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Abstract
In ongoing research on the growth mechanism of hydrogenated amorphous and
microcrystalline silicon thin films deposited by silane plasmas some new
aspects, in particular issues regarding radical-surface interactions, have been
addressed in three related projects. Firstly, the absolute gas phase densities of
the Si, SiH, and SiH3 radicals have been obtained using the highly sensitive
cavity ring down spectroscopy (CRDS) technique. For expanding thermal plasma
conditions leading to hydrogenated amorphous silicon it has been shown that
SiH3 is the main growth precursor, while the contribution of Si and SiH to film
growth is negligible. Going towards microcrystalline growth conditions SiH3
remains the dominant species, however the contribution of Si and SiH to film
growth becomes significant. This trend can fully be explained by the H
abstraction process of SiH4 by H, which is the main production pathway of SiHx
radicals in the expanding thermal plasma. The available SiH4 density is the
limiting factor in this process. Furthermore, the dynamic behaviour of the
radicals Si and SiH3 have been stuclied in close proximity to the surface by
means of the newly implemented technique time resolved CRDS (1:-CRDS). In
addition to the normal operating conditions of the expanding thermal plasma,
the Si and SiH3 densities have been modulated by an radio frequency power
pulse applied to the substrate. The loss processes, such as gas phase loss by
reactions and diffusion loss due to deposition on the substrate surface, have
been studied. The 1:-CRDS technique has proven to be a sensitive technique to
determine the typical loss time constants of radicals. SiH 3 is only lost by
diffusion to and deposition on the wall, whereas Si is predominantly lost in the
gas phase by reactions of Si with SiH4 • From the typical loss times, a (lower
limit) Si-SiH4 reaction rate has been determined to be kr =2. 7 ·10-16 m 3 s- 1 and a
first estimate of the surface loss probabilities has been obtained to be 13siHa = 0.41
± 0.07 and 13si = 0.7-1. Finally, a microwave plasma souree has been
characterized to obtain design parameters of a radical souree for implementation
in a ultra high vacuum setup, which will be used for future growth mechanism
studies. The microwave plasma souree can be used to deposit reasonable quality
a-Si:H thin films and can therefore be implemented in the new UHV setup for
growth mechanism studies.
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Chapter 1

General Introduetion
1.1. Technology Assessment
Plasma enhanced chemical vapour deposition (PECVD) is a widely
applied technique for the production of thin film materials. The difference
between PECVD and standard chemical vapour deposition is the gas phase
activation of molecules into reactive species. These reactive species contribute to
the deposition process and the gas phase activation makes the deposition
process more efficient, better controllable and also possible at relatively low
substrate temperatures. Hydrogenated amorphous silicon (a-Si:H) and
microcrystalline silicon (!lc-Si:H), bath candidates for next generation flexible
solar cells, are examples of PECVD produced thin film materials. Hydrogenated
amorphous silicon is a semiconducting material consisting of silicon and
hydragen in an amorphous matrix, whereas hydrogenated microcrystalline
silicon (!lc-Si:H) contains fractions of crystallites in the amorphous matrix.
Other applications of hydrogenated silicon materials are for example thin film
transistors (TFTs), detectors and light emitting diodes (LEDs).
The diversity of applications with specific materials properties has lead to
numerous studies in order to understand the growth process of hydrogenated
silicon from SiH4 plasmas. In order to he able to imprave and optimise the
materials properties detailed analysis of the plasma reactions, plasma
composition, the contribution of plasma species to growth and materials
properties is required. At the University of Technology in Eindhoven (Applied
Physics Department, Equilibrium and Transport in Plasmas research group) an
expanding thermal plasma (ETP), which can he used as a remote PECVD
technique, is used to study the a-Si:H materials properties, the influence and
contribution ofvarious reactive species to the deposition process.
In previous studies 1 '2 '3 ' 4 ' 5 the emphasis of research has been on the plasma
creation, the materials characterisation and optimisation. The expanding
thermal plasma has proven the ability of depositing solar grade quality a-Si:H
(!lc-Si:H) materials at high growth rates of typically 10 nm/s, which makes the
expanding thermal plasma technique a promising candidate for industrial
application in large scale, roll-to-roll production processes of e.g. solar cells. In
this study aspects of transport of reactive species to the surface and the
interaction of the reactive species with the surface have been done to gain more
insight in the growth process. In particular the influence and contribution of the
various reactive species have been studied. Their densities and dynamic
behaviour, such as transport to the surface by diffusion, surface reactivity and
gas phase reactivity, have been stuclied by a newly developed diagnostics: time
4

resolved cavity ring down spectroscopy ('t-CRDS). For future studies of the
growth process on an atomistic level an ultra high vacuum setup has been
designed and is being built. An alternative deposition souree has been explored
for application in the new UHV setup. Surface reactivity is an important
parameter to determine the contribution of reactive species to the a-Si:H film
growth. However a first step in determining the contribution to growth is the
gas phase density of reactive species. Therefore, a case study has been done on
the absolute densities of reactive species in the gas phase in the transition of aSi:H to f.!c-Si:H film deposition.

1.2. Aspects of the growth mechanism
Previous studies6 indicate that the growth rate of a-Si:H or f..lC-Si:H thin
films is mainly determined by the total growth flux of mono silicon radicals:
SiH3 , SiH2 , SiH and Si (SiHx, x=0,1,2,3). Radicals are very reactive to not only
surfaces, but also gas phase particles (H, H 2 , SiH4 ) due to the preserree of
dangling honds. At the interface of the surface the surface dangling honds serve
as growth sites for the radicals. In Fig. 1.1. the (kinetic) growth model7 is
illustrated by a few possible radical-surface interactions of SiH 3 , which is
believed to by the dominant growth precursor.

reflectlon

r=7·f3

V
Fig. 1.1. The growth model described by mechanisms ofradical-surface interaction.

The surface can he seen as almost completely passivated by hydrogen and a low
percentage of surface dangling honds. Radicals can contribute to the growth by
sticking at a surface dangling bond. Furthermore the radical can contribute to
growth by creating growth sites for other radicals e.g. by atomie hydrogen (H)
abstraction from the surface. In this process the radical recombines often to a
gaseous, non-reactive species. The contribution to growth of a radical is
expressed by its density n, thermal velocity V 1h• ' the (macroscopie) sticking
probability s and surface loss probability [3 (= y + s, with y the recombination
probability)3 :
.b .
h
nvth
s
1
contn utwn to growt =
e
I
<Ll)
.
4 (1-~ 2) RgpSi
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in which Rgis the growth rate and Ps; is the density ofthe film.
Otherwise, the radical leaves the surface again thus reilects at the interface
(reilection probability (r=l-~). On reileetion the radical can remain available for
growth contribution upon return to the surface after consecutive wall reilections
of the deposition chamber.
The growth of films can he almast fully understood and described by using these
mechanisms. But still some interesting issues can nat he explained merely by
the sticking, reileetion and recombination of radicals. For example, the observed
surface density of dangling honds can nat he matched to the observed growth
rates. Furthermore, how the dominant growth contribution of SiH 3 (75 at.% H)
can he matched to the relatively low H content in the film (-10 at.% H), is still a
fascinating problem. This has lead to the proposal of additional radical surface
interactions. One of the additionally proposed interaction mechanisms is a
process in which the radical diffuses over the surface. If a radical does nat
immediately find a surface dangling bond on incidence at the surface, the radical
diffuses over the surface in a weakly-bonded (e.g. physisorbed) state. Surface
diffusion of weakly absorbed radicals might explain the observed growth rates
and the low surface dangling bond densities. Until today no experimental proof
exists of the preserree of the physisorbed state.
In order to gain insight in radical-surface interactions reactions, such as surface
diffusion, studies on an atomistic level will he required. N evertheless, to gain
some insight in the growth process a first step is to determine the contribution
to growth of the various radicals. The contribution to growth can he determined
in studies of the absolute densities of the radicals and their surface reactivity
(~,s).

1.3. From ETP to UHV studies
Up to now the studies in the group Equilibrium and Transport in
Plasmas devoted to nat only the characterisation and optimisation of the a-Si:H
film properties by varying the expanding thermal plasma (ETP, Fig.1.2.)
settings but also to gain understanding of the growth process. From previous
studies6 the SiH3 radical is known to he the main growth precursor in the ETP
deposited a-Si:H thin films. This has been partially affirmed by studies of
radicals such as Si and SiH8 • The contribution to growth of the various radicals
can he abtairred from their dynamic behaviour, such as diffusion to the reactor
walls, where deposition takes place, surface reactivity and gas phase reactivity.
Studies that address these issues have nat yet been extensively employed.
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Fig. 1.2. The expanding thermal plasma setup consistsof a high-pressure plasma souree
and a low-pressure deposition chamber. The plasma souree is a cascaded are operating
at high flows of non-depositing gases, such as Ar or Ar-H 2 mixture, leading to souree
pressures of typically 0.2-0.6 bar. The discharge is ignited by three cathodes and is
current controlled by a de power supply. The dissipated power is typically 2-5 kW/m 3 •
The plasma in the are is thermal, since electron density is -10 22 m- 3 and the electron and
heavy partiele temperature are -1 eV. Through a nozzle the plasma supersonically
expands into the low-pressure deposition chamber, where the pressure is typically 0.10.6 mbar. At a few centimeters a stationary shock occurs after which the plasma
expands subsonically. The electron temperature is then reduced to 0.1-0.3 eV, whereas
the electron density is reduced to 10 17-10 19 m -3 • At 5 cm the deposition precursor gas is
injected into to the plasma via an injection ring. Ionisation and dissociation of the
precursor gas takes place by the reactive species emanating from the cascade are and,
consequently, reactive species for deposition are created. A load loek enables to switch
substrates during experiments. A valve between low-pressure chamber and the pumping
system enables the pressure control in the deposition chamber. An additional substrate
bias voltage can be applied to the substrate by a radio frequency power supply.

Furthermore the ETP deposition setup is limited for the radical-surface
interactions studies at an atomistic level. This is caused by the high growth rate,
the braad diversity of plasma species and high densities of plasma species. Welldefined studies of single radicals and their interaction with the surface at an
atomistic level will be desired to obtain more detailed information regarding the
growth process. AB a first step towards well-defined studies a new ultra high
vacuum setup has been designed and the first step of the construction has
recently been completed (Fig.1.3). The design has beenbasedon the demands,
that:
• various types of plasma sources, preferably mono-radical sources, can be
attached toanultra high vacuum (UHV) environment
• sufficient optical access possibilities are available to apply various highly
sensitive surface and near-surface diagnostics.
Mono-radical sourees would enable to perfarm dedicated, well-defined studies of
the radical-surface interaction. The knowledge obtained on specific radicals can
be used as input information on (general) growth mechanisms. Also the
synergism between surface and multiple radicals will be subject of research. An
example is the dangling bond creation via the atomie hydragen abstraction from
7

the surface by H and SiH3 in contrast to solely by SiH3 • A purchased thermal
hydrogen source9' 10 ' 11 will be used for such purposes. Furthermore, the research
carried out with the new setup will be aimed at the identification of weaklyabsorbed radicals on the surface, over which a dispute exists in the literature.
To be able to detect this radical in specific and low-density radicals in general
the available diagnostic tools (infrared spectroscopy, ('t-) CRDS, spectroscopie
ellipsometry) have to be improved and new diagnostics tools have to be
implemented to achieve the necessary sensitivity and resolution. But before
these studies can be started the development of a mono radical souree for SiH3 is
required. The SiH3 radical is at this point the most interesting radical to study,
because not only growth but also film quality has been previously related to the
chemical nature of the SiH3 radical.

sourees
(2 of4)

topview cross section
Fig. 1.3. The new ultra high vacuum setup consists of two separate chambers. The
chambers are separated from each other by a flange in which the substrate can be
positioned. The UHV setup has been designed to enable the use of several plasma and
mono radical sourees and to provide full access to the substrate for (spectroscopie)
diagnostics.

1.4. Motivation and outline of this study
As mentioned before, a lot of insight in the plasma chemistry and growth
mechanism of hydrogenated silicon films has been gained prior to this study.
The general objective, in this study, is to verify and refine the study of the
growth mechanism, in particular the plasma radical-surface interactions.
Throughout the whole study a highly sensitive in situ absorption technique
cavity ring down spectroscopy (CRDS) has been used. CRDS has been used to
investigate the plasma chemistry and the dynamic behaviour of SiHx (x=0,1,3)
radicals. A combination of the plasma chemistry and the dynamic behaviour can
be used to verify and refine aspects of the growth mechanism and the radicalsurface interactions.
A review of the CRDS technique as well as the experimental details will be
given in Chapter 2. The CRDS technique is basedon the intensity loss rate of a
light pulse confined in an optical cavity that is constituted of highly reflective
mirrors. At certain wavelengths of the light the intensity loss rate depends on
8

the density of light absorbing species, such as radicals, present ins i de the op ti cal
cavity. Furthermore, an overview of the spectroscopie information regarding the
Si, SiH and SiH3 radicals, required for the interpretation of CRDS
measurements will be given.
This study consists of 3 projects closely related to the general objective. The first
project (Chapter 3) consists of the exploration of a microwave plasma deposition
source, which will be a tooi in future radical-surface interaction studies.
Operating conditions, plasma parameters, growth rate and composition of the
deposited hydrogenated amorphous silicon film will be stuclied by various in situ
and ex situ diagnostics. The obtained information can be used to design a souree
that is suited fortheuse in the new UHV setup. The new UHV setup has been
constructed within the time frame of this project. Here, the CRDS technique will
be used to determine the absolute densities of the Si and SiH3 radicals produced
by the source. The plasma chemistry involved in the production of these radicals
will be addressed. Moreover, the absolute densities of Si and SiH3 will indicate
whether the microwave plasma souree is a candidate for the future development
of a (mono) radical souree for SiH3 • The main interest in SiH3 has foliowed from
previous studies, which have been mentioned before, and will be verified by the
results of the two other projects.
The study of the absolute densities of the Si, SiH and SiH3 radicals under
various ETP plasma settings has been extended in the second project (Chapter
4). In particular, the ETP conditions in which the transition from a-Si:H to f.!CSi:H occurs. By means of the CRDS technique the radical densities will be
determined as a function of the precursor gas (SiH) flow to gain insight on the
plasma chemistry involved in the radical production mechanism and the relative
contribution of the individual radicals to growth. The absolute radical densities
in the transition from a-Si:H to f.!C-Si:H will be discussed on the basis of the
precursor gas dissociation process by the ETP.
To refine the growth mechanism the dynamic behaviour of the Si and SiH3
radicals have been stuclied in the third project (Chapter 5). The newly
implemented time resolved CRDS ('t-CRDS) technique will be used to gain
insight in the loss processes of the radicals Si and SiH3 • The radical densities
during ETP deposition conditions are modulated by a short rf (radio frequency)
power pulse. The loss of the additionally produced radical densities can be
stuclied in the afterglow of the rf power pulse. It will be shown that the loss of
the additional radical density can be described as a single exponential decay.
The typical loss rate depends on the loss processes involved, such as reactions in
the gas phase reactions and diffusion to the reactor walls, where the radicalsurface interactions take place. The typical loss rates for Si and SiH3 will be
discussed and related to the possible loss processes.
Finally, some general conclusions ofthis work will be presented in Chapter 5.
The subjects in this report have been briefly mentioned and an overview IS
depicted in Fig. 1.3 to review the outline ofthis report.
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Interaction

dynamic processes
of
Sl.SiH3

Fig. 1.3. A review of the outline of this report. The 3 projects together contribute to
achieve the same goal, which is the study of radical-surface interactions in order to gain
more insight in the growth mechanism.
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Chapter 2

Cavity Ring Down Spectroscopy
A review of the cavity ring down technique will he given in this chapter.
The CRDS principle will he addressed in Sec. 2.1. Furthermore, the basic
experimental details for radical density measurements will he described (Sec.
2.2.) as wellas some aspects ofthe spectroscopy of SiH3 , Si and SiH (Sec. 2.3.).

2.1. CRDS principle
O'Keefe and Deacon12 developed a new technique to perform op tical
absorption measurements in 1988: cavity ring down spectroscopy (CRDS).
Unlike conventional absorption techniques, which measure the magnitude of
absorption, with CRDS the rate of absorption is measured. Therefore, a
measurement is independent of the pulse-to-pulse variation of the light source,
thus, independent ofthe intensity ofthe light.
Consider an optical cavity for light of length d constituted of two highly
reflecting mirrors (reflectivity R -> 99 %) as shown in Fig. 2.1. A pulse oflight is
fed into the cavity on one side. The pulse will fill up the cavity during multipassing. Because the mirrors are not 100 % reflecting the light signal is
transmitted through the mirrors. The decaying light signal can he monitored on
the opposite side.

Fig. 2.1. The principle ofthe cavity ring down spectroscopy.
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This signal decays exponentially in time with a characteristic 1 Ie time
'cavity ring down time', which is given by Eq. (2.1) 13 :
't

djc

= .,....---'---....,.

1:,

the

(2.1)

Jln(R)I

in which dis the distance between the mirrors, c is the speed of light and R is
the reflectivity of the mirrors. When an absorbing medium is present between
the mirrors, the cavity ring down time is reduced by the amount of absorption A
per pass 13 :

djc
-rA = Jln(R)J +A

(2 .2)

Thus, by measuring the cavity ring down time with and without absorbing
medium, the absolute absorption per pass caused by the absorbing medium can
he determined from Eqs. (2.1) and (2.2):

A

= d (__!__C

'tA

!J

(2.3)

't

The smallest measurable absorption is determined by the reflectivity of the
mirrors and the accuracy in 1: and ó't, i.e. the accuracy of the data acquisition
(Sec. 2.2). The smallest measurable absorption is, in first order, given by13 :

Amm

~ (1- R)( ~<)

(2.4)

In practise the density of the absorbing species needs to he obtained which is
related to the absorption per pass. At certain wavelengtbs in the UV and visible
range of the spectrum radicals, such as Si, SiH and SiH3 , have resonant
electronic transitions (Sec. 2.3.) with corresponding wavelength dependent
absorption cross section of the electronic transition. On resonance with the
electronic transition at wavelength À the absorption is given by:
A J.. = crÀn l
(2.5)
in which l is the effective path length along which a homogeneous distributed
density n causes absorption of light. The effective path length l has been
estimated in previous studies 14 • In this case the density n can he computed by
Eq. 2.5.

2.2. Cavity ring down spectroscopy setup
The CRDS setup consists of three basic elements: the laser system to
generate light pulses, the optica! cavity mounted on the expanding thermal
plasma deposition setup and the data acquisition system to measure and process
the resulting signal coming from the optica! cavity (Fig 2.2). A Nd:YAG laser
(Spectra-Physics/Quanta ray DCR 11) produces pulses of laser light with a
wavelength of 1064 nm at a repetition rate of 10 Hz. A KDP (Potassium diHydrogen Phosphate) crystal doubles the frequency of the laser light and a
second one mixes the resulting 532 nm with the original 1064 nm. The sum
frequency generated wavelength 355 nm is separated by two dichroic mirrors
from the other two wavelengths. The resulting pulse energy is -100 mJ per
pulse.

12
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Nd:YAG

laser
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Fig. 2.2. The CRDS setup at the expanding thermal plasma deposition setup. A Dye
Laser is pumped at 10Hz by a Nd:YAG laser to produce pulses of light that are fed to
the optical cavity. The cavity consists of two highly reflecting mirrors. The distance in
between the mirrors is 1.082 m. On the upper side the light signal is monitored by a
PMT. In between the upper mirror and the PMT the band pass filter reduces
background light. Via a transimpedance amplifier the signal is recorded by the
TU/eDACS transient recorder. Further data handling is done by a personal computer
provided with LabVIEW code.
The 355 nm laser pulses are used to pump a tuneable dye laser (Spectra
Physics/Sirah Precisionscan-D).
For the SiR radical measurements the dye laser has been operated with a
Exalite 411 dye solution (-0.14 grams per litre dioxane in oscillator dye cell,
-0.05 grams per litre dioxane in amplifier dye cell), which is capable of
producing laser light in a wavelength region of 405 nm to 414 nm with a laser
line width of -3 pm. The output energy is -10 mJ per pulse.
For the SiH3 and Si radical measurements the dye laser has been operated with
a Coumarin 500 dye solution (-0.4 grams per litre methanol in oscillator dye
cell, no amplifier dye cell used) and a BBO (~-BaB 2 04 ) crystal has been installed
to double the frequency generated by the dye laser. Then, both wavelengths are
separated with two Pellin-Broca prisms. The laser produces in this case laser
light in a wavelength region of 230 nm to 275 nm with a laser line width of -1.5
pm. The output energy is -10 J.1.I per pulse.
Via a number of prisms the laser light is transported to the highly reflecting
mirror 1, the entrance to the optica! cavity. The cavity ring down setup has been
13

aligned at 10 mm in front of the substrate for the radical density measurements
described in Chapter 4, at 36 mm for the radical density measurements
described in Chapter 4 and at 5 mm for the time resolved radical density
measurements in Chapter 5. The exponentially decaying light signal is
transmitted through highly reflecting mirror 2 at a distance of 1.082 m of the
first mirror, where the signal has been measured by a photomultiplier tube
(Hamamatsu R928) operatingat 400-600 V. A band pass filter shields the PMT
from plasma and background light. The ouput signal of the PMT is amplified by
a transimpedance amplifier to match the output range of the PMT to the input
range of the TU/eDACS data acquisition system. The newly installed TU/eDACS
system records single ring down transients as opposed to 'conventional' CRDS
setups, in which an oscilloscope is used to add up and average over a number of
cavity ring down transients. The TU/e Data Acquisition and Control System
consists of a 100 MHz, 12 bit AD converter (transient recorder) and a digital
processing unit, which enables the recording of and communication to the
personal computer of single cavity ring down transients. A personal computer
has been provided with LabVIEW (National Instruments) software code to
simultaneously position the dye laser at a certain wavelength and process the
single ring down transients, one by one. From each transient the cavity ring
down time is determined and by setting a certain number averaging the
accuracy of a measurement can be significantly improved.

2.3. Aspects of the spectroscopy of SiH3 , Si and

SiH
Some aspects of the spectroscopy of SiH3 , Si and SiH will be given here. For
more detailed information the reader is referred to Ref. 14 and the references in
that report.

2.3.1.

SiH3

Lightfoot et al. 15 have measured for the first time the SiH 3 A 2 A; f- X 2 A1
electronic transition (Fig 2.3) which has a broad band feature from 200-260 nm
with a peak at A=-215 nm. The absorption transition is a ground state (X) to
'first excited' state transition (A). On excitation of SiH 3 to this 'first excited' state
SiH3 is dissociated in SiH2 and H. Therefore, the 'first excited' state is called a
predissociative state. Due to the short lifetime of the predissociative state, the
individual speetral lines are broadened. The overlapping of the speetral lines
results in a braadband feature.

*

In this voltage range the output voltage ofthe PMT remains in the linear regime.
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Fig. 2.3. The SiH3 broadband absorption spectrum from 200 nm to 260 nm obtained from
comparison of experiments of Lightfoot et. al. and previous CRDS measurements 16 •

Lightfoot et al. estimated the cross section 0';1,, yielding crJ..=2.4.10-21 m 2 at 1.=215
nm (peak value). In all experiments described in this report SiH3 has been
measured at 1.=-250 nm. The crosssectionat 1.=250 nm is determined from the
ratio of relative absorption heights at 1.=250 nm and 1.=215 nm, depicted in Fig.
2.2, multiplied by cr'- at 1.=215 nm, yielding cr'-=7.2-10-22 m 2 • The density can he
computed by Eq.(2.5) taking the estimated effective path length l = 0.3 m 14 for
the ETP studies described in Chapters 3 and 4". The mirrors that have been
used in the experiments have a reflectivity R of 99.0 % ( r =350 ns). The
minimum absorption measurable is typically Amin= -1-10-5 per pass (fora typical
experiment in which 't is 64 times averaged), which corresponds to a density
n 8 iH3= -6-10 16 m· 3 (calculated for an effective path length l of 0.3 m).
Light loss in the cavity and therefore apparent absorption can he influenced by:
1. Scattering on and absorption by clusters
The possibility exists that in the gas phase clusters of Si atoms grow.
Scattering and absorption of light on these clusters might cause
additional cavity loss, which cannot he ascribed to SiH3 •
2. Photo detachment of negative ions
Negative ions can undergo photo detachment when the photon energy
exceeds the electron affinity EA of the neutral species created in the
process.
photon(hc >EA)+SiH; ---7e+SiHx

x= 3,2,1,0

(2.6)

À

EA for SiH3 , SiH2 , SiR and Si are 1.4 , 1.12 , 1.27 and 1.39, respectively.
Therefore this process might occur, since the photon energy of 250 nm
photons is -5 eV. Additional cavity loss might he ascribed to this process.
However, negative ions are needed for this process.
For the expanding thermal plasma studies 3 have been devoted to the
identification of additional cavity losses due to these processes. From
" For the microwave plasma souree study in Chapter 2 the estimated effective path
length l = 0.1 m. The estimation has been estimated on the basis of the results shown in
Fig.3.6.
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comparison of CRDS measurements with threshold ionisation mass
speetrometry (TIMS) has been concluded that bath processes are of no relevanee
during normal ETP operating conditions. One of the reasans why the 't-CRDS
experiment has been set up is to verify the presence of clusters in the ETP
during normal operating conditions (Chapter 5). By studying the dynamic
behaviour of gas phase particles the typical loss rates can be obtained. The
typical loss rate of SiH3 , which is very reactive, will be much faster than the
typical loss rate of clusters, which probably will be in the order of the residence
time in the vacuum system.

2.3.2.

Si

The Si (3p4s 8P 2 f-3p 2 3P) electronic transition from the ground state to
the first excited state at À =-250.69 nm is shown in the energy level diagram in
Fig. 2.4. A typical measurement of the transition, which has been used during
these experiments, is shown on the right.
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Fig.2.4. The energy level diagram of Si (left) and a typical measurement of the Si (3p4s
P 2 f-3p 2 3P) transition (right). The lines indicate possible transitions (left). The
experimental procedure of a typical measurement has been depicted (right). Also visible
is the SiH 3 broadband absorption.
3

The Si radical absorption shows a peak feature. The braadband absorption,
which is clearly visible in the wavelength scan, is caused by the SiH3 radical
absorption. Therefore, bath radicals can be measured simultaneously. By
scanning various wavelength regions with other electronic transitions (see Fig.
2.4, left) the Si radical has been identified from agreement between observed
peak positions and literature values. The Si density of the one specific state that
is probed in the experiments can be obtained from the peak area: the area
integrated absorption Aint" In this case the integrated cross section crint should be
used to computed the density (Eq.2.5), which follows from integration of cross
16
section cr"' over de peak wavelength region :

crint =

Jcr"'dÀ = BikhÀik

(2. 7)
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in which f...ik is the transition wavelength between level i and k, h is Planck's
constant and Bik is the Einstein absorption coefficient, which is 5.47-10.20 m 2/Js
for the Si (3p4s 3P 2 f-3p 2 3P) transition. The area-integrated cross-section has
been calculated, yielding 2.49·10.20 m 2 nm. To obtain the total Si density a
Boltzmann distribution has been assumed over the various energy levels:
n
gi exp(Ei I kBTsi)
--'- = =::--=--=-----=---=---==.::...ntotal
Lgk exp(Ek I kBT8 )
(2.8)
k

in which gi is the statistica! weight and Ei is the energy in respect to the lowest
energy level. T 8 i has been taken equal to the gas temperature, which is Tg=-1500
K In this case the relative population density of the prohe state is 0.3560.
Then, the total ground state density of Si can he calculated by dividing the
specific state density by its relative population density.
As mentioned before, forthese experiments the same experimental settings can
he used as for the SiH3 experiments. The minimum absorption measurable is
typically Amin= -1·10.5 per pass (64 times averaging), which corresponds to a
density n 8 i = -5·10 12 m· 3 •

2.3.3.

SiH

The electronic SiH (A 2il(v'=0)f--X!II(v''=O)) transition that has been used for the
SiH radical measurements is a transition between rotational states in the
vibrational ground states ( v'=v''=O) of the electronic ground state (X) and the
first excited state (A). In Fig. 2.5. a measurement of the SiH spectrum has been
shown in the wavelength region of 412.5 to 414.5 nm tagether with a LIFBASE
program17 simulation of the spectrum. From the measured peak positions and
the simulation the SiH has been identified.
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Fig. 2.5. Measurement and simulation of SiR spectrum in the 412.5-414.5 nm
wavelength range. At À= 423.49 nm the Q 1(11,5) peak has been indicated, which has
been used todetermine the SiR densities. At À= -413.75 nm the Q1(14.5) and R2(1.5)
have been indicated, from which the rotational temperature can he determined by
comparison ofthe relative peak heights (see Fig. 2.6.).
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The rotational transition Q 1(11.5) at 413.49 nm will he used during the
experiments presented in this report to determine the radical density.
Additionally, the rotational temperature has been estimated from the relative
heights of Q/14.5) and R/1.5). The relative heights of rotational transitions in
different rotational branches, in this case the Q-branch and the R-branch,
depend on the rotational temperature (Fig. 2.6.). Note, that the Q 1(14.5) consists
of two peaks caused by twofold degenerance for high total angular momenta (in
this case J=14.5), which is called A-type doubling14 • Of course, the relative
heights of the two Q 1(14.5) peaks do nat depend on the rotational temperature.
As shown in Fig. 2.5. the relative heights of the peaks have been simulated with
the LIFBASE program for various rotational temperatures to match the
measurement as wellas possible. The simulations for Trot=1200 K, 1500 K and
1800 K have been shown. Ciosest match has been found for Trot= 1500 K with an
uncertainty of 300 K. The uncertainty in the temperatures introduces an error
in the density of -20 %.
To obtain the SiH density the area integrated absorption has been determined
from a wavelength scan of the rotationalline Q/11.5) at À=413.49 nm withand
without precursor gas flow. The integrated absorption coefficient has been
calculated from Eq.2.8. In this case Bik is 1.129·10 10 m 2/Js, resulting in an
integrated absorption coefficient crint of 3.093·10.21 m 2 ·nm. A Boltzmann
distribution is used to calculate the relative density population. In the case of
SiH the Boltzmann equation is given by Eq. 2.9:
....!!..!:_
gi exp(Eri I kETrot) exp(Evi I kETvib)
ntotal
gk exp(Erk I kETrot) exp(Evk I kETvib)
( 2 ·9 )

L
k

The vibrational temperature has been estimated to he equal to the average of
the rotational temperature (Trot=-1500 K, lower limit) and the vibrational
temperature determined by optical emission spectroscopy measurements3
(Tuib=-3000 K, upper limit). The population density of Q 1 (11.5) results from Eq.
(2.9), yielding nJ n10101=0.023. The total SiH density can he calculated by dividing
the density in the Q 1 (14.5) state by the relative population density. For the
experiments presented in this report mirrors have been used with a reflectivity
of 99.6 % ('r =800 ns). The minimum absorption measurable is typically Amin=
-3·10.6 per pass, which corresponds toa density nsiH= -1·10 16 m- 3 •
· .,.
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Fig.2.6. A temperature has been found of 1500 ± 300 K from comparison of the relative
peak heights of rotational transitions in different branches by LIFBASE simulations.
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Chapter3

Microwave plasma deposition souree
Microwave plasma sourees have been extensively used in various fields of
technology and research 18' 19 '20' 21 ' 22 ' 23 '24 • From the literature this type of plasma is
known to he very flexible in a broad range of operating conditions and might
therefore he a good candidate fortheuse in an ultra high vacuum environment.
The main effort of this study is to obtain design parametersfora souree that is
suited to deposit thin hydrogenated amorphous silicon (or, in the future, carbon)
films in a UHV environment. A (test) souree has been designed and
manufactured. The experimental details will he described in Sec. 3.1. The
exploration of the operating conditions will he given in Sec. 3.2. The
characterisation of the souree will he addressed in Sec. 3.3. To characterise the
souree two approaches have been followed. From a deposition point-of-view
growth rate and film composition have been determined by ex situ spectroscopie
ellipsometry and ex situ infrared spectroscopy, respectively. From a plasma
point-of-view the main plasma parameters (non-depositing, thus without silane),
such as electron and ion density and electron temperature have been
determined by Langmuir probe measurements. Si and SiH3 radical densities in
vicinity of the surface have been measured by CRDS for the depositing plasma.
The used diagnostic technique will he briefly described in each subsection
foliowed by the results and concluding remarks. An overview of typical
parameters that have been determined will he summarised in Sec. 3.4, whereas
some concluding remarks on the possible usage of the souree in the new setup
will he given in Sec. 3.5.

3.1. Experimental

details

for

the

.

microwave

souree
The experiments with the microwave plasma souree have been carried
out at the same deposition setup as shown in Fig. 1.2. The cascaded are has been
replaced by the microwave plasma souree as shown in Fig. 3.1. The microwave
power is supplied from a homemade generator, that operates with a 2.45 GHz
fixed frequency magnetron (Pout = 50-170 W (magnetron tube current= 40-120
mA at V.trectiue=-1400 V). Via a coaxial line feed and a short wave guide the
microwave is coupled into a rectangular resonator. The inner dimensions of the
rectangular resonator have been chosen such that the 2.45 GHz electromagnetic
wave builds up a standing wave mode structure inside the cavity. The arrows
indicate the fundamental TE 01 mode distribution (see Fig.3.1.). Two tuning stubs
have been used to slightly adjust the dimensions of the resonator to optimise the
matching forthestanding wave mode structure. Thereby the dissipated power
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inside a dielectric tube that runs through circular holes in the sidewalls of a
rectangular wave-guide resonator has been increased and the amount of
reflected power has been decreased. The microwaves protrude the dielectric tube
(Pyrex, Al 2 Ü 3 ), thereby heating the electrans inside and ultimately resulting in a
gas discharge of the souree gas. The inner diameter of the tube is 5 mm and the
outer diameter is 8 mm. Since the gas pressure inside the souree (> 10 mbar) is
much higher than the pressure in the vacuum chamber (pambimt = 10-3 .. 5-10-1 mbar)
the plasma column extends towards the exit of the dielectric tube at the lowpressure side, where the plasma expands into the low-pressure chamber. A
stainless sleeve has been mounted at the end of the dielectric tube. A gas feed
protrucles inside the sleeve, such that the precursor gas, in this case silane, can
be injected in the emerging plasma. The orifice of the souree is at a distance of
120 mm from the centre of the microwave resonator and 300 mm from the
substrate.

(frontview)

(topview)

wavegulde resonator

coxlal llne feed
trom microwave
power generator

souree gas leed

rectangular resonant ···
microwave cavily

substrata at 300 mm
vacuum chamber watl ....

,;
Fig. 3.1.: A schematic representation ofthe microwave souree (top view cross section).
The dielectric tube runs through the resonator into the low-pressure chamber, where
silane can be injected. A coaxialline feed coming from the power generator ends in an
antenna, where the microwave power is coupled intoashort wave guide (front view)
and into the resonator.
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3.2. Operating conditions
Since such a souree has never been used at the group ETP for deposition
purposes the first thing that has beendoneis exploring the operating conditions
of the source. Depending on the tube radius, in the range of 0.5 mm to 150 mm,
gas pressures as low as 10·5 mbar up to a few times atmospheric pressure have
been reported in literature 18' 19 •
Operating conditions have been explored for various souree gases, i.e. hydrogen,
helium and argon. Limited by the mass flow controllers and the microwave
power generator a plasma has been created and sustairred over the full range of
5 seem to 50 sccs (= 3000 seem) souree gas flow with generator power of 56 to
168 W. Reflected power has been typically in the range of 0.5 - 1.5 W. Gas
pressures inside the souree are in our case 2.5 mbar for the lowest flow (5 seem
hydrogen) and over 10 mbar for higher flows. Exact souree gas pressure
measurement has nat been possible. Ambient pressure has been varied in the
range of 10·3 to 3-10·1 mbar without plasma break down, where the lower limit is
restricted by the gas flow and effective pumping speed of the roots pumping
system.
Table 3.1. An overview ofthe explored operating conditions
gas flows
souree gas
souree gas
downstream
inputpower
(seem)
pressure (mbar)
(W)
ambient
pressure (mbar)
3-10-3 - 0.24
Ar
- >>10
5 -3000
56- 168
4 - >>10
10- 1000
2-10-3 - 0.24
He
168
2.5 - >>10
5 -3000
56- 168
1-10-3 - 0.24
Hz

A first step towards the characterisation of the souree has been to investigate
the conditions in which hydrogenated amorphous silicon is deposited. A plasma
has been created with either hydrogen, helium or argon as souree gas. Then,
silane is injected near the exit of the source. The SiH4 is dissociated into SiHx+
ions and SiHx radials by electron, ions or metastables emerging from the
microwave plasma. Although, attempts with hydragen and helium as souree
gases have failed at this point, with argon as souree gas a-Si:H thin films have
been deposited. The results achieved with argon will he described in the
following sections.

3.3. Characterisation
3.3.1. Growth rate
Firstly, the growth rate has been determined by depositing hydrogenated
silicon films on c-Si substrates for a certain period of time. Afterwards the
thickness of the deposited thin films is determined with an ex situ spectroscopie
ellipsometer (J.A. Waallam Co., Inc, M2000F). The characteristic ellipsametrie
angles 'I' and ~are measured in the speetral range of 240 nm to 1000 nm. The
model for analysis of the spectra incorporates a film structure that consists of
four layers: the c-Si substrate, a native oxide film, the a-Si:H film and a surface
roughness layer (bottom to top). The Bruggemann effective medium
21

approximation (EMA) 25 is commonly used to model the surface roughness of the
film as a mixture of a-Si:H and voids. The common optical constants for a-Si:H
have been incorporated in the model for data analysis (n=3.18 and k=0.04, at
1.96 eV (À-=632.8 nm)).
Two series of samples have been deposited, one series as a function of the argon
souree gas flow rate liJAr (Fig. 3.2.a) and one series as a function of the ambient
pressure Pambient (Fig. 3.2.b). Both series have been deposited at a constant silane
flow ( l!Js;H4) of 12 seem, a substrate temperature (Tsubstrat) of 250°C and a
microwave input power (Pin) of -165 W. The argon souree gas flow series has
been deposited at a constant background pressure of 0.08 mbar, and the ambient
pressure series has been deposited at a constant souree gas flow of 960 seem.
The deposition time has been in the range of 15 to 30 minutes. As shown in Fig.
3.2. in this range of experiments growth rates have been observed of 0.002- 0.1
nm/s. These growth rates are in the samerange as observed in the literature2 \
which are typically -0.05 nm/s.
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Fig.3.2.a: Growth rate as a function of
argon flow rate
T,ub,,,.=250°C, Pin=165 W, Pambient=0.08
mbar, @siH4= 12 seem
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Fig. 3.2.b: Growth rate as a function of
ambient pressure
T,ub·tr=250°C, pin=165 W, @Argon= 960 seem,
cfJ8 iH4= 12 seem

3.3.2. Film composition
The next step in the characterisation is the study of the film composition in
terms of hydragen bondings in the hydrogenated amorphous silicon material
that is deposited. This gives some indication of the quality of the deposited
materiaL Ex situ infrared spectroscopy is a commonly used technique to analyse
film composition. Silicon mono-, di- and trihydride honds in the film absorb light
at vibrational mode frequencies. An ex-situ infrared interferometer (Bruker,
Vector 22) has been used to analyse a sample. The sample is irradiated with a
braadband light souree and the transmission spectrum is collected in the
frequency range of 370 and 7500 cm·1 •
Infrared spectroscopy requires a sample with sufficient thickness in order to
increase sensitivity. As shown befare the growth rate is rather low. Therefore,
the sample has been prepared by depositing for several hours to obtain a sample
with a film thickness of approximately 1 J.Lm. The sample has been prepared
22

with a substrate temperature of 250oC and a microwave power of 165 W under
various ambient pressure and argon gas flow rate conditions (mainly Pambient ~
0.08 mbar, cfJA, ~ 16 sccs) during CRDS measurements. This approach has been
chosen because of the low growth rate. The regions of interest of the
26
transmission spectrum are shown in Fig. 3.3.
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3.3. The regions ofinterest have been shown
SiH. wagging at -640 cm· 1
(SiH 2 )n bending at -845 cm· 1 and SiH2 bending at -880 cm· 1
SiH stretching at -2000 cm· 1 and SiH 2 stretching at -2100 cm· 1

From the transmission spectrum analysis a refractive index n of 3.1-3.2 has
been obtained and the thickness of the sample has been determined, yielding
1284 nm. A refractive index n of 3.1-3.2 is somewhat lower than for very good
quality a-Si:H (typically n =-3.6) 2 •
The peak at 640 cm·1 is a SiHx wagging peak26 (Fig. 3.3. (a)). Since this peak
contains the wagging frequencies for all Si-H honds types, the hydrogen content
ofthe film can he determined from the peak area. A hydrogen content of 10 at.%
has been found, which is comparable with the literature values 21 "22 at Tsuhstr
=250°C. The peaks at 838 cm· 1 and 900 cm-1 indicate (SiH 2 )n and SiH2 bending26
(Fig. 3.3. (b)), whereas the peaks at 2000 and 2100 indicate SiH and SiH2
stretching26 (Fig. 3.3. (c)). The microstructure constant R* (= Area2100 1( Area2000+
Area210J) is derived from the ratio ofpeak areas at 2000 cm·1 and 2100 cm- 1 • R* is
a measure for SiH2 bonded H. R* yields 0.5 which indicates a large amount of
SiH2 bonded hydrogen. This fact is confirmed merely by the preserree of peaks at
845 cm·\ the (SiH2 )n bending modes, and at 880 cm·\ the SiH2 bending modes. A
film that contains high amounts of SiH2 bonded H might indicate disturbance of
the structure of the materiaL Therefore, mostly Si-H bonded H is more desired.
AR* of 0.5 is rather high compared to good quality a-Si:H (typically R* <0.1 ).
To conclude, the infrared measurements have shown a low refractive index, a
normal H content in the film and the rather high microstructure constant in
comparison with good quality a-Si:H films.
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3.3.3. Plasma parameters
To gain insight in the silane dissociation process the plasma parameters
of a non-depositing argon plasma have been determined. To determine the
downstream plasma parameters, such as electron temperature, electron and ion
density, Langmuir probe measurements have been carried out on a nondepositing argon plasma. The Langmuir probeis basically a conductor, which is
positioned in the plasma. The Langmuir probe has been used in double probe
configuration. A voltage difference has been applied to the two wires and by
measuring the current to the probe information regarding the charged particles
in the plasma can be derived by interpreting the I-V characteristic with the
appropriate theory. A typical measurement of the I-V characteristic is shown in
Fig. 3.4.
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Fig. 3.4. A typical I-V characteristic for this plasma. (1) indicates the ion saturation
region and (2) is the slope at Vp,obe=O

In Fig.3.4. it can be seen the ion current does nat actually saturate in the ion
saturation region (1). This is caused by the fact that with increasing voltage the
sheath region grows and more ions are collected by the probe. The appropriate
theory to analyse I-V-characteristics under the circumstances presented hereis
27
the Orbital Motion Limited (0ML)
current theory. Under following
assumptions the OML theory for analysis of the I-V-characteristics can been
used (the values between brackets have been determined from the results):
• probe dimensions (-6 mm) are small in respect to the plasma (-50 mm)
• mean free path ofcollisions Àmfp (-10.2 m) > probe radius Rp (-2·10.4 m)
• probe radius RP < sheath thickness-10Àn
(Debyelenght=Àv
•

= ~E 0 kBTJnee 2

4

-10· m)

electron and ion density are equal

•

Te> Ti

•

velocity distribution of the electrans is Maxwellian
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According to the OML theory the ion current in the ion saturation region can he
deduced from 28

I,M = eN,A~ k.T, i

(3.1)

2nMi

in which

i2 = 1. 27(e(Vptasma - Vprobe
kB Te

)J

(3.2)

is the dimensionless current. In Eqs. 3.1. and 3.2., Ni is the ion density, Mi is the
ion mass, A is the total probe collection area, T, is the electron temperature, and
Vprobe and Vplasma are the probe and plasma potential. The ion density is
determined from the slope of the line in the ion saturation region abtairred by
platting the square of the ion current versus probe potential. From the slope of
the line in the 1-V characteristic at zero probe potential (see Fig. 3.4 (2)) the
electron temperature can he determined by28 :

kBTe e

11
av

Ii:~ ( ()[

-----

2

probe

(3.3)
=0

The probe consists of two cylindrical tungsten wires emerging 6 mm out of a
dielectric tube. The wires have a diameter RP of 0.2 mm and the distance
between the wires has been -3 mm. The probe has been constructed such that
its position can he changed by translation and rotation The ion density and
electron temperature have been determined for various plasma settings and
prohe positions relative to the orifice of the source.

Microwave input power
First, the ion density (Fig.3.5.a) and electron temperature (Fig.3.5.b) have been
determined as a function of the microwave power input. The argon flow ra te has
been taken 960 seem, Pambient = 0.08 mbarand the microwave coupling efficiency of
the souree has been assumed 100%. The probe has been positioned at -90 mm
from the orifice of the source.
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Fig.3.5.a: The ion density as a function
ofthe microwave input power.
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Fig. 3.5.b: The electron temperature
as a function of the microwave input power
Pambient=0.08 mbar' <PA,.= 960 seem
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Forthese plasma settings anion densities (Nio) in the range of -2.5-5 ·10 15 m· 3
have been found. The electron temperature has been found in the range of 0.35 0.5 eV. The ion density increases with increasing microwave input power. The
electron temperature increases slightly with increasing microwave power. In
order to dissociate silane by electron impact the electron energy has to higher
than 4 eV1 in the case of dissociative electron impact excitation. Only a relatively
small fraction of the electrans in the tail of the Maxwellian distribution have
sufficient energy to dissociate silane. Therefore, the influence of electrans in the
silane dissociation process might be limited.
For the following measurements the microwave input power has been taken 165
W.

Plasma (beam) profile
By positioning the probe in the plasma the radial and axial profile of the ion
density have been determined. The radial profile gives information regarding
the width of the plasma beam, whereas the axial ion densities give information
regarding the expansion the plasma beam and the loss of ions in the lowpressure vacuum chamber. An argon gas flow rate of 960 seem has been used in
the measurements.
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The radial profile (Fig.3.6.a.) shows a peaked ('Gaussian'-like) profile, which
indicates that theemerging plasma is not diffuse, but still has forward flux. The
radial profile has been determined for 0.08 mbarand 0.24 mbar. The FWHM is
smaller for 0.24 mbar than for 0.08 mbar. This indicates that a higher ambient
pressure suppresses the plasma beam expansion in radial direction. The FWHM
of the profiles at different pressures has been determined by fitting a Gaussian
profile, thereby only taking the centre part into account, yielding a factor 1.6
difference in width. The ambient pressure has been increased withafactor of 3
and the square of the beam radius has decreased also with a factor of 3. The
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beam radius (=--/3=-1.7) depends approximately on the square root of the
pressure.
The axial profile (Fig.3.6.b) shows a rapidly decreasing ion density. The error in
the z-position is caused by the accuracy of positioning of the probe. In the
expansion of the plasma into the low-pressure vacuum chamber the ion density
decreases because of loss of ions in radial direction.
For the following experiments the distance to the orifice has been kept constant
at z=90 mm and on the axis r= 0 mm.

Gas flow rate and ambient pressure
The influence of the Ar+ ions on the silane dissociation process can possibly he
obtained if a relation exists between the growth rate and the ion densities.
Therefore, the ion densities have been determined as a function of argon gas
flow rate (Fig.3.7.a) and ambient pressure (Fig.3.7.b). The flow series has been
measured at 0.08 mbar ambient pressure and the pressure series has been
measured at 480 seem and 960 seem argon gas flow rate.
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The observed ion densities are in the range of 5·1 0 12 to 8·1 0 15 m- 3 for the gas flow
series and in the range of 4·10 15 to 7·10 15 m- 3 • The large error in the low densities
14
(Nion < 10 ) is caused by the fact that the OML theory can no langer he correctly
applied to obtain the ion densities. The ion density increases strongly with the
increasing gas flow rate. The ion density also increases with increasing ambient
pressure although nat drastically.
By camparing the ion density with the growth rate (Fig.3.2.a) for the flow series
it appears that a similar trend can he observed. Furthermore, the ion densities
increases 2 orders of magnitude and the growth rate increases also 2 orders of
magnitude (in the same gas flow range). This is slightly different for the
pressure series. The relative increase in ion density does nat account for the
relative increase in the growth rate (Fig.3.2.b).
On the basis of the comparison between growth rate and ion density the silane
dissociation can he related totheions as a function of argon gas flow rate. The
argon ions produce SiHn+ ions by dissociative charge transfer with silane 14 :
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Ar+ +SiH 4

SiH: + pH 2 +qH +Ar (n::::; 3,n +2p +q = 4)

(3.4)
This mechanism has a total reaction rate of 3.9·10- m% and the SiH3 + , SiH2 + ,
SiH+ and St ions are produced with branching ratios 0.78, 0.12, 0.08 and 0.02,
respectively29 • Subsequent dissociative recombination of the silane ions with
electrons produced in the souree leads to radical production14 :
e +SiH: --7 SiHm +sH 2 +rH (m::::; 2,n = m + 2s +r)
(3.5)
13
3
This mechanism has areaction rate of 1.6·10- m /s at an electron temperature
of 0.4 eVw. As mentioned before, an electron temperature of -0.4 eV has been
observed (see power series). The electron temperature has also been determined
for the flow series and pressure series. The electron temperatures have not been
shown, but no significant change in the electron temperature (0.3-0.5 eV) has
been observed as a function of argon gas flow rate and ambient pressure.
An alternative silane dissociation mechanism that has notbeen investigated is
silane dissociation by argon metastables Arm 29 :
Arm +SiH4 --7 SiHm +sH2 +rH (m::::; 2,m +2s +r = 4)
(3.6)
--7

17

This mechanism has a reaction rate of -5·10-16 m 3/s at a kinetic gas temperatures
of 500 K 11 • The silane dissociation by ionscan not fully account for the observed
trends in the pressure series of the growth rate and ion density. Therefore, the
influence of argon metastables on the silane dissociation mechanism can not he
excluded.

3.3.4.

Si and SiH 3 radical densities

To obtain an indication of the Si and SiH3 radical densities CRDS
measurements have been carried out at 10 mm distance from the surface.
Details of the experimental setup have been addressed in Chapter 2. The Si and
SiH3 densities have been determined as a function of souree gas flow and
ambient pressure. The pressure series has been measured at 1920 seem and 960
seem argon flow rate and the flow series has been measured at 0.16 mbar
ambient pressure. The SiH4 gas flow rate has been taken 12 seem.
In Fig.3.8. the gas flow series is illustrated for the Si and SiH3 densities. Note,
that the Si!SiH3 densities have been measured at higher gas flow rates than for
the ion density, sirree the obtained Si densities are close to the limit of detection
at <PAr< 1000 seem.
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As mentioned in Chapter 2 (Sec.2.3) the SiH 3 density has been determined from
the braadband absorption at À. =250 nm, which might nat only have been caused
by solely SiH3 • For now, it has been assumed that the measured absorptions
have been caused by SiH 3 •
A SiH3 density of -4·10 18 m-3 has been found. The Si densities that have been
found are in the range of 3·10 13-5·10 15 m- 3 • The SiH3 density is slightly decreasing,
whereas the Si density increases with increasing argon gas flow rate. The
observed Si densities are reasanabie consiclering the ion densities (Nton =-10 16 m- 3
at cPAr= 960 seem). Also the same trend in the Si density has been observed as
the trend in the ion density, thus also, the trend in the growth rate as a function
of the argon gas flow rate. The SiH 3 density is -2 orders of magnitude higher
than the ion density (= -2·10 16 m· 3 at these plasma settings). Also a different
trend as a function of the argon gas flow rate can he seen for SiH3 • This might
indicate that for the microwave plasma the presence of clusters or the photo
detachment process cannot he excluded (Chapter 2). Another possibility is that
the argon metastables are responsible for the production of SiH3 •
In Fig.3.9 the ambient pressure series for the Si and "SiH3" densities are shown.
The ambient pressure series have been measured for 960 seem and 1920 seem
argon gas flow rate. Again the silane gas flow rate has been taken 12 seem.
2.0

"'E
"'
-0

6

1
4

:t"

05
<:: 2

0
0.0

4l Ar =

1

8

9

L
11

è~
0.1

Pambient

0.2

960 seem
SiH,
0
Si
4l Ar= 1920 seem
SiH,
i:> Si

•

1

1.5

1

1.0

0.5

"'E

...

~

-0

05
<::

l.1
0.3

0.0

(mbar)

Fig.3.9. The Si (right seale, open symbols) and SiH3 (left seale, closed symbols) densities
as a function of ambient pressure at lPA, = 960 seem and 1920 seem and lP8 iH4 =12 seem.

The SiH3 densities that have been found are in the range of 10 17 -5·10 18 m· 3 and
the Si densities in the range of 1014 -1.5·10 15 m· 3 • The SiH3 density shows an
increasing trend with increasing ambient pressure and seems to he independent
of the argon gas flow ra te. The independenee of the SiH3 density can also he seen
in the argon gas flow series, in which the differences in SiH 3 densities for
various argon gas flows are within the experimental error. The increasing trend
in the SiH3 density with increasing pressure relates to the increase in growth
rate. Still the question remains whether the absolute densities are
overestimated due to the earlier mentioned processes.
The Si density shows a decreasing trend with increasing ambient pressure.
Furthermore, the difference for the two argon flow series is a factor of -6 and
the corresponding difference in ion density is a factor of -4. Again this indicates
that the proposed production mechanism of Si by argon ions emerging from the
souree is a valid candidate. The decreasing trend in the Si density can he
explained by the fact that with increasing ambient pressure Si is lost in the gas
phase by, e.g. reactions with SiH4 (see Chapter 5).
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3.4. Summary and conclusions
The microwave plasma souree has been operated on souree gasses Ar, H 2
and He. At this point only deposition of a-Si:H has been observed when the
souree is operated on Ar. An overview of the parameters obtained from the
experiments is given in Table 3.2. The values are typical within the argon gas
flow rate range of 300 to 2000 seem and ambient pressure range of 0.05 to 0.24
mbar.
Table 3.2. An overview ofthe obtained parameters.
parameter
value
plasma properties
0.5-4 ·10 15 m- 3
Nion
0.3-0.5 eV
T,
film properties
0.002-0.1 nm/s
Rg
refractive index n (at 1.96 eV)
3.2
R'
0.5
gas phase properties
1013- 1015m-3
Si density
SiH3 (?) density
1-6·10 18 m- 3

The growth rates that have been observed are reasonable. The quality of the
deposited a-Si:H is acceptable, although the film contains a significant amount
of SiH2 bonded H (R* is relatively high) and has a lower refractive than good
quality films. The H content is normal for a-Si:H films deposited at a substrate
temperature of 250°C.
In the silane dissociation play the Ar+ ions an important role, whereas the role of
the electrons in the ionisation/dissociation of SiH4 is limited due to the low
electron temperature. The role of argon metastables has not been investigated
but can not be excluded. The argon ion density can be related to the growth rate
as a function of the argon gas flow ra te. The Si density shows the same trend as
the argon ion density, thus also the same trend as the growth rate as a function
of argon gas flow rate. Furthermore Si can be related to the proposed silane
dissociation process by argon ions. The trend of Si as a function of ambient
pressure might indicate gas phase losses of Si due to reactions with SiH4 with
increasing pressure. The observed SiH3 densities are high compared to the argon
ion densities and can probably not be ascribed to solely SiH3 • The production of
clusters and/or the photo detachment process can not be excluded so far,
although the possibility exists that SiH3 is produced by dissociation of silane hy
argon metastables.
On the basis of hoth series of SiH3 it can he concluded that the presence of
clusters or the photo detachment process might have contributed to light losses
in the cavity and therefore have resulted in an overestimate of the SiH3 density
(Chapter 2, Sec.2.3). The results for Si can he, to some extend, related to the
ohserved ion densities and the trends as a function of the argon gas flow rate.
Additionally the results for Si can be related to the growth rate and to the
proposed silane dissociation process.
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3.5. Possibilities for UHV setup
The souree characterised here is a good starting point for an a-Si:H
deposition souree for the new UHV setup. The question remains whether the
souree produces predominantly SiH3 and could be typified as a mono radical
source, further experiments are required. To deal with the problems that have
risen, a review of all possible solutions is required.
To able to use this souree in the new UHV setup a necessity is the reduction of
the gas flow rate, since the turbo molecular pumps have a limited pump
capacity. The total gas flowrateis limited to -100 seem, which would correspond
4
to a growth rate of 3·10- nm/s at Pambient=0.08 mbar as obtained for this source.
Thus, to deposit a film of 10 monolayers would take -3 hours. A few possibilities
are available to deal with the flow restrietion and to obtain reasanabie growth
rate at lower gas flow rates, e.g., to design a souree that has a partial pumping
stage.
Furthermore, the used microwave generator has been operated at the upper
limit. By using another microwave generator, in combination with another
microwave resonator configuration, the power dissipation in the plasma can be
increased, thus the efficiency of the souree can be increased. Then the use of H 2
as a souree gas might become an option again. The elegance of the use of H 2 will
become apparent in the Chapter 4. Probe measurements have also been
attempted for a hydragen plasma, yielding ion saturation currents of typically
-1-10-9 A, which is a factor of -1000 lower than the ion saturation currents for
the argon plasma. This already indicates that ion densities for the hydragen
plasma have been also a factor of 1000 smaller. This might explain the reason
why deposition has notbeen observed while using H 2 as a souree gas.
Ultimately the design parameters of a microwave plasma deposition souree that
meets the demands for the operation in a UHV environment will be collected
and the design will follow.
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Chapter4

Cavity Ring Down Measurements of
SiHx Radicals
For a-Si:H and IJC-Si:H deposition conditions the densities of the radicals
Si, SiH and SiH3 as a function of precursor gas flow have been determined by
means of the cavity ring down technique (Chapter 2). The (relative)
contributions of the radicals to the growth process will he determined (Sec. 2.2.).
Furthermore, the obtained results will he discussed on the basis of the silane
dissociation mechanism (Sec. 2.3.).

4.1. Silane dissociation mechanism
One of the fi.rst studies to gain insight in the growth mechanism of a-Si:H
and 11c-Si:H films is the determination of the gas phase densities of the reactive
species. The reactive species are in this case the mono silicon radicals SiHx,
which are expected to he the dominant contributors to the growth.
For a-Si:H conditions the Si, SiH and SiH3 densities have been previously
determined 14 • On the basis of the results a silane dissociation mechanism has
been proposed. The region of interest of the silane dissociation mechanism for
the experiments described in this chapter is the region in which the cascaded are
souree produces predominantly atomie hydragen (H). At H 2 flows > 5 sccs the
cascaded are produces predominantly H. The argon ions produced in the souree
are almast completely consumed in this process. A relatively small H• ion
density is still emanating from the cascaded are source. When the precursor gas
SiH4 is introduced in the plasma, high SiH3 radical densities have been
observed 3 • The SiH3 radicals are produced by reactions of SiH4 with H:
H + SiH 4 ~ SiH 3 + H 2
(4.1)
Much lower densities have been observed for the Si and SiH radical. A possible
way to produce Si, SiH and SiH2 is by reactions of SiH4 with H+ ions 14 :
H++SiH4 ~SiH~+mH 2 +pH

(n+2m+p=5)

(4.2)

in which the SiH • ions via (fast) dissociative attachment with electrans result in
the SiHx radicalsr4 :
e+SiH~ ~SiHx+qH 2 +pH

(n~3.x~2)

(4.3)

with p and q depending on n.
An alternative production pathway that might he possible is via sequentia! H
14
abstraction of the SiHx+l radicals :
(x~2)

(4.4)
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Of course, more silane dissociation reactions are possible, but the reactions
mentioned above are believed to he the dominant dissociation mechanisms.
In previous studies 2 it has been shown that good quality a-Si:H films can he
obtained by operating the cascaded are plasma souree at Ar/HjSiH4 = 55/10/10
sccs and at a cascaded are current of 45 A Recently it has been observed that
when the H 2 flow is increased and the SiH4 flow is decreased a transition of
amorphous silicon to microcrystalline silicon material occurs. The f.Lc-Si:H
growth conditions are typically obtained for Ar/HjSiH4 =55/30/1 sccs30 • This has
been concluded from the materials properties.
The question has risen whether the transition from a-Si:H to f.Lc-Si:H and also
whether the growth of either a-Si:H or f.LC-Si:H films can he related to the radical
densities. Furthermore, the question remains whether the observed radical
densities can he explained by the proposed silane dissociation mechanism.

4.2. Si, SiH and SiH3 densities
In order to study the transition from a-Si:H to f.Lc-Si:H the Si, SiH and
SiH3 radical densities have been determined as a function of the silane flow rate
( @siH4 ). Two series of radical densities have been measured: for the souree gas
flow Ar/H2 =55/10 sccs and Ar/H 2 =55/30 sccs. For both series it's expeeted that
for high SiH4 flows (typieally > 5 sees) the deposited films are a-Si:H, whereas
for low SiH4 flows (typically < 2 secs) the deposited films tend to he f.Le-Si:H. The
easeaded are eurrent has been operated on 45 A are current. Further
experimental details have been addressed in Chapter 2. The obtained radical
densities for both series are shown in Figs. 4.1.-4.3.
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Typical radical densities that have been found are presented in Table 4.1.
Table 4.1. The Si, SiH and SiH radical densities obtained for two series of ETP settings

a-Si:H
SiH3 0.8·10 19 -1.3·10 19 m· 3
SiH 0.5·10 17 - 0.8·10 17 m· 3
Si
0.5·10 15 - 3·1015 m·3

f..Lc-Si:H (10 sccs H?)
0.2·10 19 - 0.6·10 19 m· 3
0.7·10 17 - 0.9·10 17 m- 3
1·10 16 - 2·10 16 m- 3

f..lC-Si:H (30 sccs H?)
0.2·10 19 - 1.2·10 19 m- 3
0.8·10 17 - 1.5·10 17 m- 3
3.4-1016 -1.2·10 17 m- 3

In general are the absolute density of SiH3 at least a factor of -100 higher than
the SiH and Si densities. As shown in Figs. 4.1.-4.3., when the amount of SiH4
admixed in the plasma decreases, thereby going towards f..Lc-Si:H growth
conditions, the SiH3 density decreases and the Si and SiH densities increase. To
illustrate whether the observed radical densities can he related to the obtained
material composition, the contribution to film growth of the radicals can be
calculated by Eq.l.l. But, since the growth rateRg and Ps; are not exactly known
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for these plasma settings, the contribution to growth of Si and SiH have been
therefore determined relative to the contribution to growth of SiH 3 .This has
been done by dividing the contribution to growth (Eq.1.1) of Si and SiH by the
contribution to growth of SiH3 :
SSi/ SiR
( 1-13 SiH3 /2)
nSi/SiH
relative growth contr. = --'--(4.5)
5 siH
A siR3 (1-13 Si/ SiR /2)
nsiH3
3
in which the square root of the ratio of the mass numbers A results from the
ratio of the thermal velocities. The surface reactivity parameters s and 13 have
29
29
31
been taken s=O.ll, 13=0.28 for SiH3 and s=l3=1 for Si and SiH • For the good
quality a-Si:H condition (Sec. 4.1.) a relative growth contribution of Si and SiH
have been determined, yielding -0.002 and -0.08, respectively. This indicates
that the contribution of SiH3 is significantly higher that the contributions of Si
and SiH.
For the good quality ~c-Si:H condition (Sec. 4.1.) a relative growth contribution
of Si and SiH have been determined, yielding -0.16 and -0.3, respectively. Thus,
the relative contribution of Si and SiH is significantly higher for ~c-Si:H
conditions than for a-Si:H conditions. Arelation might exist between the relative
contribution of the various radicals to growth and the obtained material
composition, although other processes can nat be excluded such as the H density
arriving at the substrate surface for the different growth conditions.
Finally, a difference in absolute radical densities has been observed between the
10 sccs H 2 flow series and the 30 sccs H 2 flow series. The absolute radical density
differences can be explained by the H density produced by the cascaded are
source. The souree produces a higher H density when operated on Ar/H 2 =55/30
sccs souree gas flow 14 • Consequently, higher radical densities can be expected.
This issue will be addressed in more detail on the basis of the plasma chemistry
in the next section, in which also the appearance of a maximum in the SiH
density will be addressed.

4.3. Discussion

of

the

radical

production

mechanism
The results of the radical density measurements that have been obtained
have been discussed in previous section. N ow the question remains how the
obtained densities relate to the proposed silane dissociation mechanism. To
answer this question some information is required about the reactive species
emanating from the cascaded are, i.e. H and H•. The H and H+ densities have
been determined previously32 for Ar/H2 = 55/10 sccs and for Ar/H 2 = 55/30 sccs. lt
has been concluded that the H density is assumed to increase linearly with the
H 2 flow. The H+ density on the contrary decreases with the H 2 flow. Furthermore
the H• density is a factor of -6 smaller than the H density fora 10 sccs H 2 flow
and a factor of -50 for a 30 sccs H 2 flow. Probably, the SiH4 will be mainly
dissociated by H. To review the radical densities on the basis of the plasma
chemistry, Fig.4.1-4.3 are combined in one figure (Fig.4.4.) as a function of the
SiH4/H 2 ratio. In Fig. 4.4. it is shown how the radical densities change in the
transition of a-Si:H conditions at high SiH 4/H 2 ratios to 1-1c-Si:H conditions at low
SiH4/H 2 ratios. To answer the question how the radical densities fit into this
picture, the obtained Si, SiH and SiH3 radical densities will be discussed on the
basis of the proposed silane dissociation mechanism.
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The SiH3 densities for 11-c-Si:H conditions are approximately a factor of -3 higher
than the SiH 3 densities for a-Si:H conditions as a function of the SiH/H2 ratio.
The SiH3 production can he directly correlated to the increase in H density. The
reaction in Eq. 4.1. is linear in the production ofSiH3 :
nSiH 3

-

(4.6)

kH-SiH 4 nHnSiH 4
16

3

1

in which kH-siH4=1.8·10- m s· is the reaction rate constant (activation energy
around 1925 K). For a certain SiH4 flow rate and an increase of a factor of -3 in
the H 2 flow, thus also the H density, implicates a factor of -3 difference in the
SiH3 density. Therefore, this reaction accounts for the production of SiH3 • As
shown in Fig.4.4. the Si and SiH densities increase when the SiH/H2 ratio
decreases, i.e. going from a-Si:H to 11-c-Si:H conditions. The reaction in Eq.4.2. is
linear in the production of Si and SiH and is foliowed by the reaction in Eq.4.3.
The SiHx density (nsiH) is therefore given by:
nSiH x - kH+ - s·H
ke ne nH+ nSiH 4
l
4

(4.7)

in which the reaction in Eq. 4.3. is nat a limiting step, because dissociative
13
attachment is a very fast process (k.=l.B-10- m 3 s· 1 ). The reaction rate kH+-SiH4 is29
1
17
3
5·10- m s· at thermal ion energies • The nH+ however decreases with decreasing
SiH/H2 ratio 14 and the Si and SiH densities increase. Therefore, this radical
production mechanism cannot fully account for the Si and SiH production.
At this point the reaction mentioned in Eq. 4.4. is introduced as a candidate for
Si and SiH production. This can he explained by the fact that the sequentia! H
abstractions become more relevant at low silane flow rates. At high SiH4 flows
(<I> 8 m4 =5-15 sccs) H is efficiently used in the first step of the H abstraction
process (Eq.4.3). Sufficient SiH4 is available to react with H thereby producing
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high SiH3 densities and the SiH 3 density is increasing with the amount of SiH4
available. Therefore, less H is available for the sequentia! H abstraction.
Consequently the Si and SiH densities decrease. When the silane flow is reduced
from 5 sccs to 1 sccs the SiH3 density decreases. The available amount of SiH4
becomes limiting. More H is available for the following steps in the H
abstraction process (Eq.4.4). Therefore, the Si and SiH densities increase. By
further reduction of the silane flow (<I>8 m4 < 1 sccs) all SiH4 is used and the H
abstraction process is forced towards the completion of all steps, thereby
increasing the Si density. The SiH3 density reduces even more and the SiH
density decreases again at this point because the SiH-to-Si-step becomes more
and more relevant. Thus, also the fact that SiH has a maximum for a certain
SiH4 flow can be explained by the H abstraction process.
To summarise, the trends in the measured densities of Si, SiH and SiH3 can be
qualitatively explained by sequentia! H abstraction. The available SiH4 is a
limiting factor in this process, which leads to relatively high Si and SiH
densities in the case that all SiH4 is used. This occurs typically in the J.Lc-Si:H
regime, whereas in the a-Si:H regime the Si and SiH densities are much lower.
The first step in the H abstraction process remains to be the most important
step leading to high SiH3 densities in bath regimes.
To obtain a complete picture of the silane dissociation mechanism the SiH2
radical will be examined in the future. Furthermore, simulations of the
mechanism can be made on the basis of the reaction rates to test the trends in
and absolute values of the measured densities.

4.4. Conclusions
The densities of the radicals Si, SiH and SiH 3 have been determined by
means of the CRDS technique for a-Si:H and J.Lc-Si:H growth conditions. Typical
radical densities that have been found are for a-Si:H growth conditions
15
19
3
17
3
3
nsiH3 =-10 m· , n 8 iH=-0.5-10 m· and n 8 i=-10 m· • For J.Lc-Si:H growth conditions
18
3
17
3
the radical densities are nsiHJ =-0.5-10 m· , nsiH =-10 m· and ns; =-0.5-10 16 m· 3 •
The SiH3 radical is the main growth precursor in both a-Si:H and J.Lc-Si:H
conditions. For J.Lc-Si:H growth conditions the relative contributions of Si and
SiH are significant, whereas for a-Si:H growth conditions the relative
contribution of Si and SiH can be neglected. A silane dissociation mechanism
has been proposed based on sequentia! H abstraction of SiHx (x::;4). The trends in
the measured densities of Si, SiH and SiH3 can be qualitatively explained by
sequentia! H abstraction. The available SiH4 is a limiting factor in this process,
which leads to relatively high Si and SiH densities in the J.Lc-Si:H regime,
whereas in the a-Si:H regime the Si and SiH densities are much lower. These
observations might directly be related to the resulting material composition,
although other processes might also contribute, e.g., the H density arriving at
the surface.
In the future the SiH2 can be measured to complete the SiHx radical density
picture for a-Si:H and Jlc-Si:H growth conditions in the ETP. Furthermore,
simulations can be done totest the proposed radical production mechanism.
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Chapter 5

A loss mechanisms study of Si and SiH3
by time resolved CRDS
The possible loss processes of the Si and SiH3 radicals have been studied
by means of a newly developed diagnostic tool: time resolved CRDS ('t-CRDS). A
radical is either lost by gas phase reactions or by diffusion to the wall where
deposition takes place. First, an explanation of the 't-CRDS principle will be
given (Sec. 5.1.), followed by experimental details (Sec. 5.2.). A proof of principle
of 't-CRDS will be given (Sec. 5.3.). On the basis of a theoretica! review of the
loss processes (Sec. 5.4.) two series of measurements will be proposed and have
been carried out to obtain information regarding the loss processes: a partial
silane pressure series can provide information regarding the gas phase
reactivity with SiH4 and an ambient pressure series can provide information
regarding the diffusion, and therefore also of the surface reactivity. The results
of the two series will be given in Sec. 5.5.

5.1. Time resolved CRDS principle
An experiment has been set up to measure the radical density as a
function of time by means of CRDS. During steady state conditions, i.e. during
growth of hydrogenated amorphous silicon films with the expanding thermal
plasma, the density in proximity of the substrate is modulated by application of
a pulse of rf (=radio frequency) power applied to the substrate (Fig. 4.1). The
cavity ring down time TA 1 is measured at various points of time before, during
and in the afterglow of the rf power pulse. The reference measurement rA2 is
measured a long period of time after the rf power pulse, where the steady state
condition has been established again.
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Fig. 5.1. A time frame diagram of 't-CRDS. The steady state radical density created by
the ETP is disturbed by application of a pulse of rf power to the substrate. After
switching the rf power on additional density builds up and after switching the rf power
off the additional density is lost again and the density returns to steady state radical
density again. By measuring the cavity ring down time 'tA1 during loss and production of
additional density and 'tA2 during steady state condition, the additionally produced
radical density can be determined as a function of time. By measuring at various points
in time Llt the additionally produced radical density can be mapped in time.
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The additionally produced radical density is then given by (Eq.2.6):
nactditional

= Aadditional = _!!:..._
(j

l

(j

[-1--_1_
J
't

(5.1)

~

l C 't A1

By measuring the additionally produced radical density at various points in time
.1t the production and loss of the radicals can he mapped in time:
dnadd.ti nai

--==1=0=
dt

= production- loss

(5.2)

The production and loss rate give information on the processes involved in the
production or loss of the additionally produced radicals. In this study the
emphasis has been on the loss processes. To illustrate how Si and SiH3 have
been measured two wavelength scans is shown in Fig. 5.2. of the Si
( 3p4s 3 P2 f- 3p 2 3P1 ) absorption transition. The braadband absorption is
(assumed to he) from the SiH3 ( Ä 2A; f- X 2A 1 ) transition. Therefore, in this
wavelength region the possibility exists to measure bath Si and SiH3 at once.
One wavelength scan has been measured during steady state ETP conditions
and the other with, additionally, a continuous rf power applied to substrate.
From Fig. 5.2. can he concluded that the radical densities for Si and SiH3 have
increased due to the rf power application.
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Fig. 5.2. Two wavelength scans of Si and SiH3 , once measured during normal ETP
processing conditions and once with additional (continuous) rf power applied to the
substrate. It can be seen additional radical densities are produced by the application of
the rf power. During a 't-CRDS measurement the laser is fixed at a certain wavelength.
SiH 3 is measured at Ä =250. 70 nm and Si+SiH3 is measured at Ä =250.69 nm. The Si
density follows from subtracting the additional SiH 3 absorption (As;Ha) from the Si+SiH3
absorption (As;.s;H) (Eq. 5.3.). Note, that at Ä =250.68 nm the rfpower has been switched
off, thereby the steady state SiH3 density has been obtained again.

The 't-CRDS measurement of SiH3 is carried out by positioning the laser on a
fixed wavelength À = 250.70 nm. The cavity ring down time 'tA1 is measured with
the additional rf power applied to the substrate. The reference measurement 'tA2
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is measured during the steady state condition ofthe ETP. From Eq. (5.1) follows
the SiH 3 density that has been additionally produced by the rf power. For the Si
measurement the laser is positioned at the peak position, À=250.69 nm. Since
the Si measurement will nat only contain the additionally produced Si but also
the additionally produced SiH 3 from the underlying broadband, the additionally
produced Si density can be obtained by subtraction of the additional SiH3
absorption measured at À=250. 70 nm from the additional Si+SiH3 absorption,
measured at À =250.69 nm:
A

81

nst =----stz =
cr"

Asi+SiH3

-

stz

AsiH3

cr"

(5.3)

Thus, as expressed above, by applying pulses of rf power and measuring at
various t1t at a fixed wavelength, the production and loss of the additional
radical density can be mapped in time. By measuring Si+ SiH3 at the same t1t 's
as SiH3 , the Si density variation in time can be deduced by point-ta-point
subtraction of the SiH3 density variation in time from the Si+ SiH3 variation in
time. The advantage of this technique is that the loss process can be studied
during normal ETP operating conditions. The loss processes of additionally
produced radicals by the applied rf power are still representative for the loss
processes during the steady state operation ofthe ETP.

5.2. Experimental Details
The 't-CRDS has been set up at the expanding thermal plasma deposition
setup as depicted in Fig. 5.3., which is similar to the experimental setup as
presented in Fig.2.2. An rf power supply and two delay generators have been
added. The delay generators have been used to synchronise the rf power on/off
switching with respect to the laser pulses. For the 't-CRDS measurements the
optica! cavity has aligned such that the laser light passes at approx. 5 mm
distance from the substrate. The distance of the laser light to the substrate
ranges from -2 to -8 mm due to a beam width of the light of- 5 mm inside the
cavity.
rf power supply

The function generator (HP8116A) produces a 21.1 MHz (1-5 V) sine wave. The
pre amplifier amplifies the signal voltage by a factor of 10. The power is further
amplified by a 100 W (max) rf power amplifier to typically 50 - 80 W rf signal.
The matching network (L-type) has been used to couple the signal as efficiently
as possible to the substrate and the reflected power has been reduced to a
minimum value of 0.06-0.2 W, depending on the plasma settings. In between the
matching network and rf power amplifier (2, Fig. 5.3.) the input power and
reflected power have been measured by a power meter (Bird Electronics).
Between the matching network and the substrate (3, Fig. 5.3.) the bias voltage
(Vbia) caused by rf pulse, typically in the range of -50 to -110 V, can be
monitored on an asciiloscape by a high voltage probe (100:1 conversion). A
voltage divider and RC circuit (1, Fig. 5.3.) with a RC time of 700 ns have been
added between function generator and pre amplifier to match the output range
of the function generator to the input range of the pre amplifier and to reduce
the fall/rise time of the rf power. The natura! fall/rise times of -2 JlS caused a
great deal of disturbance to other lab equipment.
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Dye Laser
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Q switch In Gf-------'E---l

Lamp switch in

Fig. 5.3. The experimental setup for -c-CRDS has been set up at the expanding thermal
plasma deposition setup (Fig.l.2.). The arrows indicate controllines. Notshownare the
voltage divider and RC circuit (1), the rf power meter (2) and the high voltage probe with
oscilloscope (3).

Therefore, with the use of aRCcircuit both the rise time and the fall time of the
rf bias voltage are -20 j.ts, roughly independent of the plasma settings. Lab
disturbance has also been reduced by using amplitude modulation (AM) of the
function generator output signal instead of gating of the function generator.
During the off time the rf power has been set to a minimum value. A
characteristic rf pulse is illustrated in figure 5.4. The resulting rf substrate bias
voltage (Voff) is - -3 V, which is partially caused by the self-bias of the plasma
which is usually - -2 V.
20.-~---.--~---.--~--.---~-.

o

-20
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Vof!=- -3 V

-40

::::..

-60
-80
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0.00
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M (ms)
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0.15

Fig.5.4. An example ofthe substrate voltage as a function of time. The switch off ofthe rf
pulse occurs at t=O s. The rf power (f=21.1 MHz, 63 W) results in this case in a bias
voltage on the substrate of -62 V. The on/off switching is done by an amplitude
modulation. A residual off-voltage of -3 V is observed, which includes the self-bias of the
plasma. The fall time of the rf power is -20 J.lS. The full pulse is shown in the inset
figure. Notshownis the rise time ofthe rfpower, which is also -20 J.lS.
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Synchronisation
A homemade delay generator and a commercial delay generator (Stanford
Instruments) have been used to synchronise the laser pulses and the on/off
switching of the rf substrate bias. The trigger scheme is shown in Fig.5.5.
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100ms

·I

I

·I

I
I

I
I

I

to Stanford (=5 Hz)

I

lo lamp switch

I

toO switch

laser pulses at 10 Hz
At time t = To : Stanford receive trigger from homemade delay generator (CH 1)
At timet .. A Stanford output channel high
: rf power on
At time t =B Standford output channellow : B = A + de
: rf power off

Fig.5.5. The triggering scheme illustrates the synchronisation ofthe experiment.

The homemade delay generator provides the Nd:YAG laser with triggers to the
Lamp-switch and Q-switch at a repetition rate of 10Hz and the Stanford delay
generator with triggers at a repetition rate of 5 Hz. The Stanford delay
generator has been used to switch on and offthe rfpower.
Timet= T 0 is defined by the homemade delay generator. Timet= A is defined by
the duty cycle (de), which is set manually on the Stanford, and the point in time
At, which is set by the personal computer. At is the actual point in time at which
the density is measured. Time t= B is defined by the duty cycle. At time t= A the
output channel of the Stanford is set high, thereby the rf power is switched on.
At t= B =A+ de the output channel is set low, thereby the rf power is switched
off. The points in time At defines the on-switch of the rf power in respect to the
laser pulses, which are fixed at a repetition rate of 10 Hz. Note, that therefore
the rf bias pulse is shifted in respect to the 10 Hz laser pulses, depending on At
at which the density is going to he measured. The laser pulses define the cavity
ring down time measurements TA 1 at At and TA2 at At+100 ms. From each pair TA 1
and TA 1 the additionally produced radical density is determined.
A LabVIEW programming code has been developed 14 and optimised in order to
perform fully automated experiments. The points in time At are communicated
by GPIB protocol during the 1:-CRDS measurements to the Stanford delay
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generator. The cavity ring down time has been determined from the single
transients collected by the TU/eDACS transient recorder and communicated real
time to the personal computer. For each Llt the pair of cavity ring down times
has been measured from which the additional absorption is determined. The
absorption at a certain Llt has been determined with a number averaging of 128
(= 26.2 s per additional absorption measurement). On-screen the measurement
can be monitored in real time.
A last remark has to be made on behalf of the synchronisation. Since pulse
generator and delay generator have their own natura! (exact) frequency, the
frequencies have been matched by correcting t= A. Therefore the Llt 's are
measured with an accuracy of 10 ns, which is much shorter than the cavity ring
down time of 150-350 ns and much shorter than the overall time resolution of
the experiment. For the experiments presented in this Chapter, the cavity ring
down time (defined by the mirrors' reflectivity) limits the overall time resolution
of 1-CRDS to - 1J.ts.

Assumptions
Some general assumption for 't-CRDS are postulated in following points:
• The overall time resolution of -1 JlS is small compared to the density
changes that occur in the plasma.
• The rf power induces a not too significant disturbance to the steady state
ETP operating conditions.
• The rf power does not affect the surface conditions significantly: the ion
bombardment caused by the rf does not affect the surface reaction
probability of the radicals
The results will show that the time of significant density changes is much larger
than the overall time resolution of -1J.ts. The second point will be discussed in
Sec. 1.4. The last point has to be verified in future experiments. But as will be
demonstrated in the results the typical loss time of the radicals is longer than
the rf power fall time of -20 JlS. This implies that ion bombardment affects the
surface condition on shorter time scales than the typical loss time of the
radicals.

5.3. Proof of principle for Si and SiH3
A measurement of Si and SiH3 is shown in Fig. 5.6. Note, that the Si
measurement (triangles) still contains the SiH3 component (dots). Plasma
settings have been mentioned in the figure. In Fig. 5.6. the additionally
produced radical absorption as a function of time Llt is shown. At Llt<-5 ms) the
rf power is still switched off. At Llt= -5 ms the rf power has been switched on and
the production of additional radical density starts. Fig. 5.6. shows that both
radical densities increase up to a saturation value. At Llt=O s the rf power has
been switched off again, foliowed by the loss of the additional radical density. At
a certain point of time the Si+SiH3 signa! converges towards the SiH3 signal. At
that point all additional Si density has disappeared. Furthermore, the additional
densities are zero again at a longer time scale (Llt>10 ms).
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Fig. 5.6. A typical 't-CRDS measurement of Si(+SiH3 ) and SiH3 • The rf power has been
set to Pin= 63 W, and has been switched on for a period of 5 ms (2.5% duty cycle).
The SiH3 signaland the Si+SiH3 signal are plotted semi logarithmic in Fig. 5.7,
in which only the loss process (~t>O s) is shown. In this figure it can clearly be
seen that the Si+SiH3 signal gradually converges to the SiH3 signal.
Furthermore, the additional SiH3 density shows a single exponential decay,
which can be concluded from the apparent linear behaviour. This suggests that
the loss processes involved are linear in the radical density as will be discussed
in the next section.
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Fig. 5.8. The additional Si and SiH 3
absorption as a function of time ~t.
The (apparent) linear fit indicates the
single exponentialloss of Si and SiH3 •

To actually see the additional Si density the SiH3 signal has to be subtracted
(point-to-point) from the Si+SiH3 signal. The resulting additional Si and SiH3
absorptions are shown in Fig. 5.8. Now it becomes apparent that also the
additional Si density has a single exponential loss. At ~t= 0.12 ms the Si signal
becomes smaller than the SiH3 • Since the Si signal has been obtained from
point-to-point subtraction, from that point on the sensitivity for Si has becomes
poor. The 1 Ie time 't is the typicalloss time constant, resulting in 0.05 ms for Si
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and 1.3 ms for SiH3 • It can he concluded that Si is a factor of -25 times faster
consumed than SiH3 • The reason why Si is much faster consumed than SiH3
depends on the loss mechanisms involved, which will he stuclied in the next
sections.
To conclude, the 't-CRDS technique has proven to he a sensitive tooi for
obtaining the typical loss time constauts of the additionally produced Si and
SiH3 densities. The results have been taken directly from a measurement not
only as proof of principle, but also to indicate the accuracy that can he obtained
with this technique.
To gain insight in the loss mechanisms involved, the procedure presented here
has been repeated for other plasma settings. The time constauts have been
determined as a function of ambient pressure and as a function of partial silane
pressure. The reason for this approach will become apparent in the next section,
in which a theoretica! description of the density as a function of time will he
presented.

5.4. Theoretica} guide line
As mentioned before, in this study the focus will he on the loss processes. In this
case the production term in Eq. 5.2. can he taken zero:

-dn =-loss

(5.4)

dt

The loss of the additionally produced radicals can he divided in two processes:
1. diffusion to the wall, loss on the wall due to sticking (deposition) and
recombination generating new species, e.g., SiH3 (g)+H (s)~SiH4 (g)
2. gas phase reaction (s)
The gas phase reaction term is described by:
k,. nnx
(5.5)
in which kr is the reaction ra te coefficient of the first order reaction of the radical
under consideration with density n and a possible gas phase reaction candidate
x with density nx.
The diffusion term is described by the diffusion coefficient D and the spatial
33
density distribution in a certain control volume :
D V2n=:D...!!:....

(5.6)

A2

n

in which A represents the effective diffusion length of the fundamental mode of
the partiele distribution inside a certain control volume. The shape of the
fundamental mode depends strongly on the surface loss probability 13 and the
shape of the control volume. The walls of the volume represent the net sink for
the diffusing particle.
The equation of conservation (Eq. 5.4) of density n, can he written as 33 :

dn=-(E..+k,.n
)·n
2
dt

A

x

n(t=O)=n(O),

ofwhich the solution for nis given by:
n(t)

= ex{~~) .'=( ~ +"' nx
n(O)

r

n(t~oo)~O

(5.7)

(5.8)
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in which 't is the characteristic loss time. The loss processcan he described by a
single exponential decay of the density n(t) as a function of time. The
experiments also showed a single exponentialloss, which has been illustrated in
the previous section.
For the experiments described in this report the geometry is not exactly known.
This complicates the determination of the surface loss probability, which is the
parameter of most interest. Therefore, the geometry will he chosen cylindrical on
the basis of the cylindrical geometry of the deposition chamber (Fig.2.2.). The
fundamental diffusion mode distribution (n(r,z)) for a cylindrical geometry is
.
b y34 :
g1ven
n(r, z)

= n(O,O) cos(n z)Jo( 2.405r)
zs

rs

(5.9)

In which the first zeros of cos(-lhn:, 1hn) =0 coincide with the top and bottorn of
the cylinder and the first zero of the zeroth-order Bessel function J/2.405)=0
coincides with the cylinder wall (Fig.5.9.). Following Chantry33 rs and zs are
chosen such that the effective diffusion length can he described by a semi
empirica! approximation:
(5.10)
A2 =A~+ l0 À
in which A0 describes solely the effective diffusion in the fixed control volume
defined by the walls in the case all particles are lost at the wall (nwau=O, ~=1) and
l 0 A is a correction term for the case nwa1t':t:O (~:;t:1) because of reflections of the
radicals on the wall. The reflection probability ris equal to 1-~.

z

Fig. 5.9. The cylindrical control volume and the density distribution for rand z. H is the
height and R is the radius of the volume. Due to reflections (~t:l) the real zero at a
certain distance behind the wall is defined by the extrapolation length À.

n

The geometrie parameters for a cylinder are then given by:

J

A~=((; +(2-~05
l 0 À=

HR
À
2(H +R)

(5.11)

(5.12)

in which H is the height of the cylindrical volume, R is the radius, l 0 is the
volume to surface ratio and À an extrapolation length. The extrapolation length
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is the actual zero of the density distribution, which is positioned behind the wall
due to reflections ofthe radicals on the walland can bedescribed by:
À= 2 t..,rf!P (1+ r) = 4D ( 1-~/2)
(5.13)
3

(1-r)

Vthe

~

in which vehe is the thermal velocity ~(8k8 T /rtm) , 3D/vehe is the diffusion mean
free path t..,'f!Pand r (=1-~) is the reflection probability.
At this point the evaluation of the typical time constant results in:
-1

't=

D
A 2 + 4Dl0 1-~I 2
0

vthe

+Ie,. nx

(5.14)

~

This is for the case that ~:;t:l. For ~=1 Eq. 5.14 can be used in the case that;t;h' is
small or large compared to the dimension A0 of the control volume, otherwise a
worst-case error of 11 % in the empirica! approximation is introduced in
33
comparison with numerical solutions • In both case the density of the radical at
the wall nwaJ1 is 0.
The diffusion part ofthe loss process (first term in Eq. 5.14) basically introduces
four parameters that are unknown: ~' H, Rand D. Since the parameter of most
interest is the surface loss probability ~ the other parameters will be either
calculated (D) or estimated on the basis of the results (H, R). On the basis of the
deposition setup geometry R will probably be in the range of the vacuum
chamber radius, which is -0.25 m and H will probably be the height above the
substrate for which the CRDS technique is sensitive to changes in radical
densities. Thus, H will probably be much smaller than R. This means that the
geometry can be pictured as a flat cylinder in front of the substrate.
The parameter that can be calculated in advanceis the diffusion coefficient (D)
on which information is available from literature. The gas density in the plasma
is relatively high compared to the ion and electron densities therefore the
diffusion of the radical will be treated as diffusion in a gas mixture of Ar, H 2 and
SiH4 • The diffusion coefficient of Si and SiH3 in a Ar/HjSiH 4 mixture can be
calculated from the Lennard Jones parameters (see Table 5.1.) by Eqs. 5.15 and
5.16:.
_ 1.36·1Cf6 T 1'67 [ 2 _ 1 ]
D s~3 (5.15)
m s
Pambient

Dst

= 5.36·HT7TI.s

[mzs-1]

(5.16)

Pambient

in which Tis the gas temperature (K) andpambiene is the ambient pressure (mbar).
Now becomes apparent why the time constants have been determined as a
function of the ambient pressure. The diffusion coefficient depends on the
inverse of the ambient pressure. Information regarding the diffusion part of the
loss process of radicals (first term, Eq. 5.14.) can therefore be derived from an
ambient pressure series. The gas phase reaction part of the loss process of
radicals (second term, Eq. 5.14.) depends linearly on the density of species x. For
Si a candidate for gas phase reactions is SiH4 • Thus, information regarding gas
phase reactivity can be obtained from a partial silane pressure series (= nsiH4 ),
whereas SiH3 is not likely to react in the gas phase.
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Table 5.1. An overview ofthe calculation ofthe diffusion coefficient of a species in a gas
mixture as described by Perrin29 on the basis of the Chapman-Enskog diffusion theory
including the Lennard Jones parameters.
For two species (ij) with masses mi and m 1 and Lennard Jones parameters (CY;, t:), (ai' t:)
the binary diffusion coefficient at ambient pressure p amhient (Pa) and temperature T (K)
can he computed from:

3 (4n:k8 T /2m 9 )Yz

n= p/k8 T

:gas density

16 111tcr .Qv(T*)
9

mu =mtmjj(m;+mj)

:reducedmass

Ds·=1

(Jij

= (J i + (J j

/2

: binary callision diameter

r· =T /E 9

: reduced temperature

Ey=~E;Ej

: effective interaction energy

0 0 is a dimensionless callision integral which takes into account the permanent dipole of
the species35 :
+
o.193
+ 1.03587 +
1.76474
0 (T*) = 1.06036
0 15610
v
(T*) ·
exp(0.4 7635r*) exp(l.53T*) exp(3.8941 IT*)
Then, for a gas mixture M the diffusion coefficient of minority species i can he obtained
from the Blanc expression:

- - =~
""'-'
1
DiM

I

pj p
Dy(p)

,

In wh"ICh p.1 IS t h e partlaI pressure, D .. IS t h e b"Inary d"ff
I usion
0

0

0

0

V

coefficient of species i in a pure gas of species j at ambient pressure p.
Lennard Jones parameters:
species
<J CD
Elk" (K)
Ar
3.542
93.3
6.634
59.7
H2
2.827
0.335
207.6
SiH4
4.084
5.333
170.3
SiH 3
3.943
5.166
133.1
SiH2
3.803
5.000
95.8
SiH
3.662
4.831
2.910
3036.0
Si
4.664

5.5. The loss time constant series of Si and SiH3
To obtain information regarding the diffusion and the gas phase
reactivity of the Si and SiH3 radicals the typical time constant 1: has been
determined as a function of ambient pressure and partial silane pressure. The
following plasma settings have been taken for the series:
Table 5.2: Plasma parameters and rf bias parameters used for the ambient and partial
silane pressure series presented in this study.

parameter
Ar/H 2 gas flow rate
SiH4 gas flow rate
ambient pressure p
are current Jare
substrate temperature
rf bias power Pin
rf duty cycle DC

Tsubstrate

value
27.5/2.5 sccs
0.5-2.5 sccs
0.09-0.54 mbar
22.5A
200°C
63W

2.5% (on-time= 5 ms, off-time= 195 ms)
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For the partial silane pressure series the partial silane pressure has been
calculated from the ambient pressure and the gas flows, thereby assuming that
the consumption of silane can he neglected:
<I> SiH4
PsiH4 = Pambient ~
•
<I> total =<I> Ar +<I> H 2 +<I> SiH4
( 5 .17)
total

For all the plasma settings the additional Si and SiH3 densities have been
determined from the saturation value at ~t= 0 s. For the steady state (ETP)
conditions the densities have also been determined. Both are depicted in Figs.
5.10 t/m 5.13.
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As shown in Figs. 5.10. and 5.11. the additionally produced SiH3 density is
slightly lower than the steady state ETP produced density. The additional Si
density (Figs. 5.12. and 5.13.) is a factor of 4 to 5 higher than the ETP produced
Si density. The high Si density modulation has been expected on the basis of the
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expected production mechanism of Si, which is most likely by electron impact
dissociation of SiH4 • The ETP produces relatively low Si densities compared to rf
plasmas in genera!, since the production mechanism is different (Chapter 4).
Because the density of Si is small compared to the SiH3 density, the influence of
additional Si on the stationary ETP plasma can he neglected. Although the SiH 3
density is two times higher due to the rf power this is presumably still no
significant influence on the stationary ETP plasma is expected (assumption 2,
Sec.5.2.). Furthermore, to demonstrate the technique a large signal-to-noise
ratio is desirable, which has been obtained by the rather large density
modulations. For future experiments the influence of the density modulation can
he determined by determining the typicalloss time constauts as a function of the
rf power input.

5.5.1. Partial silane pressure series
As mentioned befare information regarding the gas phase reactivity of Si
and SiH3 with SiH4 can he obtained from a series of time constauts in which the
silane density is varied. The time constauts 't have been derived from the Si and
SiH3 measurements at various partial silane pressures (p 8iH4) and constant
ambient pressure (pambient) (Fig.5.14.). The experimental settings have been
mentioned in the caption.
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Fig. 5.14. The time constauts 'ts;Ha and 't8; as a function ofthe partial silane pressure. The
line is the fit of the more or less constant 'tsiHa· The errors have been obtained from
reproducibility and have been verified by fitting the data with upper and lower limit 't 's
such that the fit remains acceptable. AriH 2 =27.5/2.5 sccs, Pambient=0.27 mbar, Iarc=22.5 A, rf
power P,.=63 Wand rfpower DC=2.5%.

In Fig.5.14. it can he seen that the SiH3 time constauts remain more or less
constant for all partial silane pressures, yielding 'ts;Ha = 1.48 ms. The Si time
constauts decrease with increasing partial silane pressure in the range of
't8;=0.04 ms to 0.4 ms. The loss time constauts of Si are significantly lower than
the loss time constauts of SiH3 , which might have been expected because of the
chemica! nature of Si and SiH3 • Si has 4 dangling honds, whereas SiH3 has only
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1 dangling bond. Therefore, it can he expected that Si is more reactive to either
gas phase particles or the surface than SiH3 •
From the results of SiH3 it can he concluded, that no change in the SiH3 time
constauts indicates the gas phase losses can he neglected. Interactions of SiH3
with SiH4 in the gas phase apparently do not result in loss of SiH 324 • As shown
befare the loss process is single exponential. In the case of biradical reactions of
SiH3 and SiH3 , which might he a candidate for gas phase losses since SiH3
densities are relatively high, a term -kn2 would he introduced in Eq. 5. 7. of
which the salution would not he a single exponential. Therefore, it can he
concluded that biradical reactions of SiH3 are not likely to he of any importance.
Furthermore, no other (high density) candidate is present in the gas phase, of
which a reaction with SiH 3 would result in the loss of SiH3 • Thus, the loss of SiH 3
is diffusion/deposition determined: the time constauts depend solely on the
diffusion to the wall on which deposition occurs.
From the results of Si it can he concluded that with increasing Ps;H4 the
additionally produced Si radical is faster lost. This is related to the increasing
SiH4 density. In the gas phase Si reacts with silane, which is a much faster loss
process than diffusion/deposition:
Si+SiH4 ~S~H 2 +H 2
(5.18)
From the Si time constant series information regarding the reaction rate
coefficient k, can he obtained. According to Eq. 5.14. the loss time 't is depending
on the inverse of the silane density. Thus by taking the inverse of Eq.5.14. the
loss rate 't. 1 becomes linearly depending on the partial silane pressure:

-[zo -4- ( 1- ~/2) +-A~ J- +
1

't

_1

-

~

vthe

Dsi

1"..

"r nsiH4

nsiH4

= PsiH4
k T

( 5 _19 )

B

in which the first term, the ditfusion term, is more or less constant, because the
ambient pressure has been kept constant and because the diffusion coefficient
doesnotchange significantly, since the gas mixture is not significantly changed
due to the varying silane flow. In Fig. 5.15. the loss rate 't. 1 is shown.
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It can be seen that the expected linear dependenee of 't- 1 is not really evident.
The diffusion, which is constant, doesnotaccount for the non-linearityin 't- 1 but
introduces an offset. As mentioned before the partial silane pressure can be
calculated by Eq. 5.17., which is not valid in the case that the injected silane is
significantly consumed. The silane consumption by the ETP is however not
known forthese plasma settings. Probably the silane consumption is relatively
higher when less silane is admixed in the ETP (see Chapter 4). Nevertheless, a
first estimate of the reaction rate can be obtained by assuming that the silane
consumption can still be neglected at the highest flow rate.
As shown in Fig.5.15. a linear fit is taken through zero and the loss frequencies
at the highest partial silane pressure. From the slope the reaction rate has been
determined, which is a lower limit reaction rate. For an assumed gas
temperature of T=1500 K (see Sec. 2.3.), a reaction rate of k, =2.7 ·10-16 m 3 s· 1 •
This (lower limit) approximation of k, is in a fairly good agreement with the rate
constant obtained by Tanaka et al. 36 who found k,= 3.5·10.16 m 3 s- 1 (in a Ar/SiH 4 rf
plasma). Furthermore, they reported loss times for Si in the range of 2 10·4 s to
10·5 s (= loss rate 't.1 in the range of 5 to 80kHz) which is in good agreement with
the loss times presented in this report.
In the case that almost all silane would have been consumed for the 't- 1 at the
lowest partial silane pressure, this point would almost completely have been
determined by the diffusion. The offset caused by the diffusion term is therefore
between 0 and 2350Hz ('t ~ 0.43 ms). This small offset has notbeen taken into
account for the determination of the ra te constant because this would introduce
an error in the rate constant of 0.2·10. 16 m 3 s·\ which is much smaller than the
uncertainty caused by the determination of the slope of the linear fit and the
assumed temperature.
For future experiments the determination of the silane consumption by the ETP
(and additionally by the rfpower) is eminent for data interpretation.

5.5.2. Ambient pressure series
Information regarding the diffusion and surface reactivity of Si and SiH 3
can be obtained from a series of time constauts in which the ambient pressure is
varied. The time constauts that have been derived from the SiH3 measurements
at various ambient pressures are shown in Fig. 5.16. The experimental settings
are mentioned in the caption. The SiH3 time constauts increase with increasing
ambient pressure in the range of 0.5 ms and 2.5 ms, which is comparable with
the loss time constant of SiH3 reported by Perrin et al. 31 of 0.34·10-3 s for
Pambient=0.09 mbar.
As shown in Fig. 5.16., 'tsma depends more or less linearly on the ambient
pressure. In the previous section it was shown that SiH3 is unreactive in the gas
phase. This means the loss time constant of SiH3 is only determined by the
diffusion term in Eq. 5.14., thereby excluding the gas phase reaction term k,nx:
A~
4l0 (1- ~/2)
A~
4l0 (1 - ~/2)
(5.20)
't = D + vthe
~
- 1.36 ·10-6TL67 Pambient + vthe
~
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Since the diffusion coefficient D depends on the inverse of the ambient pressure
(Eq.5.15.), 'tsma depends linearly on the ambient pressure in the case that the gas
phase reactivity of SiH3 with any gas phase species can he excluded. The offset
and the slope of the linear fit, which is illustrated in Fig. 5.16., are then given
by:
offset= 4 l0 (1-13/ 2) =(4.1±0.6) ·lo--4 s
(5.21)
Vaw
13

A~

slope=

= ( 4.2±0. 51.\ ·lo-3 smb ar-1

(5.22)
1.36·lo- T ·
Two equations have been obtained with three unknown parameters. The surface
loss probability 13 is the parameter that is of most interest. The other unknown
parameters are the height H and the radius R of the cylindrical geometry. To
obtain 13 first the parameters H and R have to he determined.
A first approach is to take R=Rdeposition chamber=0.25 m and to calculate H by Eqs.
5.11. and 5.22., yielding H=0.11±0.01 m for T=1500 K. Then, from Eqs. 5.12. and
5.21. 13 can he obtained, yielding 13=0.43±0.05. This is in reasanabie agreement
with the literature value 13=0.28 obtained by Perrin et al. 31
Although, the agreement with literature is fairly good the question remains
whether the chosen geometry is reasonable, in particular whether the
assumption that R=Rdepositionchamber is valid. To verify this, the typical time constants
that would he expected on the basis of diffusion theory can he estimated. The
expected 'tsma for loss by diffusion can he estimated by the random walk of
particles to the wall:
6

l

167

(5.23)

vdiff

and
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1

J

Vaiff =( '';" v,.,

lmfp

=:er

(5.25)

in which vdiff is the diffusion velocity, l is the effective path length, lmfp is the
mean free path of collisions, n is the gas density and cr is the callision cross
19
2
section (-10. m ). ForT= 1500 K and Pambient=0.09 mbar the expected 't8 m3 can be
calculated, yielding 'tsiH3 =-30 ms in radial direction for l=R=0.25 m and 't8 m3 =2.5
ms in axial direction for l=H=O.ll m . The observed time constants of SiH3 are
much smaller than the expected 't8 m 3 for radial loss but of the same order for
axialloss. The diffusion velocity is much larger in axial than in radial direction,
because the density gradients are much larger in axial than in radial direction.
This implies that the additionally produced SiH3 radicals will nat reach the
vacuum chamber wall within the 5 ms that the rf power is switched on: the
radial density profile is nat yet stationary. In Fig. 5.16. is shown that the
absorption signal more or less saturates. This can be explained by the fact that
the additionally produced SiH3 density profile is stationary in axial direction
within 5 ms. Probably the (physically) most correct way to describe the geometry
in this case is by taking R--:; oo, which basically means that in these experiments
the observed time constants are primarily determined by diffusion and loss of
SiH3 in axial direction and, thus, loss on the substrate. The diffusion theory
described in Sec. 5.4. can now be treated as a one-dimensional problem. For this
one-dimensional approach the surface loss probability can now be determined.
To do this the Eqs. 5.11, 5.12, 5.21 and 5.22 can written as:
l _ H _ offset· va~.e
~
(5 .25 )
0

-

2 -

A~ =( ~

J

4

(1-~/2)

=slope 136· HT6 T"'

(5.26)

By taking T=1500 Kit follows that H=0.107 ± 0.005 m (Eq. 5.25) and ~= 0.41 ±
0.07. The assumption of R--:; oo results in no significant influence on the
resulting value of Hand ~ and is probably, in this case, a physically more correct
approach than the choice of R=0.25 m.
This one-dimensional approach is however based on a eosine distribution of the
SiH3 density (Eq. 5.9), which is the salution of the fundamental diffusion mode
distribution for a certain density between two surfaces. In this case only one
surface is present: the substrate. The other surface is again at a much larger
distance ( -oo ). To obtain a better approximation of ~ the diffusion mode
distribution should be calculated for a geometry with one surface. As shown
above this calculation can probably be treated as a one-dimensional problem,
which simplifies the calculation.
One last issue should be addressed, which is the assumption of the gas
14
temperature T=1500 K. This temperature has been previously determined for
other plasma settings and at a larger distance from the substrate. For the
experiments presented here the temperature has nat (yet) been determined.
Therefore, the calculations described above can be repeated for a temperature of
T=700 K, which is a lower limit assumption for T (Tsubstrate=500 K < T < 1500 K).
The resulting H yields 0.056 ± 0.005 mand~ yields 0.33 ± 0.07. This shows that
the influence of the temperature assumption is quite significant on bath H and
~' but the value of~ is still a reasanabie value for the surface loss probability of
SiH3 • Nevertheless, the temperature can be determined in future experiments,
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e.g., as described in Chapter 2 (Sec. 2.3.). For now the temperature will be
assumed to be 1500 K.
The obtained loss time constants of the Si radical are shown in Fig. 5.17. The Si
time constants are in the range of 0.05 ms and 0.17 ms and are significantly
lower than the loss time constants observed for SiH 3 as a function of ambient
pressure (see Fig.5.16.). Furthermore, the Si time constants increase for Pambient <
0.27 mbarand decrease for Pambient > 0.27 mbar. The increase in 'tsi can be ascribed
to an influence of diffusion at lower pressures foliowed by surface reactions.
With increasing pressure the mean free path of collisions decreases.
Consequently, the gas phase loss of Si becomes more important and 'tsi decreases
again.
Although, the reaction rate for the gas phase reaction of Si with SiH4 is known
16
from Sec. 5.5.1. to be ks;.sm4 =2.7·10. m 3 s·\ the gas phase reaction term
complicates the determination of the surface loss probability. This is, because
the actual SiH4 density in front of the substrate is not known (see Sec. 5.5.1.).
Nevertheless, an attempt will be made todetermine ~si·
Fora SiH4 consumption of >25% from calculations of the gas reaction term it can
be shown that the gas phase loss can be neglected in comparison to the loss by
diffusion for the low-pressure regime, especially for data points 1 and 2 in Fig
5.17. In the case a SiH4 consumption of 100% is assumed, data points 1 and 2
are completely determined by diffusion. Then by fitting these points in the same
way as has been done for the case of SiH3 a ~si of 0. 7 has been obtained.
However, probably the SiH4 consumption is lower than 100%. Taking SiH4
consumptions of 25%-100% (still diffusion dominated) higher values of ~si are
found (not shown in the figure). Therefore, it can be concluded that under the
assumption of a SiH4 consumption of >25% in front of the substrate ~si=0.7-1 is
29
found. From literature , the value for ~si is expected to be approximately 1,
although this has never been experimentally confirmed before.
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5.6. Influence of rf power duty cycle
Finally, a short comment will be made on the choice of a duty cycles (de)
of 2.5% (= 5 ms pulse length) that has been used in all previous measurements.
This de has been chosen on the basis of the following experiment: the
measurement ofthe additional absorptions ofSiH3 for various de (Fig. 5.18.). For
the 't-CRDS measurements of 40% de(= 80 ms pulse length) and 10% de(= 20
ms pulse length) it can be seen that the additional absorption does not return to
zero in the afterglow of the rf pulse (~t > 0). An increase in absorption (=
production) can be seen although the rf power has already been switched off.
Here, an attempt will be made to explain this unexpected residual absorption.
The residual absorption can probably not be ascribed to a volatile plasma species
such as radicals, because the typical loss times for these species are much
shorter (see Sec. 5.5 and 5.6.) and the residual absorption is still present at long
time scale (~t > 10 ms). Therefore, this residual absorption is probably caused by
non-volatile plasma species, such as stabie species (Si 2 H 6 ) or clusters. Now, it
appears to be necessary to reconsider the assumption made in Chapter 2 (Sec.
2.3.) that the broadband background absorption at À=-250 nm is only due to
SiH3 radicals. As addressed in Chapter 2 other processes might influence the
absorption obtained from CRDS measurements: the photo detachment process of
negative ions and scattering and absorption on clusters. For the ETP plasma
under standard a-Si:H processing conditions the SiH3 radical density obtained
by CRDS measurements has been verified with threshold ionisation mass
speetrometry measurements 3 • For these conditions it has been concluded that
the influence of the mentioned processes are not significant. However, here,
additional plasma has been produced by pulses of rf power. Still, photo
detachment process of (reactive) negative ions is not believed to be the cause of
the observed additional absorption regarding the long time scales, on which the
additional absorption can still be observed. On the other hand, the rf plasma is
more likely to create a significant cluster density. Therefore the production of
clusters in the rf plasma on a longer time scale is most likely the cause of the
residual absorption at ~t>10 ms. In the literature cluster formation in rf
discharges is a vivid and expanding issue of research 37 • In the case that this
observation can be ascribed to clusters new experiments can be thought of to
study the (dynamic) behaviour of clusters in the future. In contrary to the slow
absorption at ~t>10 ms, the fast increase and decreasein the rf power pulse can
not be ascribed to clusters. Therefore, there is no reason to believe that this
absorption in the rf pulse is not due to the SiH3 radicals.
The duty cycle that has been used for the experiments presented in this report
has beenchosenon the basis of the duty cycle measurements in Fig. 5.18. On
the one hand the de should be chosen such that no long term rf influence and
thus also no long term absorptions are present. On the other hand enough SiH 3
density should be present to have a sufficient signal-to-noise ratio for the 'tCRDS measurement. For both 1% de (= 2 ms pulse length) and 2.5 % de the
additional absorptions return to zero and thus no long term influence of the rf
plasma is present. For the experiments in this report, a dc=2.5 % has been
chosen over a dc=1% due to its good signal-to-noise ratio.
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5.7. Conclusions and future objectives
The newly set up technique 1-CRDS has proven to he a sensitive
technique to determine the typical loss time constants of radicals. In this case
the dynamic behaviour of Si and SiH3 have been studied on the basis of partial
silane pressure series and ambient pressure series. The loss time constants of Si
have been in general lower than the typical loss time constants of SiH3 • Due to
the chemical nature Si is likely to he more reactive to either gas phase particles
or surfaces due to the four dangling honds than SiH3 , which has only one
dangling bond.
The analysis of the partial silane pressure series has lead to the condusion that
SiH3 is nat lost in the gas phase by reactions, whereas Si has shown to he
reactive with SiH4 in the gas phase. A (lower limit) reaction rate constant for the
Si-SiH4 reaction has been determined, yielding k,=2. 7-10-16 m 3 s·\ which is in good
agreement with the value reported in the literature36 • A better approximation of
the reaction rate constant can he obtained in the case that the actual silane
density can he determined. In future experiments the silane consumption should
he measured for this purpose.
The analysis of the ambient pressure series has shown that again SiH3 is lost by
diffusion and surface reactions. This has been concluded from the linear
dependenee of the time constants of SiH3 on the ambient pressure. From the
ambient pressure series the surface loss probabilities have been determined. For
SiH3 a surface loss probability ~siH3 of 0.41 ± 0.07 and for Si a ~s; of 0.7 - 1 have
been determined by assuming a reasanabie geometrie description of the control
volume. For this geometry has been shown that radial diffusion has no
significant influence on the loss process. Therefore, the diffusion can he
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described as a one-dimensional problem. In future experiments it's advisable to
measure the axial and radial density profiles of Si and SiH3 and to calculate the
fundamental diffusion mode distribution for the one-dimensional problem.
Furthermore, this technique can and will he employed to study the dynamic
behaviour and to derive surface loss probabilities of other radicals, such as SiH 2
and SiH.
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Chapter 6

General Conclusions
The general objective of this work has been to study some aspects of the
growth mechanism of hydrogenated amorphous and microcrystalline silicon thin
films and in particular to gain insight in the radical-surface interactions. In this
framewerk three related projects have been carried out. At the end of each
chapter detailed conclusions have been given. Here, a more general overview of
the conclusions will he given.
The aim of the first project has been to characterise a microwave plasma
deposition souree in order to obtain information regarding the design
parameters of a souree that can he used in the new UHV setup for future
radical-surface interaction studies. For use in the new UHV setup the main
interest is to design a mono radical souree in particular for the SiH3 radical,
since in general SiH3 is believed to he the main growth precursor of
hydrogenated amorphous silicon. This has also been concluded from gas phase
density measurements for the case of the expanding thermal plasma (ETP)
presented in the 2 other projects of this report. From the characterisation it can
he concluded that the microwave plasma source, when operated on argon as a
souree gas, can he used to deposit reasanabie quality a-Si:H thin films and can
as such he implemented in the new UHV setup. However, the question remains
whether the souree produces predominantly SiH3 and can he typified as a mono
radical source.
The aim of the second project has been to gain more understanding of the
relation between gas phase radical densities and the materials composition of
the (a-Si:H I ~-tc-Si:H) films deposited with the ETP. Therefore, the absolute gas
phase densities of the Si, SiR and SiH3 radicals have been determined in the
transition from a-Si:H to ~-tc-Si:H growth conditions. The SiH3 radical is found to
he the main growth precursor in bath a-Si:H and ~-tc-Si:H conditions. The
sequentia! H abstraction process of SiH4 by H has shown to he the main SiHx
radical production mechanism in the ETP. The available SiH4 density is a
limiting factor in this process, which leads to relatively high Si and SiR
densities in the ~-tc-Si:H regime as opposed to much lower densities in the a-Si:H
regime. These observations might directly he related to the resulting material
composition, although other processes might also contribute, e.g., the H density
arriving at the surface. In the future the SiH2 can he measured to complete the
SiHx radical density picture for a-Si:H and ~-tc-Si:H growth conditions.
The aim of the third project has been to set up a new diagnostic, time resolved
cavity ring down (1-CRDS), in order to study the dynamic behaviour of radicals
such as gas phase loss due to reactions and diffusion loss due to deposition on
the wall. From these loss processes the surface loss probability ~ can he
obtained, which is an important parameter to gain more insight in the radicalsurface interaction. The 1-CRDS technique has been tested on the Si and SiH3
radicals and has proven to he a sensitive technique to measure radical losses.
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For all plasma settings Si is lost much faster than SiH3. This is, because SiH3 is
notlost in the gas phase by reactions but by diffusion to the wall, whereas Si is
predominantly lost by gas phase reactions with SiH4 • A (lower limit) reaction
rate constant for the Si-SiH4 reaction has been determined resulting in k,=2.7·1016m3s-1. For future reference, the determination ofthe silane consumption can aid
in obtaining a better approximation of the reaction rate constant of the Si-SiH4
reaction. A first estimate of the surface loss probabilities of Si and SiH3 have
been obtained by assuming a reasonable diffusion geometry resulting in a ~sma of
0.41 ± 0.07 and a ~s; of0.7-1. To obtain a better approximation ofthe surface loss
probabilities more insight in the diffusion geometry should he gained. In future
experiments this technique can he employed to study the dynamic behaviour of
other radicals, such as SiH2 and SiR.
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Dankwoord
Bij deze richt ik een woord van dank aan alle mensen die bijgedragen hebben bij
de tot stand koming van dit werk.
Allereerst wil ik een woord richten aan m'n vriendin Ivy. Jij had altijd een
luisterd oor in goede, maar ook minder goede perioden afgelopen jaar. Jouw
ondersteuning en geduld hebben er toe geleid dat met name de afronding van dit
werk soepel is verlopen. De tijd die we samen hebben kunnen doorbrengen is
wat beperkter geweest, maar dit zullen we komende jaren zeker inhalen. Bram
bedank ik met name voor de hoognodige ontspanning tijdens het schrijven van
het verslag. Jullie twee hebben me vaak doen realiseren wat de belangrijke
zaken in het leven zijn. Mijn ouders dank ik vooral voor de steun door de jaren
heen. Deze jaren zijn afwisselende perioden van veel en weinig contact geweest.
Gelukkig zijn jullie altijd begripvol geweest en kon ik altijd bij jullie terecht. De
ouders van m'n vriendin wil ik natuurlijk niet vergeten. Ook jullie hebben altijd
belangstellend geïnformeerd naar de gang van zaken en jullie zijn altijd bereid
geweest om mij en Ivy te steunen in drukke tijden.
Vooral veel dank gaat uit naar Johan voor de begeleiding tijdens het afgelopen
jaar. Ik kan terug zien op een zeer gezellige en vooralleerzame periode. In m'n
ogen is de samenwerking goed verlopen. Hopelijk zie jij dat ook zo en baal je er
niet van dat je mij onder je hoede hebt gehad ! Hetzelfde geldt ook voor jou,
Erwin. Jij stond altijd klaar en was altijd bereid om mee te helpen, om te
discussieren en om de nodig uitleg te geven. Jongens bedankt, en het lijkt me
gepast om de samenwerking een keer goed te bekronen. Het woord "Hut" is
vaker gevallen, maar het woord is nooit bij de daad gevoegd. Bij deze een
uitnodiging. Natuurlijk wil ik Richard niet vergeten. Hoewel je beschikbare tijd
soms beperkt is geweest, zijn er volop momenten geweest waarin je jouw
betrokkenheid op een enthousiaste manier hebt laten blijken. Bedankt dat je me
in de gelegenheid hebt gesteld om dit project te kunnen doen. Tevens wil ik
Daan nog bedanken voor de discussies die we hebben gevoerd, de korte
bezoekjes in het lab en de gesprekken op de gang om eens te informeren naar de
gang van zaken.
Verder gaat veel dank uit naar Ries, Jo, Bertus en Herman voor de technische
ondersteuning en Jeanne voor de administratieve ondersteuning. Er was altijd
wel de mogelijkheid om even wat tijd vrij te maken voor mijn vragen. Tenslotte
gaat m'n dank uit naar Peter (Vankan) voor de nodig adempauzes en de daarin
gevoerde discussies, Erik en Roland voor de hulp met de spectroscopische
ellipsometer, Collin voor het lenen van de microgolfgenerator en Peter (van de
Oever) die op het laatst nog geholpen heeft met de 't-CRDS metingen. Natuurlijk
wil ik de andere leden van de ETP groep niet vergeten. Jongens, bedankt voor de
gezellige tijd en samenwerking. Komende vier jaar zal ik deels betrokken blijven
bij de groep, dus ik zal jullie allemaal nog wel eens regelmatig zien.
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