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Chapter 1

1.1 Thin film deposition

Nowadays thin films play an important role in life. Although their presence is often
unnoticed, without them many devices would be quite different from their present form, e.g.
television, coloured windows, solar cells, and telephones; or would even not exist at all e.g.
microprocessors, compact discs, and the remote control. It is therefore understandable that
people are looking for new applications for the use of thin films as well as new and better
ways to produce thin films.

One of the methods of producing thin films is by means of plasma technology. This is
a technique by which a plasma, also known as ‘the fourth state of matter’, is used to generate
ions, electrons and radicals which deposit at a surface where they will form a thin film. The
source of these depositing species could be either gaseous, liquid or solid in origin. Most of
the time a plasma is generated by means of an electrical discharge. The variety of application
for the thin films is as numerous as the variety of plasma sources used to deposit them. Some
examples of plasma sources used for deposition of thin films are: RF- and DC-sputtering
[1,2], for which solid state targets are used as a source of the depositing species; parallel plate
discharge [3,4], inductively coupled plasmas [5,6], microwave plasmas [7,8], and arcs [9,10]
which mainly rely on gaseous monomers as a source for the depositing species.

In general the film deposition rates obtained with the conventional plasma deposition
techniques are low (up to a couple of nm/s) and the deposition area is small (tens of cm?). At
the Eindhoven University of Technology a plasma technique has been developed which is
capable of depositing good quality film of various materials at high growth rates (over
10 nm/s) [11]. In general a high film growth rate is appreciated in industry, because it reduces
the production time of devices and with that also the production cost. However for very thin
films (<10 — 20 nm) it is less beneficial to have growth rates of several tens of nm/s, because
the time gain does often not validate the investment needed for the equipment to obtain high
growth rates.

The used plasma technique is based on an arc plasma. In general gas enters the arc on
one side, then a plasma is generated inside the arc by means of a discharge and the plasma
flows out of the arc on the other side. Because these thermal arc plasmas are normally used at
or close to atmospheric pressure, the dimensions of the generated plasma are small. These
plasmas can therefore best be compared with the flame of a welding torch. However, for the
used plasma technique the outlet of the flowing arc is connected to a vacuum vessel (p = 10 -
30 Pa). The plasma generated in the arc will expand into this vacuum. In this way a remotely
generated expanding thermal plasma is created with low electron temperature [11]. By
injecting a molecular gas, also called precursor, into this expanding plasma chemical reactions
between ions and electrons in the plasma and the gas molecule are initiated. Due to these
chemical reactions the gas molecules are dissociated into radicals or ions which will cause
deposition of a film at a surface which is located either in the plasma beam or close to it in the
vacuum vessel.

The expanding thermal plasma used at the Eindhoven University of Technology has
been, and in most cases still is, used for the deposition of hydrogenated amorphous silicon
(a-Si:H) [12,13,14,15], hydrogenated amorphous carbon (a-C:H) [11,16,17,18,19], diamond
[20,21], carbon nitride [22,23], silicon nitride [24], and zinc oxide [25,26]. The hydrogenated
amorphous silicon, silicon nitride and zinc oxide work has mainly been done for application
in solar cells, whereas hardness and wear-resistance have been the main reasons for the work
on hydrogenated amorphous carbon, diamond, and carbon nitride.
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General introduction

In this thesis, as an extension to these applications, the expanding thermal plasma will
be used for the deposition of silicon oxide films. Silicon oxide is a material which has many
applications due to its optical, electrical and mechanical properties. It can be used as an
optical coating [27], UV protection coating [28,29], electrical insulator [30,31,32], barrier
film for food packaging [33,34], corrosive protection film [35,36], and even as a moisture
sensor [37]. This wide range of applications immediately shows the importance of silicon
oxide films as well as the large economic benefits for industry when these films can be
deposited at high deposition rates.

For the deposition of silicon oxide films by conventional plasma techniques many
different gaseous precursors have been used, although sputtering of a pure silicon dioxide
target (Quartz) can also be applied. Gaseous precursors however have the advantage that they
are in general easy to use and can be applied in large quantities. The two most often used
precursors are silane [38,39] and tetraecthoxysilane (TEOS) [40,41], both in combination with
oxygen. A simplified image of their atomic composition has been given in Figure 1.1. As can
be seen silane is a good source for silicon atoms, however due to its toxicity and its hazardous
properties several precautions have to be taken before this precursor can be used. Therefore it
is less applicable for industrial purposes. TEOS does not have these hazardous properties and
it is less toxic, however at room temperature this precursor is liquid and needs to be
evaporated before it can be injected into a depositing plasma. As can be seen in Figure 1.1
TEOS does contain a significant amount of carbon and hydrogen. Due to the combination
with oxygen in the depositing plasma it is possible to produce carbon and hydrogen free films,
because the oxygen forms water and carbon dioxide with the hydrogen and carbon atoms.
One advantage in using TEOS rather than silane is the fact that the silicon atom in TEOS is
already bonded to four oxygen atoms and therefore it is already in a configuration, which is
close to the structure present in silicon dioxide films.

H H H.C,-O O-C,H, H.C CH,
NS NS N0/
Si /Si‘_ S i\ /S L
g H HC-0 ©OCHs HChc  cptH
Silane Tetraethoxysilane (TEOS) Hexamethyldisiloxane (HMDSO)

Figure 1.1: Molecular representation of silane, tetraethoxysilane and hexamethyldisiloxane.

In the last decade hexamethyldisiloxane (HMDSO) in combination with oxygen has
been used more often as a precursor for the deposition of silicon oxide films [42,43]. As with
TEOS, this precursor is less toxic and less hazardous than silane, although not totally
harmless [44]. Also like TEOS this precursor is liquid at room temperature. The atomic
configuration of HMDSO has also been shown in Figure 1.1. It can be seen that in
comparison to TEOS this precursor contains less carbon and hydrogen, which need to be
eliminated in the plasma by means of oxygen to form a pure silicon oxide film. Compared to
TEOS this precursor has one more advantage. It contains two silicon atoms and therefore it is
a better source of silicon atoms. Also the silicon is already present in a Si-O-Si configuration,



Chapter 1

which is needed for the formation of pure silicon oxide films. Although HMDSO is a more
expensive precursor than TEOS” it is still a commercially interesting precursor for application
in industry due to the presence of two silicon atoms per molecule in a Si-O-Si configuration
and its lower carbon content.

Although oxygen is added to the deposition plasmas using TEOS or HMDSO as
precursor, in most cases the deposited film will still contain some carbon and hydrogen.
Therefore the best way of chemically identifying the film is not by SiOy as used for pure
silicon oxide films, but by SiOxCyH,. The values for x, y, and z are obviously dependent on
the type of plasma used to produce the film, on the plasma parameters and the material
temperature at time of deposition. Because of the presence of carbon and hydrogen in the
depoiited films, the silicon oxide films in this thesis will be addressed as silicon oxide like
films'.

Because of the benefits of HMDSO above TEOS, in this thesis HMDSO has been used
as a precursor gas for the deposition of silicon oxide like films. As mentioned HMDSO is a
liquid precursor and needs to be evaporated before it can be injected into the expanding
thermal plasma. Controlling and evaporating the liquid precursors is often a delicate matter.
The classical method is the well known ‘bubbler’ system, with its inherent problems: poor
stability and poor reproducibility, due to the extremely high sensitivity to changes in
temperature. Therefore in this work another, fairly new, system has been used for the control
and evaporation of the liquid precursor. For the evaporation of the precursor a Bronckhorst
controlled evaporation module (CEM, type W-202) in combination with a Bronckhorst Liqui-
Flow® meter (type L2C2) has been used. This is a closed system, which controls the liquid
flow rate and evaporates the liquid. This system is more reliable and stable than the more
conventionally used bubbler systems [45,46].

The interest of the research done in the plasma physics group at the Eindhoven
University of Technology lies not only in the production of films with specific properties. At
the same time the overall process of film deposition is also of interest. In this the interest is
very broad and can be distinguished in three main areas. The first one concerns the plasma
gas phase, for which questions arise like; How is the precursor dissociated?; What are the
main dissociation products? How do these products depend on the plasma parameters? The
second area relates to the deposited film, for which question arise like; What are the optical,
mechanical, or electrical properties of the deposited film?; What is the film composition?;
How does this depend on the plasma composition? The third and probably most difficult area
concerns the deposition process itself, for which questions arise like: What is the dominant
deposition particle?; Which reactions occur at the film surface? Each of these three areas
require their own techniques to analyse the parameters needed for answering the various
questions.

In this thesis not all the questions stated for the three fields will be answered, but
serious effort has been made to get as many answers as possible. For the first area the answers
concerning the thin film deposition from HMDSO and oxygen in an expanding thermal
plasma are mainly obtained indirectly and from the properties of the deposited films. These
properties have been measured with the aim of answering the questions in the second area, but
provide enough information to also gain a good insight in the plasma chemistry.

" Price TEOS: € 30,00 per liter, HMDSO € 108.00 per liter [47].
T In literature these kind of films are also referred to as silicone like films.
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General introduction

The last area, the plasma film interaction, contains elements of the first and the second
area. Although in the first and second area respectively the plasma and the film can be studied
separately, the third area makes the use of in situ diagnostic techniques obligatory. In situ
diagnostics to monitor the evolution of the different bond types in the film in time do already
exist. Fourier transform infrared reflection absorption spectroscopy [48,49] is one of the more
widely used techniques, but due to the high deposition rates obtained when using the
expanding thermal plasma this diagnostic is pushed beyond its limits. Therefore in this work a
new and fast infrared reflection absorption spectroscopy setup has been designed which
enables the monitoring of the evolution of the different bond types present in the film at high
film growth rates. Aside from this new setup in situ single wavelength ellipsometry has also
been used.

1.2 Aim of this thesis

The aim of the project has been the production of silicon oxide like thin films from
HMDSO and oxygen at high growth rates by means of an expanding thermal argon plasma.
The main task has however not been to optimise the deposition plasma parameters in such a
way that pure silicon oxide is produced. The main task has been to get more insight in the
correlation between the plasma parameter on one hand and the film properties as well as the
plasma properties on the other hand. This has been achieved by studying the expanding
thermal plasma with only the addition of oxygen without the deposition precursor and by
studying the depositing plasma with and without the addition of oxygen. Also more than one
precursor has been used to get a better understanding of the plasma and surface chemistry of
the silicon oxide like film deposition process using HMDSO and oxygen as a precursor.
Finally a second goal of this work has been the development of a new and fast diagnostic for
the in situ monitoring of the film growth.

1.3 Outline of this thesis

In chapter 2 the deposition setup as well as the liquid precursor evaporation system are
first discussed. Second a description is given of the various diagnostics used in this work,
including the various applications of infrared spectroscopy.

Chapter 3 deals with the design and testing of the new and fast infrared reflection
absorption spectroscope, which is designed for the in situ analysis of the film growth at high
deposition rates. In chapter 3 the design specifications and a theoretical study of this
spectroscope as well as an initial experimental study to demonstrate the spectroscope’s
abilities are described.

In chapter 4 a study of the expanding thermal plasma into which oxygen is injected is
presented. In this chapter the ion density and temperature profiles of the expanding thermal
plasma, with and without the addition of oxygen, are presented. This data has been obtained
from Langmuir double probe experiments. Pitot probe measurements are used to obtain a
better understanding of the flow pattern of the gasses in the plasma reactor. The combination
of Langmuir probe and Pitot Probe measurements is used to calculate the total ion flux
generated by the arc plasma source.

In chapter 5 to 7 the results of the study on the deposition plasma are given. In chapter
5 a deposition study is presented which results in more understanding in the silicon oxide like

5
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film properties as a function of various deposition parameters. In chapter 6 an oxygen
treatment study of the deposited silicon oxide like films is presented. In this study deposited
silicon oxide like films are exposed to the expanding thermal plasma into which only oxygen
is injected. This to get a better insight into the reactivity between oxygen and the deposited
films. In chapter 7 an attempt is made to unravel the reaction mechanism of the silicon oxide
like film deposition from HMDSO and oxygen. Both gas phase reactions as well as surface
reactions are addressed. In addition to the data shown in chapter 5 and chapter 6 a deposition
study using tetramethylsilane (TMS) as a precursor is presented in chapter 7. This in order to
get more understanding in the sticking probabilities of the various deposition species
responsible for silicon oxide like film growth.

In chapter 8 some of the results obtained during a two month visit to the National
Renewable Energy Laboratory in Golden, Colorado (USA) are presented. This work involves
the deposition of combinatorial libraries of ZnSn,Oy by means of co-sputtering of solid state
targets. These kind of films are used as transparent conductive oxides (TCO) in e.g. solar
cells. The libraries are analysed for their conductivity and their composition in order to find
the stoichiometry at which the best conductivity is obtained.

The main conclusion of the work presented in this thesis are summarized in chapter 9.
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Chapter 2

2.1 Deposition setup

The used deposition setup has been described extensively before [1,2,3]. The setup can
be splitted in five main parts which will shortly be discussed hereafter. An overview of the
setup is given in Figure 2.1.

moveable holder——
magnetic coils

K

plasma source

65 cm

recirculation cell

" RR.

expanding plasma

to pumps<+—— \substrate holder

Figure 2.1: The expanding thermal plasma deposition setup.

*
e Plasma source

The plasma source is a wall-stabilised cascaded arc [4], which is shown in Figure 2.2.
The arc consists of three cathodes, four cascade plates and one anode plate. The cathodes are
located symmetrically in the cathode housing (top). The cathode housing, plates and anode
are insulated by means of boron nitride rings. All parts are made of copper except for the
cathode tips, which are made of tungsten with 2 % of lantanium to reduce the work function.
The arc channel has a diameter of 4 mm. The cascaded arc is operated using argon gas (purity
grade 5.0), with typical flows between 25 sccs and 100 sccs, which is injected through a hole
in the top off the cathode housing. Typical arc currents are between 25 A and 90 A and
typical operating pressures in the cathode house under these conditions vary from 0.2 bar to
0.5 bar.

" Beside the plasma source mentioned here there is also a second plasma source present. To the substrate holder
an RF bias can be applied. This plasma source has however not been used in this work and therefore will not be
discussed.
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argon

cathode (3x)

lasma channel
-~ P

copper plates

;
apli—

nozzle (anode)
Figure 2.2: The cascaded arc.

e Expansion vessel

The expansion vessel is a stainless steel cylindrical vessel (diameter 32 cm, length
approximately 100 cm) which is positioned vertically’. On top of the expansion vessel the
plasma source has been mounted in a stainless steel container which is mounted on a
moveable arm, which gives the possibility to change the vertical position of the plasma source
in the vessel. The expansion vessel has been equipped with several ports for mounting
analysis tools. Under typical operation conditions in combination with the used pumping
system typically downstream pressures in the range from 0.1 mbar and 0.5 mbar are obtained.
Due to the large difference in pressure between the arc and the expansion vessel, the plasma
will flow out of the arc at supersonic velocity [5,6,7]. In the expansion the velocity will first
increase and then decrease until a shock front will be formed after which the plasma flows at
subsonic velocities towards the substrate holder. The position of this shock front depends on
the plasma conditions.

e Substrate holder

The substrate holder, on which the substrates are mounted, is situated at the bottom of
the vessel. The distance between the arc exit (nozzle) and the top of the substrate holder is
equal to 65 cm, but as mentioned can be varied by means of a moveable arm. The substrate
holder is mounted on top of a temperature controlled chuck due to which the temperature of
the substrate holder can be varied in a range of - 50 °C to 300 °C with a temperature accuracy
at the substrate surface of AT=10 °C [8]. For the temperature control a combination of ohmic
heating and liquid nitrogen cooling is used. For a good heat contact between the substrate
holder and the chuck a small flow of helium gas is used (couple of sccs). A load lock system
is used to change the substrate holder without pressurising the expansion vessel. The base
pressure of the load lock system is approximately 10 mbar.

" The reactor vessel is circumvented by several magnetic coils, which can be used to confine the plasma. These
have not been used in this work and are therefore not discussed.
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e Pumping system

The reactor vessel is connected to a pump stack with one rotary piston pump
(Edwards: 240 m’/hr) and two mechanical booster pumps (Edwards EH2600: 2600 m®/hr;
Edwards EH500A: 500 m’/hr) which generate a base pressure of 10™* mbar. Overnight the
reactor is pumped by a turbo molecular pump (Leybold Turbovac 1500: 90 m’/hr) which
keeps the reactor pressure at 10 mbar.

e Gas handling system

Into the expanding argon plasma, precursors are injected to obtain deposition on top of
the substrates. There are two different precursor injection positions. The precursor can be
injected through the nozzle of the cascaded arc as well as through a punctured ring situated
approximately 5 cm from the arc exit. For the injection of the precursor through the nozzle a
special nozzle has been used, as shown in Figure 2.3. This nozzle makes it possible to inject
the oxygen symmetrically into the plasma beam. Also the precursor is injected before the
plasma shock and therefore the mixing of the precursor and the argon plasma is very good.

AR
Nil%

gas distributor

gas inlet

/

In general these precursors are gaseous and are controlled by means of regular mass
flow controllers. However in this work organosilicon precursors are used which at room
temperature are in a liquid phase. Therefore these kind of precursors first need to be
evaporated, which can be done by so called bubbler systems. A disadvantage of these kind of
systems is that they do not produce a very stable vapour flow and therefore another system for
the evaporation of liquid precursors has been chosen.

For the evaporation of the precursor a Bronckhorst controlled evaporation module
(CEM, type W-202) in combination with a Bronckhorst Liqui-Flow® meter (type L2C2) has
been used. This is a closed system, which controls the liquid flow rate and evaporates the
liquid fully. This system is more reliable and stable than the more conventionally used
bubbler systems [9,10]. Just as in the case of a bubbler system a carrier gas for the vapour is
needed, which is supplied to the CEM system by means of a regular gas flow controller.

Figure 2.3: Schematic of the injection nozzle.
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Because the gas used for the plasma is argon also argon has been selected as the carrier gas.
An schematic overview of the complete liquid evaporation module is given in Figure 2.4.

Argon from |_|
gas bottle

Gas flow _I_I I_I—_
controller
Evaporator
HMDSO
Reservoir
-
LiquiFlow
controller To reactor

Figure 2.4: Schematic of the liquid evaporation system.

2.2 Diagnostics

2.2.1 Ellipsometry

Ellipsometry is an optical diagnostic which can be used to determine the complex
refractive index and thickness of a film material which is deposited on top of a known
substrate material. The main principle of this optical technique is based on the difference in
reflection coefficient for perpendicular (s-direction®) and parallel polarized (p-direction) light
(cf. Figure 2.5). This means that at reflection at a surface the polarisation direction of
polarized light will change. The change itself is dependent on the optical properties of the
material at which the reflection takes place.

*¢g’ is of the german word ‘senkrecht’ which means perpendicular.
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Figure 2.5: Schematic overview of the meaning of the ellipsometric parameter ¥ and A.

The complex reflection ratio (o) of the parallel and perpendicular reflection

coefficient, r, and r, respectively, is given by:

p= :—P = @exp[i(é'p -0, )] = tan(¥)exp(iA) (2.1)

N N

where 6, and O, are the individual phase shifts at reflection for the parallel and

perpendicular component respectively. In general the values of the ellipsometric parameters
Y and A are measured by an ellipsometer. When the material at which the light is reflected
is assumed to be a semi infinite material then it is easy to calculate the complex refractive
index from these parameters. In that case the so called two phase model can be used, which is
mostly used for bulk materials. The Fresnel equations for optical isotropic materials, obtained
from boundary conditions for the electric field components at the surface are given by
[11,12]:

r, = 1, COS @, — 1, COS @, 2.2)
n, COS @, + n, cos @,

1, cos @, — 1, oS
r, = 1 ¢0 0 ¢1 . (23)
© n,cosd, +n,cosg,

14



Setup and diagnostics

Here n, and n, are the complex refractive indices of respectively ambient and the sample and
¢, and ¢, are the angle of incidence and the angle of refraction respectively as indicated in

Figure 2.6.
' Ep,inc Ep,reﬂ .
Es,inc ¢0 Es,refl
n, Ambient
@ = Qut of paper direction

n

! Sample

#,

Figure 2.6: Reflection on a semi infinite sample.

By combining the Fresnel equations and the complex reflection ratio (Eq. (2.1)) an
equation for the complex refractive index can be derived:

n, =n,sing, \/ 1+ [:—ZJ tan’ ¢, (2.4)

This equation can also be used more generally for substrates with one or more films on top of
it. However the refractive index obtained in that way for these kind of systems will be a
refractive index for the whole system and no information about the refractive index of the
individual films is obtained.

The two phase model is only valid for ideal surfaces with optical properties that do not
vary from the bulk properties. If the optical properties of the bulk material do differ from the
surface properties then a three or more phase model needs to be applied. For the films
deposited in this work the film can always be assumed as a homogeneous film and therefore a
three phase model is sufficient. A global representation of the deposited samples is given in
Figure 2.7. The reflection coefficients for this system of film and substrate are given by:

_ o +”20{eiziﬂ

= (2.5)

o a_ o
1+ r5m,

where 7, is the Fresnel coefficient for a-polarised (p or s) light at the interface from / to m
and

_ 2md,n, cosg,

b 2

(2.6)
the phase thickness, with 4 the wavelength of the used light and d, the thickness of the film.

15



Chapter 2
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¢

Figure 2.7: Schematic overview of a Samplé with a thin homogeneous film on top.

For multiple films also reflection coefficients can be derived, but for simulation
purposes it is often easier to use the so called impedance formalism. This is easy to use
because it makes it possible to add and subtract thin film effects on the ellipsometric
parameters. More details on this impedance formalism can be found in literature [13].

HeNe-laser (632.8 nim)
linearly polarized light

polarizer mounted
on stepping motor

connection encoder

/ and compensafor T

....... detector
retarder (1/4 plate)

‘.,
.
e
e
bt
*

encoder

(256 pulsestev) s analyzer mounted
on stepping moftor
compensator
(474 plate) sample

Figure 2.8: Schematic representation of the used in situ rotating compensator ellipsometer.

In this work an in situ rotating compensator ellipsometer has been used to perform the
actual measurements. A schematic representation of the used ellipsometer is shown in Figure
2.8. As a light source a He-Ne laser (A4 =632.8 nm) is used, which is polarised circularly by a
A /4 plate. By means of a polariser this light is linearly polarized after which the light passes
through a second A /4 plate (compensator) which is rotating. This results in time dependent
polarised light which enters the reactor by means of a quartz window and it is reflected at the
sample surface. The reflection changes the polarisation of the incident light. The reflected
light exits the reactor through another quartz window after which it passes through another
polariser (analyser) before being focused onto a photodiode detector. The detector signal as
well as the rotating compensator position are measured by a computer by means of an ADC.
From the registered detector signal as function of the compensator position, the ellipsometric
parameters ¥ and A can be calculated. Dedicated software is used to simulate the
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ellipsometric parameters as function of time. By comparing these simulations with the
measured W - A trajectories as function of time, the complex refractive index, the film
growth rate and the final film thickness can be derived. A typical example of a Y- A
trajectory obtained during the deposition of a silicon oxide like film is shown in Figure 2.9.
When the ¥ - A trajectory does not show a spiral shape, the imaginary part of the refractive
index is close to zero.
3601
315
270 e LT T
225 Bt
o 180 -
< 135 .
90 amun®
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0 — — ' T T T T T T 1 T T 1 T T 1
0 15 30 45 60 75 90
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Figure 2.9: Typical Y - A trajectory obtained during the deposition of a silicon oxide like
film from hexamethyldisiloxane and oxygen.

2.2.2 Infrared absorption spectroscopy

Infrared absorption spectroscopy is a very powerful tool. It can be used for many
purposes in multiple configurations. It can be used for film analysis as well as for the
sampling of gasses, because many vibrational bonding frequencies in solid and gaseous
materials are in the infrared part of the electromagnetic spectrum. In this section an overview
will be given of the various fields for which infrared absorption spectroscopy can be used.
This overview is not a complete overview and it is mainly focussed on the varieties used in
this thesis work.

Infrared transmission absorption spectroscopy can be used to analyse the gas phase of
a plasma as well as the solid state phase of deposited films. Work on gas phase transmission
absorption spectroscopy has been published in literature by means of a paper [14] which is
attached to this chapter in published form as an appendix. This paper demonstrates the power
of infrared transmission absorption spectroscopy in combination with mass spectroscopy in
the gas phase of a plasma. This paper also shows what kind of additional information can be
obtained from gas phase infrared transmission absorption spectroscopy with respect to mass
spectrometry.

Here in short the method for infrared transmission absorption spectroscopy on
deposited films is treated. This is the method which is frequently used for data shown in the
rest of this work. After this a discussion is given on infrared reflection absorption
spectroscopy, which includes simple reflection as well as special substrates which enhance
the absorption signal.
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2.2.2.1 Infrared transmission absorption spectroscopy for film analysis

As described in the appendix, infrared gas phase absorption spectroscopy is a powerful
analysis technique. Although it provides useful information about the gas phase of the plasma
it does not give any information on the film deposition mechanism. For this infrared
absorption spectroscopy needs to be applied to the surface. This can either be done in
transmission or reflection.

Infrared transmission absorption spectroscopy for analysis of the deposited films is
almost identical to infrared gas phase absorption spectroscopy. Here instead of the absorbing
gas the sample is placed in the infrared beam. By measuring the transmission of the sample
with and without the deposited film it is possible to derive the film absorption. The
transmission spectrum will have an interference background aside from the resonant
absorptions, which can be assigned to specific bonds. The interference is caused by multiple
reflections in the deposited film. It is possible to use this background to calculate the infrared
refractive index and the thickness of the deposited film [15,16]. By simulation of the
interference background the transmission spectrum without this interference can be
constructed from which the absorption can be calculated. In general the absorbance® (4(x)) is
calculated by:

A(x) = —""log(Tr(x)) (2.7)

with Tr(x) is the film transmission after removal of the interference pattern at spectral position
x, where x can either be in wavelength, wavenumber, energy, etc.

In general it is fairly easy do identify the absorptions caused by the various bonds
present in the deposited film when the spectral positions of the various absorption bands are
know. In this work infrared transmission absorption spectroscopy will be used as a main tool
for the analysis of silicon oxide like films. In these type of films a limited number of bond
types will be present. In Table 2.1 an overview is given of the various absorbing bonds
including their absorbing wavenumber range as they have been reported in literature. The
table is limited to the bonds that have been used for analysis in this thesis.

Table 2.1: Overview of the various film absorbing bonds and their absorbing wavenumber

range.
Bond type Wavenumber (cm™) | Reference
Si-O 430-450 [17,18,19,20]
Si-O, 430-450 [17,18]
Si-O-Si 1020-1090 [18,19,20,21]
Si-O-C 1020-1090 [18,20]
Si-CH; 1260 [18,19,21]
CH, 2960 [18,22]
Si-OH 3000-3600 [17,19,20]
Si-H 2100-2300 [18,19]

¥ In this thesis this parameter is also addressed as ‘absorption’.
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For the actual measurement of the infrared transmission spectra of the deposited films,
a Bruker Vector 22 Fourier transform infrared spectroscope has been used. For reaching a
good signal to noise level, 100 measured spectra are averaged. The measuring resolution of
4 cm™ is used, which is sufficient because the solid state absorption peaks have in general a
width that is several times this resolution [23].

2.2.2.2 Infrared reflection absorption spectroscopy

Where infrared transmission absorption is mostly used as an ex situ analysis tool,
infrared reflection absorption spectroscopy is often used as an in situ analysis tool [e.g.
24,25,26]. This means that in the case of transmission absorption measurements the sample
with the deposited film is often transported through and exposed to air, which can change the
film properties. In the case of in sifu infrared spectroscopy this influence is avoided. In
general samples in a deposition reactor are mounted on a substrate holder through which in
situ infrared transmission absorption spectroscopy is most likely not possible. Therefore, in
situ infrared reflection absorption is often used in that situation [24]. In Figure 2.10 an
example of a in situ infrared reflection spectroscopy setup, based on a FTIR spectroscope, is
shown. The infrared beam emitted by the FTIR spectroscope is focussed on the sample by
means of a 90° off axis parabolic mirror and after reflection the beam is focussed on an MCT
infrared detector.

Parabolic
mirror anIﬁ:or
Spherical
mirror
FTIR Substrate
Flat
Lens mirror KBr
: IR
window detector

Figure 2.10: 4 typical infrared reflection absorption spectroscopy setup.

Another advantage from using in situ reflection absorption spectroscopy is that it is
possible to study the actual film growth. However to do so, the sensitivity of the used device
needs to be sufficient. When the film is in a static situation, the sensitivity of a reflection
absorption spectroscope can be enhanced quite easily by measuring the infrared reflection
spectrum several times and averaging them. However, a single reflection at the sample surface
is in general not sufficient to reach monolayer sensitivity when the measurements have to be
done in real-time, i.e. at the same time scale as the deposition of one monolayer. Several
techniques are available to enhance the absorption signal above the detection limit of the
infrared reflection absorption spectroscope, due to which the measuring time can be reduced.
However the measuring time cannot be reduced indefinitely because of the instruments
limitations. Therefore, the typical measuring time for a single scan of a typical FTIR
spectroscope is higher than the time needed to deposit one monolayer, in particular at very
high growth rates (several tens of nm per second). For the deposition process studied in this
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work this is the case and therefore a new infrared spectroscope has been developed which is
described extensively in chapter 3.

In this work attenuated total reflection (ATR) [27,28] will be used for the
enhancement of the absorption signal. This is only one of the several techniques that can
enhance the absorption signal. An extensive discussion of several techniques to enhance the
absorption signal has been given by de Graaf [3]. In that work he demonstrates the use of e.g.
optical cavity substrates [29] and metal substrates [30,31]. These techniques in general only
provide enhancement in a limited wavelength interval. This however does not apply to the
ATR technique. A detailed description of the ATR theory has been given by Harrick [28].
Here only a short general description will be given and some important details will be

| //
7/

Figure 2.11: Trapezium shaped ATR crystal.

When using the ATR technique a crystal is used, which can have several shapes, e.g. a
parallelogram or a trapezium shape. In Figure 2.11 an example is given of a trapezium shaped
ATR crystal, which is also the shape used for the in situ infrared measurements in this work.
Light enters the ATR crystal on one side, then several internal reflection follow, after which
the light leaves the substrate at the other side. When there is an absorbing medium on top of
the crystal the light beam will interact with this film several times and therefore the
absorption is enhanced. The number of reflections is dependent on the length of the ATR
crystal and on the angle of the light beam and the initial surface. Whether the reflections at the
surface of the ATR crystal are total internal reflections is dependent on the angle of the light
in the crystal and on the refractive index change at the boundary of the crystal and its
surrounding. Total internal reflection occurs when both the parallel and the perpendicular
reflection coefficient are equal to 1. In the case of total internal reflection no energy is lost
due to reflection, only due to absorption in the crystal medium. The minimum angle at which
this occurs is known as the critical angle (8,), given by:

0, =sin" — (2.8)

where n, is the refractive index of the medium in which the light propagates, and n,is the
refractive index of the medium at which the light is reflected. Total internal reflection occurs
at angles (6) between the critical angle and grazing angle (8,<6<90°). From Eq. (2.8) it can

be seen that for total internal reflection to occur the refractive index of the medium in which
the light propagates needs to be larger than that of the medium at which the light is reflected.
When total internal reflection occurs an evanescent wave will be created which
reaches into the medium at which the light is reflected. The amplitude of the electric field of
this evanescent wave falls off exponentially with the distance from the reflecting surface.
When there is no absorption, the distance which is needed to reduce the electric field
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amplitude to ¢ of its original value at the surface is called the depth of penetration (d »)s

which is given by:

Aln, A
< : (2.9)

d =
" 2mysin?0—(n,/n)? 20

Here A is the wavelength of the light which is reflected. It can be derived that with the
presence of an evanescent wave there is no net flow of energy out of the surface [28].

When a film is deposited on top of an ATR crystal then, dependent on the refractive
index of the deposited film, two different processes can occur. When the refractive index of
the film is too high, i.e. no total internal reflection occurs anymore at the interface of the
crystal and the deposited film, the light beam will partially propagate into the film and
undergo a total internal reflection at the film surface and an evanescent wave reaches into the
ambient of the film. This is the case if the reflection angle is still above the critical angle.
When the refractive index of the deposited film is low enough and total internal reflection
does still occur at the interface of the crystal and the deposited film, then an evanescent wave
will penetrate in the deposited film. From Eq. (2.9) it can be seen that in case of infrared light
(A=10 um) the depth of penetration will still be in the order of micrometers. When the
deposited film is absorbing, part of the energy in the evanescent wave is absorbed and
therefore the total energy throughput of the ATR crystal is reduced. Independent of the
refractive index of the film deposited on top of the ATR crystal a part of the light that enters
the crystal is being absorbed either directly or indirectly by the film.

The absorption enhancement with respect to single reflection is caused by the multiple
interactions of the light with the film when an ATR crystal is used. The number of
interactions is independent of the refractive index of the crystal when the light enters
perpendicular to the initial bevel of the crystal and therefore also the enhancement is
independent of the wavelength of the light. Obviously the wavelength interval for which the
ATR crystal can be used is limited by the transmission properties of the ATR crystal material.

Changing from transmission absorption spectroscopy to reflection absorption
spectroscopy is less straightforward as has been mentioned. By changing from transmission to
reflection also some complications are generated. The most important complication is a
change of spectral absorption peak position and of the peak shape with respect to transmission
absorption spectroscopy (cf. Figure 2.12). The absorption peak change is dependent on the
reflection angle and has been described by Harrick [28] for both internal and external
reflection. Here the presence of the change and the explanation will be discussed briefly for
external reflection only. However, for internal reflection a similar effect occurs as has been
shown by Harrick [28].

The change of position and shape is caused due to the change of the real part of the
refractive index at a spectral position at which an absorption takes place. The absorption
scales with the imaginary part of the refractive index. By means of the Kramers-Kronig
relation [32,33] it is possible to use a transmission absorption spectrum to derive the films
complex refractive index. In Figure 2.13 the complex refractive index as derived from the
transmission absorption spectrum shown in Figure 2.12 is shown. Form this in combination
with the Fresnel reflection coefficients [11,12] the reflection absorption spectrum can be
calculated. In Figure 2.12 the calculated reflection absorption spectrum and measured
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reflection absorption spectrum are shown besides the transmission spectrum**. It can be seen
clearly that in the part of the spectrum where there is absorption the calculated and measured
reflection absorption spectra are quite similar although the match is not 100% perfect. This
proves that the change in the real part of the refractive index as a result of absorption is
causing the absorption peaks to change shape and position. The difference observed outside
the absorption zone and the small difference observed in the absorption zone is mainly caused
by assumptions that had to be made for the refractive index of the substrate material in order
to perform the calculation.
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Figure 2.12: Measured transmission and reflection absorption spectrum of a typical
deposited SiO.C,H. film on silicon as well as the simulated reflection absorption spectrum.
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Figure 2.13: Calculated complex refractive index. Calculated from the measured
transmission absorption spectrum shown in Figure 2.12. n and k are Kramers-Kronig
consistent.

" Thanks to Dr. Achim von Keudel for supplying his program for the calculation of the reflection spectrum and
the refractive index.
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Abstract

In situ Fourier transform infrared (FTIR) spectroscopy and mass spectrometry have
been used to investigate the gas phase of an expanding thermal argon plasma into which
hydrocarbons are injected. With both techniques it is possible to determine the depletion of
the precursor gas and the densities of new species formed in the plasma, each of the
techniques with its own advantages and disadvantages. To determine absolute densities of
different species in the plasma by means of mass spectrometry it is necessary to deconvolute
the obtained mass spectra, whereas by means of FTIR spectroscopy different species are
easily recognized by their infrared absorption at specific positions in the absorption spectrum.
With mass spectrometry the gas composition is measured locally, i.e. close to the gas
extraction point. On the other hand with FTIR spectroscopy all particles in the infrared beam
are included in the measurement. When both techniques are combined most of the individual
disadvantages cancel, leading to a very powerful plasma diagnostic tool. Aside from the
power resulting from the combination of both techniques, FTIR spectroscopy data also
contains information on the temperature of the stable species inside the plasma. A method to
extract the rotational particle temperature (within 100 K) by means of infrared absorption
spectra simulation is presented.
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A.1 Introduction

In depositing plasmas all kind of chemical reactions do occur. An example of a
depositing plasma is an expanding argon plasma into which acetylene (C,H>) is injected for
deposition of a-C:H and DLC materials [1,2,3]. After injection the acetylene molecules will
react with the argon ions and the electrons in the expanding argon plasma, resulting in the
production of radicals such as C;H and H [4]. When methane (CHy) is injected in an
expanding argon plasma, the methane will also be dissociated by interaction with the argon
ions and the electrons. The radicals produced in this way are able to react further and new
stable gases, such as acetylene, will be produced (see Figure A.1). This production of new
gases is also observed in an rf glow discharge in which methane is used as a feed gas [5].
Measurement of this production of new gases will lead to a better understanding of the
reaction mechanisms taking place in the plasma as well as the mechanism responsible for film
growth.

An easy way to investigate the plasma composition is by the use of a mass
spectrometer. Mass spectrometry is widely used as a plasma diagnostic tool and much is
known about the characteristics of this technique [6]. There are many different kind of
methods to use mass spectrometry, e.g. appearance potential mass spectrometry, residual gas
analysis (RGA), positive and negative ion mass spectrometry. In this paper an RGA will be
used as a mass spectrometer. Using an RGA however has some advantages and
disadvantages. An advantage is that an RGA is easy to use. One disadvantage of the use of an
RGA is that measurements on molecules will always lead to a cracking pattern. One specific
molecule does not lead to a signal at one specific mass. Another disadvantage is the fact that
the measurement is not a direct measurement of the plasma composition, this is because an
RGA is situated remote of the plasma.

A second way to measure molecules is infrared absorption spectroscopy. Due to the
fact that this is an optical technique the method is non-intrusive. Just as with mass
spectrometry also different methods of infrared absorption spectroscopy are available, e.g.
Fourier transform infrared absorption spectroscopy (FTIRAS) used here [7,8,9] and infrared
laser absorption spectroscopy (radical detection). Just as the use of an RGA, a FTIRAS setup
has advantages and disadvantages. One advantage is that it is easy do distinguish different
particles in the plasma, because infrared absorption is at different characteristic wavelengths.
Another advantage of FTIRAS is that FTIRAS data also contains information on the
temperature of the absorbing species. In this paper a method to derive the rotational particle
temperature from the infrared absorption spectrum will be presented. A disadvantage is that
the detection limit of FTIRAS is approximately one order of magnitude higher than that of
mass spectrometry.

The major advantage of mass spectrometry and infrared absorption spectroscopy is
that both techniques can be used to measure in sifu the stable gases composition of a plasma
without influencing the plasma. Another advantage is obtained from the combination of both
techniques. With FTIRAS it is possible to determine easily which stable monomers are
present in the plasma, because the absorbance of different species occurs at characteristic
energies. This is exactly the point at which mass spectrometry fails, because the mass spectra
obtained for different species often overlap, e.g. acetylene (C,H>), ethene (C,H4), and ethane
(C2Hg), each having mass peaks in the range from 24 to 30 amu. In this paper therefore both
techniques will be used for the same purpose. So far the combination of both techniques has
not been used very often. Hollenstein et al. [10] for example used infrared spectroscopy and

26



Setup and diagnostics: Appendix

mass spectrometry but no comparison was made between results from the two techniques. In
this paper FTIRAS has been used only to determine which particles are present in the plasma
and not as a quantitative tool.
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Figure A.1: Infrared transmission spectra of CHy and C>H, in the plasma on and the plasma
off situation. The baseline for the plasma on case had been shifted for the sake of clarity.

The aim of this paper is to demonstrate the power of the combination of mass
spectrometry and FTIRAS. The results shown in this paper will be based on measurements
performed on an expanding thermal argon/acetylene (Ar/C,H,) plasma. This paper is
focussed on the diagnostic aspect of the instrumentation. A more detailed discussion
concerning further interpretation of the data shown has been given by de Graaf et al. [11]

In the first part of the paper the experimental setup will be described, including a brief
description of the used mass spectrometer and the theory of deconvolution of mass spectra.
After this a short description of the Fourier transform spectrometer will be given as well as
the theory of the non-linearity and temperature dependency of the absorption. In the second
part of this paper experimental data will be shown and discussed. These data consists of two
parts, the depletion of the precursor and the determination of the rotational particle
temperature in the plasma by means of infrared absorption spectroscopy.
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A.2 Experimental setup

In figure A.2 the plasma deposition setup is shown. The setup is described extensively
before [1,12,13,14], therefore a short description of the setup suffices here. The setup consists
of a cylindrical expansion vessel (diameter 36 cm, length 90 cm) at a base pressure of less
than 10 mbar. As a plasma source a cascaded arc is used [15,16]. With this cascaded arc an
expanding thermal argon plasma is created, into which a precursor gas (acetylene C,H, or
methane CHy) is injected downstream at approximately 5 cm from the arc exit, by means of a
punctured gas injection ring with a diameter of 10 cm. The typical deposition operating

conditions are given in Table A.1. For all measurements shown an argon flow of 100 sccs and
an arc to substrate distance of 60 cm has been used.
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Figure A.2: Overview of the experimental setup.

Table A.1: Typical deposition setup parameters.

Parameter Processing values
Ar Flow 25 -100 sccs
C,H, Flow 0-20 sccs

Arc Current I, 30-90 A

Arc Voltage Vi 50-80 V

Arc Power Py 1.5-7kW

Arc Pressure par 0.2-0.6 bar
Vessel Pressure pyessel 0.1-1.0 mbar
Distance Arc-Substrate 30-60cm
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A.3 Mass spectrometry

A Kurt J. Lesker Company AccuQuad™ 200D residual gas analyser is used to sample
the background gas at a position just below the substrate holder (QMS in Figure A.2). This is
done by means of a bypass valve, with a cylindrical U-shaped channel that has a diameter of
30 pum, positioned in the wall of the reactor. The mass spectrometer measures the composition
of the gas in front of the gas extraction point. The plasma however is not homogeneous, due
to which the composition of the gas at the wall will be different from the composition in the
center of the plasma. Due to the fact that the gas extraction pinhole is situated below the
substrate level, where the gas is homogeneous due to full mixing [4,17] of the gas in the
expanding plasma beam and the background, the measured mass spectra will be a fingerprint
of the gas in the whole vessel. So they will contain data on the expanding plasma beam as
well as the background gas. Due to the U-shape of the pinhole and the absence of an ion lens
it is not possible for ions or radicals to enter the mass spectrometer. The radicals will stick to,
or recombine at the wall of the pinhole, whereas the ions will be neutralized on interaction
with the wall of the pinhole. Therefore the mass spectra obtained will only be due to the
stable molecular and atomic species present in front of the mass spectrometer’s gas extraction
pinhole. There will be a small contribution due to neutralised and recombined particles,
however this will be negligible because the density of radicals in the plasma is low in
comparison to the stable particle density.

2.5x107°1

Flow C,H, = 3.79 scc/s
Flow C,H, = 12.8 scc/s

2.0x107°

1.5x107"°

1.0x10™°

5.0x10™"

Detector Current (A)

0.01
0 5 10 15 20 25 30 35 40 45 50
Mass (amu)

Figure A.3: Measured mass spectrum of a mixture of C.H; (3.79 sccs) and CoHg (12.8 sccs).

To analyse hydrocarbon species (C,Ham) present in the gas phase of the plasma, the
mass spectrometry signals in the range of 12-16 amu (C to CH4) and in the range of 24-30
amu (C, to C,Hg) have been used. Analysis of the mass spectrometry signal in these ranges
for four different gases (methane (CHy), acetylene (C,H3), ethene (C,Hs), and ethane (C,Hg))
shows that there is a weak non-linear behaviour between the signal, at each individual mass,
and the amount of gas present in the reactor. This non-linear behaviour is due to the non
molecular flow through the pinhole. Therefore it is necessary to calibrate the mass
spectrometer before measured mass spectra of unknown compound can be quantified.
Contributions due to isotopes, which are present naturally in the precursor gas, are included in
this calibration. When a mixture of gases is injected into the reactor, the measured mass
spectrum (see Figure A.3) is equal to the sum of the mass spectra of the individual gas
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species. This makes deconvolution of the mass spectra possible. For the deconvolution of the
mass spectra only the calibrated cracking patterns of CHa, C,H,, C,Hy, and C,Hg have been
used. Deconvolution of mass spectrometry measurements on known mixtures of these gases
result in a particle density of the individual gases that is within 5 % of the real value, which
indicates that deconvolution of mass spectra works accurately. The calibration of the mass
spectrometer has been performed in the situation that no plasma was present in the reactor,
only argon (100 sccs) and the hydrocarbon species were present. When the plasma is ignited,
some of the molecules present in the reactor will be dissociated and the temperature of the
species will change. The dissociation and consecutive consumption of the hydrocarbon
particles in the reactor will lead to a decrease of the measured mass spectrometer signals.

To make the deconvolution of measured mass spectra work in a situation when the
plasma is on, two conditions have to be met. First the measured mass spectra should be
independent of the gas temperature or the dependency on the gas temperature should be
known. Second, the contribution of species other than the four used for deconvolution (i.e.
C.Hy with x>3) in the ranges where the mass spectra are analysed should be negligible. The
first condition is automatically met, because due to the combination of the mass spectrometry
pinhole, the mass spectrometer, and the location at which the gas in the reactor is sampled, a
change in particle density as a result of a change in particle temperature does not affect the
mass spectrometry signal. This has been verified by measurements at a mass to charge ratio
equal to 40 in a pure argon plasma. The mass spectrometry signal in the case the plasma is on
is the same as in the case that the plasma is off, which indicates that a change in temperature
does not affect the mass spectrometry signal intensity. This makes it straightforward to
calculate the precursor consumption from the plasma on and plasma off signals. The second
condition is in general met when there is no polymerisation in the plasma, i.e. production of
C«Hy with x>3 in a C;H, plasma. It has been shown by de Graaf et al. [11] that an Ar/C,H,
cascaded arc plasma has little or no polymerisation.

A.4 Fourier transform infrared spectroscopy

A Bruker Vector 22 Fourier transform infrared spectroscope is used to sample the
plasma at approximately 5 cm above the substrate holder (FTIR in Figure A.2) at one lateral
position. An infrared beam (circular, approximately 5 cm in diameter) leaving the FTIR
spectroscope passes through a NaCl lens (f = 35 cm). After this the beam is passing through
the plasma reactor through two KBr windows (optical diameter 18 mm, thickness 4 mm) in
the walls of the reactor. Finally the infrared beam is focused by a spherical mirror on to a
nitrogen cooled Graseby D315 infrared MCT detector. The best resolution possible is 1 cm™,
however all the measurements shown have been performed at a resolution of 2 cm™, which is
done for the sake of speed. For each measurement 100 scans are averaged, which takes
approximately 1 minute.

The absorption measured by means of infrared absorption spectroscopy is the result of
a line-of-sight measurement. This means that the absorption measured is the sum of the
absorption from all the species present in the infrared beam passing through the plasma. For
the gases used in this study the infrared absorption spectra do not overlap. This means that it
is very easy to distinguish the different species in the infrared absorption spectra. Only
molecular particles can be measured, because the density of the radicals and the cross section
of absorption of the atomic species are too low to be detected. The measured infrared
spectrum is a convolution of the real spectrum and the apparatus profile of the FTIR
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spectroscope. For the gases used the absorption line width (assumed to be only Doppler
broadened) is much smaller than the apparatus profile width (~0.01 cm™ and 2 cm’
respectively). For molecular gases the infrared absorption is not limited to one single line, but
the absorption consists of many absorption lines close together (within the apparatus profile
width). The absolute absorption intensity of the individual lines in the absorption band
depends on the population distribution of the quantum states of the molecule. Due to the fact
that the individual line width is much smaller than the apparatus profile width, the measured
absorption band-head intensity (A4, (v')) as function of the particle density has a non-linear

behaviour, which is shown in Figure A.4. The band-head intensity is the difference between
the maximum of the absorption peak (Q-branch) and the base line. This non-linear behaviour
has also been observed by many others [7,18]. The measured non-linear behaviour can be
derived mathematically from the FTIR spectroscopy and the absorption theory by assuming a
Gaussian absorption line profile and a Gaussian apparatus profile. A Gaussian apparatus
profile is obtained when a 3- or 4-term Blackmann-Harris apodization function is used during
Fourier transformation. The measured absorption intensity at frequency v'(4,,. (V')), is

given by (see Appendix B):

Av (17'—‘7 )2 =1 a |
A ") ="1og/ 1+ L exp| — w|. - Al
eas (") g %Ava p{ % }Z !\/;( Aw\/;] (A.1)

a n=1 N

where T/qp is the absorption frequency of a single absorption line, Av, is the absorption line

width, Av, is the apparatus profile width, the sum over gp indicates a sum of all individual
absorption lines. The quantity « is equal to:

hv,
a=—"8,N,L (A.2)

where B, is the transition probability for a transition from state p to state g, N, is the

density of the particles in state ¢, L is the absorption path length, c is the speed of light, and %
is the Planck constant. N L is equal to the number of absorbing particles in the state g in the

infrared beam ( _[ N, dl).

From the right hand side of Eq. (A.1) (the sum over n) it can be seen that the
absorption intensity has a non-linear behaviour on the particle density N, and consequently

also on the total particle density. This non-linear behaviour of the measured infrared
absorption intensity as expressed by Eq. (A.1) and Eq. (A.2) is temperature dependent,
because of one direct and two indirect effects. The direct effect is the particle density being
inversely proportional to the particle temperature at constant pressure (ideal gas law). The
first indirect effect is the change of the absorption line profile with a change in the particle
temperature due to Doppler broadening (Eq. (A.3)). The second indirect effect is the change
in the distribution of the rotational quantum states of the absorbing molecules, which leads to
a change in the shape of the absorption profile measured. This distribution is dependent on the
particle temperature by the Boltzmann law (Eq. (A.4)). The direct effect is automatically
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accounted for in Eq. (A.2) by means of the particle density (N, ). The indirect effects can

easily be implemented by using

~ |8kT'In2
Av, =v, e (A.3)
for the Doppler width and
—Bq(q+1)/kT B —Bq(q+1)/kT
N,=Q2qg+1)Nge :(2q+1)Nmtﬁe (A.4)

for the rotational quantum state distribution. In Eq. (A.3) k is the Boltzmann constant, m is the
mass of the absorbing particle, and T is the absolute temperature. In Eq. (A.4) Ny is the total
particle density, Ny is the density of the particles in the quantum state ¢ = 0, and B is the
rotational constant of the specific particle. Implementation of the two indirect temperature
effects makes it possible to derive the temperature of an absorbing gas from its infrared
absorption spectrum.

Summarizing it can be said that the main difference between mass spectrometry and
Fourier transform infrared gas phase absorption spectroscopy is situated in the overlapping of
the signal correlated with different particles. Both techniques do not give any information on
radicals present in the plasma reactor. Only information on stable molecular and atomic
species is obtained. The detection limit of mass spectrometry is however almost one order of
magnitude lower than that of Fourier transform infrared gas phase absorption spectroscopy.

Another mathematical description of the measured absorption intensity has been given
by Cleland et al. [8]. However in their study a triangular apodization function was used for
the Fourier transformation. The use of this apodization function results in a different
mathematical expression for the measured absorption intensity. Cleland et al. studied N,O,
which has the advantage that the absorption lines have bigger spacing (0.9-1.2 cm™) in
comparison with C,H, (0.01-0.03 cm™). Due to the bigger spacing the individual absorption
lines can still be distinguished, which is not the case for the C,H, absorption band studied in
this work. The mathematical expression showed in this paper can be generally used for any
absorption measured as long as the apparatus profile is Gaussian.

A.5 Results and discussion

Mass spectrometry and Fourier transform infrared gas phase absorption spectroscopy
are used to analyse the gas phase of an argon/acetylene (Ar/C,H;) plasma. First the mass
spectrometer and the infrared spectrometry setup have been calibrated. To do this, only the
precursor gas is injected into the reactor and no plasma is ignited. Meanwhile the mass
spectrometry signal and the infrared absorption intensity have been measured. The measured
signals are correlated to the precursor gas flow, which leads in its turn to a certain partial
pressure [17]. With the use of the so obtained calibration curves (e.g. Figure A.4) it is easy to
convert any measured signal to a equivalent flow. This flow is called ‘equivalent’, because the
flow calculated is equivalent to the one if that molecule would have been injected in the
absence of the plasma. Due to the fact that the calibration curves are used to derive the
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equivalent flow, the assumption is made that the temperature of the particles is equal to room
temperature. As will be shown further on this is close to the real temperature. The detection
limit for C,H, of mass spectrometry and FTIRAS in flows are 0.06 sccs and 0.5 sccs
respectively. The method of using a calibration curve is the method that is generally applied
to infrared absorption data [7,18].
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Figure A.4: Measured and simulated absorption band-head intensity for the vs(my)
absorption band of C,H, as function of the precursor gas flow.

Figure A.1 shows the infrared spectra of CH4 and C,H; for the plasma off and plasma
on situation. This figure shows the strongest CH4 and C,H, absorption bands. The absorption
due to C;Hs and C,Hg stay below the detection limit for the Ar/CH4 as well as for the
Ar/C,H; plasma. From Figure A.1 it can be seen that there is a conversion of CHy4 into C,H;
in an Ar/CH4 plasma, whereas there is no conversion of C,H, into CyHy with x=1 or 2 and
y=4 or 6 in an Ar/C,H, plasma. Since there is little or no polymerisation in an Ar/C,H;
plasma the mass spectra in the ranges which are analysed are not influenced by the cracking
patterns of CyHy with x>3. Therefore the equivalent C,;H, flow derived from deconvolution of
the mass spectra is equal to the actual C,H, flow. Figure A.5 shows the equivalent flow of
CyH; in an Ar/C,H, plasma as function of the C,H, precursor gas flow for different arc
currents as obtained from both infrared absorption spectroscopy data and mass spectrometry
data. From Figure A.5 it can be seen that the equivalent flow of C;H, as calculated from mass
spectrometry data shows the same behaviour as the equivalent flow of C,H; as calculated
from infrared absorption spectroscopy data, which indicates that mass spectrometry and
infrared absorption spectroscopy are compatible. However a difference in the absolute values
of the equivalent flow can be observed. This difference is due to the fact that the particle
density and temperature in the reactor are not constant along the line-of-sight of the infrared
absorption setup. For the calibration however the particle density and temperature are
constant along the line-of-sight, because the gas is distributed homogeneously when no
plasma is present. When the plasma is ignited, most of the precursor gas that is not
dissociated in the plasma beam will end up in the background of the plasma (see Figure A.2),
resulting in a presumably hollow radial profile of the precursor particle density. Another
reason for the difference between mass spectrometry and infrared absorption spectrometry is
that the temperature in the plasma beam is different from room temperature, which is the
temperature used to calculate the equivalent flows with. Due to the two indirect temperature
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effects on the absorption and the fact that the plasma is not homogeneous, the quantitative
data obtained by mass spectrometry is more accurate for calculation of the gas composition in
the plasma reactor than the infrared spectroscopy data. This is mainly because mass
spectrometry measures the fully mixed gas mixture and mass spectrometry data does not
require any correction for the particle temperature. Further interpretation of the data shown
has been given by de Graaf et al. [11].
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Figure A.5: Measured equivalent flows of C>H> as function of the CoH, precursor flow for
different arc currents, obtained from FTIR spectroscopy data (a) and from mass spectrometry
data (b).

A.6 Temperature measurements

To get a better understanding of the processes taking place inside the expanding
plasma beam, it is useful to know the particle temperature. Knowing the particle temperature
can help to eliminate certain reaction mechanisms and is able to give an indication of the
location (gas phase or wall) where reactions are taking place. When e.g. the temperature is
low, approximately room temperature, spontaneous dissociation reaction of the precursor can
be neglected. To determine the plasma temperature, an infrared spectrum simulation and
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fitting program has been written for the vs(r,) infrared absorption band of C,H, (729 cm™).
This infrared absorption band has been selected, because it has the highest absorption
intensity (due to the presence of a Q-branch) and it is the only absorption band which,
although the depletion of the precursor is high, can in most cases still be observed in the
plasma on situation. The program simulates the infrared spectrum around 729 cm™ using
Eq. (A.1) and Eq. (A.2). To generate a spectrum by means of Eq. (A.1) and Eq. (A.2), it is
necessary to know the wavelength position and transition probability of all the individual
absorption lines. The Hitran 1996 molecular database [19,20] provides these data for the
vs(m,) infrared absorption band of C,H,. To demonstrate the temperature effect on the
absorption line profile the normalized simulated Q-branch infrared absorption spectra at
different temperatures and constant particle density are shown in Figure A.6. From this figure
it can be clearly seen that the width and shape of the measured absorption profile is dependent
on the temperature. The higher the temperature the broader the measured absorption band.
Although the natural line width (Doppler) is much smaller than the apparatus profile width,
Figure A.6 clearly shows that changes can be observed in the infrared absorption spectrum
due to changes in the C,H; particle temperature. This is a result of changes in the particle
quantum state distribution.
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Figure A.6: Normalized Q-branch absorption intensity of the vs(n,) absorption band of C,H,
for three different temperatures as derived from C,H; spectrum simulation.

To check if the temperature dependency of the absorption intensity is also correct a
gas cell has been built. The gas cell is an aluminum tube, which is placed inside the reactor in
such a way that the infrared beam passes through it. The aluminum tube temperature, and
with it the temperature of the gas in the tube, can be changed by a heating wire which is
located on the outside of the aluminum tube. A thermocouple (Chromel/Alumel type K) has
been used to measure the temperature of the aluminum tube. Infrared absorption spectra have
been obtained at different gas cell temperatures. The obtained infrared absorption spectra
have been fitted by the simulation and fitting program. In Figure A.7 a measured and a
simulated spectrum, for the temperature and density found by fitting the measured data, are
shown. The two small absorption peaks on the left side of Figure A.7 (715-720 cm™) are hot
bands of the C;H; molecule [21]. Analysis of these hot bands falls outside the scope of this
paper. From Figure A.7 it can be seen that there is a good agreement between the measured
and the simulated spectrum. The fitted temperature is close to the measured temperature of
the gas cell. It can therefore be concluded that fitting of the measured infrared absorption
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spectrum is possible. In Figure A.4 besides the measured absorption band-head intensity the
simulated absorption band-head intensity of the infrared absorption band at 729 cm™ is shown
as function of the precursor gas flow. From comparison of the measured and the simulated
absorption band-head intensity it can be seen that the measured band-head intensity is in good
agreement with the simulated band-head intensity. From this it can be concluded that Eq.
(A.1) is a good model to describe the measured non-linearity of the absorption band-head
intensity.

In Figure A.8 the fitted temperature from infrared absorption data as obtained from
gas cell measurements as function of the gas cell temperature is shown. During the gas cell
measurements the acetylene pressure in the gas cell was approximately 0.85 mbar. In
Figure A.8 it can be seen that the fitted temperature is within 100 K of the gas cell
temperature, which is sufficiently accurate to determine the rotational temperature of the
molecules inside a plasma. The deviation of the fitted temperature and the gas cell
temperature is mainly caused by the inhomogeneity of the temperature in the gas cell. This is
because the ends of the gas cell are close to the reactor wall, which has a temperature close to
room temperature. It can therefore be concluded that it is possible to derive the particle
temperature from an infrared absorption spectrum. It however has to be noted that in the
infrared spectrum simulation and fitting program the density and temperature have been
assumed to be constant along the line-of-sight of the infrared beam, which is most likely to be
not the case.
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Figure A.7: Measured and simulated absorption spectrum for C,H, at a pressure of
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Figure A.8: Fitted temperature for C;H; as function of the gas cell temperature set point.
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Figure A.9: Fitted rotational temperature of the C:H, gas as function of the C,H, precursor

gas flow for the plasma off (top) and the plasma on situation with an arc current of 24.6 A
(middle) and 37.5 A (bottom).

In Figure A.9 the fitted temperature of an Ar/C,H; plasma as function of the precursor
gas flow is shown for the plasma off and the plasma on situation (for two different arc
currents). From this figure two conclusions can be made. First it can be seen that the plasma
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temperature is independent of the C,H, precursor gas flow. For the plasma on situation the
fitted temperature at flows below 6 sccs has a large deviation from the constant temperature.
This is because for these flows, the precursor consumption is very high (>80%) and therefore
the absorption signal is too low to determine the temperature accurately. Second it can be
seen that the fitted C,H, particle temperature in the plasma on situation is close to the C,H;
particle temperature in the plasma off situation. Both phenomena can be explained by the fact
that the C,H; which is not consumed is dominantly situated in the background and not in the
expanding plasma. In the expanding plasma beam the temperature will be higher (2 to 3
times) than outside the plasma beam, but also the particle density in the plasma beam will be
lower (2 to 3 times) than outside the plasma beam. So the measured absorption will be mainly
due to the particles in the background. The precursor particles that get into the background
did not interact with the ions in the plasma, because then the particles would be dissociated
[12], so their temperature will not change. The temperature therefore will be close to room
temperature, and independent of the precursor gas flow. The temperature of the gas could be a
little above room temperature, due to interaction with the reactor wall, which is above room
temperature. As mentioned before the plasma inhomogeneity is also causing the difference
between the equivalent flows measured by means of mass spectrometry and FTIRAS. From
the knowledge that the gas in the background has a temperature close to room temperature it
can be concluded that no spontaneous dissociation processes can take place in the background
of the plasma.

A.7 Conclusions

Mass spectrometry and infrared absorption spectroscopy are two compatible tools.
Infrared absorption spectroscopy has the advantage above mass spectrometry that the
measured data contains more information (temperature) and that, in most of the cases, it is not
necessary to deconvolute the measured absorption spectra. Mass spectrometry however has,
due to the used configuration, the advantage that it is very easy to obtain quantitative
information, because temperature does not affect the measured values. Infrared absorption
spectra easily provide the information on which stable particles are present in the reactor,
whereas mass spectrometry easily provides the information on how much of these species are
present in the reactor. Mass spectrometry, due to the configuration used, measures the
composition of the gas in the plasma reactor, whereas infrared absorption spectroscopy
measures the composition of the gas along a line-of-sight of the infrared absorption setup.
This makes mass spectrometry more useful to measure the gas composition of an
inhomogeneous gas. Quantitative comparison of both techniques will be most efficient when
the plasma is a homogenous plasma. For an inhomogenous plasma still a qualitative
comparison of both techniques can be made accurately.

From infrared absorption spectra it is possible to obtain the rotational particle
temperature, with an accuracy of 100 K, along the line-of-sight of the infrared absorption
beam due to the dependency of Av, and N, on temperature. When the temperature of the

plasma is not homogeneous the measured temperature will be close to the temperature of the
particles from which the absolute number of particles in the absorbing infrared beam is the
highest. In an homogeneous plasma the accuracy of the temperature determination will be
better.
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Appendix B

Transmission is described by the following differential equation

ar - -~ 1 1d_—h7q,, SRRy
E=—thququP(v—vqp)z = 7 I = . B, N,P(v-v,k)dx

dl
Here i is the change in intensity of the light (/) in a displacement dx through the absorbing
X

medium, £ is the Planck constant, v ,» 18 the frequency of the absorbed light, N, the density of
the particles in the J=¢ state, P(\N/—T/qp) is the absorption line profile, ¢ the speed of light,

and By, the absorption coefficient for absorption from state J=g to J=p.
If the absorbing medium is considered homogeneous (N constant) of length L and the
apparatus line profile is neglected, the solution of this differential equation is given by:

lni = Yy,
I, c

B,N,P(V -7 )L=-aP{V -¥,)

and thus the transmission 77 becomes

Tr=]i=exp[—aP(17—17qp)]=l+i(_0:)n P'(v-v,)

qr
0 n=1 n

This is the transmission when only one absorption line is present. For multiple absorption
lines the transmission is given by:

P -7,)

ar

Tr:1+z 3 (_0:)
> !

1 n

n=

where )’ indicates a sum over all absorption lines with their own absorption frequency.
J

When the absorption is being measured, the measured absorption line will be a convolution of
the absorption line profile P(v—Vv,,) and the apparatus profile W(v—7"). In the case of the
Fourier transform infrared spectroscope the apparatus profile width (Av,) is much broader
than the absorption line width (Av,). Due to this it becomes impossible to resolve individual
absorption lines which are close together (within the apparatus profile width). According to
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the theory of convolution, the convolution of multiple absorption lines is equal to the sum of
the convolutions of the individual absorption lines. The absorption, which is given by
A=-""1og(Tr) thus becomes:

jIW(v —9")dv
0

=—log

=—log

TW(V — ")V
0

~—

=—log 1+T2i _Z)n P”(v-vqp)-W(V—V')dv}

n!

——log 1+ T(_“)n P”(T/—T/qp)W(T/—T/)dT/}
J n=ly

Now consider P(v-v,_,) and W(v—") Gaussian. Then the absorption A is given by:

ST S O % O O I )
A =—log/ 1+ d
o ;‘%! n! \/;Av, =P Av; \/;Ava P AV Y

Which can be simplified to:

*

0
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Design of a fast in situ infrared diagnostic
tool

M.F.A.M. van Hest, A. Klaver, D.C. Schram, and M.C.M. van de Sanden

Abstract

Conventional Fourier transform infrared (FTIR) spectroscopes cannot be used to
perform real time in situ infrared reflection absorption spectroscopy at monolayer sensitivity
for high deposition rates (couple of tens to hundreds of nm/s) which can be obtained when
using an expanding thermal deposition plasma. Therefore a new analysis tool has been
developed. The tool is based on a fast optical scanner in combination with conventional
grating technology. This results in a loss of spectral range with respect to FTIR spectroscopes,
but a significant gain is obtained in time resolution. For the used combination this makes it
possible to measure at a time resolution as low as 1.3 ms and a resolution of 24 cm™ at
1000 cm™. The absorption sensitivity for single reflection at the best time resolution is
approximately 107, but can be improved by using signal enhancement techniques. Here
attenuated total reflection (ATR) has been used and the best sensitivity obtained is
approximately 10”. Which is close to monolayer sensitivity for various absorption band in the
infrared spectrum of silicon oxide films. Monolayer sensitivity can be obtained by averaging
multiple spectra, however this will cause the time resolution to decrease.
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3.1 Introduction

A commonly used method for the analysis of thin film materials is Fourier transform
infrared (FTIR) reflection absorption spectroscopy [e.g. 1,2,3]. This technique can be used in
situ and in order to obtain monolayer sensitivity the absorption signal needs to be enhanced.
Enhancement of the absorption signal can be obtained by implementing an Attenuated Total
Reflection (ATR) crystal [e.g. 4,5]. Due to this crystal the reflected infrared light will have
multiple interactions with the deposited thin film, instead of just one in single reflection
mode. The absorption signal enhancement can be up to a factor of 100 and is dependent on
the dimensions of the ATR crystal and the angle of reflection within the crystal. With this
technique it is possible to measure absorptions of very thin films, down to less than one
monolayer, dependent on the type and strength of the absorption. The absorption signal can
also be enhanced by means of using a metal substrate or an optical cavity substrate [6,7,8].
However, optical cavity substrates only enhance the absorption in a limited wavelength
interval, which is dependent on the chosen substrate. For every wavelength interval another
substrate is needed and therefore these kind of substrates are less easy to use than an ATR
crystal. With the use of metal substrates the enhancement of the signal is smaller than with
optical cavity substrates or ATR crystals, which makes these kind of substrates less suitable
for obtaining enhancements large enough for obtaining monolayer sensitivity.

Due to the common low deposition rates of various thin film materials (up to 1 nm/s)
in situ FTIR reflection absorption spectroscopy, had enough time resolution. With fast
sampling (rapid scan) the interval 500 cm'-7500 cm™ can be measured with reasonable signal
to noise ratio in about 0.1 s. With the improvement of the deposition methods and resulting
higher deposition rates conventional FTIR reflection absorption spectroscopy as a real time in
situ diagnostic is pushed to its limits. Especially at deposition rates obtained with the use of an
expanding thermal plasma (ETP) deposition method, as used e.g. at the Eindhoven university
of technology [9,10,11,12,13], this conventional FTIR reflection absorption spectroscopy
analysis method can not be used as an in sifu tool anymore if one wants to study the film
growth in situ with monolayer sensitivity. A simple calculation shows that the deposition of
one single monolayer takes less than 10 ms at a deposition rate of 30 nm/s and less than 1 ms
at a deposition rate of 300 nm/s. These are rates that can be obtained with the ETP deposition
method.

To improve the time resolution during infrared reflection absorption experiments it has
been necessary to develop a new and faster in sifu diagnostic tool. The minimum
specifications of this new setup together with the specifications of the conventional FTIR
setup are given in Table 3.1. In this table it can be seen that only two parameters have to be
improved and in the others there is some degree of freedom which can be offered. The new
setup is a compromise between offering some of the strong properties of FTIR spectroscopy
and gaining time resolution. The heart of the new setup has been found in a grating which is
mounted on a high speed optical scanner. In this way a high speed monochromator has been
constructed. The largest negative effect of introducing the grating will be on the spectral range
of the fast infrared reflection absorption setup with respect to the conventional FTIR
reflection absorption spectroscope as will be explained in this chapter.

In the remainder of this chapter the new setup will be described extensively. A
detailed description of the individual components of the setup will be given, as well as a
motivation why these specific components have been chosen. Based on the specifications of
the different components an estimation of the expected signal to noise ratio will be given.
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This is followed by experimental results to demonstrate that the new method is operational
and is conform its design specifications. The use of the fast infrared reflection absorption
spectroscope will be illustrated by means of fast deposition of silicon oxide like films from
hexamethyldisiloxane (HMDSO) and oxygen on silicon substrates and ZnSe ATR crystals.

Table 3.1: Overview of minimum specifications and FTIR equivalents.

Parameter Minimum FTIR (typical)
Spectral range Dependent on absorption” 500 cm’ — 7500 cm’’
Time resolution |1.0 —2.0 ms 0.1-1.0 s

Resolution 25cm’ 8cm' — 16 cm’
Sensitivity 210" (monolayer, Si-O-Si) | 10™ with averaging

3.2 The fast infrared spectroscope

A schematic overview of the optics of the fast infrared reflection spectroscope is shown
in Figure 3.1. The light emitted by a cascaded arc light source (1) is converted into a parallel
beam (2) and is guided through a reflection absorption spectroscopy setup (3-9) after which
the exiting parallel beam is reflected on the surface of a grating (10) and focused (11) onto an
infrared detector (13). Just before the detector the light beam passes through a filter (12),
which suppresses second and higher order diffractions of the grating.

- 5) ™
M 4) ®)

U 10
(2) 9) (0

3 (6)
3) &\
(11)

(12)

(13)

Figure 3.1: Schematic overview of the fast infrared reflection absorption setup: (1) light
source, (2) 90° off axis parabolic mirror (=19 cm), (3) flat gold coated mirror, (4), 90° off
axis parabolic mirror (=36 cm), (5) KBr window in vessel wall, (6) substrate, (7) KBr
window in vessel wall, (8) 90° off axis parabolic mirror (=36 cm), (9) flat gold coated
mirror, (10) grating on optical scanner, (11) 90° off axis parabolic mirror (f=7.5 cm), (12)
filter, and (13) detector.

" For the setup used in this publication the spectral range 700 cm™ — 1400 cm™ is used
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Light source

A cascaded arc is used as a light source (1), because it has a higher infrared light
intensity than the more commonly used globars in FTIR spectroscopes [14,15,16]. A detailed
description of the light source has been given by Wilbers et. al. [15,16] and Raghavan et. al.
[14]. The used light source has been operated with argon at a pressure of 1.8 bar and an argon
flow of 10 sccm. The operating current was set to 25 A and the light exiting window of the
arc is made of KBr and has a thickness of 4 mm. Measurements on the light beam emitted by
the arc show that the divergence of the beam exiting the arc is 75 mrad and the radiating
surface is 3-10™ m”. The light output of the light source, in the spectral range used in the rest
of this publication, can be mainly influenced by the arc operating current and the gas
pressure’. Increasing the arc current has a strong influence on the light intensity, an increase
of 10 % in the current results in an increase of 10 % in the emitted light intensity. A 10 %
increase of the gas pressure however results in only a 5% increase of the emitted light
intensity. Limitations imposed by the window thickness (pressure) and the power supply
(current) resulted in the used operating conditions.

Grating on optical scanner

In conventional FTIR spectroscopy a broadband spectrum (typical spectral range
500 cm™ to 7500 cm™) is measured by a scanning mirror interferometer, which is the heart of
a FTIR spectroscope. Due to the movement of one of the two mirrors in the interferometer the
Fourier transform of the light spectrum is generated. By measuring the light intensity as
function of the mirror position and by Fourier transforming the so obtained interferogram a
broadband light intensity spectrum is obtained. Notice that the resolution of this kind of
spectroscopes is dependent on the displacement of the scanning mirror [5,17]. A larger
displacement results in a higher resolution. The interferometer speed is the main reason the
time resolution is not high. In short it is fair to say that in a FTIR spectroscope the
interferometer works as the medium to identify the separate wavelengths.

In the fast infrared reflection absorption spectroscopy setup a dispersive medium is
used to separate the light into its individual components. As a result of this only a limited
wavelength interval will be detected by the detector at any time, whereas in FTIR
spectroscopy all the light is detected by the detector at the same time [5,17]. This results in a
lower absolute detector signal intensity in the new situation compared to FTIR spectroscopy,
due to which noise induced by a background signal will become relatively more important in
the new situation.

As a dispersive medium a grating is used. For calculating the dispersion the grating
equation is used [18,19]:

a(sin@, +sinf )=mAi, (3.1)

where a is the groove spacing, m the order of diffraction, 4 the wavelength, 6, and 8, the

angle of incidence and the angle of diffraction respectively. By rotating the grating and
keeping the detector at a fixed position, both the incident and diffraction angle are changed
simultaneously, which is identical to the procedure used in most monochromators [19,20,21].

" It is known that changing the gas from argon to xenon has a positive influence on the light intensity [15].
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As stated before the use of the fast infrared absorption reflection spectroscope will be
shown by means of fast deposition of silicon oxide like films. Therefore the grating has been
chosen such that it is possible to measure in the wavelength interval from 700 cm™ to 1400
cm’. In this interval both the absorption of Si-O and Si-CH, bonds are present which have an
absorption width of several tens of wavenumbers. Using the grating equation (Eq. (3.1)) with
normal incidence (0.0 rad) and a refraction angle of approximately 0.5 rad at 1050 cm™
(center of interval), it can be calculated that it is best to use a grating of 53 grooves/mm. This
exact grating is not commercially available and therefore a blazed grating of 50 grooves/mm
has been used. Changing the setup for other wavelengths can be done by changing the grating,
filter, and/or detector.

The grating is positioned on top of an optical scanner (Cambridge Technology Inc.
model 6650) which is capable of oscillating the used grating at a frequency of up to 300 Hz
(sinusoidal) with an angle large enough to pass the desired wavelength interval along the
detector. This wavelength interval is smaller than the interval that can be measured with the
FTIR spectroscope, because of the limited rotational angle of the optical scanner at such high
oscillation frequencies. Therefore it will not be possible to monitor film absorptions at
positions in the absorption spectrum which are not within the range scanned by the grating at
the same time. Notice that the maximum rotational angle is dependent on the mass of the
grating and the frequency. Increasing the oscillating frequency or the grating mass results in a
decrease of the maximum rotational angle.

Due to the fact that the grating is oscillating on top of the optical scanner it is possible
to measure the spectrum in both the forward and backward motion of the oscillation.
Therefore the acquisition speed of the spectra will be twice the oscillation frequency. So at an
oscillating frequency of 300 Hz the spectra are obtained at 600 Hz, and the measuring
timescale is equal to 1.3 ms, which is equal to the timescale needed for monitoring monolayer
film growth at a growth rate of approximately 230 nm/s. For monitoring even higher film
growth rates another optical scanner will be needed. The reproducibility of the angle of the
optical scanner is within 6 prad. This is accurate enough to be negligible with respect to the
measuring interval of the detector signal and the scanner position signal. Note that in the
grating equation the change in the incident and diffracted angle is the same as the rotational
angle of the scanner. Furthermore the maximum rotational angle of the scanner is twice the
oscillation amplitude.

Mirrors

In total the setup consists of six mirrors. For the mirrors that focus (4 and 11) and
defocus (2 and 8) the light beam 90° off axis parabolic mirror have been used. This has been
done to reduce the aberrations which are obtained by using spherical mirrors. The
disadvantage of using 90° off axis parabolic mirrors is that they are less easy to align than
spherical mirrors due to their strict 90° positioning [22].

In order not to loose too much intensity due to reflection on the mirrors, four of the six
mirrors have been coated with a thin gold coating. The other two (4 and 5) are not coated.
This is because these two 90° off axis parabolic mirrors had to be custom made because they
have a focal length (36 cm) which is not commercially available.
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Windows

The infrared reflection absorption spectroscope is used to monitor in sifu the film
deposition and therefore two windows have to be mounted in the deposition reactor wall. As
window material KBr has been chosen, just as for the light source, because it has a good
transparency in the wavelength range of interest. A disadvantage of using KBr windows is
that they are hygroscopic, and therefore less useful when someone wants to measure a water
absorption signal.

Filter

The main part of the fast reflection absorption spectroscope is a grating. A
disadvantage of using a grating is that instead of only getting a first order diffraction also
second and higher order diffractions appear. These higher orders interfere with the first order
and therefore have to be filtered. The interfering wavelength (A, ) can be given by:

nt

PR m>2, (3.2)

int
m

where A, is the first order wavelength and m the order of the interfering light. The light

which is interfering with the first order light is always smaller in wavelength. Therefore for
removing the higher orders a filter is needed, that transmits the desired wavelength and
absorbs the lower wavelengths. The cut off needs to be somewhere between the lowest
wavelength desired and half of the highest wavelength desired. The transmission profile of the
used filter is given in Figure 3.2. As can be seen the used filter does transmit the light in the
desired range (700 cm™ to 1400 cm™) up to 70 % of its original intensity. The cut off at
1400 cm™ is in agreement with the desired wavelength band. Notice that the filter has to be
changed when the grating is changed for measurements in another wavelength interval.
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Figure 3.2: Cut off filter transmission profile.
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Detector

To detect the infrared light a MCT detector (type D316) has been used. Due to its high
sensitivity for infrared light the MCT detectors have a fairly high dark current induced by
background radiation [e.g. 23]. For this reason in general MCT detectors are equipped with a
double amplifier, i.e. a DC amplifier followed by an AC amplifier, with fixed amplification
factors. However, for the new infrared reflection absorption spectroscope it is better to only
DC amplify the detector signal. This in order to have a direct correlation between the detector
signal and the infrared light intensity on the detector. By installing a variable resistors to the
amplifier it has been made possible to subtract the dark current signal from the detector signal
and by installing a second variable resistor also the amplification factor of the amplifier has
been changed to maximize the detector output voltage. The detector response time, including
amplifier, is equal to 5 ps.

Data acquisition and control

The signal of the detector as well as the signal that indicates the position of the optical
scanner is measured by means of a 16-bit 200 kSamples/s ADC card (National Instruments
6035E) inside a PC. The measurements are controlled by means of the same computer by
dedicated software which has been programmed in National Instruments CVI labwindows. In
the software code a part has been integrated which can be used to analyse the measured data.

The number of data points measured to record one single spectra (N ) is given by:

1 sample
N:_f—Pl, (3.3)

Z.fosc N channels
where f,
N

channels

is the optical scanner oscillation frequency, f,

sample

is the ADC sampling rate.

is equal to the number of channels used for measuring, which is fixed to two, one for

the detector and one for the optical scanner position. In the case the setup is used at 300 Hz
and the ADC sampling frequency is set to its maximum value the number of data points for
one single spectrum will be equal to 167. Roughly it can be said that approximately every
4 cm™ a data point is obtained, which is enough to have several data points within one single
solid state absorption band (typical width 10 cm™ to 50 cm™). When the setup is operated at a
lower oscillating frequency the number of data points per spectra will increase and the
spectral measuring interval will decrease. At the maximum ADC sampling frequency the
detector signal is measured every 10 ps which is twice the response time of the detector.

The detector position signal is also measured every 10 ps. The total rotational angle of
the scanner is 0.1 rad and therefore the position is measured every 0.6 mrad when the scanner
is assumed to scan with a constant velocity. This 0.6 mrad is much larger than the 6 prad
positioning accuracy of the optical scanner, and therefore the error due to positioning of the
scanner can be neglected.
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3.3 Theory

3.3.1 Spectral resolution

When the detector area would be infinitesimal small, the light source would be a point
source and the optics would be aligned perfectly, the wavelength interval detected at any time
would be unique for every measuring time. However, due to the dimensions of the detecting
area of the detector a small wavelength interval will be detected. The grating is responsible
for the dispersion of the light and therefore the grating determines the wavelength interval on
the detector. In Figure 3.3 a schematic representation of the grating, focusing mirror, and
detector part is given (L1=20 cm). In this figure the final focusing mirror (cf. Figure 3.1) is
represented as a lens. From this plot it can be seen that indeed a small wavelength interval is
focused onto the active detector area. Although the focusing mirror is represented as a lens,
this has no consequences for the shown effect. Using the grating equation (Eq. (3.1)) and the
lens theoryi, it follows that the wavelength interval on the detector, and thus the resolution, is
about 24 cm™ at 1000 cm™. This width is less than the absorption peak separation of the
various absorption peaks of the silicon oxide like film absorption spectrum in the range from
700 cm™ to 1400 cm™. Therefore the individual absorption bands in the silicon oxide like film
absorption spectrum can be identified in the reflection absorption spectrum. Also the
calculated resolution is better than the minimum value given in Table 3.1.

I L1

0

Grating
Diffracted light
Active area
N

Focal length I

of detector

Lens U

Incident light
Figure 3.3: Schematic presentation of light path from grating to detector.
3.3.2 Signal intensity
To be able to estimate the number of photons which will be collected by the detector,
and the resulting detector signal, the number of photons emitted by the light source as well as

the geometrical and optical losses need to be known. In this section this estimation will be
made, in a worst case approach, from light source to detector.

* The angle of € is determined by the focal length (f) and the size of the detector area (a). # = tan™ (0.5* a/f)
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3.3.2.1 Source intensity

Raghavan et. al. [14] showed that the cascaded arc light source in the infrared can be
modeled as a blackbody radiator with a temperature (7) of 12000 K and an emissivity of 20%.
The number of photons emitted per second per solid angle of the blackbody radiator as
function of the wavelength (N(1) [s™'sr™']) is given by Planck’s blackbody radiation equation:

< 1

N(A)=— ’
A" exp(he/ AkT) -1

(3.4)

with ¢ the speed of light, / the Planck constant, and & the Boltzmann factor. It has been shown
that always a small wavelength interval (24 cm™) is on the detector. So by integrating Eq.
(3.4) over this wavelength interval the number of photons emitted by the light source can be
calculated. Including the opening angle, the emitting surface area and the emissivity
efficiency it is found that the light source emits a minimum of 2.0-10'7 photons/s in any
wavelength interval detected by the detector in the desired spectral range. Not all photons
emitted by the light source will reach the detector. Photons will be lost by two reasons. Firstly
by means of geometrical losses on the various optical elements and secondly by optical losses
during reflection and transmission at and through the various optical elements.

3.3.2.2 Geometrical losses

To calculate the geometrical losses of the setup a ray trace simulation of the setup has
been performed. For this calculation the setup has been slightly simplified. First all 90° off
axis parabolic mirror have been modeled as ideal infinitesimal thin lenses. This will have no
effect on the final result as long as the opening angle is the same. Second all flat mirrors have
been left out of the simulation, which is allowed because due to their size no light will fall
outside the mirror surface and thus there is no geometrical loss. The total geometrical loss of
the setup is dependent on the kind of sample used. In case the setup is used in the single
reflection mode, the sample will be large in comparison to the spot size on the sample and
therefore there will be no geometrical loss at the sample. In contrast when the setup is used in
ATR mode the spot size on the initial bevel surface of the ATR crystal will be larger than this
surface and therefore a significant loss will result at this bevel surface. In Figure 3.4 the light
spot on the initial bevel surface of the ATR crystal is shown. It can be seen clearly that a large
amount of the light is lost at this initial bevel surface. The spot size is approximately 6 mm in
diameter and the ATR crystal has a width of 20 mm and a height 0.7 mm. Therefore
approximately 80% of the light on the initial surface of the ATR crystal does not enter the
crystal and is lost. The spot size of 6 mm at the initial bevel surface of the ATR crystal is due
to an inaccurate focal length of the 90° off axis parabolic mirror that focuses the light onto the
initial bevel surface. The focal length is 36 cm whereas a focal length of 45 cm would have
been better, but as mentioned these 90° off axis parabolic mirrors had to be custom made and
36 cm was the largest focal length that could be manufactured.

From the simulation it can be concluded that when the setup is used in single
reflection mode, the total geometrical transmission is equal to 70%. The main geometric
losses are on the first KBr window (15%) and on the detector (10%). When using the setup in
ATR mode, the geometrical setup transmission drops to a mere 15%.
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Figure 3.4: Spot on the initial bevel surface of ATR crystal obtained from ray trace
simulations.

3.3.2.3 Optical losses

The different elements in the setup will all have a non-perfect transmission or
reflection, due to which a part of the light will be lost on interaction of the light with the
various elements. This loss can be calculated by means of simple calculation. In Table 3.2 the
reflection and transmission coefficients of the various elements in the setup are given. For the
grating not only the reflection coefficient is important, but also the efficiency has to be
known. The efficiency is equal to the fraction of the total incident light which will be reflected
into the first order. This efficiency is at least 30 % [24]

Table 3.2: Reflection and transmission coefficients for the various elements of the setup.

Element Trans/Refl coefficient
Gold coated mirror 98% reflection
Aluminum mirror 70% reflection

KBr window 80% reflection
Grating 70% reflection

Filter 70% transmission
Substrate 70% reflection

ZnSe ATR crystal 70% transmission

When considering all the elements in the setup, the total optical losses can be
calculated. These are found to be equal to 96.8% and practically independent of the setup
operation mode. This is because the ZnSe ATR crystal transmission loss is approximately
equal to the silicon substrate reflection loss. The main loss is on the grating and on the custom
made aluminum 90° off axis parabolic mirrors.
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3.3.2.4 Detector

Considering the amount of photons emitted by the light source and the geometrical
and optical losses of the setup elements, it is found that about 5-10" photons per second per
detected wavelength interval (24 cm™) will arrive on the detector surface when the system is
used in single reflection mode. In the spectral range for which the setup has initially been
designed the used detector has a minimum detection efficiency of 60%, and the energy flux
detected by the detector will be at least 7.3-10° W. Dependent on the detector amplifier
settings this energy flux will result in a lower limit for the maximum detector signal of 2.2 V.
The noise in the detector signal is approximately 20 mV and therefore a theoretical signal to
noise ratio of 10% can be obtained. With this signal to noise ratio it is possible to measure
absorption intensities of 1 % and higher when the system is used in single reflection mode and
no spectra are averaged. In the case the setup is used in ATR mode without anything else
changed, the measured detector signal will go down by approximately one order of
magnitude, but nevertheless the minimum detectable absorption intensity will increase.

Notice that in the calculation of the light intensity a worst case scenario has been used
and therefore the maximum signal measured is higher than this calculated value. The intensity
calculation has been done in the wavelength interval having the lowest light intensity and the
lowest detector sensitivity has been used. However, in the range used the detector has the
highest sensitivity in the wavelength interval in which the emitted light intensity by the light
source is the lowest. Therefore the maximum signal measured by the detector will be higher
than its calculated value and thus the best signal to noise ratio will be higher than its
calculated value. A rough estimation shows that this value will be 50 % to 100 % higher.

Aside from the photons emitted by the light source which end up on the detector
surface also photons emitted by various elements in the direct vicinity of the detector will
emit photons which end up on the detector surface causing the measured signal to increase
with an offset. A significant part of this offset can be subtracted from the measured signal
electronically, but still the value will be dependent on the angle of the grating because the
number of background photons collected by the detector will be different for a different
grating position. In section 3.4 it will be shown how to eliminate the total background signal.

In conclusion a summary of the various parameters of the fast infrared reflection
absorption spectroscopy setup is given in Table 3.3. As can be seen the time resolution of
1.3 ms is obtained for which still a signal to noise ratio of 10 is obtained in single reflection.
Nevertheless, to do this spectral range and resolution had to be offered with respect to FTIR
reflection absorption spectroscopy.

Table 3.3: Summary of various parameters of the fast infrared reflection absorption
spectroscopy setup.

Parameter Fast grating spectroscope
Spectral range 700 — 1400 cm’™’

Time resolution |>1.3 ms

Resolution 24 cm’

Sensitivity at best| 1-10~ single reflection
time resolution 1:10° ATR crystal
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3.4 Reflection absorption spectra

To obtain a reflection absorption spectrum with the fast infrared reflection absorption
spectroscope a couple of steps have to be made. First a background spectrum and a reference
spectrum have to be obtained as shown in Figure 3.5. The background spectrum is the
spectrum as function of the optical scanner angle obtained in the case that the light source is
turned off. It can be seen in Figure 3.5 that the detector intensity is not constant as function of
the optical scanner position. This is due to the infrared light emitted by various objects in the
direct vicinity of the infrared reflection absorption spectroscopy setup.

Absorption is measured relative to a reference. The reference is obtained by measuring
the light intensity as function of the optical scanner angle when the light source is turned on.
For the reference spectrum shown in Figure 3.5 a bare silicon sample has been used as a
reflector. Notice that the reference spectrum has a good resemblance with the filter profile (cf.
Figure 3.2), from which it can be concluded that the light source is continuous with nearly
constant intensity in the measuring range.
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Figure 3.5: Raw signal from the infrared reflection absorption spectroscope.

It can also be seen in Figure 3.5 that the reference spectrum consists of two parts. A
sudden increase in intensity is observed at 0.0 rad after which the remaining part of the
measured spectrum resembles the first part of the spectrum. The intensity however is less than
that of the first part of the spectrum. This is not a real intensity change for the wavelengths
corresponding to the angle indicated, but this is a second order diffraction of the grating for
the wavelengths which are transmitted by the filter. Because it is a second order diffraction,
according to the grating equation (Eq. (3.1)), it needs to have double the width of the other
part of the spectrum. Therefore the part seen is the second order of the part of the spectrum
observed between —0.175 rad and -0.125 rad and not of the whole spectrum observed between
—0.175 rad and 0 rad. The reason for not observing the whole second order spectrum of the
transmitted light is because of to the blaze angle of the grating. This causes the intensity of the
light diffracted at angles larger than 0.100 rad to decrease rapidly.
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To calculate the reflection absorption spectrum also a measured intensity spectrum
(I(p)), in which part of the intensity is absorbed, is needed. The reflection absorption

spectrum ( R(¢) ) can be calculated by:

_ 1(p) = 1 (@)
1y(@) = 1y (@) ’

R(p) (3.5)

where I,(p) is the reference spectrum obtained without absorption and 7, ., (¢) is the

background spectrum obtained when the light source has been turned off. In Figure 3.5 an
absorption spectrum is shown obtained by introducing an absorber in the reflecting light
beam. By means of Eq. (3.5) the absorption spectrum as function of the optical scanner
position of the measured intensity data is calculated and the result of this calculation is shown
in the image on the left side of Figure 3.6.

3.5 Wavelength calibration

In general it will be rather difficult to measure the angle of incidence and the angle of
diffraction at the grating accurate enough to use the grating equation for calculating the
wavelength as function of the optical scanner position. Therefore a wavelength calibration has
to be performed. The easiest way to perform a wavelength calibration is by means of gas
phase absorption. First because in general the spectral position of gas phase absorptions is
known very well and second because gas phase absorption bands have a small width
compared to solid state absorption bands. So as an extra from gas phase absorption
measurements also some information about the apparatus profile (resolution) of the fast
infrared reflection absorption spectroscopy setup is obtained. To calibrate the setup in the
range from 700 cm™ to 1400 cm” HMDSO gas has been used. In the given range this
molecule has four absorption bands as shown in Table 3.4.

With the aligned fast infrared reflection absorption spectroscopy setup the gas phase
absorption can be measured. A blank silicon substrate is used as a reflector, the pump line is
closed and 50 Pa HMDSO is let into the reactor. In both the incident light beam to the sample
as the reflected infrared beam from the sample gas phase absorption will take place. By
measuring the infrared spectrum with and without the HMDSO gas present it is possible to
calculate the absorption spectrum as function of the optical scanner position.

Table 3.4: Overview of different gas absorption bands of HMDSO in the range 700 cm™ to
1400 em™'[25,26].

Bond Vibration type Wavenumber
Si-CH; Sym. Bending 1260 cm’™
Si-O-Si Asym. stretching | 1070 cm’™
Si-CHj; Asym rocking 850 cm’™’
Si-CHj3 Asym. Bending 758 cm’!

In Figure 3.6 an absorption spectrum measured by means of the fast infrared reflection
absorption spectroscope is given. This spectrum has been calculated using the measurements
shown in Figure 3.5. Notice that there is no difference between calculating a reflection

55



Chapter 3

absorption spectrum and a gas phase absorption spectrum. The shown absorption spectrum
has been calculated by means of Eq. (3.5).
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Figure 3.6: Measured HMDSO gas phase absorption with fast infrared reflection absorption
spectroscope (left) and with FTIR gas phase absorption spectroscope (right).

In Figure 3.6 also the absorption spectrum obtained by means of the more
conventional FTIR gas phase absorption spectroscopy technique is shown. Comparison of the
two absorption spectra immediately shows that there are five absorption peaks in the fast
infrared reflection absorption spectrum and there are only four absorption peaks in the FTIR
gas phase absorption spectrum. This difference is due to the fact that the absorption peaks in
the fast infrared reflection absorption setup can also be seen in their second order diffraction
from the grating. So the first absorption peak (shown on the left) has the same origin as the
last absorption peak (shown on the right). When the absorption intensity of these two
absorption peaks are compared it can be seen that the absorption intensity is the same.

Note that there is a difference between the absorption intensity measured with the fast
infrared reflection absorption setup and the FTIR gas phase absorption setup. This is mainly
due to a difference in used gas pressure in both cases, but it is also due to a difference in
resolution. Comparison of the noise level of both methods by means of the spectra shown in
Figure 3.6 is not valid because for the FTIR spectroscopy measurements 100 spectra have
been averaged and for the fast infrared reflection spectroscope no spectra have been averaged.
Also the path length between the two methods is different because the FTIR spectroscopy
measurement is a straight through measurement (5 cm above and parallel to the substrate) and
in the case of the fast infrared reflection spectroscope the infrared light beam passes through
the reactor at an angle and is reflected at a surface causing the path length to be longer.

By means of the absorption peak positions a conversion of the optical scanner angle
position to wavenumbers can be made using eq. (3.1). For the absorption spectrum shown in
Figure 3.6 this has been done and the result of this conversion is shown in Figure 3.7.
Comparing this absorption spectrum with the spectrum measured by means of FTIR gas phase
absorption spectroscopy shows that in FTIR spectroscopy the resolution is independent of the
position in the spectrum whereas this is not the case for the fast infrared reflection absorption
spectroscope. Due to the use of a grating the resolution as measured in wavelength is close to
constant, but due to the fact that the conversion of wavelength to wavenumber has to be made
a 1/4 dependency is introduced. The difference does not have an effect on the development of
the different absorption peaks in time dependent measurements, which is the main reason for

56



Design of a fast in situ infrared diagnostic tool

which the new setup has been developed. In the rest of this chapter, for the sake of clarity the
optical scanner position will be converted to wavelength instead of wavenumbers.
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Figure 3.7: HMDSO gas phase absorption spectrum with converted optical scanner position.

The calibration, which is easy to perform has to be made every time when a small
change to the alignment of the setup is made, e.g. when the sample is changed or the detector
signal is optimized. This is because a slight movement of the detector or of a mirror will lead
to a slight change of the wavelength measured at the detector at a specific angle of the optical
scanner.

3.6 Sensitivity

Various substrate types can be used as has been shown in the introduction. There it has
been shown that it is the easiest to use the setup in two different modes. First the setup is used
in single reflection mode and second in ATR mode. The absorption sensitivity is obviously
different for these two modes.

To demonstrate the sensitivity and time resolution of the fast reflection absorption
setup an expanding thermal plasma deposition setup is used. This deposition setup has been
depicted in literature before extensively and therefore only a short description of the setup
suffices [27,28,29]. A thermal argon plasma is generated by a cascaded arc and expands into a
vacuum vessel with a typical pressure of 10 Pa to 30 Pa. Into this expanding argon plasma
deposition precursor gases are injected by means of a punctured injection ring situated at 5 cm
from the arc exit or by means of an injection nozzle [13]. The injected precursor will be
dissociated by interaction with the argon plasma. The dissociated species will cause film
deposition to occur at the substrate which is situated on top of a thermostrated chuck 65 cm
from the arc exit. The deposition is monitored by means of the fast infrared reflection
absorption spectroscopy setup and the film thickness is monitored by means of in situ
ellipsometry. For the demonstration hexamethyldisiloxane (HMDSO) and oxygen are used as
film deposition precursors.
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3.6.1 Single reflection

In Figure 3.8 the evolving detector signal, corrected for the background signal, as
function of the wavelength at various times during a HMDSO/oxygen deposition are shown
(deposition rate 10.0 nm/s). It can be seen that the maximum value of the detector signal is
approximately 3.2 V which is, as expected, above the predicted 2.2 V. In Figure 3.8 also the
reflection absorption spectra at various times during film growth are shown. It can be seen
that there are various absorption peaks appearing and growing during the deposition process.
Notice that the spectra shown are single spectra, each obtained in 2.5 ms, and that they have
not been averaged. For the sake of clarity only a couple of spectra are shown.
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Figure 3.8: Corrected detector signal and calculated reflection spectra at various times
during silicon oxide like film deposition obtained in single reflection mode, time interval
between shown measurements = 6.6 s.

The noise level can also be observed in Figure 3.8 when the first reflection spectrum is
studied in more detail. This first spectrum is obtained when there was still no deposition on
top of the sample and therefore it is a good indication of the noise level. For the longer
wavelengths the noise present in this reflection spectrum is larger than for the shorter
wavelengths. This is in agreement with the measured detector signal, the higher the detector
signal the lower the relative noise in the detector signal and the lower the noise in the
calculated reflection spectrum. The absolute value of the noise level measured is in agreement
with the expected noise level (107%). It is not possible to measure the absorption of any
absorption peak, not even the strongest one, at monolayer sensitivity (2:10™).

A better way to present the absorption peak evolution as function of time, without
skipping measured spectra, is by integrating the various absorption peaks in every individual
absorption spectrum obtained. Integration has been done by fitting a baseline to every
absorption peak and integrating the area between the absorption and its baseline. An example
of the integrated absorption intensity as function of time is given in Figure 3.9. It can be seen
that the integrated absorption has a noise level which is different for the different absorption
peaks. This difference in absorption is caused by the spectral detector signal, which causes the
noise on the calculated reflection absorption spectrum to be dependent on the position in the
spectrum.

The scanning time and time resolution of the data shown in Figure 3.8 and Figure 3.9
has been chosen 2.5 ms as mentioned before. This time scale is not the fastest possible, but at
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this time scale the scanning angle could be higher and therefore the second order diffraction
of the first absorption peak (at 16.05 um) could also be measured. This reflection absorption
intensity has also been integrated and is also shown in Figure 3.9. It can be seen that the
evolution of this peak as function of time is similar to the evolution for this reflection
absorption peak observed in its first order as to be expected. The integrated absolute
absorption intensity is different but that is due to fact that the absorption has been treated in
the same way as the other absorption peaks in first order. To convert the scanner angle to
wavelengths it has been assumed that all data were first order and therefore the width of the
second order peaks in the wavelength spectrum is different from the one measured in the first
order. The peak absolute absorption intensity is however the same and thus the integrated
absorption intensity is different. The physical interpretation of the data shown in Figure 3.8
and Figure 3.9 will not be discussed in this publication. Notice that in situ measurements of
the same deposition at a faster time scale speed would have resulted in the same signal to
noise ratio for the integrated absorption intensity.
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Figure 3.9: Integrated absorption intensity for the various absorption peaks observed during
silicon oxide like film deposition as function of time in single reflection mode.

The integrated absorption intensity can be smoothed by adjacent averaging. This will
show the evolution of the absorption intensity more clearly, but it will lead to loss of detail of
the deposition processes which take place on a shorter timescale than the timescale
represented by the averaging interval. So when studying the initial growth process of a film
only processes slower than the measuring timescale can be observed. For steady state film
growth adjacent averaging will not influence the results. For the data shown in Figure 3.9 five
point adjacent averaging has been used.

Notice that for the conditions used the fast in sifu infrared reflection absorption
spectroscope will not detect the HMDSO gas phase absorption during deposition. This is
because during deposition the absolute density of HMDSO in the gas phase is too low to be
detected. During deposition the pressure in the plasma reactor is 10 Pa and less than 5 % of
the gas is the deposition precursor gas. During a deposition experiment the precursor is
injected into the plasma and a large amount (approximately 70 %) of it is consumed by the
plasma. So less than 1.5% of 10 Pa is HMDSO gas and thus the HMDSO partial pressure is
less than 0.15 Pa, which is only 1/333 part of the pressure used for gas phase calibration
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measurements (cf. Figure 3.7). Therefore the absorption intensity of the strongest absorber of
this small amount of HMDSO (0.25/333=7.5-10*) will be below the sensitivity of the
spectroscope (1072). Notice that the gas phase absorption intensity is of the same order as the
monolayer absorption intensity. When increasing the sensitivity it is therefore possible that
the contribution due to the gas phase cannot be neglected and a correction needs to be made.
Eliminating the gas phase contribution can be done with the use of a polariser and performing
the experiment twice at different polarisation angles.

3.6.2 ATR

To get an enhancement of the absorption signal an ATR crystal can be used
[4,5,30,31]. In the crystal the light will have multiple internal reflections, due to which the
light will also have multiple interactions with the deposited film on top of the ATR crystal. In
these experiments ZnSe ATR crystals have been chosen. ZnSe has a good transparency for the
infrared, and also a reasonable transparency for the visible, which makes the aligning
procedure of the setup easier because the path of the light can be observed without the means
of any infrared light detecting device.

The refractive index of ZnSe in the range 5-10 um is approximately equal to 2.4. The
refractive index of the deposited silicon oxide film is about 1.4 and the angle of the light, with
respect to the ATR crystal surface, in the ATR crystal is approximately 55°. This is above the
critical angle [4] for total internal reflection which is approximately 35° and therefore the
light will not propagate into the film deposited on top of the crystal. The absorption will occur
in the evanescent wave that occurs at the surface at which total internal reflection takes place
[4]. Notice that the light will pass through the film twice, once on entering the crystal and
once on leaving the crystal. This will also cause transmission absorption, which is different
from reflection absorption. However, this will only be a small fraction of the total absorption,
e.g. with 35 reflections this fraction will be 2/37.

In Figure 3.10 the infrared reflection absorption spectra obtained with the use of an
ATR crystal are shown, for similar HMDSO/oxygen deposition as shown for single reflection
mode. Again, only a selection of spectra are shown for the sake of clarity and no spectra
averaging has been used. The infrared absorptions are more intense than in the case of single
reflection. In Figure 3.10 also the corrected detector signal as function of the wavelength is
shown. Comparison of the maximum detector signal with the maximum signal obtained in
single reflection mode (see Figure 3.8) shows that the signal decreased one order of
magnitude, where a reduction with a factor of 5 was expected. This difference is probably due
to the alignment of the setup, which is more critical in the case of ATR mode than in the case
of single reflection mode. This is due to the focusing on the initial bevel of the ATR crystal.

Comparison of the reflection absorption spectra obtained in ATR mode with the
reflection absorption spectra obtained in single reflection mode shows some differences.
Notice that in the case of the ATR mode a smaller part of the spectrum is plotted due to which
two reflection absorption peaks are not plotted. In the omitted part the noise level is too high
to get any clear picture, which can already be observed on the higher wavelength side of the
reflection absorption spectrum shown in Figure 3.10. The first difference is that the peak at 8
um is much smaller with respect to the peak with biggest reflection absorption intensity in the
ATR mode than in the single reflection mode. The second difference that can be seen is that
the shape of the various absorption peaks is different and that the position of the maximum
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reflection absorption intensity is slightly shifted. Both differences are due to the change of
substrate material when changing from single reflection mode to ATR mode.
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Figure 3.10: Measured detector signal and calculated reflection spectra at various times
during silicon oxide like film deposition obtained in ATR mode, time interval between shown
measurements = 0.45 s.

A similar difference is observed between a reflection absorption spectrum and the
transmission absorption spectrum on the same substrate material [4]. Due to the absorption
the imaginary part of the refractive index as function of wavelength is not equal to zero at the
wavelength of an absorption. Therefore the Fresnel coefficients for reflection as function of
wavelength will have a change locally which results in a change in the reflection. The Fresnel
coefficients are also dependent on the refractive index of the substrate material and because
the film deposited on top of the silicon substrate is similar to the film deposited on top of the
ZnSe ATR crystal the change in the reflection absorption spectrum can only be due to the
difference in substrate material. A calculation using the Fresnel equations fully supports this
theory [32].

To get a better insight in the development of the various absorption peaks, the
absorption peaks are integrated and plotted as function of time. The result is shown in Figure
3.11. Five point adjacent averaging has been used to smooth the integrated absorption data.
The data in Figure 3.11 indicates that the absorption intensity is much stronger than in the
case of single reflection (cf. Figure 3.9). However, it is not possible to give an exact value for
the absorption intensity increase, because the substrate material is different for the two modes.
An increase with a factor of 35 was expected, and looking at the strongest absorption peak it
can be seen that indeed an increase close to this value is reached. However, the sensitivity of
the ATR setup is not 35 times as high as in the case of single reflection. This can be seen in
the noise level of the ATR absorption spectra taken before the deposition started. In this
spectra the absolute noise level (4-107) is higher than in the single reflection absorption
spectrum (1-102). This is due to the fact that the absolute infrared intensity on the detector is
decreased by installing an ATR crystal in the setup. This lower intensity will lead to a higher
relative noise level in the detected signal and therefore a higher absolute noise in the ATR
absorption spectra with respect to the single reflection absorption spectra. Although the
absolute noise level is higher still the absorption sensitivity is increased and therefore the
absorption of thinner films can be measured in sifu with a high time resolution. Taking the
absorption intensity to be 35 times that of the single reflection mode than a single reflection
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equivalent absorption of approximately 1:10~ can be measured, which is in agreement with
the predictions.

The sensitivity can be increased even more by averaging multiple spectra, but it
should be realized that this will result in a lower time resolution. For deposition rates of only a
couple of nanometers per second this does not have to be a problem, because within the
deposition of one monolayer up to one hundred spectra can be obtained. Averaging one
hundred spectra will result in an increase in sensitivity by a factor 10. In the case the setup is
used for the analysis of silicon oxide like film deposition this would improve the sensitivity to
monolayer sensitivity. In the use of the setup it is best to find a balance between time scale,
sensitivity and averaging.
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Figure 3.11: Integrated absorption intensity for the various absorption peaks observed
during silicon oxide like film deposition as function of time in ATR mode.

3.7 Conclusions

A fast in situ infrared reflection absorption spectroscopy setup has been designed and
constructed. With this new setup it is has been demonstrated that in sifu film growth can be
monitored in real time at high deposition rates (up to several hundreds of nm/s). It has been
demonstrated that the setup is capable of detecting absorptions of thin films that calibrating
the setup is easy by means of gas phase absorption.

The minimum corresponding film thickness which can be measured is however
dependent on the absorption intensity of the different bonds present in the deposited film. The
sensitivity of the new setup is dependent on the amount of light collected by the detector and
on the interaction length of the light with the absorbing medium. When using the setup in
single reflection mode absorptions of 1-10 and up can be detected and for the ATR mode the
minimum absorption needs to be above 1:107. For the ZnSe ATR crystal used the sensitivity
should increased by a factor of 35, but installing an ATR crystal reduces the detector signal
and therefore the increase of the sensitivity is only a factor 10. The absorption sensitivity with
ATR crystal is not enough to make the setup monolayer sensitive. This is even true for the
Si-O-Si bond which is the strongest, when depositing silicon oxide like films by means of a
HMDSO/oxygen plasma. To reach monolayer sensitivity for the strongest bond a minimum
sensitivity of 2:10™ is needed. To reach the monolayer sensitivity a longer ATR crystal has to
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be used or multiple reflection absorption spectra have to be averaged. However, the latter
influences the measurement time scale in a negative sense.

Another way to increase sensitivity is by intensifying the light source and by reducing
the light intensity losses in the setup. The former can be done by increasing the operation
pressure and arc current of the arc [14,15] and the latter can be done by using only gold
coated mirrors or adapting the setup in such a way that less optical components are needed.

The fast moving grating principle can also be used for gas phase absorptions
measurements. The setup for this would be fairly easy. The light of the light source is made
parallel by means of a 90° off axis parabolic mirror and is send straight through the vessel
onto the grating after which it is focused on the detector. In this case less mirrors are used and
there is no reflection at a substrate and thus more light will reach the detector and with this the
sensitivity is increased. However, in general the species density in the gas phase will be low,
especially when the plasma is on, and therefore still only the stronger absorbing species can
be detected. Alternatively the sensitivity can be increased by making an optical cavity which
enlarges the absorption path length [33,34]. Applying the fast moving grating principle to gas
phase absorption might make a study of the gas phase possible on the timescale of
milliseconds.
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Chapter 4

Analysis of the argon-oxygen plasma gas
phase

M.F.A.M. van Hest, J.R. Haartsen, M.H.M. van Weert, D.C. Schram,
and M.C.M. van de Sanden

Abstract

An expanding thermal argon plasma into which oxygen is injected has been analysed
by means of Langmuir probe and Pitot probe. Information is obtained on the ion density in
and the flow pattern of the downstream plasma. Combination of the Langmuir probe and Pitot
probe measurements provide information on the total ion flux generated by the plasma source
(cascaded arc). It has been found that the ion diffusion is mainly determined by the
background pressure in the expansion vessel and the used arc current. The ion density is
determined by the total power input into the plasma as well as the gas flow in the plasma
source. There is an optimum in the power transfer used for ionisation from plasma source to
the feed gas. Interaction of oxygen with the plasma results in a decrease of the argon ion
density and a decrease of the plasma beam radius. By means of Pitot probe the recirculation
pattern of the downstream plasma has been investigated experimentally. Due to the low
downstream pressure (10-30 Pa) the conventional compressible Pitot probe theory does not
apply anymore. At these low pressures viscous effect start to play an important role when
measuring the stagnation pressure and can therefore not be neglected.
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4.1 Introduction

There are many different methods to analyse various plasma parameters, e.g. ion and
electron density, ion and electron temperature and particle drift velocity. Due to the diversity
in plasma sources also the range in which the various plasma parameters vary is large (several
orders of magnitude). In general the analysis methods can be divided into two different
groups. The first group contains the non intrusive methods, i.e. methods which do not
influence the plasma; e.g. optical emission spectroscopy [1,2], laser induced fluorescence
[3,4], Thomson scattering [5,6], etc. The second group contains the intrusive methods, i.e.
methods which do influence the plasma; e.g. Langmuir probe [7,8], Pitot probe [9,10], etc.
For the methods mentioned in the second group the influence is unavoidable, and the aim is
usually to minimize the perturbing character as much as possible. To make a correct
interpretation of the measured data by means of these intrusive methods the disturbance needs
to be known so that possible changes caused due to the analysis tool can be corrected for.

In this chapter a study will be presented of an expanding thermal argon plasma,
generated by means of a cascaded arc [11,12], into which oxygen is injected. This plasma will
be analysed by means of Langmuir probe measurements and Pitot probe measurements. By
means of Langmuir probe measurements the local ion density and the local ion and electron
temperature is measured. From these measurements it is possible to derive the geometrical
reaction profile of argon ions, electrons and the injected oxygen molecules. By means of the
Pitot probe the local particle drift velocity is measured, which will give information about the
flow pattern in the plasma reactor. To calculate the ionisation degree of the plasma the total
ion flux from the cascaded arc plasma source needs to be measured. For this the particle drift
velocity is needed. Therefore a combination of Langmuir probe measurements and Pitot probe
measurements will make it possible to calculate the ionisation degree of the plasma source
accurately. Although the two methods of measurement are intrusive, they are easy to use and
low cost.

Langmuir probes are used to analyse plasmas for many decades and they can have all
kinds of shapes and sizes. In principle a Langmuir probe is no more than a conducting plate or
wire which is positioned inside the plasma. By applying a voltage to the probe a current is
generated which gives information about the charged particles in the plasma. By changing the
position in the plasma the spatial variation of the different parameters can be measured. The
conventional Langmuir probe (single probe), consists of one conductor which is connected to
a power supply which generates a voltage relative to ground. Applying a positive voltage to
the probe results in a current which is induced by the electrons and applying a negative
voltage results in a current which is induced by the ions. Due to the fact that the mobility of
electrons is larger than that of ions, the measured current due to the electrons will be several
orders of magnitude larger than the current due to the ions. Depending on the plasma to which
the Langmuir probe is applied and on the probe size, electron currents of the order of 1 A can
be measured. The current is limited by the probe size in combination with heating of the
probe, for significant heating the probe will start to emit electrons and for even higher heating
the probe may melt. In the case the probe is applied to an argon-oxygen plasma, the probe
could burn due to presence of oxygen. This burning will already occur at less severe plasma
conditions than that are needed to melt the probe.

* Also referred to as Pitot tube.
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A double Langmuir probe can be used to prevent the probe from burning. A double
Langmuir probe consist is in essence of two single Langmuir probes where instead of
connecting the power supply between the probe and ground the two probes are connected to
the power supply. By doing this the current to both probes needs to be the same, but of
opposite sign, and will therefore be equal to the ion current. For many plasmas the ion current
has such a low value that, even with the presence of oxygen, the probes do not burn or melt in
this situation.

A Pitot probe is a tube which in general has a tip with a 90° angle. One side of the tube
is open and the other side is connected to a pressure gauge. By inserting the open end of the
tube into a flow the pressure in the tube will become equal to the local stagnation pressure of
the flow. From the stagnation pressure the local average particle drift velocity of the flow can
be derived. By measuring the stagnation pressure at various positions in the flow, it is
possible to derive the particle drift velocity profile

4.2 Analysis method

4.2.1 Langmuir probe

A detailed study of various Langmuir probes and their theory has been given by e.g.
Peterson and Talbot [13], which was applied for an expanding thermal plasma by Brussaard
[14]. As only a double Langmuir probe will be used a description of the double Langmuir
probe theory suffices here. The theory will be focussed on the use of a double cylindrical
probe of which both probe tips have the same size.

PC

o
o )

Figure 4.1: Schematic of a double Langmuir probe and its electronics.
Double cylindrical Langmuir probe

In Figure 4.1 a schematic is given of the used double Langmuir probe and its
electronics. When no voltage is applied to the two probe tips while they are in the plasma,
both probe tips will have the same potential’, the floating potential. When the voltage to probe
1 is lowered with respect to probe 2, the number of ions attracted by probe 1 will increase,
which is compensated by probe 2 by repelling less electrons because the net current needs to
remain zero. When the potential applied between the two probes is not extremely high, the
probe with the lowest voltage will have a voltage which is below plasma potential.

" Unless there is a significant difference in the local electron density at both probe positions.
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When the mean free path of the particles in the plasma is much larger than the Debye
length* of the plasma the repelled (electron) current to each probe is given by:

I=1,-e”* (4.1

where y is the nondimensional potential expressed in terms of the probe potential (¥,

robe

relative to the plasma potential), particle temperature (7) and attracted particle charge (g):

qV

probe

= 3 prote 4.2
d k,T (4.2)

I, is equal to the random (Maxwellian) current to a probe at the plasma potential and is given
by [15]:

1 (8k,7\"
Io=—noq( Bj 4,, (4.3)
mm

4

with n,the number density of the charged particles in the undisturbed plasma, m the mass of
the charged particle, and A4, the surface area of the probe.

Beside the repelled current there is also an attracted current. Peterson and Talbot [13]
semi-empirically found a function for the current provided by the attracted particles, which is
given by:

(4.4)

1=1,-(8+1)

where y is again the nondimensional potential as given by Eq. (4.2). « and S depend on the
ratio of the temperature of the attracted and repelled particles and on the ratio of the probe

radius (R,) to the Debye length (4, =\&k,T,/e’n,). In the case that the electron

temperature is equal to the ion temperature® the dependency of & and £ on R ./ Ap 1s given
by:

2.9

“in(R, /2,)+23 ~027

a

(4.5)
B=235+0.135- [1n(R,,//10 )]3

The total current through the probes (/) is given by:

* “The Debye length is the screening distance over which charge separation takes place and thus gives the
distance over which an electrical field may exist in the plasma” [14]
¥ For the used expanding thermal plasma source it has been shown that this is actually the case [14,44].
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1:]e1+[i1 :_Iez_]iza (4.6)

with the subscripts 1 and 2 indicating the two probes and the subscripts e and i indicating
electron and ion respectively. When the applied potential difference (V) is given by:

V,=Vy =V, “7)
then

S 4.8)
V, = Vf -V, ’

with V}' and V,' are the potentials with respect to the floating potential V. The current
through the double cylindrical probe with equal tip surfaces can now be derived from Egs.
(4.1), (4.2), (4.4), and (4.6) and is given by:

eVu

I.e" —1,
=" 7 2 (4.9)
1+ e
The individual ion currents can be derived from Eq. (4.4) and Eq. (4.8) and are given by:
eV, —v))*
I. =1 A S
il tO(ﬂ kBT j
a (4.10)
v, +7,)
I, =1 B+
kT

A difficulty in the interpretation of the double probe characteristics comes from the fact that
only the applied potential is known and not the individual potential of each probe with respect
to the plasma potential. Expressions for the potentials V' and V7, can be derived in an

implicit form and are given by:

V| 1Ty, eWIT eV TR Ly ennt) g
k,T p—eV, k,T B—eV, lk,T  B—eV,/k,T
and
eV 1 m. eV

f f

—=——In| — |+aln| f-— 4.12
kyT 2 (mj (ﬁ kBT] (4.12)
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It can be seen clearly that these equations are not easy to apply for the evaluation of a
measured I-V characteristic (cf. Figure 4.2) and therefore Peterson and Talbot [13] developed
a procedure for the evaluation of the double probe characteristic.

The temperature can be calculated using the derivative of the I-V characteristic while

both probes are at floating potential (¥, = 0). Then the following equation holds:

kT | 1, (o)
Pinh il oy (4.13)
e & |I,+1,\0V,
V,=0
with
(94
¢= (4.14)

l+ ——.
B+leV, [kyT|

When both probe areas are equal, the ion currents at floating potential become equal for both
probes and Eq. (4.13) can be simplified even further. The factor & is only slightly dependent

on the particle temperature and density. It varies from 1.1 to 1.0 when the ratio R, / A, varies

between 1 and 100, therefore the factor can be approximated by 1. At very large applied
potentials, the current to one of the probes will consist only of the ion current to that probe. It
has been found by Peterson and Talbot [13] that the best potential to evaluate the ion current

is approximately equal to 10.8 k,T /e.

2
E*]
1]
05 © 4 2 § 3 4 6 & 10
V (V)
1M
2]

Figure 4.2: Typical symmetric double probe I-V characteristic.

According to Peterson and Talbot [13] the following recipe can be used to calculate
the ion density and the ion/electron temperature from a symmetrical double probe I-V
characteristic (cf. Figure 4.2):

1. Estimate the ion saturation current at the floating potential by (non-linear)
extrapolation.
2. Estimate the temperature by using Eq. (4.13) with & equal to unity.

3. Determine the value of the currents at V, =+10.8k,7 /e.
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4. Calculate V', using Eq. (4.12). A first estimate of « and § may be obtained from the
extrapolated saturation currents at floating potential.

Calculate /, from Eq. (4.10) with V'=10k,T /e .

Calculate the ion density by Eq. (4.3) and use that to determine  and S.

Calculate the currents at the floating potential from Eq. (4.10), with V'=0.
Calculate the ion temperature from Eq. (4.13).

© N v

Step 3 through 8 may have to be repeated once or twice before the recursive equations Eq.
(4.11) and Eq. (4.12) are satisfied. Applying the recipe to the I-V characteristic shown in
Figure 4.2 results in an ion density of 1.0-10"* m™ and an electron temperature of 0.29 eV.

4.2.2 Pitot probe

Arc
Particle drift
direction
\ 4
Pressure 4 \ Pitot probe
gauge

Figure 4.3: Schematic drawing of a Pitot probe in the plasma beam.

Pitot probes can be used in many different kind of flows and it has been a proven
technique for measuring the velocity profile of plasma jets [16,17]. In general a Pitot probe is
a tube which has a 90° angle with at one end an open tip and at the other end a pressure gauge
connected, as shown in Figure 4.3. The opening at the end is directed such that the gas flow is
into the direction of the opening. The pressure gauge will prevent the gas from flowing
through the tube and therefore a stagnation pressure is built up in the tube. The stagnation
pressure is mainly dependent on the velocity of the particles. There are two regimes for the
measurement of the stagnation pressure. The first regime is in the case that the particle drift
velocity is smaller than the sound velocity (subsonic) and thus the mach number (M) is
smaller than 1. The second regime is when the particle drift velocity is larger than the sound
velocity (supersonic, M>1). In this case in front of the Pitot probe a bow shock is formed and
the stagnation pressure is influenced. The expressions for the stagnation pressure ( p, ) relative

to the background pressure ( p,) for a compressible gas in the two different regimes are given
by [18,19,20]:
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Y

M<1 PSZ(HHMZJ“ (4.15)
P,
e
(7/+1M2jy1
D, 2
w1 P 1 (4.16)

P2y o _y=1)7
y+1 y+1
where y is the ratio of the specific heats (C,/C,). For the expanding thermal plasma it has

been found by modelling that y=1.2 for a pure argon plasma [21]. To calculate the actual
velocity the mach number needs to be multiplied with the sound velocity which is given by:

v = 4.17)

where m is the effective mass of the particles, k, the Boltzmann constant and 7' the particle

temperature.

Pitot probes are in general used for measurements in flowing gases and liquids. When
using it in a plasma ions and electrons might influence the behaviour of the probe by means of
e.g. recombination of ions and electrons on the wall of the probe. For the use of Pitot probes
in a plasma reported in literature in general this is not taken into account because the effects
are small and negligible because of the limited ionisation degree of the plasma. Beside this
there are other phenomena, such as viscosity and temperature, which have a larger influence
to the measured stagnation pressure as will be shown later.

During decades of Pitot probe utilisation, many different Pitot probes have been
created, all with their specific goal. Besides the Pitot probes to measure only the velocity also
enthalpy probes have been developed, which are similar to Pitot probes with one addition
which makes it possible to also obtain information about the temperature of the particles. This
is done by adding a cooling device in the wall of the probe which also prevents the probe
from becoming too hot when exposed to hot gasses. In this chapter a regular (uncooled) Pitot
probe is used.

4.2.3 Total ion flux

By means of the Langmuir probe measurements it is possible to measure the ion
density at various positions in the plasma. In this case an expanding thermal plasma (cascaded
arc) is being investigated. The plasma is expanding in a cylindrical vessel at low pressure (up
to 30 Pa). By measuring across a radial line in this plasma, the radial ion density can be
measured. Because the gas enters at the arc exit situated on one end of the reactor and the
pumps are situated at the other end, the plasma is a flowing plasma. The ions and electrons of
the plasma will therefore be transported from the arc exit to the pump entrance. The amount
of gas entering the reactor is known and by means of Langmuir probe measurements it is now
possible to calculate the amount of ions and electrons entering the reactor. To do so in a
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cylindrical reactor the radial ion density profile (#,(r)) and the radial drift velocity proﬁle**

(v(r)) are needed. When assuming cylindrical symmetry the ion flux (¢, ) is given by:

R'(v=0)

¢, =21 [n,(r)-v(r)-rdr (4.18)

0

where r is the radial position. Notice that the flux is not integrated to the reactor wall, but
only to the point at which the particle velocity is equal to zero (R'(v=0)). This is done

because in the reactor a recirculation cell (cf. Figure 4.4) is formed and the origin of the ions
in the recirculation part of the recirculation cell as well as their velocity is uncertain.
Moreover, the ion density in the recirculation part of the recirculation cell is relatively small
in comparison to density in the plasma beam and therefore the number of ions which are not
included in the integration will be negligible to the number that are included.

4.3 Experimental setup

The plasma setup is shown in Figure 4.4 and has been described before extensively
[22,23,24] and therefore a brief description of the main characteristics of the setup suffices
here. The reactor consists of a stainless steel cylindrical vessel (diameter 320 mm, length
100 cm) which is positioned vertically. On top of the vessel a cascaded arc [25,26] has been
mounted onto a moveable holder. The cascaded arc is operated using pure argon gas (grade
5.0). For the injection of oxygen gas (grade 5.0) a punctured ring (diameter 10 cm) is present
which is situated at approximately 5 cm from the arc exit. A temperature controlled substrate
holder is situated at the bottom of the vessel. The distance between the arc exit and the top of
the substrate holder is equal to 65 cm, but can be varied. The temperature of the substrate
holder can be varied in a range of - 50 °C to 300 °C. The reactor vessel is connected to a
pump stack with one rotary piston pump (Edwards 240 m’/hr) and two mechanical booster
pumps (Edwards EH2600: 2600 m*/hr; Edwards EH500A: 500 m’/hr) which generates a base
pressure of 10™* mbar. Overnight the reactor is pumped by a turbo molecular pump (Leybold
Turbovac 1500: 90 m*/hr) which keeps the reactor pressure at 10° mbar. For the transfer of
samples a load lock system (10 mbar) is connected to the plasma reactor. In Table 4.1 an
overview is given of the various plasma parameters with their typical ranges in which they are
varied.

Table 4.1: Overview of the plasma parameters and their ranges.

Parameter Range

Ar flow 15 —120 sccs
0O, flow 0—17 sccs
Arc current 25-75A
Arc pressure 0.2 — 0.6 bar
Vessel pressure 10— 35 Pa

*k . . . .
positive is defined as flowing from source exit to pump entrance
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recirculation cell

" RR.

expanding plasma

to pumps<+—_ \substrate holder

>—| N EE >

Figure 4.4: The expanding thermal plasma setup.

The Langmuir probe as well as the Pitot probe have been mounted on a manually
moveable holder (cf. Figure 4.5), which makes it possible to position the measuring device at
an axial position close to the wall of the plasma reactor as well as in the centre of the plasma.
The maximum translation of the holder is 180 mm which is enough to scan the whole radius
of 160 mm. The same holder has been used for both the Langmuir probe as the Pitot probe
measurements and therefore the holder had to be changed when switching from one
measurement to the other. Both measurements have therefore been performed at different
times. The double Langmuir probe consists of two platinum wires with a diameter of
0.250 mm and an exposed length of 5.0 mm which are mounted at the end of the moveable
holder. By means of an electrical feed through these wires were connected to a Keithley 2400
SourceMeter which was used to apply a voltage to the probes and simultaneously measure the
current. The sourcemeter has been connected to a computer by which it is operated by means
of a Labview program. The measured I-V characteristics are stored and automatically
analysed by a C++ program. The Pitot probe consisted of a glass tube with an outer diameter
of 5.0 mm and an inner diameter of 4.0 mm which is mounted at the end of the holder (cf.
Figure 4.5). At the outside of the reactor a MKS pressure gauge (type 626AX0IMDE) is
mounted which has a range from 0.1 Pa to 100 Pa and an accuracy of 0.1 Pa. The pressure
readout of this pressure gauge is also connected to a computer by which it is also operated by
means of a Labview program. The pressure data is stored to files for post measurement data
analysis. For all data shown the distance between the probe and the arc exit is chosen at
30 cm, unless otherwise stated.
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Figure 4.5: Schematic overview of the moveable vacuum holder with Pitot probe attached.

4.4 Results and discussion

First the double Langmuir probe results will be discussed after which a discussion of the
Pitot probe results will be given. In the end there will be a discussion about the combination
of both measurement techniques for the calculation of the ion flux.

4.4.1 Langmuir probe

The ion density and temperature can most easily be measured in the case of a pure
argon plasma. In that case the effective mass of the ions is know and is equal to 40 amu. For
the analysis of the double Langmuir probe measurement data it has been assumed that no
argon ions have been double ionised. In Figure 4.6 an example is given of the ion density and
temperature, which are considered to be equal to the electron density and temperature, of a
pure argon plasma (50 sccs) for various arc current as function of the Langmuir probe
position'". Note that the measurements have been performed at a probe to arc exit distance
which is equal to 30 cm. In Figure 4.6 it can be seen that the ion density shows a maximum in
the centre of the plasma which has the highest value for the highest arc current, as expected.
As can be seen ion densities of more than 10'* m™ are obtained for this pure argon plasma. It
can also be seen that at the edge of the reactor (»=0 mm) there is still a considerable ion
density, especially for the highest arc current. The radius of the beam does increase with
increasing arc current, which can clearly be seen from the position at which the ion density is
half of the maximum ion density. This is caused by the increasing ionisation degree at
increasing arc currents, due to which the ambipolar diffusion coefficient of the ions in the
expansion does increase. Note that in the expanding thermal plasma the ambipolar diffusion
of the ions is driven by the radial gradient in the ion and electron concentrations, but that also
the particle drift velocity determines the beam radius of the ions and electrons at an axial
position.

The temperature as function of the probe position shows a maximum value in the
centre for the lowest arc current and shows an almost constant temperature for the highest arc
current. This is caused by the fact that the ions do collide with the background gas. In the case
of the lowest arc current the ion density is very low close to the reactor wall, where the gas
temperature is the lowest. Therefore the ion temperature will be low too. In the case of the
highest arc current there is still a significant amount of ions present close to the reactor wall,
which will have a higher temperature because the total power input into the reactor is higher
than in the case of the lowest arc current. The temperature in the centre of the plasma beam is

' Position 0 mm is at the edge of the reactor and position 160 mm is the centre of the reactor.
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almost independent of the arc current, which indicates that the temperature of the ions is
determined by the plasma source and not by the total power input. More power results in
more ions not in another temperature. The value of the temperature is small (<0.3 eV) and
therefore the dissociative power of the electrons will be small in the case that any molecular
gas is injected into the pure argon plasma.
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Figure 4.6: lon density and temperature as function of the probe position for various arc
currents, argon flow = 50 sccs.
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Figure 4.7: lon density and temperature as function of the probe position for various argon
flows, arc current = 50 A, fixed pumping capacity.

In Figure 4.7 the ion density and temperature are given for a pure argon plasma at
fixed arc current (50 A) for various argon flows. First it can be seen that the temperature
profile in the reactor is weakly dependent on the argon flow, which again indicates that the
temperature is dominated by the plasma source and not by the total power input. Secondly, it
can be seen in Figure 4.7 that the highest value for the ion density in the centre of the plasma
is obtained at the highest value of the argon flow. This is caused by two mechanisms. First,
due to the increased argon flow and a fixed pumping capacity, the pressure inside the plasma
reactor does increase, which reduces the ambipolar diffusion of the ions in the expansion.
Second, the ionisation efficiency in the arc will become better at higher argon flows, because
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then the pressure in the arc is higher. Due to this the transfer efficiency of energy from the arc
to the plasma is higher too. The first mechanism also results in a different plasma beam
diameter for the various flows.

In Figure 4.8 the ion density and temperature are given for a pure argon plasma at
fixed arc current (50 A) for various argon flows, but at a fixed background pressure (32 Pa).
Again it can be seen that the temperature is almost independent of the argon gas flow. For the
ion density as function of the probe position it can be seen clearly that the ion beam radius is
independent of the argon flow, which shows that the ambipolar diffusion is, aside from the
total number of ions, mainly determined by the background pressure. Comparison of the ion
density profile for the various argon flows shows that the profiles obtained at 50 sccs, 75 sccs
and 100 sccs are almost identical but different from the profile obtained at 25 sccs. This
illustrates that the energy transfer efficiency, used for ionisation, between the arc cathodes and
the plasma in the arc is dependent on the argon flow, but when increasing the argon flow
above a certain level this ionisation transfer efficiency becomes independent of the argon
flow.
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Figure 4.8: lon density and temperature as function of the probe position for various argon
flows at fixed background pressure; arc current = 50 A, preaetor = 32 Pa.

Now that the ion density profile of the pure argon plasma is known, oxygen has been
injected into the argon plasma by the punctured ring at 5 cm from the arc exit. Addition of
oxygen could cause a change in the effective ion mass, which is needed for calculation of the
ion density (cf. Eq. (4.3)). It has been shown that the temperature of the pure argon plasma is
too low to cause electron impact dissociation of the oxygen molecules. The dissociation of
oxygen has to be by means of a charge exchange reaction and a dissociative recombination
reaction with an argon ion and an electron respectively. This results dominantly in the
following reaction mechanism [14]:

Ar"+0, > Ar+ 03 — 610717 3]
{ 2 2 kcg=6-10""m’s [27] 4.19)

O +e ->0+0° kpr =110 m’s™  [28]

where Oindicates an oxygen metastable. It can be seen that the reaction mechanism results
in the dissociation of molecular oxygen into two oxygen radicals. The reaction rate for
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dissociative recombination is orders of magnitude higher than that of the charge exchange
reactions, therefore the density of the O, ion will be low with respect to the argon ion density

for significant argon ion densities (> 10" m™). When also assuming that no O ions are
created by means of e.g. charge exchange of an argon ion and an oxygen radical, it is valid to
take the effective mass of the ion equal to the mass of the argon ion (40 amu).
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Figure 4.9: lon density and temperature as function of the probe position for various oxygen
flows at fixed background pressure; arc current = 50 A, argon flow = 50 sccs, Preactor= 23 Pa.

It has been shown that changing the background pressure changes the diffusion profile
of the argon plasma, therefore addition of oxygen has been done at constant background
pressure. In Figure 4.9 the ion density and temperature profile are given for various oxygen
flows injected into a pure argon plasma (50 sccs, 50 A). It can be seen that the ion density
does decrease with an increase in the injected oxygen flow. This is as expected by the fact that
argon ions and electrons react with the molecular oxygen. Looking more closely at Figure 4.9
it can be seen that the ion beam radius does decrease with increasing oxygen flow, which
suggests that the oxygen mainly reacts with ions that are situated at the outside of the plasma
beam. This makes perfect sense because the molecular oxygen is injected by means of a ring
and therefore the ions on the outside of the beam will be the first to encounter the injected
oxygen. Molecular oxygen present in the background gas can also only react on the outside of
the argon plasma beam. Similar observations have been made by Meulenbroeks [29] and
Mazouffre [30] for hydrogen.

The temperature profile is slightly affected by the injection of oxygen. The higher
temperature measured close to the wall of the reactor are due to the small ion density at this
position which makes it impossible to calculate the temperature accurately from the measured
Langmuir probe I-V characteristic, although the ion density itself can be calculated
accurately. This is because the calculated temperature is based mainly on the derivative of the
I-V curve at V=0 (cf. (4.13)) and the ion density is based mainly on the current at high voltage
(cf. (4.3)). For the used Langmuir probe accurate temperature measurements can be done only
when the ion density is higher than 3-10'” m™. The shape of the temperature profile does not
change dramatically, however it does shift in absolute value. When only looking at the
temperature in the centre of the plasma beam as function of the oxygen flow (cf. Figure 4.10),
it can be seen that the highest temperature is obtained at an injected oxygen flow of 5 sccs. A
similar maximum has been observed before in the etch rate while etching photoresist [14] and
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the post treatment of carbon containing silicon oxide film using an argon-oxygen plasma in
the same reactor [31]. However it is has been shown that the change in temperature is not the
cause of the maximum observed with the treatment of films by means of an argon-oxygen
plasma.

0 2 4 6 8 10 12 14 16 18
Oxygen flow (sccs)

Figure 4.10: The ion temperature at the central axis as function of oxygen flow at fixed
background pressure; arc current = 50 A, argon flow = 50 sccs, Preacior = 23 Pa.
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Figure 4.11: The ion density and temperature as function of the probe position for various
distances to the arc exit; arc current = 50 A, argon flow = 50 sccs, oxygen flow = 10 sccs,
preactor = 20 Pa-

To obtain a more clear picture of the interaction of molecular oxygen with the argon
plasma, it is useful to investigate the ion profile as function of the distance to the plasma
source exit. In Figure 4.11 the ion density and temperature have been given at various
distances from the arc exit. In Figure 4.11 it can be seen that the ion density is decreasing as
function of the distance to the arc exit. Two mechanisms are responsible for the loss of the
ions and electrons. Firstly because the argon plasma is expanding, the plasma beam diameter
is increasing. Secondly because the argon ions and electrons are reacting with the injected
molecular oxygen. The first mechanism is best illustrated at the edge of the plasma beam
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(probe position 60 — 100 mm), which has the highest ion density for the largest distance. The
reaction with oxygen can best be observed in the temperature profile. Here again the
temperatures calculated for ion densities below 3-10'” m™ are inaccurate and should not be
considered as the real temperature. It can be seen clearly that the temperature shows a
maximum not on the central axis of the plasma beam, but at the edge of the plasma beam. The
maximum is moving towards the reactor wall when the distance between the arc exit and the
measuring position is increased. The fact that the temperature increases when the argon
plasma is reacting with molecular ions indicates that the reaction mechanism is exothermic.
Comparing the temperature profile obtained at 24 cm with the one obtained at 30 cm shows
that the temperature in the centre of the plasma beam is increasing whereas the temperature at
the edge of the plasma beam is decreasing. This means that the heat produced in the reactions
with oxygen is distributed evenly in the plasma beam by heat transfer. This explains why the
temperature does increase on the central axis at 30 cm, however it does not explain the
maximum yet.
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Figure 4.12: The ion density and temperature on the central axis with and without the
addition of oxygen for various distances to the arc exit; arc current = 50 A, argon flow =
50 sccs, preacior = 22.5 Pa.

To get more understanding in why the maximum is there, a more detailed study of the
ion density and temperature at the central axis as function of the distance between arc exit and
measuring position is needed. The ion density and temperature as function of distance to the
arc exit with and without addition of oxygen are shown in Figure 4.12. In this figure it can be
seen that the ion density in the case that oxygen is added to the plasma decreases more rapidly
than in a pure argon plasma. This is due to the reactions of molecular oxygen with the argon
ions and electrons. Even more interesting are the temperature measurements. For the pure
argon plasma the temperature does decrease as function of the distance to the arc exit. Just as
is expected from central energy input and heat conduction to the wall. However when oxygen
is added to the plasma the temperature becomes almost independent of the distance to the arc
exit. The temperature with addition of oxygen has a lower value compared to the pure argon
situation up to a distance of 18 cm, whereas the temperature has a higher value for a distance
higher than 18 cm. This indicates that the injection of oxygen, which is at room temperature,
does cool the plasma. Reaction of oxygen with argon ions and electrons cause the temperature
of the plasma to increase with respect to the adiabatic cooling observed in a pure argon
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plasma. Eventually the temperature reaches a value above the pure argon plasma temperature.
The maximum observed in the temperature, on the central axis, as function of the added
oxygen flow is therefore caused by a mixture of cooling due to the addition of the cold gas
and heating due to the interaction of oxygen molecules with the argon ions and electrons. The
fact that the temperature, for the case shown, is almost independent of the distance to the arc
exit is merely based on coincidence. Notice that the heat conductivity of pure argon is worse
than that of an argon-oxygen mixture, which will also play a role in the observed trend.

4.4.2 Pitot probe

By means of Eq. (4.18) the total ion flux can be calculated when the ion density and
the particle drift velocity is known. In the previous part the ion density has been derived from
Langmuir probe measurements. Now the particle drift velocity will be derived from Pitot
probe measurements. Although the main purpose of the Pitot probe measurements is to
calculate the particle drift velocity profile also some phenomenon which are caused by the
Pitot probe will be discussed.
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Figure 4.13: Stagnation pressure as function of probe position for various argon flows.

In Figure 4.13 some typical stagnation pressures ( p, ) as function of the Pitot probe

position for various argon flows are given. The Pitot probe opening is directed towards the
plasma source exit. The background pressure ( p, ), measured in the pump line, is 10.7, 17.0,

and 27.5 Pa for an argon flow of 25, 50, and 100 sccs respectively. It can be seen in Figure
4.13 that as function of the probe position stagnation pressures are measured which are above
and below the background pressure. According to Eq. (4.15) and Eq. (4.16) the measured
stagnation pressure will always be higher than the background pressure, but the Pitot probe
theory is only valid when the opening in the Pitot probe is directed towards the flow.
Therefore the measured stagnation pressure below the background pressure can only be due to
a particle drift velocity which is not in the direction of the Pitot probe opening but in the
opposite direction. The fact that the particles close to the wall have a velocity opposite to the
particles in the centre of the plasma is because a recirculation cell is formed on the outside of
the plasma beam (cf. Figure 4.4), which is a known phenomenon [32,33]. Because the Pitot
probe theory is not valid for flows which are not in the direction of the opening of the Pitot
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probe, the tube needs to be rotated in such a way that the flow is in the direction of the
opening again before the stagnation pressure can be measured accurately. Since the Pitot
probe measurements are performed halfway between the arc exit and the substrate holder, the
flow will be mainly in forward or in reverse direction and no substantial radial component
will be present. Therefore the Pitot probe rotation angle has been taken equal to 180°.

In Figure 4.14 the stagnation pressure measured with a rotated Pitot probe is shown
(reverse). Also in Figure 4.14 the stagnation pressure measured with the normal (forward)
Pitot probe and a straight probe (straight) are shown. A straight probe is no more than a
normal Pitot probe which has been cut just before the 90° angle, which will cause to opening
of the tube to be perpendicular to the flow direction. For low particle drift velocities (4<0.1)
this will measure the local background pressure. For high particle drift velocities the flow
along the opening of the tube could cause a pressure decrease in the straight probe.
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Figure 4.14: Stagnation pressure as function of probe position for forward and reverse probe
positioning and the measured pressure using a straight probe; argon flow = 50 sccs and arc
current = 50 A.

In Figure 4.14 it can be seen that the stagnation pressure for the forward Pitot probe
and the reverse Pitot probe do have a common point. This common point is where the
particles will have no velocity. According to the theory the stagnation pressure will be equal
to the background pressure when the particles have no velocity and therefore also the straight
probe should measure the same pressure at that position. This is however not the case, which
is caused by the fact that the position in the plasma, with respect to the arc exit, is not the
same in the forward, reverse and straight case. The difference in distance from the arc exit
between the forward and reverse Pitot probe is approximately 6 cm and the straight probe is
positioned halfway the forward and the reverse Pitot probe. As the plasma beam is expanding,
the diameter of the plasma beam will increase as function of the distance from the arc exit and
therefore the position at which the particles will have no drift velocity will move further away
from the centre of the reactor with increasing distance from the arc exit. So the probe position
at which the particle drift velocity is equal to zero in the case of the reverse Pitot probe will be
further away from the centre of the plasma beam than in the case of the forward Pitot probe. It
is therefore better to take the intersection of the measured pressure with the straight probe and
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the stagnation pressure as the position where there is no velocity, although here also a small
error will be made due to the difference in measuring position.

The Pitot probe measurements show the highest stagnation pressure in the centre of
the plasma beam. From laser induced fluorescence (LIF) experiments the particle drift
velocity in the centre of the plasma beam is known to be subsonic at the axial measuring
position [34,35,36]. Therefore according to Eq. (4.15) the maximum stagnation pressure
possible is approximately two times the background pressure (M=1, y =5/3). In Figure 4.13 for

an argon flow of 100 sccs a stagnation pressure of approximately 80 Pa is measured at a
background pressure of only 27.5 Pa, which makes the stagnation pressure almost three times
the background pressure. According to the theory this indicates that the velocity should be
supersonic which is in contradiction with the LIF experiments. This means that either the LIF
experiments are incorrect, or the Pitot probe causes an effect which is not accounted for in the
Pitot probe theory. LIF experiments are very accurate and there is no doubt on the values
obtained, furthermore in the past the velocities obtained by LIF experiments were verified by
modelling of the plasma [37]. Therefore the high value of the measured stagnation pressure
should be due to an unaccounted effect in the Pitot probe theory.

It should be noted that the Pitot probe theory is only valid when the gas comes to a
standstill in an isentropic manner. When this is not the case, various effect are known to
influence the measured stagnation pressure by means of Pitot probes. Barker [38] was one of
the first to discover that for low Reynolds numbers (Re<100) viscous effects increase the
impact pressure above its expected value (cf. Eq. (4.15) and Eq. (4.16)). For hot gases this
effect has been observed experimentally [39]. A second effect that makes the measured
stagnation pressure deviate from the Pitot probe theory is heat transfer from the plasma to the
probe or otherwise. Because the Pitot probe is connected to the outside of the plasma reactor
it will in general have a lower temperature than the plasma and therefore a strong temperature
gradient will exist close to the Pitot probe. According to Barkan and Whitman [40] these
temperature effects start to play a role in similar conditions as where the viscous effects start
to become non-negligible. In the plasma used the Reynolds number is low and therefore both
these effects cannot be neglected. A third effect is known to cause wrong velocities to occur
when bluntly using the Pitot probe theory to calculate the velocity. This effect is caused by
the assumptions made for the background pressure. In general it is assumed that the plasma
reactor is isobaric, which is not always the case. Therefore measuring the background
pressure through a hole in the wall of the reactor or in the pump line does not give the local
background pressure. In Figure 4.14 it can be seen that when using a straight probe a non
constant pressure is measured as function of the probe position, even in the regime where
M<0.1, which indicates that the pressure inside the reactor is non isobaric. However from
experiments by Meulenbroeks [32], using a similar reactor, it is known that the pressure is
only slightly non-isobaric (<5 %), due to which this effect does not apply for the used setup.

Simulations by Magin et al. [41] showed that the viscosity and temperature effect have
a positive influence on the measured stagnation pressure. Magin et al. also showed that the
temperature effect becomes less when the temperature difference between the plasma and the
Pitot probe becomes less. In Figure 4.15 the measured stagnation pressure in the centre of the
plasma as function of time for changing plasma conditions (argon flow and arc current) is
shown. It can be seen that the stagnation pressure does decrease when the arc current is
increased at fixed argon flow. This means that when the arc current is increased the
temperature difference between the plasma and the Pitot probe will decrease which is possible
because the Pitot probe is uncooled. A quick measurement of the Pitot probe temperature by
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means of a thermocouple showed that the temperature of the Pitot probe does increase when
increasing the arc current due to which the temperature difference does decrease. The
experiment shown in Figure 4.15 therefore reveals that in the plasma studied this temperature
effect can not be neglected.
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Figure 4.15: Stagnation pressure at fixed position as function of time for changing plasma
parameters.

In the appendix of this chapter a rough estimation of the pressure change (Ap) due to

insertion of a Pitot probe into the flow, present in the plasma reactor, has been made using the
momentum balance for the neutral argon gas, i.e. ionisation is considered to be low. This
estimation has been made neglecting any temperature gradients and any effects caused by the
charged particles. The result of the estimation is given by:

2 2
A v A (420)
p, 2\v Rp v,

th

where v_ is the particle drift velocity in the axial direction, v, is the thermal velocity, 4 is
the mean free path, and R, is the Pitot probe radius. For background pressures used in the

plasma reactor (10 to 30 Pa) the mean free path of the particles in the plasma is of the same
order or larger than the probe radius. This causes the viscous term (second term) to become
non-negligible, which is in agreement with the measurements. According to Eq. (4.20) the
pressure change will increase when the probe radius is decreased. Nevertheless experiments
however show that the pressure change decreases with decreasing probe radius. A decrease in
probe radius however, also results in an increase in the temperature of the probe tip and thus a
decrease in temperature difference between plasma and probe tip. Therefore the temperature
effect decreases which could cancel the effect shown by Eq. (4.20).

It has been shown that in the plasma studied, simply calculating the particle drift
velocity from the measured stagnation pressure is not possible. However, the Pitot probe
measurements can still be useful. First of all the position at which the particles have no
velocity can easily be determined as already has been shown. Second the velocity can still be
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calculated using the reverse Pitot probe, because a useable value is obtained between the
reactor wall and the position where the particles have zero drift velocity. In this region the
particle density is relatively high and therefore the viscous effects will be minimal. Also in
this region the gas temperature will be relative low and therefore the temperature difference
will be small. It is therefore safe to assume that the temperature effect on the stagnation
pressure, in this outer region of the reactor, will be small.

4.4.2.1 Recirculating flow

As observed by means of Pitot Probe measurements, a recirculation cell exists in the
flow pattern of the expanding thermal plasma. This recirculation cell has a interaction with
the plasma beam in the centre. Therefore species injected into the beam by means of the
injection ring (e.g. deposition precursors) will diffuse into the recirculation cell. This will
cause these particles to recirculate to the point where the plasma expands into the plasma
reactor. Particles present in the recirculation cell can also diffuse into the expanding plasma
beam, and therefore the total amount of gas which enters the plasma beam is not equal to the
amount injected by means of the injection ring, but there will also be a contribution by
precursor species present in the recirculation cell.

Combination of the velocity profile measured at the edge of the reactor obtained from
Pitot probe measurements with the LIF measurements performed by various people
[34,35,36] in the centre of the plasma it is possible to generate the velocity profile when some
assumptions are made. In the case of the expanding thermal plasma source the forward
velocity profile can be assumed to be parabolic in shape up to the point at which the velocity
is equal to zero. For the outer part of the velocity profile the Pitot probe data can be used. The
velocity profile (v(r)) obtained by doing this is shown in Figure 4.16. Notice that using the

Pitot probe data results in a velocity which is not equal to zero at the reactor wall. By making
a reasonable assumption of the temperature proﬁleH (T(r)), from which the total particle

density profile (n(r)) follows, the forward flow fraction (x . ) can be calculated. 7() and

for
n(r) are shown in Figure 4.16. The forward flow fraction is the total forward particle flow

(4, ) relative to the total injected particle flow (¢,,) and is given by:
¢for
K or = (421)
"
with:
R'(v=0)
B =27 [n(r)-v(r)-rdr. (4.22)

0

In Figure 4.16, Thmax and vmax are the particle temperature and velocity in the centre of the
plasma as derived from LIF experiments. Because of the setup used, gas injection at the top
and pumping at the bottom, the reverse particle flow is always equal to the forward particle

* The temperature profile is also assumed to be parabolic, which is in good agreement with temperatures
measured using a free floating thermocouple.
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flow minus the injected flow. Note that when there would be no recirculation the forward
flow fraction is equal to unity.
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Figure 4.16: Model density, temperature and velocity as function of the relative radius (v/R).
Density for Ty = 2000 K and p = 10 Pa.

In Table 4.2 the forward flow fraction for various plasma conditions is given. It can be
observed that the forward flow fraction is significantly different from unity and depends
strongly on the argon flow. Because the measurements at different argon flows are performed
at different background pressures, the dependency of the forward flow fraction on the argon
flow is probably mainly determined by this difference. Increasing the argon flow increases the
background pressure, but doubling the argon flow does not double the background pressure,
and therefore the flow beam radius decreases with increasing argon flow. As a result, the
contact surface between the main beam and the recirculation cell will decrease with increasing
argon flow. This will cause the particles in the recirculation cell to move slower and therefore
the effective forward flow in the recirculation cell, and with this the forward flow fraction,
will be smaller.

Table 4.2: Forward flow fraction for various argon flows in the arc (¢, ) and arc currents

(Iurc)-
Lore @, |25 sces 50 sccs 100 sccs
0A 2.13 1.65 1.21
25 A 473 2.57 1.59
50 A 3.59 2.33 1.52
75 A 2.56 2.14 1.42

It is clear from Table 4.2 that starting the plasma increases the forward flow fraction
significantly. The observed increase is probably due to a better coupling between the injected
particle beam and the background gas in the case that ions are present in the beam. However,
the highest forward flow fraction is observed at the lowest arc current. This can be explained
by the fact that at the lowest arc current the ion beam radius is the smallest (cf. Figure 4.6)
and therefore the smallest amount of ions diffuse into the recirculation part of the
recirculation cell. At higher arc currents, the plasma beam radius is larger and more ions and
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electrons will diffuse into the recirculation part of the flow pattern. These ions and electrons
slow down the gas in the recirculation cell and therefore the total gas flow in the recirculation
part of the recirculation cell is reduced and consequently also the forward flow fraction is
decreased.

It has been shown that the amount of gas present in the recirculation cell is of the order
of the used argon gas flow in the arc. Therefore when injecting a precursor into the plasma
beam by means of the injection ring, a significant amount will recirculate. This means that
when new stable species are generated in the plasma beam [42] these will also recirculate and
enter the plasma beam upstream where they can react with the argon plasma. However a
significant part of the new stable species will be pumped away and the species that did
recirculate by means of the recirculation cell still need to enter the plasma beam by means of
diffusion. Therefore the total amount of stable species which enter the plasma beam will most
probably still be small with respect to the amount of precursor injected by means of the
injection ring.

4.5 Combination of Langmuir probe and Pitot probe
measurements

Combining the Langmuir probe measurement and the Pitot probe measurements the ion
flux can be calculated by means of Eq. (4.18). The ion flux as function of the argon gas flow
in the arc for various arc currents at constant background pressure is shown in Figure 4.17. An
interesting phenomenon which can be seen in Figure 4.17 is that the total ion flux from the arc
is increasing with an increase in the total argon flow used in the arc up to a certain level and
above this level the ion flux does not change significantly anymore with a change in the total
argon flow. This can be explained by the arc efficiency [37,43]. With an increase in the argon
flow through the arc also the pressure inside the cathode housing of the arc increases. At a
higher pressure in the cathode housing the energy transfer coefficient from the cathodes to the
argon gas will be better with respect to a lower pressure. For flows up to 40 sccs this energy
transfer efficiency still increases, however for an additional increase of the argon flow there
will be no more increase in the efficiency, causing the ion flux to saturate.

Another trend which can be seen in Figure 4.17 is that the ion flux increases with
increasing arc current, which is logical because at higher arc current more power is put into
the arc plasma and therefore more ions and electrons are created. From only the ion density in
the centre of the beam (cf. Figure 4.6) this trend was already observed. Looking more careful
at the ion flux as function of the arc current at a fixed argon flow above the saturation level
(cf. Figure 4.17), it can be seen that the ion flux seems to have a quadratic behaviour. Because
the ion flux is only derived at three different arc currents no certainty about a real quadratic
behaviour can be given. When this result is compared to the result obtained by Gielen [44]
with the same plasma source, a clear distinction can be seen. In his case the ion flux had a
linear trend with the arc current. Gielen, however, never used the particle drift velocity to
calculate the ion flux but only the ion density and an assumption for the ion flux at a specific
arc current and argon flow. Moreover Gielen did not measure the ion density profile up to the
wall of the reactor, but only a small fraction of it close to the centre of the plasma. Doing the
same with the measurements shown in Figure 4.6 would also lead to a linear behaviour,
explaining the conclusion found by Gielen. The total ion flux found by Gielen, 10 sccs of
argon ions at 48 A arc current and 100 sccs of argon gas in the arc, is much higher than found
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in this work. Here the value for the same plasma settings is less than a quarter of that value,
however still the ionisation degree is high (0.5 % and higher). Taking into account the total
ion and the velocity profile gives more accurate results even though a part of the velocity
profile had to be assumed.
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Figure 4.17: lon flux as function of argon flow for various arc current at fixed background
pressure (Preactor=32 Pa).

Addition of oxygen to the argon plasma does not change the total ion flux which is
emanated by the arc, but it does change the ion flux at the position where the ion density
profiles have been obtained. In Figure 4.18 the ion flux at 30 cm from the arc exit as function
of the injected oxygen flow is shown. From this figure it can be seen clearly that the ion flux
decreases with increasing oxygen flow. Addition of oxygen flows equal to several times the
ion flux does not lead to the full depletion of all ions, which could be an indication that
oxygen mainly reacts at the edge of the plasma beam and that in the centre of the beam
mainly argon is present and no oxygen. Close to the substrate, oxygen can be diffused up to
the centre of the plasma beam, also consuming the argon ions present there.
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Figure 4.18: lon flux at fixed argon flow as function of oxygen addition; argon flow =
50 sccs, arc current = 50 A.
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In Figure 4.19 the ion flux as function of the distance to the arc exit is shown in the
case with and without addition of oxygen. It can be seen that in the case that oxygen is added
to the plasma the ion flux decreases as function of the distance to the arc exit, as expected.
Although the oxygen is injected by a ring which is located at 5 cm from the arc exit,
extrapolation of the ion flux with addition of oxygen indicates that the ion flux starts to
decrease at 8 cm from the arc exit. This indicates that the oxygen probably enters the plasma
no sooner than 8 cm from the arc exit. The ion flux when no oxygen is added to the plasma is
independent of the distance to the arc exit, which indicates that there is no recombination
between argon ions and electrons in the plasma beam. This has already been observed before
by van de Sanden [45]. The ion flux obtained at 30 cm is slightly lower than the ion flux
obtained closer to the exit of the arc. This is probably due to loss of argon ions and electrons
at the wall of the reactor. In Figure 4.19 also the plasma beam radius is shown. The plasma
beam radius presented is the radius at which the ion density is e times the ion density in the
centre of the plasma. It can be seen that the radius increases with distance to the arc exit and
that the radius is smaller in the case oxygen is added to the plasma with respect to the case
that no oxygen is added. Notice that the ion beam radius is independent of the radius in which
the gas flows in the forward direction and thus the flow pattern does not need to be affected
by addition of oxygen.
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Figure 4.19: lon flux as function of the distance to the nozzle with (10 sccs) and without
addition of oxygen, argon flow = 50 sccs, arc current = 50 A.

4.6 Conclusions

e Langmuir probe

From the Langmuir probe measurements it can be concluded that the expanding
thermal plasma generated by means of a cascaded arc generates high ion densities
(>1-10" m™) and low ion and electron temperature (couple of tenths of eV). Detailed profiles
are now available which confirm results shown before by various authors [14,26,45,46]. A
new observation from the Langmuir probe measurements is that addition of oxygen causes the
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ion and electron temperature of the plasma to increase by exothermic reactions, but it also
causes the ion and electron temperature to decrease by the addition of cold gas. From the
combination of both effects it can clearly be seen in Langmuir probe measurements that the
reaction between oxygen molecules and argon ions mainly occurs at the edge of the
expanding argon plasma beam.

The ion diffusion profile is mainly dependent on the background pressure in the
expansion vessel and the arc current. Increasing the arc current will cause the ion diffusion to
occur faster and increasing the background pressure will reduce the plasma beam diameter.
Changing the argon gas flow in the arc does not change the diffusion profile when the
background pressure is kept constant.

e Pitot probe

From Pitot probe measurements it can be seen clearly that there is a recirculation cell
in the flow pattern of the expanding thermal plasma. This recirculation cell probably extends
along the full length of the reactor. Pitot probe measurements are an easy method to make the
flow pattern visible qualitatively. Quantitatively Pitot probe measurements in an expanding
thermal plasma are less straightforward. Due to various effects, the measured stagnation
pressure is higher than the value expected on basis of the conventional Pitot probe theory.
These effects have been identified qualitatively, however it has not been possible to quantify
them. Nevertheless the data obtained by means of Pitot probe measurements can be used to
calculate the velocity in the regime where the gas temperature is close the Pitot probe
temperature and where the particle density is relatively high. This is close to the reactor wall
in the recirculating part of the recirculation cell. For the other part of the velocity profile an
estimation of the velocity has to be made based on velocity data obtained by other means.
With this velocity profile it is possible to calculate the forward flow fraction. This quantity
has been found to be significantly different from unity and mainly dependent on argon flow
because that determines the flow pattern. The presence of ions causes the forward flow
fraction to increase significantly which is caused by the coupling between ions and neutral
gas.

e Combination of Langmuir probe and Pitot probe measurements

With the derived velocity profile and ion density profile the ion flux emitted by the arc
source can be calculated. The ion flux is dependent on both arc current and argon flow. The
energy transfer efficiency of the arc to the gas is increasing with increasing argon flow, but
reaches a maximum for an argon gas flow of approximately 40 sccs. Above this no more ions
are generated by the cascaded arc and thus the plasma ionisation degree does decrease with
increasing argon flow. In the range from 25 A to 75 A the ion flux has a quadratic behaviour
on the arc current and not a linear one as was shown by Gielen [44]. However Gielen did not
use the velocity profile and therefore the measurements presented here are more accurate.

Addition of oxygen to a pure argon plasma does not decrease the ion flux from the
plasma source, but due to reaction of oxygen molecules with argon ions and electrons the
number of ions downstream decreases. A decrease in the ion flux is not observed downstream
in a pure argon plasma, from which it can be concluded that the argon ions in the expanding
thermal plasma do not recombine with electrons. So in a pure argon plasma the main loss
process is at the wall of the reactor. This had been shown before by van de Sanden [45]
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Appendix
Consider the momentum balance for the neutral gas:
Vp =—nm(w-V)w-V-[] (A.1)

where m is the particle mass, n the neutral particle density, w the particle drift velocity, p
the pressure, and [] the viscosity tensor. For the axial direction, in cylinder coordinates Eq.
(A.1) can be written as:

—= = —nmw aWz ~(V-11). (A.2)

with®® [47]

10 ow 1 0 ow. 20 ow 20 w. 40 ow
Vo) =— L9, Lo jow 20 ow 20 w, 40 oW A3
(v-I1). ror Vo ror Ta 3alor 3oz 32 oz (A3)

Here 17 =nkTt where k is the Boltzman constant, 7" the temperature and 7 the collision

time. Because the flow is laminar halfway between the plasma source exit and the substrate
holder all radial velocity components and its derivatives can be considered to be small and
will be neglected. When also assuming 7 to be independent of » and z, and neglecting

temperature gradients Eq. (A.3) can be simplified and the total momentum balance in the
axial direction becomes:

2 2
@: 1 6W2+Q£rawz+4l6wz

nm 5 (A.4)
Oz 2 0z ror or 3 Oz

By substituting 7 =A/v, with A the mean free path and taking v, oc /AT /m Eq. (A.4) is
reduced to:

2 2
87poc 1p8wz+pigr8wz+4p/18wz

Oz 2v, 0z wv,ror or 3v, 0z

(A.5)

The velocity gradient induced by the probe tip in the radial direction will be along a distance
proportional to the probe radius (0r ~ R) and in the axial direction along a distance several
times the mean free path (0z ~ 4). Now assume these gradients are linear and integrate Eq.

(A.5) in the axial direction over the length in which the particles come to a standstill in front
of the probe. The result of this is given by:

% Azimuthal components are neglected because of symmetry.
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2
Ap 1 :
poc[vJ N (A.6)
po 2 vth Rp vth

where v is the undisturbed particle velocity. The third term in Eq. (A.5) cancels because the
second derivative is equal to zero, and the first term changes sign because the first derivative
of the squared drift velocity is negative.
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Chapter 5

Deposition of silicon oxide like films using a
remote thermal plasma

M.F.A.M. van Hest, B. Mitu, D.C. Schram and M.C.M. van de Sanden

Abstract

Silicon oxide like films have been deposited using a remote plasma produced from an
expanding thermal plasma. Hexamethyldisiloxane (HMDSO) and oxygen have been used as
precursor gases. It is shown that it is possible to deposit silicon oxide like films at high
deposition rates (>60 nm/s) with good optical properties. Analysis of the deposited films by
means of elastic recoil detection analysis and Fourier transform infrared spectroscopy shows
that the dissociation and deposition mechanism is complex. The deposited films contain
carbon which is chemically bonded in a methyl configuration. From this fact the plasma gas
phase chemistry and the surface chemistry have been hypothesized. The film deposition rate
increases with a decrease in substrate temperature, which is highly beneficial for deposition of
silicon oxide like films on substrate materials with low melting temperature.
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5.1 Introduction

Silicon dioxide films can be used for many applications, e.g. insulator films for
semiconductors, optical coatings and scratch resistant coatings. Applying a silicon dioxide
film on top of another bulk material can be done in many different ways. A possible method is
by means of chemical vapour deposition (CVD). This is a process that is well known and is
still used frequently. However, usually the silicon dioxide film deposition rate is rather low
and high substrate temperatures are needed [1,2]. Another method to produce silicon dioxide
films is by means of plasma enhanced CVD (PECVD). In this process a plasma is used to
enhance the dissociation process of the deposition precursor, which will result in a higher
deposition rate. In the past this method has been studied and good results have been achieved
[3,4,5,6]. Although the deposition rate increased, still the deposition rate is small, up to
several nm/s. An additional advantage of using PECVD with respect to CVD is that it enables
a decrease of the substrate temperature.

A higher deposition rate of silicon dioxide is economically beneficial for some of its
industrial applications. In the recent past it has been shown that high deposition rates (several
tens of nm/s) can be obtained by means of an expanding thermal plasma for various type of
films, e.g. hydrogenated amorphous carbon films (a-C:H) for diamond like coatings [7,8] and
hydrogenated amorphous silicon films (a-Si:H) for solar cells [9,10]. It is therefore interesting
to investigate if it is possible to deposit silicon dioxide or silicon oxide like films at high
deposition rate by means of this technique.

A method to generate an expanding thermal plasma is by means of a cascaded arc
source which has been connected to a vacuum vessel [11]. In this chapter the deposition of
silicon oxide like films by means of an expanding thermal argon plasma into which
hexamethyldisiloxane (HMDSO, (CH3);-Si-O-Si-(CH3);) and oxygen are injected as a
precursor will be discussed. HMDSO is a precursor which is becoming more popular in the
last decade. Beside this precursor also tetraethoxysilane (TEOS) [12,13] and silane [14,15] in
combination with oxygen are often used as precursors. For industrial application silane is less
preferable because of the safety precautions that have to be taken when using this highly
reactive precursor. At room temperature both HMDSO and TEOS are liquids. The use of
HMDSO is preferred in this work, because it contains more silicon atoms and less carbon
atoms per molecule with respect to TEOS. Also the vapour pressure of HMDSO is higher
than that of TEOS at room temperature enabling an easier precursor injection.

A disadvantage of taking an organosilicon as a precursor is the carbon content in the
precursor, which will also become part of the deposited film if it is not eliminated by e.g. ion
bombardment, a high substrate temperature, or oxidation. A significant carbon content of the
deposited film can be detrimental to the material properties for certain applications (e.g.
insulator material), whereas for other applications it might be beneficial (e.g. optical
coatings).

5.2 Experimental setup

The experimental setup has been described before extensively [16,17,18]. Therefore a
short description of the main characteristics will suffice here. The reactor consists of a
stainless steel cylindrical vessel (diameter 36 cm, length 100 cm) which is positioned
vertically. On top of the vessel a cascaded arc has been mounted. A temperature controlled
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substrate holder is situated at the bottom of the vessel. The distance between the arc exit and
the top of the substrate holder is equal to 65 cm, but is variable. The temperature of the
substrate holder can be varied in a range of - 50 °C to 300 °C with a temperature accuracy at
the substrate surface of AT=10 °C [19]. The reactor vessel is connected to a pump stack with
one rotary piston pump (Edwards: 240 m’/hr) and two mechanical booster pumps (Edwards
EH2600: 2600 m’/hr; Edwards EH500A: 500 m’/hr) which generates a base pressure of
10 mbar. Overnight the reactor is pumped by a turbo molecular pump (Leybold Turbovac
1500: 90 m*/hr) which keeps the reactor pressure at 10° mbar. Samples are transferred by
means of a load lock system (10 mbar).

There are two different precursor gas injection positions. The precursor gas can be
injected through the nozzle of the cascaded arc as well as through a punctured ring (diameter
10 cm) situated approximately 5 cm from the arc exit. For nozzle injection of the precursor
gas a special nozzle is used (cf. Figure 5.1), through which it is possible to inject the precursor
gas symmetrically into the plasma beam.

gas distributor

gas inlet

/

For the deposition of silicon dioxide two precursors are used. As the first precursor
hexamethyldisiloxane (HMDSO, (CHj3);-Si-O-Si-(CHs)s3) is used as a supplier of the silicon
atoms. HMDSO is a liquid precursor with a convenient vapour pressure (2500-5000 Pa) at
room temperature [20,21]. It has to be evaporated before injection into the expanding argon
plasma beam. This is done using a Bronckhorst controlled evaporation module (CEM, type
W-202) in combination with a Bronckhorst Liqui-Flow® meter (type L2C2). This is a closed
system, which controls the liquid flow rate and evaporates the liquid. This system is more
reliable and stable than the more conventionally used bubbler systems [22,23]. The second
precursor is pure oxygen (purity grade 5.0), which is used as a supplier of the oxygen atoms.
The oxygen flow is controlled by a regular mass flow controller. An overview of the
deposition parameters and their ranges are given in Table 5.1. Also the so-called ‘standard’
condition is given in Table 5.1. The ‘standard’ condition is defined, in order to study the
dependency of the film properties on the deposition parameters. Each of the parameters has
been varied individually, while the other deposition parameters were kept constant, unless
stated otherwise. Normally HMDSO is injected through the punctured ring at 5 cm from the
arc exit and oxygen is injected through the nozzle of the arc. However, for some experiments

Figure 5.1: Schematic of the injection nozzle.
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the injection order is reversed. The two injection sequences are indicated as O,-HMDSO or
HMDSO-0; injection for respectively normal and reverse injection.

Table 5.1: Overview of the plasma parameters and their ranges as well as the ‘standard’
conditions.

Parameter Range Standard condition
Ar flow 15 — 100 sccs 25 sccs

O, flow 0—16 sccs 5 sccs

HMDSO flow 0.79 - 6.35 sccs 1.98 sccs

Ar flow (carrier gas in CEM) 0.8 sccs 0.8 sccs

HMDSO evaporation temperature |40 - 80 °C 65 °C

Arc current 25-90 A 50 A

Arc pressure 0.2 — 0.6 bar 0.2 bar

Vessel pressure 10 —45 Pa 11.0 Pa

Substrate temperature 0—300°C 50 °C

In situ analysis of the optical properties (refractive index and film thickness) of the
deposited films is done by means of in situ ellipsometry. For this a He-Ne laser (632.8 nm) is
utilized, mounted in a PCSA (polariser — compensator — sample — analyser) rotating
compensator ellipsometer [24,25]. The deposited films have been analysed ex-situ by means
of Fourier transform infrared transmission absorption spectroscopy [26,27] using a Bruker
Vector 22 FTIR spectroscope. With this method the individual bonding types in the deposited
films can be investigated. Elastic recoil detection analysis (ERDA) [28,29,30] measurements
have been performed to determine the chemical composition of the deposited films.

5.3 Results

5.3.1 Silicon oxide like film deposition

By means of in situ ellipsometry it is quite easy to obtain the refractive index of the
deposited film. As mentioned the silicon oxide like film deposited from HMDSO will most
likely, beside silicon oxide, contain some carbon. Also voids might exist in the deposited
films. Therefore the refractive index of the deposited silicon oxide like film will be a function
of the silicon oxide, carbon and void content. The carbon content will have a positive and the
void content a negative contribution to the refractive index. This means that a refractive index
higher than that of pure silicon dioxide indicates the presence of carbon in the film and a
refractive index lower than that of pure silicon dioxide indicates the presence of voids in the
film. However a refractive index higher than that of pure silicon dioxide does not exclude the
presence of voids and a refractive index lower than that of pure silicon dioxide does not
exclude the presence of carbon. A mixture of voids and carbon in the film can result in a
refractive index which is equal to that of pure silicon dioxide, although the film is far from
being pure silicon dioxide.

To get an insight into the plasma chemistry leading to the dissociation of HMDSO, the
dependencies on different deposition parameters (substrate temperature, HMDSO flow, and
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oxygen flow) have been analysed. Figure 5.2 shows the deposition rate and refractive index as
function of the HMDSO precursor gas flow at a fixed oxygen flow. First of all it can be seen
in Figure 5.2 that deposition rates over 60 nm/s can be reached at a low substrate temperature
(50 °C). This rate is at least one order of magnitude higher than the deposition rates obtained
with the more conventional (PE)CVD technique at high temperatures [3,4,5,6]. Secondly it
can be seen in Figure 5.2 that the deposition rate is increasing with increasing HMDSO flow.
This is because an increase in the HMDSO precursor flow rate will increase the deposition
particle flux to the substrate. The refractive index increases with increasing HMDSO flow, at
a fixed oxygen flow, up to a flow rate of approximately 2 sccs. For HMDSO flows of 2 sccs
and higher the refractive index of the film becomes independent of the HMDSO flow. Notice
that the refractive index measured in this range is close to the refractive index of pure silicon
dioxide, which is equal to 1.457 at the ellipsometry measuring wavelength (632.8 nm). As
mentioned this does not exclude the presence of carbon and voids in the deposited films. The
fact that the refractive index is lower than that of pure silicon dioxide for HMDSO flows
below 2 sccs indicates that the deposited films in this range contain voids.

It is known that for the used plasma the electron temperature is low (approximately
0.3 eV) and that therefore no dissociation of the injected precursor can occur by means of a
reaction with an electron [31,32]. The chemistry is dominated by first a charge exchange
reaction of the argon ions in the plasma and the injected precursor followed by a dissociative
recombination reaction of the formed ion and an electron. By means of Langmuir probe
measurements it has been found that the argon ion flux, for the used plasma parameters,
emitted by the arc is approximately equal to 2 sccs [31]. This means that for HMDSO flows
above 2 sccs the HMDSO molecules will most likely only react once with the argon ions and
electrons. For flows smaller than 2 sccs there is a surplus of argon ions and electrons and
multiple interactions can occur, leading to further dissociation of the primary dissociation
products. So at HMDSO flows above 2 sccs the dissociated particle flux composition to the
deposition surface, assuming no polymerisation, becomes independent of the injected
HMDSO flow, and with this also the film composition and thus the film refractive index.
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Figure 5.2: Film deposition rate and refractive index as function of the HMDSO precursor
flow. Other plasma parameters at ‘standard’ conditions.

From Figure 5.2 it is observed that the deposition rate is slightly higher in the case
when HMDSO is injected in the nozzle and oxygen in the injection ring (HMDSO-0,). In this
reversed injection case HMDSO molecules have a longer interaction length with the argon
ions and electrons in the expanding plasma beam than in the other case and the interaction
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with oxygen is most likely to occur after the injection ring. In the normal injection case
(0O,-HMDSO) the HMDSO will, from the time of injection, immediately react with oxygen
radicals and also with argon ions and electrons.

The difference between the deposition rate for the two different injection orders is
significant, and can be caused by two different ways. It is either caused by the difference in
interaction between HMDSO and atomic oxygen on one side or argon ions and electrons on
the other side. Both interactions will result in different dissociation product which will have
their own interaction process at the surface. The presence of oxygen causes a difference in
deposition rate because when atomic oxygen arrives at the surface it has an interaction that
reduces the amount of carbon and hydrogen present in the deposited film [33,34]. When
oxygen is injected further downstream the creation of oxygen radicals occurs later in the
downstream plasma and the density of oxygen radicals at the surface is likely to be higher.
This will result in a higher carbon and hydrogen etch rate and thus a lower deposition rate. In
addition oxygen does not only etch but can also be incorporated into the film [33,34], which
might result into a higher deposition rate. Of these two processes the abstraction of methyl
groups by atomic oxygen is probably the most likely one. However, this is in contradiction
with the observed deposition rates. Therefore a difference in sticking probability of the
different reaction products formed in the two different interaction processes should be
responsible for the observed difference.
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Figure 5.3: Film deposition rate and refractive index as function of the oxygen precursor gas
flow. Other plasma parameters at ‘standard’ conditions.

In Figure 5.3 the film deposition rate and refractive index as function of the oxygen
flow, for a fixed HMDSO flow, are shown. Figure 5.3 reveals that the deposition rate is
increasing with increasing oxygen flow. It is however difficult to analyse the process that is
causing the increase in the deposition rate, because the depositions have been performed using
the full pumping capacity. This leads to an increase of the pressure inside the deposition
reactor when the total gas flow is increased. As a result the diameter of the plasma beam
becomes smaller and the deposition species are concentrated in a smaller volume. This results
in a smaller deposition area and therefore a higher deposition rate. The observed deposition
rate is proportional to the reactor pressure, which supports this explanation. However, asides
from this effect, the increase can also be caused by a change in the dissociation products of
the precursor, which might have a higher sticking probability or generate a film with a higher
void concentration. On the other hand, more oxygen in the plasma will also cause more
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carbon and hydrogen to be eliminated from the film which would result in a decrease of the
deposition rate. As can be seen the number of processes is too large to identify the process
which causes the increase of the deposition rate.

In Figure 5.3 it can also be seen that the refractive index of the deposited film is
decreasing with increasing oxygen flow. When no oxygen is added to the deposition plasma
the refractive index is higher that the refractive index of pure silicon dioxide and therefore
carbon is present in the film. At the maximum oxygen flow the refractive index is lower than
that of pure silicon dioxide and therefore voids need to be present in the deposited film.
Notice, that for the case when no oxygen is added, the refractive index has almost the same
value as when CH4 would have been used for deposition of the film [18,35], which is an
indication that the deposited film is most likely carbon rich.

Figure 5.3 shows a higher deposition rate for the case HMDSO is injected in the
nozzle (HMDSO-0,) than for the case when HMDSO is injected in the ring (O,-HMDSO).
This is similar to the deposition rate as function of the HMDSO flow for the two different
injection methods (see Figure 5.2). When no oxygen is added, the growth rate is the highest
when the HMDSO is injected in the nozzle, indicating that a longer interaction length of
HMDSO with the argon plasma results in more dissociation of the injected precursor.
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Figure 5.4: Carbon to silicon, hydrogen to silicon, and oxygen to silicon ratio of the
deposited films derived from ERDA measurements and absorption intensity of two different
bonds in the film as measured by means of infrared absorption spectroscopy as function of the
HMDSO precursor gas flow. Other plasma parameters at ‘standard’ conditions.

5.3.2 Film composition

To detect the carbon content of the films, ERDA measurements have been performed
on some of the deposited films. With this technique the concentration of different atoms in the
film can be measured. In this case the carbon, oxygen, silicon and hydrogen contents have
been analysed. In Figure 5.4 the results of these measurements in terms of carbon to silicon,
oxygen to silicon and hydrogen to silicon ratios are shown as function of the HMDSO
precursor gas flow. When the data shown in Figure 5.4 is compared to the refractive index
data shown in Figure 5.2, it can be seen that the carbon to silicon and the hydrogen to silicon
ratio show the same trend as the refractive index. This shows that there is a strong correlation
between the carbon fraction of the deposited film and the refractive index of the film. Another
observation which can be made from Figure 5.4 is that the hydrogen to silicon ratio is
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approximately 3 times higher than the carbon to silicon ratio. Therefore the hydrogen to
carbon ratio is approximately equal to 3, just as in the precursor itself. This indicates that in
the gas phase or at the substrate surface the precursor is depleted and methyl groups are
removed from the precursor as complete groups. This is corroborated by recent cavity ring
down spectroscopy measurements which only showed CH production under extreme low
HMDSO conditions [36].

ERDA measurements can only show the number density of the particles and no
information is obtained on the various bond types present in the deposited films. This
information can however easily be obtained by means of infrared transmission absorption
spectroscopy. In Figure 5.4 the absorption intensity as function of the HMDSO flow is shown
for two different bond types (Si-CH; and Si-O-Si). The absorption intensity is corrected for
film thickness. In Figure 5.4 it can be seen that as function of the HMDSO flow the Si-CHj3
absorption is increasing with increasing HMDSO flow. This is consistent with the ERDA
measurement, where an increase, with respect to silicon, of carbon and hydrogen is observed
in the film. In conclusion, it can be said that when carbon is present in the deposited films it
will be present as a methyl group which is bonded to a silicon atom. This is exactly the same
configuration as in the precursor.

Further analysis of the ERDA data in Figure 5.4 reveals that for HMDSO flows above
2 sccs the film composition is independent of the HMDSO flow, which is similar to the
behaviour of the refractive index (see Figure 5.2). The values of the shown ratios (O/Si=1,
C/Si=1,and H/Si=3) approach the ratios in CH3-Si-O, which is present as part of the
precursor. As mentioned at HMDSO flows larger than 2 sccs the HMDSO molecule only has
one interaction with an argon ion or oxygen atom before reaching the substrates surface,
therefore the obtained stochiometry can only be reached by one gas phase interaction and one
surface interaction. This is an indication that the HMDSO molecule has a preference for
breaking at the Si-O bond on interaction with an argon ion and an electron (charge exchange
and dissociative recombination) or on interaction with an oxygen radical. This is not what is
expected on basis of bond strengths. Si-CHj is the weakest bond when considering a complete
removal of methyl groups. When using other plasma deposition techniques, such as
RF-plasma (capacitively coupled), it has been shown that there the Si-CH; bond is the
preferred bond to be dissociated [37,38]. Breaking of the HMDSO on the Si-O bond on
interaction with an argon ion and an electron is energetically possible because the ionisation
energy is higher than the bonding energy of this bond. To obtain the measured film
stoichiometry the O-Si-(CHj3)x radicals need to have a significantly higher sticking probability
than the Si-(CHs)y radicals. The fact that the film composition is not changing anymore for
HMDSO flows above 2 sccs is a good indication that polymerisation of the precursor under
these plasma conditions is not very likely, because when polymerisation would occur a
change in film stochiometry is expected.

In Figure 5.5 the ratio of the carbon to silicon, oxygen to silicon and hydrogen to
silicon as obtained from ERDA measurements are shown as function of the oxygen precursor
gas flow. When no oxygen is added to the deposition plasma the ratio of oxygen and silicon in
the deposited film is equal to 1, which is another indication that HMDSO on interaction with
argon ions and electrons (charge exchange and dissociative recombination) is dissociated on
the Si-O bond. When the shown ratios and the refractive index as shown in Figure 5.3 are
being compared, it can be seen that there is again a good correlation between the refractive
index and the carbon to silicon ratio as well as with the hydrogen to silicon ratio, which shows
once more the correlation between the refractive index and the carbon content of the film.
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Figure 5.5 reveals a clear decrease of the carbon content with increasing oxygen precursor gas
flow. Therefore oxygen is the dominant species responsible for removal of methyl groups
from HMDSO. It can, as in Figure 5.4, also be seen in Figure 5.5 that the ratio of hydrogen to
carbon is equal to 3 for low oxygen flow (<5 sccs). For higher oxygen flows this ratio
decreases to approximately 2, indicating that methyl groups can also be removed partially or
that carbon containing species, other than methyl, are formed in the gas phase which
contribute to film growth.
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Figure 5.5: Carbon to silicon, hydrogen to silicon, and oxygen to silicon ratio of the
deposited films derived from ERDA measurements and absorption intensity of two different
bonds in the film as measured by means of infrared absorption spectroscopy as function of the
oxygen precursor gas flow. Other plasma parameters at ‘standard’ conditions.

In literature it has been reported that at higher oxygen flows also silanol bonds
(Si-OH) are incorporated into the deposited film [39,40]. If that would be the case here the
hydrogen to carbon ratio should increase and not decrease as has been measured. Infrared
measurements corroborate the absence of silanol groups and therefore this process is
negligible for deposition using an expanding thermal plasma.

In Figure 5.5 also the infrared absorption intensity, corrected for film thickness, for
two different bonds is shown as function of the oxygen precursor gas flow. When these are
compared with the ERDA data a correlation between the Si-O-Si bond intensity and the
oxygen to silicon ratio can be observed. When the oxygen content of the film decreases, the
number of Si-O-Si bonds will automatically decrease. This is due to the fact that a decrease in
oxygen content is correlated with an increase of the carbon content in the deposited film.
More carbon will generate more Si-CH; bonds and therefore less bonds are available to form
Si-O-Si bonds. Because most likely a Si-O bond is broken in the dissociation process in the
gas phase of the plasma the presence of Si-O-Si in the film has to be a result of surface
reactions.

5.3.3 Temperature dependency

In Figure 5.6 the deposition rate as function of the substrate temperature is shown.
Besides the high deposition rate, it can be seen in Figure 5.6 that the deposition rate decreases
with increasing substrate temperature. In comparison to CVD this is exactly the opposite
behaviour since in this case temperature is needed to achieve precursor dissociation [1,2].
This is an interesting property of using this plasma source, i.e. the substrate does not have to
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be heated to obtain high deposition rates, which is good for deposition on materials with a low
melting temperature, e.g. aluminium or plastics. Figure 5.6 also shows the refractive index of
the deposited films as function of the deposition temperature. It can be seen that the refractive
index is slightly increasing with increasing temperature. The refractive index of the films has
been measured in situ during deposition. It is known that the refractive index of silicon
dioxide increases with increasing temperature by 1.2:10°/°C [41], but the observed change is
slightly larger than this value. The value of the refractive index rises above the refractive
index of pure silicon dioxide, which is due to the presence of carbon in the deposited films.
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Figure 5.6: Film deposition rate and refractive index as function of the substrate
temperature. Other plasma parameters at ‘standard’ conditions.

Due to the use of a remote plasma source the plasma particle flux and composition at
the substrate surface is in general independent of the substrate temperature. The effective
sticking probability of a species contributing to growth in the plasma however is dependent on
both substrate temperature and surface composition. The sticking probability of different
radicals is likely to decrease with increasing substrate temperature in the used temperature
range [42]. The change of the sticking probability will be different for the different species in
the plasma and therefore the composition of the film can change with a change in substrate
temperature.

The composition will also change because of a second effect. It is most likely that the
carbon content of the deposited film will decrease with increasing substrate temperature. A
higher substrate temperature will enhance the carbon etching by the oxygen radicals present in
the plasma. As a result of this higher carbon etch rate the effective deposition rate will
decrease. The enhanced carbon etch rate will cause a decrease of the refractive index, which is
not observed. Therefore, it is needed that the void density has to go down with increasing
substrate temperature and the film will become more dense. A lower deposition rate will
increase the residence time that possibly weakly absorbed (physisorbed) particles at the
substrate surface will have before forming a chemical bond [43,44]. Due to this increased
residence time, the particles will have more time to fill the gaps in the film, resulting in a less
rough film surface and less voids in the deposited film. Although due to enhanced etching the
carbon content decreases, the densification of the film still results in an effective increase of
the refractive index.
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5.4 Discussion

The argon plasma generated in the cascaded arc which expands into a vacuum vessel
is a remote plasma, in the sense that the plasma source is not influenced by the conditions of
the expansion vessel. In the downstream expansion four different species will be present, i.e.
argon atoms, argon ions, argon metastables and electrons. The metastables do not play an
important role in the downstream chemistry as has been shown by Buuron et al. [45]. When
downstream a deposition precursor is injected into the argon plasma, the precursor species
will interact with the argon plasma. Due to the low electron temperature (approx. 0.3 eV
[31,46]) in the expansion there will be no electron induced dissociation reactions. The argon
atoms will also have no significant contribution to dissociative reactions (gas temperature is
low) and therefore mainly the argon ions and electrons present in the argon plasma will be
responsible for dissociation of the injected gasses (charge exchange followed by dissociative
recombination). This has previously been demonstrated utilizing other different precursor
gases such as acetylene [47] and silane [48,49,50].

Oxygen is injected as a precursor into the argon plasma at the nozzle position. For the
deposition of silicon oxide like films the oxygen has been injected for two purposes. First it
serves to remove methyl groups from the precursor in the gas phase or either at the surface of
the deposited film. Secondly it is needed to obtain the silicon dioxide stoichiometry. The
injected oxygen will react with the argon ions and the electrons according to the following
reaction mechanism:

Ar'+0, > Ar+ 05" kee = 610" m’/s [51] 5.1)
0,"+e>0+0 kor = 1-10™"° m*/s [52] '

First the oxygen molecules will charge exchange with the argon ions produced in the arc,
leading to the production of oxygen molecular ions [53]. These ions will dissociatively
recombine with an electron and form two oxygen radicals, of which at least one might be
electronically exited leading to optical emission of oxygen exited states. The dissociative
recombination reaction is much faster than the charge exchange reaction, therefore the charge
exchange reaction is the rate-limiting step. As a result the molecular oxygen ion density will
be small and negligible in comparison to the argon ion density. Notice, that argon ions and
electrons are consumed and thus their density decreases from the arc exit to the substrate
surface.

Langmuir double probe measurements show that the argon ion density decreases with
increasing oxygen flow in an argon/oxygen plasma as is shown in Figure 5.7. A more detailed
analysis of the argon-oxygen plasma is given in reference [31]. In Figure 5.7 the ion density
as measured in the centre of the plasma beam at an axial position of 30 cm from the exit of the
cascaded arc is depicted. Addition of only 2 sccs of molecular oxygen to the 25 sccs argon
plasma already reduces the ion density by more than 50 %. The measurements have been
performed at 30 cm from the arc exit, and therefore the plasma at the injection ring (at 5 cm)
will still be dominated by argon ions. Notice that the argon ions have a small kinetic energy.
The self-bias is low (<1 V) [54] due to the low electron temperature and therefore there will
be no ion bombardment of the substrate. In combination with the low substrate temperatures
used this excludes an elimination of carbon containing groups or any other groups of atoms
from the surface by this process.
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Figure 5.7: lon density as function of the oxygen flow for different arc currents measured at a
distance of 30 cm from the arc exit. Argon flow=25 sccs, Arc current = 50 A.

Besides reactions of argon ions with oxygen also the HMDSO will react when injected
into the plasma beam. This can occur in two different ways. It can react with the argon ions in
a similar way as molecular oxygen does, or it can react with the oxygen radicals that are
created in the expanding argon plasma. The most likely reaction with oxygen radicals is given
by:

O + HMDSO - neutral products (5.2)

Neutral products created in this reaction will be radical and/or molecules which consist of
precursor gas atoms e.g. radicals; (CHj3)3-Si-O-Si-(CH3),, (CHj3);3-Si-O, CO, CHs, H,
molecules; Hp CoH,. The reaction mechanism with argon ions is given by:

Ar" + HMDSO = Ar + charged products + neutral products (5.3)
Charged products + e = neutral products ’
On the charge exchange between an argon ion and an HMDSO molecule, the HMDSO
molecule will already dissociate because the ionic molecule is instable [55,56]. The most
likely charged particle is therefore the (CHs)3-Si-O-Si-(CH3),". The charged products will
dissociate further when they dissociatively recombine with an electron. The dissociation of
HMDSO by an argon ion is more efficient than dissociation by an oxygen radical because the
ion is more energetic, which leads to more internal energy in the resulting dissociation
products. However, every argon ion can produce two oxygen radicals, and every oxygen
radical can dissociate one HMDSO molecule, whereas one argon ion can only dissociate one
HMDSO molecule. Therefore the dissociative power of the plasma is increased by
introducing oxygen to the plasma. This is not corroborated by the experiments e.g. the
deposition rate, which does not show a large increase when oxygen is added to the plasma (cf.
Figure 5.3). This means that the reaction products produced on interaction of HMDSO with
oxygen radicals need to be different from the dissociation products formed on interaction of
HMDSO with argon ions and electrons or the produced oxygen radicals need to be lost at the
wall at such a high rate that they will have no positive contribution.
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As derived from the ERDA measurements the HMDSO molecule will most likely
dominantly break on the Si-O bond on interaction with either an oxygen radical or an argon
ion and electron. As shown at the HMDSO injection point the plasma is still dominated by
argon ions and therefore the majority of the dissociation reactions of HMDSO will occur by
means of an interaction of argon ion and electrons with HMDSO molecules. Therefore the
decrease of the film carbon content with an increase of the molecular oxygen flow is most
likely caused by a surface reaction or by a gas phase reaction of one of the dissociation
products with an oxygen radical.
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Figure 5.8: Infrared gas phase absorption spectrum. 100 sccs argon, 4 sccs HMDSO, no
oxygen and 80 A. Other plasma parameters at ‘standard’ conditions.

In Figure 5.8 a part of the infrared gas phase absorption spectrum during deposition is
shown. It can be seen that for the conditions used in the shown case the precursor is fully
depleted. At ‘standard’ conditions the depletion is approximately 70%. It can be seen that
significant amounts of C;H, (729 cm™) and C,H, (948 cm™) are present in the gas phase [57].
Studying the whole infrared gas phase absorption spectrum shows that also CHy (3016 cm™)
is present in the plasma gas phase. The infrared absorption intensities measured are equivalent
to hydrocarbon flows of 1 sccs to 2 sces for each individual species. The presence of CHy is
another indication that methyl groups are removed from the precursor in one piece. The
presence of C,H, however shows that the removed methyl groups react again with another
methyl group [57], with an HMDSO molecule, with one of its dissociation products, or with
the deposited film surface, abstracting another methyl group forming C,H, species. The
presence of these kind of abstraction reactions in the gas phase results in less carbon rich
deposition species. Due to recirculation the stable hydrocarbon species will re-enter the
plasma beam close to the arc exit. This will result in dissociation of these species in such a
way that they can contribute to the deposition process. Nevertheless, during deposition, there
is a steady state concentration of these stable hydrocarbon species, which has a positive
influence on the oxygen consumption. No significant change in C,H,, C;Hs, and CHy
production has been observed as function of the injected molecular oxygen flow. This forms
an indication that oxygen radicals have no interaction with these stable monomers and that
these stable monomers are not produced under the presence of oxygen radicals. The study of
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the plasma gas phase also showed that there is no or at least no detectable amount of
polymerisation of the precursor.

5.5 Conclusions

It has been shown that by means of remote plasma, created by using a thermal argon
plasma, it is possible to make silicon oxide like films with good optical properties at a high
deposition rate. It has been demonstrated that deposition rates of more than 60 nm/s can be
obtained without degeneration of the film quality.

The films that have been deposited all contain carbon that is in the film in the form of
methyl groups, just as it is present already in the precursor. Methyl groups are removed from
the precursor in the gas phase on charge exchange of the HMDSO molecule with an argon
ion. Bonded methyl groups that reach the surface and form a film are etched by oxygen
radicals present in the plasma. However, the etch rate is too low to remove al the methyl
groups from the film (see also [34]). Both the HMDSO flow and the oxygen flow have to be
adjusted to maintain the same film quality at a higher deposition rate.

The HMDSO is dissociated in the plasma by means of an interaction with argon ions
and electrons or by an interaction with oxygen radicals. The rate of dissociation is the
strongest due to the interaction with argon ions and electrons. The oxygen radicals have the
largest contribution at the surface, where they will etch the carbon, which has not been
removed by the precursor dissociation process, from the film. After charge exchange of the
HMDSO molecule with an argon ion the generated ion will dissociatively recombine with an
electron. The dissociation of the generated ion will most likely dominantly take place at the
Si-O bond in the ion. This behaviour is different to what has been found for other plasma
sources like RF discharges where the methyl groups are removed first due to an electron
impact reaction. The fact that the HMDSO molecule is broken at the Si-O bond eliminates
one of the advantages of using HMDSO with respect to e.g. TEOS. Although the Si-O-Si
bond is present in the precursor, the Si-O-Si bonds present in the film need to be produced at
or in the film.

Although has not been the purpose of this research to produce pure silicon dioxide
films, it seems possible to obtain carbon free silicon dioxide films at high growth rates by
means of a remote thermal argon plasma in combination with HMDSO and oxygen. For this
the plasma parameters have to be tuned. The highest probability of obtaining pure silicon
dioxide films is at low HMDSO flow rates and high oxygen flow rates. This is a condition at
which the deposition rate does significantly decrease with respect to the one obtained at
‘standard’ conditions. It cannot be guaranteed that the deposited film will be void free at these
conditions.
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Chapter 6

Argon-oxygen plasma treatment of
deposited silicon oxide like films

M.F.A.M. van Hest, A. Klaver, D.C. Schram, and M.C.M. van de Sanden

Abstract

Silicon oxide like films deposited from hexamethyldisiloxane and oxygen by means of
an expanding thermal plasma have been exposed to an argon-oxygen plasma using the same
plasma source as used for deposition of the films. From this it is possible to obtain more
information of the reaction mechanism between oxygen radicals in the plasma and the
deposited films. It has been shown that the carbon content of the deposited films, present in
the form of methyl groups, can be almost fully removed. Therefore the deposited films need
to have a significant porosity. The oxygen from the exposing plasma is also incorporated into
the films forming Si-O-Si and Si-OH bonds. The dependencies of the various bonding types
present in the film as function of exposure time and as function of the oxygen content of the
exposure plasma are in agreement with two simple models; one for the plasma gas phase and
one for the film. For the dependencies as function of exposure time the diffusion rate into and
reaction rate in the film are important. For the dependencies as function of oxygen content in
the plasma the difference between the atomic oxygen diffusion coefficient and the ambipolar
argon ion diffusion coefficient is important. It has been shown that as function of the oxygen
content in the plasma a maximum is observed in the change of the film.
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6.1 Introduction

In a previous publication it has been shown that by means of an expanding thermal
plasma it is possible to deposit silicon oxide like films from hexamethyldisiloxane (HMDSO,
(CHj3)3-Si-O-Si-(CHj3);3) and oxygen at rates over 60 nm/s [1]. Although the deposited films
contained carbon they showed good optical properties. To get a better insight in the surface
and bulk reaction processes during deposition, the deposited film have been exposed to an
argon-oxygen plasma. In this way a better understanding of the influence of oxygen in the
deposition plasma can be obtained. Also more knowledge about the diffusion of oxygen into
the film will be obtained by exposing the deposited films to an argon-oxygen plasma. The
argon-oxygen plasma was created using the same plasma source and plasma reactor as has
been used for the deposition of the silicon oxide like films. An extensive description of the
deposition setup can be found in literature [1,2,3,4,5].

Table 6.1: The plasma parameters used for silicon oxide like film deposition.

Parameter Value
Argon flow 25 sccs
Oxygen flow 5.0 sccs
HMDSO flow 2.0 sccs
Arc current 50 A
Vessel pressure 11 Pa
Deposited film thickness |0.75 um
Substrate temperature 50 °C

Table 6.2: The plasma parameters used for the plasma treatment.

Parameter Value time series Value oxygen series
Argon flow 100 sccs 100 sccs
Oxygen flow 1,5, and 17 sccs 0, 1,2, 3,4,5,6. 8,
10, 12, 14, and 17 sccs
Treatment time 0.5,1,2,5, 15, 30, and | 15 minutes
60 minutes
Arc current 75 A 75 A
Vessel pressure 30 Pa 30 Pa
Substrate temperature 50 °C 50 °C

For the study of the influence of the argon-oxygen plasma on the deposited silicon
oxide like films different experiments have been performed. First the effect of the exposure
time has been studied. This has been done by selecting one plasma condition and changing the
exposure time of a sample with a deposited silicon oxide like film. Second the effect of
changing the oxygen concentration in the plasma has been studied. This is done by selecting
one exposure time and expose a sample to a plasma containing different oxygen
concentrations. All experiments have been done on films deposited under identical conditions
as given in Table 6.1. Keeping all the plasma parameters the same for every deposition
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experiment will in principle result in identical films. Verification by means of ex situ FTIR
transmission absorption spectroscopy measurements [6,7] revealed that all deposited films
were indeed identical. The various conditions used for the argon-oxygen plasma treatment are
shown in Table 6.2. No film has been treated more than once.

6.2 Definitions

Before and after every treatment the films were analysed using ex situ FTIR
transmission absorption spectroscopy. Figure 6.1 shows a typical transmission absorption
spectrum of a silicon oxide like film before and after an argon-oxygen plasma exposure.
Table 6.3 shows the absorption peaks found for silicon oxide like films deposited from
HMDSO and oxygen. The CHj absorption peak at 2960 cm™, and the Si-CHj absorption peak
at 1260 cm™ have been used to monitor the amount of methyl bonds present in the deposited
film. The oxygen incorporation in the film has been monitored by means of the Si-OH
absorption band at 3000-3600 cm™ and the Si-Oy absorption band at 430-350 cm™. From the
Si-H band at 2100-2300 cm™ the Si-H bond content of the film material has been determined.
The Si-O-Si absorption band at 1020-1070 cm™ has not been used to monitor the film because
this band overlaps with the Si-O-C band. Overlap is also reason why the absorption peaks in
the band 800-850 cm™ were ignored.

Si-H

1.4- i
. H-Si-0
| si-CH,  Si-CH, g

Sio

After treatment
Si-OH

1.2

1.0+

0.8 ] Before treatment

Transmission

0.6

0.4+

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure 6.1: Typical FTIR transmission absorption spectrum before and after argon-oxygen
plasma treatment.

In Figure 6.1 it can clearly be seen that exposing the deposited films to the argon-oxygen
plasma changes the film significantly. The argon-oxygen plasma treatment decreased the
methyl density and increase the oxygen density in the film. It can be seen that oxygen is
incorporated in Si-Ox bonds as well as in Si-OH bonds. In Figure 6.1 it can also be seen that
both the Si-H density and Si-CHj; density are clearly reduced by the argon-oxygen plasma
exposure.
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Table 6.3: Absorption peaks measured for silicon oxide films deposited from HMDSO.

Bond type Location absorption peak
Si-H 2100-2300 cm™ [8.,9]
Si-OH, OH 3000-3600 cm’' [9,10,11]
Si-CHj 1260 cm™ [8,9,12],
800-850 cm™ [9,12,13]
CH, 2960 cm™' [8,11,13,14]
Si-O-Si 1020-1090 cm™' [8,9,11,12,13],
800-850 cm™ [11,13]
Si-0-C 1020-1090 cm™ [8,11]
Si-Oy 430-450 cm™' [8,9,10,11],
800-850 cm™ [11,13]

To study the behaviour of the different absorption peaks as function of treatment time
and as function of the oxygen flow, the changes in the different absorption peaks have been
measured. The absorption intensity has been quantified by integrating the absorption
intensity. For this purpose a baseline has been fitted and the difference between this baseline
and the absorption intensity as function of the wavenumber has been integrated. However, for
the Si-Oy absorption peak 430-450 cm™ this integration method has not been used. The reason
for this is the fact that this absorption peak is at the edge of the infrared spectrum measured by
the FTIR transmission absorption spectroscope. Due to this part of the absorption peak cannot
be measured accurate enough to obtain reliable integrated values of the absorption peak.
However, the absolute absorption intensity can be measured accurately and therefore this is
used for the Si-Oy absorption peak. The absolute absorption intensity is defined as the
maximum difference between the absorption intensity and its baseline. The baseline has been
constructed by extrapolating part of the spectrum from 500-750 c¢m™, which can be done
because in this range no absorption is observed.

During the argon-oxygen plasma treatment, as well as during deposition, the samples
were monitored by means of in situ ellipsometry [15,16]. In Figure 6.2 a typical ¥-A
trajectory of the film deposition and argon-oxygen plasma treatment is shown. The W-A
trajectory of the deposition of the silicon oxide like film can be modelled as one
homogeneously growing film with one refractive index. The deposited film is therefore a
homogeneous film. The ‘P-A trajectory obtained during the argon-oxygen plasma treatment of
the deposited films have not been simulated. If no extra information of the film composition
during treatment is known, the simulation of the spectrum has a large degree of freedom, and
the simulation becomes a mathematical exercise with no physical relevance. Instead of using
the ellipsometry data, the FTIR transmission absorption data has been used to obtain the
optical thickness (refractive index times film thickness) of the treated films. The optical
thickness is measured, because it is a parameter for which no detailed information about the
homogeneity of the film is needed.
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Figure 6.2: A typical ellipsometric WY-A trajectory obtained in situ of the film deposition and

argon-oxygen plasma treatment.

6.3 Results

6.3.1 Exposure time

In Figure 6.3 the relative optical thickness of the treated films as function of treatment
time for three different oxygen flows is shown. The relative optical thickness is the optical
thickness after exposure to the argon-oxygen plasma relative to the optical thickness before
plasma treatment. It can be seen in Figure 6.3 that the optical thickness is decreasing due to
the interaction of the argon-oxygen plasma with the deposited silicon oxide film. It can also
be seen that the change in optical thickness is time dependent. At first it looks like the time
dependency is an exponential decay with the largest change for an oxygen flow of 5 sccs. The
oxygen dependency will be discussed later.

Relative optical thickness

—&— 1 sccs O2
—A—5sccs O,
—=— 17 sccs O2

Time (minutes)

Figure 6.3: The relative optical thickness as function of the treatment time.
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The change in optical thickness of the film is expected to be due to a change in the
refractive index of the film. A physical reduction of the film thickness is unlikely because
pure silicon dioxide films show no etching behaviour when exposed to the used argon-oxygen
plasma. This indicates that oxygen is not capable of etching the silicon oxide matrix in the
deposited film, leaving the film thickness to be unchanged. The only change due to etching of
the films that can be obtained by the argon-oxygen plasma concerns the carbon and hydrogen
atoms present in the film. Also attachment of oxygen at free sites present in the film is
possible. These changes will only lead to a change in the refractive index and a change in
optical thickness will therefore be proportional to the change in refractive index.

To see what exactly is changing in the film when the film is being exposed to an
argon-oxygen plasma, the changes in the various infrared absorptions have been analysed. In
Figure 6.4 the relative absorption of the carbon related absorption peaks (CHjz and Si-CHj3) is
shown as function of treatment time for three different oxygen flows. The relative absorption
is the integrated absorption intensity after treatment relative to the integrated absorption
intensity before treatment. In Figure 6.4 it can be seen that the carbon presence in the form of
methyl groups reduces significantly and that the change is similar for the CH3 absorption as
well as for the Si-CHj3 absorption. The reduction shows the same trend as function of time as
the optical thickness and also the biggest change is observed for an oxygen flow of 5 sccs.
The maximum decrease of the carbon related absorptions is almost 90 %, which shows that
treatment of a deposited silicon oxide like film with an argon-oxygen plasma is capable of
removing almost all the carbon in the film. This means that also the carbon which is situated
deep in the film close to the substrate is also removed, which can only be done when oxygen
is able to penetrate the film totally. This is only possible when the film is porous. If the film
would not be porous the penetration depth of oxygen present in an argon-oxygen plasma is
limited to approximately 10 nm [17,18].
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Figure 6.4: Relative absorption of CH; and Si-CH.

Not only the CH3 and Si-CHj; absorption intensities are decreasing, but also the Si-H
absorption intensity is decreasing as function of time during argon-oxygen plasma treatment
of the deposited film. In Figure 6.5 the relative Si-H absorption intensity is given as function
of time for three different oxygen flows. It can be seen that the decrease is similar to that of
CH; and Si-CHj and that the largest decrease is observed at 5 sccs. For the Si-H also a
significant change is observed when the film is only treated for one minute. This can be due to
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the fact that the CO, absorption (cf. Figure 6.1) has a small overlap with the Si-H absorption.
This can influence the accuracy of the absorption peak integration, however the uncertainty
introduced will be small and can be positive as well as negative. Although this uncertainty is
introduced it can therefore still be said that the response of the Si-H bond in the film to the
argon-oxygen plasma treatment is faster than for CH; and Si-CHj3 bonds.
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Figure 6.5: Relative absorption of Si-H.
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Figure 6.6: Integrated area of the Si-OH absorption peak and the maximum absorption
intensity of the Si-Oy absorption peak.

Apart from absorption peaks that decrease during the argon-oxygen plasma treatment
there are also absorption peaks that show an increase in absorption intensity. In Figure 6.6 the
integrated absorption intensity of the Si-OH absorption peak is shown as function of the
treatment time and again for three different oxygen flows. For this absorption peak it is not
possible to look at the relative absorption intensity because the peak is almost not present in
the film as deposited (cf. Figure 6.1). It can be seen in Figure 6.6 that the Si-OH absorption
increases rapidly as function of the treatment time. The difference between using 5 sccs and
17 sces of oxygen is very small.

In Figure 6.6 also the maximum absorption of the Si-Oy absorption peak is shown. As
explained before this peak can not be integrated and therefore the maximum absorption
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intensity is shown. As can be seen from Figure 6.6 the number of Si-Ox bonds increases with
treatment time. Just as for all the other absorption peaks the biggest change is observed at an
oxygen flow of 5 sccs. It can be seen that the change has a similar trend than that of the
Si-OH absorption peak. Unlike the Si-OH absorption the difference in absorption intensity
between 5 sccs and 17 sccs for the Si-Oy absorption is significant.

Looking more careful at the behaviour of the various bonding types, they can be
divided into two different categories. The first category shows a significant difference in the
change of the absorption obtained at 5 sccs and the absorption obtained at 17 sccs. The second
category does not show this difference. The Si-CH3, Si-H and Si-Ox bonds are part of first
category and the CHj3; and Si-OH bond are part of the second category. Looking at the
categories shows that in each category there is at least one bond that is removed as function of
time and one bond that is created as function of time during the argon-oxygen plasma
treatment. From this it could be derived that the removed bond is replaced by the created
bond. To get a better insight the behaviour of the different absorption peaks has been analysed
as function of the oxygen flow.

6.3.2 Oxygen flow variation

In Figure 6.3 it has already been shown that changing the oxygen flow changes the
effect of the argon-oxygen plasma on the different bonds present in the deposited film. In
Figure 6.7 the relative optical thickness as function of the oxygen flow is shown. All samples
have been treated for 15 minutes by the argon-oxygen plasma. For this treatment time still a
significant fraction of the carbon and hydrogen related bonds is remaining. In Figure 6.7 it
can be seen clearly that the optical thickness does not change uniformly with a change in the
oxygen flow. At a value around 5 sccs the change has a maximum value, after which an
increase in oxygen flow results in a decrease in the change of the optical thickness.
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Figure 6.7: Relative optical thickness as function of the oxygen flow.

It can be seen that also without the addition of oxygen to the plasma still a small
change in the optical thickness is observed. This can be due to different effect. First it can be a
real change in the film properties. Second it can be due to the fact that the FTIR transmission
absorption measurement, from which the optical thickness is derived, has been performed ex
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situ. Therefore the samples had to be transported through air which may lead to a small
change in the film properties due to interaction with the particles present in the air. A third
effect responsible for the small change in the optical thickness when no oxygen is added to
the treatment plasma is a change in film properties after deposition due to cross linking of free
bonds. This third effect is expected to occur on a shorter time scale than the time scale needed
to perform the ex-situ FTIR transmission absorption measurements. Therefore this effect is
likely to be negligible.

Also the behaviour of the different absorption intensities as function of the oxygen
flow, for a 15 minutes treatment, has been studied. In Figure 6.8 the relative absorption
intensities for the Si-CH3, CH;3 and the Si-H bonds are shown. It can be seen from this figure
that the trend observed for these absorption peaks is similar to the trend observed in the
optical thickness. It can also be seen that the strongest relative change is observed for the Si-H
bond. A maximum reduction of the CHj;, Si-CH3 and Si-H bond types can be observed when
approximately 5 sccs of oxygen is added to the post deposition treatment plasma.
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Figure 6.8: Relative absorption of CH;, Si-CHj3 and Si-H as function of the oxygen flow.

A change in the absorption intensity is also observed for sample treated by a pure
argon plasma (0 sccs oxygen), which indicates that the amount of carbon and hydrogen
present in the film is reduced by the argon plasma. Therefore the observed change in optical
thickness cannot be caused by cross linking of bonds, because this would lead to an increase
in the measured absorption intensity. Therefore it has to be caused by either argon plasma
induces reactions at the sample surface or by the influence of the air exposure while
performing the ex situ FTIR transmission absorption measurement. It is likely that the argon
plasma will only have an effect at the surface of the film, because the ions and electrons will
neutralize at the surface as the ion energy and electron temperature are low (a few tenths of
eV). Therefore an interaction of the sample with ambient air is more likely the cause of the
change. Although measurement of the FTIR transmission absorption spectrum of an untreated
film just after deposition and a couple of weeks after the deposition show no significant
change in the transmission absorption spectrum.

In Figure 6.9 the integrated absorption intensity of the Si-OH bond is shown. It can be
seen that the change is strongly dependent on the oxygen flow for oxygen flows up to 5 sccs.
For oxygen flows higher than 5 sccs the influence on the Si-OH bond is almost independent
on the oxygen flow, which explains why there was almost no difference between the
absorption intensities as function of time measured for 5 sccs and 17 sccs (cf. Figure 6.6).
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Notice that this is not caused by saturation. The absorption intensity can still increase with an
increase in exposure time (cf. Figure 6.6). In Figure 6.9 also the maximum absorption
intensity of the Si-Ox absorption peak as function of the oxygen flow is shown. It can be seen
that the absorption intensity increases for oxygen flow up to 5 sccs, for higher oxygen flows
the absorption intensity decreases slightly. The relative change for Si-OH is clearly higher
than that for Si-O.
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Figure 6.9: Integrated area of the Si-OH absorption peak and the maximum absorption
intensity of the Si-O, absorption peak.

6.4 Discussion

6.4.1 Exposure time

To obtain information on the argon-oxygen plasma modification process the time
dependencies of the various bonds need to be analysed in more detail. Assume that the
process of etching carbon species and the addition of oxygen to the film can be described by
one simple reaction equation:

O + reaction site = neutral site (6.1)

where the ‘reaction site’ is any carbon species or any site to which oxygen can attach. A
‘neutral site’ is a site at which no reaction is possible anymore. It is assumed that only oxygen
radicals are responsible for the reactions in the film. The reaction rate (o ) is assumed to be
constant. Before a reaction can take place at a specific site, the reacting species need to
diffuse into the film. The film is deposited homogenously and therefore the diffusion
coefficient (Dy) is assumed to be constant. During the diffusion process, also the reacting
species can recombine and become non-reacting species. The rate of this loss process depends
on the reacting species density with a reaction rate 3 .

The time dependency (f) of the density of reacting species (7, (¢,d)) at a specific
depth (d, d=0 is at the surface) can then be written as:

W = —an, (t.d)n, (t.d) ~ Py (t.d) + D,
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The time dependency change of the reaction site density (7, (¢,d) ) can be written as:

W = —an, (t,d)n, (t,d). (6.3)

The boundary conditions of this system of differential equations are given by:

n,(t,0)=N,

n,(0,x) = N, (0) (6.4)

where N, is the initial reacting species density in the film at the surface which is assumed to
be equal to the maximum reacting species density possible in the film. N, (0) is the density of

the reacting sites in the film as deposited. For comparison of the model with the infrared
absorption measurements the reactive site density has to be integrated over the thickness of
the film (D) to obtain the line density, i.e. the total number of reactive sites present in the film
per unit of the surface (N, (?)):

N,() = [n,(t,8)de 6.5)

It is not possible to solve the system of differential equations analytically and therefore
the system has been solved numerically. From this numerical analysis it has been derived that
there are three different solutions. The first solution is in the case that the reaction rate is high
enough to keep up with the diffusion. In this case a reaction front is formed which moves
through the film. The film can be seen as having two parts, the top of the film without and the
bottom of the film with reaction sites. As a result of this the total number of reactive sites will
have a close to exponential decrease. The second solution is in the case that the diffusion is
much faster than the reaction rate, which results in a gradient of the reaction sites which goes
from top to bottom of the film. As a result of this the total number of reaction sites again
decreases close to exponential. The third solution is obtained when both the reaction rate and
diffusion rate are of the same order. The observed changes in the various absorption
intensities cannot be fitted by means of an exponential function. Therefore in Figure 6.10
simulations are given for the last case. The constants indicated in Figure 6.10 are constants
used in the differential equation when the densities are normalized for the initial (N;) or either
the final value (N,). It can be seen in Figure 6.10 that the change of the number of reaction

sites as function of time is similar to the change measured for the different absorption
intensities correlated with carbon species (cf. Figure 6.4).

In Figure 6.10 it can also be seen that changing the density of reacting species at the
surface with a factor of five results in change similar to that observed in the measurements
(cf. Figure 6.4). Changing the reaction rate results in a similar change as observed for the
Si-CH; and the CH3 bonds. Besides calculating the number or reaction sites, also the number
of reacted sites can be calculated. This results in a picture similar to the increase in the Si-OH
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bonds density observed (cf. Figure 6.6). Therefore it can be concluded that the chosen model
for the post treatment process is in good agreement with reality.
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Figure 6.10: Simulated number of reaction sites as function of time for different parameters.

The model can now be used to calculate the various reaction rates for the various
bonds, however the calculations with the model have been performed on relative densities and
that makes the resulting rates non-comparable to normal reaction rates. Also when calculating
the reaction rates it is assumed that there is only one kind of reacting site present, which is not
the case in the deposited films because Si-H is different from Si-CHj3. To include all different
bonds which are present with their specific reaction rate means that for every bond type a
term has to be added to the model. This will introduce many more variables, which will result
in multiple solutions for the various reaction coefficients when fitting the measured data.

When using the model without taking these considerations into account it is possible
to get some quantitative information. From comparison of the simulations shown in Figure
6.10 and the measurements shown in Figure 6.4 it can be seen that the reaction rate for
Si-CH; bond elimination is approximately a factor 3 higher than for CH; bond elimination.
This shows that CH3 groups are more easily removed as a complete group than partly on
interaction with oxygen radicals. This is in agreement with the results from a previous study
on the properties of the deposited films presented in reference [1].

6.4.2 Oxygen flow variation

The maximum observed in the change of various bonds as function of the oxygen flow
has been observed before. A similar effect is found with reactive ion etching (RIE) [19] and
reactive sputter etching (RSE) [20] experiments on organic polymers (CO, material) using an
argon-oxygen gas mixture. In these plasmas the reactive particle with the polymer is atomic
oxygen or ionic oxygen (O,"). The effect is only observed at low pressures (10 to 100 Pa) and
is contributed to the ions. With ion assisted etching the damage in the lattice caused by the
ions reduces the activation energy. Therefore the rate constant of the chemical reaction is
increased. With an increase in the oxygen content, more atomic and ionic oxygen is created
but at the same time the energy of the ions (7j) is decreased. The lower energy is a result of
the lower voltage drop at the plasma sheath. This results in a lower energy flux to the surface.
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The increase in oxygen atoms and the decrease in ion energy then results in a maximum for
the etch rate as function of the oxygen flow.

With the expanding thermal plasma used in this research this scenario is rather
unlikely. Although the pressure in the reactor is of the same order, there are also significant
differences. The expanding thermal plasma used is a remote plasma, whereas the plasma used
for the polymer etching are active plasmas. The remote plasma used has a small ion energy
(couple of tenths of eV [21,22]). Therefore there is no ion induced damage and the energy
flux to the sample will be smaller, due to which the enhancement of etching by ions will be
lost. The total molecular oxygen ion flux towards the surface will be smaller because the used
plasma is a remote plasma and these ions can dissociatively recombine with an electron in the
gas phase. Moreover when ion assisted etching would occur the ion assisted etching will be
limited to the surface of the deposited film and will not have a contribution in the whole film.

First of all the plasma generated with the cascaded arc is an argon plasma which
contains mainly argon atoms, argon ions and electrons. The oxygen is injected close to the
plasma inlet. The molecular oxygen will charge exchange with argon ions and form molecular
oxygen ions:

Ar'+0, > Ar+ 0" k=610"" m/s [23] (6.6)

after which the molecular oxygen ions will dissociatively recombine with an electron,
resulting in two oxygen atoms:

0,"+e>0+0 k=110" m’/s [24] (6.7)

This dissociative recombination step is very fast in comparison with the charge
exchange step and therefore it is allowed to say that the dissociative step will occur almost
instantaneously with the charge exchange reaction. Only the molecular oxygen ions generated
close to the substrate will reach the substrate, and thus the ionic molecular oxygen density
will indeed be low and with this also the resulting energy flux to the substrate.

A more likely explanation of the measured effect has been given by Brussaard [25].
Although an increase in the oxygen flow increases the production of oxygen atoms, it could
also decrease the flux of oxygen atoms to the substrate. The oxygen atom flux to the substrate
does not only depend on the creation of the oxygen atoms, but also on the transport of these
atoms to the substrate. When the oxygen flow is low, the creation of oxygen atoms is low.
When increasing the oxygen flow, more oxygen ions will be formed more close to the oxygen
injection point and less argon ions will be present close to the substrate. The oxygen atom
production downstream drops and the production becomes more concentrated near the oxygen
inlet. In this case the oxygen atoms will have more time to diffuse out of the plasma beam
towards the wall and less oxygen atoms will reach the substrate. This is only true when the
diffusion coefficient of the oxygen atoms is larger than the ambipolar diffusion coefficient of
the argon ions. In first approximations the diffusion coefficient will be inversely proportional
to the square root of the masses and thus the oxygen atom diffusion coefficient will be about
1.6 times larger than the argon ion ambipolar diffusion coefficient.

In the model used by Brussaard it was assumed that the diffusion coefficient of the
atomic oxygen could be taken much larger than the ambipolar diffusion coefficient 400 m™
and 4 m™' respectively. With the model the normalized atomic oxygen flow at the substrate as
function of the atomic oxygen flow can be calculated using the following equation:
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where k is the Boltzman constant and the other parameters are described in Table 6.4. Also
the typical values of the various parameters are given in this table.

It can be seen in the model that when the ambipolar diffusion coefficient of argon ions
is larger than the diffusion coefficient of oxygen atoms, the normalized atomic oxygen flow
will always increase with increasing oxygen flow. It can also be seen that in the case the
diffusion coefficients of atomic oxygen and ionic argon are equal the atomic oxygen flow at
the substrate will saturate. However, the diffusion coefficient of atomic oxygen is larger than
the ambipolar diffusion coefficient of ionic argon. In that case the oxygen flux at the substrate
will show a maximum value as function of the oxygen flow injected.

Table 6.4: Parameters used in Eq. (6.8).

Parameter Description Value
() Normalized argon ion flux from arc 1
kece Charge exchange rate 10" m¥/s
Vg Plasma drift Velocity* 400 m/s
no, Molecular oxygen flow rate Given by Eq. (6.9)
z Distance from arc to substrate 0.6 m
4D

——— 2| Atomic oxygen diffusion coefficient 6.4m"
v4(p(0))

4D . |
———— | Argon ambipolar diffusion coefficient |4.0 m"
va(p(0))
¢
¢02 Fraction oxygen flux to total gas flux | 0/100 to 17/117
P Reactor pressure 28 Pa
T Gas temperature 1500 K

Table 6.4 shows typical values for the various parameters in Eq. (6.8). Some
parameters have been chosen as being constant, but they are not constant in reality, e.g. drift
velocity and temperature. However, the exact values are not known and therefore it is hard to
use this model to fit the measured data. In Figure 6.11 an example is given of a calculation of

* .
Average value from Laser induced fluorescence measurements.
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the normalized atomic oxygen flux, using the values given in Table 6.4. It can clearly be seen
in this figure that the trend of the normalized atomic oxygen flux is similar to the argon-
oxygen treatment trends measured. It can also be seen that a weak maximum for the
normalized atomic oxygen flow is obtained at an oxygen flux of 5sccs. This forms an
indication that the used values are close to the real values and that the model is a good
representation of reality. It is therefore valid to say that the dominant particle responsible for
the change in the deposited films in the argon-oxygen treatment is atomic oxygen.
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Figure 6.11: Atomic oxygen flux as function of the molecular oxygen flow.

6.4.3 Reaction mechanism

So far it has been shown that the post treatment process is a combination of diffusion
of reacting particles into the film and reactions in this film creating oxygen related bonds and
removing carbon related bonds. It has also been shown that the reacting particle is most likely
the oxygen radical. Using this in combination with the various dependencies measured it is
now possible to deduce a reaction mechanism for oxygen radicals with the film.

When looking at the various dependencies as function of time it can be seen that the
increase in the Si-OH bond (Figure 6.6) is similar to the decrease in the CH; bond (Figure
6.4). Also it can be seen that the decrease in the Si-CH; bond (Figure 6.4) as well as the
decrease in the Si-H bond (Figure 6.5) is similar to the increase in the Si-Oy bond (Figure
6.6). This latter correlation is less clear because the Si-Oy bond is already present before
starting the argon-oxygen plasma post treatment. However when looking more careful at the
time dependence and the changes using different oxygen flows it can be seen that the trend is
of the same kind. The fact that different bonds show a similar time dependency during an
argon-oxygen plasma treatment indicates that the bond of which the density is decreasing is
transformed into the bond that shows the similar increasing density behaviour. However this
transformation does not have to be a single step reaction. The reacting particle can first break
the bond and remove a species and then in a next reaction the reacting particle could attach
and form the new bond. When the attaching step is much faster than the removal step, the
process could occur as if happening in one single reaction and therefore it is still hard to
derive the exact reaction mechanism for the various transitions observed.

It is likely that the first step in the reaction mechanism for Si-CHj to Si-Oy is given by:

Si-CH; + O = Si-H+ O=CH, (6.10)
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The formation of formaldehyde (O=CH;) has been observed before in different processes
involving silicon oxide like film deposition [26,27]. In the argon-oxygen plasma treatment
process of the deposited silicon oxide like film this molecule has to diffuse out of the film.
Measurement of the infrared gas phase absorption measurement did not show the presence of
this particle. However the density is expected to be low because during the diffusion out of
the film this particle can react with oxygen radicals diffusing into the film. Such reactions
lead to the formation of carbonmono- and dioxide and water. In the first reaction between
Si-CH3 and oxygen radicals Si-H bonds are formed, which is being converted into Si-Ox by
two more reactions with oxygen radicals:

Si-H+ O - Si+ OH
Si+0 = Si-O (6.11)
The second reaction is assumed to be a fast reaction, because a silicon atom with a free bond
in the film will easily form a bond with a radical in the close vicinity of this atom. Note that
this second part of the reaction process for the conversion of Si-CH3 bonds to Si-Ox bonds is
the same reaction process as for the conversion of Si-H bonds to Si-Ox bonds. As the Si-H
bond is weaker than the Si-CHj; bond, this second step is faster than the first step. Therefore
the Si-H bond density in the film should be proportional with the Si-CH; bond density when
the Si-H bonds present in the deposited film are converted to Si-O bonds. Looking carefully
to Figure 6.4 and Figure 6.5 shows that the Si-H bond density decreases rapidly in the first 5
minutes after which it follows the trend of the Si-CHj3 bond density corroborating the shown
reaction mechanism. Notice that the OH radical formed in the first reaction of Eq. (6.11)
could reattach to the film generating Si-OH bonds.

The formation of Si-OH bonds from CHj3 bonds is also a two step process. The first
step is given by:

CH3 +0 > O=CH2 +H (612)

Also here formaldehyde is formed, but as said before this particle will react with a second
oxygen radical to form carbonoxides and water. The produced hydrogen atoms will react with
Si-O bonds which have a free bond by:

Si-0 + H > Si-OH (6.13)

leading to the formation of Si-OH bonds in the film. Notice that the hydrogen atoms can also
react with silicon atoms which have a free bond forming Si-H.

Exposing the deposited silicon oxide like films to the argon-oxygen plasma for a much
longer time than used in the shown measurements will eventually lead to a decrease of the
Si-OH bond density because this bond will again react and loose its hydrogen content.
However, the film will most probably not become 100 % hydrogen free silicon oxide, because
the deposited films have a significant porosity [1]. Therefore it is impossible to form a full
silicon oxide network. As a matter of fact it is due to the porosity that it is possible to make
carbon free silicon oxide films by argon-oxygen plasma treatment of the deposited films.

Not all the mentioned reactions with oxygen will also occur during deposition of a
silicon oxide like film from HMDSO and oxygen, because then there is a competition
between deposition particles and oxygen radicals. When on interaction of the film and an
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oxygen radical a free reaction site (dangling bond) is created, a deposition particle can attach
to this site. This results in film growth. Therefore the reactions for which multiple oxygen
radicals are needed to obtain the end product (e.g. Eq. (6.11)) are unlikely to occur in a
deposition plasma. For the same reason the Si-OH bond will be present in very low
concentrations in the film at high deposition rates, which is in agreement with measurements

[1].
6.5 Conclusions

Silicon oxide like films have been deposited at high rates by means of an expanding
thermal plasma in combination with HMDSO and oxygen as precursors. It has been shown
that these films contain a significant amount of carbon, which can be removed by treating the
deposited films with an argon-oxygen plasma. Measurements clearly show that these initially
carbon containing silicon oxide like films can be made carbon free. The process of removing
the carbon is slow and it will take a long time compared to the deposition time to remove all
the carbon. It is therefore not a solution for producing carbon free silicon oxide films at high
deposition rates. The possibility of full removal of the carbon is mainly due to the porosity of
the deposited silicon oxide films, which makes it possible for particles from the plasma to
penetrate the whole film.

The process of removal of the carbon from the films is dominated by diffusion of
oxygen radicals into the film which etch away the carbon content. The oxygen radicals also
form new bonds with the film leading to the incorporation of oxygen in the film. The removal
of the carbon content from the film is a non linear process in time, but by a simple model the
time dependency of the carbon removal from the film can be simulated. The shown model is
in good agreement with the observed time dependent changes of the carbon density in the
argon-oxygen plasma treated films. The amount of carbon removed from the film per unit of
time is dominated by the flux of oxygen radicals at the surface.

The total flux of oxygen radicals at the substrate level of the plasma reactor is not only
dependent on the total power input and the amount of oxygen injected in the plasma, but it is
also dependent on the reactor geometry. Oxygen molecules injected in the plasma will react
with the plasma and form oxygen radicals in a two step reaction process. Due to the fact that
the outward diffusion of oxygen radicals is faster than that of argon ions, an increase in
oxygen input can result in smaller atomic oxygen flux to the substrate surface. The larger the
distance between the molecular oxygen injection point and the substrate the stronger the
effect will be.

A fairly simple reaction mechanism is suggested for the reaction between atomic
oxygen radicals and the deposited silicon oxide like film. The changes in the films by the
argon-oxygen plasma treatment can be described with this mechanism. Although the
mechanism holds for argon-oxygen plasma treatment of deposited silicon oxide like films
from HMDSO and oxygen, not all the reactions will occur while a silicon oxide like film is
being deposited using HMDSO and oxygen as a precursor. Just as in the argon-oxygen
plasma treatment, oxygen radicals will cause the formation of free reaction sites in the film
that is being deposited. Instead of reacting again with oxygen radicals these sites are more
likely to react with the deposition species in the deposition plasma, resulting in film growth.
To be able to deposit pure silicon dioxide films with the expanding thermal plasma, the
deposition rate needs to be decreased or either the carbon etch rate at the film surface needs to
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be enhanced by means of e.g. ion bombardment. This can be done by applying an RF bias to
the substrate.
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Chapter 7

The reaction mechanism of HMDSO in an
expanding thermal argon plasma

M.F.A.M. van Hest, D.C. Schram, and M.C.M. van de Sanden

Abstract

A possible dissociation mechanism as well as a possible deposition mechanism has
been derived for hexamethyldisiloxane (HMDSO) injected into an expanding thermal argon-
oxygen plasma. This has been done by using the properties (refractive index, infrared
absorption, and chemical composition) of films deposited by means of this plasma. Also the
properties of films deposited by means of tetramethylsilane (TMS) have been used to obtain a
better understanding of the mechanism. Qualitatively the sticking probabilities of various
species generated in the HMDSO plasma could be derived from the inclusion of the TMS
deposition study. It is found that the sticking probability of O-Si-(CH3)x species is much
higher than that of Si-(CHj3)x species. The most dominant species responsible for film growth
from HMDSO and oxygen is produced by the reaction at which the HMDSO molecule breaks
at the Si-O bond. For deposition of silicon oxide like films using HMDSO, oxygen is needed
to eliminate methyl groups from the deposition surface to obtain the appropriate film
stochiometry. When using TMS as a deposition precursor, oxygen is needed for the same
purpose, but also for the creation of free surface reaction sites.

133



Chapter 7

7.1 Introduction

Silicon oxide like films can be deposited by means of plasmas using various
organosilicon precursors and a variety of plasma sources [1,2,3,4,5]. Hexamethyldisiloxane
(HMDSO; (CHj3)3-Si-O-Si-(CHj3)3) is one of the precursors becoming more popular in the
recent years [6,7,8]. Combination of this precursor with an expanding thermal plasma which
is generated by a cascaded arc makes it possible to deposit silicon oxide films at rates over
60 nm/s [9]. In literature possible gas phase reactions in an HMDSO deposition plasma have
been given by various authors [10,11,12]. However, they mainly focus their reaction
mechanism on polymerisation of the precursor in the gas phase and neglect surface reactions.
Also they use a plasma source in which electron impact ionisation and dissociation are
dominant processes. However, in a remote expanding thermal argon plasma electron impact
ionisation and dissociation are negligible processes due to the low electron temperature
[13,14]. In these kind of plasmas charge exchange reactions with ions and dissociative
recombination reactions with electrons are dominant. This difference will change the reaction
mechanism and plasma chemistry in the gas phase significantly.

In this chapter a deposition mechanism for silicon oxide films from HMDSO in an
expanding thermal plasma will be proposed. Gas phase reactions as well as surface reactions
will be discussed and based on properties of the deposited films the likeliness of the reaction
will be given. Previous findings will be used as a basis for the reaction mechanism.
Additional information will be obtained from the use of another deposition precursor. Aside
from the pure HMDSO depositions, also reactions occurring in an HMDSO oxygen
environment will be shown.

Previously it has been derived that HMDSO which is injected into an expanding
thermal argon plasma first charge exchanges with an argon ion after which the resulting ion
dissociatively recombines with an electron [9]. It has been suggested that most likely the
dominant dissociation channel is the breaking of the Si-O bond in the HMDSO molecule,
even though a Si-C bond is less strong (Si-C: 4.7 eV and Si-O: 8.3 eV). The suggested
reactions are given by:

M M M M
| | \ | 1
M—Si—-O-Si-M + Ar —» M-Si—-O-Si* + M + Ar (7.1)
| | | |
M M M M
M M

| |
M—Si—O- + -Si-

| |
M—Si—O—Si* + e (72)

where M indicates a methyl group and a dot indicates a free bond. In the charge exchange
reaction between argon and HMDSO a methyl group is separated from the HMDSO
molecule, which is characteristic for methylsiloxanes [12,15]. The Si-O bond on the non
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ionised side will be the weakest of the two Si-O bond due to the absence of a methyl group on
the ionised side. Therefore the second dissociative recombination channel in Eq. (7.2) will be
the most probable reaction.

It has been shown, by means of post deposition treatment of silicon oxide like films
with an argon-oxygen plasma, that methyl groups are etched from the film and oxygen is
incorporated into the film [16,17]. The reaction mechanism for stripping of methyl groups
from the film and incorporating oxygen into the film is given by [16]:

Si-CHjs (s) + O (g) =2 Si-H (s) + O=CH: (g)
Si-H (s) + O (g) = Si (s) + OH (g) (7.3)
Si(s) + O (g) =2 Si-O (s)

During film deposition, when oxygen is added to the deposition plasma, oxygen
radicals reduce the number of methyl groups present in the film, but oxygen radicals can also
be incorporated in the film resulting in a higher oxygen density than present in the original
precursor [9]. Adding oxygen to the deposition plasma obviously also changes the gas phase
reaction mechanism which will be addressed further on.

By taking the shown reaction steps, Eqgs. (7.1), (7.2), and (7.3), as a basis for the
reaction mechanism of HMDSO in an expanding thermal argon-oxygen plasma, the dominant
mechanism for the deposition of silicon oxide films will be hypothesized. Although Eq. (7.2)
might suggest which species are probably the dominant reaction products, knowledge about
surface reactions during film growth is also needed. For example, the sticking probability of
the various species is essential in the understanding of the film formation process.

The main particles which can lead to deposition are, according to Eq. (7.2), Si-M; and
O-Si-M,. Analysis of the deposited film showed that the ratio of silicon to oxygen in the film
is approximately equal to one when no oxygen is added to the plasma From this it can be
tentatively assumed that O-Si-M; is contributing dominantly to the film growth. [9]. Such a
mechanism would require that the Si-Mj particle has a very low sticking probability with
respect to O-Si-M; as Si-M3 and O-Si-M, are produced in equal quantities. It is possible to
verify this by performing deposition experiments using tetramethylsilane (TMS; Si-M,) as a
precursor. The injected TMS will charge exchange with an argon ion followed by a
dissociative recombination reaction with an electron. The most probable reaction mechanism
is given by:

M M

M-Si-M + Ar —— M-S + M + Ar (7.4)
M M
M M

M-S + e M—S.‘i- + M (7.5)
M

Similar to the HMDSO ion the TMS molecular ion is unstable and therefore a methyl
group is separated during charge transfer or directly afterwards [18]. In the dissociative
recombination reaction most likely another methyl group is removed from the Si-M;" ion,
because this is the smallest unit which can be split off under the assumption that methyl
groups are removed fully. As can be seen from the reaction Eqgs (7.4) and (7.5), injecting TMS
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in the expanding thermal argon plasma will not result in the formation of Si-Mj radicals, but
in the formation of Si-M, and free methyl radicals. Although the most probable reaction
product is different, it is still possible to use TMS to obtain useful information on the sticking
probability of the Si-Mj radical. The sticking probability of a Si-M, radical will most
probably be higher than that of a Si-Mj3 radical, because Si-M; has one extra free bond with
respect to Si-Mj. From literature it is known that the sticking probabilities of Si-H, and C-H;
are higher than that of Si-Hs; and C-Hj; respectively [19,20,21], which supports this
assumption.

Notice that the sticking probability does not only depend on the depositing particle,
but also on the deposition surface composition. Therefore also information is needed on the
change in deposition rate when the deposition surface composition is changed. One way of
changing the deposition surface is by adding oxygen to the expanding thermal argon plasma.
It is being assumed that the effects at the surface will be similar to a film deposited from
HMDSO. However, addition of oxygen to the expanding thermal argon plasma into which
TMS is injected will also result in a change in de reaction mechanism for TMS in the gas
phase. Besides the reaction with argon ions also reactions with oxygen radicals, created by
interaction of argon ions with oxygen molecules, will start to occur. The possible reactions
with atomic oxygen are given by:

M M
M-Si—M + O — M-Si* + ‘O—M
M M (7.6)
M
4’M*S‘i*0' + M
M

In this reaction mechanism it is assumed that one oxygen radical will strip a full methyl
group, leaving a free bond, and not a part of it. In the deposition of silicon oxide like films
from HMDSO in combination with oxygen in an expanding thermal plasma, it has been found
that methyl groups are removed fully [9], therefore it is not unlikely that this will also happen
with TMS on interaction with oxygen radicals.

In the first reaction with TMS molecules and oxygen radicals the Si-Mj radical is
created, which is exactly equal to the first reaction product of the most likely reaction in the
dissociation of HMDSO (Eq. (7.2)). In the second reaction a species is formed which is
similar to the second dissociation product of HMDSO (O-Si-M;). The O-Si-M; will likely
have a sticking probability which is smaller but still close to that of O-Si-M; because they are
alike. Therefore introducing oxygen to a TMS argon plasma will result in an insight in the
sticking probability of either the O-Si-M; particle or the Si-Mj; particle. Apart from this by
adding oxygen information is obtained on the dissociation mechanism of TMS by means of
oxygen radicals. When the deposition rate is not changed significantly by introducing oxygen
to the TMS argon plasma the first reaction in Eq. (7.6) is the dominant reaction, but when the
deposition rate does increase significantly then the second reaction is the dominant reaction
because the sticking probability of O-Si-M; is expected to be significantly higher than that of
Si-M;j. It is very likely that the interaction between oxygen radical and HMDSO molecules
will be similar to the interaction between oxygen radicals and TMS molecules. Therefore the
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information obtained from TMS experiments in combination with oxygen will result in more
understanding of the interaction process between oxygen radicals and HMDSO molecules.

In this chapter first a study will be made of the deposition using TMS and oxygen as a
precursor, after which the results of this study will be transferred to the more complex
deposition using HMDSO and oxygen as a precursor. From the study of the TMS deposition a
possible reaction mechanism will be hypothesized. Therefore also information will be given
which is of no relevance to the HMDSO reaction mechanism, but it will be included for the
sake of completeness. In the transfer from the TMS reaction mechanism to the HMDSO
reaction mechanism it is a key assumption that the interaction between oxygen radicals and
TMS molecules is similar to the interaction between oxygen radicals and HMDSO molecules.
Nevertheless also alternative interactions will be looked upon. These alternatives will be
discussed on basis of energetical arguments to get insight in their likelihood.

7.2 Experimental setup

The experimental setup has been described before extensively [22,23,24]. Therefore a
short description of the main characteristics will suffice here. The reactor consists of a
stainless steel cylindrical vessel (diameter 36 cm, length 100 cm) which is positioned
vertically. On top of the vessel a cascaded arc [25] has been mounted. A temperature
controlled substrate holder is situated at the bottom of the vessel. The distance between the
arc exit and the top of the substrate holder chosen equal to 65 cm. The temperature of the
substrate holder can be varied in a range of - 50 °C to 300 °C with an accuracy at the substrate
surface of AT~10 °C [26]. The reactor vessel is connected to a pump stack with one rotary
piston pump (Edwards: 240 m’/hr) and two mechanical booster pumps (Edwards EH2600:
2600 m’/hr; Edwards EH500A: 500 m*/hr) which generates a base pressure of 10 mbar.
Overnight the reactor is pumped by a turbo molecular pump (Leybold Turbovac 1500: 90
m’/hr) which keeps the reactor pressure at 10 mbar. Samples are transferred by means of a
load lock system (10 mbar).

To get more insight in the reaction mechanism of TMS in the gas phase and at the
surface, depositions have been done varying some of the deposition parameters. Therefore
‘standard’ conditions have been defined. During every experiment only one parameter has
been varied with respect to the other parameters. The ‘standard’ conditions together with the
ranges in which they can be varied are given in Table 7.1. The parameters have been chosen
in such a way that they are close or equal to the ‘standard’ conditions used for deposition of
silicon oxide like films from HMDSO [9].

TMS is just as HMDSO a liquid precursor. In the case of HMDSO deposition a
Bronckhorst controlled evaporation module (CEM, type W-202) in combination with a
Bronckhorst Liqui-Flow® meter (type L2C2) [27,28] has been used for controlling and
evaporating the HMDSO precursor gas flow. Using TMS in combination with this CEM unit
is not possible because of its high vapour pressure at room temperature [29] and low boiling
temperature [30]. At room temperature a large amount of vapour is generated on top of the
liquid in the TMS reservoir. Therefore for TMS a much simpler system can be used. Between
the top of the TMS reservoir and the reactor a gas line is connected into which a regular gas
flow controller has been installed to control the TMS vapour flow. Verification of the vapour
flow shows it is stable and no liquid is transferred through the gas flow controller. The fact
that the gas flow controller is connected to vacuum makes it possible to use it to control
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vapours of gasses that have at least a higher vapour pressure than the pressure in the vacuum
chamber.

Table 7.1: Overview of the plasma parameters and their ranges as well as the ‘standard’
conditions for TMS depositions

Parameter Range ‘Standard’ condition
Ar flow 15100 sccs |25 sccs

0O, flow 0— 17 sces 5 sccs

TMS flow 0—12 sccs 6.5 sccs

Arc current 25-90 A 50A

Arc pressure 0.2 — 0.6 bar 0.2 bar

Vessel pressure 10 —45 Pa 11.0 Pa

Substrate temperature | -50 — 300 °C 50 °C

The rest of the setup is identical to the setup used for HMDSO deposition [9]. This
means that the oxygen is injected in the nozzle of the cascaded arc and that the TMS is
injected by means of a punctured ring situated approximately 5 cm from the arc exit. Film
deposition has been done on silicon substrates (2.5 x 2.5 cm®), and has been monitored by
means of an in situ single wavelength ellipsometer (He-Ne 632.8 nm). The film growth rate
and the film refractive index are determined by fitting the ellipsometric values obtained
during deposition of the film. After deposition the film have been analysed using ex situ
Fourier transform infrared (FTIR) transmission absorption spectroscopy, and information on
the various bond types present in the deposited films is obtained.

7.3 TMS deposition results

The first parameter that has been varied is the TMS flow. This variation has been done
using three different oxygen flows (0, 5, 10 sccs). The deposition rate and the refractive index
of the deposited films are shown in Figure 7.1. It can be seen that the deposition rate increases
with increasing TMS flow and with increasing oxygen flow. The absolute value of the
deposition rate in the case no oxygen is added is at least one order of magnitude lower than
the deposition rate for deposition using HMDSO as a precursor in similar quantities (couple
of tens of nm/s). This clearly suggest that the Si-M, radical has a low sticking probability with
respect to the O-Si-M; radical formed in the dissociation reaction of HMDSO (Eq. (7.2)).
When adding oxygen to the TMS deposition plasma the deposition rate does not change
dramatically and therefore the reaction between oxygen radicals and TMS molecules is most
probably an abstraction reaction of a methyl group by oxygen (cf. Eq. (7.6)) resulting in the
formation of Si-Mj radicals.

The refractive index shown in Figure 7.1 shows different trends for different oxygen
flows. When no oxygen is added to the deposition plasma the refractive index decreases as
function of the TMS flow. Addition of 5 sccs or 10 sccs of oxygen results in an increase of the
refractive index as function of the TMS flow. This change is due to the fact that when adding
oxygen to the deposition plasma the reaction mechanism in the plasma changes due to which
the dominant particle responsible for deposition becomes different as has been shown. Also
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the reaction mechanism at the deposition surface will change with the addition of oxygen to
the deposition plasma.
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Figure 7.1: Deposition rate and refractive index as function of the TMS flow for different
oxygen flows. Other parameters at ‘standard’ conditions.

The increase of the refractive index as function of TMS flow (cf. Figure 7.1), with
addition of oxygen to the deposition plasma, is caused by the fact that increasing the TMS
flow at fixed oxygen flow results in a lower oxygen to TMS ratio in the plasma. This results
in a lower oxygen to carbon ratio in the plasma and therefore the carbon content of the film
will increase resulting in a higher refractive index. When no oxygen is added to the plasma
the deposited films will therefore contain the largest carbon content. From the deposition of
silicon oxide films from HMDSO and oxygen it is known that a higher refractive index
indicates a higher carbon content in the film or a decreased void density [9]. Therefore the
refractive index of the films deposited from TMS without the addition of oxygen indicate that
the carbon density is decreasing or that the void density is increasing as function of the TMS
flow. The increase in void density is most likely, because the deposition rate increases and for
HMDSO it has been shown that an increase in deposition rate correlates with an increase in
the void density [9]. When looking at the value of the refractive index for the films deposited
with the addition of oxygen it can be seen that it has a value which is much lower than the
value for pure silicon dioxide films (n=1.457), even though the film is not carbon free (cf.
Figure 7.4), which causes the refractive index to increase. This is a clear indication that the
deposited films have a significant void density.

For higher TMS flows (> 5 sccs) the refractive index of the deposited film seems to
reach a constant level. A similar phenomenon has been observed for HMDSO; however there
the levelling of the refractive index in observed at 2 sccs [9]. This value is equivalent with the
argon ion flow emitted by the cascaded arc for the used plasma parameters [31]. For HMDSO
the levelling is due to the fact that the HMDSO molecules can only react once with the argon
ions for flows above 2 sccs. So why the levelling occurs at a higher flow for TMS than for
HMDSO is not know. One of the reasons could be polymerisation, but it is not possible to
derive this from the obtained data.

In Figure 7.2 the deposition rate and refractive index as function of the oxygen flow
for fixed TMS flow (6.5 sccs) are shown. It can be seen that the film deposition rate is
increasing slightly with an increase in the oxygen flow. This change is most probably caused
by a small increase in the reactor vessel pressure. As indicated in the introduction this result
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suggests that oxygen does not cause the formation of the second species (O-Si-M3) shown in
Eq (7.6). Analysis of the refractive index as function of the oxygen flow shows that addition
of a small amount of oxygen causes the refractive index to drop by a significant amount,
which indicates that the properties of the deposited film are indeed altered. Comparison of Eq.
(7.5) and Eq. (7.6) shows that the deposition species due to the addition of oxygen to the
plasma does change from only Si-M, to a mixture of Si-M, and Si-Mj3. This change would
rather result in an increase of the refractive index than a decrease, because of an increase of
the carbon content of the film. Therefore the decrease of the refractive index has to occur due
to reactions at the deposition surface. As shown by argon-oxygen plasma treatment of
deposited silicon oxide like films, oxygen radicals at the surface are capable of etching methyl
groups leading to less methyl groups in the film [16]. This results in a lower refractive index.
Increasing the molecular oxygen flow in the deposition plasma will lead to an increase of the
oxygen radical density at the film surface resulting in a decrease of the methyl group density
in the deposited films and thus also to a decrease of the refractive index. A part of the
decrease of the refractive index can also be caused by an increase in void density in the film.
Due to addition of oxygen the deposition species become larger and therefore it is not
unlikely that this will cause a larger void density in the film.

.- 1.44 -

1.42-

1.40

1.38-

1.36 \
1.34 o

1.32- l

1.301 [ — ‘u

o+ 1.28+———F+—— 71—
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Oxygen flow (sccs) Oxygen flow (sccs)

64

a
1
]

Deposition rate (nm/s)
w
Refractive index

Figure 7.2: Deposition rate and refractive index as function of the oxygen flow for fixed TMS
flow (6.5 sccs). Other parameters at ‘standard’ conditions.

When only looking at the deposition rate and the refractive index already some
information about the TMS reaction mechanism is obtained. By means of infrared
transmission absorption spectroscopy more information can be obtained and a better
understanding of the TMS reaction mechanism can be given. In Figure 7.3 a part of a typical
infrared transmission spectrum is shown. Two spectra are shown obtained at two different
times, one measured immediately after deposition and one measured approximately two
months later. It can be seen that the spectrum does change in the oxygen related absorption
peak (Si-O-Si, 1020-1090 cm™). This change is due to the exposure of the sample to air. The
film spontaneously reacts with the molecules present in ambient air, resulting in the
incorporation of oxygen in the film. It can be seen in Figure 7.3 that the non oxygen related
absorptions (i.e. Si-CHs at 1267 cm™) are not influenced by the exposure to air. Although, due
to aging, the oxygen absorption peaks are less reliable for the analysis of the film, they will
still be used here. Since the absolute values cannot be trusted it is assumed that the trends in
the absorption peak intensities can still be used.
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Figure 7.3: Part of the infrared transmission absorption spectrum of a film deposited using
TMS as a precursor. No oxygen and other parameters at ‘standard’ conditions.

To analyse the various trends of the different bonds, the transmission absorption peaks
have been integrated and corrected for film thickness. The corrected integrated absorption
intensity of the Si-CHj; absorption peak as function of the TMS flow is shown in Figure 7.4.
In Figure 7.4 it can be seen that the Si-CHj3 intensity is increasing with increasing TMS flow
when a fixed oxygen flow is added to the deposition plasma. As already discussed before this
is due to the fact that at a higher TMS flow less oxygen per TMS molecule is available and
therefore less methyl can be removed from the film by the oxygen present in the plasma.
When no oxygen is added, the Si-CHj3 intensity is almost constant. It shows a weak minimum
in intensity with increasing TMS flow, which could be caused by fact that at low TMS flows
multiple reactions with argon ions can occur. It can also be seen in Figure 7.4 that the
absorption intensity is the same for measurement just after deposition and for measurements
two months after deposition. This indicates that the amount of methyl present in the film is
not affected by exposure of the sample to air.

0.007 - . ]
= Q) noO S 0.0054
S 00064 @ p :
E \Q\u/u/ U
< 0.005- ; o S 0.004-
o sccs O, = ~
o
3. 0.004- ——8'10 sccs O £ i B
8 - s S 0.003 \
2 0.003- —" = g 8=—p o
B
© - 0.0024
T 0.002 i ) P Q
9 Si-CH, absorption (1267 cm”) ©
o 0.0014 —m— directly after deposition o 0.0014
(@] (0]
Q —O— 2 months later b=
€ 0.000 . . : : ; . = 0.000 ——
2 4 6 8 10 12 0 2 4 6 8 10 12 14 16
TMS flow (sccs) Oxygen flow (sccs)

Figure 7.4: Corrected integrated Si-CHj; absorption intensity as function of the TMS flow for
different oxygen flows and as function of the oxygen flow at fixed TMS flow (6.5 sccs). Other
parameter at ‘standard’ conditions.

141



Chapter 7

In Figure 7.4 also the corrected integrated absorption intensity of the Si-CHj3 bond as
function of the oxygen flow for fixed TMS flow (6.5 sccs) is shown. It can be seen that there
i1s a negative correlation between the absorption intensity and the oxygen flow. This is as
expected because when more oxygen is present more methyl groups can be removed from the
film surface. The decrease of the Si-CHj absorption intensity as function of the oxygen flow
is in good agreement with the change of the refractive index (cf. Figure 7.2). From all data
shown in Figure 7.4 it can be concluded that no carbon free silicon oxide like films have been
deposited using TMS as a precursor.
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Figure 7.5: Corrected integrated Si-O-Si absorption intensity as function of the TMS flow for
different oxygen flows and as function of the oxygen flow at fixed TMS flow (6.5 sccs). Other
parameter at ‘standard’ conditions.

In Figure 7.5 the corrected integrated Si-O-Si absorption intensity as function of the
TMS flow and as function of the oxygen flow is shown. It appears that when no oxygen is
used in the plasma still the amount of Si-O-Si bonding in the film is significant. It is of the
same order as when oxygen is used in the plasma. This oxygen has to be build into the film by
exposure of the film to ambient air. The fact that the amount has such a high value shows that
this process is fast and throughout the film, indicating once more that the film is very porous.
For HMDSO deposition it was found that an increasing deposition rate also increases the
amount of voids present in the film. This can also be observed for TMS deposition when
looking at the no oxygen deposition. For a low TMS flow (1.6 sccs) the amount of Si-O-Si
present in the film just after deposition is small compared to all other values measured,
indicating that in this situation the reactivity of the film with ambient air, and thus the void
density, is lower.

The Si-O-Si absorption intensity in the case oxygen is added to the deposition plasma
decreases as function of the TMS flow. This is again due to the decrease of the oxygen to
TMS ratio in the deposition plasma, which is the same reason why the Si-CHj3 density
increases with increasing TMS flow. An increase in the void density will also contribute to a
decrease of the Si-O-Si bond density.

The Si-O-Si absorption intensity as function of the oxygen flow shows a peculiar
behaviour. It increases when adding a little oxygen, but the level remains constant and
becomes independent of the oxygen flow when adding more oxygen to the deposition plasma.
The increase due to addition of oxygen is small and notice that also in the case when oxygen
is added to the deposition plasma, exposure to air will still result in an incorporation of more
oxygen in the films. Therefore the small addition is likely due to the oxygen added to the
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plasma, suggesting that the deposition process is not changed dramatically by the introduction
of oxygen to the plasma. This corroborates again the assumptions that Si-Ms, and not
0-Si-M,, is formed in the reaction between oxygen radicals and TMS molecules.

The TMS flow injected into the plasma is higher than the amount of argon ions and
electrons emanating from the plasma source. Therefore a TMS molecule can only react once
with an argon ion when no oxygen is added to the plasma. When oxygen is added the argon
ions will react with the oxygen molecules forming two oxygen radicals which can react at the
surface and in the gas phase. As shown, reaction of oxygen radicals with TMS molecules in
the gas phase will result in the formation of Si-Mj radicals which are similar to the Si-M;
radicals dominantly created in the reaction between argon ions and TMS molecules. Therefore
addition of oxygen to the deposition plasma will not result in dramatic changes to the plasma
gas phase and thus surface reactions of oxygen can only change the deposited film properties.
It has been observed that the presence of oxygen does change the Si-CH; bond density but it
does not change the Si-O-Si bond density. This suggests that oxygen at the surface is only
responsible for abstraction of methyl groups and does not significantly contribute to
incorporation in the film in the Si-O-Si bond stochiometry.

Comparison of the integrated Si-O-Si absorption intensity obtained immediately after
deposition with the ones obtained two months after deposition shows that the measured
integrated intensities increase slightly. This increase is almost identical for all measured
absorptions. As can be seen in Figure 7.3 the change is a real change and is caused by the
interaction between the deposited film and ambient air.
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Figure 7.6: Corrected integrated Si-OH absorption intensity as function of the TMS flow for
different oxygen flows and as function of the oxygen flow at fixed TMS flow (6.5 sccs). Other
parameter at ‘standard’ conditions.

A third absorption peak that has been analysed is the Si-OH absorption peak. This
absorption peak, which is not shown in Figure 7.3, is a broad absorption peak located between
3000 cm™ and 3300 cm™. In Figure 7.6 the integrated absorption intensity for this peak has
been plotted as function of the TMS flow for different oxygen flows and as function of the
oxygen flow for fixed TMS flow. It can be seen that for the Si-OH bond there is a significant
difference between the case no oxygen is added and the case oxygen is added to the
deposition plasma. In Figure 7.6 it can be seen that the Si-OH density does in general
decrease with increasing TMS flow at fixed oxygen flow, which is caused by the changing
TMS to oxygen ratio in the plasma. If no oxygen is added the decrease of the Si-OH density
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could be caused by an increased void density in the film, due to which less reaction sites per
volume are available to form Si-OH bonds when the film is exposed to air. Also in the case
oxygen is used in the deposition plasma a part of the Si-OH bonds present in the film will be
due to the exposure to air. This can clearly be seen in the difference between the Si-OH
absorption intensity measured directly after deposition and the measurements done two
months later.

7.4 Discussion

The deposition experiments done using TMS as a precursor provides information on
the reaction mechanism of TMS with the argon plasma and with oxygen radicals. The
dominant species in the gas phase of the TMS deposition plasma have been deduced.
Therefore first the different reactions at the film surface will be addressed in the case that
TMS is added to the expanding thermal argon plasma. The results will be used to hypothesize
the growth mechanism of silicon oxide like films from a HMDSO containing expanding
thermal argon plasma.

Table 7.2: Overview of the various diatomic bonds and their binding energies.

Bonding Ebond (€V) Bonding Evond (€V)
Si-Si 3.39 C-O 11.17
Si-C 4.69 C-H 3.51

Si-O 8.30 0-O0 5.17

Si-H <3.11 O-H 4.44

C-C 6.30 H-H 4.53

A requirement for a reaction to occur is that it is energetically feasible. For this the
bond strengths are needed to check if the reactions are exothermic. In Table 7.2 an overview
is given of the various diatomic bonds that could possibly be formed with silicon, carbon,
oxygen and hydrogen atoms. Also their corresponding binding energy (Epond) 1S given in
Table 7.2 [32]. The binding energy is dependent on the configuration and bond types of the
other covalent bonds that are connected to an atom. Notice that the binding energies given are
determined for well defined molecules, therefore slight differences with silicon oxide like
films could exist.

As mentioned the electron temperature is low (a couple of tenths of eV) in an
expanding thermal argon plasma [13,14]. The ion temperature is approximately equal to the
electron temperature. Bias energies at the substrate are 1 eV at maximum. Therefore there will
be no energetic ion bombardment at the film surface. Because no new argon ions and
electrons are created downstream of the cascaded arc exit, the ion and electron density will
decrease as function of the distance to the arc exit due to the expansion of the plasma. When a
precursor is injected into the argon plasma the argon ions and electrons in the plasma will be
consumed causing a further decrease of the number of ions and electrons arriving at the film
surface [31]. So when ion bombardment or chemical energy of ion-electron recombination at
the film surface will have a contribution to film growth it will become less important for
increasing deposition precursor gas flows.
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74.1 TMS

When no oxygen is added to the deposition plasma the TMS molecules will react with an
argon ion followed by a reaction with an electron according to Eq. (7.4) and Eq. (7.5). This
results in the formation of Si-M, species. A possible mechanism for a Si-M; particle to react
at the surface is given by:

M
|

M- Si-
M-Si—M
\ :

(7.7)

where the dot indicates a free surface site or a free bond in the gas phase species. As can be
seen the reaction is in such a way that a immediately a free surface site is available for further
reactions at the surface.

In the gas phase two methyl groups are separated from the TMS precursor gas
molecule. These methyl groups are also transported to the surface and have a contribution to
the film. Based on binding energy two reactions can occur at the surface:

M
. — M

| (7.8)

M
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The first reaction is known to occur in the deposition of hydrogenated amorphous carbon and
it is found that methyl has a low sticking probability (10 - 107 but is dependent on the
surface composition [19]). However, in that case the methyl will form a C-C bond at the
surface. In the case of deposition of silicon oxide like films also other bonds can be formed
and thus the sticking probability of methyl in this case might be different. The binding energy
of the C-C bond is higher than the binding energy of the Si-C bond (cf. Table 7.2) and
therefore it is very likely that the sticking probability of methyl in the case of TMS deposition
without the addition of oxygen will be lower than the reported values in literature [19].

The reaction given by Eq. (7.9) is only possible energetically because the C-C binding
energy is significantly higher than the Si-C binding energy. The species indicated by M-M
could also have been a ethylene or acetylene in combination with molecular hydrogen. Due to
interaction of methyl groups at the surface the number density of free bonds can be decreased
by the reaction given by Eq. (7.8) and increased by the reaction given by Eq. (7.9). The
former reaction is however the most likely one, because for that reaction there is no threshold
energy, whereas there is a threshold energy for the latter reaction. Therefore the number
density of free bonds will decrease due to the presence of free methyl groups in the plasma
gas phase, which will have a negative influence on the deposition rate.
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When the argon ion flux is higher than the TMS flow then also a second reaction
between argon ions and the dissociation product of TMS can occur. This results in smaller
fractions arriving at the substrate surface. Smaller deposition particles arriving at the substrate
surface could result in less voids in the deposited film, because small particles fill up small
gaps at the surface and do not cover them leaving a void. Note that stripping of more methyl
groups from the TMS molecule in the gas phase automatically results in a higher flux of
methyl groups at the substrate surface which also contribute to film growth. Although the
sticking probability of the various species is different the films deposited at low TMS flow
will still have a fairly high density of methyl groups. The small decrease observed for the
Si-CH; bond density for increasing TMS flow up to 6.5 sccs when no oxygen is added to the
deposition plasma (cf. Figure 7.4) could therefore be due to an increase in the void density.
For flows above 6.5 sccs the Si-CHj3 bond density weakly increases with flow. This needs to
be caused by an absolute increase in methyl groups in the film.

In reaction Eq. (7.6) two possible deposition particles are given in the case TMS and
oxygen are used together in the plasma. With the first particle generated (Si-M3) oxygen
radicals strip of a methyl group from the TMS molecule and with the second particle
(O-Si-M3) oxygen radicals exchanges position with a methyl group in the TMS molecule. As
shown from the difference in the deposition rate obtained using TMS and HMDSO as a
precursor it can be deduced that the sticking probability of a O-Si-My radical is much higher
than that of a Si-My radical. When oxygen is added to the TMS deposition plasma no
significant increase in the deposition rate is measured and from this it can be concluded that
0O-Si-M3j is not or almost not produced in a reaction with oxygen radicals and TMS. The most
probable surface reaction of the dominant particle (Si-M3) produced in the reaction between
oxygen and TMS is given by:

M
|
M—Si—M M

|
M—Si—M
\ "

(7.10)

This reaction can occur when the free bond at the surface is at a silicon site. In that case no
free bond is generated automatically and therefore new free bond haves to be produced by
interaction of oxygen radicals with the surface or by interaction of methyl groups with the
surface as indicated by Eq. (7.9). When the free bond at the surface is at an oxygen site it
might be possible to generate a free bond on interaction with the surface:

\ M—Si—M (7.11)

This is because the Si-O binding energy is much higher than the Si-C binding energy so that
the generated bond has a surplus energy enough to break a Si-C bond. Even though there is a
large energy surplus in this reaction it is not a very likely one because the step of sticking and
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splitting has to occur simultaneously. However, when occurring the emitted methyl group
could redeposit or abstract another methyl group as indicated by Eq (7.8) and Eq. (7.9).

At the surface oxygen is able to strip methyl groups. The reactions with oxygen
radicals occurring at the surface of a film deposited using TMS as a precursor will be similar
to the reactions with oxygen radicals occurring at the surface that has been deposited using
HMDSO as a precursor. It has been shown before by argon-oxygen plasma treatment [16] that
oxygen radicals react at the surface and in the film stripping a methyl group and leaving a Si-
H bond. This Si-H bond can then further react with oxygen to become an Si-O bond, but as an
intermediate step a silicon atom with a free bond is created (Eq. (7.3)). This occurs when the
film is exposed to an argon-oxygen plasma because then oxygen is the only reacting particle
and the oxygen radical density at the film surface is high. However in a situation that the film
is being deposited at the same time it is less likely to happen because the reaction time is less
and the penetration depth of the oxygen radicals will also be less. Generated free bonds will
also be used as reaction sites for film growth. When the reaction to form Si-O will occur, the
rate will also be lower than in a pure argon-oxygen plasma because a part of the oxygen
radicals are consumed by the TMS gas in the gas phase.

If a Si-O bond is generated then still a second reaction needs to occur to form a
Si-O-Si bond. Because the film is being deposited and is very porous it is very likely that such
a second reaction cannot occur because there is no other silicon atom with a free bond in the
vicinity of the created another Si-O bond. Therefore it is conceivable that the Si-O bond will
be terminated by hydrogen which is present in the gas phase resulting in an Si-OH bond,
which explains also why the Si-OH bond density is dependent on the oxygen flow and the
Si-O-Si bond is not. The hydrogen present in the gas phase is e.g. produced by reactions of
oxygen radicals with methyl radicals. Although there is a possibility that during deposition an
Si-O is terminated by a hydrogen radical, the free bond can also be used as a deposition site
for further film growth and therefore the Si-OH density will remain relatively small compared
to other bond types.

As shown in the formation of the Si-O bond from an Si-CHj bond as an intermediate
step Si-H is created. When this reacts with an oxygen radical a silicon atom with a free bond
is produced and one OH radical. When this OH radical is not created at the surface of the
film, it has to diffuse out of the film which means that it will collide many times on the way
out. It is very likely that the OH radical will then encounter a silicon atom with a free bond to
which it can easily stick forming a Si-OH bond. Because both the stripping of the methyl
group and the production of the OH radicals is oxygen dependent, the produced Si-OH bond
density is also oxygen dependent. The depicted process is almost identical to the process
given by Eq. (7.3). Only the last reaction is different and the total reaction mechanism is
given by:

Si-CH; (s) + O (g) = Si-H (s) + 0=CH, (g)
Si-H (s) + O (g) > Si (s) + OH (g) (7.12)
Si (s) + OH (g) > Si-OH (s)

where the silicon atom created in the second reaction does not necessarily have to be the same
as the silicon atom consumed in the third reaction.

It has been shown that films deposited using TMS as a precursor react with ambient
air. There are two possible reactions, one with molecular oxygen and one with water. Since
the film is very porous the reactions will not only occur at the surface but throughout the
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whole film. This is the main reason why the influence can be measured by a fairly easy
analysis technique as FTIR transmission absorption spectroscopy. When the reactions would
only occur at the surface the influence would most likely not have been noted. Based on the
bonding energy it is possible for molecular oxygen to generate Si-OH and Si-O bonds. For
water it is possible to generate Si-OH bonds, but it is also possible for water to get
physisorbed to the film. In that case also a kind of Si-OH bond is generated which will show
an infrared absorption in the same area as a chemical Si-OH bond. It is therefore likely that a
change in Si-OH density is caused by physisorbed water. The generation of Si-O-Si bonds
cannot be caused by physisorbed species and therefore a chemical reaction is needed. When
after deposition still silicon atoms with free bonds are present in the film then these sites will
be the easiest sites at which molecular oxygen can react, followed by the Si-H bonds which
are present in the deposited films. A third possibility is that atomic oxygen will react with a
Si-Si bond to form a Si-O-Si bond by inserting an oxygen atom in the network.

7.4.2 HMDSO

The interaction of HMDSO with argon ions in a pure argon plasma is already known
and is given by Eq. (7.1). This is followed by dissociative recombination with an electron (Eq.
(7.2)) which can result in two different reaction pathways. The second pathway is the most
likely because that reaction has the lowest activation energy. Therefore the dominant
deposition species in the plasma gas phase are Si-Mj3 and O-Si-M,. From the TMS reaction
mechanism in combination with the HMDSO deposition rate it is derived that the Si-Mj
radical has a low sticking probability at the surface in comparison to a O-Si-My radical.
Therefore the most likely deposition precursor is the O-Si-M; radical. This radical has two
dangling bonds and therefore it can react in two different ways at the surface:

o)
| .
M—Si—M o)
° | (7.13)
\ . M—Si—M
\
M—Si—M
\ .
M—Si—M
9 ] (7.14)
\ . o

Both reactions can occur on a surface silicon atom with a free bond as well as on a
surface oxygen atom with a free bond. It is most likely that the reaction will occur in such a
way that an Si-O bond is created, because this has the highest bonding energy and the highest
reaction probability. Investigation of both reactions shows that the binding energy excess
when a Si-O bond is formed is enough to break a Si-C bond and therefore it is possible that on
interaction with the surface a methyl group is removed and emitted into the gas phase. This
emitted methyl group can redeposit or abstract another methyl group as indicated by Eq. (7.8)
and Eq. (7.9). Not all the emitted methyl groups will redeposit and therefore this extra
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removal of a methyl group can result in an increase of surface free bonds and a decrease in
methyl groups in the deposited film. Notice that when a Si-Si bond is created during
deposition of the O-Si-M; radical the excess energy is too small to remove a methyl group.

When the HMDSO flow injected into the deposition plasma is smaller than the argon
ion flux emanating from the arc, then the HMDSO molecules can react more than once with
the argon ions, resulting in smaller fractions of the HMDSO molecule arriving at the surface
of the film. Further dissociation of Si-M3; and O-Si-M; results in the production of more free
methyl groups in the gas phase. This production of free methyl radicals will terminate surface
free bonds as shown in Eq. (7.8). This results in a more methyl rich composition of the film
when the injected HMDSO flow is smaller than the argon flux emitted by the arc in
comparison to the case in which the HMDSO flow is larger than the ion flux from the arc. In
the latter case, when polymerisation reactions are excluded, the ratio of the various deposition
radicals, O-Si-M,, Si-M3; and methyl, arriving at the surface will be constant and independent
of the HMDSO flow. Therefore the film properties will not change with an increase in
HMDSO flow. This is in agreement with the observed film properties [9].

When oxygen is added to the HMDSO argon plasma, oxygen radicals are produced
and these will react with the HMDSO molecules. From the TMS experiments it has been
derived that most probably oxygen strips of one methyl group from the TMS molecule. So it
is fair to assume that the same will occur in the case of HMDSO. However in the case of
HMDSO there is also one extra reaction possibility. The HMDSO molecule is not a linear
molecule, but for clarity it has been drawn linear in the reaction equations. In reality it is a
dipole molecule similar to water. When the oxygen radical approaches the HMDSO molecule
at the oxygen atom, then it is possible to break the molecule at the Si-O bond and form
another Si-O bond with the oxygen radical. This is a energy neutral reaction and when the
oxygen radical is an excited one, this reaction is exothermic. In short the reactions between
HMDSO and oxygen are given by:

M M

\ \
M-Si—-0-Si— 0+ + M
\ \

M M
M M / M M

| | | |
M-Si-0O-Si-M + O —— M-Si—-0-Si- + M—O0-
\ \ | \

M M M M
\ M M

(7.15)

As mentioned from the first two reactions the second is the most likely one. Interaction of the
species created in this reaction with the deposition surface is given by:
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M M M

\ |
M—Si—O—Si- M*é*M
\ \ |

Mo M \ . 0 (7.16)
\
M—Si—M
\

Depending on what is the surface species to which the Si;OM;5 radical is connecting there will
be enough exothermic binding energy to remove some parts of the radical. This could be a
methyl group, but it could even be a break at one of the Si-O-Si bonds when the bond formed
at the surface is an Si-O bond. However this reaction is neutral in energy and thus less likely.

The deposition reaction shows that addition of oxygen to the deposition plasma will
result in an increase of the Si-CHj; density for low oxygen flows. This has also been observed
by infrared transmission absorption spectroscopy (not shown) for HMDSO deposited films at
constant background pressure (for oxygen flows <2 sccs). At the same time a continuous
increase of the Si-O-Si bond density is observed on addition of oxygen to the deposition
plasma, which is caused by the fact that part of the depositing species already have a Si-O-Si
bond (Eq. (7.16)). If no oxygen is added, this bond has to be formed at the surface interaction
because it is broken in the plasma gas phase. From the trend observed by infrared
transmission absorption spectroscopy it can tentatively be concluded that the Si,OM;5 radical
is not likely to break at the Si-O-Si bond at the surface. However the removal of a methyl
group on interaction of the Si,0M;5 radical at the surface is not excluded by this. Splitting of a
methyl group is beneficial for the growth rate, because then no new surface site has to be
created by an interaction with gas phase species.

Addition of large amounts of oxygen will result in stripping of methyl groups at the
surface, similar to TMS depositions. However, for HMDSO no formation of Si-OH bonds has
been observed when the film is exposed to air, which indicates that the HMDSO deposited
film is probably less porous than the film deposited using TMS as a precursor. On the other
hand argon-oxygen plasma treatment of silicon oxide like films deposited from HMDSO
shows that the film can be altered over the full thickness [16], which indicates that it has a
significant porosity.

At an equivalent silicon atom flow and similar other plasma conditions the deposition
rate using HMDSO is at least one order of magnitude higher than when using TMS as a
precursor. This is a clear indication that the dominant deposition species in the case of
HMDSO deposition is different from that of TMS deposition. Although the first reaction
product shown in the second reaction of Eq. (7.16) is about twice the size of the dominant
reaction product in the case TMS is used as a precursor (Si-M3) this alone could not lead to an
increase of the deposition rate by at least one order of magnitude. This suggests that in the
reaction between oxygen radicals and HMDSO molecules the dominant deposition has a
higher sticking probability than Si-Mj;. The most probable species is generated in the third
reaction (O-Si-Ms) of Eq. (7.16). The reaction at the film surface of this species is given by:
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M
\
M—Si—M M
| \
0 M—Si—M
. ‘ (7.17)
\ . 0

One oxygen molecule will be dissociated in two oxygen radicals and therefore two
HMDSO molecules can be dissociated per oxygen molecule. On interaction with HMDSO
and oxygen radicals two of the dominant deposition species are produced (O-Si-M3). Which
suggest an increase of the deposition rate by a factor four is possible when assuming the
sticking probability of O-Si-M, is similar to that of O-Si-M3. However no serious increase of
the deposition rate has been observed when adding oxygen to the deposition plasma. This
may be caused by the absence of free bonds after deposition of the O-Si-Mj radicals.
Therefore first free bonds have to be generated before deposition can continue. For this
generation of free bonds oxygen is needed. On interaction of the O-Si-M3 molecule with the
surface however a part of the radicals will split off a methyl group, which is energetically
possible, and therefore the deposition rate will initially increase on addition of oxygen to the
HMDSO deposition plasma. Notice that with the addition of small amounts of oxygen the
dominant dissociation for HMDSO will still be by interaction between argon ions rather than
oxygen radicals.

Opposite to the case of pure HMDSO deposition, addition of oxygen to the argon-
HMDSO deposition plasma will stop the production of free methyl groups in the gas phase.
This will cause the deposition rate to remain at a high level or even to increase. For high
oxygen flows (>5 sccs) and at constant pressure it has been observed that the deposition rate
does decrease with an increase of oxygen flow (not shown). A similar maximum has been
observed at the same oxygen level in argon-oxygen plasma treatment of silicon oxide like
films deposited from HMDSO [16]. There it has been shown that the oxygen radical density
does decrease at the surface for increasing oxygen flow above 5 sccs. Addition of HMDSO to
an argon-oxygen plasma does change the plasma chemistry and therefore this process does
not have to apply for a deposition plasma. However adding HMDSO to an argon-oxygen
plasma automatically decreases the oxygen radical flux arriving at the substrate surface
because oxygen radicals react with the HMDSO molecules in the gas phase. Nevertheless this
does not automatically mean that the trend of the oxygen radical density as function of the
injected oxygen flow is changed. At large oxygen flows the oxygen radical reactions with
HMDSO molecules are dominant and thus oxygen radicals are needed at the surface to create
free surface sites. If the oxygen radical density decreases with increasing oxygen flow then
also the deposition rate will decrease, which is in agreement with the observations.

7.5 Conclusions

Using TMS and oxygen as precursors for the deposition of silicon oxide films in
combination of an expanding thermal plasma does result in silicon oxide like films with high
porosity. Also the films show a high reactivity with ambient air. Although the films contain a
significant amount of carbon the refractive index of the films is significantly lower than that
of pure silicon dioxide (1.3 vs. 1.46). Comparison of the deposition rate using TMS as a
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precursor with the deposition rate using HMDSO as a precursor for equivalent silicon atom
flows shows that the deposition rate using TMS is at least one order of magnitude lower. This
indicates that the deposition species generated in the plasma when TMS is used as a precursor
has a low sticking probability which is at least a order in magnitude lower than that of the
most dominant deposition species in the case that HMDSO is used as a precursor.

From the measurements using TMS as a precursor a first picture of the deposition
mechanism can be given. Although the shown deposition mechanism is by far complete, it
can explain the variations in the film properties as function of conditions. Based on this
information it can be qualitatively indicated which reactions are more important than others.
For additional information on relevant reaction rates, more data needs to be obtained by
additional experiments, e.g. gas phase absorption spectroscopy and mass spectrometry [33].
Combination of such additional experiments and modelling of the reaction mechanism could
result in refinement of the deposition mechanism. However then it should be kept in mind that
sticking probabilities of various species could also depend on the state and composition of the
surface to which they will stick. When the plasma parameters are changed, this may change
the film properties caused by a change in deposition species composition but probably also by
a change in sticking probability of the various depositing species.

The study of the TMS deposition mechanism tentatively shows that oxygen atoms and
methyl groups do not exchange upon interaction in the gas phase. Therefore it can be assumed
that in the case HMDSO is used as a precursor, oxygen atoms will also not be able to
exchange with a methyl group. From this it can therefore be derived that HMDSO molecules
need to have a different interaction with oxygen radicals in the gas phase. Otherwise the
deposition rate would become less with addition of oxygen compared to no addition of
oxygen, as a deposition species is generated with a lower sticking probability than the species
that is produced in the absence of oxygen. A large fraction of the HMDSO molecules is
assumed to dissociated on a Si-O bond by the interaction with argon ions and also by the
interaction with oxygen radicals.

Although high deposition rates (>20 nm/s) can be obtained easily with the expanding
thermal plasma, the deposited silicon oxide films have a high porosity which makes the films
probably less suitable for use as protective coatings in the packaging industry. The films can
however easily be used as optical coatings, especially because a large diversity in refractive
indices can be obtained (1.28 to 1.60). Due to the high porosity the films could maybe also be
used for catalytic purposes. The mechanical properties of the films have not been analysed
and therefore nothing can be said about the scratch resistance of the films. The presence of a
significant amount of methyl groups in the film and an amorphous structure makes it likely
that the films show a large elasticity.

References

[1] C. Bourreau, Y. Catherine, and P. Garcia, Plasma Chem. Plasma Proc. 10 (1990) 247

[2] K. Fuyjino, Y. Nishimoto, N. Tokomasu, and K. Maeda, J. Electrochem. Soc. 139 (1992)
2283

[3] K. Aumaille, C. Vallee, A. Granier, A. Goullet, F. Gaboriau, and G. Turban, Thin Solid
Films 359 (2000) 188

[4] K. Sano, S. Hayashi, S. Wrickramanayaka, and Y. Hatanaka, Thin Solid Films 281-282
(1996) 397

152



The HMDSO reaction mechanism

K.H.A. Bogart, S.K. Ramirez, L.A. Gonzales, G.R. Bogart, and E.R. Fisher, J. Vac. Sci.
Technol. A 16 (1998) 3175

N. Benissad, C. Boisse-Laporte, C. Vallee, A. Granier, and A. Goullet, Surf. Coat.
Technol. 116-119 (1999) 868

D. Hegemann, U. Vohrer, C. Oehr, and R. Riedel, Surf. Coat. Technol. 116-119 (1999)
1033

M. Walker, K.M. Baumgirtner, J. Fiechtinger, M. Kaiser, A. Schulz, and E. Riuchle,
Vacuum 57 (2000) 387

M.F.A.M. van Hest, B. Mitu, and M.C.M. van de Sanden, Deposition of silicon oxide
like films using a remote thermal plasma, to be published; Chapter 5 of this thesis
M.R. Alexander, F.R. Jones, and R.D. Short, Plasmas and Polymers 2 (1997) 277

M.R. Alexander, F.R. Jones, and R.D. Short, J. Phys. Chem. B 101 (1997) 3614

A.M. Wrébel, M. Kryszewski, and M. Gazicki, J. Macromol. Sci.-Chem. A20 (1983)
583

J.J. Beulens, M.J. de Graaf, G.M.W. Kroesen, and D.C. Schram, Mater. Res. Soc. Proc.
190 (1990) 311

M.C.M. van de Sanden, J.M. de Regt, and D.C. Schram, Phys. Rev. E 47 (1993) 2792
J. Schwarz, M. Schmidt, and A. Ohl, Surf. Coat. Technol. 98 (1998) 859

M.F.A.M. van Hest, A. Klaver, D.C. Schram, and M.C.M. van de Sanden, Argon-
oxygen plasma treatment of deposited silicon oxide like films, to be published; Chapter 6
of this thesis

C. Vallee, A. Granier, K. Aumaille, C. Cardinaud, A. Goullet, N. Coulon, and G.
Turban, Appl. Surf. Sci. 138-139 (1999) 57

S. McGinnis, K. Riehl, and P.D. Haaland, Chem. Phys. Letters 232 (1995) 99

M. Meier and A. von Keudell, J. Chem. Phys. 116 (2002) 5125

H. Kojima, H. Toyoda, and H. Sugai, Appl. Phys., Lett. 55 (1989) 1292

W.M.M. Kessels, M.C.M. van de Sanden, R.J. Severens, and D.C. Schram, J. Appl.
Phys. 87 (2000) 3313

J.W.A M. Gielen, M.C.M. van de Sanden, P.R.M. Kleuskens, and D.C. Schram, Plasma
Sources Sci. Technol. 5 (1996) 492

J.W.AM. Gielen, W.M.M. Kessels, M.C.M. van de Sanden, and D.C. Schram, J. Appl.
Phys. 82 (1997) 2643

A. de Graaf, Deposition of CNH Materials; Plasma and Film Characterization, Ph.D.
Thesis, Eindhoven University of Technology (2000)

H. Miécker, Z. Naturforsch. 11 (1956) 457

J.W.AM. Gielen, Plasma Beam Deposition of Amorphous Hydrogenated Carbon, Ph.D.
Thesis, Eindhoven University of Technology (1996)

H.J. Boer, J. de Physique IV 5 (1995) C5-961

H.J. Boer, Solid State Technology (March 1996) 149

TRCVP, Vapor Pressure Database, Version 2.2P, Thermodynamic Research Center,
Texas A&M University, College Station

Schumacher, Material Safety Data Sheet 1315-0057 E (2000)

M.F.A M van Hest, J.R. Haartsen, M.H.M. van Weert, D.C. Schram, and M.C.M. van
de Sanden, Analysis of the argon-oxygen plasma gas phase, to be published; Chapter 4
of this thesis

153



Chapter 7

[32] D.R. Lide, Editor-in-chief, CRC Handbook of Chemistry and Physics 79th edition, CRC
Press, New York (1999)

[33] M.F.A.M. van Hest, A. de Graaf, M.C.M. van de Sanden, and D.C. Schram, Plasma
Sources Sci. Technol. 9 (2000) 615; Appendix to Chapter 2 of this thesis

154



Chapter 8

ZnSn,O, deposition: A combinatorial
approach’

M.F.A.M. van Hest, J.D. Perkins, and D.S. Ginley

Abstract

In the search of new transparent conducting oxides a large material phase space needs
to be investigated. This can be done by using the combinatorial approach, which makes it
possible to investigate a large part of the material phase space with a relatively small amount
of deposition runs. So called binary ZnSn,O, combinatorial libraries have been deposited by
means of sputtering of solid ZnO, Sn and SnO, targets. The deposited libraries have a high
resistivity (>10° Qcm) when deposited. The resistivity becomes reasonable for various
compositions (<1 Qcm) when the libraries are annealed in a nitrogen atmosphere. An increase
in the annealing temperature results in a decrease of the resistivity. The lowest value for the
resistivity is obtained for a Sn/Zn ratio close to 0 and a Sn/Zn ratio of approximately 1. This
suggest that the best conductivity is obtained for Sn doped ZnO or the ZnSnOj; stoichiometry.
Including indium in the combinatorial deposition process to form a ternary ZnSn,In,O,
combinatorial library results for specific film composition in a reduction of the resistivity.
Also the resistivity becomes less dependent on the film composition.

" This is an overview of a part of the work which is the result of a two month visit to the National Renewable
Energy Laboratory (NREL) in Golden, Colorado (USA).
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8.1 Introduction

In the thin film industry transparent conducting oxides (TCO) are becoming
increasingly important due to their wide range of applications. TCOs can be used in e.g.: thin
film photovoltaics (solar cells) and flat panel displays, and exist generally as n-type material.
Traditional TCO materials are ZnO doped with Al or F, SnO, doped with F, and InSnOx
doped with F. Due to the increasing demand for TCOs there is a growing need for new
materials with improved properties. Beside the basic properties which are important, i.e. high
conductivity and good optical transparency, many other criteria are becoming equally
important e.g. crystallinity, stability, hardness, and toxicity.

One of the current dilemmas for the development of TCOs is that while improved
carrier concentrations can be obtained, the result is not always an increased conductivity.
Rather both the transparency in the infrared and the conductivity can suffer due to free
electron absorption and an increase in defects. Nevertheless one of the main objectives in
current TCO research is finding higher mobility materials. To obtain this, new exotic binary
and ternary TCO materials are being investigated e.g. Cd,SnO4 [1,2]. Zn,In,Os [3,4], and
Iny 2xSnxZn,O5 [5,6]. To date, these complex materials are generally alloys of the simpler
established transparent conducting metal oxides such as ZnO, SnO,, In,O3, CdO, and Ga,0O;

[7].

() In,0O,

U Ga,0,

Figure 8.1: Pictorial representation of the complex composition phase space which is
currently investigated formed by ZnO, SnQ,, In,0;, CdO, and Ga,0:s.

No complete theory exists to predict the behaviour of these complex materials. Therefore a
large compositional phase space is being explored. When using the five mentioned metal
oxides this results in a compositional phase space as given in Figure 8.1. A full exploration of
the compositional phase space represented in Figure 8.1 can only be done realistically by a
combinatorial approach [e.g. 8,9,10]. In this approach each sample, called a library, spans a
range of material compositions and processing conditions.
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In addition to this empirical approach of optimising the performance of TCOs, full
exploration of the composition phase space will result in new insights into the basic material
science and solid state physics of TCOs. Also the full exploration will yield unanticipated
domains of promising new TCOs, because many different crystalline phases will be
encountered, e.g. along the simple binary ZnO-SnO, line already at least four distinct
crystalline phases exist: SnO,, ZnSnO3, Zn,SnO4, and ZnO.

The application of combinatorial approaches to the development of TCOs requires not
only the development of appropriate deposition tools, but also rapid automated
characterization and analysis or data mining tools. Because each combinatorial library
consists of a large number of effective samples, mining the data is a real challenge, even for
moderately sized combinatorial libraries. Therefore, while one of the strengths of
combinatorial approaches is the fact that they can take a large slice of the phase space without
much prior discrimination, one of the potential weaknesses is the need to develop appropriate
analytical approaches and data analysis schemes to actually produce the desired end result.

Even with the use of the combinatorial approach investigation of the entire phase
space represented in Figure 8.1 is a large operation. Therefore in this work the investigation
of the compositional phase space is limited to the binary ZnO-SnO, line with a small step into
the ternary ZnO-SnO,-In,O3 plane as shown in Figure 8.2. Of the produced libraries for this
work the resistivity and the chemical composition have been determined. The libraries are
analysed immediately after deposition (‘as deposited’) and after they have been annealed in a
nitrogen atmosphere. From the obtained data some interesting features can be derived.

In, O,

SnO, Zn0O

Figure 8.2: Pictorial representation of the compositional phase space investigated in this
work.

Generally the deposition of combinatorial libraries is focussed on two kind of libraries,
compositional spread and multiple composition. In the first type the composition is
continuously varied over the entire library with gradients defined by the deposition source
positions and fluxes. In the second type the same approach is used but the sample is masked
before and after deposition to establish small areas with approximately discrete compositions.
In the work presented here a sputter based deposition system has been used to generate
compositionally graded libraries.

8.2 Experimental setup

The method used for deposition of compositionally graded combinatorial libraries of
TCO is co-sputtering from two or three targets of different composition. In Figure 8.3 the
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used sputtering system is depicted. The system consists of a substrate holder and three
magnetron cathodes (guns). Gun #2 and gun #3 both have a diameter of 2 inch and gun #1 has
a diameter of 1 inch. The target in gun #1 is a metallic indium disc and the target in gun #2 is
a pressed-powder ZnO disc. In gun #3 the target has been either a metallic tin disc or a
pressed-powder SnO, disc. The targets are sputtered by applying RF-power to the gun
(0-100 W). For the sputtering a continuous flow of argon (20 sccm) and oxygen (0.4 sccm)
into the reactor has been used. The sputter deposition is performed at a pressure of
approximately 29.5 mTorr in the sputtering tool which is pumped by a cryo pump. The base
pressure of the reactor without any gas flow is approximately 10~ Torr.

Figure 8.3: Top view of the sputter deposition setup (not to scale).

As substrates 1 mm thick 2-inch-by-2-inch Corning 7059 glass plates have been used.
The substrates were mounted to the substrate holder which for all deposition experiments has
been heated to a temperature of 250 °C. All deposition experiments lasted for 60 minutes and
the deposition conditions were not changed during deposition. The deposited combinatorial
samples have been annealed in an oven flushed with pure nitrogen (thus oxygen deficient) at a
temperature in the range of 400 °C to 625 °C. For the experiment the temperature is increased
at a rate of 200 °C/hour up to the desired temperature, then it is kept constant for 60 minutes,
after which the heating is turned off and the sample is cooled down to room temperature.

The deposited combinatorial libraries will have a non-uniform film composition. This
is due to the positioning of the three guns. This causes the deposition rate of the separate guns
to be inhomogeneous and therefore a gradient in the film composition will occur in the
deposited film. To obtain the film properties of the combinatorial libraries the samples have
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been virtually divided into 16 elements as is depicted in Figure 8.47. With respect to the
presentation of the sample in Figure 8.4 gun #1 is located on the left side, gun #2 head on and
gun #3 on the right side.

B C D E

Figure 8.4: Virtual matrix used for sample analysis.

Every element on the sample has been analysed after deposition and after thermal
anneal. The film thickness has been measured by means of a Dektak step profiler. For this the
samples have been marked before deposition (short thick lines in Figure 8.4) by means of a
permanent marker. After deposition these marker marks have been removed with ethanol,
therewith creating a step, which could be used to measure the film thickness by means of the
dektak step profiler. The resistivity of the deposited combinatorial library has been measured
in the centre of each combinatorial matrix element by means of a four point probe [11,12].
The chemical composition of the film has been determined by means of electron microprobe
analysis (EMPA) [13,14] in the centre of each matrix element. The position at which the
thickness has been measured is obviously not the same as the position at which all other
parameters have been measured, therefore the data have been interpolated to obtain the
thickness at the measuring positions of the other parameters.

8.3 Results

8.3.1 ZnSn,O, combinatorial libraries

To determine the resistivity from four point probe data the thickness of the film is
needed. An example of the film thickness distribution of one of the combinatorial libraries
that has been deposited is given in Figure 8.5. This film has been deposited using two sputter
guns (#2 and #3). It can be seen clearly that the deposited film has a gradient, with the largest
thickness on the side of gun #3 (cf. Figure 8.3). This indicates that the deposition rate because
of sputtering from gun #3 depends on the location on the substrate and that the locations
closest to gun #3 have the highest deposition rate. This is exactly what is needed to generate a
concentration gradient of zinc and tin in the film so that a large variation in film composition
is obtained by performing one single deposition.

" Because also 3”-3” substrates are used in the system, the rows are indicated by numbers 2 to 5 and the columns
by the letters B to E.
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Figure 8.5: Film thickness distribution (in nm) of a ZnSn.O, combinatorial library.

Figure 8.6: Film thickness distribution (in nm) obtained by using gun #2 (ZnO, left) and gun
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#3 (SnO,, right) separately.

If the film thickness distribution is equal to the sum of the film thickness distributions
obtained by using the two sputtering guns individually, then measuring the film thickness
distribution is an easy way of obtaining information on the Zn-Sn composition distribution. In
Figure 8.6 the film thickness distribution as obtained using the two guns separately is given.
From comparison of Figure 8.5 and Figure 8.6 it can be seen that unfortunately the film
thickness distribution is not equal to the sum of the individual film thickness distributions.
Therefore the Zn-Sn composition distribution needs to be obtained by different means. The
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technique employed here is electron microprobe analysis (EMPA).
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Figure 8.7: Sn/Zn ratio distribution (left) and corresponding resistivity distribution in (Qcm,
right). Annealing temperature 625 °C.

The film resistivity has been measured by means of a four point probe. It has been
found that before annealing almost all films that have been deposited using a ZnO and a SnO,
sputtering targets had a resistivity which was too high (>10° Qcm) to be measured with the
four point probe. After annealing the samples in a nitrogen atmosphere at a temperature of
625 °C the resistivity decreased to a measurable value. Therefore all resistivity data shown are
from annealed samples. In Figure 8.7 the resistivity distribution of the film, as well as the
measured Sn/Zn ratio distribution by means of EMPA, are shown for the same library of
which the thickness distribution is depicted in Figure 8.5. It can be seen that the resistivity has
a maximum for Sn/Zn ratios of approximately 0.3. The lowest value for the resistivity are
obtained for the smallest and largest values of the Sn/Zn ratios present in this sample.
Therefore more samples have been deposited which extend the Sn/Zn range to lower as well
as to higher values. Notice that the lines of equal resistivity do not coincide with the lines of
equal Sn/Zn ratio. This is due to the fact that the resistivity is not only determined by the
Sn/Zn ratio, but also the amount of oxygen in the film and the crystallinity of the film
influences this value. Unfortunately the oxygen content cannot be measured by means of
EMPA.

The Sn/Zn ratio distribution of a library with values for the Sn/Zn ratio below 0.3 is
shown in Figure 8.8 together with its corresponding resistivity distribution. It can be seen that
for a decrease in the Sn/Zn ratio the resistivity is also decreasing. At the lowest values of the
Sn/Zn ratio the film can best be considered as Sn doped ZnO. Comparison of the resistivity at
this point shows that the resistivity of pure ZnO film sputtered from a ZnO target in the same
system has a similar value.
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Figure 8.8: Sn/Zn ratio distribution (left) and corresponding resistivity distribution (in Qcm,
right). Annealing temperature 625 °C.
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Figure 8.9: Sn/Zn ratio distribution (left) and corresponding resistivity distribution (in Qcm,
right). Annealing temperature 625 °C.

In Figure 8.9 the Sn/Zn ratio distribution and corresponding resistivity distribution of a
library with Sn/Zn ratios of 0.5 and higher is given. The resistivity does continuously decrease
with an increase of the Sn/Zn ratio from 0.5 to 1.4. Combining the data from Figure 8.7,
Figure 8.8, and Figure 8.9 shows that the lowest value for the resistivity is obtained at a Sn/Zn
ratio slightly higher than 1 or close to 0. Although the oxygen content is unknown, this
indicates that on the binary ZnO-SnQO, line the TCO with the lowest resistivity is pure ZnO or
ZnSnO;. The highest value for the resistivity is obtained at a value for the Sn/Zn ratio of 0.5,
which corresponds to the Sn/Zn stoichiometry in Zn,SnO,4. Notice that also a relative low
resistivity (<1 Qcm) was observed in Figure 8.7 for a Sn/Zn ratio close to 0.5. This indicates
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that for specific conditions (oxygen content and anneal process) the Zn,SnO4 stoichiometry
can also result in low resistivity.

8.3.2 Anneal temperature

The Sn/Zn compositional properties of a library does not change during annealing, but
the resistivity does change significantly. For the libraries shown so far an annealing
temperature of 625 °C has been used. To study the influence of the annealing temperature two
more libraries have been made similar to the library shown in Figure 8.9, using the same
deposition conditions and time. These two libraries have been annealed individually at a
temperature of 400 °C and 500 °C respectively. From the thickness distributions, which is
almost identical for the three libraries, it can be assumed that the film composition
distribution is similar for the three libraries. In Figure 8.10 the resistivity distributions for the
libraries annealed at 400 °C and 500 °C are depicted. From comparison of the three resistivity
distribution it can be seen that annealing at a higher temperature does decrease the resistivity
for high values of the Sn/Zn ratio. This indicates that a higher annealing temperature results in
a lower resistivity. At a higher temperature the crystallization process in the film is faster and
therefore the crystallinity of the sample annealed at 625 °C will be the highest. Therefore it
can be concluded that crystalline material has the lowest resistivity for a Sn/Zn ratio of
approximately 1. Notice that the temperature of the annealing oven is increased linearly in
time up to the maximum temperature and that the maximum temperature is always kept for 60
minutes. This results in a longer annealing time for the highest temperature, due to which the
library annealed at the highest temperature will even be more crystalline. For the lowest value
of the Sn/Zn ratio depicted in Figure 8.9 and Figure 8.10 (approximately 0.5) the library
annealed at 400 °C shows the lowest resistivity. This indicates that for this Sn/Zn ratio and
oxygen content (which is unknown) probably the amorphous state has a lower resistivity than
the crystalline state.
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Figure 8.10: Resistivity distribution (in Qcm) of an identical library as shown in Figure 8.9
but at an annealing temperature of 400 °C (left) and 500 °C (right).
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8.3.3 ZnSn,In,O, combinatorial libraries

Now the resistivity of the binary ZnO-SnO; line is known, a brief inspection of the
ternary ZnO-SnO,-In,O3 plane will be discussed. For this purpose a ZnSn,In,O,
combinatorial library has been deposited. For the incorporation of indium into the film a
metallic indium target has been used. In Figure 8.11 the film thickness distribution and its
corresponding resistivity distribution, after annealing, is shown of a deposited ternary
ZnSn,In,O, library. The film thickness distribution is more homogeneous than the distribution
shown in Figure 8.5 for the binary ZnSn,Oy library, which clearly indicates that a significant
amount of indium is incorporated into the film.
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Figure 8.11: Thickness distribution (in nm, left) and the corresponding resistivity distribution
(in Qcm, right).
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Figure 8.12: Sn/Zn ratio distribution (left) and In/Zn ratio distribution (right).
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The composition of the film has been determined by means of EMPA and the Sn/Zn
ratio and In/Zn ratios are depicted in Figure 8.12. Comparison of the Sn/Zn ratio and the
In/Zn ratio with the resistivity as shown in Figure 8.11 shows that the lowest resistivity is
obtained for the Sn/Zn ratio smaller than 0.5 and a In/Zn ratio higher than 1. The range in
which the resistivity has a low value (<0.10 QQcm) is quite large in comparison to the binary
ZnSn,Oy libraries. Also the lowest value obtained for the resistivity is smaller, by
approximately a factor 2, than the lowest value obtained in the binary ZnSn,Oy libraries.

8.4 Conclusions

From the various combinatorial libraries which have been deposited it can be seen that
the combinatorial approach is capable of exploring large parts of the phase space by a single
deposition. The analysis technique EMPA is used to obtain the film composition. Such a
technique is needed because it has been shown that it is not possible to derive the composition
of the deposited combinatorial libraries from the individual sputter gun deposition rates.

For the ZnO-SnO, binary system resistivities as low as 0.1 Qcm have been obtained.
This low resistivity is obtained for small values of the Sn/Zn ratio (<0.3) or for values of the
Sn/Zn ratio close to 1. This means that the film should be either close to the ZnSnO;
stoichiometry or Sn doped ZnO. For Sn/Zn ratios close to 0.4, which is close to the Zn,SnO4
stoichiometry, the worst resistivity is found (>10 Qcm).

By changing the anneal temperature, the resistivity does also change. When annealing
under a nitrogen atmosphere, a higher anneal temperature results in a lower resistivity for the
Sn/Zn ratios at which the absolute lowest resistivity is obtained. This is due to an increase in
crystallinity of the film with an increase of the anneal temperature. A similar result might be
obtained by increasing the anneal time at lower temperature. For a Sn/Zn ratio approximately
equal to 0.5 the lowest resistivity is found for an anneal of 400 °C, which suggests that in this
case the amorphous phase is a better conductor.

Going from the ZnSn,Oy binary system to the ZnSn,In,O, ternary system results in a
decrease of the resistivity by approximately a factor 2 for the lowest value. Also a lower
resistivity is obtained in a much larger slice of the phase space, which is good for industrial
application, because the resistivity depends less critical on the deposition parameters.

The lowest resistivity obtained for binary and ternary system is significantly larger
than the values obtained for metallic doped ZnO (10 Qcm [15]) and ZnSn,In,0O, as found by
Minami et al. (3-4-10* Qcm) [5]. This is probably due to the combination of deposition
method and annealing method. Annealing the films in e.g. an oxygen atmosphere could
decrease the resistivity to more comparable levels. Therefore further investigation on these
kind of promising libraries is needed to obtain device quality material.
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The main objective of the study presented in this thesis has been the deposition of
silicon oxide like films from hexamethyldisiloxane (HMDSO) by means of an expanding
thermal plasma. However, it has not been the purpose of this thesis to optimise the plasma
deposition parameters in such a way that pure silicon oxide films are produced. Instead the
deposition plasma and the deposition processes have been investigated to obtain a better
insight. The various investigations have been presented as separate chapters in this thesis.
Most of these chapters are written as separate journal papers with their own conclusions. Here
an overview of the main conclusions of the various investigations is given.

Silicon oxide like film deposition
(chapter 5, 6 and 7)

e Silicon oxide like films with good optical properties can be deposited at high rates
(>60 nm/s) by means of an expanding thermal plasma and HMDSO as a precursor. The
deposited films do however contain a significant amount of voids as well as a significant
amount of carbon which is present in the form of methyl groups. The deposition rate has a
negative dependency with substrate temperature which is highly beneficial for various
applications.

e The HMDSO molecules are dissociated in an expanding thermal argon plasma by means
of a charge exchange reaction followed by a dissociative recombination reaction. When
oxygen is added to the plasma the HMDSO molecules can also be dissociated on
interaction with oxygen radicals. In the first process the HMDSO molecule is dominantly
broken at one of the two Si-O bond present in the HMDSO molecule. On interaction of
HMDSO with oxygen radicals it is likely that the HMDSO molecule will also break at the
Si-O bond.

e The Si-O-Si structure needed for the pure silicon oxide films which is present in HMDSO
needs to be generated at the film surface during deposition of the film. Although the
HMDSO molecule has a Si-O-Si chain, the fact that the HMDSO molecule is being
dissociated at the Si-O bond cancels this main advantages of using HMDSO as a precursor
with respect to the more conventionally used tetraethoxysilane (TEOS).

¢ During deposition oxygen radicals have a dominant contribution in the removal of carbon
(present in methyl groups) from the film surface. By removal of methyl groups new free
surface reaction sites are generated at which deposition species from the plasma gas phase
can attach.

e All carbon present in the deposited silicon oxide like films can be removed by means of
argon-oxygen plasma treatment of deposited films. Therefore the deposited films need to
have a significant porosity which enable the oxygen radical present in the plasma gas
phase to diffuse into the deposited film up to the substrate-film boundary. By means of a
model it has been shown that the rate at which the carbon is removed from the deposited
films is mainly determined by the total oxygen flux that arrives at the film surface. The
porosity of the deposited films causes the diffusion of oxygen atoms into the film to be
fast.

¢ On interaction of oxygen radicals with an as deposited silicon oxide like film oxygen is
incorporated into the film and Si-O-Si and Si-OH bonds are generated. The formation of
these bonds has been depicted by means of a simple reaction mechanism. Due to the
porosity it is not possible to generate a perfect silicon dioxide network.
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The number of oxygen radicals to the substrate surface in an argon-oxygen plasma is not
only dependent on the total amount of molecular oxygen injected, but is also dependent on
the reactor geometry. In the plasma gas phase oxygen radical will diffuse faster than argon
ions and molecular oxygen and therefore the radicals are more easily lost at the reactor
wall. This results in a maximum in the oxygen radical density at the substrate as function
of the amount of molecular oxygen injected into the expanding thermal argon plasma.

By means of a small deposition study using tetramethylsilane (TMS) as a precursor it has
been found the sticking probability of Si-(CHj3)x is negligible in comparison to the sticking
probability of O-Si-(CHj3)y radicals. The deposition rate using TMS as a precursor is at
least one order of magnitude lower than the rate obtained using HMDSO as a precursor.
This is because the species responsible for film growth when TMS is used as a precursor
have a lower sticking probability than the species generated in a plasma into which
HMDSO is injected as a precursor. In the case of deposition using TMS also free surface
reaction sites need to be generated by interaction of species in the plasma gas phase and
the film surface. This is because a negligible amount of free surface sites is generated
when deposition species, produced from dissociation of TMS molecules, attach at the
deposition surface. Aside from oxygen radical also methyl radicals can cause the
formation of free surface reaction sites.

Fast infrared spectroscope
(chapter 3)

Due to the high deposition rates obtained by means of an expanding thermal plasma in
combination with HMDSO as a precursor it is no longer possible to use conventional
Fourier transform infrared reflection absorption spectroscopy to analyse the film growth in
situ during deposition at monolayer sensitivity. Therefore a new analysis tool has been
developed. The new analysis tool is based on conventional grating technology in
combination with an optical scanner and a high intensity infrared light source (cascaded
arc).

The sensitivity of the new setup is dependent on the amount of light collected by the
detector and on the interaction length of the light with the absorbing medium. One infrared
reflection spectrum (single scan) can be obtained in a time as short as 1.3 ms. When using
the setup in single scan single reflection mode absorptions of 1-10? and up can be
detected. The minimum sensitivity can be improved by using an attenuated total reflection
(ATR) crystal. When using the setup in single scan ATR mode the minimum absorption
intensity which can be detected drops to 1-10”. One way to increase the sensitivity is by
improving the optical components of the setup.

The absorption sensitivity of the new setup in single scan ATR mode is not enough to
make the setup monolayer sensitive for the strongest absorber in silicon oxide like films
(Si-O-8Si). To reach monolayer sensitivity for the strongest bond a minimum sensitivity of
2:10 is needed. This sensitivity can be reached by averaging several absorption spectra.
This however worsens the time resolution of the setup.
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Plasma gas phase
(Chapter 4)

Analysis of the argon-oxygen plasma showed that the electron and ion temperature in the
downstream plasma are low (couple of tenths of eV). Addition of oxygen causes the
temperature to increase with respect to a pure argon plasma due to the exothermic reaction
between molecular oxygen and the argon plasma. The interaction of oxygen molecules
and the argon plasma mainly occurs at the edge of the plasma beam.

The ion diffusion profile is mainly dependent on the background pressure in the expansion
vessel and the arc current. Increasing the arc current will cause the ion diffusion to occur
faster and increasing the background pressure will reduce the plasma beam diameter.
Changing the argon gas flow in the arc does not change the diffusion profile when the
background pressure is kept constant.

Pitot probe measurements show experimentally the presence of a recirculation cell in the
expanding thermal plasma. Pitot probe measurements cannot provide quantitative
information on the particle velocity of the particles in the plasma beam, because due to the
low pressure and the plasma temperature viscous effects are no longer negligible and the
traditional compressible Pitot probe theory is no longer valid.

The reverse flow in the recirculation cell is at least of the same order as the total gas flow
used in the plasma source. The driving force of the recirculation cell is mainly caused by
the charged particles present in the plasma beam.

The total ionisation degree of the plasma is dependent on the arc current and on the argon
flow used in the plasma source. The energy transfer efficiency from plasma source to gas
does increase with increasing argon flow used in the plasma source. However there is an
optimum in the energy transfer efficiency because no more ions are produced once a
critical argon flow is reached.

In a pure argon plasma there is a negligible loss of ions and electrons due to
recombination of argon ions and electrons. The only loss of ions and electrons is at the
wall. On addition of oxygen to the plasma the ion density does decrease due to interaction
of ions and electrons with the oxygen molecules.

Transparent conductive oxides
(chapter 8)

Deposition of libraries using a combinatorial approach is an useful technique for exploring
large parts of the phase space by one single deposition experiment. This can be used in the
search for new transparent conductive oxides (TCO).

In the ZnO-SnO, binary system the lowest film resistivity has been found for films that
are close to the ZnSnOj stoichiometry as well as for Sn doped ZnO. When annealing the
deposited libraries in a nitrogen atmosphere the resistivity is dependent on the film anneal
temperature. The lowest value for the resistivity is found at the highest anneal
temperature. Addition of indium to the ZnO-SnO, binary system causes the resistivity to
decrease.
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In this thesis the deposition process of silicon oxide like thin films, deposited by
means of an expanding thermal argon plasma into which hexamethyldisiloxane (HMDSO)
and oxygen are injected as deposition precursors, has been investigated. Silicon oxide and
silicon oxide like films have numerous applications, due to their specific optical, electrical,
and mechanical properties. To reduce the production cost of these films a high growth rate is
highly beneficial. By conventional deposition techniques, such as chemical vapour deposition
(CVD) and traditional plasma enhanced CVD, in general deposition rates of up to 1 nm/s can
be obtained. In this thesis it has been shown that by means of the expanding thermal plasma
technique, for silicon oxide like films deposition rates of over 60 nm/s can be obtained.

The silicon oxide like films deposited under various plasma conditions have been
studied. The refractive index, growth rate, chemical composition and various chemical bond
types of the film have been studied. The refractive index of the deposited films is a function
of the silicon oxide, carbon, and void content of the film. A refractive index above that of
pure silicondioxide indicates the presence of carbon and a refractive index below that of pure
silicon oxide is the result of a void content. Elastic recoil detection analysis revealed the
chemical composition and infrared transmission absorption spectroscopy has been used to
determine the chemical bond types. Combination of these two techniques revealed that the
carbon present in the deposited films is present in the form of methyl. This is the same form
as in the deposition precursor. The chemical composition of the deposited films revealed that
the most likely bond at which the HMDSO molecule is dissociated is one of the Si-O bonds.
This is different from the dissociation process in a plasma dominated by electron kinetics.

The silicon oxide like film deposition process has been investigated in the plasma gas
phase as well as at the substrate surface. The plasma gas phase of the argon plasma into which
oxygen has been injected has been studied by means of a double Langmuir probe and a Pitot
probe. The Langmuir probe measurements provide information on the ion density and
temperature distribution in the downstream plasma. The ion density profile is mainly
determined by the pressure in the expansion vessel and the total number of ions emanating
from the plasma source. Addition of oxygen results in a decrease of the ion density at the edge
of the plasma beam, which shows that reactions mainly occur at that position. Information on
the flow pattern of the gas in the plasma reactor is obtained by the Pitot probe measurement.
The presence of a recirculating flow pattern in the downstream reactor has been shown
experimentally. Due to the conditions in the plasma reactor, viscous effects begin to play an
important role in the measured stagnation pressure, due to which the conventional Pitot probe
theory cannot be applied. A combination of the two techniques has been used to calculate the
total ion flux generated by the cascaded arc plasma source. The ion flux is mainly dependent
on the total power input and for low gas flow (<50 sccs) also on the gas flow in the plasma
source.
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The deposition process at the substrate surface has been investigated by means of post
deposition argon-oxygen plasma treatment of deposited silicon oxide like films. This is done
in order to obtain more information on the interaction between oxygen and the film surface
during deposition. The argon-oxygen treatment plasma is capable of removing all the carbon
from the film, which indicates that the deposited films are porous. Also oxygen is
incorporated into the film, where Si-O-Si and Si-OH bonds are generated. A simple model
based on diffusion of oxygen into the film and reaction of oxygen in the film has been
proposed for the removal of the carbon content and the oxidation process. This model is in
good agreement with the observed changes. A reaction mechanism for atomic oxygen in the
film has also been proposed.

To obtain a better understanding of the interaction process between the plasma gas
phase and the film surface, deposition experiments using tetramethylsilane (TMS) and oxygen
as deposition precursors have been performed. This showed that the sticking probability of an
Si-(CHj3)x radical is negligible when compared to that of an O-Si-(CHj) radical. From the
combination of all data obtained, the dominant deposition species as well as the deposition
mechanism for deposition of silicon oxide like films from HMDSO and oxygen has been
proposed.

In situ diagnostics are able to provide even more information on the deposition
process. However, the high deposition rates obtained with the expanding thermal plasma
deposition technique pushes the common in situ infrared absorption spectroscopes to their
limits. Therefore a new in situ infrared reflection absorption spectroscopy tool has been
developed. The new tool is based on conventional grating technology in combination with a
fast optical scanner. Infrared reflection absorption spectra in the range 700 cm™ to 1400 cm™
can be obtained at a time resolution of 1.3 ms and a spectral resolution of 24 cm™. The
absorption sensitivity obtained is 10 when the setup is used in single reflection mode. The
sensitivity can be improved to 107 by using the attenuated total reflection technique. This
sensitivity is close to monolayer sensitivity for the Si-O-Si absorption bond in the infrared
absorption spectrum of silicon oxide like film. Further improvement of the sensitivity can be
obtained by averaging multiple spectra, however this will cause the time resolution to
decrease.

In this thesis aside from the work on the deposition of silicon oxide like films, work
resulting from a two month visit to the National Renewable Energy Laboratory in Golden,
Colorado (USA) is also presented. This work involves the deposition of transparent
conductive oxides (TCO). In search for new TCO materials a large phase space needs to be
explored. For doing this the combinatorial approach has been used. In a sample, called a
library, a compositional gradient is created by which multiple chemical compositions can be
studied by performing one single deposition experiment. Investigation of binary ZnSn,O,
combinatorial libraries, showed that the lowest values for resistivity are obtained when films
are deposited in either a Sn doped ZnO or a ZnSnOj stoichiometry. Annealing the films in a
nitrogen atmosphere reduces the resistivity. Including indium in the combinatorial deposition
process to form a ternary ZnSn,In,O, combinatorial library results in a reduction of the
resistivity for a specific film composition. The resistivity also becomes less dependent on the
film composition.
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In dit proefschrift is het depositieproces onderzocht van siliciumoxideachtige dunne
lagen, welke gedeponeerd zijn door middel van een expanderend thermisch plasma waarin
hexamethyldisiloxane (HMDSO) en zuurstof zijn geinjecteerd. Siliciumoxide en
siliciumoxideachtige lagen hebben, dankzij hun specifieke optische, elektrische en
mechanische eigenschappen, een talrijk aantal toepassingen. Een hoge depositiesnelheid
maakt het mogelijk om de productiekosten van dit type lagen te verlagen. Met behulp van
conventionele depositietechnieken, zoals chemische damp depositie (CVD) en klassieke
plasma ondersteunde CVD, kunnen in het algemeen depositiesnelheden tot 1 nm/s worden
bereikt. In dit proefschrift is het aangetoond dat met behulp van de expanderende thermische
plasma techniek het mogelijk is om voor siliciumoxideachtige lagen depositiesnelheden van
meer dan 60 nm/s te bereiken.

De siliciumoxideachtige lagen gedeponeerd onder verschillende plasma condities zijn
bestudeerd. De brekingsindex, groeisnelheid, chemische samenstelling en de verschillende
chemische binding types van de lagen zijn onderzocht. De brekingsindex van de
gedeponeerde lagen is een functie van de hoeveelheid siliciumoxide, koolstof en lege ruimte
in de lagen. Een brekingsindex hoger dan die van puur siliciumoxide geeft de aanwezigheid
van koolstof aan en een brekingsindex lager dan die van puur siliciumoxide is het gevolg van
de aanwezigheid van lege ruimte in de laag. Nucleaire analyse en infrarood transmissie
absorptie spectroscopie is gebruikt om de chemische samenstelling en de chemische binding
typen te bepalen. Combinatie van deze twee technieken geeft aan dat het koolstof aanwezig in
de lagen gebonden is in de vorm van methylgroepen, net zoals in de depositieprecursor. De
chemische samenstelling van de gedeponeerde lagen laat zien dat de dissociatie van HMDSO
meest waarschijnlijk plaatsvindt op een van de Si-O bindingen. Dit is verschillend van het
dissociatieproces in meer conventionele plasma.

Het siliclumoxideachtige lagen depositieproces is onderzocht in zowel de plasma-
gasfase als aan het substraatoppervlak. De plasmagasfase van het argon plasma waarin
zuurstof is geinjecteerd is bestudeerd door middel van een dubbele Langmuirsonde en een
Pitotsonde. De Langmuirsonde metingen geven informatie over de ionendichtheid en
temperatuur-verdeling in de plasmaexpansie. De ionendiffusie is hoofdzakelijk bepaald door
de druk in het expansievat en de hoeveelheid ionen geproduceerd door de plasmabron.
Toevoeging van zuurstof resulteert in een afname van de ionendichtheid aan de rand van de
plasma bundel. Dit laat zien dat de reacties hoofdzakelijk op die positie gebeuren. Informatie
met betrekking tot het stromingspatroon van het gas in de plasmareactor is verkregen door
middel van Pitotsonde metingen. De aanwezigheid van een recirculatiepatroon in de reactor is
experimenteel waargenomen. Door de condities in de plasmareactor kan de viscositeit niet
worden verwaarloosd en kan de traditionele Pitotsonde theorie niet worden toegepast.
Combinatie van de twee technieken is gebruikt om de hoeveelheid ionen gecreéerd in de
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cascadeboog te berekenen. De hoeveelheid ionen is hoofdzakelijk afhankelijk van het
elektrische vermogen en voor een lage argongastoevoer (<50 sccs) ook van deze parameter.

Het depositieproces aan het substraatoppervlak is bestudeerd door middel van
nabehandeling van de gedeponeerde siliciumoxideachtige lagen met een argon-zuurstof
plasma. Dit verschaft meer informatie over de interactie van zuurstof met het laagoppervlak
tijdens depositie. Het argon-zuurstof plasma is in staat om alle aanwezig koolstof uit de laag
te verwijderen, wat er op duidt dat de gedeponeerde lagen poreus zijn. Zuurstof is ook
ingebouwd in de lagen, waar Si-O-Si en Si-OH bindingen worden gegenereerd. Voor het
verwijderen van het koolstof en het inbouwen van zuurstof is er een eenvoudig model,
gebaseerd op diffusie van zuurstof de laag in en reactie van zuurstof in de laag, geponeerd.
Dit model is in overeenstemming met de waargenomen veranderingen. Ook is er een
potentieel reactiemechanisme voor atomair zuurstof in de film afgeleid.

Om een beter inzicht te krijgen in het interactieproces tussen de plasmagasfase en het
laagoppervlak zijn er depositie experimenten met tetramethylsilane (TMS) en zuurstof als
precursor verricht. Dit experiment liet zien dat de aanhechtingswaarschijnlijkheid van Si-
(CHj3)x radicalen verwaarloosbaar is ten opzichte van O-Si-(CHj3)y radicalen. Gebruikmakend
van alle data heeft geleid tot een voorstel voor de dominante depositiedeeltjes en het
depositiemechanisme voor depositie van siliciumoxideachtige lagen uit HMDSO en zuurstof.

In situ diagnostieken zijn in staat om nog meer informatie omtrent het depositieproces
te geven, waardoor het mogelijk is om het depositieproces in meer detail af te leiden. Echter
de hoge depositiesnelheden, verkregen door het gebruik van de expanderend thermisch
plasmadepositietechniek, zorgen ervoor dat de limieten van de huidige in sifu infrarood
absorptiespectroscopen worden gebruikt. Daarom is er een nieuwe in situ infrarood reflectie
spectroscoop ontwikkeld. De nieuwe spectroscoop is gebaseerd op conventionele rooster-
technologie in combinatic met een snelle optische scanner. Infrarood reflectie-absorptie-
spectra van 700 cm™ tot 1400 cm™ kunnen worden verkregen in een tijdschaal van 1.3 ms en
een spectrale resolutie van 24 cm™. De bereikte absorptiegevoeligheid is gelijk aan 107 voor
het gebruik in enkele reflectie en kan worden verbeterd tot 10~ door het gebruik van de
geattenueerde totale reflectie techniek. Deze gevoeligheid is ongeveer gelijk aan de
gevoeligheid nodig om monolaag gevoeligheid te krijgen voor de Si-O-Si absorptieband.
Verbeteringen van de gevoeligheid kunnen worden bereikt door het middelen van spectra,
echter dit heeft een verslechtering van de tijdresolutie tot gevolg.

In dit proefschrift is naast het werk aan de deposite van siliciumoxideachtige lagen
ook werk gepresenteerd wat het resultaat is van een twee maanden durend bezoek aan het
National Renewable Energy Laboratory in Golden, Colorado (USA). Dit werk heeft
betrekking op het deponeren van transparante geleidende oxides (TCO). In de zoektocht naar
nieuwe TCO materialen is het noodzakelijk om een grote faseruimte te onderzoeken. Om dit
te kunnen doen is gebruik gemaakt van de zogenaamde combinatoriale aanpak. Hierbij wordt
in tijdens een depositiec een compositionele gradient aangebracht in de gedeponeerde laag,
waardoor het mogelijk is om meerdere chemische samenstellingen te analyseren door een
enkel depositie experiment. Onderzoek aan het binaire ZnSn,O, systeem resulteerde in de
laagste weerstand voor lagen welke overeenkomen met Sn gedoteerde ZnO of de ZnSnO;
stoichiometry. Het uitstoken van de lagen in een stikstof omgeving verminderd de weerstand.
Vorming van een ZnSn,In,O, systeem door toevoeging van indium in het combinatoriale
depositieproces resulteert voor specifieke laagcomposities in een vermindering van de
weerstand. Ook wordt de weerstand minder afthankelijk van de filmcompositie.
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De aanhechtingswaarschijnlijkheid van deeltjes aan een oppervlak wordt
vaak ten onrechte onafhankelijk verondersteld van de fysische en chemische
gesteldheid van het oppervlak.

(dit proefschrift)

11

In de zoektocht naar hogere depositiesnelheden is het noodzakelijk om
snellere in situ oppervlakteanalysemethoden te ontwikkelen.
(dit proefschrift)

I1I

Voor een correcte interpretatie van Pitot-sondemetingen aan een bij lage
druk expanderend thermisch plasma ter bepaling van de deeltjessnelheid is
het niet toegestaan om de effecten veroorzaakt door viscositeit te
verwaarlozen.

(dit proefschrift)

v
Het verhogen van het argongasdebiet in een cascadeboog zal, in
tegenstelling tot het verhogen van de boogstroom, niet automatisch leiden
tot een toename in de productie van argon-ionen.
(dit proefschrift)

v

Met de “cavity ring down” techniek is het mogelijk om de dichtheid van
“open bindingen” aan het oppervlak van dunne lagen te bepalen.

V1

Een ‘vol is vol’ politick kan beter worden toegepast als oplossing voor het
huidige fileprobleem dan als oplossing voor de immigratieproblematiek.

Vil

Geneesmiddelen waarvan de fabrikant beweert dat ze een proces op
natuurlijke wijze laten verlopen, zijn niet meer dan een sigaar uit eigen
doos.

VIII

De globalisering van de economie en de daarmee gepaard gaande fusies van
en overnames door bedrijven beperkt de toetreding van nieuwe spelers op
het economische toneel.

IX
Het aantrekkelijker maken van een beroep door het verhogen van de
financiéle vergoeding heeft niet automatisch tot gevolg dat daarmee naast de
kwantiteit ook de kwaliteit van de geleverde diensten toeneemt.

X

Er moeten grote vraagtekens worden geplaatst bij de conclusies die
getrokken worden uit de resultaten van een rampenoefening indien alle
betrokken instanties van tevoren op de hoogte waren van de oefening.

XI

Het inwerken van nieuw gekozen politici door ervaren politici heeft als
gevolg dat de nieuwe politiek niet veel zal verschillen van de oude.

X1

Soms is het beter niet alles te weten.
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