motors. The system
is easily scalable to large deposition areas as it can be arranged for any arbitrary
number of filaments without increasing the number of motors involved. The results
obtained from the validation tests prove that the developed filament replacement
mechanism, in combination with the use of effective cold end protection devices,
such as the self cleaning cavity, guarantees the repeatability and stability of a

HWCVD deposition process for silicon based materials.



Chapter 4

The scaling-up of the HWCVD

technique

4.1 Introduction

At present, lots of efforts are focused in developing deposition systems which allow
depositing pc-Si:H over large area substrates (>1 m?) with very low inhomogene-
ity (< £5 %) and at high deposition rate (r; >1 nm/s). Such requirements are
necessary to make the production of micromorph [3] modules economically prof-
itable what would allow the upgrade of the current amorphous silicon (a-Si:H)
thin film solar cell factories. As we have pointed out in the introduction of this
thesis, HWCVD has arisen as a promising technique for the deposition of uc-Si:H.
On one hand, some pilot scale HWCVD reactors have been developed in the last
years for the deposition of a-Si:H and/or pc-Si:H over large area [22}33./77,/7§|.
However, the inhomogeneities of the films deposited with these systems, for either
a-Si:H or uc-Si:H, are considerably larger than +5%. In the case of uc-Si:H, the
crystallinity of the deposited layers shows substantial variations [22] what com-
promises the quality of the material at some regions of the substrate. Still, this
problem can be solved as the uniformity of the films can be improved by using
a convenient filament net design [35]. On the other hand, it has already been
demonstrated that HWCVD has the potential to deposit uc-Si:H layers at r4 >3
nm/s [30,31] although the quality of the obtained material is very poor. In-
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deed, high quality uc-Si:H layers are only obtained for deposition rates lower than
rq <0.5 nm/s [27,36,37]. The usual deposition conditions for device grade pc-Si:H
are: deposition pressure p—=1-5 Pa, filament to substrate distance d;_,=50-80 mm,
substrate temperature 7;=180-250°C and filament temperature 7; <1800°C for
either W or Ta filaments [19,27,37,79]. Thick 0.5 mm diameter filaments are nor-
mally used to avoid a premature breakage of the filaments. An increment of r4 can
be achieved by using higher filament temperatures, higher pressures or increasing
the filament catalytic surface [80]. However, these strategies lead to a decrease
of the quality of the deposited material |[81]. In particular, the increment of r, is
strongly limited by the radiation coming from the filaments because the substrate
temperature must be kept reasonably low to obtain high quality material. Thus,
using thick catalytic filaments is useful to avoid their premature breakage but con-
stitutes a limiting factor for increasing the deposition rate of high quality pc-Si:H.
This chapter exposes a discussion about the possibility of finding scaling laws that
allow the deposition of high quality pc-Si:H with HWCVD over large area, with
high homogeneity and at high deposition rate.

Our approach to increase r4 is somewhat different: We assume that there exists
an optimal value of the product p - d;_, for the deposition of high quality pc-Si:H
as in the case of a-Si:H deposition [82]. The basis for this assumption are exposed
in section . If p is increased and dy_, is proportionally decreased, the optimal
value of p - ds_s can be kept constant what would allow increasing the deposition
rate of high quality pc-Si:H. We must then use thin filaments (with a diameter of
0.1-0.2 mm) to reduce the amount of heat radiated on the substrate. In this way,
we can use relatively high filament temperatures, around 1850°C, and use a dense
filament net that assures high homogeneity of the film over the whole substrate
for small dy_, (around 15-20 mm). We must notice that the problem of filament
breakage is not really a limiting issue because, as we have shown in the previous
chapters, the effective filament lifetime does not depend on the filament radius
ro and, furthermore, there exists the possibility of implementing an automatic
filament replacement mechanism (like, for instance, those depicted in Figs(3.12
and [3.13).

In section we will deal with the reaction-diffusion equations that govern
the deposition of Si in HWCVD when pure SiH, is used as precursor gas. We will

also discuss the possible existence of a scaling law for rq if the value of p - ds_; is
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kept constant. In section we will expose a diffusion model that predicts the
thickness uniformity of a film deposited using any given filament net configuration
and dy_s. The accuracy of the proposed model will be tested by measuring the
thickness profile of a-Si:H and pc-Si:H samples deposited using a catalytic filament
net that covers an area of 20 cm x 20 cm. The obtained thickness inhomogeneities,
in the central 10 cm x 10 cm substrate area, are lower than 2.5% if a proper d;_
is used. Furthermore, we will show that there exists a large area ltmit, which is
only dependant on geometrical parameters, that allows studying the behaviour of
any arbitrary larger HWCVD reactor making use of a relative small prototype like
ours. In section we will examine in more detail the deposition conditions which
keep invariant the involved reaction-diffusion equations in the more general case,
compatible with puc-Si:H deposition, wherein a mixture of Hy, and SiHy is used
as precursor gas. Under such conditions, we will experimentally test the stated
scaling law for r; and characterize the deposited material by means of Raman

spectroscopy.

4.2 Basic chemistry in HWCVD for Si deposition
using SiH, as precursor gas

The deposition of Si films with HWCVD technique by using pure SiH, as precur-
sor gas involves a very rich chemistry [41]. The primary reaction deals with the

generation of Si and H radicals at the filament surface:

SiH, S i1 4H | (4.1)

where £g;p, 1s the dissociation probability of SiH, at the filament surface. These
primary Si radicals diffuse away from the filament surface and react with silane
molecules generating new species. For a given silane partial pressure (p = pg;n, ), if
the distance between the filament and the substrate d;_, is too short, the generated
Si radicals will directly deposit on the substrate. On the other hand, if d;_; is
too long, large radicals will be generated by secondary radical-radical reactions.

Both situations usually lead to the deposition of very low quality material. It is
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then clear that the generation rates of the different chemical species involved in
the growth of the film depend on the value of the product p - ds_,. In the case of
high quality a-Si:H deposition, it has been reported an optimal value of p-d;_,—4
Pa-cm [82]. W. Zheng and A. Gallagher [63] showed that, among the secondary
radicals generated, the dominant specie involved in the deposition of high quality
a-Si:H is the disilyne molecule (SisHj). The secondary reaction responsible for the

generation of SioHs reads

The SiHj radicals, generated by the reaction

are supposed to have a beneficial influence in the growth of a-Si:H films. However,
SiHj3 appears to play a minor role in HWCVD for a-Si:H deposition although it is
not yet quantitatively understood [63]. On the other hand, the incorporation of
primary Si radicals or larger secondary radicals like SizH,, into the film is highly
detrimental for the quality of the deposited material and the contribution of these
species is practically null in the deposition conditions compatible with high quality
a-Si:H [63].

Alternatively, Martin et al. |[71] found that high quality epitaxial Si layers
could be deposited using a p - dy_; product similar to that for a-Si:H deposition
and that, in this regime, the dominant specie responsible for the growth of the
film was again SioH,. Of course, for the deposition of epitaxial Si, much higher
substrate temperatures are required (above 620°C). The aforementioned works

used SiH, diluted with He [82] or pure SiH, [63,71] as precursor gases.

4.2.1 The reaction-diffusion equations and their invariance

for a fixed p - d;_, product

In a HWCVD deposition process, the spatial distribution of the concentration of

the different species is driven by diffusion and depends on the rate of the chemical
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reactions that transform the radicals into each other. Assuming that there exists
a stationary solution of the problem, the set of reaction-diffusion equations that

describes the system is

N
Dl’AxTLZ‘ + Z njk;im; = 0 s (44)
i

the solution of which allows determining the concentration n; of the different N
chemical species involved in the deposition process. It has been assumed that all
chemical reactions relevant for the deposition process have a first order dependence
with n; and n;. D; is the diffusion coefficient of each chemical specie and &;; is
the rate of the chemical reaction between the species j and [. In the case of high
quality a-Si:H deposition, we have already mentioned that SiosHs is the dominant
specie involved in the film growth. Hence, the most important reaction-diffusion

equations involved in the growth of high quality a-Si:H are

Dy, Aunisiym, + NsiksisimNsit, = 0

Dg;Azng; — nNsiksi,SiH,NSiHy — 0, (45)

where the opposite signs of the second term refer, respectively, to the creation of
SisHs and the destruction of Si for the reaction between Si and SiH,. We can see in
Egs. that the generation of Si radicals at the filaments surface determines the
creation of SioHs given by the reaction Assuming that the diffusion coefficients
of Si and SiyHy are approximately the same (Dg; ~ Dgi,p, =~ D), from the sum of
Eqs. [4.5] one obtains

DA, (n) =0, (4.6)

where ny; = ng; + Nsiym,- In the following section [4.3] we will see that when the
term of radicals generation at the filaments surface is included in Eq. it takes
the form of the Poisson’s equation. The numerical solution of this equation will

be used to compute the expected thickness uniformity of a deposited film for any
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given filament net configuration and filament to substrate distance. By now, let
us go back to the general case stated by the set of Egs. and see that it can be
reduced to a dimensionless form by applying an adequate variable change like

~ n; T

D=D nyy, tj=—, &=—, 4.7
tot Mot A3 ( )

where n;,; is now the total concentration of all chemical species and Aj3 is a charac-
teristic length of the HWCVD reactor. In our case, A3 can be associated to dy_;.
Under the variables change of Eq. the set of Eqgs. takes the form

N
DZA@ﬁZ + HNQ Z ﬁjlijJﬁI =0 y (48)
J#l

and becomes invariable for a constant value of H:g:)\g - Ny This means that two
different, configurations of a HWCVD reactor (k=\;3 - ny and K'=X, - n),,) may
lead to the same spatial distribution of the different chemical species if k = k' is
maintained. Hence, both configurations should lead to the deposition of identical
material. Let us call p the total pressure of the reactor and assume that the gas
temperature T is equal for both configurations. If one takes the ideal gas law
P = Motk and takes A3 = dy_s as the characteristic length of the reactor, it can
be seen that keeping k = k’ invariable is equivalent to the following condition:

k=k &k=p -d; ,=p-d; = constant . (4.9)

For simplicity, from now on, we will make use of the parameter k = p-d;_,. If we
assume that the deposition rate is proportional to the total radicals flux reaching
the substrate .J

N
| Lo
J = i > DiViii , (4.10)

i

we can conclude that the deposition rate will scale as follows
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dy—g
rl, = y
f—s

ra. (4.11)

Nevertheless, we must notice that in order to preserve the material quality at higher
rq, keeping k constant is a necessary but, unfortunately, insufficient condition. As
we will see in section [4.4] the necessary conditions to preserve the material quality

are more strict than simply keeping constant the p - dy_, product.

4.3 Film thickness uniformity in HWCVD

Even if r4 can be increased following Eq. the chosen reactor configuration
(including the number of filaments N, the filaments length Ly, the filaments spa-
tial distribution and d;_,) must also assure that the deposited layer homogeneity
will be satisfactory. This is particularly important in the case of uc-Si:H as the
quality of the material is very sensitive to layer inhomogeneities. In this section,
we will expose a model for the calculation of the thickness profile of a deposited
layer with any given reactor configuration. This model will be applied to the case
of N parallel filaments located at a distance dy_, from the substrate. The com-
puted simulation will be compared with experimental results for the case of either

a-Si:H and pc-Si:H deposition.

4.3.1 Model for the film thickness uniformity in HWCVD

The following model assumes that the film thickness d(Z) in the coordinate ¥ =
(x,y, z) of the substrate is proportional to the total flux of radicals f(i:’) reach-
ing this point during the stationary regime of the deposition process. f(f) =
—DVn(Z) is a diffusion flux, being D the diffusion coefficient and n(Z) the total
concentration of radicals involved in the film growth] Introducing the term of
radicals generation at the filaments surface in Eq. the stationary diffusion
that governs the species involved in the growth of the film takes the form of the

Poisson’s equation

I'Note that the previous notation moe is, from now on, substituted by n(Z), eliminating the subscript for

writing commodity reasons
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DA .n(Z) = o(Z) forieS, (4.12)

where o(Z) = On(Z)/0t is the rate of radicals generation at the filament surface.
The domain of definition & is considered to be a parallelepiped with one of its
faces, 0S, occupied by the substrate. Eq. is subject to Milne boundary

conditions [83]

§-Vn(f) = —n(Z) for 7 € 68, (4.13)

where § is the unitary vector normal to the substrate plane and A\y=2\¢(2-¢5)/3ps
is a characteristic length scale of the problem wherein A\; and ¢, are respectively,

the mean free path and the sticking coefficient of the radicals.

4.3.2 The case of N identical, equidistant and parallel finite

filaments

Let us consider a filament net, centered at £=0, of NV parallel filaments (M = N—1)
of length Ly; lying in the o —y plane and oriented along the y axis. Each filament
generates radicals at a rate per unit length o(Z) = I'. The filaments are separated a
distance dy_y from each other and the gap between the substrate and the filament
net is dy_,. It may be clarifying to mention that solving Eq. [£.12]is now analogous
to the electrostatic problem of calculating the electric potential originated by N
parallel, finite linear distributions of electric charge. In our case, n(¥), f(f),
D and T play the role of, respectively, the electric potential U(Z), the electric
displacement field 5(:?), the medium permittivity € and the linear charge density
Aq. Using the superposition principle, one finds that the solution of Eq. for
the trivial boundary condition n(Z)=0 for | & |— oo is given by

no () = L > in (f+<? Tl Lf”/z)) : (4.14)

with
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Fe(@) = \J@ + dy_g(i = M/2))2 + 22 + (y £ Ly /2)?

and the corresponding radical flux Jo(Z) = —DVn(Z) is given by

M 1 I+df_f(i—M/2)

> T )
JO(x) - _47TD1'Z:; f+(f) y‘f‘iﬁ[/? +]y
1 vdpg(i—M/2)\
fo@) + (+L/2) | f (D) Z/—Zﬁz/2 +1,
1 (4.15)

[ (@) +(y— Lya/2)

where I,—(0,1,0). It is interesting to note that if L; — oo the radicals concentra-
tion ng(Z) diverges logarithmically whereas the radicals flux Jo(Z) stays bounded.
The Milne boundary conditions (Eq. , which are formally Robin type con-
ditions, can be replaced by Dirichlet type boundary conditions, i.e. n(Z) = 0
at a distance A\, behind the boundary 0S. This approximation is valid as long
as A4 is small compared to other length scales of the domain S§. The solu-
tion of Eq. for these Dirichlet boundary conditions can be estimated us-
ing the images method [84]. Since the domain S is a parallelepiped defined by
ad=(l, = Nds_y, ly, = Ly, 1, = 2ds_s), consecutive reflections between the walls
(mirrors) will generate an infinite denumerable set of images. Taking advantage
of the inversion centre of symmetry of ng(Z), the solution of n(Z) can be written
in the simplified form

n@ =3 (~1)"ng (mm @+ 2>\4f)m> , (4.16)

mez3

where [ is the identity vector (1,1,1), Z is the set of integer numbers and m € Z3
defines the location of all images included in the summation. In the same way, the

corresponding radicals flux reads
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J(#) = Z (1)L ], <f+m-(a+m4f)m> . (4.17)

—

Let us now calculate the value of the radicals flux J(Z) for an infinite net, wherein
N — oo and Ly — oo. The result J(Z) = I'#/2r | Z |? for a single infinite
filament is straightforwardly obtained by applying Gauss’ theorem. Applying the
superposition principle, one obtains, for the whole filament net, the radicals flux

perpendicular to the substrate plane .J,

T 1
Jo = limaoee : : . (4.18)
= () -y’

If the ratio (ds_s/ds_s) becomes very small, the summation over index i in Eq.
can be replaced by an integral over the variable x (zl — [ dx). Evaluating
the integral in the interval (—oo, co) one gets the result

r

Sy = —, 4.19
T (4.19)

which constitutes what we call the infinite area limit. In order to see how the
radicals flux J, generated by a finite filament net approaches the infinite area
limit T'/2ds_¢, Eq. was solved for different number of filaments NV and ratios
dy_s/ds_y fixing I, =1, = Lyy = Nds_;. The infinite summation of Eq. has
been estimated following the procedure shown in Appendix E. Fig/d.T] shows the
results for \y=d;_;/4.

The horizontal dashed line at J,(N)=0.95T"/2d;_; in Fig[d.1] shows what we
will consider from now on, the large area limit. For a given d;_;, the filament
net configurations (N, ds_y, Ly;) leading to values of J, above the large area limit
are “seen” by the central point of the substrate as if they were practically an
infinite filament net. This means that a further increment of IV or L¢; would not
substantially modify the radicals flux reaching the centre of the substrate. The
vertical dashed line in Fig. at N=12 shows the maximum number of filaments
that our HWCVD deposition system can hold. Hence, we can see that the maximal

filament to substrate distance for which the system is working beyond the large
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Figure 4.1: Radicals flux J,(N) as a function of N at the central point of the
substrate calculated from the solution of Eq. for \yq=ds_¢/4 and normalized
to the infinite area limit I'/2d;_;. The different plots correspond to: dy_; = 3d;_;
(V) dy—s =2dpg (0), dy—s = 1.25dg s (%), dj—s = dy—y (D).

area limit is d;_s = 2d;_;. This result will be important for the experimental

verification of the possible existence of a scaling law for r, (see section [4.4)).

4.3.3 Experimental Details

To check the validity of the diffusion model presented in section the thickness
profile, d(Z), measurements of a-Si:H and pc-Si:H thin films deposited over a glass
substrate of 20 cm x 20 cm have been performed. The description of our single
chamber HWCVD reactor is given in Appendix A. The catalytic net was formed
by 12 filaments of 0.15 mm diameter with a filament to filament distance d;_ ;=16
mm. The filaments length was L;=20 cm. For all the depositions, a base pressure
of 107* Pa was considered low enough taking into account the aim of this study.
A constant DC voltage (22 V) power source was used to heat the filaments by
Joule effect. Regarding pc-Si:H films, the deposition conditions were T5=275°C,
T =1850°C, ®gip, =12 scem, $p, =188 scem, p=10 Pa. Three different filament

to substrate distances were used (dy_,=10 mm, 15 mm and 20 mm). The de-
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position time was in all cases 900 s. In the case of a-Si:H films, the deposition
conditions were T,=275°C, T't; ~1850°C, ®g;p,— 60 sccm, Oy, =140 scem, p= 10
Pa, with two different filament to substrate distances (dyj_,= 15 mm and 20 mm).
The deposition time was in all cases 180 s. According to the simulations plotted
in Fig[d.1], our deposition system was always working beyond the large area limit.

The thickness profile of all the deposited films was calculated by means of
optical transmission measurement mappings which were carried out with a home
made experimental set-up. An x — y table was used to scan the samples over
an area of 170 mm x 170 mm with 1 mm step between measurements, while an
Ocean Optics USB2000 spectrophotometer was used, via optical fiber, to collect the
transmission signal. The light source covered a wavelength range from 400 nm to
1000 nm. The experimental set up was controlled and the data were analysed with
homemade software. The well known Swanepoel envelope method [85] was used
to determine the thickness profile of the deposited films. However, for each scan it
was necessary one thickness measurement with profilometer to fix the interference
order.

The so called Raman crystallinity factor (x.) of the material was evaluated
by Raman spectroscopy measurements (Micro Raman T64000 Jobin Yvon, Ajgser=
532 nm, Pyser=4.3 mW). The Raman shift spectrum is deconvoluted into three
Gaussian peaks: two peaks at 520 cm~! and 500 cm™!, assigned to the crystalline

! related with the amorphous phase. Y. is

fraction, and another one at 480 cm™
defined by the peak intensity relation x.=(I520 + I500)/ (520 + 500 + L480) and gives
a semi-quantitative measure of the crystalline volume fraction, from x.=0 (fully

amorphous material) to y.—1 (completely crystalline material) [86{-89).

4.3.4 Results and discussion

Fig. shows the computed thickness profile d(Z), obtained from the solution of
Eq. and assuming that d(Z) o< J(Z) - 8, for the described filament net config-
uration (N=12, d;_;=16 mm, L;;=20 cm) and three different dy_,=10 mm, 15
mm and 20 mm. The thickness profile d(#) mappings of three uc-Si:H samples
(xc ~0.3-0.6), deposited for each different d;_, are also shown in Fig. The
thickness profile predicted by the model matches with great accuracy with the ex-

perimental measurements (deviations are less than 1%). Regarding the deposited
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a-Si:H films (x.=0), the experimental measurements of d(Z) for each tested d;_
(15 mm and 20 mm) showed that the obtained thickness uniformity was, in both
cases, very similar to that obtained for their corresponding pc-Si:H sample [35].
Hence, the assumptions made in the proposed model seem to be valid for either
a-Si:H and pc-Si:H deposition.

Let us now discuss the results obtained for dy_,=20 mm. This is the case,
among the three different tested d;_, for which the measured thickness profile
shows the lowest variations (< 2.5%) over the central 10 cm x 10 cm area of
the deposited film. This is in fact the area of interest that should be covered
by the substrate because, outside this central area, the thickness uniformity is
rapidly lost due to boundary effects. This results in a deposition frame of about
5 cm width that can be considered “lost”. From additional simulation results, it
was found that the optimal filament to substrate distance that guarantees the
maximum homogeneity over the central area was dy_,—18 mm. This optimal dy_;
also guarantees that the boundary layer effect affects the smallest possible portion
of the deposition area, thus minimizing the width of the “lost” frame. Nevertheless,
the expected homogeneity results for dy_,=18 mm, do not substantially differ
from those obtained for d;_,=20 mm. The small differences at the central area
of 10 ecm x 10 c¢m between the experimentally measured thickness profile and
the simulation are probably due to inhomogeneities of the substrate temperature
and/or to differences in each individual filament temperature, which may have
their origin in contact resistance variations. In the latter case, the scaling up
to longer filaments, considering the minor contribution of the contact resistance,
should improve the experimental homogeneity. Regarding the scalability towards
larger deposition areas, additional simulations performed with the model show
that for large area deposition (>1 m?), as long as d;_; and d;_, are maintained,
a further increment of the number of filaments N and/or their length L; does
not have a significant influence, neither in the thickness uniformity achieved in the
central deposition area (which is correspondingly scaled up) nor in the width of
the “lost” frame. These results are consistent with the fact that our deposition
system is working beyond the large area limit. As a final remark, it is worthwhile
to mention that the deposition rates r4 of the deposited a-Si:H and uc-Si:H layers

were, respectively, larger than 4.5 nm/s and 1 nm/s [90].
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Figure 4.2:  Left panel: Simulation results of the normalised thickness profile
d(z) for df_s=10 mm (a), df_s=15 mm (b) and d;_s=20 mm (c). Right panel:
Measured d(Z) mappings, in nm, of deposited pc-Si:H samples for d;_ =15 mm
(e) and dy_s=20 mm (f). A linear profile is plotted for the case d;_=10 mm (d).
All figures represent an area of 170 mm x 170 mm. The thick continuous lines
delimit the area where thickness variations are lower than 42.5%.

4.3.5 Conclusions

We have shown the existence of a large area limit that allows studying, using a

relatively small catalytic filament net (covering an area of 20 cm x 20 c¢m in our
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case), the behaviour of any arbitrary larger HWCVD reactor. This large area limit
only depends on geometrical factors like the filament to substrate distance dy_
and the used filament net configuration (N, ds_s, Ls;y). It is important to notice
that such a large area limit does not exist in PECVD reactors due to the plasma
standing waves effect. If the filament net configuration and d;_, are conveniently
chosen, it can be achieved a very high thickness uniformity of the a-Si:H or uc-Si:H
deposited films over an area of 10 cm x 10 cm. The thickness variations inside
this area are lower than +2.5%. Only a small frame of the deposition area is lost
due to boundary effects. The experimental results of the thickness profile for a
given filament net configuration can be predicted by the proposed diffusion model

with great accuracy.

4.4 Scaling laws for the high rate deposition of pc-
Si:H

The current interest in finding the way of depositing high quality pc-Si:H films at
high r; has already been stated several times in this thesis. In the introduction of
this chapter, we have exposed that the strategy of increasing the deposition pres-
sure p may be a good attempt to achieve this goal. This possibility has already
been explored by S. Klein [27]. However, contrary to this study, Klein used the
same filament to substrate distance for all depositions. Since increasing p entails
a shift of the deposited material towards amorphous growth, lower silane concen-
trations were applied to grow pc-Si:H films at higher p. Therefore, the increase of
the ry derived from the increase of p was partly compensated by the usage of lower
silane concentrations. Klein showed that r; follows a power law like ry o< p® with
a <0.5 for those depositions resulting in pc-Si:H samples with similar crystallinity.
This moderate increase in ry and the fact that the puc-Si:H material obtained at
high p was of very low quality made him discard this strategy. In this study, this
strategy was taken up again considering the scaling law for r4 stated by Eq.
under the condition of keeping k = p- ds_; constant. Hence, an increase of p must
be followed by a proportional decrease in ds_;. However, keeping constant the
parameter k in the set of Eqs. does not guarantee that the material quality

will be preserved. To preserve the material quality in the high r; regime, the
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species reaching the substrate and their relative concentrations should be main-
tained. Thus, an additional requirement must be fulfilled: The primary radicals
generation terms, not included in Eqs. [£.8] should be increased in such a way
that the relative concentrations of all the involved species do not change. The
details concerning the gas-phase and surface chemical reactions involved in the
growth of the film introduce are very complex. This makes it really difficult to
build a fundamental model which successfully explains the growth mechanisms of
pe-Si:H. The easiest way to deal with this problem is by using a phenomenological
approach. In this section, we will present a phenomenological model that shows
how the incoming flows of the precursor gases (®g;y, and ®p,) and ds_; must be
scaled in order to preserve the pc-Si:H material quality at higher ry. We will also
show the results of a preliminary experimental study conceived for the validation
of the scaling law for r4 (Eq. under convenient deposition conditions derived

from the proposed model.

4.4.1 A phenomenological approach to the growth mecha-
nism of pc-Si:H

In the deposition process of puc-Si:H films with HWCVD, the reactor is supplied
with a mixture of SiH; and H, as precursor gases. The SiH; and H,; molecules
are catalytically decomposed into primary radicals (Si and H) by the catalytic
filaments according to the following reactions

§Hy

SiH, S Siv4H  and  H, Y3 2H (4.20)

where £g;p, and £y, are the dissociation probabilities of SiH, and Hs respectively.
The primary radical flows ®g; and 5 generated at the filaments surface are pro-
portional to the residual partial pressures of silane, pg;p,, and hydrogen, py, and
read

Cg; = Acat | Jsi |= Bsim, - Psit,
Sy = A | Ji |=4Bsim, - Psin, + 28w, - PH, (4.21)
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where jSi and jH are the corresponding radical fluxes, A,y = N27wrgLyy is the

total catalytic area of the filament net and

Acat DH2
4kT

Acat DSiH4

4k'T and /BHQ = €H2

Bsiny = Esiny (4.22)

are two proportionality coefficients which depend on the dissociation probabili-
ties sim,, £m, and on the collision rate, A.u7;/4kT, of the silane and hydrogen
molecules with the filaments net. The parameters vg;p, and vy, refer, respectively,
to the mean thermal velocities of the silane and hydrogen molecules, T is the gas
mixture temperature and £ is the Boltzmann’s constant.

In order to keep invariable the reaction diffusion equations that govern
the deposition process, the fluxes of generated radicals jgz and J; g must coherently
scale with all the other fluxes of the rest of chemical species involved, i.e. according
to Eq. [4.10] This means that the partial pressures pg; i, and py, must individually
scale as

Pim, _ Py _ i (4.23)

PsiH, PH, d/f_s
Unfortunately, the partial pressures pg;y, and py, are not simply given by pg;n, =
P Psin, /Pior (idem for py,). The situation is more complicated since pg;p, and pg,
will vary once the catalytic filaments are switched on. Fortunately, it is possible
to relate pg;i, and py, with the incoming flows ®g;y, and &y, without having to
solve the corresponding reaction-diffusion equations: Introducing the conductance
of the pumping evacuation system for the two gases, Cs;y, and Cy, we can deduce
the following relation between the incoming flows and the residual partial pressures

(see Appendix F for details)

Cu, - - o
Mo PH: ) g M) (4.24)
Csin, * Psin, Psim,

with
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_ 1 1 i 2aug;
U= (I+asim)  Zasim | (4.25)
1 —2ay, + asin, —ay, (1— agy,)
and
(206, + 4 P
QsiH, = s H4((?S, + do) and g, = —5(;{2041{ ; (4.26)
SZH4 H2

where ag; and ag are two dimensionless coefficients: ag; expresses in a phenomeno-
logical manner the average number of Si atoms per silane molecule that are de-
posited as a consequence of the primary reaction Eq. and secondary reactions
like Eq. wherein Si radicals participate. On the other hand, ay does the same
for the secondary reactions like [4.3| and the etching processes of hydrogenated sili-
con wherein H radicals participate. From Eq. we see that, once the filaments
are switched on, since ag;g, # 0 and apy, # 0, the concentration of silane decreases
whereas the hydrogen concentration increases. If the conditions of Eq. are
satisfied, we have that o, = ag; and oy = ay. Probably, the easiest way to
guarantee that the conditions of Eq. are satisfied, is varying the incoming
flows of silane and hydrogen as follows

s .
q)SiH4 (bHQ d'/ffs ’

maintaining the conductances Cs;y, and Cp, invariable. These are the conditions

we have chosen to experimentally check the validity of the scaling law for ry stated

in Eq.

4.4.2 Experimental Details

The filament net configuration chosen for the following experiments is the same as
that described in section [4.3.3| (N=12, d;_ ;=16 mm, L;;=20 cm). Two deposition
series were carried out using different filament to substrate distances (df_;=32 mm
and d;_ =16 mm) which assure that the system is, in both cases, working beyond

the large area limit. Four samples were deposited in each series. The same values
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Table 4.1: Deposition conditions of the two series carried out for the experimental
validation of the scaling law for r,.
df,S t (I)SiH4 (I)H2 SC P
[mm] [min] [sccm] [scem] [%]  [Pal
32 16 10.5 0 100 0.4
32 16 105 1585 6.2 5.0
32 16 13.5 155 80 5.1
32 16 18 150.5 10.7 5.3

dpy 0 Oy, Oy, SCT Y
[mm] [min] [sccm] [scem] [%]  [Pal
16 8 21 0 100 0.9
16 8 21 317 6.2 9.8
16 8 27 310 8.0 10.2
16 8 36 301 10.7 10.4

of silane concentration, SC' = ®gig, /(Psin, + Pu,), ranging from 100% to 6.2%,
were used in both series (SC' = SC"). A constant DC voltage (22 V) power source
was used to heat the filaments by Joule effect. The filaments temperature was, for
all the depositions, T}; ~1850°C. The base pressure was always lower than 10~*
Pa. The deposition conditions used in the two different series are summarized
in Table The Raman crystallinity factor of the samples has been evaluated
following the same procedure explained in section [.3.3]

For those samples with equal SC' in both series, we can see in Table that
g, = 2Psim, and Yy, = 20y, according to the conditions of Eq. [#.27} There-
fore, following Eq. it is expected that the relation between the corresponding
deposition rates will be 7/, = 2r,. If the material quality is preserved, these sam-
ples should present a similar Raman crystallinity factor x. = x.. It is known that
the thickness of a puc-Si:H layer has a great influence on the promotion of the film
crystallinity [91]. Hence, to make a proper comparison of . between two different
films, they must have a similar thickness. For this reason, the total deposition
times ¢ for the two series were chosen to be t=16 min and t'=t/2=8 min. The
thickness of the deposited films was measured at the central point of the substrate
using a mechanical stylus profiler (Veeco/Sloan, Dektak 3030).

After each deposition, the whole set of used filaments was replaced by a new

one. Furthermore, the deposition chamber was cleaned after each deposition.
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Thus, every deposition took place using a set of new filaments and a cleaned
deposition chamber. Prior to every deposition, the new filaments were subject
to a pre-deposition annealing treatment for 30 min in vacuum. In this way, it is
assured that the stage of silicide (W5Si3) precipitation at the W filaments is not
initiated during the film deposition process. In this way, it can be assured that
measured deposition rates are not influenced by the degradation process of the
filaments.

4.4.3 Results and discussion

The deposition rates 4 and 7/, obtained from the two deposition series that were
carried out, are plotted in Fig. as a function of SC. In order to appreciate
better the magnitude of the increase of the deposition rate, the ratio between ry
and 7/, has been plotted in Fig.

1.8 b
1.6f b
1.4F + T

1.2F §

I:i (nm/s)

>

0.8 i 1
0.6 4
0.4 1

0.2

O Il 1 Il Il Il // Il
5 6 7 8 9 10 11 99 100
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Figure 4.3: Deposition rate as a function of silane concentration, r4(SC') and
r,(SC), for two deposition series with dy_;=32 mm (A) and d;_ =16 mm (e)

According to the scaling law stated by Eq. the ratio between the de-
position rates obtained from both series should take a constant value r))/ry = 2

independently of the silane concentration. The experimental results are very close
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Figure 4.4: Ratio between 74 and 7/, as a function of silane concentration.

to this value. There are, however, slight deviations (<15%) from this theoretical
value, specially in the case of low SC. On the other hand, when only pure silane
is used as precursor gas (SC=100%), the experimental value of 7/,/r;=2 matches
very well with the prediction. If the same material is expected to be deposited
when the system is scaled up towards higher r,4, the crystalline fraction of the sam-
ples deposited in both series, with the same value of SC', should be maintained.
Fig. shows the measured Raman crystallinity factors y. and x’. of the samples
obtained from both deposition series as a function of SC.

The transition from a-Si:H to puc-Si:H is located at similar silane concentrations
in the range SC ~ 8.5-10.5 % for the two deposition series with df_,=32 mm
and d’,_,=16 mm. Of course, the material deposited without hydrogen dilution
(SC=100%) is fully amorphous (x.=0) for both series. Even though the trends of
X(SC) and Y.(SC) are very similar, the corresponding pc-Si:H samples of both
series, for the same SC, show different crystalline fractions.

According to these results, one could deduce that the dilution of SiH, with H,
introduces slight deviations to the scaling law stated by Eq. However, it
is premature to stablish this conclusion. Up to now, we are not in conditions of
affirming if the observed deviations are due to the difficulty of keeping constant

agi = g, ag = oy, Csig, = Cgy, and Cy, = O, or if they constitute a real
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Figure 4.5: Raman crystallinity factor as a function of silane concentration for
two deposition series with dy_,=32 mm (A) and d’,_ =16 mm (e). The dashed
lines are guides to the eye.

deviation from the scaling law for r4 exposed in this chapter.

4.4.4 Conclusions

We have exposed the possible existence of a scaling law which could allow the
increase of ry while preserving the quality of the deposited uc-Si:H layers. The
scalability of the system towards higher r; has been tested using two different
filament to substrate distances and proportionally increasing the incoming flows
of silane and hydrogen. We have shown the way to scale ry4, not only keeping
k = p-ds_s constant but also proportionally scaling the silane and hydrogen
/ /
; ds_
partial pressures: Psin, _ Py _ # It has been shown that one possibility to
PsiH, PH, df_s
satisfy this condition consists in varying the incoming silane and hydrogen flows
/ !/
®SiH4 — @Hg — df—s
Do, P, dy,
invariable. The obtained experimental results regarding the scaling of r; are quite

as follows: and maintaining the pumping conductances

close to the expected ratio 7/,/rq, showing an excellent agreement in the case of a-

Si:H deposition using only pure SiH, as precursor gas. The obtained experimental
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results are encouraging to explore more deeply the possibility of depositing high
quality pc-Si:H material at high r4 >1 nm/s. A wider study, addressed to the

confirmation of this possibility, is exposed in the following chapter.






Chapter 5

Microcrystalline Silicon Deposition
at High Rate

5.1 Introduction

As it has been pointed out in Chapter 1, HWCVD is a promising alternative to the
standard PECVD technique for the deposition of puc-Si:H as it has the potential
to deposit pc-Si:H layers at high deposition rate (r4) [30,31,90] and can be easily
scaled up to large areas (>1 m?) without any loss in the film homogeneity [33H35].
However, at present the standard ry for high quality pc-Si:H layers in HWCVD
is below 0.5 nm/s [27,36,37|, still far from the requirements needed by the thin
film solar cells industry (ry >1 nm/s) for the economically profitable production
of micromorph (a-Si:H/pc-Si:H) solar cells.

In this work, we used an appropriate hot wire configuration for depositing
highly uniform (inhomogeneities lower than 2.5%) intrinsic pc-Si:H layers at high
rq ~2 nm/s over an area of 10 cm x 10 cm. The filaments configuration has
been designed following the strategy introduced in Chapter 4 to reach high r; and
homogeneity while being easily scalable to larger areas. The optimisation of the
intrinsic pe-Si:H layer is usually carried out by integrating it as the active layer in a
reference solar cell and then measuring the solar cell performance. Unfortunately,
we were unable to follow this strategy because the lack of a load-lock chamber in

our HWCVD reactor does not allow to deposit the stack of layers necessary to
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obtain a solar cell due to the strong cross contamination induced by the filaments
between the n- or the p-doped layer and the intrinsic active layer in the case of
nip or pin cell structures respectively. Even though, it is possible to optimise the
intrinsic pc-Si:H layer by means of an alternative indirect method: Recently, the
Fourier Transform Infrared spectroscopy (FTIR) analysis has been proven as an
efficient tool for the optimization of uc-Si:H layers grown with PECVD at r;=2
nm/s [92]: The monitoring in time of the IR spectra of the samples permits to
observe the progression of the post-deposition oxidation processes affecting them.
This progression is evidenced by the increment with time of the 950-1200 cm™!
Si-O-Si stretching modes (SMs) and the less prominent 2250 cm~* O, SiH, stretch-
ing mode (SM) contributions. In [92] Smets et al. demonstrated that the pres-
ence/absence of the narrow high stretching modes (NHSMs) located at 2083 em™!
and 2103 cm™?, related to the existence of hydrogen platelets on the crystalline
grain boundaries surface, is correlated with the instability /stability of the mate-
rial against post-deposition oxidation. This seems to indicate that the progressive
oxidation of pc-Si:H samples is due to the replacement of the hydrogen located
in the grain boundaries by oxygen. Hence, the suppression or the minimization
of the NHSMs is an indicator of the material quality enhancement. Best pc-Si:H
solar cell efficiencies are obtained when the intrinsic pc-Si:H active layers do not
show any NHSMs contribution in their FTIR signature. Such pc-Si:H layers do
not reveal any further post-deposition oxidation signal (SiO, peak at 950-1200
cm™'). Indeed, the pc-Si:H solar cells performance is deteriorated if the oxygen
concentration exceeds certain critical values [93]. In particular, oxygen impurities
cause an increase in the dark conductivity and charge density of the intrinsic uc-
Si:H layers [94-96] leading to an undesired n-doping effect by introducing donor
states [97]. Moreover, oxygen impurities cause structural changes in the pc-Si:H
material which increase the defects density (creating additional dangling bonds or
donor states) that can be detected by means of Electron Spin Resonance (ESR)
measurements [97-99]. Oxygen impurities also shift the puc-Si:H deposition regime
towards a more amorphous growth [96]. In order to reduce the oxygen concentra-
tion in the deposited pc-Si:H layers to an acceptable level (1-10' ¢m=3 [93]) for
depositing high quality material, a gas purifier (oxygen filter) has to be installed
in the precursor gas supply lines.

We have used the strategy proposed by Smets et al. [92], based on the moni-
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toring of the FTIR signature of the samples, for the optimization of the uc-Si:H
material obtained with our HWCVD reactor. However, the study exposed in this
chapter must be considered only as a preliminary optimisation process of the de-
posited pc-Si:H films because the material quality achievable with our current
deposition system is seriously limited by the lack of a gas purifier in our precursor
gas supply lines. Another limiting factor is that the gas lines of our precursor gas
supply system are assembled using Swagelok fittings instead of the usual ultra-high
vacuum VCR fittings. These limitations will be overcome with the installation in
the clean room of the UB of a HWCVD prototype system with a load-lock cham-
ber, oxygen filter and high quality gas supply systems.

We will show the results regarding the optoelectronic properties and stabil-
ity against post-deposition oxidation of the optimised pc-Si:H layers deposited at
rq ~2 nm/s. To achieve such high deposition rates we used a hot wire configu-
ration with the minimal filament to substrate distance d;_; needed to assure a
high homogeneity of the film while working beyond the large area limit. In this
way, according to the HWCVD scaling laws exposed in the previous chapter, the
optimal deposition conditions should be found for higher values of pressure p than
usual, thus leading to higher deposition rates. The pressure (p ~3-5 Pa) and the
filament to substrate distance (d;_,=70 mm) used by Klein et. al. [27] to obtain
high quality uc-Si:H at rq ~0.2 nm/s were used as a reference for the scaling of the
p-ds_s product in our hot wire configuration. In our experiments we fixed dy_;=18
mm. We would then expect to obtain optimal pc-Si:H layers for pressures around
p=10-20 Pa. Moreover, if high filament temperatures around 1850°C are used, the
deposition rate can be further increased. We must then use thin filaments (0.175
mm diameter) to limit the radiated power onto the substrate and maintain the
substrate temperature T, reasonably low. This strategy may give the possibility
to obtain high quality pc-Si:H layers at higher r4. The optimised pc-Si:H layer
shows excellent optoelectronic properties which have been measured by standard
electrical measurement procedures. On the other hand, the optimised material
shows a reasonable stability against post-deposition oxidation, though it still has
to be further improved.

As a remark, the following study has been included as the final Chapter of this
thesis with the purpose of giving a more comprehensive and straight-forward lec-

ture to the reader. However, the work concerning the optimisation of the pc-Si:H
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material is chronologically precedent to the studies exposed in the previous chap-
ters. On one side, even if the ideas regarding the HWCVD scaling laws exposed in
Chapter 4 had already been embraced, they where still far from being mature. In
particular, we must notice that no attention was paid in proportionally increasing
the silane and hydrogen flows used by Klein et. al. [27]. On the other side, the
findings on the degradation of tungsten filaments described in Chapter 2 were still
to be discovered. In particular, we can not assure that the catalytic performance
of the used filaments was kept intact in all deposition runs, specially in the case
of the last samples deposited using the same set of filaments. This latter fact
may explain the scattering of the data obtained from the deposition rate, photo-
sensitivity and Raman crystallinity measurements shown in section Taking all
this into consideration, the following study must be understood as a preliminary
work for the optimisation of the pc-Si:H material deposited at high r,.

5.2 Experimental details

The experiments have been carried out in our single chamber HWCVD reactor
(see Appendix A). We used a filament net configuration which consists of 12 par-
allel W filaments of 20 cm length and separated a distance ds- ;=16 mm from each
other. The filament to substrate distance was fixed to d;-,—18 mm. As we have
shown in the previous chapter, this hot wire configuration assures inhomogeneities
of the film thickness lower than +2.5% over an area of 10 cm x 10 cm. The
developed prototype implements simple cavity protection devices (see details in
Chapter 3, section 3.3) to protect the cold ends of the filaments from silicidation.
The prototype also implements tension adjustment mechanisms which maintain
the geometry of the filaments in spite of the effects of thermal expansion. The ra-
diated power onto the glass substrate (Corning 1737) was limited to approximately
0.84 W/cm? by using thin tungsten 0.175 mm diameter wires, heated up to a tem-
perature T; ~1850°C. The lowest stationary substrate temperature 7T was found
to be about T,=255°C measured by using a thermocouple in contact with the sub-
strate. Such low T is reached without any kind of substrate cooling. Instead, the
part of the heat radiation coming from the filaments that is transmitted through
the substrate is avoided to be reflected back thus keeping 7§ relatively low. Some

samples were deposited at a higher T,=340°C. In this case, a stainless steel back
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plate was placed onto the substrate in order to reflect back the outcoming heat
radiation. The optimization of the uc-Si:H material was done by depositing differ-
ent series of material varying the silane concentration SC' = ®gip,/ (Psim, +Pu,)
from 5% to 14% with a total gas flow ®;;=Pg;y, +Py,=300 sccm. The deposition
pressure p varied from 10 Pa to 20 Pa. A piece of single side polished crystalline
silicon wafer was attached to the Corning 1737 glass substrate to perform FTIR
spectroscopy measurements of the obtained samples. All the depositions have been
carried out with a silane flow high enough to avoid working in the silane depletion
regime (~60% of SiH, utilisation). The base pressure was in all cases lower than
10~* Pa. To reach such base pressure, the lack of a load lock chamber obliged
us to degas the reactor chamber during several hours with a lamp heating system
before each deposition run. The deposited films throughput was highly limited by
this latter fact. In addition, the 12 used filaments had to be replaced once every 4
deposition runs thus making the optimisation process largely time consuming. It
is also important to point out that the precursor gas supply system uses Swagelok
fittings to seal the gas lines instead of the usual ultra-high vacuum compatible
VCR fittings. No gas purifier is installed in the precursor gas lines.

The obtained samples were characterized by Raman spectroscopy (Micro Ra-
man T64000 Jobin Yvon, Ajgse,= 532 nm, Ppuse,=4.3 mW). The crystallinity of
the material close to the a-Si:H/pc-Si:H transition (defined as the point where
the crystalline peak at 520 cm™! disappears in the Raman spectra) was identi-
fied by evaluating the Raman crystallinity factor (.) of the samples following the
same procedure explained in Chapter 4, section [£.3.3] The stability against post-
deposition oxidation of the samples was monitored by means of FTIR spectroscopy.
The FTIR transmission measurements were carried out using a Bomen DA3 Fourier

! wavelength resolution. The thickness

transform infrared spectrometer at 1 cm™
of the samples was measured with a mechanical stylus profiler (Veeco/Sloan, Dek-
tak 3030). The samples were electrically characterized by dark conductivity oy,
activation energy E7 and photo-conductivity o, (~1.5 AM illumination at 25°C)
measurements. Aluminum coplanar contacts were deposited on the samples to
carry out the measurements. These electrical measurements were performed in a
vacuum chamber after annealing the samples with three increasing and decreasing

temperature ramps between 30°C and 120°C during 4 hours.
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5.3 Results

Figls.1] shows the effect of p and T on the Raman crystallinity factor of the de-
posited material. Tt can be seen that for a given silane concentration SC, x. de-
creases if p is increased or if Ty is decreased. Hence, the a-Si:H/puc-Si:H transition
is shifted towards higher values of SC'if p is increased or if T} is decreased. Such
trends of y. varying p and Ty are typically observed for uc-Si:H films deposited
with either HWCVD [27] or PECVD [1004101].
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Figure 5.1: Raman crystallinity factor as a function of silane concentration for
different substrate temperatures T, and pressures p. Lines are guides to the eye.

The deposition rate r4 of the samples is plotted in Fig[5.2] as a function of x..
The figure shows that for a fixed y., an increment of the substrate temperature
T, or the deposition pressure p generally leads to higher deposition rates. The
deposition rates vary from 1.4 nm/s for highly crystalline samples up to 2.6 nm/s
for purely amorphous material.

For those samples grown at T,=255°C and p=10 Pa, the dark conductivity
ranges from 0,=107'" S/cm for low crystalline samples (. ~0) to o,=107% S/cm
for highly crystalline samples (. >0.7) whereas the photo-conductivity shows little

changes with x. and ranges from 0,,=107% S/cm to 0,,=107" S/cm. As a result,
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Figure 5.2: Deposition rate against the Raman crystallinity factor for different
substrate temperatures 75 and pressures p. Lines are guides to the eye.

the photo-sensitivity S, defined as the ratio between o, and og4, varies from nearly
S=10° for x. ~0 to S=10% for x. ~0.7 (see Figl5.3). These results are similar to
those obtained for state of the art pc-Si:H samples grown at standard deposition
rates [19,100]. Although S is not an appropriate parameter to be used as reference
for material optimization, it is generally accepted that pc-Si:H films with x. ~0.5
and a photo-sensitivity around S=10% are suitable for solar cell applications [19].
If T; is increased from 255°C to 340°C, for y. >0, the obtained material exhibits
higher o4 and a lower oy, resulting in a decrease in S of more than one order
of magnitude. Such results indicate that this material grown at higher T has a
much lower quality and its poor electric performance is probably linked to a higher
defects density introduced by a large concentration of oxygen impurities.

Instead of using the photo-sensitivity as a reference parameter, the pc-Si:H
material optimization has been performed following the FTIR hydride stretching
modes (SMs) monitoring method proposed by Smets et al [92]. The monitoring in
time of the IR spectra of the films permits to observe the progression of the post-
deposition oxidation processes affecting the samples. This progression is evidenced
by the increment in time of the 950-1200 cm~! Si-O-Si SMs and the less prominent
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Figure 5.3: photo-sensitivity against the Raman crystallinity factor for different
substrate temperatures 75 and pressures p. Lines are guides to the eye. Lines are
guides to the eye.

2250 cm ™! O, SiH, SM contributions, which is related to the presence of the narrow
high stretching modes (NHSMs) located at 2083 cm™! and 2103 ¢cm™.
Fig[p.4shows the FTIR spectra of a pc-Si:H sample close to the a-Si:H/pc-Si:H
transition (x.—0.25-0.60) for each of the four deposition series. FTIR measure-
ments were carried out for each sample, as deposited and after 12 days of air
exposure. The spectra depict the dihydride bending modes (=SiH;) at 840-890
ecm~!, the 950-1200 cm~! Si-O-Si SMs, the hydride Si-H, SMs at 1850-2200 cm™*
and the O,SiH, SM at 2250 cm™'. For all the samples, the contribution of the
5i-O-51 SMs and O,5iH, SM is increasing with time. Validating the correlation
reported by Smets et al. [92], it can be seen that the NHSMs at 2083 em™! and
2103 cm™! were also present in all the spectra. However, it is clear that for the
samples deposited at p=10 Pa and T,=255°C, the post-deposition oxidation is
considerably lower than for the others. Not only the increment of the Si-O-Si SMs
and O,SiHz SM is much more moderate, but also the contribution of the NHSMs

is much lower.
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Figure 5.4:  Depiction of the Si-O-Si SMs and the hydride SMs for pc-Si:H
material close to the a-Si:H/puc-Si:H transition for the four different deposition
series. The thicker lines correspond to as deposited material and the thinner ones
to the same samples after 12 days of exposure to ambient air.

5.4 Discussion

According to [27], the good performance of pc-Si:H solar cells is restricted to
a range of mid crystallinity (x. =~0.3-0.6) of the active layers. Within such crys-
tallinity range, the average r4 of the pc-Si:H layers shown in Fig[5.2]is about 2+0.3
nm/s for all the deposition series. This deposition rate is approximately an order
of magnitude higher than those currently reached (x0.2-0.5 nm/s) with indus-
trial large area deposition PECVD equipment [5|. The measured photo-sensitivity
reaches optimal values for solar cell applications (around 10?) for those samples
with intermediate crystallinity grown at p=10 Pa and T;= 255°C. Even though it
is not completely suppressed, the FTIR signature of the deposited samples shows
a considerable reduction of their post-deposition oxidation signal. The FTIR hy-
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Table 5.1:  Crystallinity and optoelectronic properties of the current optimised
pe-Si:H layer grown at 2 nm/s (2000 nm of layer thicknes).

pe-Si:H

(p=10 Pa, T,~255°C)

Xe 0.25
F <2:107% S/cm
Tph >1-107" S/cm
S ~10°
E? 0.60 eV

dride and oxygen related SMs signals evolution of these samples is similar to that
of pc-Si:H material obtained with PECVD in the HPD-VHF regime (r; ~2 nm/s)
which, when integrated as the active layer in PIN solar cells, leads to intermedi-
ate 4.5% conversion efficiencies [92]. The characteristics of our current optimised
pc-Si:H material for a layer thickness of 2000 nm are summarised in Table [5.1]
We must notice that, to be considered a high quality material, the optimal uc-
Si:H active layer should present a slightly larger crystalline volume fraction and
not show any signal of post-deposition oxidation while maintaining similar values
of the optoelectronic properties o4, 0,, and EJ. Nevertheless, we should take into
account that the presented results were obtained from a preliminary work for the
material optimisation. In fact, these first results are quite encouraging, specially
if we consider the limitations of our current deposition system: the precursor gas
supply lines are sealed with Swagelok fittings and they do not have any gas purifier
installed. These two circumstances suppose serious limitations for the reduction of
oxygen contamination of the deposited samples during their optimisation process.
Moreover, the lack of a load-lock chamber in our HWCVD reactor does not only
make the production of solar cells impossible but also seriously limits the layer
deposition throughput, thus making the whole optimisation process largely time
consuming. This means that the expected optimal deposition parameters range has
only been roughly scanned. Regarding this, it is known that, in the case of using
PECVD, the deposition parameters window that allows obtaining high quality puc-
Si:H at high deposition rates becomes very narrow [91,92]. Taking all this into
account, we consider that the quality of our current optimised pc-Si:H material
grown at high r4 can hardly be enhanced unless the aforementioned limitations are
remedied. We hope that the installation in the clean room of the UB of a HWCVD
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system with a load-lock chamber, oxygen filter and high quality gas supply systems
will open the possibility of optimising further the uc-Si:H layers grown at ry >2
nm/s and testing its performance directly in solar cell devices. Finally, we must
also notice that a further refinement of the optimal deposition parameters range
should be done considering a proper scaling of the silane and hydrogen flows as
discussed in Chapter 4, following Eq.

5.5 Conclusions

In this work, we have used the following filaments arrangement for the deposition
of pc-Si:H material: 12 parallel filaments of 0.175 mm diameter, 20 cm length
and separated a distance dy-y=16 mm from each other. A short filament to sub-
strate distance (dy_,=18 mm) was fixed in order to be sure that the deposition
system was working beyond the large area limit. The deposition of different series
of pc-Si:H with intermediate Raman crystallinity factor (x. ~0.3-0.6) led to an
average deposition rate of about 24+0.3 nm/s for a wide range of deposition condi-
tions (p=10-20 Pa, T;=255-340°C). These r; values are very interesting given that
the current standard deposition rates achieved with large area industrial PECVD
deposition systems are much smaller 0.2-0.5 nm/s [5]. The material quality has
been indirectly evaluated by monitoring the progression of the post-deposition
oxidation processes affecting the samples by means of FTIR spectroscopy. The
IR spectrum signature of the preliminary optimised uc-Si:H material shows that
when such short dy_,=18 mm are used (instead of the usual dy_, ~50-80 mm), the
best pc-Si:H material is obtained for a working pressure p ~10 Pa (instead of the
usual p ~1-5 Pa), resulting in samples with a considerably reduced post-deposition
oxidation. This result supports our initial assumption that keeping constant the
product k = p - ds_, is a condition that must be satisfied in order to preserve the
quality of the deposited pc-Si:H material. At present, we know that keeping k
constant is a necessary but, unfortunately, insufficient condition. Indeed, a fur-
ther refinement of the deposition parameters, using a proper scaling of the silane
and hydrogen flows, is needed to proof the existence of a parameter window for

depositing thick stable pc-Si:H films at high deposition rate.






Chapter 6

Conclusions

Regarding the filaments degradation issue:

e In the silicidation process of tungsten filaments at high temperature (7 ~
1850°C), three different stages have been identified: The initial Si atoms
dissolution in W stage; the W5Si3 precipitation stage wherein a W5Si3 outer
corona is formed, and, finally, the WSis precipitation stage wherein the pre-

viously formed W5Si3 outer corona is progressively transformed into WSis.

e We have also shown that when the initial Si atoms dissolution stage ends,
the catalytic performance decay of the filaments is initiated, resulting in a

decrease of the deposition rate of about 35%.

e If it is desired to control and keep the deposition conditions constant dur-
ing a HWCVD process, the effective filaments lifetime is determined by the
duration of the Si atoms dissolution stage (i.e. the time delay o).

e We have proposed an electric model that allows identifying which is the
current stage of the silicidation process of a filament at real time by simply

monitoring the slope of its electric resistance.

e A diffusion model for the evaluation of ¢y has also been exposed. The results
show that in most practical situations, for filament diameters of several tens

or hundreds of microns, t; is independent of the filament radius.
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Conclusions

e According to the experimental results, the time delay t, is of the order of few
hours. Hence, in order to guarantee large operating times without mainte-
nance interruptions of an eventual industrial HWCVD reactor for depositing
Si based materials, an automatic filament replacement system should be im-

plemented.
Regarding the protection of the filaments cold ends against silicidation:

e The protection devices based on the utilisation of a “chemically inert” thermal
contact body are seriously limited by the deposition of Si over the thermal
contact. Given that, this strategy for the protection of the cold ends of the

filaments was discarded.

e A self-cleaning cavity device has been developed to protect the filament cold
ends. This new device slows down the silicidation at the cold ends to a rate
even lower than that at the central region of the filament, thus virtually

solving the problem of the filament cold ends degradation.
Regarding the automatic replacement of the used filaments:

e We have developed an automatic filament replacement mechanism that al-
lows replacing a used portion of filament by another clean portion of fila-
ment, without breaking vacuum. The apparatus is conceived in a modular
way, based on the usage of tension adjustment mechanism moduli which act

independently over each filament.

e The utilisation of said tension adjustment mechanism makes it possible to
replace the used portions of the different filaments in parallel, keeping them

tense in all operating situations and using only one or, maximum, two motors.

e The system is easily scalable to large deposition areas as it can be arranged
for any arbitrary number of filaments without increasing the number of mo-

tors involved.

e The results obtained from the validation tests prove that the developed fila-

ment replacement mechanism, in combination with the use of effective cold
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end protection devices, such as the self cleaning cavity, guarantees the re-
peatability and stability of a HWCVD deposition process for silicon based

materials.

Regarding the scalability of the HWCVD technique towards large area and the
thickness uniformity of the deposited films:

e We have shown the existence of a large area limit that allows studying, using
a relatively small catalytic filament net (covering an area of 20 cm x 20 cm

in our case), the behaviour of any arbitrary larger HWCVD reactor.

e If the filament net configuration and dy_s are conveniently chosen, a very
high thickness uniformity of the a-Si:H or uc-Si:H deposited films can be
achieved over an area of 10 cm x 10 cm. The thickness variations inside this

area are lower than +2.5%.

e The experimental results of the deposited films thickness profile can be pre-

dicted, with great accuracy, by using the proposed radicals diffusion model.
Regarding the scaling laws for the high rate deposition of uc-Si:H:

e We have exposed the possible existence of a scaling law which could allow
the increase of r4 by proportionally increasing the deposition pressure but
preserving the quality of the deposited pc-Si:H layers.

e We have shown the way to scale rq, not only keeping k = p - dy_, constant

but also scaling proportionally the silane and hydrogen partial pressures:

Plsit, _ @ _dys

psiry  pm, Ay

e It has been shown that one possibility to satisfy this condition consists in

!/ ) @/

varying the incoming silane and hydrogen flows as follows: —>2% — _f2 _
siy  Pm,

dy_s

dy_

and maintaining the pumping conductances invariable.

Regarding the optimisation of uc-Si:H deposited at high ry:
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Conclusions

The deposition of different series of uc-Si:H with intermediate Raman crys-
tallinity factor (x. ~0.3-0.6) led to an average deposition rate of about 2£0.3
nm/s for a wide range of deposition conditions (p=10-20 Pa, T;=255-340°C).

The TR spectrum signature of the preliminary optimised puc-Si:H material
shows that when a short filament to substrate distance is used (d;_; was
18 mm instead of the usual d;_; ~50-80 mm), the best pc-Si:H material is
obtained for a working pressure p ~10 Pa (instead of the usual p ~1-5 Pa),

resulting in samples with a considerably reduced post-deposition oxidation.

The obtained results support our initial assumption that keeping constant
the product k = p - d;_, is a condition that must be satisfied in order to

preserve the quality of the deposited pc-Si:H material.

A further refinement of the deposition parameters, using a proper scaling of
the silane and hydrogen flows, is needed to proof the existence of a parameter

window for depositing thick stable pc-Si:H films at high deposition rate.



Appendix A

Description of our HWCVD

deposition equipment

All filament silicidation tests and layer depositions carried out in the framework of
this thesis were performed using our custom single chamber HWCVD reactor. The
dimensions of the chamber are 40 cm x 40 cm x 40 ¢m, what gives a volume of 64
litres. The system is not equipped with a load lock chamber. This means that when
a new substrate is loaded, the vacuum must be broken and the deposition chamber
is exposed to ambient atmosphere. The precursor gases are fed into the deposition
chamber through a gas inlet. The incoming precursor gas flows are controlled using
mass flow regulators (1-100 scem for SiHy and 2-300 scem for Hy). The gas pressure
inside the deposition chamber is measured with a capacitive and penning vacuum
gauges. The residual gases are evacuated through a pumping system formed by a
turbomolecular pump a roots pump and a rotatory vane pump. A dry compressing
scroll pump is used to generate the rough vacuum in the deposition chamber. Fig.
shows a picture of our HWCVD deposition system.

We must notice that the precursor gas supply system uses Swagelok fittings to
seal the gas lines instead of the usual ultra-high vacuum compatible VCR fittings.
No gas purifier is installed in the precursor gas lines. The ultimate achievable
base pressure of the deposition chamber is around 1-10~® Pa. To reach such base
pressure, the lack of a load lock chamber obliges us to degas the reactor chamber
during several hours with a lamp heating (around 250 W) system. On the other

hand, despite these inconveniences, the system offers a great versatility for being



132 Description of our HWCVD deposition equipment

Figure A.1: Photograph of the HWCVD deposition system used in the framework
of this thesis.

used in many deposition purposes. The deposition chamber includes a large num-
ber of vacuum feed-throughs which allow: The electrical connections necessary
to supply the filaments or the lamps heating system with electric power; the use
of thermocouples for the temperature measurement of the substrate and/or any
mechanical element present in the deposition chamber; and the utilisation of a
water serpentine, if necessary, for the cooling of said mechanical elements. The
deposition chamber also includes rotatory feed-throughs which allow transferring
motion to any movable elements either manually or via a controlled motor.

Fig. shows different filaments arrangements used in our HWCVD reactor
for carrying out some of the experiments described this thesis work. The arrange-
ment shown in picture (a) corresponds to those filament silicidation tests carried
out for the study exposed in Chapter 2, section Picture (b) shows the ar-
rangement that has been used to study the filaments silicidation process influence
on the deposition rate (see Chapter 2, section 2.3} Fig. [2.19). The 12 filaments
arrangement shown in picture (¢) has been used to deposit a-Si:H and pc-Si:H
layers, over a substrate area of 20 cm x 20 c¢m, for the thickness uniformity study

exposed in Chapter 4, section This same filaments arrangement has also been
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Figure A.2: Photograph of the HWCVD deposition system used in the framework
of this thesis: a filament silicidation test (a), an experiment for the study of the
filament silicidation process influence in r4 (b), filament arrangement (N=12) for
the deposition of a-Si:H and/or uc-Si:H layers over a substrate area of 10 cm
x 10 cm (c), experimental set-up for the validation of the automatic filament
replacement mechanism using a self cleaning cavity protection device (d).

used for all the depositions carried out for the optimisation of pc-Si:H material
grown at high r; over a substrate area of 10 cm x 10 cm (see Chapter 5). Fi-
nally, picture (d) shows the filament arrangement used for the validation tests of
the automatic filament replacement mechanism proposed in Chapter 3, section

implementing, at the same time, a self cleaning cavity protection device like that
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proposed in Chapter 3, section [3.4]

Regardless which filament arrangement was used, the temperature, 7', of the
catalytic filaments has been calculated in all cases from their electric resistance
measurement. Once the filament length and radius are known, the calculation of
the filament electric resistivity is straightforward if the applied electric voltage and
current are measured. However, due to the presence of colder portions of filament
close to the electric contacts, the filament length value used to evaluate Ty; must
be shorter than the physical one. Taking the quadratic temperature dependence
of tungsten electric resistivity |102], from the estimation of the filaments electric
resistivity we can obtain an approximate value of 1.

In this work we have used tungsten filaments with different radii. To be sure
to keep the same TY%; in all experiments, the electric current, I, applied to heat

the filaments by Joule effect, was scaled using the following equation
I 0 3/2
S (] Al
() (A1)

which can be directly deduced from the Stefan-Boltzmann law.



Appendix B

S1 diffusion 1in a W filament

The exposed diffusion model stands for the initial stage of Si atoms dissolution in
the W filament during a deposition process using silane as precursor gas. Let us
call ¢y the concentration of Si atoms at the filament surface for which the chemical
equilibrium would be reached if there was not any precipitation of silicides. If we
consider the Si-W system to be an ideal solid solution, Raoult’s law states that in
the chemical equilibrium, the Si vapour pressure of the solution must equal the Si

gas pressure of the environment pg; = &gim,Psin,- Then,

Esim,DsiH, = DPgiCo 5 (B.1)

where pg;p, is the silane gas partial pressure (2 Pa in our experiments), {g;p, is the
dissociation probability of silane molecules and p¥%; is the vapour pressure of Si at
T = Tpy. At temperatures in the range of Ty ~1850°C, p§; ~1 Pa [62]| and &g,
takes a value around 0.4 [64]. Introducing these values in Eq. one finds that, in
any case, ¢g is much larger than the solubility limit of Si in W (¢ > ¢i). Given
that, the flux of Si atoms diffusing into the W filament, J&!, can be considered to

be practically constant:

Jo ~ ac (B.2)

where « is a constant of proportionality. The diffusion equation of the problem
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reads

% — DV2%(r,t) =0, (B.3)

where ¢(r,t) is the Si concentration and D is the diffusion coefficient of Si in W.
The solution of this equation applied to the case of a cylinder of radius rq, under
the boundary condition J&! ~ acq and with the initial condition ¢(r,t = 0)= 0 Vr,
can be found in [65] (section 5.3.5) and takes the form

_acro ) 2Dt ot 1 > ot o (6”%>
c(r,t) = D {r—g—i-Q—rg—Z—;exp (—Dﬁn%) ~m . (B.4)

where Jj is the Bessel function of the first kind and 3, are the roots of 7 (rof,)=0.
According to [58], the diffusion coefficient of Si in W is in the range of D=107"1-
107" ¢m?/s. In most practical situations, we may then apply the limit Dt < r?

which gives

(B.5)

where
ierfe(x) = %e‘wz —xerfe(x)
i2er fe(x) = i(erfdx) — 2z ierfe(x)),
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and
erfe(z) = 1—erf(z)
erf(x) = % /Ow e ds

where er f(z) is the error function. For r=rq, one obtains

dhﬂZ%?{§?0ﬂ+§ﬂm (B.6)

We can now impose in Eq. that the Si concentration at the filament surface

reaches the solubility limit ¢, at t = tg, c(ro,t = to)=Cim- Then, we get

Dt Dt imD
0 4oy =20 _ Gim= g, (B.7)
279 T acy

and with some algebra one finds

2
27“% )\1

to=—091/1+——1 B.8

0 WD{ +r0 ’ ( )

where

A1 = 1D/ acy (B.9)

is a characteristic length scale of the problem. If we now apply the limit ry > \;
in Eq. we finally see that

2
B Clim DT

ty = (B.10)

2,2
a’c

The limit ro > Ay holds in most practical situations. One can estimate the value
of A;: Mixing Eqgs. and one gets
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Dt Dt
A =T (—0+2\/—°> : (B.11)
279 T

and taking D ~107" cm?/s and the experimental values of t; ~60 min with
ro=62.5 pm (this work) or t; ~180 min [51] with =250 um (under different

deposition conditions and probably using tungsten filaments from another provider

than ours) one can estimate A; to be in the range of few microns in both cases.



Appendix C

Electric model of a silicidated

filament

According to the proposed electric model of a silicidated filament, three different
zones can be distinguished. Let us discuss the case regarding the first two stages
of the filament central portion silicidation process (Si atoms dissolution in W and
W;Si3 precipitation). Then, the contribution of zone III to Ry; will be given by
the parallel association of the remaining pure W filament core and the formed
Wi;Si3 outer corona. We must notice that the fraction of W atoms reacted into
W5Si3 is zero for t <ty (F Rw,si,(t < to) = 0). Fig depicts schematically the
three considered zones (I, IT and III) for a silicidated filament.

WSi

Figure C.1: Schematic view of the different resistances considered in a W filament
during its degradation process at t > .

The time dependence of the filament electric resistance Ry;(t) is given by

Rfil(t> =20+ 2R/]Ut + R}H (Lfil — QUt) , (Cl)
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where the first term 2C' is a constant introduced by the contribution of the two
transition zones II and the electric contact resistances, Ly; is the total filament
length and v is the expansion velocity of the WSi, fronts. R} and R};; are, respec-

tively, the electric resistance per unit length of zone I and zone III. On one hand,
R’ reads

R, = 24si (C.2)

2
ﬂ-rext,l

where pyg;, is the resistivity of the WSi, silicide phase and 7., 1 is the external
radius of a filament portion that is exclusively composed of WSiy (F Ry gi,—1).
On the other hand, R';; is given by the parallel association of the remaining pure
tungsten filament core and the outer corona formed by W;5Siz. In this case, the
fraction of W atoms that have reacted, F Ry, s;,, takes a value between 0 and 1.
Then, R}, reads

) (ﬂ(mmJu)z N T((Tewtrr1)? — (Tmt,lll)z))_l ’ (C.3)

111 —
Pw PWsSis

where py.gsi, and py are the resistivity of the WjSis silicide phase and of pure
W respectively, re 177 is the external radius of the portion of filament comprised
in zone III and 7y, ;7 is the inner radius at which the W;Si3/W interface is
located. Generally speaking, the external radius of a W filament which is gradually
converted into WSi, increases as a function of the fraction of W atoms that have

reacted into WSi,, F'Ryg;,, as follows

Tewt = ToN (Ywsi, — 1)F Rwsi, + 1, (C.4)

where 7( is the initial radius of the tungsten filament and vy g;, is the volumetric

ratio between the W Si, silicide phase and pure W which reads

M, W Siq PW

) C.5
MWPWSiw ( )

YW Siy, =
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where Myg;, and My, are the molar mass of the WSi, silicide phase and of pure
tungsten respectively. To evaluate vy.s;, a factor 1/5 must be introduced as 5
moles of initial pure W are needed to produce 1 mole of W5Si3. The volumetric

ratio yws;, takes the following values for each silicide phase:

YWsSis — 172
Ywsi, = 2.70.

Regarding zone III, the inner radius 7, ;7 at which the W5Si3/W interface is

located is given by
Tint,111 = To\/ 1 — F Rw;,siy - (C.6)

Given that in our experiments the electric current [ is fixed, the local dissipation
of power only depends on the local status of the silicidation process. For any point
x of the filament, we are able to evaluate the local temperature T' by finding the
solution of the equality between the local power (per unit length) dissipated by
Joule effect and the local radiated power (per unit length):

PR, = €,0277 0y s T* (C.7)

where R/, is the local electric resistance per unit length, e, is the local emissivity,
Text 18 the local external radius and o is the Stefan-Boltzmann constant. For
any point  wherein no silicides have yet precipitated, e, is that of pure W, ey .
Otherwise, the local emissivity will be that of the corresponding precipitated sili-
cide phase (ewsi, Or ew,si;). One may now evaluate, for any point located in
zone I or in zone III, the local temperature 7" as a function of FRyg;,. To do
s0, we must take into account that the emissivity and the resistivity of W, W5Si;
and WSi, are temperature dependant. The temperature dependences of ey and
pw are taken from [103] and [102] respectively. The temperature dependence of
ewsi, and ey, g, in the range of 7' >1750°C are obtained by extrapolation of the
data reported in [51] as values are only given for temperatures up to 1600°C and
1700°C respectively. Also, as there is only available data up to 1000°C and 1200°C
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for pwsi, and py.gi, respectively, the corresponding temperature dependences at
higher temperatures were obtained by extrapolation of the data reported by Nava
et al. [104] and Gelain et al. [105]:

pw(T) = aw +bwT + cywT?
pwssis(T) = awssis + bwssis T
pwsiy(T) = awsi, + bwsi, T

ew(T) = diy + by T + ¢y T?
ewssis (1) = a%/V5SZ'3 + b%/V5Si3T
ewsi(T) = aysi, + bys, T -

The values of the above coefficients, given in S.I. units ([a;] = Q-m, [b;] = Q-m/K,
[c;] = Q-m /K2, [a]= dimensionless, [0}] =1/K and [¢}] =1/K?), are: ay=2.74-1078,
byr—2.61-10710, ¢y —2.04-10"1, ayp, g1, —102.63-107%, byygs,—1.60-10710, aypgs, —-
23.40-107%, bysi,=1.15-1071°, al,,=-2.69-102, bl =1.82-10~%, ¢}, =-2.19-10~%,

51, =-4-81-1072, By, o =1.91-107%, alyg, =7.23-1072 and byg;,=1.60-10~%,

Once that the temperature of a filament portion has been calculated for a cer-
tain value of FRyg;, (see Fig. [2.14] the evaluation of R/ is straightforward (see
Fig2.15). According to our calculations, R} takes a constant value Ryyg;, =57+ 3
2/m as zone [ is considered a region wherein F Ry g;,=1 is fixed. Regarding the
portion of filament comprised in zone III, R};; takes a constant value Ry, =52+3
Q/m for t <ty as F Ry,si,(t < to)—0. The values of Ryyg;, and Ry, are obtained
from the data points plotted in Fig. [2.15] We must now evaluate the time de-
pendence of R}, for t > to. As a first approximation, we will assume that R},
follows a linear dependence with F Ry g;, (see red line in Fig. like

11 = A1+ B FRwgsig (C.8)

and that, for ¢ > t,, the dependence of F'Ryy,g;, with time is also linear

FRW5S’£3 (t > t()) = AQ + By -t. (Cg)
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In consequence,

/III(t>t0) =A+B-t, (C.10)

where A=A, + B1A; and B=B;B,. From the linear fittings of the experimen-
tal data of R}, (FRw,si,) and FRy,si,(t > to) one obtains: A;=45+ 2 /m,
B1=20+ 1 Q/m, Ay=0.025+ 0.025, B,=0.009+ 0.002 min~!, A=454+2 Q/m and
B=0.19+£0.05 2/m-min. Since we know that the experimental value of v is (4.040.3)
-107* m/min, we may now evaluate the time derivative of Ry;(t) for t < to which
reads

dRyy
dt

(t <to) = 2v(Ryg, — Rw) , (C.11)

and takes a value dRy;/dt(t < t))=0.005+0.005 2/min. Finally, the time deriva-
tive of Ry;(t)for t < t, reads

dRjq
t
dt (

> to) = 2R{/‘/SZ’2U — 2Av + Bszl , (C12)

and takes a value dRy;/dt(t > t7)=0.065£0.020 Q/min. Although the considered
linear dependences may constitute a rough approximation, we consider that the
errors committed are tolerable. In fact, the quadratic terms are only relevant for

large times, that is to say for values of F Ry, s;, pretty close to unity.






Appendix D

Temperature of the filament cold

end

In a real situation, the filament needs two electrical contacts to be supplied with
current. In these two points, the filament is also in thermal contact with the
system. The electrical contacts usually are at a temperature Ty much lower than
Ty;. Hence, heat conduction losses in these regions must be taken into account.
Fourier’s law states that the heat flux ¢ from the filament to the thermal contact

is given by

§=—koVT, (D.1)

where k,, is the thermal conductivity of tungsten. In steady state conditions, the
continuity equation states that for an infinitesimal unit length dz, the divergence
of the energy flow equals the dissipated power (per unit length) by Joule effect,

P;, minus the irradiation power losses P

Afilﬁ'iz P;—Pr, (D.2)

which, for a one dimensional problem, can also be read as

Apu(l ¢(z) — q(z — dx) [) = (Py — Pr)dz, (D.3)
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where Ay = 7rd is the filament cross section area, being rq the filament radius.
Then, it follows the diffusion equation

d*T

S =aT@) el ol -, (D4)

with

c1 = 2e,0/(kyro)

co = I*a/(ky,m®r))
cs = IPb/(kyrry)
ci = IPc/(kymry),

where [ is the electric current, e, and k, are, respectively, the emissivity and
thermal conductivity of pure tungsten, ry is the tungsten filament radius and
a, b and ¢ are, respectively, the quadratic, linear and constant coefficients of the
second order dependence of tungsten resistivity with temperature [102]. The above
expressions for the coefficients ¢, ¢9, ¢35 and ¢4 of Eq. are only valid for z > L..
For 0 < z < L., the filament is covered by the ceramic thin tube and these
coefficients must be recalculated. The ceramic thin tube surrounding the filament

has the undesirable effect of enlarging the radius of the radiating body (7. > 7o)

2

and also of increasing the thermal conductivity to k,rg + ke(r?,, —

r2) > kyrd. rin
and r,,; are, respectively, the internal and the external radius of the ceramic thin
tube, while k. is the thermal conductivity of Al,O3. The coefficients ¢y, cs, c3, and

¢y of Eq. for 0 < x < L. are then given by

G = 2ecgrout/ [k}wT(Q) + kc(r?)ut - T?n)}
o = I* a/ [kw 2 7’61 + ke Tg(rgut - Tfn)]
C3 = IQ b/ [kw 7T2 7“3‘ + kc 71'2 T(%(Tgut - rz2n):|

cy, = ]2 C/ [k?w 7T2 Té + kc 7T2 T(2]<Tz2mt - TZQTL)] ’
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where e, is now the emissivity of AlyO3. Furthermore, regarding the temperature
and heat flow functions, the following continuity conditions must be imposed at
=L,

T(Lc—) = T(Lc-i-) (D5)
hurd + kel — )] e Tt er). (D.6)

Let us now consider the effect of enclosing the thin ceramic tube in a hollow body
acting as a furnace. A percentage of the power radiated by the ceramic thin tube
will be reflected back from the inner furnace walls and partially reabsorbed by the
thin ceramic tube. Let us call P; the local power (per unit length) dissipated by
the tungsten filament and P; and P4 the irradiated and the absorbed local power
(per unit length) by the ceramic thin tube. Then, the necessary P; to heat the

ceramic thin tube at a particular temperature is

Py=P —Py. (D.7)

The absorbed local power P4 is a function of P, i.e. Pa(P;). Being R the
reflectance of the inner furnace walls, only a small part of the irradiated power
that is reflected back equivalent to e.R P; is absorbed by the ceramic thin tube.
The unabsorbed power, (1—e.) R P;, bounces back towards the furnace inner walls
and the process starts again. The total power absorbed by the ceramic thin tube

is obtained by summing the contributions of all multiple reflections

Py = e¢RP+e.R*(1—e.)Pr+e.R*(1—e)* Pr..

o0

= Y eR(L—e) ' P (D.8)

=1
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When the sum P;— Py is evaluated, it comes out that P; = (1-R)/[1-R(1—e.)] P;.

This corresponds to renormalising the ceramic thin tube emissivity as follows

(D.9)

If the furnace is fabricated with the same material as the ceramic thin tube, then
R =1 —e.. The partial solutions of Eq. for 0 <x < L.and x > L., have
been numerically computed and glued at the point x = L.. The results for different

filament diameters and dimensions of the corresponding thin ceramic tube cover
are plotted in Fig. 3.3



Appendix E

Estimation of J, using the images

method

We consider a filament net composed of N identical, equidistant and parallel finite
filaments (N=30 and dy_; = 1.25d;_y). The general solution of the total radicals
flux (see section [4.3.2)), which reads

J@ =3 (-1 (f+m @+ 2A4f)m) , (E.1)

mez3

has been solved using a finite set of images (1 € {—Q, ..., Q}°) and fixing \4,=0 to
obtain the value of J,(Q) as a function of Q. @ sets the limits of the set of integer
numbers Z that determines the number of images considered in the calculations.
Fig. shows how the solution of J.(Q)) at the central point of the substrate,
7.=(0,0,ds_s), oscillates (continuous line in Fig. around the asymptotic value
limg—eod-(Q).

The asymptotic value of J,(Q) can be estimated averaging the values of the two
envelopes of J.(Q) (dashed lines). The deviations of these average values (open
triangles in Fig. are less than 0.1%. Hence, the infinite summation of Eq.
can be estimated using a relatively small finite number of images. It can be seen
from Fig. that the asymptotic value of J,(Q) at the centre of the substrate
is, with great accuracy, limg_,oo/,(Q) ~ I'/2d;_;. This means that the radicals

flux at the central point of the substrate practically behaves as if the considered
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Figure E.1: Radicals flux J,(Q) as a function of ), at the central point of the
substrate, calculated from the solution of Eq. for ;=0 and normalized to the
infinite area limit I'/2d;_;. The considered filament net is formed by 30 filaments
with d;_s = 1.25d;_. The continuous line gives the oscillating solution of J,(Q).
The dashed lines connecting the crosses show the two envelopes of J,(Q). Open
triangles represent the average values of the two envelopes.

filament net was indeed infinite.



Appendix F

SiH, and Hy partial pressures in
pe-Si:H deposition

In the deposition process of uc-Si:H films with HWCVD, the reactor is supplied
with a mixture of SiH4 and Hy as precursor gases. The SiH; and Hy molecules
are catalytically decomposed into primary radicals (Si and H) by the catalytic
filaments according to the following reactions

§siHy EHy

SiHy =% Si+4H  and  H, —32H (F.1)

where £g;py, and £y, are the dissociation probabilities of SiH, and H, respectively.
The primary radical flows ®g;p, and ®p, generated at the filaments surface are

proportional to the residual partial pressures pg;y, and py, and read

by, = Aca ‘ j:% |: 5SiH4 " PSiHy (FZ)
Sy = Acat| Ji \=4Bsin, - Psity, + 28w, - P, (F.3)

where J_:S’z and fH are the corresponding radical fluxes, A,y = N27mroLy; is the

total catalytic area of the filament net and
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Acat DSiH4 Acat DHQ

Bsit, = f&mw and B, = Em, T (F.4)

are two proportionality coefficients which depend on the dissociation probabili-
ties Esim,, Em, and on the collision rate, A.v/4kT, of the silane and hydrogen
molecules with the filaments net. The parameters vg;, and vy, refer to the mean
thermal velocities of the silane and hydrogen molecules, T' is the gas mixture tem-
perature and £ is the Boltzmann’s constant. We saw in section that the most
relevant secondary reaction for the growth of high quality a-Si:H [63] and epitaxial
Si [71] is the reaction between Si and SiHy, responsible for the generation of SigHy
radicals (Eq. . It is presumable that SioH, radicals will also play an important
role in the case of uc-Si:H deposition. Furthermore, given that large amounts of H
radicals are generated during pc-Si:H deposition, the secondary reaction between
H and SiH, (Eq. which generates SiHj3 radicals, is expected to play an impor-
tant role. On the other hand, hydrogenated silicon can be etched by the action of

atomic hydrogen like, for instance, in the following reaction

H + Si— SiH; — SiHy+ Si . (F.5)

This kind of etching reactions may also have a considerable influence in the film
growth. Even though the role of SiH; in the growth mechanism of uc-Si:H in
HWCVD is not clear, its influence could be similar as that in the context of
PECVD deposition [68,106]. Let us now introduce two dimensionless coefficients:
«g; expresses in a phenomenological manner the average number of Si atoms per
silane molecule that are deposited as a consequence of the primary reaction (Eq.
and the secondary reactions, like Eq. wherein Si radicals participate.
Likewise, oy does the same for the secondary reactions, like Eq. and the
etching reactions, like Eq. wherein H radicals participate. We can now write
the flow of Si atoms contributing to the growth of the film, CDgeip, in the following

manner

(I)gi»p = 2a5iq)3i -+ OéH(I)H y (F6)
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where the coefficients ag; and ay depend on the geometry of the system, the
substrate temperature 7, and the residual partial pressure pg;m,. However, if
the system scales according to the set of Eqs. [4.8] they will only depend on the
constant value of the product p-ds_, and Ty, that is to say ag;(k, T) and ay(k, T}).
Since the quantity of hydrogen incorporated into the deposited film is negligible
in comparison with the amount of H generated during the deposition process, it is
a good approximation to consider that for each Si atom deposited, the equivalent
of two hydrogen molecules are evacuated through the pumping system. Thus, the
out

evacuated silane ®7; and hydrogen ®%* flows are related to the incoming flows

®gip, and Py, as follows

Ut = Dy, — PLF (F.7)

DUl = Oy, +2- DL
On the other hand, ®¢%; and ®%! can alternatively be written as

%y, = Csiny - Psin (F.9)
o5 = Cu, - pu, (F.10)

where Cg;py, and Cp, are, respectively, the conductance of the pumping evacuation
system for silane and hydrogen. The relation between the incoming flows and the
residual partial pressures is deduced from the equalities between Eqs. and
After some algebra, one finds

Cy, - — P
Ho Do ) g [ ) (F.11)
Csity - PsiHy Dgim,

with
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_ 1 1 iHy)2Qs;
T (1 + asimy ) 20sim, 7 (F.12)
1 —-2ap, + asin, —a, (1 — am,)

and

Bsim, (20si + dagr)
Csim,

QgiH, = and g, = (F13)
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L S P W /W;5Si3 interface radius at zone 111



168 List of Symbols

i+ v e e e e e e e e e e e e e e Ceramic cover inner radius
T UL « + v o n e v e e e e e e Ceramic cover external radius
S Domain of definition
A Photosensitivity
SO Silane concentration
e Temperature
il e Filament temperature
PP Substrate temperature
7 Accumulated deposition time
172 T O PP Time delay
U e e Silicide fronts propagation velocity
g Uy 2 e e e e e e Cartesian coordinates
7S O Position vector
e Set of integer numbers

o - AN Phenomenological coefficients of Si deposition
B e e e e e Roots of J,
£/ Energy conversion efficiency
PP Volumetric ratio between W and compound i

A Dissociation rate of silane in the cavity axis
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L Rate of chemical reaction between species j and |
AL 2,8+ e e e Characteristic length scale
P Mean free path
LGSET * o et e et e e e e e e Laser wavelength
pe—St:H. oo oo Microcrystalline hydrogenated silicon
e e e Mean thermal speed of chemical specie i
Eles v ovee e Desorption probability of Si at the filaments surface
S Catalytic dissociation probability of chemical specie i
PP Resistivity of compound i
O et Radicals generation rate at the filament surface
O e e Stefan-Boltzmann constant
o7 S PP Electric dark conductivity
TPl « e e e e e e Electric photo-conductivity
DS v et e e e e e e e e Sticking coefficient of radicals
P O AP Raman crystallinity factor
Radicals generation rate at the filament surface per unit length
D o Flow of chemical specie i

ko Constant parameter in the scaling law for R,

Note 1: Upper indices have been frequently used to specify the direction or
kind of fluxes Jj and flows ®,.






List of Acronyms

EDX . Energy Dispersive X-ray spectroscopy
FTIR ... Fourier Transform InfraRed spectroscopy
HWCVD.....oo Hot Wire Chemical Vapour Deposition
NHSMS . o Narrow High Stretching Modes
PECVD ...... ...l Plasma Enhanced Chemical Vapour Deposition
SEM Scanning Electron Microscopy

S () vttt e Stretching Mode(s)
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