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Abstract 

In the recent years considerable insight into the growth mechanism of hydrogenated amor
phous silicon (a-Si:H) has been obtained. It has for example been shown that the silyl 
(SiH3) radical is the main growth precursor, while atomie hydrogen (H) can also play an 
important role during some deposition conditions. The exact surface reactions, however, 
still need to be resolved. 

This report describes a new, ultra high vacuum compatible experimental setup, which 
has as main purpose the investigation of the surface interaction of several radicals, such as 
SiH3 and H, during silicon-based film growth. In this work the setup has made operational, 
which includes: the development and implementation of a substrate heater, a shutter, a 
gas panel, and three plasma and radical sources, i.e. the atomie hydrogen souree (H
source), the EeR plasma souree (EeR-source) and the hot wire radical souree (HW
source). 

For future dedicated experiments, it is of importance to know the behavior of the three 
sourees under different souree operation conditions. This behavior has been characterized 
by means of hydrogen-induced etching experiments of both a-e:H and a-Si:H films, as 
monitored in situ with the optical diagnostic spectroscopie ellipsometry (SE). The H
source and the HW-radical souree are well-defined [H-flux range: 1012 - 1016 cm-2s-1 

and 1013 - 3·1016 cm-2s-1, respectively] and show a good reproducibility. The EeR
souree [H-flux range: 1013 - 1015 cm-2s-1] did not always operate properly during the 
experiments and further characterization experiments will be necessary. Furthermore, 
deposition of a-Si:H films has been achieved and characterized by SE for the HW-source 
and EeR-source. 

In a first study using the new experimental setup, the H-source has been used to 
gain more insight into the H interaction with a-Si:H. The absolute value of the hydrogen
induced etch yield of a-Si:H (deposited at 250 oe) has been determined to be (1.33±0.05)% 
and shows no significant substrate temperature dependenee in the range of 50 - 250 oe. 
Furthermore, the etching of a-Si:H by atomie deuterium has been shown to equal the 
etching by H, thereby enabling future infrared spectroscopy experiments to unravel the 
radical surface interaction by monitoring the isotope exchange. 



iv 



CONTENTS 

Contents 

1 Introduetion 
1.1 Technology assessment . . . . . . . . . . . . . . . . . . . . . . . . . 
1.2 Material properties and growth mechanisms of a-Si:H and p,c-Si:H 

1.2.1 Material properties ................. . 
1.2.2 Growth mechanism: the radical surface interaction 

1.3 Setup and optical diagnostics . 
1.4 Goal and outline of this report 

2 Experimental setup 
2.1 Galapagos . . . 
2.2 Vacuum system . 
2.3 The substrate . . 

2.3.1 The substrate holder 
2.3.2 The substrate heater 
2.3.3 Shutter 

2. 4 Radical sourees . . . . . . . . 
2.5 Gas system . . . . . . . . . . 
2.6 The operating system of Galapagos . 

3 Spectroscopie ellipsometry 
3.1 Principle of spectroscopie ellipsometry 
3.2 Experimental setup ... 
3.3 The model . . . . . . . . . . . . . . . . 
3.4 Experimental procedure . . . . . . . . 
3.5 Influence shutter on SE measurements 

4 Radical sourees 
4.1 Atomie hydragen souree . . . . . . . . . . . . . . . . . 

4.1.1 Basic principle of the atomie hydragen souree . 
4.1.2 Implementation of the atomie hydragen souree 
4.1.3 etching experiments with the atomie hydragen souree 

4.2 ECR plasma souree .................. . 
4.2.1 Basic introduetion of the ECR plasma souree ..... 

V 

1 
1 
2 
2 
3 
5 
6 

9 
9 

10 
13 
13 
14 
16 
17 
18 
21 

25 
25 
26 
27 
29 
31 

33 
33 
33 
38 
41 
46 
46 



vi 

4.2.2 etching experiments with the ECR plasma souree . 
4.3 The hot wire radical souree .............. . 

4.3.1 Basic principle of the hot wire radical souree .. . 
4.3.2 Implementation of the hot wire radical souree .. . 
4.3.3 etching experiments with the hot wire radical souree 

4.4 Camparisou of the sourees and reproducibility . . . . . . . . 

5 Deposition of a-Si:H 
5.1 Deposition with the hot wire radical souree . . . . . . . . . . 

5.1.1 Theoretica! background of deposition of a-Si:H .... 
5.1.2 Deposition of a-Si:H with the hot wire radical souree . 

5.2 ECR Plasma souree .................. . 
5.2.1 SiH4-inlet design ................ . 
5.2.2 Deposition of a-Si:H with ECR plasma souree . 

6 Hydrogen-induced etching studies 
6.1 Etch yield of a-Si:H at Tsub = 85 oe ...... . 
6.2 Etch yield of a-Si:H as a function of Tsub .... . 

6.3 Isotopic etching study: etching atomie H and D . 

7 Conclusions and recommendations 
7.1 Conclusions . . . . 
7.2 Recommendations 

8 Acknowledgements 

A 
A.1 
A.2 
A.3 
AA 
A.5 
A.6 

Shutter ....................... . 
Setting low H2-fiows by means of a leakage valve . 
Schematic drawing of the atomie hydragen souree . 
Silane inlet design . . . . . . . . . . . . . . . . . . 
SE rnadelling for a-C:H films with the basic SE model 
Etch yield of an a-C:H film . . . . . . . . . . . . . . . 

CONTENTS 

49 
54 
54 
54 
55 
58 

61 
61 
61 
64 
69 
69 
71 

75 
75 
79 
83 

85 
85 
87 

89 

I 
I 

II 
III 
IV 
V 

VI 



1 

Chapter 1 

Introduetion 

1.1 Technology assessment 

Silicon based thin films such as hydrogenated amorphous silicon (a-Si:H) and hydro
genated microcrystalline silicon (~-tc-Si:H) have important industrial applications. For 
instance, a-Si:H is a widely used material with applications in devices, such as solar cells, 
thin film transistors (TFTs), detectors, photoreceptors, and light emitting diodes (LEDs). 
The solar cell industry will be used to illustrate some of the issues that need to be further 
investigated for future large scale implementation of hydrogenated silicon based films. 

Hydrogenated amorphous silicon films have become an important candidate for the 
next-generation flexible thin film solar cells. These films have several advantages in com
parison to crystalline silicon ( c-Si), which is at present the dominant material used for 
large scale solar cell production. The a-Si:H films have a larger optical absorption coeffi
cient in the visible range of the light spectrum. Therefore, a-Si:H filmscan have a smaller 
thickness compared to c-Si films in order to absorb an equal amount of light, resulting 
in a more cost-effective solar cell device. Furthermore, the thin a-Si:H films can be used 
on flexible substrates, in contrast to the thick and therefore inflexible c-Si solar cells, 
thereby increasing the applications for solar cells substantially. However, a-Si:H contains 
a considerable amount of defects in the film, leading to a decrease in the current collection 
efficiency of the solar cells. Moreover, these defects lead to an additional decrease in the 
efficiency under light illumination due to degradation of the a-Si:H film. 

Lately, also the interest in other types of silicon thin films for the application in solar 
cells has grown. One of these materialsis hydrogenated microcrystalline silicon (~-tc-Si:H). 
The main advantages of this material are the higher efficiency, as the material contains 
less defect states, and the almost-absent light induced degradation. The light absorption 
coefficient in ~-tc-Si:H films, however, is smaller than in a-Si:H films, such that thicker 
films are required. 

Widely acknowledged techniques for the production of device quality hydrogenated 
silicon films are plasma enhanced chemica} va por deposition (PECVD) and hot wire 
deposition: a-Si:H is usually grown using silane (SiH4) gas as the precursor gas, while 
~-tc-Si:H growth is usually the result of a high dilution of the SiH4 gas with hydragen 
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(H2) gas. For example, in the group Equilibrium and Transport in Plasmas (ETP) at the 
Eindhoven University of Technology, the expanding thermal plasma PECVD technique is 
used to deposit both a-Si:H and p,c-Si:H films [1]. In order to optimize the film quality, 
numerous studies have been performed to correlate the composition of reactive species in 
the gas phase with the material properties. Recently, the importance of the film growth 
mechanism on the film quality bas been recognized in literature. However, it bas become 
apparent that the growth mechanism, in general, is rather complex due to the large variety 
of reactive species coming to the surface and broad range of possible surface reactions 
[2]. This makes it difficult to study the surface reactions of the specific species during 
the film growth in a regular deposition system. In contrast, a dedicated setup that uses 
specific radical beams to mimic the deposition process would greatly contribute to the 
study of the interaction of selected species with the growing film and the overall growth 
mechanism in generaL 

This report describes a new experimental setup, which will be suitable to unravel to 
role of specific radicals during hydrogenated silicon film growth. It bas been shown in 
literature that the deposition of a-Si:H and p,c-Si:H is largely determined by the interaction 
of atomie hydragen and the silyl (SiH3) radical with the surface. Therefore, in first 
instance, the work focuses on the surface interaction of these radicals with silicon-based 
films by means of an atomie hydragen H and a mono-radical SiH3 beam. 

1.2 Material properties and growth mechanisms of a-Si:H 
and J.LC-Si:H 

Prior to the treatment of the specific research questions of this report, bere some addi
tional background information on the growth of a-Si:H and p,c-Si:H is given. First, some 
general comments concerning the material properties of a-Si:H and p,c-Si:H are presented. 
Subsequently, a short general overview of the growth mechanisms, which are proposed in 
the literature, of these materials is shown. The growth mechanism focuses on the inter
action of gas phase radicals with the surface groups of the growing film. A distinction is 
made in the growth of a-Si:H, which is dominated by the SiH3 radical, and the growth of 
p,c-Si:H, for which besides SiH3 also H atoms become important. 

1.2.1 Material properties 

Hydrogenated amorphous silicon (a-Si:H) consist of a semiconducting alloy of silicon and 
hydragen in an amorphous matrix (see Fig. 1.1). The hydragen content in a-Si:H is 
typically 10 at.% and in general the quality of the material deteriorates at higher H 
concentraions. The amorphous nature of the material leads to a relatively large amount 
of defect states (mainly dangling bonds, i.e. "loose" silicon bonds (see Fig. 1.1)) in 
the film. These defect states in a-Si:H are undesirable as they act as recombination 
sites for electron-hole pairs and thereby decrease the applicability of the material for the 
use in electronic devices. When the film contains small crystalline fractions it is called 
microcrystalline (p,c-Si:H). The p,c-Si:H film contains in general less hydragen than an 
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a-Si:H film. The distinction between a-Si:H and f.J,C-Si:H films is the result of the growth 
mechanism of the two films, as will be explained next. 

Figure 1.1: Amorphous silicon is an alloy of silicon (grey) and hydrogen 
(black) in an amorphous matrix. A dangling bond is indicated by the asterisk. 

1.2.2 Growth mechanism: the radical surface interaction 

a-Si:H 

Previous work has shown that mono-silicon radicals, such as SiH3, SiH2, SiH and Si play 
an important role in the plasma assisted growth of a-Si:H films. Of these radicals SiH3 is 
generally regarcled as the dominant growth precursor [1, 2, 3]. 

Several film growth mechanisms have been proposed on the basis of experimental in
vestigations, as well as on the basis of simulations and calculations rapidly emerging from 
the availability of strong computational power [4]. These proposed growth mechanisms 
mainly focus on reactions between gas phase SiH3 and surface dangling honds, and the 
sticking of SiH3 radicals on dangling honds is often suggested as the reaction step leading 
to a-Si:H film growth. Figure 1.2 shows this reaction along with other reactions that are 
proposed in literature [2, 4, 5]. 

Figure 1.2: Proposed SiH3 surface reactions: (a) physisorption with (al) H 
abstraction and (a2) sticking; (b) direct H abstraction creating a dangling bond 
and SiH4 molecule; (c) SiH3 adsorption onto a dangling bond; (d) insertion into 
strained Si-Si bon ds. Furthermore, ( e) direct H abstraction by atomie hydrogen 
creating a dangling bond and a H2 molecule. 

A first proposed growth mechanism suggests that a SiH3 radical can be "physisorbed" 
onto the surface, i.e. SiH3 reaching the a-Si:H surface can go into a weakly adsorbed state 
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forming a three-center H - Si - H bond on a surface Si - H site [5]. The SiH3 radical 
in this weakly adsorbed state can subsequently diffuse over the surface by hopping from 
one to another surface H. During this surface diffusion, SiH3 can either abstract a surface 
H atom to create a surface radical site (dangling bond) and gaseous SiH4 (Fig. 1.2a1), 
or stick on a surface dangling bond (chemisorption) and contribute to film growth (Fig. 
1.2a2) [4]. Alternatively, an Eley-Rideal direct abstraction mechanism is proposed, in 
which a SiH3 creates a dangling bond on the surface (Fig. 1.2c) and another gas phase 
SiH3 radical can be adsorbed onto this dangling bond to contribute to film growth (Fig. 
1.2d). Another suggested mechanism is the formation of a five-fold coordinated bond, 
when a SiH3 radical inserts into strained Si-Si bonds on the surface (Fig. 1.2b) [6]. This 
growth mechanism does not require a dangling bond for a-Si:H film growth. In conclusion, 
in literature it is often reported that the growth mechanism can be dominantly described 
by the reactions of the gas phase SiH3 radicals with the a-Si:H surface. 

It is, however, seen in literature that in most deposition techniques also an atomie 
hydrogen flow towards the film surface is present. These hydrogen atoms might have a 
significant influence on a-Si:H film growth, as atomie hydrogen, in addition to SiH3, can 
create dangling bonds in a direct abstraction of surface hydrogen (Fig. 1. 2e). This reaction 
would increase the probability that SiH3 can stick on a dangling bond. In addition, it has 
been shown in literature that H incorporation into the a-Si:H film has an important effect 
on the material properties of the film. When too little hydrogen is incorporated into the 
film, the bulk dangling bonds (Fig. 1.1) are not passivated sufficiently and a film with a 
substantial defect content remains. However, when too much hydrogen is incorporated 
into the film, the a-Si:H becomes more polymer-like, i.e. each bulk Si atom has two bonds 
with hydrogen atoms. Consequently, the void fraction of the film is high and the film 
quality is poor. The influence of atomie hydrogen on the film growth becomes even more 
apparent when the H2-to-SiH4 precursor gas ratio is increased, yielding a transition from 
a-Si:H to 11c-Si:H growth. 

flC-Si:H 

The growth of fLC-Si:H, just like a-Si:H growth, is believed to be dominated by the SiH3 
radical and the proposed surface interactions in Fig. 1.2 arealso assumed to be important 
for the growth of 11c-Si:H. 

However, due to the substantial dilution of the precursor gas with hydrogen gas in the 
deposition of 11c-Si:H films, it is generally seen that the gas phase production of SiHx (x < 
2) radicals increases and that the contribution to film growth of these radicals becomes 
more important. Furthermore, the atomie hydrogen has an important contribution to 
11c-Si:H film growth and has at least a threefold effect in reducing the hydrogen content 
of the film compared to a-Si:H films. First, the abstraction of surface hydrogen by gas 
phase hydrogen becomes evident and might result in less hydrogen incorporation into the 
bulk. Furthermore, it has been reported in literature that a relaxation of the strain bonds 
in the bulk of the hydrogenated silicon film occurs due to atomie hydrogen ditfusion in the 
bulk (H annealing) [7]. This relaxation mechanism is believed to explain the formation 
of crystalline fractions in the remaining amorphous structure of the materiaL Finally, 
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atomie hydragen is known to etch a-Si:H and JLC-Si:H. Therefore, the atomie hydragen 
flow towards the substrate logically results in hydrogen-induced etching, in particular the 
etching of the amorphous tissue occurs more quiekly, simultaneously with the deposition 
of the film. Moreover, because the et eh process is thought to occur by abstracting of SiH3 
surface groups, the simultaneous etching during growth could contribute to a decrease of 
hydragen content in the film. 

It has been shown that atomie hydragen most likely plays an important role in the 
growth mechanism of a-Si:H and JLC-Si:H films. A study to the separate interaction of 
atomie hydragen with a hydrogenated silicon surface, could clarify a considerable part of 
the growth mechanism of these films. 

1.3 Setup and optical diagnostics 

In order to enable the study the specific surface reactions, an experimental setup has 
been designed to match certain constraints and to enable several optica! diagnostics to 
monitor the growth process, as will be explained below. 

Experimental setup 

An advanced ultra-clean experimental setup incorporating mono-radieal beams has been 
constructed, such that interaction of a single radieal with the film surface can be thor
oughly studied. A mono SiH3 radieal beam is needed for elucidating the a-Si:H growth 
mechanism, regarding that SiH3 is important for a-Si:H growth [1, 2, 3]. Furthermore, a 
mono-atomie hydragen beam is desired to investigate the role of hydragen atoms in the 
growth of both a-Si:H and JLc-Si:H films. The substrate temperature should be accurately
controllable in a large temperature range to study the exact temperature dependenee of 
certain surface reactions. Finally, the new experimental setup has been equipped with 
various windows under different angles with the substrate normal to enable several sen
sitive optical diagnostics to monitor the growth mechanism. 

Optical diagnostics 

Dedicated studies to reveal the radical surface interactions during film growth necessarily 
demand several sensitive in situ and reai-time optical diagnosties, of which some will be 
specially developed. The reactions shown in Fig. 1.2 are used as an example to introduce 
some of the necessary optical diagnostics. 

A technique is desired that can be used to monitor the radieal densities in the gas 
phase. The highly-sensitive gas phase cavity ringdown spectroscopy (gas phase CRDS) 
is greatly suitable for this purpose [3]. Furthermore, this diagnostic can be used to map 
the density distribution of the radical beams and could elucidate if mono-radical beams 
emanate from the sourees in the experimental setup. The material properties of the grow
ing film tagether with the deposition or etch rate of the films should be monitored. This 
can be monitored with real-time, in situ spectroscopie ellipsometry (SE), which yields 
the optical and structural properties as well as the growth or etch rate of the film [8]. 
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The possibility of certain surface reactions is determined by the surface composition and 
reactive surface groups present. The surface density of different surface groups, there
fore, gives information on the possible surface reactions. The attenuated total reileetion 
Fourier transfarm infrared absorption spectroscopy (ATR-FTIR) diagnostic can be used 
to probe bonds, i.e. silicon-hydride (SiHx) bonds, in both the surface region and bulk 
region of a-Si:H and J.Lc-Si:H films [9]. The technique can be made surface-specific by 
ion-induced desorption of surface H. As explained above, dangling bonds are generally 
regarcled as reactive growth sites for hydrogenated silicon film growth. Therefore, two 
new diagnostics will be developed to real-time and in situ monitor the dangling bond 
density. Thin film CRDS probes both the surface and the bulk dangling bonds and can 
be made surface-specific in the same way as ATR-FTIR [10]. Second harmonie generation 
(SHG) is sensitive to surface defects, such as dangling bonds [11]. 

1.4 Goal and outline of this report 

Goal of this report 

As addressed above, to enable dedicated studies, well-defined radical beams are neces
sary to investigate the exact interaction of radicals with the substrate surface, e.g. to 
understand the role of dangling bonds in film growth. This report focuses on the charac
terization of the radical sourees that have been implemented in the new UHV-compatible 
experimental setup. The work in this report focuses on the following research questions: 

• Is the new experimental setup adequate for dedicated experiments to unravel the 
radical surface interactions? 

• What is the behavior and the output of the sourees for different operating condi
tions? Are the sourees in potential suitable for the dedicated experiments mentioned 
above? 

• What are the fluxes coming from the sources? 

• Can a-Si:H and JLC-Si:H films be deposited with the sourees in the setup? What 
are the material properties of the deposited films? 

• Is it possible to create a mono-radical SiH3 and a quantified atomie hydrogen 
beam? 

With the radical sourees characterized, a first study has been performed to demonstrate 
the capability of performing well-defined radical surface interaction studies using the new 
set up: 

• What is the interaction of atomie hydrogen with a hydrogenated silicon surface? 

• Does atomie hydrogen etch a-Si:H films? What is the hydrogen-induced etch 
yield of a-Si:H films? 

• What is the substrate temperature dependenee of the hydrogen-induced etch 
yield? 
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• Can the etch mechanism be clarified? 

• Are isotope studies, e.g. using atomie deuterium and hydrogen, possible on 
the setup? 

The in situ realtime spectroscopie ellipsometry technique has been used to find the answer 
to most of the questions. 

Outline of this report 

In Chapter 2 the ultra high vacuum (UHV) compatible experimental setup is described 
and treats several components of the setup in detail, in particular the implementation of 
the substrate heater, the shutter, and the gas panel. 

The basies of spectroscopie ellipsometry are presented in Chapter 3. The model used 
to interpret the measurements is described and the procedure forthereal-time in situ SE 
measurements is treated. 

Chapter 4 comprehends the characterization of the plasma and radieal sourees for 
hydrogen-induced etching of hydrogenated amorphous carbon (a-C:H) and a-Si:H films. 
The known atomie hydrogen flux from the atomie hydrogen souree is used to calibrate 
the other two sources. 

In Chapter 5, the hot wire radieal souree and the ECR plasma souree are used to 
deposit a-Si:H films. For the deposition of the ECR plasma souree a silane inlet is designed 
and the design is evaluated on the basis of a simple model. 

Chapter 6 treats two first studies that demonstrate the capability of this new setup 
to study the radieal surface interaction in a well-defined matter. The temperature depen
denee of the etch yield of a-Si:H film is determined and compared to results obtained in 
the literature, and a short study is performed to relate the isotopic etch process of both 
atomie hydrogen and deuterium. 

Finally, in Chapter 7 the general conclusions of the work will be summarized and 
recommendations for future work will be given. 
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Chapter 2 

Experimental setup 

The study of the growth mechanism of silicon thin films demands an advanced setup, 
which should comply with several conditions. The setup should be suited for the imple
mentation of optical diagnostics to monitor the plasma surface interactions during film 
growth in detail. Ultra high vacuum conditions are necessary, sirree surface contamination 
should be reduced to a minimum. The particles fluxes should be accurately controlled and 
quantified. Furthermore, different atoms, radicals, and possibly also ions should be se
lectable. The experimental setup, which fulfills the above mentioned criteria, is described 
in this chapter. 

2.1 Galapagos 

The setup is entitled Galapagos, which is an acronym which stands for General Apparatus 
for Layer Analysis using Plasma Assisted Growth Of Semi-conductors. A schematic top 
and side view are shown in Fig. 2.1 and Fig. 2.2, respectively. Galapagos is an ultra high 
vacuum (UHV) compatible setup, which consists of a deposition and a diagnostic chamber 
separated by a substrate or an optical element. The substrate is placed in the center of 
the setup and several optica! ports at different angles are assimilated in the setup. In 
the design of Galapagos the positions of the optical ports are related to the preferential 
angles of incidence and reflection of the optica! diagnostics used. These angles (given 
with respect to the normal of the substrate) and the corresponding optical diagnostics 
are listed in Table 2.1. However, the design of Galapagos is such that in case other op ti cal 
diagnostics are required, that they can be easily applied in future experiments, because 
the substrate can be accessed from several angles. 

The deposition chamber is the vacuum chamber where deposition, e.g., of a-Si:H films, 
takes place and in which the dedicated plasmajradical sourees are present. The sourees 
are treated briefly in Section 2.4 and in more detail in Chapter 4. Both the deposition 
and diagnostic chamber are UHV-compatible and the base pressure is typically below 
w-8 mbar. The pressure in the deposition chamber is higher during experiments when 
the pressure is determined by the gas flow coming from the sources. The pressure in 
the diagnostic chamber is almast independent of the pressure in the deposition chamber. 
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Table 2.1: The angle of the optical ports with respect to the normal of the 
substrate in Galapagos and the conesponding optical diagnostics 

Position Angle Optical diagnostic 
Deposition chamber 90 ° gas phase CRDS 

60 ° Spectroscopie ellipsometry 
35 ° Second harmonie generation 

Diagnostic chamber 45 ° Thin film cavity ringdown spectroscopy 
Attenuated total reflection-

Fourier transform infrared spectroscopy 

This chamber is therefore suitable for extremely sensitive optical diagnostics, because the 
optical elements in the diagnostie chamber are not contaminated by the deposition of 
films. 

2.2 Vacuum system 

The pumping system 

The UHV chamber is pumped by two turbo molecular pumps, denoted as turbo pump 
in Fig. 2.2a. Both the deposition chamber and the diagnostic chamber are pumped 
separately; the deposition chamber is pumped by a turbo-molecular drag pump (Pfeiffer 
Vacuum, TMU261P, Ultimate pressure < 5 · 10-10 mbar) and the diagnostie chamber 
is pumped by a turbo molecular-pump (Balzers (Pfeiffer Vacuum), TPU170, Ultimate 
pressure < 1·10-10 mbar). Valves are present between the turbo pumps and the vacuum 
chamber: a controllable gate valve for the deposition chamber and a gate valve for the 
diagnostie chamber. These valves can be used to keep the vacuum chamber at low pressure 
in case the turbo pumps are temporarily switched off. 

To reach and maintain UHV conditions, it is essential that the sealing of the flanges 
of the setup is UHV-compatible. The primary, universally used UHV flange design is the 
stainless steel Conflat sexless flange, which operates with two opposed knife edges that seal 
a metallic gasket by deformation when the flange is tightened [12]. The metal gaskets in 
Galapagos are manufactured of annealed copper, which will deform in the seal region with 
less torque on the bolts and with less deformation of the flange during tightening. These 
annealed gaskets are especially needed for spectroscopie windows mounted in stainless 
steel flanges in order to prevent window cracking due to flange flexure during tightening. 

Furthermore, it is necessary that the whole vacuum chamber and all its components, 
such as the sources, the turbo pumps, the substrate heater and the pressure gauges, can 
be baked out to remove wall contamination. Both the vacuum chambers can be baked 
out with the heating lamps (Fig. 2.1a and Fig. 2.2a, Halogen Photo Optie Lamp, 1000W). 
The baking out of the ports for the optical diagnostics is less efficient with the heating 
lamps and therefore, will be realized with external heating tapes (Isopad, G25, maximum 
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Gas phase 
Thin film CRDS 

CRDS 

(a) Schematic top view of Galapagos 

(b) Top view of Galapagos 

Figure 2.1: The ports for the optical diagnostics (ATR-FTIR, thin film CRDS, 
gas phase CRDS, SE and SHG) are shown together with the ECR plasma souree 
(ECR) and the Hot Wire souree (HW). Furthermore the substrate heater and 
heating lamp are indicated. The SE technique is used for the experiments in 
this report and will be diseussed in Chapter 3. 
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Shutter 

QMS t 

Diagnostic side 

Turbopump Turbopump 

(a) Schematic side view of Galapagos 

(b) Side view of Galapagos 

Figure 2.2: The atomie hydrogen souree (H-source), the Quadrupole Mass 
Spectrometer (QMS), the substrate holder with substrate, the shutter and the 
heating lamp of the deposition chamber are shown. The dimension of Galapagos 
are: 620 mm in lengthand 0254 mm in diameter, the two turbo pumps are 
300 mrn apart. 
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temperature 450 °C) on the reactor wall of Galapagos. The heating tape is also used to 
bake out the linear shifts of the sources, the port to the QMS and the ports to the turbo 
pumps. 

The etch and deposition experiments, which are described in this report, do not 
necessarily require UHV conditions and are therefore, performed without elaborate baking 
of the complete vacuum system. This has resulted in base pressures in both chambers of 
typically below 1 ° 10-8 mbar. 

Monitor chamber pressure 

The pressure in both the deposition chamber and the diagnostic chamber is measured 
with two different types of pressure gauges. A full range pressure gauge (Pfeiffer Vacuum, 
Compact FullRange™ Gauge, PKR261, range: 5 · 10-9 - 1000 mbar) is used to monitor 
the pressures during evacuating of the vacuum chambers and in experiments at relative 
high pressures. The reacl-out pressure of this full range pressure gauge is gas dependent 
and in the particular case of the use of H2-gas, the reacl-out pressure is approximately 
a factor 2.4 lower than the real H2 pressure. The pressures in the deposition chamber, 
Pdepo' as reported in this report arebasedon the uncorrected reacl-out pressure of the full 
pressure range, as the correction factor is in most cases pressure dependent. An UHV 
pressure gauge controller (AML, PGC2D, range: 3 · 10-11 - 10-3 mbar) can be used to 
accurately monitor the pressure in the UHV range. 

The quality of the vacuum is monitored with a quadrupale mass spectrometer ( QMS 
in Fig. 2.la). The QMS (Pfeiffer Vacuum, QME 200) can be operated at pressures below 
10-5 mbarand returns a mass-resolved spectrum of the gas species present in the vacuum. 
The QMS is used to determine the amount and relative presence of the gas species in the 
chamber. Each day prior to experiments, a QMS spectrum is gathered and the resulting 
spectra are archived so as to monitor the"vacuum quality" in time. The effect of baking 
Galapagos is shown in Fig. 2.3. Prior to the bake out of the vacuum chambers, the QMS 
spectrum shows a wide range of species with masses up to 100 amu, as seen in Fig.2.3a. 
After bake out and a considerable pumping time (rv 36 h), the high mass contamination 
is removed from the vacuum chamber and the water signa! (18 amu) is reduced, although 
still present, as shown in Fig.2.3b. 

The QMS is also used as a leak detector. In this case the helium signa! is monitored in 
time, while spraying the outside and flanges of Galapagos with helium gas. An increase 
of He+ -peak intensity in the QMS spectrum indicates the presence and location of a leak 
in the system, such a leak is usually the result of a not-sufficiently tightened and therefore 
not-perfectly sealing gasket. 

2.3 The substrate 

2.3.1 The substrate holder 

The deposition and diagnostic chamber are separated by the substrate. The substrate 
is accessible for optica! diagnostics from both the front and back side. The substrate is 
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Figure 2.3: The "vacuum quality" as measured with the QMS. One spectrum 
has been taken before baking and the other after baking 

mounted in a substrate holder, which is screwed on the separating wall, as shown in Fig. 
2.2a. The substrate holder can be removed from the setup through the right flange of 
the setup (see Fig. 2.2). The advantage of the substrate holder is that several different 
shaped substrates can be inserted into the system, because it can be easily adapted for 
different substrates. 

The substrate type depends on the experiment and on the optical diagnostics that are 
used. In case of ATR-FTIR measurements, a special trapezial shaped substrate is used 
to achieve multiple internal reflections inside the substrate (shown in Fig. 2.4) [9]. For 
thin film CRDS measurements, a so-called folded cavity is designed [10] and a elaborate 
method is used to dampit to the substrate holder. The substrates for SE measurements 
are cut out of ac-Si wafer (dimensions: 20 x 50 mm), which are clamped on the same 
substrate holder as used during ATR-FTIR experiments. 

An additional advantage of the current setup is that the optical elements do not 
need to have an UHV-compatible sealing as the substrate is on both sicles under UHV 
conditions. This is an advantage compared to other setups, where the substrate holder 
also serves as a vacuum sealing. On the other hand, in our case the diagnostic and 
deposition chamber need to be pumped down simultaneously to prevent darnaging of the 
optical substrate due to the pressure difference between both chambers. However, this is 
a minor disadvantage compared to the freedom in the design of the optical elements. 

2.3.2 The substrate heater 

The substrate is heated with a substrate heater (Advanced Ceramics Corporation, Flat 
PBN Base Boralectric™ Heater, model: HTR 1002) with a maximum power of 1440 
W. The substrate heater is shown in detail in Fig. 2.5 and its position in the Galapagos 
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TJrêTI 
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Figure 2.4: Schematic illustration of the ATR-FTIR trapezia! shaped sub
strate mounted on the substrate holder. Four thermocouples (Tl..T4) are 
present on the substrate and substrate holder to monitor and control the sub
strate temperature when the substrate heater is used. 

Radiation shield 
""'-

Ceramic heater 

Copperwire 
Molybdenum 
screw thread 
with screws 

Figure 2.5: The substrate heater in detail, shown in a side view. The several 
parts are indicated in the figure and for clarity only one of the copper wires, 
which are attached to the stainless steel rods, is drawn. 

15 

vacuum chamber is shown in Fig. 2.la. The substrate heater is attached toa CF40 flange 
with UHV-compatible electric feed-through and two stainless steel rods, which extend into 
the chamber and lead into a Boron Nitride (BN) isolator plate. Two molybdenum screw 
threads with matching screws fit into the BN plate and the ceramic heater is attached 
to the other end of the molybdenum screw thread. The electric circuit is closed by two 
copper wires, which attach the molybdenum screw threads to the stainless steel rods. 
Two radiation shields are present to limit the effect of the infrared radiation from the 
substrate heater on the optica} diagnostics, such as e.g. the ATR-FTIR diagnostic. The 
dimensions of the heater are 60 x 50 x 2 mm and the distance between the heater and the 
substrate is 38 mm. Power is applied to the substrate by a 1500 W power supply (Delta 
Elektronika BV, type: SM120-13). 

Four thermocouples are glued on the substrate and substrate holder, as shown in Fig. 
2.4. The thermocouples can be placed on each position of the substrate or the substrate 
holderand the glue is heat-resistant and special UHV-compatible. The temperature ofthe 
substrate and substrate holder is monitored and the substrate temperature is controlled 
by means of a thermocouple. In Fig. 2.6 a typical example of the substrate temperature 
control is shown as a function of time for a SE substrate. The temperatures of the 
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Figure 2.6: a) Typical example of the response time of the SE substrate tem
perature, T2 , and substrate holder temperature, T4 , after the substrate tem
perature was set to 250 oe at t = 0 min. b) The power of the substrate heater 
is in percentage of the maximum power. After 9 min. T2 = 248 oe, while the 
temperature of T4 is still increasing at t = 23 min. 

substrate, T2, and the temperature of the substrate holder, T4, are plotted as well as the 
power from the substrate heater, Pheater· As can be seen in Fig. 2.6, after 15 minutes 
the setpoint of 250 oe is reached; T2 is within (250 ± 2) oe after 9 minutes, but T4 is 
still increasing after 23 minutes, which indicates that the temperature of the substrate 
holder is still not in equilibrium with the surroundings. Also two thermocouples are 
situated on the substrate to determine the temperature gradient of the substrate. From 
the comparison of T1 = 249 oe and T2 = 250 oe in a typical experiment, it is clear that 
the difference is small. 

In future experiments the thermocouples will be no longer present on the substrate. 
The temperature of the substrate will be controlled with a thermocouple on the substrate 
holder, such that the substrate is not contaminated with glue. 

2.3.3 Shutter 

A shutter is integrated in the current setup to prevent the substrate from contamination 
due to the heating up of the sourees or the cleaning of the vacuum chamber. Especially 
in the case of the hot wire, it is seen that during the first use of a new wire some con
tamination comes from the heated wire. The basic idea of the shutter is straightforward: 
sliding a plate in front of the substrate to block the incoming species from reaching the 
substrate. The shutter is a little stainless steel box of dimensions 60 x 30 x 4.5 mm which 
slides just in front of the substrate. The shutter is attached to a rod, which is attached 
to an UHV-compatible linear shift. The shutter is moved up and down using a valve op
erated by pressurized air. The design sketch with the conesponding dimensions is shown 
in appendix A.l. 
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Figure 2. 7: The effect of the shutter on the temperature and temperature 
control of the substrate. The experiment starts with a closed shutter and Tsub 

= 251 oe. At t=O min. the shutter is opened, resulting in a decrease of Tsub 

and consequently in an increase in heater power, Pheater· The temperature 
decrease is restrained to 4 oe as aresult of the fast response of the heater. At 
t=16 min. the shutter is closed and the opposite occurs with an increase of 
5 oe. The data points are obtained every 5 s. and the figure represents the 
temperature in discrete steps of 1 oe, because the data is sampled by an 12 
bits ADe of the programmabie logic control (discussed inSection 2.6). 
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In Fig. 2. 7 the effect of the shutter on the substrate temperature is shown. The 
substrate temperature decreases when the shutter is opened. Due to the fast respons of 
the substrate heater the decreaseis limited to 4 oe at Tsub = 250 oe. The temperature is 
within 2 ° of the regulated substrate temperature after 5 min. The opposite temperature 
effect occurs when the shutter is closed. The fluctuation in the substrate temperature is 
the result of the partial reflection of the radiation coming from the heated substrate by 
the shutter. 

2.4 Radical sourees 

Three sourees are permanently present on Galapagos to create a plasma or (mono) radical 
beam, i.e. the atomie hydragen source, EeR plasma souree and hot wire radical source. 
Each souree is mounted on a linear shift (Fig. 2.1 and Fig. 2.2), such that each souree 
can be translated over a distance of 10 cm towards and away from the substrate. The 
linear shift is anideal tool to vary the partiele flux impinging on the substrate at constant 
souree operating conditions. 

The atomie hydragen souree (H-source in Fig. 2.2a and Fig. 2.8a) basically consists 
of a heated capillary. The incoming H2-molecules are thermally dissociated on the wall 
of the capillary, providing an atomie hydragen beam. The degree of dissociation depends 
on the temperature of the capillary and the incoming gas flow. This souree can also be 
operated on deuterium gas, D2, to provide an atomie deuterium beam. The minimum 
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distance from the souree to the substrate is 5.4 cm and the maximum distance is 15.4 
cm. A detailed description of the H-source is given in Section 4.1. 

The ECR plasma souree (ECR in Fig. 2.1a and Fig. 2.8b) is used to create both 
hydrogen, argon and silane plasmas. The ECR plasma souree (denoted as ECR-source) 
provides high plasma densities at relatively low pressures due to electron cyclotron reso
nance (ECR) conditions in astrong magnetic field. The energy for creating the plasma is 
provided using a 2.45 GHzmicrowave magnetron, which is connected toa power supply 
with a maximum power of 200 W. The ECR-source is equipped with grids and an ion 
trap to run in different modes, providing an ion beam, atom beam or hybrid beam. The 
latter is a combination between an atom beam and ion beam. The power for the grids 
comes from a separate power supply and the high voltage modules for the ion trap are 
integrated in the power supply for the magnetron. Two gas lines are attached to the 
ECR-source. One gas line is used for the creation of a plasma inside the plasma chamber 
of the ECR-source. Another injection just after the plasmachamber is used for specific 
reactions of the emanating plasma with the injected gas to create other radicals or ions. 
The minimum (maximum) distance from ECR-source to the substrate is 11 cm (21 cm). 
The ECR-source is treated in more detail in Section 4.2 

The central part of the hot wire radical souree (HW in Fig. 2.1a and Fig. 2.8c) is 
a heated spiralled tungsten wire (0 0.45 mm). The temperature of the wire depends 
on the current through the wire. The molecules colliding with the heated hot wire are 
thermally dissociated. In this way, the hot wire radical souree ( denoted as HW -source) 
can be used to dissociate both hydrogen and silane molecules. The minimum distance 
from the HW-source to the substrate is 6.8 cm and the HW-source can be translated 
towards a distance of 16.8 cm from the substrate. The power supply for the HW-source 
is the same as the one for the H-source. More details one the HW-source are provided in 
Section 4.3. 

2.5 Gas system 

To implement the different dedicated experiments on Galapagos, a large freedom in se
lectable gases is highly beneficia!. As the general purpose of experiments in Galapagos is 
to investigate the plasma interaction with the surface, the different gases will be used to 
create different radicals. The presence of deuterated gases (SiD4 and D2) enables isotope 
labelling experiments. This section describes the gas panel of Galapagos in detail. 

Galapagos is equipped with four different positions where gas can enter the vacuum 
chamber; injection of H2 or D2 through the capillary of the H-source, injection of Ar, 
H2 or D2 in the plasma chamber of the ECR-source, injection of SiH4, SiD4, Si2H6 or 
CF 4 in the reactor inlet ( also the ECR gas line for gas injection behind the ECR-source) 
and injection of Ar at the reactor vent. Only the "ECR inlet" and "reactor inlet" are 
supposed to be operated simultaneously. The gas panel cantrolling the gas supply for 
Galapagos is schematically depicted in Fig. 2.9. 

The commonly used gases integrated in the gas panel come from a shared net of the 
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(a) The atomie hydragen souree (ex situ) 

(b) The ECR plasma souree (ex situ) 

( e) The hot wire radieal souree (in situ with 
blocking direct line-of-sight, see Seetion 5.1.2) 

Figure 2.8: Plasma and Radical sourees of Galapagos 
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Figure 2.9: The gas panel of Galapagos. Commonly used gases, such as Ar, 
H2 and SiH4, are obtained from the shared gas supply net in the building, 
while the specialty gases, such as D2 , SiD4, ShH6 and CF4, are supplied from 
lectures bottles. The gas panel consist of mass specified Mass Flow Controllers 
(MFCs) ( the range of the adjustable flows are noted at each MFC in the figure), 
gas purifiers and different types of valves. 

Spectrum building, whereas specialty gases come from separated lectures bottles. Because 
Galapagos is an UHV-compatible setup and is used for dedicated experiments, the purity 
of the gases is an important issue. The purity of the gases is listed in Table 2.5 

The incoming gas lines enter a pressure reducer with an additional valve in order 
to adjust the pressure inside the gas lines in the gas cabinet, which is necessary as the 
MFCs require a certain inlet pressure. Between the lecture bottles and the pressure 
reducer two additional valves are present; the valve on top of the lecture bottle is used 
for the replacement of the lecture bottle, the other valve with end cap can be used for 
evacuating the gas line with an external vacuum pump, for leak testing of the gas line, 
and for flushing the gas line with an inert gas. 

The specific gas flow into the soureescan either be set by the MFCs or by the leakage 
valves (see appendix A.2 for calibration), depending on the magnitude of the required 
flow. The MFCs are calibrated for a specific gas, although the MFCs can be corrected 
with a correction factor when using them for a different gas, and can provide flows in a 
certain range, which is indicated in Fig. 2.9. Each MFC is surrounded by two pneumatic 
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Table 2.2: The purity of the integrated gases of Galapagos 

Gas Notation Purity 
Argon Ar > 99.999% 

Hydragen H2 > 99.999% shared net of Spectrum building 
Silane SiH4 > 99.995% 

Deuterium D2 > 99.8% 1 

Deuterated silane SiD4 > 99.8% :t 

Disilane Si2H6 > 99.9% 
Freon-14 CF4 > 99.995% 

1 Guaranteed specifications: H20 50 ppm, 02 100 ppm, N2 500 ppm. 
Typical analysis: H20 30 ppm, 02 20 ppm, N2 100 ppm. 

2 Estimated purity. 

lecture bottie 
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valves, because a MFC in general does not seal perfectly in closed position. The gas 
lines of Ar, H2/D2, SiH4/SiD4/Si2H6 are furthermore equipped with purifiers, which are 
installed between the MFC outiets and the MFC outlet valves. When the leakage valves 
are used for flow adjustment, the bypass valves for the MFCs are opened such that the 
pressure in the gas line can rapidly equilibrate up to the leakage valve. This is necessary 
for proper flow adjustment of the leakage valves. An additional advantage of the bypass 
valves is that they allow rapid pumping down of the complete gas lines. Normally, the 
pumping down of the gas lines is limited by the maximum flow through the MFCs and 
can take a considerable amount of time as the inlet pressure of the MFCs is suffi.cient to 
provide a flow between 0 and 20 seem for a long time. Obviously, this low flow would 
especially be a disadvantage when rapidly switching between two different gases in an 
experiment is required. The reactor vent line is equipped with an additional pressure 
red u eer set at 1 bar (absolute). This additional safety feature prevents overpressurizing 
of the reactor when the reactor is pressurized to change the substrate, etc. 

The pressure reducers of the lecture botties are read out by the programmabie logic 
control, which is discussed in Section 2.6. In case of overpressure in one of the gas lines 
(due to malfunctioning of a pressure reducer) the pneumatic valves of all the gas lines 
will be closed automatically. This is a safety feature to prevent overpressure in a gas line 
as well as overpressure in the reactor. 

2.6 The operating system of Galapagos 

Galapagos is automated by a programmabie logic control (PLC). Basically, the PLC is 
a universa! switchboard that continuously receives input signals, such as pressures and 
temperatures, from the setup and can sent out control signals (outputs) to the various 
componentsof the setup, such as the valves and pumps. The conditions for which a control 
action is performed is determined by a setup-specific operating program that runs on the 
PLC and can depend on multiple input values and/or set points that have been set by the 
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operator. For example, the two valves of the turbo pumps are closed when the pressure in 
the setup exceeds the operator-defined lower limit of 2 ·10-2 mbar. The input values and 
set points are communicated between PLC and operator via a human-machine-interface 
(HMI), a software program that runs on a personal computer (PC). Here, the different 
components will be treated in more detail. The PLC consistsof a central processor unit 
(CPU, Siemens 412-2PCI) that runs the operating program (written in Sirnatie step 7) 
and a number of inputjoutput (1/0) blocks that interact with the setup components. The 
CPU is located in a PCI slot of the PC to ensure fast communication with the HMI, while 
the 1/0 blocks are located on the setup for easy conneetion to the setup components. The 
CPU communicates to the 1/0 blocks via a bus system- Siemens Profibus, a universa! 
system supported by many manufacturers- that connects the CPU and all 1/0 blocks 
by one serial cable. Specific 1/0 blocks exist for each possible 1/0 task. Therefore, to 
control a universa! setup consisting of diverse components, a selection of 1/0 blocks is 
added to the Profibus system, based on the component present in the setup. In fact, a 
huge number of additional 1/0 blocks can be added to the Profibus system for control of 
new setup components, making the PLC extremely versatile. Examples of 1/0 blocks are 
digital inputs and outputs, analog digital converters (ADC), digital analog conversions 
(DAC), counter units, and thermocouple read out units. Certain setup components, such 
as the mass flow controllers, the temperature control units (Eurotherms), and the turbo 
pumps, support the Profibus protocol and these components are addressed directly by the 
CPU in the same way as other 1/0 blocks. The complete PLC runs autonomously, having 
it 's own power supply, as has the CPU, and is designed to run for over 15 years without 
breakdown. Therefore, it is ideally suited for implementation as a security system on the 
Galapagos setup that uses hazardous gasses, such as SiH4 and H2. 

The operator monitors and controls the PLC and the setup via a human-machine
interface (HMI). The HMI has been written by the central technica! workshop (GTD) of 
the TU je with the software program Intouch (Factory Suite 2000, Wonderware corpora
tion). The front screen of the HMI is shown in Fig. 2.10. An additional feature of the 
HMI is the history tracking. The HMI stores the data of all variables of the setup in 
real-time to the hard disk. This data can be used for (long-term) monitoring of process 
values, e.g., of the substrate temperature during experiments, or the data can be retrieved 
for tracing back events in history, such as an emergency breakdown. 
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Figure 2.10: Front screen of the human-machine-interface software Intouch 
used to monitor and control the Galapagos setup. The different components of 
the setup can beturnedon (dark gray appearance) and off (light gray appear
ance) by a click of the mouse. 
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Chapter 3 

Spectroscopie ellipsometry 

Spectroscopie ellipsometry (SE) is used to monitor the etch and deposition rates obtained 
by the atom and radical fiuxes. First a short introduetion into the principle of the SE 
technique is given and the experimental setup is discussed. Subsequently, the model used 
to monitor the etch or deposition rates, and the experimental procedure is introduced. 

3.1 Principle of spectroscopie ellipsometry 

Ellipsometry is a very sensitive measurement technique to characterize thin films, surfaces 
and material microstructure. It derives its sensitivity from the determination of the 
relative change of the polarization after reileetion from a surface. It is more accurate 
than absolute intensity refiectance measurements as it is insensitive to fiuctuations in the 
intensity of the light [8]. The spectroscopie part of this technique refers to the range of 
wavelengtbs that are measured in one data acquisition (in our case 250 nm - 1700 nm), 
and, e.g., can be used to determine the dispersion of the optieal constauts of a film. 

The experimental setup is shown in Fig. 3.1. The linearly polarized light refiects of the 
film in an ellipsametrie polarized state. The polarization state of any beam is specified 
by components along any two orthogonal axis in the plane perpendieular to the direction 
of beam propagation. In ellipsametrie experiments, it is common to use the so-called "p
and s-directions" as the two orthogonal basis veetors used to express beam polarization 
states. The p-direction is defined as lying in the plane of incidence, whieh contains the 
incident and refiected beams as well as the vector normal to the sample surface. The 
s-direction lies perpendicular to the p-direction and parallel to the substrate. Any totally 
polarized beam can be expressed by specifying the components of the electrie field of the 
beam along the p- and s-directions. 

The complex ellipsametrie parameter p is expressed in terms of the two real-valued 
ellipsametrie parameters w and ~. whieh are related to the ratio of complex Fresnel 
refiection coefficients Rp and R8 , for p- and s-polarized light respectively [8]: 

p = Ï!! = tanw exp(i~) 
Rs 

(3.1) 
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Film I Substrate 

Figure 3.1: A schematically representation of the SE technique and the ex
perimental setup. The components of the souree and detector are: light souree 
and collimator (LSC), fixed polarizer (FP), rotating compensator (RC), fixed 
analyzer (FA) and detector (D) [13]. 

Ellipsometry data is expressed in terms of the amplitude ratio w and the phase angle ~
In SE the val u es for \ll and ~ are detected for different wave lengths (i.e. photon energies). 
These values depend on the film and on the substrate, and yield e.g. the optica! constants 
of the layer ( the refractive index n and the extinction coeffi.cient k or equivalently the real 
and imaginary part of the dielectric function, € 1 and €2, respectively), the film thickness, 
surface roughness, growth or etch rate. The ellipsometry data is translated into physical 
information about the sample through model-based-analysis [14]. 

The change W and ~data can be used directly in aso-called trajectory plot, in which 
\ll is plotted as a function of ~- A trajectory plot can be used to differentiate between an 
etching and a depositing process, as shown in Fig. 3.2. For deposition of a-Si:H films a 
counterclockwise-inward spiralling motiontoa convergence point is observed. The values 
for \ll and ~ convergence to a certain point, because the light absorption increases with 
increasing a-Si:H film thickness. The optical constants belonging to the convergence point 
correspond therefore to the values of a semi-infinite film [15]. In etching experiments of 
a-Si:H films, the opposite occurs and a clockwise-outward spiralling motion is seen in 
a trajectory plot, ending eventually at the (~, w) of the substrate when the film is 
completely removed. 

3.2 Experimental setup 

The spectroscopie measurements are performed using a J.A.Woollam, Inc. M2000FI™ 
visible and near infrared rotating compensator ellipsometer tagether with the Woollam 
software for instrument control and data acquisition (WVASE32) and analysis (both 
WVASE 32 and EASE1.6) . The Spectroscopie Ellipsometer consist of several parts (cf. 
Fig. 3.1 from left to right) [13]. 
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Figure 3.2: A typical trajectory plot for the deposition of an a-Si:H layer. The 
deposition of the layer results in a counterclockwise-inward spiralling motion 
to a converge point [15]. 
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Light souree --+ Polarizer --+ Film --+ Rotating compensator --+ Analyzer --+ Detector 

The light souree is a high pressure xenon discharge point souree lamp (braad spec
trum: 190 nm- 2J.tm) and the light from the souree passes an internal collimator to make 
the beam parallel. Subsequently the light is linearly polarized by a fixed polarizer. The 
linearly polarized light refiects off the film and becomes, in general, elliptically polarized 
light. The elliptically polarized light from the film enters the rotating compensator. An 
ideal compensator is an optical retarder with a retardation of exactly 90 o (or 1/4 wave 
length) in one direction and with no retardation in the other direction. For example the 
optical retarder can, depending on the orientation of the retarding axis and the direction 
of the linearly polarization, convert linearly polarized light into circularly polarized light. 
The light enters subsequently another fixed polarizer, called the analyzer. The light is 
detected after passing a grating by a multichannel CCD array. The in-plane angle be
tween souree and detector is not necessarily fixed and can be varied to gain additional 
information from a given sample, however the angle is fixed for the in-situ measurements 
performed in Galapagos, as the optical port for the SE measurements are at 60° with the 
normal to the substrate. 

3.3 The model 

Three different type of experiments have been performed and are described in this report, 
i.e. the etching of a-C:H, the etching of a-Si:H and the deposition of a-Si:H. All these 
experiments are monitored with SE and for all three experiments, the substrate consist of 
c-Si with an amorphous film deposited on top. All three types of experiments, therefore, 
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are modelled with a similar model, which is used to convert the w and ~ data into film 
parameters such as optica! constant and thickness of the film. 
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Figure 3.3: A schematically representation of the SE model that is used in the 
measurements. The total film on the substrate is constructed from different 
layers, i.e. a semi-infinite crystalline silicon (c-Si) substrate layer, a native 
oxide (Si02) layer and an amorphous layer with surface roughness modelled by 
the general oscillator model. 

The model is schematically shown in Fig. 3.3. The total layer consists of different 
layers; ac-Si substrate onto which an a-C:H or an a-Si:H layer has been deposited. The 
a-C:H layers are deposited using the Expanding Thermal Plasma (ETP) technique [1] and 
the a-Si:H layers are deposited using the hot wire radical souree or ECR plasma souree 
in Galapagos. For accurate modelling of the etch or deposition process a native oxide 
(Si02) of approximately 20 A thick has tobetaken into account. The a-C:H or a-Si:H 
films are modelled using a Tauc-Lorentz oscillator model [16], which is generally accepted 
for amorphous materials [17, 18]. The Tauc-Lorentz formalism is a model with four 
parameters, i.e. the amplitude (Amp.), the broadening energy (Broad.), resonance energy 
E0 and optical gap energy Eg [16, 19]. These four parameters characterize the amorphous 
material and are different for a-C:H and a-Si:H films. Furthermore, the thickness of the 
thin film is a variabie parameter in the model. On top of the thin film, a surface roughness 
layer is present, which is modelled using a Bruggeman effective medium approximation 
(EMA) of 50% void and 50% of the underlying layer [20]. In this way only the thickness 
is a free parameter of the surface roughness layer. 

The real time SE data consist of a time series of ellipsometric spectra. The model is 
fit sequentially to each spectrum, with the final fit parameters of one time step providing 
the starting point of the next time step. The entire time series of the data is fit iteratively. 
The fit procedure starts with an initia! guess for the dielectric function of the film. The 
Fresnel equations are used to calculate theoretica! Wth and ~th, which are then compared 
with experimental Wexp and ~exp to calculate a mean squared error (MSE). The fitting 
procedure is continued until it is no langer possible to reduce the total MSE by means of 
a Levenberg-Marquard iterative routine [18]. 

To relate the results of the SE measurements to other techniques, the values for n & 
k or equivalently ê 1 & ê2 can be compared, as these constants characterize the optica! 
properties of the materiaL Another material dependent parameter, which is commonly 
used to relate the results to those obtained by other techniques, is the optica! Tauc band 
gap. The optica! Tauc band gap Erauc [21] is defined as the photon energy at which 
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Figure 3.4: Determination Tauc Band Gap of an a-Si:H layer using the Tauc
Lorentz model parameters from Table 5.1 

Table 3.1: Range of Tauc Lorentz Model parameters for a-C:H [22] and a-Si:H 
[23] films 

Tauc-Lorentz Model parameters a-C:H a-Si:H 
Amplitude 15-25 130- 190 

Broadening Energy 5-6 2.4-2.5 
Resonance Energy Eo 4-8 3.5-3.8 

Optical Gap Energy E9 0.8- 1.0 1.2- 1.6 

Material properties 
n(2.0 eV) 2.0-2.5 4.1- 4.3 
k(2.0 eV) 0.1- 0.3 0.1- 0.3 
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the parameter (é2E 2) 112) = 0 when extrapolated from the linear part of (ê2E2) 1I2 versus 
photon energy [15, 24]. The determination of the Tauc band gap is shown in Fig. 3.4 and 
the data for an a-Si:H layer from Table 3.1 are used. 

3.4 Experimental procedure 

Before any in-situ measurements can be performed with the spectroscopie ellipsometer, 
it is necessary that the whole system, i.e. the polarizer, analyzer and compensator, is 
calibrated. This calibration remains valid as long as the system is unchanged. However, 
each day a new calibration is performed befare the real measurement starts. For ex situ 
measurements a special calibration sample is present, which consist of ac-Si wafer with 
approximately 20 nm native oxide. As this sample can not be mounted in the substrate 



30 Spectroscopie ellipsometry 

holder of Galapagos, the in-situ calibration needs to be performed on the sample that is 
present in the setup, while the model parameters of the sample are determined in an ex 
situ SE experiment. After the in-situ calibration, the angle between the souree and the 
detector is precisely determined for a specific substrate temperature, because temperature 
effects and internal stress of the setup can slightly influence this angle. 

Before starting with the in-situ data acquisition a single spectroscopie scan of the 
substrate is taken, which results in the values of w and .6. as a function of the photon 
energy. Before an etching experiment is performed, the model parameters (amplitude 
energy, broadening energy, resonance energy E0 , and optical gap energy Eg) are initial
ized and optimized. Subsequently, the model parameters are fixed under the condition 
that the layer properties remain constant during the etching of the layer. In an etching 
experiment only the thickness of the amorphous layer and the surface roughness thickness 
are allowed to vary. In deposition experiments the model parameters are determined after 
the deposition. 

When the deposited film consists of several different layers, it is more convenient 
to define a virtual substrate, than building a multi layer optical model. This latter 
could be computationally inefficient and potentially inaccurate, as any errors in the layer 
thickness and/ or optical constauts propagate into errors in the top layer thickness. A 
virtual substrate basically consists of the measured values of the dielectric constants, é1 

and é2, for the total layer including the substrate and gives no information on the sub 
layers from which it is constructed. However, the layer that is deposited on the virtual 
substrate can easily be modelled, as the model uses the change in W and .6. compared to 
the values of the virtual substrate and contributes this W and .6. change to the deposited 
layer. The use of a virtual substrate is furthermore beneficial when the underlying layer 
can not be modelled accurately. 

An example of a typical in-situ etching experiment of a-C:H is shown in Fig. 3.5. 
The figure shows the result of the two model parameters, i.e. the thickness of the a-C:H 
layer and the thickness of the surface roughness. The total thickness is taken to be the 
sum of thickness of the a-C:H layer and half of the thickness of the surface roughness, 
because the surface roughness is modelled according to a Bruggeman approximation. The 
slopes in Fig. 3.5 vary astheresult of the changing etch conditions, i.e. in this example, 
changing the H2-flow and consequently changing the H-flux impinging onto the substrate. 
The total thickness is decreasing and therefore it is concluded that etching occurs. 

Although the values of the fit are important for the characterization of the layer and 
different values yield different values for the layer thickness, it is seen in experiments 
that the slopes, i.e. the etch rates, alter only slightly, when the material properties are 
changed within a certain range in the model. Thus, the value of the etch rate of the 
a-C:H layer is only slightly dependent on the actual fit parameters of the model and the 
same holds for a-Si:H films. 
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Figure 3.5: Typical example of an etching experiment of a-C:H where the 
change in the slope of the layer thickness is the result of varying the H2-flow, 
i.e. varying the atomieH-flux to the a-C:H layer. The thickness of the surface 
roughness, Srough, the thickness of the a-C:H layer, a-C:H, and the totallayer 
thickness, total, are plotted. The total thickness is defined as the sum of the 
thickness of the a-C:H and half the thickness of the surface roughness. 
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The shutter in Galapagos has two basic effects on the SE measurements; the signal from 
souree to detector is blocked and the temperature of the substrate changes. 

The closed shutter blocks the signal and as a result, the detector does not receive a 
signal. The realtime modeHing does not work when the shutter is closed. However, the 
measured ll! and b.. values are not affected by the opening and closing of the shutter and 
when the modelling is clone afterwards, no problems are likely to be seen. 

When the substrate is heated, the closing and opening of the shutter results in a 
slight change of substrate temperature, as explained in Section 2.3.3 and shown in Fig. 
2. 7. The temperature change affects the modeHing of the SE, as the ll! and b.. vary due 
to this temperature change. 
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Chapter 4 

Radical sourees 

The main goal of this chapter is to characterize the behavior of the three radieal sourees 
of Galapagos under different souree operating conditions. The three sourees can all be 
operated on H2-gas to produce hydragen (H) atoms. The atomie hydragen flux (H
flux) from the plasmaand radieal sourees is therefore characterized by hydrogen-induced 
etching experiments of a-C:H and a-Si:H films. The dissociation mechanism of H2-gas 
in the capillary of the atomie hydrogen souree is well-understood. The known H-flux 
from the atomie hydragen souree will be used to relate the etch rate of the films to the 
absoluteH-flux impinging onto the substrate, thereby quantifying the H-flux of the other 
two sources. The SE technique, introduced in Chapter 3, is applied as diagnostic technique 
to monitor the etch rate and thus, the H-flux. For each source, first the principle of the 
souree will be explained, foliowed by the etching experiments to characterize the H-flux. 
The chapter will be concluded with a comparison between the sourees and a discussion 
about their reproducibility. 

4.1 Atomie hydrogen souree 

The atomie hydragen souree ( denoted as H-source) is implemented in Galapagos to pro
vide an atomie hydragen beam. Main aspect of this source, is the well-defined atomie 
hydragen flux emanating from the source. In addition, the H-source can be used to create 
anatomie deuterium beam. Therefore, the H-source will be highly beneficia! in the study 
of the interaction of atomie hydrogen as well as atomie deuterium with a film. In this 
section, the basic principle of the H-source will be treated. The results of the etching 
of a-C:H and a-Si:H films with a H-flux emanating from the H-source will be described. 
Furthermore, the H-source has been used todetermine the relation between the etch rate 
and the atomie hydrogen flux on the surface. 

4.1.1 Basic principle of the atomie hydrogen souree 

The basic element in the H-source is a long thin tungsten capillary (6 cm, 0 lmm) that 
is resistively heated at the exit. Three parameters are necessary to calculate the H-flux 
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from the H-source arriving at the substrate, i.e. the H2-flow through the source, the 
degree of dissociation in the souree and the beam profile or angular distribution of the H 
atoms emanating from the souree [25]. These three parameters are subsequently treated 
in this section. 

The H2-flow 

The H2 molecules will be heated during a interaction with the heated wall of the capillary. 
The H2-flow plays an important role in this process and the effect of a high and low flow 
will be briefly discussed. When the H2-flow through the capillary is high, the atomie 
hydrogen flow from the H-source is high. However, for higher flows the H-source works 
less efficient than for lower H2-flows due to a lower degree of dissociation, as will be 
treated in the next section. In the other case when the flow is too low, the resulting mean 
free path of the H2 molecules exceeds the length of the hot part of the capillary, i.e. a 
part of the H2 molecules can travel through the capillary without any wall interaction or 
partiele collision. In both cases a part of H2 molecules will not be heated sufficiently, as 
not all the molecules collide with the wall of the capillary. 

The degree of dissociation 

The second process concerns the degree of dissociation of the H2 molecules. The disso
ciation of the H2 molecules occurs during their interaction with the heated wall of the 
capillary and the probability for dissociation of the H2 molecules depends on the temper
ature of the capillary. From hot wire radical souree experiments it is commonly known 
that the filament temperature should be higher than 1500 K to dissociate H2 and the 
degree of dissociation increases for increasing temperature [26, 27]. The degree of disso
ciation of the H-source can be constructed as a function of the capillary temperature for 
four different H2-flows [28], as shown in Fig. 4.1. 

As expected, the value of the degree of dissociation, a, increases with increasing Tcap· 

The degree of dissociation decreases with increasing H2-flow, which has been attributed 
to Le Chatelier's principle by Tschersich et al. [28, 29]. This principle states that if a 
system in equilibrium is compressed, e.g. when the H2-flow is increased, the system will 
adjust itself to minimize the increase in pressure. The pressure increase is minimized by 
decreasing the amount of particles in the gas phase, i. e by not dissociating H2 molecules 
and as a result, the degree of dissociation decreases. 

The effect of undissociated H2 molecules for low H2-flows is not taken into account 
yet (also not in Fig. 4.1, but will be treated in more detail in the following sections. 

The beam formation 

The H2 molecules are dissociated to a certain degree in the capillary and a mixture of 
H atoms and undissociated H2 molecules emanates from the H-source in a certain beam 
profile. Both the beam formation and the mixture ratio of H to H2 depend on the H2-flow 
and the capillary temperature. The theory for beam formation in a heated capillary is 
the subject of several articles [25, 30] and a number of mathematica! descriptions have 
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Figure 4.1: The degree of dissociation, o:, calculated as a function of the 
capillary temperature Tcap and for different H2-flows in a capillary (tungsten, 
0 1 mm) [28]. 
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been reported. The basic principle can be explained in an elegant way by introducing the 
effective length, Lef! [30], as shown in Fig. 4.2. 

At the entrance of the capillary the pressure of the H2-gas is denoted by Pi and this 
value depends on the throughput, i.e. the H2-flow. The other end of the capillary ends 
in the vacuum chamber, which has a pressure Po· The effective length, Lef!• is defined 
as the distance from the capillary exit, x, at which the pressure in the capillary is low 
enough for the molecules to reach the exit of the capillary without collisions (indicated 
by Pm)· The presence of this molecular flow regime in the capillary results in a narrow 
beam formation, as is explained next. 

The beam profile of the souree is related to the angle 8(Leff ), which is defined as the 
maximum angle at which a partiele can exit the capillary, when the partiele is created or 
scattered at the beginning of the molecular flow regime at Lef! and exits the capillary 
without any further collision or wall interaction. However, it is more likely that a partiele 
starting at Lef 1 does not exit the capillary without any wall interactions, but that it will 
undergo at least one wall interaction. At each wall interaction the partiele is scattered in 
a random direction in accordance to a eosine emitter. The wall-scattered particles can, 
after a wall collision at a distance closer to the capillary exit than Lef!, emanate from the 
capillary under a larger angle than 8(Leff ). Therefore, the beam becomes broader than 
the beam profile corresponding to 8(Leff) due to the contribution of these wall-scattered 
atoms. 
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Figure 4.2: Schematic illustration of the principle of the H-source. The end of 
the capillary is shown and the difference in beam profile for low and high H2-

flows is explained by introducing the effective length, Lef!· The Pi, Pm, and p0 

are the pressure at the capillary entrance, the pressure at the point where the 
molecular flow starts, and the pressure in the vacuum chamber, respectively. 
The flux emanating from the capillary is considered for three different angles, 
as shown by the three circles. The temperature gradient in the the capillary is 
indicated by the grey scale of the capillary wall. 

In Fig. 4.2, the beam formation has schematically been illustrated for two different sit
uations, a high H2-fiow (Fig. 4.2a) and a low H2-fiow (Fig. 4.2b). The flow is collision
dominated in the first part of the capillary as a result of the high local pressure. At a 
certain point, x, the value of the pressure has dropped to the value Pm, thus the H atoms 
(and H2 molecules) can travel to the exit of the capillary without any further gas phase 
callision (or wall interaction). In Fig. 4.2a the beam formationfora high flow is shown. 
A high H2-flow results in a respectively low value of Leff• because the position in the 
capillary where the pressure equals Pm is close to the capillary exit, as a result of the 
relatively high input pressure, Pi· For lower H2-fiows (Fig. 4.2b), the position of Pm shifts 
in the direction of the capillary entrance, i.e. the Lef f increases. This increase results in 
a decrease of the value of the maximum angle 8(Leff) and as a result, the beam profile 
becomes narrower. Typical values for the effective length fora capillary diameter of lmm, 
are Leff = 3.5 mm for H2-fiow = 1.0 seem and Lef!= 13 mm for H2-fiow = 0.002 seem 
[30]. 
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The exact shape of the beam profile can be understood as follows. In Fig. 4.2, the 
beam profile can be explained using three different view angles, which are shown on the 
right of the capillary. For each view angle, the part of the hot inner capillary surface, 
visible from that angle, has been indicated with a rectangle. The area of the capillary wall 
increases for decreasing view angle (Fig. 4.2), which might suggest that the partiele flux 
towards the view point increases with decreasing view angle (a pproaehing grazing angle), 
thus yielding a peaked profile. However, the dissociated atoms scatter from the heated 
capillary surface according to a eosine emitter and thus, the probability for a scattered 
partiele to reach the view point decreases with decreasing view angle. The combination 
of these two effect leads to a (broad) hollow profile with the highest partiele flux at the in
termediate view angle. However, it also needs tobetaken into account that particles that 
are dissociated at x 2: Lef f can arrive at Pm with a direction, such that they can leave the 
capillary without any wall interaction. Consequently, these particles will emanate from 
the capillary with an angle 8 S 8(Leff) and will therefore result in a (central) narrow, 
peaked beam profile. To conclude, the addition of these separate beam profiles results in 
a peaked profile with broad wings. 

Gomparing high and low H2-flow (Fig. 4.2a and b, respectively), it can be seen that 
Leff increases with decreasing H2-flow and thus, B(LeJJ) decreases. Therefore, decreas
ing the H2-flow leads to a narrower central beam profile, while the width of the broad 
hollow profile remains approximately the same. 
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Figure 4.3: Normalized H-intensity for different polar angles and for different 
H2-fl.ows and capillary temperature 2600 K. The graph is taken from the manual 
of the H-source [31] and has been determined for a slightly different H-source, 
in which the capillary is heated by electron-impact. The fits through the data 
points have been derived by Tschersich et al. [25]. 
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The normalized angular distributions for different flows have been determined by Tscher
sich et al. for a slightly different souree based on electron-impact heating of the capillary 
[25, 31] and have been shown in Fig. 4.3. The H-flux has been determined by means of 
a quadrupole mass spectrometer, which can be rotated around the exit of the capillary 
[25]. As expected, the beam profile becomes broader for increasing H2-flows. In Fig. 4.3 
the beam profile of a eosine emitter, which is assumed to be a perfectly diffuse emitter, 
has beenplottedas a reference to show that the H-source acts as a souree with a narrow 
beamingeneraL The flattening of the normalized intensity for the lowest H2-flow will be 
explained next. 

The capillary is resistively heated at the end of the capillary and as a result, a gradient 
in the capillary wall is present. The end of the capillary has a temperature that is 
sufficient to dissociate H2 molecules, but the wall temperature decreases towards the 
capillary entrance, as has been schematically shown in Fig. 4.2 by the grey scale gradient 
of the capillary wall. The non-uniform wall temperature has an effect on the dissociation, 
especially for the low H2-flow, in which case the value of the Let! can exceed the high 
temperature region near the exit of the capillary. For low H2-flow, the H2 molecules at 
x > Lef! will not dissociate at the wall due to the insuflident wall temperature and 
can travel undissociated through the high-temperature region due to the long mean free 
path. These undissociated H2 molecules contribute to the intensity in the center of the 
beam, because the molecules travel from the beginning of the molecular flow regime and 
therefore exit the capillary with 8 ~ 8(Leff) [30]. The on-axis dip for small H2-flows is 
shown Fig. 4.3 and can be attributed to these undissociated H2 molecules. 

Atomie hydrogen flux 

The atomie hydrogen flux (denoted as H-flux) at the exit of the capillary is the product 
of the degree of dissociation and the H2-flow. The beam profile of the capillary has to be 
taken into account when the H-flux is calculated at a certain distance from the source. 
The H-flux at 5.4 cm from the exit of the source, as measured for different H2-flows and 
as a function of the capillary temperature, with an uncertainty in the H-flux of maximum 
30% is shown in Fig. 4.4. This figure shows that for low H2-flow (~ 1.9x10-3 seem) and 
for high capillary temperatures (T ~ 2400 K) the curve starts to saturate. For these 
conditions the H-source acts as a souree with over 90 % dissociation, as is seen in Fig. 
4.1. For increasing flows at a constant capillary temperature the degree of dissociation 
decreases, as discussed earlier. 

4.1.2 Implementation of the atomie hydrogen souree 

In this paragraph some specifications and characteristics of the H-source will be given. 
The tungsten capillary of the H-source has a length of 6 cm and an inner diameter of 1 
mm. A detailed illustration of the H-source is shown in the appendix A.3. The heating of 
the capillary has been realized by a concentric coil, which directly heats the last 2.5 cm 
of the capillary. Furthermore, the whole capillary has been surrounded by a water-cooled 
copper jacket to prevent heating of the surrounding and to proteet the substrate from 
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Figure 4.4: The H-flux density as a function of capillary temperature and 
plotted for different H2-flows at T9as = 295K [31]. The lines represent the 
measurement performed with a mass spectrometer at 5.4 cm from the source. 
The H-flux has been determined for a slightly different H-source, in which the 
capillary is heated by electron-impact. The uncertainty in the value of the 
H-flux is at maximum 30%. The minimal physical distance from souree to 
substrate in Galapagos is also 5.4 cm. 
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radiative heating. At the end of the H-source, there is a small opening in the copper 
jacket, such that atoms can effuse into the direction of the substrate. The capillary ends 
in the water cooled jacket at 0.6 cm from the end of the source. The power for the heating 
of the capillary is supplied by a 600 W DC power supply (Delta Elektronika BV, type: 
SM7020-D). 

The heating current through the capillary as a function of the provided power of the 
H-source, measured at three different days, is plotted in Fig. 4.5. The figure shows that 
the heating of the capillary reproduces very well. Intheinset of Fig. 4.5, the power of the 
H-source has been plotted against the squared current . The plot shows that there is no 
quadratic relation between the power and the current, i.e. P = J 2 · R, meaning that the 
resistance of the heating element of the capillary increases with increasing temperature. 
The manual states that the resistance of the heating element of the capillary permanently 
increases, but with less than 1% per hour when the H-source is operated at a power of 
200 W [31]. This effect has notbeen witnessed during the measurements in this report, 
as the souree has seldomly been used at this high power, but should always be considered 
in future experiments. An increasing resistance results in a higher power when the same 
current is set and therefore, results in a higher capillary temperature. 
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Figure 4.6: Temperature of the capillary of the H-source as a function of the 
heating current. The temperature of the capillary orifice has been measured 
by Tschersich et al. using a disappearing filament optica! pyrometer focused 
at the front end of the capillary [28]. 
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The relation between the current through the heating element and the resulting tem
perature of the capillary of the H-source is relevant as the degree of dissociation of H2 
molecules strongly depends on the temperature of the capillary wall, as explained above. 

Figure 4.6 has been taken directly from the H-source manual and shows the tempera
ture of the capillary as a function of the heating current. Figure 4.6 shows a linear depen
denee for the temperature of the capillary and the applied heating current for currents be
tween 9- 13 A. Therefore, the empirical relation of T(K) = (141±3) · J(A)+(5.8±0.3)·102 

has been derived to relate the heating current to the capillary temperature. 

4.1.3 etehing experirnents with the atomie hydrogen souree 

For future experiments with the H-source, it is of great importance that the relations 
between H-flux and H2-flow, capillary temperature Tcap and distance to substrate are 
established, as these relations will be used to select certain conditions in an experiment. 
The effects of these parameters on the etch rate of a-e:H and a-Si:H, which is a measure of 
the H-flux and which is assumed to be linear with the impinging H-flux, will be determined 
and discussed in this section. The etching experiments in this section will be performed 
on a-e:H and a-Si:H films with a constant substrate temperature, Tsub = (230 ± 10) oe 
and Tsub = (85 ± 10) oe, respectively, and will be monitored with SE. The etch rates for 
different conditions will be calculated with the SE model as presented in Section 3.2. 

Retch as a function of distanee r 

As mentioned in Section 2.4, the H-source has been mounted on a linear shift such that 
the distance from the souree to the substrate can be changed. The linear shift makes it 
possible to examine the beam formation of the H-source in more detail and can be used 
in an experiment to change the H-flux towards the substrate while maintaining constant 
operating conditions of the source. The H-flux of the souree is known at distance of 
5.4 cm from the source. As the capillary diameter is small compared to the distance 
from the H-source to the substrate and as the mean free path of the H atoms in the 
vacuum chamber is sufficient (Pdepo '"" 10-4 mbar) to reach the substrate without gas 
phase interactions, it is expected that the H-source acts as a point source. Realizing 
that for a point souree the relation between etch rate and distance r is: Retch '""r-2, the 
"point souree related distance", ro, from the souree to the substrate can be found plotting 
1 IJ Retch as a function of r. 

Figure 4. 7 shows 1 IJ Retch as a function of r and a linear relation can be seen. eon
sequently, it can be concluded that the H-source acts as a point souree for the typical 
range of distances in Galapagos. The intersection of the linear fit with the x-axis yields 
the "point souree related distance" and results in ro = -(3.1 ± 0.3) cm, which implies 
that the point souree is situated 3.1 cm within the H-source. The capillary itself ends 0.6 
cm from the end of the source, meaning that the point souree is situated 2.5 cm within 
the capillary ( schematically shown in Fig. 4. 7). Furthermore, it can be derived from Fig. 
4. 7 that the H-flux can be decreased with a approximately a factor 7, when the H-source 
is shifted from minimum to maximum distance. 
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Figure 4. 7: Retch as a function of the distance from H-source to substrate. 
The intersection of the linear fit with the x-axis gives the "point souree related 
distance" from souree to substrate, r0 = ( -3.1 ± 0.3) cm. The H2-flow = 0.40 
seem, Tcap = 2130 K and Tsub = (230 ± 10) oe. The inset shows the schematic 
end of the source, with the capillary indicated in dark grey and the water-cooled 
jacket indicated in light grey, and the corresponding distances in cm. 
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Figure 4.8: Retch obtained by the H-source as a function of different H2-flows 
at a distance 5.4 cm. Tcap = 2130 K and Tsub = (230 ± 10) oe. The data 
points have been connected with a guide to the eye. 
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Retch as a function of H2-flow 

Figure 4.8 shows that the etch rate, Retch, as a function of the H2-flow through the 
capillary. As expected, the etch rate does not increase linearly with H2-flow due to the 
change in both the degree of dissociation and the beam profile for increasing H2-flow. 

Retch as a function of capillary temperature Tcap 

Finally, the etch rate has been determined as a function of the capillary temperature as 
shown in Fig. 4.9. The measurement has been performed on two different days and it can 
be concluded that the H-source reproduces well. As expected, the etch rate increases with 
capillary temperature and starts to approach saturation at higher capillary temperatures, 
in accordance with Fig. 4.1. 
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Figure 4.9: Retch as a function of capillary temperature, which is varied by 
changing the heating current. The H2-flow is 0.002 seem, Tsub = (230 ± 10) oe 
and the souree is at a distance of 5.4 cm from the substrate. The measurements 
have been performed on two different days to check the reproducibility. 

Determination relation Retch and H-flux 

The H-source has a well-determined H-fiux and beam profile. Therefore, the relation 
between the etch rates and the H-fiux from the H-source, can be used to calculate the 
H-flux from the ECR plasma souree and the hot wire radical souree in future experiments. 
The relationships between the etch rate and the H-flux for the a-C:H layer and a-Si:H 
layer will be determined in the following two sections. 
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Etch efficiency a-C:H layer 

The results of the etch rate from Fig. 4.8 and from Fig. 4.9 can be related to the corre
sponding H-flux. Figure 4.4 has been used to relate the Tcap for a certain H2-flow to a 
certain H-flux. The result has been shown in Fig. 4.10. 
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Figure 4.10: Retch as a function of the H-flux for two different measurements 
for ro= 5.4 cm and Tsub = (230 ± 10) oe for the case of etching a-C:H. The 
linear relations between the Retch and H-flux show an offset. 

Both the graphs in Fig. 4.10 show that the etch rate has a linear dependenee on the H
flux arriving at the a-C:H film and this justifies the assumption made in the introduetion 
of this section. Fig. 4.10a has only four data points as the H-flux has been determined for 
four different flows (Fig. 4.4). The data points in both figures have been fitted with a linear 
function, resulting in the following values for the slopes and offset, (1.45 ± 0.01) · 10-15 

(Á · cm2s1)/min, (-0.14±0.03) Á/min and (1.6±0.1)·10-15 (Á · cm2s1)/min, (0.07±0.01) 
Á/min, for Fig. 4.10a and b are, respectively. The offset can not fully be explained by the 
experimental uncertainties in the measurements1 . However, the slopes of the two linear 
fits are in good agreement and indicate that the linear fit with offset is appropriate. This 
is in contrast to the discrepancy in the slopes of the linear fits, when the fits are forced to 
interseet through the origin of the plot. The empirica! relation, determined from the two 
combined slopes between the etch rate, Retch, and the H-flux, ipH, is shown in Eq. 4.1: 

Retch (Á/min) = (1.5 ± 0.1) ·10-15 ipH (cm-2s-1
) for the a-C:H layer. (4.1) 

1The systematic uncertainty in the H-flux could be at maximum 30%. However, a systematic un
certainty can never simultaneously correct Fig. 4.10a and Fig. 4.10b, as any systematic uncertainty will 
always increase one offset, while decrease the other. The uncertainty in the etch rate (approximately 0.03 
À/min) is not sufficient to account for the observed offsets. 
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Figure 4.11: (a) Retch a.s a function of Tcap for an H2-flow=0.43 seem for the 
case of etching of a-Si:H. The distance from souree to substrate is r = 15.4 cm 
and Tsub = 85°C. 

a-Si:H layer 

In this section the equivalent relation of Eq. 4.1 will be determined for a-Si:H films. The 
hot wire radical souree has been used to deposit an a-Si:H layer as will be discussed in 
Chapter 5. In Chapter 6, it will be shown that H atoms etch a-Si:H films and that the etch 
rate is linear with the H-flux. The etch rate of the a-Si:H layer obtained with the H-source 
has been determined for different Tcap and the Hz-flow = 0.43 seem, which corresponds 
to the highest flow in Fig. 4.4. The measurement has been performed with the H-source 
at a maximum distance from the substrate. In Fig. 4.11a an increase in etch rate can be 
seen for increasing capillary temperature. The relation between Retch and the H-flux is 
shown in Fig. 4.1lb. The least squares fit of the data points results in the values of the 
slope and offset, (6.4 ± 0.5) -10-16 (À- cm2s1) /min and (0.02 ± 0.01) À/min, respectively. 
In contrast to Fig. 4.10, the small offset of Fig. 4.11 can be attributed to the uncertainty 
in the measurement. The empirical relation between etch rate, Retch, and H-flux, <I> H, for 
the etching of an a-Si:H layer can be derived from the value of the slope and is shown in 
Eq. 4.2: 

Retch (À/min)= (6.4 ± 0.5). 10-16 <I>H (cm- 2s-1
) for the a-Si:H layer. (4.2) 



46 Radical sourees 

4.2 ECR plasma souree 

In Galapagos, a souree is required which can be used with various gases, which spans 
a relatively wide range of ion energies ( tens of e V) and which can deliver a relatively 
high partiele flux. Highest plasma densities at relatively low pressures can be obtained 
under electron cyclotron resonance (ECR) conditions in a strong magnetic field. The 
ECR plasma source, which has been implemented in Galapagos, fulfills these demands 
and can be used to provide several types of radicals and ions for both etch and deposition 
experiments. The basic principle of the ECR effect will be discussed in this section and 
several aspectsof the ECR plasma souree will be introduced. In this section, this souree 
will be used to create an atomie hydragen beam and under these operating conditions, 
the souree will be characterized by etching experimentsof an a-C:H layer. The deposition 
of a-Si:H with the ECR plasma souree will be treated in Chapter 5. 

4.2.1 Basic introduetion of the ECR plasma souree 

The ECR plasma souree ( denoted as ECR-source) is schematically shown in Fig. 4.12 
and several important components are depicted. The plasma is created in the plasma 
chamber. The power for the plasma generation is provided by a magnetron power supply 
and is resonantly coupled into an antenna, which guides the electromagnetic energy into 
the plasma chamber. The different aspects of the ECR-source will be treated in more 
detail. 

Option for 
differential 
pumping 

Resonator 

Atmospheric pressure 

lontrap 

Vacuum chamber 

Figure 4.12: Schematic representation of the ECR-source. The linear shift 
(Fig. 2.1) is not shown. 

Magnetron power supply 

Microwaves from a magnetron with a maximum power of 200 W are coupled via aresonant 
coupler (resonator) into a coaxial antenna, which guides the microwaves into the vacuum 
and up to the plasma chamber [33]. The resonator consist of an empty cylindrical tube, 
which can be shifted in the direction of the antenna in order to optimize the fine-tuning 
of the coupling. This souree has no matching which can be used during an experiment, 
so in an experiment the souree will operate at constant resonator setting. The antenna 
has been welded into an UHV-compatible glass feed-through to guide the antenna into 
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the vacuum chamber. The water cooling of the resonant coupler prevents that the glass 
feed-through is heated as result of the coupling. The antenna extends into the alumina 
plasmachamber (Fig. 4.12 and Fig. 4.13). 

The plasma chamber 

The plasma chamber of the ECR-source is shown in more detail in Fig. 4.13. The 
plasma chamber is made of of alumina (Al203). The antenna fits into a small gap in 
the plasma chamber, which is surrounded by four permanent magnets that generate a 87 
mT quadrupale magnetic field inside the plasma chamber. The permanent magnets and 
plasma chamber are water cooled. The gas inlet for the gas is located at the end of the 
plasma chamber, which is closed by grids. 

Quadrupole magnet 

Ion Trap 

Plasma chamber 
a) side-view 

Quadrupole 
magnets 

Plasma chamber 

b) front-view 

Figure 4.13: Schematic plot of the ECR plasma chamber. 

Electron Cyclotron Resonance confinement 

The basic principle for the creation of the plasma in an ECR-source is the excitement 
of free electrans in the gas by an electromagnetic field, which is resonantly coupled to a 
magnetic field. The strength of the magnets should match precisely with the frequency 
of the electric field to obtain this resonant coupling, such that energy transfer from the 
electric field to the electron is optima!. The microwave frequency in the current ECR
source is 2.45 GHz and to obtain resonance, the magnetic field should be 87.6 mT, which 
corresponds to the strength of the magnetic field in the plasma chamber of the ECR
source. Furthermore, the magnetic field confines the electrans such that the path length of 
the electrans in the plasma chamber is elongated and thus, ~he probability for interaction 
with another partiele increases. The en ergetic electrans ( rv3 e V [32]) colli de with other 
particles, thereby creating other electrons, ions and radicals and forming a plasma. 

Ion, atom and hybrid mode 

The ECR-source can be operated in different modes, i.e. the ion mode, the atom mode 
and the hybrid mode. The different modes are determined by the type of grids that are 
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used to close of the plasma chamber. The number and size of holes in the grids are, in 
general, of great infiuence on the intensity and the fraction of ions and atoms in the beam. 

The souree is running in ion mode when the plasma chamber is closed by two metal 
(molybdenum) grids, as can beseen in Fig. 4.13. Positive ions are accelerated out of the 
plasmachamber into the vacuum chamber. The grid in contact with the plasma is called 
the screen or anode grid, which has a positive voltage. The second grid is called the 
extractor grid and has a negative voltage. The beam consist of high energy ions tagether 
with neutral particles, which are not accelerated by the grids and have a far lower energy. 

Some neutral particles, such as atoms, also emerge of the plasma chamber when 
operated in ion mode, but the fraction of ions is much higher. 

In the atom mode of the source, the metal grids are replaced by one non-metallic 
(alumina) grid, entitled the atom aperture. No voltage is applied on the aperture. Because 
a small part of the surface area of the aperture consist of holes, the main part of arriving 
species is reflected on the atom aperture. Therefore, a partiele will interact on average 
several times with the alumina wall of the plasma chamber or atom aperture and is 
neutralized before it emanates through one of the holes of the aperture. The residual 
ion current, consequently, is low and the beam consist in the major part of atoms and 
molecules in various excited and neutral states. On the end of the ECR-source, an ion 
trap can be mounted to filter the last ions out of the beam. The ion trap consist of two 
horizontal metal plates connected toa positive and negative high voltage (Fig. 4.12) and 
electrical charged particles are defiected by the electric force. The maximum voltage over 
the plates is 10 kV and the plates are separated by 3 cm, resulting in a field of 3kV /cm, 
which is more than enough to defiect the low energy and mostly very light ions [34]. Ions 
are captured on the plates or at least strongly defiected out of the beam and thus are 
prevented from reaching the substrate. In this report, the ECR-source has been used in 
atom mode with an atom aperture of 277 holes of 00.2 mm. 

The last mode in which the ECR-source can be run is the hybrid mode, which is a 
combination of the ion and atom mode. Both the metallic grids and the aperture are 
placed in front of the plasma chamber and the souree works in principle as an atom 
source, but by adjusting the voltage over the grids an additional ion current can be added 
to the beam. 

Differential pumping 

The plasma in the plasma chamber is a combined effect of the ECR motion of the electrans 
and the preserree of a higher local gas pressure in the plasma chamber. For a deposition 
chamber pressure Pdepo > 5 · 10-3 mbar, which is in the region of the minimum of the 
Paschen curve, a discharge from the antenna towards to the surrounding wall can occur 
(Fig. 4.12). Subsequent discharges heat up the glass feed-through and as aresult the glass 
feed-through might melt, because the cooling power of the water cooling is not sufficient 
to counterbalance the heating due to the discharges. 

In the experimentsin this report, the pressure in the vacuum chamber has been main
tained low to prevent discharge at the antenna and slow depositing rates are monitored, 
as will be shown in Chapter 5. In future experiments, relative high chamber pressures 
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might be needed to increase the deposition rate and as solution, the ECR-source can be 
differentially pumped. The differentially pumping of the ECR-source will be used to pump 
the region behind the plasmachamber where the antenna extends from feed-through to 
plasmachamber (Fig. 4.12). Subsequently, the pressure in the plasmachamber and vac
uum chamber of Galapagos is allowed to increase without the risk of a discharge from the 
antenna. A disadvantage of the differential pumping is that the minimum distance from 
the ECR-source to the substrate increases due to the extra vacuum port for the attach
ment of the turbo pump. The linear shift, which is shown in Fig. 2.1, can be removed to 
reduce the increase of distance to the substrate due to the differentially pumping, thereby 
losing however the ability to change the distance from souree to substrate. If the differ
entially pumping is present the invariable distance from souree to substrate becomes 19 
cm. 

4.2.2 etching experiments with the ECR plasma souree 

It is of great importance that the effects of changing the ECR-source conditions on the 
etch rate are determined, i.e. the relations of the etch ra te as a function of the distance 
from souree to substrate, the applied power, and the H2-flow. An important aspect of 
the ECR-source turns out to be its reproducibility, which will be thoroughly discussed. 
Furthermore, results will be shown for the use of an additional argon flow in the plasma 
chamber and its influence on the etch rate. The ECR-source will be used to etch the same 
a-C:H layer as used in the etching experiments with the H-source in order to obtain the 
absolute H-fluxes (Absolute H-flux as calculated with Eq. 4.1 will be shown in the right 
y-axis of most graphs). 

Retch as a function of distance r 

It is of importance to known the behavior of the ECR-source for changing distance from 
the souree to the substrate, as the linear shift is an ideal tool to change the H-flux arriving 
at the substrate, while keeping the ECR-source operating conditions constant. Therefore, 
the etch rate of the ECR-source has been monitored as a function of the distance from 
souree to substrate, r. In Fig. 4.14, the results of this experiment areplottedas 1/ J Retch 

as a function of r to determine whether the ECR-source acts as a point source. The 
measurement has been performed on two different days. 

Fig. 4.14a shows that the both data sets do not overlap, but each data set can be fitted 
with a linear fit. There are considered reasons to believe that the difference between the 
two data sets is the result of a slightly malfunctioning ECR-source on 22-4 and should 
not only be attributed to a moderate reproducibility. This suspected malfunctioning on 
22-4 corresponds to the fact that the data of 22-4 shows a lower etch rate than the data 
set of 14-3 (a slightly malfunctioning ECR-source is believed to result in a lower H-flux 
and thus, lower et eh rate.) Therefore, the absolute values of the data of 22-4 have been 
used to derive a correction factor for data set of 22-4 such that both the data sets overlap 
(Fig. 4.14b). Furthermore, the use of this correction for the data of 22-4 (and other data 
sets) is corroborated by the upcoming results, where it will be seen that the application 



50 Radkal sourees 

2.4 . 14-3 . Correction 22-4 
s: 2.0 ~ 2.0 

? '2 
.Ë 1.6 .Ë 1.6 

~ 
1.2 

~~ 
~ 1.2 s: 
:...... 

ti 0.8 ~ 0.8 

rl r 
0 
= (- 6 ± 3) cm 

0.4 -:;/' ~ r0 =(-3±2)cm 

0.0 '--!"'--""-'~"'--'---~-'--...____,~__._ _ __.__." 

~ 0.4 

0.0 
-5 0 5 10 15 20 -5 

r (cm) r(cm) 

(a) (b) 

Figure 4.14: Retch as a function of the distance from souree to substrate. 
The measurements have been performed on two different days at a constant 
microwave power, Imagn = 100 mA, H2 = 3.0 seem with an additional argon 
flow, Ar= 0.5 seem, into the plasmachamber (Pdepo "' 10-3 mbar). a) original 
data b) the data set of 22-4 is corrected with a correction factor, such that the 
data of 14-3 and 22-4 overlap. The combined value of the point souree related 
distance becomes r0 = ( -5±3) cm, meaning that the point souree is "situated" 
5 cm inside the ECR-source. 
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Figure 4.15: Schematic drawing explaining the point souree behavior of the 
ECR-source. The distance from the ECR-source to the substrate, rEcR, and 
distance from the hottest point in the plasma to the end of the ECR-source, 
Tp!asma, are shown. 
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of this correction increased in all cases the agreement between the data points of different 
days. 

Figure 4.14b shows that the linear shift yields in a factor 3 decrease in etch rate, when 
moving the souree from minimum to maximum distance. For the current conditions in 
Fig. 4.14b, the H-fiux varies within 2.3 · 1014 - 8.1 · 1014 cm-2s-1 (using Eq. 4.1). 
Moreover, the data points in Fig. 4.14b show that both data sets can be fitted with a 
linear fit, which states that the ECR-source acts as a point source. The combined value 
of the "point souree related distance" for the bot data sets is r 0 = -(5 ± 3), which states 
that the point souree is "situated" 5 cm within the ECR-source. The exact dimensions 
of the front part of the ECR-source are shown Fig. 4.15 and will be used to clarify the 
value of r 0 . Because the electromagnetic field emanating from the end of the antenna 
decays exponentially, while the magnetic field of the quadrupale magnets is the strongest 
in the center of the plasma chamber, it is believed that the hottest point of the plasma 
is generated in between the center of the chamber and the end of the antenna, i.e. the 
plasma is mainly created at distance, rplasma, within the ECR-source (Fig. 4.15). It can 
be derived from the dimensions of the componentsin Fig. 4.15 that rplasma ,...., 4 cm. This 
value corresponds to the value of ro = -(5 ± 3) obtained in Fig. 4.14. Therefore, the 
condusion that the ECR-source acts as a point souree seems correct and it seems that 
the point souree is situated at the position of the hottest point in the plasma. 

Retch as a function of magnetron current Imagn 

The efficiency of the coupling of the applied power into the antenna to create and maintain 
the plasma is not known, however it is known that the applied power is related to the 
magnetron current, Imagn· Therefore, Imagn can be used as a parameter to change the 
H-fiux emanating from the source. The etch rate of the a-C:H layer as a function of 
Imagn is determined for two different H2-fiows (Fig. 4.16). Figure 4.16 shows that the 
etch rate increases for increasing Imagn and increasing H2-fiow. The general trend of the 
curves for the two different H2-fiows is the same and the etch rate of H2 = 1.0 seem is a 
factor (1.8 ± 0.2) lower than for H2 = 3.0 seem. The calculated H-fiux varies in the range 
4.5 · 1013 - 7.3 · 1014 cm-2s-1 . 

Retch as a function of H2-flow 

The H2-fiow into the plasmachamber has a large infiuence on the amount of H atoms 
generated. The effect of the H2-fiow on the etch rate was briefiy mentioned in Fig. 4.16, 
but will be further investigated here. In Fig. 4.17 the etch rate has been determined 
for varying H2-fiows. As expected, the figure shows an increase in Retch for increasing 
H2-fiows. It is seen that the curve approaches saturation for higher H2-fiows. For H2-fiow 
:::; 0.5 seem, the plasma in the plasmachamber did not strike and as aresult no etching 
has been observed. 
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Figure 4.16: Retch as a function of Imagn for two different hydrogen flows. 
The souree is located at the minimal distance from souree to substrate, r = 11 
cm. The values of the etch rate are corrected with the correction factor derived 
from Fig. 4.14. The line is a guide to the eye. 
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Figure 4.17: Retch as a function of the H2-flow. Measurements performed at 
constant power, I magn = 100 mA, and with the souree located at the minimal 
distance from souree to substrate, r = 11 cm. The values of the etch rate are 
corrected with the correction factor derived in Fig. 4.14. The line is a guide to 
the eye. 
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Figure 4.18: Etch rate as a function of the Ar-flow for different H2-fl.ows. The 
values of the etch rate are corrected with the correction factor derived from Fig. 
4.14. The souree is located at the minimal distance from souree to substrate, 
r = 11 cm. 
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The lowest H2-flow that was sufficient for plasma creation was H2 = 0.5 seem, but again 
no etching is observed2. In Fig. 4.17, the etch rate at H2 = 1.0 seem is a factor (1.6 ± 0.1) 
lower than for H2 = 3.0 seem and agrees with the factor (1.8 ± 0.2) obtained from Fig. 
4.16. The calculated H-flux varies in the range 5-1014 -8-1014 cm-2s-1 . 

Retch as a function of Ar-flow 

In addition toa pure hydragen plasma used to create aH-flux, an hydragen-argon plasma 
in the plasma chamber can also be used to produce H atoms and Ar+ etc. In this 
configuration, the additional H2-flow into the plasma chamber can be relatively low, 
beeause the plasma is maintained by the background Ar-flow into the plasma chamber. 
Consequently, a relatively small H-flux can be produced with the ECR-source. However, 
the infl.uenee on the etch rate of an additional Ar-flux needs to be resolved. The etch 
rate as a function Ar-flow for different H2-flows is shown in Fig. 4.18. The black square 
in Fig. 4.18 shows that without a H2-flow no etching oceurs. Moreover, it can beseen in 
Fig. 4.18 that the etch rate remains approximately constant as a function of the Ar-flow, 
which is again an indication that the additional Ar species do not influence the etch rate. 
Furthermore, the etch rates in Fig. 4.18 are approximately the same for the different H2-
fl.ows. This is in agreement with Fig. 4.17, where it was seen that the etch rate saturates 
for higher flows and was approximately the same for H2 = 2.0 seem and H2 = 3.0 seem. 

z As aresult of the low Hz-flow, the plasma in the plasmachamber most likely operated in a different 
mode. This condusion can be corroborated by the change in color of the plasma ( changing from violette 
(higher Hz-flow) to yellow (Hz = 0.5 seem)). With an additional Ar-flow (Ar = 0.5 seem), etching is 
achieved for Hz = 0.5 seem and it is concluded that the plasma requires a minimum operating pressure. 
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Overall, it can be concluded from Fig. 4.18 that the additional Ar-flux does not affect 
the absolute etch rate. However, the SE modeHing of the experiment showed that the 
surface roughness layer stopped increasing when a additional Ar-flow was present, while 
the surface roughness layer increased continuously when solely a H2-flow was used. 

4.3 The hot wire radical souree 

The hot wire radical souree (denoted as HW-source) in Galapagos can be used to etch 
films, e.g. etching of a-Si:H by the creation of an H-flux, or to deposit silicon based 
films, as will be discussed in Chapter 5. The main advantage of the HW-source above 
the two other sourees in Galapagos is the relatively high etch and depositions rate that 
can be achieved. However, the species that are generated with the HW-source can be 
less well-defined. Therefore, the HW-source will mainly be used to grow relatively thick 
films, while the ECR-source and H-source will be used in dedicated experiments with slow 
etch and/or deposition rates. Furthermore, the HW-source can used to clean the vacuum 
chamber after the experiments. In this section, the basic principle of the HW-source 
will be treated. Subsequently, the etch rate, corresponding to a certain H-flux onto the 
substrate, will be determined for different conditions. 

4.3.1 Basic principle of the hot wire radical souree 

The HW-source basically consist of a spiralled tungsten wire (diameter: 0 0.45 mm, unless 
otherwise indicated), which is resistively heated. Gas molecules colliding with the heated 
wire are thermally dissociated, just as in the dissociation mechanism of the H-source. 
The filament temperature of the HW-source should be higher than 1500 K to dissociate 
hydragen molecules [26, 27]. The degree of dissociation increases with increasing filament 
temperature in the range 1500 - 2300 K [26, 27]. The HW-souree does not produce a 
specific beam, because the dissociated atoms and molecules are randomly scattered from 
the heated filament. 

4.3.2 lmplementation of the hot wire radical souree 

The temperature of the filament is of great interest concerning the degree of dissociation of 
the molecules. The temperature of the filament is directly related to the electric current 
through the filament. The temperature-current charaderistic of the hot wire and the 
relation between current and applied power are shown in Fig. 4.19. The temperature 
of the filament for a certain current has been determined using a pyrometer. In Fig. 
4.19, it can be seen that the filament temperature of the hot wire, THw, increases with 
increasing current, IHw. The relation between the temperature of the filament and the 
electric current has been used to relate the etch rate to the filament temperature in the 
upcoming results. 
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Figure 4.19: The temperature of the hot wire (0 0.45 mm) as a function of 
the current through the wire. The temperature of the hot wire is determined 
with a pyrometer ( while correcting for the effective emitting area of the hot 
wire). The inset shows the relation between the current and the applied power. 
The lines through the data points are guides to the eye. 

4.3.3 etehing experiments with the hot wire radical souree 

55 

In the etching experiments with the HW-souree basically three parameters can be varied: 
the distance from the filament to the substrate, the filament temperature, and the pressure 
in the vacuum chamber. The dependendes of these three parameters on the etch rate 
have been determined in hydrogen-induced etching experiments. In contrast to the etching 
experiments with the H-source and ECR-source, the HW-source will be characterized in 
termsof the etching of an a-Si:H film. Due to the practical reasou that it was much easier 
to use the HW-source to deposit a-Si:H films (Chapter 5). Consequently, Eq. 4.2 instead 
of Eq. 4.1 bas been used to calculated the etch rate of a-Si:H into H-flux. 

Retch as a function of distanee r 

The linear shift can be used to change the distance between the HW-souree and the 
substrate. In future experiments, this will be an ideal tool of changing the H-flux to the 
substrate at constant operation conditions of the HW-source. The exact dependenee of 
the etch rate for changing distance to the substrate will be determined in this paragraph. 
The experiment bas been performed at a relatively high chamber pressure (read out 
pressure, Pdepo = 0.16 mbar, actual H2-pressure PH2 ~ 0.4 mbar), as the HW-source will 
be used in this pressure range to etch the a-Si:H films. 

The mean free path at PH2 ~ 0.4 mbar for a callision between aH atom and a H2 
molecule can be estimated to be Àmfp ~ 1 mm. This value causes the dissociated H 
atoms to travel from the filament to the substrate with a considered amount of gas phase 
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Figure 4.20: The etch rate as a function of the distance from the souree in 
a double-logarithmic plot. The experiment is performed at pressure Pdepo = 
1.6-10-1 mbar (pH2 ::::::: 0.4) and at filament temperature THw= (2390 ± 30) K 

collisions, which was not the case in the experiments with the H-source and ECR-source, 
and therefore, diffusion becomes important. The et eh ra te as a function of distance, r, 
has been plotted in a double-logarithmic plot, as shown in Fig. 4.20. 

The figure shows that the linear shift yields a factor 18 decrease of H-flux, when 
rnaving the souree from minimum to maximum distance. For the conditions of Fig. 4.20 
the H-flux varies from 1.9 · 1015 - 3 · 1016 cm-2s-1 . The H-fluxes coming from the HW
sources are a factor 10 higher than the maximum flux coming out of the H-source. The 
higher flux can be attributed to the combined effect of the dissociation efficiency, the high 
chamber pressure (which basically corresponds to a high H2-flow) and the smaller value 
of r 0 . These effects evidently counterbalance the fact that the H-source has a narrow 
beam formation in contrast to the HW-source. The results in Fig. 4.20 can be used to 
relate the distance to the etch rate. This relation is valid at this pressure, because for 
lower chamber pressure the relation can be different as there will be a transition from 
diffusion to molecular flow at lower pressures. 

Retch as a function of filament temperature THw 

The effect of the filament temperature, THw, on the etch ra te has been determined in 
Fig. 4.21. The figure shows that the etch rate increases exponentially with the THw, as 
also revealed by the semi-logarithmic plot in the inset of the figure. Furthermore, it can 
be seen that pronounced etching starts at THw 2:: 1600 K, which is in accordance with 
the literature [26, 27]. For the operating conditions used in the experiment of Fig. 4.21, 
the H-flux can be controlled in the range of 6. 1014 - 3. 1016 cm-2s-1 . 
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Figure 4.21: The etch rate as a function of the filament temperature. The 
souree is positioned at its minimum distance from the substrate, r = 6.8 cm, 
and the pressure is Pdepo = 1.6. w-l mbar (PH2 ;:::; 0.4). The inset shows the 
etch rate as a function of the current through the hot wire in a semi-logarithmic 
plot. 
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Figure 4.22: The etch rate as a function of the chamber pressure. The souree 
is positioned at its minimum distance from the substrate, r = 6.8 cm, and the 
filament temperature is THw = 2375 K. The inset shows the same plot in a 
double-logarithmic plot. The real H2 pressure in the chamber is approximately 
a factor 2.4 higher than the read out value of Pdepa· 
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Retch as a function of vacuum chamber pressure Pdepo 

The effect of the chamber pressure on the etch rate has been determined in Fig. 4.22. 
This figure shows that the etch rate increases with increasing pressure and the fit in the 
double-logarithmic plot states that the relation between etch rate and pressure obeys the 

. . 1 1 t. R (o.3s±o.o3) . h R . (Á/ . ) d . ( b ) A empiriCa re a IOn: etch rv Pdepo ' Wit etch m mm an Pdepo m m ar . 
similar trend has been observed in the literature [26, 27]. For the operating conditions used 
in the experiment of Fig. 4.21, the H-flux can be controlled in the range of 2 ·1015 - 3 ·1016 

cm-2s-1 . 

4.4 Comparison of the sourees and reproducibility 

This chapter is concluded with a comparison between the three sourees and some conclud
ing remarks concerning the reproducibility. The hydrogen-induced etching experiments 
have revealed the dependenee of the H-flux on the operating conditions of the three 
sources. 

Atomie hydragen souree 
The H-source is a well-defined souree and delivers aH-flux in a wide range, approximately 
1012 -1016 cm - 2s-1 . The H-source is easy to use, reproduces very well and is ready for use 
in dedicated experiments to reveal the surface interactions of atomie hydrogen. Therefore, 
the atomie souree therefore has been used in a first study to determine the temperature 
dependenee of the etch yield, which will be described in Chapter 6. 

ECR plasma souree 
The use of the ECR-source showed some problems, especially concerning the reproducibil
ity. However, the results that have been obtained in the characterization experiments 
revealed aH-flux that varies in the range of 1013 - 1015 cm-2s-1 . A reason for the poor 
reproducibility is hard to give, but could be the result of a sensitive coupling of the mi
crowave power into the antenna. In the first measurements, the ECR-source did not strike 
on pure hydragen gas and this could contributed to a malfunctioning transformator in the 
power supply of the magnetron. However, the ECR-source still showed, after replacing 
the transformator, a moderate reproducibility as can be seen in Fig. 4.14. The ECR 
power supply for the magnetron current might have difficulties running permanently on 
maximum current, as experiments revealed that the magnetron current fluctuates while 
measuring (fluctuation of 10 mA for Imagn = 100 mA). The only way in re-establishing 
the maximum current is switching of the ECR power supply and waiting a couple of min
utes before continuing with the measurement. This could mean that the power supply is 
not sufficiently air-cooled. Therefore, it is suggested that some additional measurements 
need to be performed to check the reproducibility to a higher extent. 

Hot wire radieal souree 
The HW-source is easy to use and shows a good reproducibility, similar to the H-source. 
The range of H-flux from the HW-source is approximately 1013 - 3·1016 cm-2s-1 . The 
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temperature of the hot wire reproduces very well with the applied current. However, one 
should account for the fatigue of the filament, which effects the H-flux. Especially, one 
should take care with a filament that shows considerable fatigue, as a lot contamination 
comes from the filament when it breaks and could spoil the film on the substrate. To give 
an example, in some deposition experiments suddenly some sort of material was grown, 
which could not be etched with atomie hydrogen and could not be properly modelled 
with SE. 

In genera!, it can been concluded that both the H-source and the HW-source can al
ready be used in dedicated experiments that require well-characterized radical beams. 
The ECR-source should be characterized to a further extent in additional experiments to 
gain more insight into the reproducibility. The first depositions with the HW-source and 
the ECR-source will be discussed in Chapter 5. 
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Chapter 5 

Deposition of a-Si:H 

One of the main future projects of Galapagos will be a detailed study of the growth 
mechanism of a-Si:H films, e.g. a study of the specific surface reactions of gas phase SiH3 
radical during a-Si:H film growth. To enable this type of study, it should be investigated 
whether a-Si:H films can be grown with the sourees present in the current setup. If so, 
the film properties of the deposited a-Si:H for different operating conditions should be 
characterized and an optimal-growth condition might be found. The advantage of both 
etch and deposition souree on a single setup is evident, i.e. the ability to study different 
aspects using the same diagnostics and to study a possible synergy between radicals 
during the deposition of a-Si:H. An additional advantage is that there is no substrate 
handling in between experiments and therefore, no exposure to the atmosphere, where 
oxidation of the film can occur. The HW-source and the ECR-source can be used as 
etching source, which has been described in Chapter 4. In this chapter, it will be shown 
that both sourees can be used to deposit a-Si:H films. The deposition of a-Si:H films, 
using silane (SiH4) as the precursor gas, with the HW-source is elaborately studied in 
the literature and will be treated first. Subsequently, the deposition of a-Si:H films with 
the ECR-source will be discussed and a special silane inlet will be developed to increase 
the growth rate of a-Si:H and to attempt to deposit the film in SiH3 radical dominated 
conditions. 

5.1 Deposition with the hot wire radical souree 

5.1.1 Theoretica! background of deposition of a-Si:H 

In deposition experiments with a HW-source, basically two parameters play an important 
role, i.e. the filament temper at ure and the gas pressure. The degree of dissociation of the 
silane molecules is determined by the filament temperature as the filament temperature is 
the key parameter that determines the composition of the species that are produced. The 
gas pressure has basically two effects; first, the pressure determines the flux of molecules 
towards the heated filament and thereby, the flux of dissociated radicals coming from 
the filament. In addition, the gas pressure determines the mean free path of the created 
radicals and, depending on the pressure and the distance from souree to substrate, radical 
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gas phase reactions come into play. In the following sections, the dependendes of a-Si:H 
growth on the filament temperature and gas pressure will be treated. 

Formation of radicals at the filament 

The silane decomposition products and their fractions at different filament temperatures 
are of great interest in hot wire deposition of a-Si:H. It has been shown in the literature 
that the filament temperature is one of the key parameters in the a-Si:H growth and affects 
both the deposition rate and the properties of the deposited films, since the temperature 
governs the degree of dissociation, heat transfer in the gas, and secondary gas phase 
reaction rates [35, 36]. 

In the literature, it has been reported that the main cracking products of SiH4 on the 
filament are atomie silicon (Si) and atomie hydragen [35, 37, 38]. Measurements performed 
by Duan et al. show that the gas phase density of Si begins to rise steeply at approximately 
1600 K and this riseis explained to betheresult of temperature-dependent reaction rates 
for the reactions taken place at the filament [35, 39]. For filament temperatures above 
2100 K (pressure 1 · 10-5 mbar), the Si production approaches saturation [35, 36, 40]. 
Duan et al. state that this Si saturation regime at higher temperature is dominated by 
mass transport limitations, such as the silane diffusion towards the filament [39, 41]. The 
silane flux towards the filament is determined by the gas pressure in the chamber. 

Heating the filament beyond a certain temperature could decrease the residence time 
of adsorbed silane, which could potentially result in incomplete decomposition of the 
molecule. Duan et al. report that the gas phase intensity of cracking products, such 
as SiH3 and Si2H6 slowly increases from 1600 K. At temperatures above 2100 K, the 
percentages of SiH3 and Si2H6 increase steadily compared to the Si density, because Si 
production approaches saturation [35]. In addition, one can imagine that due to the 
thermal radiation from the filament, a SiH4 molecule can be partially dissociated in the 
region near to the filament, forming H and SiHx (x ::; 3) fragments, which are among 
others detected by Duan et al. and Doyle et al. [35, 38]. 

Gas phase reactions 

To achieve film growth, the created radicals must reach the substrate surface. For low gas 
pressures, the mean free path of the created particles exceeds the distance from filament to 
substrate and the created particles can reach the substrate without a gas phase reactions. 
Therefore, the growth of a-Si:H at low pressures is dominated by Si and H atoms. 

With increasing pressure, the mean free pathof the species decreases and at a certain 
pressure the mean free path is smaller than the distance from filament to substrate. 
Consequently, the radical gas phase reactions become important and additional species 
are formed. Because the main cracking products at the filament are Si and H atoms, 
some possible gas phase reactions of these two atoms will be given. Especially, gas phase 
reactions forming the silyl radical will be considered, as it is believed in the literature 
that SiH3 plays an important role in the growth of a-Si:H [1, 2, 3]. First of all, H atoms 
can react in the gas phase with back ground silane molecules, which leads to hydrogen 
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abstraction of SiH4, forming silyl, Eq. 5.1 [38]; 

kr = 1.8 · 10-16 exp( -1925/T) m-3s-1 (5.1) 

The reaction rate, kr. for this reaction is valid fora gas temperature T (in K) in the range 
290-660 K [1]. The relatively stabie reaction product SiH3 does not react further with 
the other species and has often be seen to be the primary souree for a-Si:H growth at 
suflident high pressures [3, 35, 36, 37]. Furthermore, the Si atoms are lost in gas phase 
reactions with SiH4 to produce both benign and detrimental Si2Hx species. As shown in 
Eq. 5.2, the unstable radical Si2H4 can disintegrate into several different reaction products 
[36, 39]. The given reaction rate represents the overall reaction between Si and SiH4 [3]. 
The produced species might significantly contribute to the film growth. 

Si+ SiH4 ---t Si2H4 ---t 2 SiH2 kr = 3.5 · 10-16 m-3s-1 (5.2) 

---t SiH + SiH3 

---t Si2H2 + H2 

---t Si2H4 

The film properties and quality of a-Si:H strongly depend on the depositing particles. 
In the literature, it is often proposed that a bare Si radical has a large sticking proba
bility and poor mobility on the film growth substrate, resulting in a high probability of 
defect formation, while SiH3 diffuses on the surface with relative ease in a weakly ab
sorbed state [4, 35]. Furthermore, the influence of an additional H-flux might play an 
evident role, as it has been reported in the literature that additional H-fiux can passivate 
dangling bonddefectsin the film, while a larger H-flux can also result in a transition from 
a-Si:H to JLc-SiH [4, 7]. 

Application of the hot wire radical souree in experiments 

The hot wireis easy to use in deposition experiments. However some drawbacks remain, 
such as silicon deposition onto the filament at low filament temperature and evaporated 
contamination from the filament at high filament temperature. 

The use of lower filament temperatures 1200 - 1600 K, below the melting point of 
silicon (1700 K), results in the deposition of silicon on the tungsten filament leading to 
tungsten-silicate formation on the wires, which reduces the catalytic action of the hot 
filament [35, 41]. 

In addition, one possible way of increasing the deposition rate and increasing the rel
ative amount of soft radicals is to increase the amount of dissociated silane molecules by 
increasing the filament temperature. However just increasing the filament temperature 
to its maximum is not desired, because higher filament temperatures increase the evap
oration of tungsten from the filament, which can lead to contamination of the growing 
film [41]. 



64 Deposition of a-Si:H 

With any thin-film deposition method, a clean high vacuum system is essential to 
prevent unwanted impurities from incorporating in the film. Even with good vacuum 
( < 10-8 mbar), the high filament temperature can drive adsorbed and absorbed impurities 
from the hot filament surface onto the substrate, while thermal radiative heating may also 
desorb impurities from other surfaces [38]. To reduce these effects as much as possible, 
the substrate will be masked with the shutter during the initial filament heating and 
introduetion of silane. 

5.1.2 Deposition of a-Si:H with the hot wire radical souree 

In this section, the deposition experiments with the HW-source will be discussed. First, 
it will be shown that a-Si:H can be grown and the typical material properties will be pre
sented. Second, the dependenee of the deposition rate on the gas pressure will be investi
gated. Subsequently, the dependenee of the deposition rate on the filament temperature 
will be determined using a blocking-line-of-sight shield. Finally, the reproducibility of the 
hot wire in both etching and deposition conditions will be checked. 

Deposition rate as a function of pressure 

The deposition ra te of a-Si:H as a function of the pressure in the deposition chamber, 
Pdepo• has been determined at a constant filament temperature, THw = 2170 K, and is 
shown in Fig. 5.1. Figure 5.1 shows that a film has been deposited, but the question 
remains what are the material properties. In general, at different pressures other radicals 
can become dominant and consequently, the deposited films at different pressures can 
have different material properties. The SE data has been analyzed by creating a virtual 
substrate for each different pressure setting. The parameters in the model for the a-Si:H 
have been optimized and kept constant during the growth at a certain condition. The 
ranges of the model parameters for the different films deposited are shown in Table 5.1, 
along with values reported in the literature (Chapter 3). 

Table 5.1: Range of the SE model parameter of the films deposited and the 
typical parameters for a-Si:H obtained from the literature [19, 23]. 

Tauc-Lorentz Model parameters Deposited film Lit. values of a-Si:H 
Amplitude 125 ± 10 130- 190 

Broadening Energy 2.37 ± 0.03 2.4-2.5 
Resonance Energy Eo 3.55 ± 0.1 3.5-3.8 

Optical Gap Energy E9 1.22 ± 0.05 1.2- 1.6 

Material properties 
n(2.0 eV) 4.25 ± 0.1 4.1- 4.3 
k(2.0 eV) 0.35 ± 0.1 0.1- 0.3 

Erauc (eV) 1.71 ± 0.01 1.6- 1.8 
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Figure 5.1: Deposition rate, Rdep' as a nmction of changing pressure in the 
deposition chamber, Pdepo· The measurement is performed at THw = (2170 ± 
30) K and Tsub = (250 ± 3) oe. The SiH4-flow is set to 1.0 seem and the Pdepo 

is altered by partly closing the controllable valve to the turbo pump. The 
distance from filament to substrate is 6.8 cm. The line is drawn as a guide to 
the eye. 
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The model parameters of the film correspond to the values found in the literature 
for a-Si:H films [19, 23]. The mean values of the model parameter can be used to ob
tain a first estimation of the Tauc optica! band gap of the a-Si:H film and the result 
has already been shown in Fig. 3.4. The Tauc optica! band gap for the deposited film is 
Erauc = (1.71 ± 0.01) eV. In the literature, Erauc should be in the range 1.6- 1.8 eV for 
a-Si:H films [15, 24, 38, 42]. Correlating Erauc = (1. 71 ± 0.01) to the hydrogen content 
results in a H content of approximately 10- 17 % [15, 24], which are typical values for 
a-Si:H films. From the comparison with literature, it can be concluded that both the 
SE model parameters as well as the material parameters, i.e. the refractive index, the 
extinction coefficient, and the Tauc optica! band gap, correspond to values which are 
typical for a-Si:H films. Therefore, it can be concluded that the HW-source can be used 
to deposit a-Si:H films. 

Coming back to Fig. 5.1, it can be seen that the deposition rate increases linearly with 
pressure in the range 1 · 10-5 - 2.5 · 10-4 mbar. This result is basically expected, as the 
the radical flux coming from the filament linearly depends on the gas pressure in the low 
pressure range, where radical gas phase interactions can be neglected. Chelly et al. also 
found a linear relation between deposition rate and pressure in the range 1·10-5 - 2 ·10-4 

mbar and furthermore, found a conesponding value of the deposition rate [43]. 
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Figure 5.1 shows a transition at Pdepo = 2.5 · 10-4 mbar in the relation between 
deposition rate and pressure. A possible explanation for the transition might be that 
radical-gas phase interactions become significant. The mean free path for a reaction, Àr, 

and for a hard sphere collision, À 8 c, for interaction between Si and H with back ground gas 
phase SiH4 (Eq. 5.1 and Eq. 5.2, respectively) can be estimated at the transition pressure. 
Assuming that the gas temperature is equal to the substrate temperature, the estimation 
results in the following mean free paths: Àr = 0. 7 m and Àsc = 0.6 m for the Si atoms, 
and Àr = 216 mand Àsc = 0.9 m for the H atoms. These values exceed the distance from 
filament to substrate (6.8 cm), thereby stating that these radical-gas phase interactions 
are not evidently present at the transition pressure and therefore, can not explain the 
transition in Fig. 5.1. According tothese reactions, the pressure at which the lossof Si in 
the gas phase reaction becomes significant, should be higher than 3 ·10-3 mbar. Another 
possible explanation for the transition might be that the impinging SiH4 flux onto the 
filament exceeds the available reaction sites on the filament surface [38]. However, it can 
be estimated that the SiH4 flux for the transition pressure results in approximately one 
SiH4 molecule per second per reaction site (using a surface density for tungsten of 1·1015 

cm-2 ). Therefore, it has been concluded that the transition pressure can most likely not 
be attributed to a lack of available surface reaction sites on the filament. 

In the literature, most of the experiments are performed at higher chamber pressures 
(Pdepo > 10-2 mbar) to obtain high deposition rates and therefore a comparison is difficult. 
However, literature values of the deposition rate at Pdepo ,...., 10-3 mbaragree well with the 
result in Fig. 5.1 [44, 45, 46]. Combining the results found in the literature for the low 
and high pressure, it can be stated that these values of the deposition rate correspond 
well to the results in Fig. 5.1. Therefore, it can be concluded that a transition in the 
relation between deposition rate and pressure should be present at a pressure below 10-2 

mbar, which is in agreement with the result in Fig. 5.1. 
For even higher pressures as shown in Fig. 5.1, i.e. for pressures above 3·10-3 mbar, it 

is expected that the a-Si:H film quality changes as the reaction products of Si with SiH4 
(Eq. 5.2) contribute to film growth. For even higher pressure, the gas phase reaction 
between H and SiH4 becomes likely and the gas phase reaction product SiH3 can become 
the main film growth precursor [37], as described in Section 5.1. Increasing the pressure 
can be one way of obtaining SiH3 dominated growth of a-Si:H, another way, by blocking 
the direct line-of-sight, will be described in the next section. 

Deposition rate as a function of temperature: Blocking of direct line-of-sight 

The deposition rate as a function of the filament temperature will be investigated in this 
section. The direct line-of-sight from filament to surface will be blocked in attempt to 
realize SiH3 dominated a-Si:H growth. The basic idea of the blockingis toselect the SiH3 
radical, which has the lowest sticking probability of the silane radicals [3]. By blocking 
the direct line-of-sight, radicals should in general undergo at least two wall collisions to 
reach the substrate. As a consequence, the blocking of the direct line-of-sight could result 
that mainly the SiH3 radicals reach the substrate, because the main part of other radicals 
sticks to a wall before arriving at the substrate. Furthermore, the direct line-of-sight will 
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(BN, insulator) is present to prevent direct deposition into the capillary of the 
H-source and onto the atom aperture of the ECR-source. The two shields are 
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be blocked to prevent contamination from the hot wire, such as evaporated tungsten, 
to reach the substrate. The basic principle of the blocking of the direct line-of-sight is 
schematically shown in Fig. 5.2. The Retch as a function of the filament temperature, 
THw, using the blocking of direct line-of-sight is shown in Fig. 5.3 

As expected, Fig. 5.3 shows an increase of deposition rate with increasing filament 
temperature. However, a disadvantage of using the direct blocking of line-of-sight is 
that the growth rate of the a-Si:H layer is relatively low compared to the experiments 
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performed with direct line-of-sight, i.e. only a small part of the created radicals reaches 
the substrate. It was necessary during the experiment to increase the gas pressure to 
1.0 · 10-2 mbar to achieve film growth and as a result, the radical gas phase reaction 
between Si and SiH4 takes place. 

Another practical disadvantage of the blocking is that mainly the walls of the vac
uum chamber will be deposited with a thick a-Si:H film. Before continuing with other 
experiments it will be necessary that the walls of the vacuum chamber will be cleaned, 
for example with the hot wire using H2 as the precursor gas. Especially, in case of etch
ing experiments ( discussed in Chapter 6) cleaning will be necessary, as, if the walls are 
not cleaned prior to the measurement, one might find that etched a-Si:H from the walls 
re-deposits on the substrate. This explains the findings of Uchida et al., whoreport that 
the cleaning of the vacuum chamber before starting with etching experiments will lead to 
less defectsin the a-Si:H film [27]. 

Reproducibility hot wire radical souree 

The reproducibility of a plasma/radical souree is of great importance. A reproducibility 
measurement for the HW-source is shown in Fig. 5.4, in which the HW-source bas been 
used to deposit and etch an a-Si:H film. The process bas been repeated two times and 
the deposition rates, Rdep' and etch rates, Retch, have been indicated in Fig. 5.4a. Figure 
5.4a shows that the deposition and etching of the a-Si:H reproduce very welland result in 
a deposition rate, Rdep = (57 ± 2) Á/min and in an etch rate, Retch = (10 ± 0.2) Á/min. 
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Figure 5.4: Depositing (pdepo = 9.1·10-3 mbar) and etching (Pdepo = 4.0·10- 2 

mbar) of an a-Si:H film with the HW-source. The experiment is performed at 
THw = (2250 ± 30) and Tsub = 85 °C. The diameter of the filament is 0 0.4 
mm. 
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The basic SE parameters, i.e. w and Ll, are shown in a trajectory plot in Fig. 5.4b for 
three different photon energies. All the (w, Ll)-plots for different photon energies show 
a continuous transition from deposition to etching and furthermore, the start point for 
deposition in the trajectory plot is equal to the end point of the etching. The trajectory 
plots reproduce very well, as both the three curves for the deposition (see Fig. 5.4a) 
overlap very well and the two curves for etching (see Fig. 5.4a) overlap with each other. 

The probe depth of the photons is proportional to the wavelength of the photons. The 
highest photon energy (Ephoton = 5.1 eV) of theSE is mainly sensitive to changes in the 
surface region, such as the surface roughness. The low photon energy (Ephoton = 0.75 eV) 
is sensitive to bulk material changes. It can be seen in Fig. 5.4b that the trajectory plot 
for deposition and etching is different for Ephoton = 5.1 e V, i.e. the surface roughness is 
different for deposition and etching. This effect can be understood, because two different 
processes result in two different surface roughness evolutions. Experiments, obtained in 
the literature, have shown that deposition is mainly a surface process and in etching 
experiments, atoms penetrate to a certain extent into the surface region of the bulk 
material (see also Chapter 6) [4, 17, 47]. For the low energy the deposition and etching 
curve almost overlap, indicating that the deep bulk material properties hardly change for 
deposition and etching, which is again an indication that the H atoms penetrate only to 
a certain extent into the bulk. The Ephoton = 1.6 eV is an energy in between and gives 
both surface and bulk information, so the (w, Ll)-curve does not perfectly overlap for 
deposition and etching. 

5.2 ECR Plasma souree 

The ECR-source has been used to create a hydrogen plasma in the plasma chamber and 
the atom aperture is used to filter the ions out of the plasma, emanating from the plasma 
chamber into the deposition chamber. When silane gas is added to the emanating plasma 
beam through the additional injection gas line, a reaction between atomie hydrogen and 
silane molecules becomes possible, creating SiHx radicals. As a consequence, the ECR
source can in principle be used for the deposition of silicon based films. A special gas 
inlet will be designed to increase the reaction probability of atomie hydrogen with silane 
gas and thus to increase the production rate of the SiHx radicals. 

5.2.1 SiH4-inlet design 

The main idea of the silane inlet is to increase the reaction probability between H and 
SiH4. 

As the mean free path for this reaction is inversely proportional to the partial pressure 
of H and SiH4, the mean free path can be decreased by locally increasing the pressure. As 
a first try, a silane inlet will be designed that focuses on the locally increase of pressure, 
such that the reaction probability for areaction between H and SiH4, Eq. 5.1 increases. 
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The basic idea of the silane inlet is shown in Fig. 5.5 and more detailed representation is 
shown in appendix A.4. 

ECR plasma chamber SiH4 Silane inlet 
~----~+-------~~ .-; :Li-: 
. ·--f l 

Atom aperture Stack 

Figure 5.5: The basic idea of the silane inlet chamber. The H atoms are 
created by a plasma in the ECR plasma chamber and enter the silane inlet 
chamber via the atom aperture. The partial silane pressure in the silane inlet 
chamber is high compared to pressure in the deposition chamber, resulting in 
the increased formation of SiH3 radicals and other SiHx species. The stack 
acts as a filter for the SiHx species and only SiH3 with the lowest sticking 
probability emanates from the stack. 

The pressure in the silane inlet will be increased by creating an additional chamber 
(the silane inlet chamber) in between the plasmachamber and the deposition chamber. 
The additional gas line ("the reactor inlet" in Fig. 2.9) leads into the silane inlet chamber 
and consequently the gas injection of SiH4 into this chamber is provided. By closing the 
silane inlet chamber with a stack, the pressure in the silane inlet chamber will be increased 
compared to the deposition chamber pressure, just as the presence of the atom aperture 
increases the pressure inside the plasma chamber of the ECR-source with respect to the 
pressure in the silane inlet. 

The stack is a massive cylinder of a certain length and contains a certain number 
of holes of a certain diameter. The effective area of the stack, which is a combination 
of the diameter and the number of the holes, determines the pressure in the silane inlet 
chamber. The stack, thereby, infl.uences the mean free pathof the particles present in the 
silane inlet chamber. The radicals created in the silane inlet chamber (e.g. by reaction 
Eq. 5.1) all have a different sticking probability and a particular reaction product might 
be preferentially selected by varying the length of the stack. An increase in stack length 
might contribute to an increase in SiH3 fraction coming out of the stack, because the SiH3 
radical has the lowest sticking probability of the possible SiHx reaction products [3] and 
therefore the main part of the other SiHx species might be lost at the wall of the stack. 
Thus, a small effective area and/or long channels decrease the total SiRx-flux and thus, 
the growth rate of a-Si:H. 
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Figure 5.6: Deposition of a-Si:H with ECR-source using the silane inlet. Two 
different conditions have been used and the deposition rate is approximately 
Rdep ::::; 0.02 Á/min. The dimensions of the stack and atom aperture are 19 x 
06.6 mm and length 2 cm, the atom aperture: 277 x 00.2 mm, respectively. 

5.2.2 Deposition of a-Si:H with ECR plasma souree 
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In a first attempt to deposit a-Si:H with the ECR-source, a stack (19 x 06.6 mm, length 
2cm)) has been installed on the silane inlet. The main goal of this experiment is to verify 
whether a-Si:H can be deposited. Therefore, the area of the stack is relatively large and 
length of the stack is small to increase the probability that radicals are able to emanate 
from the stack and reach the substrate. Furthermore, the effective area of the stack is 
large as a too high pressure in the silane chamber could cause silane molecules to enter 
the plasma chamber, which could result in deposition into the plasmachamber and might 
cause the ECR-source to malfunction. The result of this experiment is shown in Fig. 5.6. 

Figure 5.6 shows that a film has been deposited with the ECR-source. Although the 
deposited film is too thin to make reliable comments on the material properties, the results 
of the modeHing point in the direction of a film with typical a-Si:H material properties. 
The deposition rate of the ECR-source is very small, Rdep ~ 0.02 Á/min. This small 
deposition rate might be the result of a too low local silane pressure in the silane inlet 
chamber and consequently, a small reaction probability for H and SiH4. 

An indication of the pressures inside the plasma chamber and silane inlet chamber as 
a function of the effective area of the stack, S, is found by modeHing the system. Briefly, 
the model calculated the H2 and SiH4 part i al pressures in the plasma chamber, silane inlet 
chamber and deposition chamber from the H2- and SiH4-fluxes between the chambers for 
the following input parameters: H2 and SiH4 inlet flow, pumping speed of the deposition 
chamber, and effective area, S, of the stack. The modeHing reveals that the pressure 
in the silane inlet chamber for the current value of S is only slightly different than the 
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deposition chamber pressure, i.e. no substantial increase in reaction probability due to 
the additional silane inlet chamber has been obtained. As expected, the model turns out 
that the pressure in the silane inlet chamber increases with decreasing stack area S and 
consequently the reaction mean free path decreases, i.e. the production of SiH3 increases. 
However, the created SiH3 radicals must reach the substrate to contribute to a-Si:H film 
growth. The probability that the SiH3 radical leaves the silane inlet is proportional with 
the stack area. To conclude, for small values of S, the production rate of SiH3 in the 
silane inlet is high, but the created SiH3 can not escape from the silane inlet and mainly 
deposition in the silane inlet and onto the atom aperture will take place. Therefore, the 
model showed that the design of the silane inlet should always cernpromise between the 
production rate of SiH3 (S as small as possible) and the escape probability of a created 
SiH3 (S as big as possible). 

The experiment (Fig. 5.6) revealed also that the inner wall of the plasma chamber 
was deposited with an a-Si:H layer, while the inner wall of the silane inlet chamber was 
relatively clean. Therefore, it can be concluded that SiH4 diffuse back into the plasma 
chamber, where it was dissociated by the ECR plasma. Therefore, the deposition of 
the film was probably achieved with radicals that were created in the plasma chamber 
instead of in the silane inlet chamber. On the bright si de, the ECR-source did not 
malfundion during the deposition experiment, which states that the deposition into the 
plasmachamber does not necessarily has a negative infiuence on its operation. 

Thus, the model of the ECR-source revealed that the pressure in the silane inlet 
chamber should be higher to increase the amount of reactions, while the first deposi
tion experiment showed that deposition in the plasmachamber might not be a problem. 
Therefore, one could abandon the idea that the plasma chamber should necessarily be 
free of silane. Using this freedom, two new concepts for the silane injection have been 
proposed to both increase the silane pressure and to achieve SiH3 dominated deposition 
of a-Si:H. These are shown in Fig. 5. 7. 

Atom aperture Double-grid Double-grid 

(a) (b) 

Figure 5. 7: Two new concepts for the silane inlet abandoning the concept that 
silane is absolutely prohibited to deposit in the plasma chamber; (a) replacing 
the stack from Fig. 5.5 with a double-grid, (b) direct silane injection into the 
plasma chamber in combination with a double-grid. 
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Figure 5. 7a shows a concept in which the stack in Fig. 5.5 is replaced by two grids 
(a double-grid) that are shifted relatively toeach other, thereby blocking the direct line
of-sight. The silane pressure in the additional chamber should be high such that a large 
amount of SiHx species (preferentially SiH3, according to Eq. 5.1) will be produced. 
Although mainly deposition will take place in both the chambers, a considerable flux of 
SiH3 might still emanate from this silane inlet. The concept shown in Fig. 5. 7b abandons 
the idea of an additional silane inlet chamber and involves the injection of both hydragen 
and silane gas into the ECR plasma chamber. The line-of-sight is blocked in the same 
manner as in Fig. 5. 7a. Due to the direct injection of silane in the plasma chamber, a silane 
plasma could arise instead of a H2-plasma and consequently, a large amount of silicon 
species might be produced with no preferential production of SiH3 radicals. Due to the 
preferentially selection of SiH3 radicals by the double-grid, still the beam emanating from 
the grid might be dominated by SiH3. In this concept, however, a considerable deposition 
in the plasma chamber takes place and it should be advised that the plasma chamber will 
be cleaned frequently with a pure hydragen plasma to prevent malfunctioning of the 
ECR-source. 
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Chapter 6 

Hydrogen-induced etching studies 

Atomie hydragen plays, as described in the introduction, an important role during hydro
genated silicon film growth. First, because dangling hondscan be created and passivated 
by atomie hydrogen surface reactions. Second, hydrogen atoms are believed to play a key 
role in the growth of J.LC-Si:H by H annealing of strained a-Si:H honds. In addition, the 
H flux results in simultaneously etching of the growing film. 

The precise surface interaction of atomie hydrogen impinging onto the a-Si:H film, 
however, has not completely been resolved in the literature. Here, the possibility for doing 
dedicated studies of the radical-surface interaction on Galapagos will be demonstrated 
on the basis of the following studies that try to answer some of the open questions in 
the literature. Galapagos can make a substantial contribution to the understanding of 
the radical-surface interaction, as the sourees have been characterized and a-Si:H films 
can be deposited. The well-defined and well-controlled H-flux from the H-source will 
be used to clarify the hydrogen-induced etch process of a-Si:H. First, the etch yield of 
a-Si:H is determined as a function the H-flux impinging onto the film. Subsequently, 
the etch yield will be determined as a function of the substrate temperature and will be 
compared to results obtained in the literature. Furthermore, the etching by the isotopes 
atomie hydragen and deuterium will be compared to enable future ATR-FTIR isotope
experiments to monitor the surface interaction. 

6.1 Etch yield of a-Si:H at Tsub = 85 oe 
The hydrogen-induced etch yield will be determined as a function of the H-flux onto the a
Si:H film ( deposition temperature 85 oe) at a constant substrate temperature, Tsub = 85 
oe. Basically, the result of this experiment has already been shown in Fig. 4.11 of Section 
4.1 and it has been seen that an a-Si:H film can be etched by atomie H. Here, the etch 
rate will be calculated into the etched Si-flux, defined as the effective amount of Si atoms 
that are etched per cm2 per second, using a typical atomie density for a-Si:H of 5 · 1022 

cm-3 [23]. The etched Si-flux as a function of H-flux is shown in Fig. 6.1. 
As a first observation of the SE data, it has been seen that the basic model, described 

in ehapter 3, is notaccurate for the H-induced etching of a-Si:H. It has been seen that an 
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1.2><1013 

Figure 6.1: The calculated etched Si-flux as a function of the H-flux from 
the H-source. The H2-flow = 0.43 seem and the H-flux has been varied by 
changing the capillary temperature of the H-source. The measurement has 
been performed with a distance from souree to substrate of r = 15.4 cm and 
Tsub = 85°C. 

additional general oscillator layer needs to be added to the model in order to be able to fit 
theSE data. The model is schematically shown in Fig. 6.2. The need for this alternative 
model will be briefiy treated first. The additional top layer during a-Si:H etching has also 
been observed in the literature [17, 48]. Basically, the extension of the SE model can be 
understood, as the H atoms are able to penetrate to a certain extent in the a-Si:H film, 
thereby changing the material properties of the top layer, e.g. changing the void fraction 
and the hydragen content [48]. For a certain H-fiux, it is expected that depending on 
the etch conditions the thickness of the additional layer saturates to a certain thickness, 
while the thickness of the underlying layer is decreasing linearly with etch time. 

In comparison, one might expect that the etching of a-C:H also requires this advanced 
model in order to get good fits of the SE data. However, the rnadelling of the data of 
a-C:H showed that the basic model suits well. The H atoms probably also penetrate 
to some extent into the a-C:H top layer, but the change in material properties can be 
modelled well with only the surface roughness layer. It is noted however that the surface 
roughness increases steadily with the amount of etched a-C:H bulk (appendix A.5), which 
might be an indication that the top layer is slowly transforming and this could be the 
result of the penetrating H atoms in the a-C:H film. 

For the etching of a-Si:H, the SE rnadelling during the etching experiments revealed 
that the thickness of the intermediate a-Si:H layer becomes approximately 200 A, which 
is in agreement with the values obtained in the literature [17, 48]. Furthermore the 
additional layer model results in a modelled surface roughness of 0 A, meaning that in 
the model the surface roughness has been "incorporated" into the intermediate a-Si:H 
layer. 
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Figure 6.2: A schematically representation of the more advanced SE model 
that has been used for the etching of a-Si:H films. In comparison with the pre
vious SE model, described in Chapter 3, an additional general oscillator layer is 
present. This intermediate a-Si:H layer has different material properties than 
the underlying layer, due to penetrating H atoms. In equilibrium state, the fit 
parameters of the intermediate and bulk a-Si:H layer remain the same and only 
the thickness of the underlying layer will be a fit parameter. In the modeHing 
it is seen that, the surface roughness layer is automatically incorporated into 
the intermediate a-Si:H layer as the thickness of the surface roughness goes to 
OÁ. 
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Coming back to Fig. 6.1, it can beseen that the etched Si-flux is linear in the H-fiux. 
The least-squares fit of the data points results in the following values for the slope and 
offset, (5.3 ± 0.5) · 10-3 and (1.8 ± 0.3) · 1011 , respectively. The preserree of an offset 
has been attributed to the uncertainty in the measurement, as was discussed earlier in 
Section 4.1.3. The slope represents the Si etch yield of the H induced etch process, 
resulting in (0.53 ± 0.05)% for a substrate temperature, Tsub = 85 oe. This value of the 
etch yield states that at this substrate temperature approximately one Si atom is etched 
per 200 arriving H atoms (the etch yield of the a-C:H film is shown in appendix A.6). 
This means that most of the hydragen atoms do not contribute to the etch reaction, as 
maximum four H atoms are required to etch one Si atom, thereby forming silane (SiH4). 
In addition, Kae-Nune et al. have observed that the surface loss probability of H atoms 
is approximately 1 during a-Si:H deposition. [49]. The surface loss probability during 
etching is not known, but it is expected that it is also cloes to 1. In the literature, an 
interpolation of the results of Zecho et al. results in an etch yield of"' 1% of polymer-like 
a-Si:H at Tsub = 85 oe [50]. Olander et al. find a etch yield of "'5% at room temperature 
[51]. These two values were most-likely obtained with less dense a-Si:H than used in the 
current setup. From Fig. 6.1, it was concluded that H atoms etch the a-Si:H film and 
that the etched Si-flux is linear with impinging H-flux. The questions remains, however, 
what is the specific H surface interaction that results in the etching of the film? 

Surface interaction H with a-Si:H 

The etch yield of a-Si:H is the result of the interaction of atomie hydragen with the 
surface of the film. In the literature, several surface interactions have been proposed of 
which some will contribute to the etch yield. Here a brief overview is given. The main 
etch reaction, Eq. 6.1, involves the creation of a gas phase SiH4 molecule and surface 
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dangling bond as aresult of abstraction of a SiH3 surface group by the imping H atom 
[47, 50, 51]. In addition, a similar reaction, Eq. 6.2, was proposed by Jasinski based 
on mass speetrometry measurements of the formation of gas phase silyl radicals in the 
atomie hydrogen-induced etching of a-Si:H [52]. Computational studies using the Si2H6 

molecule as a model system suggest that the barriers are small for both Eq. 6.1 and Eq. 
6.2 [53]. 

H + Si-SiH3 ~ SiH4(g) +Si

H + Si-SiH3 ~ SiH3(g) + Si-H 

(6.1) 

(6.2) 

Both reactions result in the abstraction of a SiH3 surface group by atomie hydrogen 
and can be the result of three mechanisms of H, which have been proposed in the literature, 
i.e. a direct Eley-Rideal, a hot precursor or a weakly-absorbed abstraction. The reaction 
mechanisms are schematically illustrated in Fig. 6.3. 

(a1) 

• 
(a2) \ 

i~ 
(a) abstraction of SiH4 

(b1) 

• 
(b2) \ 

~ 
(b) abstraction of SiH3 

Figure 6.3: Proposed etching mechanisms: (a) abstraction of SiH4 (al) direct 
Eley-Rideal abstraction (a2) hot precursor or weakly-absorbed abstraction, and 
(b) abstraction of SiH3 (b 1) direct Eley-Rideal abstraction (b2) hot precursor 
or weakly-absorbed abstraction. 

In the direct abstraction mechanism for H etching of a-Si:H, the hydrogen atom forms 
a SiH4 or SiH3 molecule in a direct Eley-Rideal reaction (Fig. 6.3(a1+b1)). The H atom 
comes directly from the gas phase, having the gas temperature, and breaks the surface 
SiH3 back bond [2]. In both the hot precursor and the weakly-absorbed abstraction, 
the impinging H atom is, priortoa possible SiH4 or SiH3 abstraction (Fig. 6.3(a2+b2)), 
absorbed on the surface and can subsequently diffuse over the surface by hopping. In 
the hot precursor abstraction mechanism, the H atom is very weakly-bound and remains 
basically at the gas phase temperature [4 7] in contrast to the weakly-absorbed abstraction 
mechanism, where H atoms equilibrate to the substrate temperature [51]. The hopping 
H atom contributes to the etching, when the H atom breaks a -SiH3 back bond and a 
gaseous SiH4 or SiH3 molecule is created. However, it is of course possible that prior 
to reaction Eq. 6.1 or Eq. 6.2, the hot precursor or weakly-absorbed H atom desorbs, 
passivates a dangling bond or abstracts a surface H forming gaseous H2. 



6.2 Etch yield of a-Si:H as a function of Tsub 79 

These three etch mechanism are based on the preserree of SiH3 surface groups. In 
general, the surface of a-Si:H consist of a mixture possible surface SiHx (x :::; 3) groups. 
The impinging H atoms can also contribute to the production of higher surface groups, 
such as =SiH2 and -SiH3, from lower surface groups, such as = SiH, by means of an 
insertion reaction. This insertion mechanism is illustrated in Fig. 6.4. 

• • 

l~~~~k~~a~ 
(a) Direct Eley-Rideal insertion (b) Hot precursor/ weakly-absorbed insertion 

Figure 6.4: Insertion reactions (a) direct H insertion in a :=SiR surface group 
forming a =SiH2 group (b) absorbed H insertion in a =SiH2 surface group 
forming a -SiH3 group. The insertion of H into hondscan occur either by the 
direct Eley-Rideal, hot precursor, or weakly-absorbed insertion mechanism. An 
additional H is needed to passivate the remaining dangling bond. 

The imping H atoms can sequentially transfarm a SiH group into a SiH3 group by 
means of H insertion intoaSi-Si back bond of the SiHx surface groups. In principle, two 
H atoms are consumed for one insertion step, as only one dangling bond of the broken 
SiHx back bond is occupied by the H atom, but a second dangling bond remains. The 
insertion reaction can again occur via a direct Eley-Rideal (Fig. 6.4a), hot precursor, or 
weakly-absorbed mechanism (Fig. 6.4b). 

These proposed mechanisms suggest that the substrate temperature can play an im
portant role in the etch process of a-Si:H. The etching of a-Si:H, for the case of etching by 
weakly-absorbed H mechanism, could substantially differ for different substrate tempera
ture, because the mobility of the H atoms in the weakly-absorbed state strongly depends 
on the substrate temperature. On the contrary, a direct Eley-Rideal or hot precursor 
mechanisms might suggest that the etch process could be substrate temperature inde
pendent, because the H atoms might have suflident thermal energy for the reaction. In 
addition, the composition and reactivity of the surface groups of a-Si:H could be tempera
ture dependent, which would influence the etch efficiency. Therefore, it can be concluded 
that the determination of the etch yield as a function of the temperature could clarify a 
substantial part of the etch process. 

6.2 Etch yield of a-Si:H as a function of Tsub 

The etch rate of an a-Si:H film, which has been deposited at 250 oe and keeping the H
flux constant. The result is shown in Fig. 6.5a. The experiment has been modelled with 
the SE model from Fig. 6.2. The intermediate a-Si:H layer has initially been modelled 
with changing film parameters and changing thickness. However, the results for different 
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substrate temperatures showed that the film parameters of the intermediate layer, which 
has a saturated thickness, remain constant within the uncertainty range. Therefore, the 
results of Fig. 6.5 have been obtained with a model where the film parameters of the 
bulk and intermediate layer have been kept constant and only the thicknesses of the two 
a-Si:H layers have been modelled. Again, it has been seen that the surface roughness 
was automatically modelled to 0 A and thus the surface roughness layer can not be 
distinguished from the intermediate layer, which has a thickness of approximately 200 
Áfor each etch condition. 
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Figure 6.5: a) The etch rate, Retch, as a function of substrate temperature, 
Tsub· b) A so-called Arrhenius plot: the slope of the data yields directly the 
activation energy, Eact = (0.015 ± 0.01) eV. The souree is at constant distance 
from the substrate, r = 15.4 cm and the H-flux towards the substrate is con
stant, at H-flux '::::' 1.1·1015 cm-2s-1 (H2 = 0.43 seem and Tcap = 2270 K). The 
error bars are determined on the basis of the goodness of the SE modelling. 

Figure 6.5 shows that the etch rate, which is proportional to the etch yield, is not 
significantly affected by the substrate temperature in the range 50-200 oe. The straight 
line fit through the data points indicates a slight increase of the etch rate with substrate 
temperature in this range, although one can also state that the etch rate shows a tem
perature independenee within the accuracy of the experimental data. The data points at 
250 oe might indicate a decrease in etch rate, although the uncertainty for these points 
is relatively high, as a result of diffi.culties in the SE modelling. 

Generally, surface reactions are "activated", which means that their reaction rate 
is proportional toa Boltzmann factor"' exp[-Ea/kT], with a certain activation energy, 
Eact. Wh en such an activated reaction is assumed for the etch process of atomie hydrogen, 
the Eact can be obtained from a so-called Arrhenius plot, as shown in Fig. 6.5b. The 
activation energy belonging to the step with the highest activation energy in the etch 
proces is, Eact = (0.015 ± 0.01) eV. A positive (negative) value of the activation energy 
corresponds to a increase ( decrease) of the process with substrate temperature. However, 
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the small value of the activation energy is an indication that the process is indeed almost 
or completely independent of the substrate temperature. 

The etch yield for this a-Si:H (deposited at 250 oe) becomes, using the etched Si
flux and the incoming H-flux, (1.33 ± 0.05)% for Tsub in the range of 50- 200 oe. This 
etch yield is different than the result obtained in Fig. 6.1, i.e. (0.53 ± 0.05)% grown at 
substrate temperature Tsub = 85 oe. A possible explanation could be that the film have 
been deposited at different substrate temperatures and that therefore the two a-Si:H films 
could have different material properties. 

At first sight, an increase in etch rate with substrate temperature would have been 
expected, as the activation barrier for a certain surface reaction will be easier to overcome 
at higher substrate temperatures. However, in the literature, several different temperature 
dependendes have been found and several mechanisms have been proposed to explain the 
results. An increase [47, 54, 55] as well as a decrease [26, 51, 50, 56, 57, 58] in etch 
rate for increasing substrates temperatures has been reported in literature, while Uchida 
et al. found a temperature independent etch yield [27]. Here, some of these proposed 
mechanism will be briefly discussed. 

Increase Retch with increasing Tsub 

Nagayoshi et al. found an increasing etch rate with temperature in the range 50- 150 
oe and contributed the increase to an increasing diffusion of H atoms into the film with 
the assistance of thermal vibration of Si-H bonds or Si-Si bonds [54]. 

ehiang et al. show that in etching experiments with atomie hydragen on a polysilane 
film, i.e. a film containing abundant SiH2 and SiH3 species, the film is etched rapidly at 
Tsub = 200 oe and very slowly at Tsub = -llO oe [47]. 

Decrease Retch with increasing Tsub 

Jo et al. pointed out that the rate of the hydrogen-induced etching of silicon is controlled 
by both the formation and the abstraction of surface silyl (SiH3) [56, 50]. The formation 
of silane via the hydrogen-induced abstraction of SiH3 surface group (Eq. 6.1) increases 
with increasing temperature. Just the opposite has been observed for the formation of 
SiH3 surface groups itself via insertion and hydragenation reactions (Fig. 6.4) [56]. Kessels 
et al. and Marra et al. observed for two differently deposited a-Si:H films that at low 
temperatures (100 oe) the surface contains mainly trihydrides ( -SiH3) and dihydrides 
( =SiH2), for increasing substrate temperatures (250 oe) the surface contains dihydrides 
and dominantly monohydrides ( :=SiH) or for even higher substrate temperatures ( 400 oe) 
only monohydrides [2, 59]. This result suggests a low thermal stability of the surface SiH3 
groups. Therefore, the -SiH3 formation reaction results in a decreasing etch rate with 
increasing temperatures, because fewer SiH3 surface groups are present at the surface for 
higher substrate temperatures. 

Uchida et al. also find a decrease in the etch rate of c-Si and poly-silane films for 
increasing temperature. The results are explained by the increasing probability for the 
recovery of broken bonds with the elevation of temperature in the range 20- 420 oe [27]. 
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Retch independent of Tsub 

For a-Si:H films, Uchida et al. find a temperature independent etch yield in the substrate 
temperature range 20 - 420 oe [27]. They argue that the recovery probability of the 
broken bonds in a-Si:H is lower than that of c-Si and poly-silane, which is caused by the 
lower packing density of a-Si:H. 

Zecho et al. performed etching experiments on poly-silane films and detected the etch 
products SiH4 and Si2H6 ( and higher silanes). The tot al etch ra te remained temper at ure 
independent in the range -173- 25 oe and started to decrease at higher temperatures. 
However, the decrease is mainly contributed to the decrease in Si2H6 and higher silane 
etch products, while the SiH4 fraction remains constant in the range -173- 180 oe [50]. 

Finally, ehiang et al. found no etching for polycrystalline silicon films in the range of 
-110- 200 oe. 

In general, the different temperature dependendes might be explained by the difference 
in etch technique and film preparation conditions, such as deposition technique and tem
perature. In comparison to our etch technique using an atomie hydrogen beam, one can 
imagine that the creation of atomie hydrogen in a plasma results in additional ions, which 
could create dangling bonds on the surface, thereby infiuencing the etch process. The de
position technique can also infiuence the film properties, as the specific gas phase species 
in the plasma might affect the growing film. Furthermore, one can imagine that a differ
ent deposition temperature might result in a different surface coverage of SiHx groups, 
which could explain the difference in etch yield from Fig. 6.1 and Fig. 6.5. Therefore, the 
thermal stability of SiH3 surface groups will be examined in more detail and the infiuence 
of above mentioned preparation conditions on this stability will be discussed. 

A priori, the different preparation methods can infiuence the SiH3 surface density. For 
example, in polysilane films, the hydrogen content of the film is high and the surface is 
mainly covered with SiH2 and SiH3 groups. Therefore, the H insertion reactions become 
less important. However, when a dense a-Si:H film is deposited, i.e. mainly SiH and SiH2 
surface groups are present, the H insertion reactions are required to form the SiH3 surface 
groups and the thermal stability of SiH3 group becomes important for the etch process. 

ehiang et al. conclude that the decomposition rates of SiH3 groups by thermally 
activated routes depend on the local environment surrounding the SiH3 groups [47]. For 
example, the stability of the SiH3 group is affected by the dangling bond density on the 
surface, because a surface SiH3 group has a higher stability when the surface dangling 
bond density is low [59]. The surface dangling bond density in turn depends on the film 
preparation conditions. 

Furthermore, the etch efficiency is affected by the time scale of the etch process. When 
the impinging H-fiux is high, one can imagine that the importance of thermal instability 
of a SiH3 surface group is partially cancelled by the H-fiux as plenty H is present to quickly 
etch the SiH3 groups. For lower H-fiuxes, the thermal stability plays a more important 
role as the creation of SiH3 surface groups by an insertion reaction has to compete with 
the instability of these surface groups. 
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It can be concluded that the surface interaction of atomie hydrogen with a-Si:H is still 
not completely understood, although it is expected that the surface SiHx silicon hydrides 
play a key role. To further investigate the etch mechanism, it is necessary to gain more 
information of the ( changing) surface composition during the in situ etching experiment. 
Especially, a diagnostic like ATR-FTIR, which can be used toprobe the SiHx bonds di
rectly and real-time during film growth, can clarify the etch mechanism. To make the 
ATR-FTIR diagnostic surface-sensitive, it will be beneficia! to use deuterium to monitor 
H-D interchange reactions of the surface SiHx groups [60]. However, prior to ATR-FTIR 
experiments using isotopes, it is important to determine if atomie deuterium results in 
the same etch process as atomie hydrogen. Furthermore, the flux of atomie deuterium 
as generated by the H-source should be as well-defined as the atomie hydragen flux. A 
complication might arise as stated by Schwarz-Selinger et al.: the absolute value of disso
ciation and the angular distribution from a hot capillary might differ slightly for atomie 
deuterium produced by the H-source, since the thermal velocity, at the same capillary 
temperature, of D atoms is smaller than that of H atoms [30]. To test both the H and D 
etch process as well as the relative H-to-D flux from the H-source, the etching of a-Si:H 
by these two atoms will be compared in the next section. 
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The etch process of a-Si:H by atomie hydrogen and atomie deuterium will be discussed 
on the basis of the change of 'll and b. in a trajectory plot, as shown in Fig. 6.6 for two 
different photon energies, Ephoton· In Fig. 6.6a the trajectory plot for Ephoton = 1.4 eV 
is shown and this photon energy is sensitive to changes in the bulk properties. It is seen 
that the etch rate transition from H etching (Fig. 6.6 a (c)) toD etching (Fig. 6.6 a (d)) is 
smooth and no difference in etching with H or D has been seen. The complete removal of 
the a-Si:H layer by etching of H (Fig. 6.6a (a)) is shown for comparison. Therefore, it can 
be concluded that the bulk properties do notchange for etching with HorD. The surface 
properties have been monitored using a higher photon energy, as shown in Fig. 6.6b. The 
same behavior is seen for Hand D etching as in Fig. 6.6a, i.e. a smooth transition and 
the sametrend for H and D etching. Furthermore, using the SE model in Fig. 6.2, the 
etch rates for both Hand D etching have been determined to be (2.3 ± 0.3) A/min and 
(2.2 ± 0.3) Á/min, respectively. This shows that the D flux coming from the H-source is 
equal to the H-flux. Moreover, from the results of both the trajectory plot and the etch 
rate, it can be concluded that the etch process of a-Si:H by H and D atoms is the same, 
in agreement with results in the literature [61]. 
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Chapter 7 

Conclusions and recommendations 

7.1 Conclusions 

The workin this report can roughly be divided in three parts: (1) the implementation of 
the new UHV compatible experimental setup Galapagos, (2) the characterization of the 
plasmaand radical sources, and (3) the first hydrogen-induced etching studies performed 
with Galapagos to study the H interaction with an a-Si:H film. 

The experimental setup Galapagos 

The measurements have been performed with a new advanced, UHV compatible setup 
and the setup (Galapagos) has been designed for dedicated experiments, e.g. to reveal 
the radical surface interaction during a-Si:H film growth. Several optica! diagnostics can 
access the substrate under different angles from the front and back side. For the in situ 
experiments described in this report the optical diagnostic spectroscopie ellipsometry has 
been used. 

In this work, Galapagos has been made operational, which includes the development 
and implementation of a shutter to proteet the substrate against contamination during 
initia! start up of the sourees and baking of the setup, the installation of a substrate 
heater to regulate the temperature of the substrate, the realization of a gas panel which 
integrates both regular and specialty gases in the setup, and the implementation and 
characterization of the three plasma and radical sources, i.e. the atomie hydragen source, 
the ECR plasma source, and the hot wire radical source. 

Characterization of the plasma and radical sourees 

Determination of atomie hydrogen flux 
The characterization of the plasma and radical sourees of Galapagos has been carried 
out by means of hydrogen-induced etching experiments of a-C:H and a-Si:H films. The 
atomie hydragen souree has a well-defined absolute atomie hydragen flux (H-fiux), as 
determined by the manufacturer. Therefore, this H-fiux has been used to relate the etch 
rate of a-C:H and a-Si:H films to an absolute H-fiux of the ECR plasma souree and the 
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hot wire radical source. The ranges of H-flux impinging onto the substrate achievable for 
the three souree in the setup tagether with their reproducibility are shown Table 7.1. 

Table 7.1: The range for the H-flux from the sourees for the operating condi
tions studied in this report. 

H-flux (cm -:ls-1 ) Reproducibility 
Atomie hydrogen souree 101:.!- 101ö good 

ECR plasma souree 101;s- 101[) reasonable 
Hot wire radical souree 101;s - 3·101ö good 

Deposition of a-Si:H 
The hot wire radical souree and the EeR plasma souree have been used to deposit a-Si:H 
films and both the deposition rate and material quality have been determined. The hot 
wire radical showed a typical deposition rate of 30 Á/min at chamber pressure 1.0 · 10-3 

mbar and the material properties of the deposited layer correspond very well to that of a 
typical a-Si:H film. For the deposition of a-Si:H with the EeR plasma source, a special 
silane inlet has been designed and modelled, and a first deposition has been achieved. 
The deposition rate was very small, Rdep = 0.02 Á/min and it has been concluded that 
the silane inlet needs to be further optimized. On the basis of the first experiment and 
modelling, two alternative designs of the silane inlet have been proposed that might result 
in the creation of a (nearly-)pure mono-radical SiH3 beam. 

Hydrogen-induced etching studies 

The absolute value of the hydrogen-induced etch yield of a-Si:H has, tobest of our knowl
edge, been determined for the first time with a direct method and equals (1.33 ± 0.05)% 
for a-Si:H deposited at 250 oe. This value corresponds to approximate values from the lit
erature that have been determined indirectly. Moreover, the etch yield has been measured 
for substrate temperatures in the range of 50-250 oe and doesnotshow a significant tem
perature dependence. Although temperature-independent etch yields have been reported 
before in the literature, also increasing and decreasing etch yields with temperature have 
been observed for various deposition techniques. In the literature, no mechanism has 
been proposed that can explain all observed trends in the etch yield. Therefore, further 
investigation using additional optical diagnostics is needed. Additional etching experi
ments on a-Si:H have revealed that etching by atomie deuterium equals the etching by 
atomie hydrogen. This result is highly beneficia! for future experiments to investigate the 
surface interaction of the H radical, as the surface interchange between H and D can be 
monitored directly by infrared spectroscopy. 
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7.2 Recommendations 

In this section some recommendations for future research are given that either aim to 
imprave the setup or that suggest new experiments to increase the understanding of the 
growth model of a-Si:H. 

• The ECR plasma radical souree needs to be characterized to a higher extent, as the 
experiments performed in this report showed a moderate reproducibility and it is 
not clear whether the irreproducibility can be attributed to a malfunctioning ECR 
plasma souree or whether this is inherent to the ECR plasma souree itself. 

• Additional attempts that focus on the creation of a mono-radical SiH3 beam should 
be made. The proposed alternative conceptsof the silane inlet in front of the ECR 
plasma souree might contribute toa SiH3 dominated growth of a-Si:H and therefore, 
should be tested. In general, the radical fluxes towards the substrate have to be 
determined, e.g. with gas phase cavity ringdown spectroscopy (CRDS) or using 
the quadrupale mass spectrometer (QMS) of the setup, to examine the purity of a 
mono-radical beam. 

• The temperature dependenee of the etch yield necessarily has to be further in
vestigated. The performed measurement should be repeated for a wider range of 
substrate temperatures, i.e. 50- 500 oe. The QMS of the setup might be used 
to determine the etch products from the a-Si:H and might thereby contribute to 
the determination of the specific surface interactions of hydragen atoms with an a
Si:H film. Furthermore, the diagnostic attenuated total reflection Fourier transfarm 
infrared spectroscopy (ATR-FTIR) that is sensitive to the nature of the silicon
hydride bands should be used to monitor the surface and bulk composition of these 
honds in the a-Si:H film. In this way, more information on the temperature depen
denee of the etch yield can be acquired and most likely the surface reactions during 
hydrogen-induced etching can be elucidated. 

• Finally, the other diagnostics, such as e.g. thin film CRDS, ATR-FTIR and second 
harmonie generation, should off course be applied to contribute to the understanding 
of the growth mechanism of a-Si:H films. The atomie hydragen souree can provide 
both an atomie hydragen and an atomie deuterium beam and thereby, the exact 
interchange reaction on the surface of deuterium and hydragen atoms can be studied. 
Furthermore, the other (deuterated) specialty gases, such as SiD4, might be applied 
to reveal the growth mechanism of silicon-based films. 
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Figure A.l: The design of the shutter in detail. The shutter consists of a 
special shaped rod and a metal box has been attached to the rod. The rod 
has been attached to a linear shift, such that the shutter can be moved up and 
down. 
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A.2 Setting low H2-flows by means of a leakage valve 

In the experiments described in this report often extremely low fiows, e.g. 0.002 seem 
in Fig. 4. 9 in Chapter 4, have been used. This section describes the adjustment to this 
low flow using a leakage valve1 . First, a calibration measurement has been performed to 
relate the chamber pressure 2 to a certain known H2-fiow using the Mass Flow Controller 
and afterwards a leakage valve can be used to set the extremely low fiows. 

Mass Flow Controller 
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Figure A.2: a) Pressure ealibration: the ehamber pressure, Pdepa, as a fune
tion of the H2-flow. The linear fit relation between pressure and flow is: 
Pdepa (mbar) = (2.00 ± 0.03) · 10-5 H2-flow (seem). b) Leakage valve eali
bration: hysteresis in opening and elosing of the valve. 

Figure A.2a shows the linear relation that can be used to relate the chamber pressure to 
a H2-fiow. Figure A.2b shows the hysteresis in opening and closing of the leakage valve. 
This graph shows that H2-fiows down to approx. 10-3 seem can be adjusted. 

1 Adjustable fiows at 10-11 mbar vacuum ehamber pressure. Minimum leak rate: 10-8 Torr · 1/s"' 10-6 

seem 
2 Aeeording to the specifieations of the pressure gauge, the actual H2 pressure is approximately a factor 

2.4 higher than the read-out value, Pdepo· 



A.3 Schematic drawing of the atomie hydrogen souree 

A.3 Schematic drawing of the atomie hydrogen souree 
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Figure A.3: Schematic drawing of the H-source. The capillary and the con
centric heating coil are depicted. The capillary is surrounded by a water-cooled 
copper jacket. 
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A.4 Silane inlet design 

Teetra head piece Silane i niet chamber 

+ Antenna rod 

Quadrupole magnet 
H2 injection ring SiH4 injection ring Stack 

(a) Side view of the front of the ECR-source. The "Tectra head piece" is the original end 
of the ECR-source (also shown in Fig. 4.15) . The silane inlet chamber is shown, as well 
as the silane injection ring and the stack. 

ECR plasma souree 

SiH4 injection 

Stack 

(b) Schematic representation of the silane inlet. 



A.5 SE modelling for a-C:H films with the basic SE model V 

A.5 SE modeHing for a-C:H films with the basic SE model 

In contrast to the etch results with the a-Si:H film, the results of the etching of a-C:H films 
have been successfully modelled with the basic SE model of Chapter 3. The successful 
modeHing might be contributed to the higher atomie density of the a-C:H film compared 
to the a-Si:H film, which, therefore, results in a smaller penetration depth. In addition, 
Fig. A.4 shows that the surface roughness is increasing with increasing etched a-C:H 
thickness. 
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Figure A.4: The surface roughness as a function of the etched a-C:H thickness. 
Tsub = (230 ± 10) oe 

It can be concluded from Fig. A.4 that the surface roughness linearly depends on 
the etched a-C:H thickness and therefore, it can be inferred that the surface roughness 
increases linear with the integral amount of incoming H atoms. In retrospect, this increase 
of the surface roughness might be the result of the presence of an intermediate layer, 
which has slightly different film parameters than the bulk a-C:H (the advanced SE model 
described in Chapter 6, Fig. 6.2), but which has notbeen taken into account in the model 
for a-C:H etching. However, in the case of the etching experiments on a-C:H, the etching 
experiment can be successfully modelled with the basic model introduced in Chapter 3 
(Fig. 3.3), in contrast to the modeHing during the etching of an a-Si:H film. 



VI 

A.6 Etch yield of an a-C:H film 

The density of the deposited a-e:H film is 1.7 gjcm3 [22], corresponding to an atomie 
density of approximately 8.5 x 1022 cm-3 . The etch efficiency as a function of H2-fiow 
(Fig. 4.8) and as a function of capillary temperature (Fig. 4.9) have been calculated into 
etch yields and the results are shown Fig. A.5. 
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Figure A.5: The relation between the etched C-flux and incident H-flux for 
two different measurements with Tsub = (230 ± 10) oe. The H-flux changes as 
a function of a) H2-flow and b) Tcap· The linear relations between the C-flux 
and H-flux have an offset and this offset is an indication of the experimental 
uncertainties in the measurement. 

The slopes of the lines in Fig. A.5 determine the etch yield and are (0.0205 ± 0.0002) 
and (0.022 ± 0.001) for Fig. A.5a and b, respectively. The existence of the offset has been 
attributed to the uncertainty in the measurement, as is discussed in Section 4.1.3. The 
combined etch yield from Fig. A.5a and Fig. A.5b becomes (2.2 ± 0.1)% for this type of 
a-e:H film at a substrate temperature, Tsub = 230 oe. eonsequently, it can be concluded 
that approximately 50 H atoms are necessary to etch one e atom. Zecho et al. state that 
the hydrogen-induced etching of a-e:H films proceeds predominantly via the formation 
of methane, eH4 , and eH3 radicals, but a considerable fraction of etch products consists 
of more complex hydrocarbons, such as C2Hx and e3Hx [30, 62] 

It has been reported in the literature that the etch yield of a-e:H shows a temperature 
dependenee with a maximum in etch yield at Tsub ~ 500 oe [63]. Some of the results in 
the literature have been obtained with a similar H-source. Schwarz-Selinger et al. report 
an etch yield of (2 ± 0.7)% at Tsub = 380 oe for an a-e:H film with a density of 9.2x 1022 

cm-3 [30]. Zecho et al. report a value for the etch yield of 1% at Tsub = 500 oe and 0.4% 
at Tsub = 230 oe [63]. 


