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Abstract

One of the key issues for nuclear fusion to become a viable energy source is the handling
of radioactive tritium, which is chemically trapped in redeposited hydrocarbon layers on
the wall of the fusion reactor. The hydrocarbons are formed by erosion of carbon tiles
that cover the bottom part of the wall. One of the solutions to remove these radioactive
layers is low pressure plasma cleaning.

This study focuses on hydrogen, argon and argon/hydrogen plasma jets to clean
hydrocarbons from surfaces. Hard diamond-like amorphous hydrogenated carbon (a-
C:H) layers, which served as a model for the redeposited layers, were deposited. To
measure how fast each plasma cleans, real-time in situ spectroscopic ellipsometry (SE)
is used to determine etch rates. SE is a model-based optical diagnostic. It is shown
what optical models are used and how not only etch rates but also surface roughness,
roughness void fraction and optical constants are determined from SE measurements.

The etch rates for the hydrogen and argon plasma were measured to be in the order
of nm/min. The etch rate for the hydrogen plasma, however, decreases in time due to
increasing roughness. This increase in roughness is deduced from SE measurements and
confirmed by atomic force microscopy (AFM). Scanning electron microscope (SEM)
measurements showed a change in surface morphology. Fitting the void fraction in the
roughness layer can model the change in morphology and improved the fit of the model.

For the mixture of argon and hydrogen two orders of magnitude higher etch rates
were measured. This is attributed to a synergistic effect where argon ions break C-C
bonds, which are immediately passivated by hydrogen. The optical constants of a-
C:H have been extensively parametrized by polynomial spline functions (B-splines).
However, for the extrapolation to energies in the deep UV the optical constants are
parametrized by two Tauc-Lorentz oscillators. The extrapolation enabled the determi-
nation of the chemical bonds in our a-C:H in terms of the sp2/sp3 ratio and characterized
our a-C:H as a hard film.





Contents

1 Introduction 7

2 Experimental setup 11

3 Theory 15
3.1 Spectroscopic Ellipsometry . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 Optical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Pseudo optical constants . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.4 Cauchy model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.4.1 Transparent film . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.4.2 Partially transparent film . . . . . . . . . . . . . . . . . . . . . 23

3.4.3 Non-parallel interface due to roughness . . . . . . . . . . . . . 24

3.5 Parametrization of dielectric spectrum . . . . . . . . . . . . . . . . . . 25

3.5.1 B-spline parametrization . . . . . . . . . . . . . . . . . . . . . 25

3.5.2 Lorentz oscillator . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.5.3 Tauc-Lorentz oscillator . . . . . . . . . . . . . . . . . . . . . . 27

3.6 Regression analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.7 a-C:H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4 Fitting a model to the experimental data 33
4.1 Cauchy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 B-spline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3 Tauc-Lorentz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.3.1 Band gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.4 Pole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.5 Two TL-oscillators . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.6 sp2/sp3 ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5 Etching results 47
5.1 Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5.2 Etching with a hydrogen plasma . . . . . . . . . . . . . . . . . . . . . 49

5.2.1 Constant plasma condition . . . . . . . . . . . . . . . . . . . . 49

5



CONTENTS

5.2.2 Etch rate dependence on flow rate and arc current . . . . . . . 52
5.2.3 Etch rate dependence on background pressure . . . . . . . . . . 54
5.2.4 Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.2.5 Chemical erosion yield . . . . . . . . . . . . . . . . . . . . . . 57

5.3 Etching with an argon plasma . . . . . . . . . . . . . . . . . . . . . . . 59
5.4 Etching with an argon/hydrogen plasma . . . . . . . . . . . . . . . . . 61
5.5 AFM roughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6 Conclusions 69

A SE theory 77

6



1
Introduction

The next-step experimental fusion reactor ITER is a joint international research and
development project that aims to demonstrate the scientific and technical feasibility of
fusion power and is due to be finished by 2018.1 The reactor has a toroidal design
and the fusion plasma (deuterium and tritium) will be confined by both the magnetic
field generated by the plasma current and the super conducting magnets, positioned
all around the vessel. A cross-sectional view of the reactor is shown in figure 1.1a.
The vacuum vessel’s wall is covered by beryllium tiles except for the bottom part, the
divertor. This consists of tiles made from both tungsten and carbon-fibre composites
(CFC).

From existing smaller reactors, similar to ITER, it is known that plasma edge insta-
bilities occur during operation in high confinement mode. The most important, quasi-
periodic instability is the edge localized mode (ELM). A simulation of the plasma den-
sity at one moment during the appearance of an ELM is shown in figure 1.1b. Small
blobs are visible that move outwards from the hot plasma to the wall. These blobs will
follow the helical formed magnetic field lines as long filaments that end up at the diver-
tor to deposit high power loads at the divertor plates. The ELM filaments were seen in
great detail at a more spherically shaped reactor (see figure 1.2).

At the part of the divertor where the energy fluxes are the highest, the CFC tiles
are positioned. CFC can withstand extremely high heat loads.2 It has, however, the
drawback of erosion, which is primarily caused by the impact of ELM filaments.3 Both
deuterium and tritium react with CFC to form hydrocarbons that are deposited elsewhere
in the vessel as hydrogenated amorphous carbon layers. Both the deuterium and tritium
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CHAPTER 1. INTRODUCTION

(a) (b)

Figure 1.1: (a) Cross-section of ITER’s toroidal shaped vacuum vessel. The wall is covered
with Be tiles except for the bottom where the divertor is located. The divertor wall is made of W
and CFC tiles. (b) Simulation of plasma density profile showing ELM filaments.4

are now chemically trapped in these layers. It is the radioactive tritium, however, that
forms a safety issue. Only a limited amount of tritium in these co-deposited layers is
allowed and the vessel has to be cleaned once the safety limit is reached. To avoid
tritium retention, it has been proposed to clean the vessel by etching the redeposited
layers with a low pressure oxygen plasma.5 Although oxygen cleans very effectively, it
has the potential to damage other in-vessel components. Moreover, it takes time for the
wall to recover to continue normal plasma operation.6

Plasma cleaning of hydrocarbons can also be a solution for future lithography sys-
tems. These systems will be using EUV light which is capable of cracking hydrocar-
bons coming from different parts of the system. These cracked hydrocarbons will be
deposited on e.g. EUV-mirrors thereby reducing their reflectance and diminishing the
system’s accuracy.

Our study investigates the options of using a hydrogen plasma, an argon plasma
and an argon/hydrogen plasma to clean hydrocarbons from surfaces. In our work these
plasmas are plasma jets which are created in an expanding thermal plasma (ETP) and
are used to etch hard diamond-like hydrogenated amorphous carbon (a-C:H) layers.
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These layers serve as a model for the tritium retaining redeposited layers and are grown
by an ETP of argon admixed with acetylene (C2H2) on an other setup than the etching
experiments. The mechanisms and plasma chemistry of the ETP-deposition of a-C:H
have been extensively studied in previous work.7,8

Erosion (and deposition) of a-C:H by other plasma sources has been reported pre-
viously.9–14 a-C:H was either eroded by only hydrogen atoms or in combination with
ions (hydrogen or argon). Most studies used single wavelength ellipsometry on ero-
sion of hard films9–12 and of soft films9 to determine etch rates and/or erosion yields.
Other studies report on erosion of a-C:H by hydrogen where either Auger emission spec-
troscopy13 or interference color14 is used to determine etch rates and/or erosion yields.
Ellipsometry has the advantage over the other mentioned diagnostics that it can mea-
sure both optical constants and layer thicknesses very accurately, up to sub-mono-layer
dimensions.

ETP-deposited a-C:H films have been previously used in erosion studies. One
study reports on infrared interferometry on erosion of soft and hard films by an ar-
gon/hydrogen plasma jet15 to determine etch rates and the activation energy of the
plasma-surface reaction. The etch rates for a soft film were shown to be higher than
for a hard film. Two other studies report on real time in-situ spectroscopic ellipsometry
on erosion of hard films to determine thickness, roughness and/or etch rates. Spectro-
scopic ellipsometry (SE), in contrast to single wavelength ellipsometry, has the added
benefit of giving access to fundamental physical properties, e.g. the band gap. In one
study an argon/oxygen plasma jet is used to etch the hard film.7 It was shown that dur-
ing etching the roughness increases by a factor of four, then stabilizes and finally shows
a peak at the end. In other work atomic hydrogen, which is created in a calibrated hot
capillary source, is used.16 Here a linear relation was found between the etch rate and
the atomic hydrogen flux.

Also in our work real time in-situ spectroscopic ellipsometry is used to monitor
the etching of ETP-deposited a-C:H. However, our work is different from the afore-
mentioned SE studies since a different plasma source (in case of hydrogen) is used or
different gases are used for the plasma jet (Ar/H2 instead of Ar/O2). Moreover, the SE
measurements for the hydrogen plasma jet are performed in a variety of plasma condi-
tions and substrate temperatures.

The main purpose of this study is determining which plasma cleans the hydrocar-
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CHAPTER 1. INTRODUCTION

Figure 1.2: ELM filaments at the Mega Amp Spherical Tokamak (MAST).17

bons from the surface the fastest. This goal is equivalent to determining etch rates for
various plasmas and conditions. The etch rate is determined from the thickness. In
order to extract the thickness from the SE data, an optical model must be built for the
sample. The optical model must be tuned, however, depending on the etching condi-
tions. Constructing the most suitable optical model for every individual experiment is
therefore another important goal. A final objective of this work is the determination of
the composition of the film (in terms of its chemical bonds) from an SE measurement,
because the etch rate depends on the composition of the film.9

10



2
Experimental setup

The experiments described in this report have been performed on two different setups,
SOLARIS and DEPO I. The SOLARIS setup18 is schematically shown in figure 2.1.
The cylindrical vacuum chamber is 44 cm in diameter and 50 cm long. A cascaded arc
is used as a plasma source. It consists of a stack of four water-cooled copper anode plates
that are electrically insulated from each other and three tungsten cathode tips ending in
a 4 mm diameter, 50 mm long channel which runs through the center of the plates. The
gases flowing through this channel are ionized by controlled currents, ranging typically
from Iarc = 45 A to 60 A, and dissipate, in case of a hydrogen plasma up to 8 kW. Flow
controllers are used to set the gas flow, which ranges typically between FR = 35 sccs
and FR = 50 sccs (1 sccs = 2.5 · 1019 particles/s). The created plasma in the channel
is close to thermal equilibrium: the heavy particle temperature is almost equal to the
electron temperature (Ti ' T0 ' Te ' 1 eV) and the electron density is in the order of
ne ' 1022 m−3. In one of the experiments the dependence of the etch rate on the flow
rate and arc current is studied during etching with a hydrogen plasma jet. Changing the
flow rate while a plasma is burning, carries the risk of sputtering of the arc’s cathode. To
minimize the number of flow rate changes, the arc current is varied per flow rate setting.

The pressure inside the gas channel is in the order of 10 kPa whereas the vacuum
chamber has a background pressure between 20 Pa and 200 Pa. The pressure difference
causes the plasma to expand supersonically when it leaves the nozzle. In the order of
centimeters downstream in the expansion a transition occurs to subsonic speeds, creat-
ing a shock wave. After ejecting from the nozzle, in the supersonic region and shock,
the electron temperature starts rapidly decreasing to Te ' 0.1-0.3 eV and the density to
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CHAPTER 2. EXPERIMENTAL SETUP

ne ' 1017 − 1019 m−3. In case of a hydrogen plasma at Iarc = 60 A, FRH = 50 sccs and
p = 100 Pa, the atomic hydrogen flux is ΦH ' 1021 m−3 at the substrate, which is at 30
cm from the nozzle’s exit. The ion flux is Φion ' 1018 m−2s−1 at this point.19

The substrate temperature can be controlled from Tsub = −20◦ C to Tsub = 250◦ C
and can be monitored by a thermocouple connected to it. To shield the substrate from
the plasma, a shutter can be placed in front of the substrate. To minimize deposition of
etch products on the SE windows, obstructions are put 5 cm in front of the window with
a hole diameter of 5 mm. Heating ribbons are wound around the chamber to diminish
the amount of water adsorbed on the wall. This water is also removed by burning an
argon plasma just before an etch experiment (during the argon plasma the shutter is in
front of the a-C:H film). The argon plasma is only burned after a minimum pressure
was reached by a turbo pump that is connected to the chamber. The turbo pump can
reach a base pressure of p = 5 · 10−6 mbar. During plasma operation a three stage roots
pump is pumping.

The spectroscopic ellipsometer (from J.A. Woollam Co., Inc.) is a rotating compen-
sator ellipsometer (RCE) and is mounted under an angle of ' 68◦. As a light source
an Xe lamp is used and the ellipsometric angles Ψ and ∆ are measured in the range
λ = 191-1648 nm with a resolution of λ ' 1.6 nm. The SE data is analyzed with
WVASE32 3.668 and CompleteEASE 3.55 (J.A. Woollam Co., Inc.).

The a-C:H samples are deposited in an other setup20, DEPO I, which is a longer, ver-
tical variant of SOLARIS. 100 sccs of argon flows through the arc and 15 sccs acetylene
(C2H2) is injected in the argon plasma through a ring 5 cm beneath the arc. The current
through each of the three cathodes is I = 25 A. The pressure in the vacuum chamber is
32 Pa and the substrate temperature is T = 250◦ C. At a rate of 36 nm/min an a-C:H
film of ' 1000 nm is deposited on a crystalline silicon wafer. The deposited hard a-C:H
film has a complex refractive index ñ632.8 nm = 2.27 + 0.197i, a density ρ = 1.7 g/cm3,
an atomic hydrogen content of ' 30%, an atomic sp3 percentage of 46% and a hardness
of ' 12 GPa.21
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Figure 2.1: Top view of vacuum chamber with the cascaded arc as a plasma source. The
spectroscopic ellipsometer is mounted under an angle of 68◦ and measures Ψ and ∆ between
λ = 191-1648 nm with a resolution of λ ' 1.6 nm. The substrate is at 30 cm from the nozzle’s exit
and its temperature can be controlled between -20◦ C and 250◦ C. The temperature is monitored
by a thermocouple. The pumping system consist of a turbo pump and a three stage roots pump.
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3
Theory

During the deposition and etch experiments spectroscopic ellipsometry (SE) is used to
study in situ the growth and etching of the a-C:H film. In order to understand how and
what spectroscopic ellipsometry actually measures, a concise review on SE is presented
here. For physical information (i.e. thickness and optical constants) to be extracted from
the SE data, an optical model is required that describes the interaction of light with a
sample. The optical model for a sample, consisting of a substrate and a film, is shown.
First the situation is addressed where the film can be approximated to have an infinite
thickness. For this situation the pseudo dielectric constants are derived. Subsequently
the situation is addressed where the film thickness is not approximated by an infinite
thickness. It is explained how in this case the thickness and optical constants can be
extracted from the SE data. Furthermore several parametrizations of the optical con-
stants are addressed since parametrizations are important for both extracting even more
information (e.g. band gap and chemical bonding) and/or to ensure Kramers-Kronig
consistency. A short review is given on the regression analysis that is used to compare
the optical model with the measured data. Finally, some characteristic features of typi-
cal dielectric functions of a-C:H are highlighted. For in-depth details on SE the reader
is referred to other work.22–25

3.1 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) measures the change in polarization between an in-
cident linearly polarized light wave and its reflection from a surface. Describing the
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CHAPTER 3. THEORY

polarization state of a light wave requires only the analysis of either the E -or B-field
since they are perpendicular to each other. In a uniform, isotropic medium of permittiv-
ity ε, a solution to Maxwell’s wave equation for the electric field

∇2 ~E(~r, t) =
ε(ω)

c2

∂2

∂t2
~E(~r, t)

�
 �	3.1

is the transverse monochromatic plane wave of frequency ω and wave vector k

~E(~r, t) = <e{ ~E0ei(~k·~r−ωt)}
�
 �	3.2

where ~E0 is the complex polarization vector:

~E0 =

 E0x

E0y

 =

 |E0x| ei∆x∣∣∣E0y

∣∣∣ ei∆y

 �
 �	3.3

If the direction of propagation is chosen to be in the z-direction and ~E(z, t) is decom-
posed in two orthogonal components then equation 3.2 can be written as

~E(z, t) = ~Ex(z, t) + ~Ey(z, t) = |E0x| cos(kzz − ωt)x̂ +
∣∣∣E0y

∣∣∣ cos(kzz − ωt + ∆)ŷ
�
 �	3.4

with
kz =

ω

c
√
ε =

ω

c
N =

ω

c
(n + ik)

�
 �	3.5

and ∆ = ∆y − ∆x, which is the phase difference between the two components. n is
the refractive index and k the extinction coefficient. N is the complex refractive index.
The polarization state of ~E(z, t) can be shown by projecting it on the z-axis (~E(z, t) =

~E(0, t)). In the case that there is no phase difference (∆ = 0), ~E(0, t) has an angle with
respect to its orthogonal axes that is constant and an amplitude that is oscillating in time.
This is linearly polarized light. If ∆ = ±π2 and |E0x| =

∣∣∣E0y

∣∣∣ then ~E(0, t) becomes the
equation for a vector describing a circle and the light is said to be circularly polarized. In
general however, the polarization can be shown to be elliptical. Instead of an arbitrary
orthogonal system it is common to choose one of the components to be in the plane
of incidence and reflectance and the other component perpendicular to it, labeled ~Ep

and ~Es respectively. For the linearly polarized light that falls onto the sample in an SE
measurement, ~Ep and ~Es are in phase. After reflection, however, they are out of phase.
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3.1. SPECTROSCOPIC ELLIPSOMETRY

Figure 3.1: Schematic drawing of polarized light falling onto sample and reflecting as ellipti-
cally polarized light.22

This is due to the fact that ~Ep induces a different dipole in the material than ~Es. The
different dipoles will radiate differently, causing the phase difference. Figure 3.1 is a
schematic drawing of what is explained above. Subscripts "i" and "r" are used to denote
"incidence" and "reflection" respectively.

Different configurations exist for SE but they all have a light source on one end and
a detector at the other end which measures the light intensity, Id ∝ |Ed|

2, where Ed

is the magnitude of the detected electric field. The information one can extract from
an SE measurement is most clearly explained by the Rotating Analyzer Ellipsometer
configuration. In this configuration a polarizer (P1) converts the light from a source into
linearly polarized light which reflects from a sample’s surface. After reflection the light
goes through a rotating analyzer to the detector. The analyzer is also a polarizer (P2).
When the polarization of the reflected beam is perpendicular to that of the analyzer, the
light is extinguished, when it is parallel then it is fully transmitted. As a result the light
after the analyzer is modulated with the analyzer’s rotating frequency, f0, and falls onto
an array of light sensors, each having its own wavelength range. From an exact analysis
on the detected intensity it can be shown that it is sinusoidal in time with an offset (see
Appendix A). Normalizing the intensity to the offset gives:

Id ∝ 1 + α cos(2A) + β sin(2A)
�
 �	3.6
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where A is the rotating analyzer azimuthal angle:

A(t) = 2π f0t + At=0

�
 �	3.7

and α and β are the Fourier coefficients of the intensity signal:

α =

∣∣∣∣Rp

Rs

∣∣∣∣2 − tan2 Θ∣∣∣∣Rp

Rs

∣∣∣∣2 + tan2 Θ

�
 �	3.8

β =
2<e

(Rp

Rs

)
tan Θ∣∣∣∣Rp

Rs

∣∣∣∣2 + tan2 Θ

�
 �	3.9

Θ is the azimuthal angle of P1. Rp and Rs are the complex Fresnel reflection coefficients
for ~Ep and ~Es, defined as: Rp ≡ Erp/Eip and Rs ≡ Ers/Eis. Since Θ is known, the
measured Fourier coefficients yield Rp

Rs
≡ ρ as the information one can extract from an

SE measurement and can be written as:

ρ ≡
Rp

Rs
=

ErpEis

ErsEip
=

∣∣∣Erp

∣∣∣ ei∆p |Eis| ei∆l

|Ers| ei∆s
∣∣∣Eip

∣∣∣ ei∆l
=
|Eis|

∣∣∣Erp

∣∣∣ ei∆p∣∣∣Eip

∣∣∣ |Ers| ei∆s
= tan Ψei∆

�
 �	3.10

where tan Ψ ≡
|Eis ||Erp|
|Eip||Ers |

. ∆ = ∆p − ∆s is the phase difference between the p and s-
component. ∆l is a phase for the incident linearly polarized light and is the same for
both components Eip and Eis. If Θ = 45◦, as in figure 3.1, then

∣∣∣Eip

∣∣∣ = |Eis|. In this case
Ψ represents the angle between the electric field vector with respect to the reflected p

and s-component. Replacing Rp

Rs
by tan Ψei∆ in equations 3.8 and 3.9 and rewriting them

in terms of Ψ and ∆ yields:

Ψ = tan−1

√1 + α

1 − α
|tan Θ|

 �
 �	3.11

∆ = cos−1
(

β
√

1 − α2

tan Θ

|tan Θ|

) �
 �	3.12

The relative amplitude that SE measures, makes it very insensitive to changes in light
intensity and because it also measures a phase difference, it is extremely sensitive to
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3.2. OPTICAL MODEL

thickness differences, up to sub-mono-layer dimensions.

In conclusion: since the p-component of ~Ei induces a different dipole from that of
the s-component, the dipole’s radiation is different. This difference in radiation causes
the two components to be out of phase after reflection, changing the light’s polarization
state. This change can be found by measuring the intensity Id, normalizing it to the offset
and calculating the Fourier coefficients α and β. Finally the two parameters of interest
of the polarization state are obtained by expressing the elliptical projection of ~Er in both
Ψ and ∆ by using equations 3.11 and 3.12. In our experimental results the ellipsometric
angles Ψ and ∆ are the parameters that are plotted as function of wavelength to represent
an SE measurement.

The rotating analyzer ellipsometer (RAE) allows ∆ to be measured in the range
0◦ − 180◦ (as equation 3.12 shows) whereas in reality ∆ changes between −180◦ and
180◦. Thus far it has been assumed that the reflected light can be described by a single
polarization state. However, if a sample is e.g. very rough then this roughness can
partially depolarize the light, decreasing the accuracy of the polarization measurement.
If ∆ is measured in the full range then it can be shown that the degree of depolarization
can be measured. The rotating compensator ellipsometer (RCE) can measure ∆ over the
full range. This is achieved by a different configuration of optical components compared
to RAE. For the RCE not the analyzer but instead a compensator, placed in front of
a fixed analyzer, is rotating. A compensator is an optical element that changes the
reflected light to circularly polarized light, i.e. ∆ = 90◦. Since the sensitivity for ∆ is
highest at this angle, RCE has the added benefit that measurements are acquired in the
region of highest sensitivity. In this work the RCE configuration is used.

3.2 Optical model

A model, which describes the interaction of the linearly polarized light with a sample,
is required to extract physical information from the measured ellipsometric angles Ψ

and ∆, such as the refractive index n, the extinction coefficient k and layer thicknesses.
The optical response of the sample can be predicted by calculating its Fresnel reflection
coefficients (and hence Ψ and ∆ with equation 3.10). These coefficients are shown for
a simple air/film/substrate model (see figure 3.2). In this case the light can reflect from
the film’s surface as well as from the film/substrate interface, giving rise to interference.
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Film

Substrate

N0

N1

N2

φ0

φ1

φ2

db

Figure 3.2: Simple air/film/substrate layer model showing interference of reflecting waves.

The difference in optical path length between the first and second reflected light beam
causes a phase shift β:

β = 2π
(
db

λ

)
N1 cos φ1 = 2π

(
db

λ

)
(n1 + ik1) cos φ1

�
 �	3.13

If the contributions of all reflected partial waves are added it can be shown that the total
reflection coefficient is given by:

Rp,s =
rp,s

01 + rp,s
12 e−i2β

1 + rp,s
01 rp,s

12 e−i2β

�
 �	3.14

where r01 and r12 are the Fresnel coefficients for either the p or s component. The
Fresnel coefficients for both components for light reflecting from the interface between
medium a and b, are generally given by:

rp
ab =

Nb cos φa − Na cos φb

Nb cos φa + Na cos φb

�
 �	3.15

and
rs

ab =
Na cos φa − Nb cos φb

Na cos φa + Nb cos φb

�
 �	3.16

where the angles φa and φb are readily calculated by means of Snell’s law:

Na sin φa = Nb sin φb

�
 �	3.17
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c-Si

native oxide

a-C:H db

ds

Figure 3.3: Layer structure for our experiments consisting of a crystalline silicon substrate, a
native silicon oxide layer, the bulk a-C:H layer, db, and a roughness layer, ds.

For our experiments the sample (schematically shown in figure 3.3) consists of the fol-
lowing layers: a crystalline silicon wafer, a native oxide layer, the bulk a-C:H film, db

and a surface roughness layer, ds. The surface roughness is modeled as a "mix" of the
optical constants of the bulk film and voids. For this the Bruggeman’s Effective Medium
Approximation (EMA) is used. The expression for a mixture of two materials is:

fa
εa− < ε >

εa + γ < ε >
+ fb

εb− < ε >

εb + γ < ε >
= 0

�
 �	3.18

where fa,b is the volume fraction of each constituent which has optical constants εa,b and
γ is defined as (1 − q)/q where q is the screening factor that is related to the shape of
the inclusions (for spherical inclusions: q = 1

3 , as also used in this work) . < ε > is the
optical constant of the "mixed" material. Relation 3.18 makes no assumption on which
constituent has the highest fraction and is therefore self-consistent.

3.3 Pseudo optical constants

The optical constants of a-C:H depend on the deposition conditions and since there is
a wide choice of conditions, there also exists a great variety of a-C:H. It is therefore
unlikely that optical constants for a-C:H from literature will exactly match those of the
a-C:H in this experiment. One way to find the optical constants is by depositing such
a thick film that the light can not penetrate the film to reflect from the film/substrate
interface. Mathematically: lim

db→∞
β = ∞ and therefore lim

β→∞
Rp,s = rp,s

1,2, meaning that

reflection only occurs at the air/film-interface. From the simple air/film model a direct
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calculation of the optical constants from the measured ρ, as defined in equation 3.10, is
possible. Knowing N0 = Nair = 1 and cos2 φ0 + sin2 φ0 = 1, ρ can be found by using
equations 3.15 to 3.17 and only depends on φ0 and ε = N2

1 = N2
f ilm. If one then solves

for ε, relation 3.19 is obtained:

ε = ε1 + iε2 = sin2(φ0)

1 +

[
1 − ρ
1 + ρ

]2

tan2(φ0)

 �
 �	3.19

Since the angle of incidence, φ0, is known from measuring a calibration wafer, the
optical constants only depend on the measured ρ. However, optical constants found in
this way are almost always an approximation and are therefore called the pseudo optical
constants. They are an approximation because of two reasons. First, it assumes an ideal
parallel interface between air and film whereas in reality this is often not the case due
to e.g. surface roughness. If equation 3.19 is used on a film with roughness then this
roughness is incorrectly accounted for by the optical constants. The rougher the sample,
the larger the error. Second, the stress between the bulk and the substrate and the stress
between a thin film and the substrate can be different.

3.4 Cauchy model

In the following analysis the simple layer structure of figure 3.2 is again used, i.e. it
is assumed that there is no roughness layer but a parallel air/film interface. In this
case, however, the film thickness is such that light can penetrate the deposited film and
can reflect from the substrate. Since now β , ∞ the pseudo optical constants can not
be used anymore as an approximation to the real optical constants. Finding the film’s
optical constants in this case, also involves the determination of the film thickness, db.
It is assumed that the complex refractive index of the substrate, N2, is known. The angle
of incidence, φ0, is determined by measuring a calibration wafer, N0 = Nair = 1, and the
angles φ1 and φ2 can be found from Snell’s law and can be rewritten as:

cos φ1 =
1

N1

√
N2

1 − sin2 φ0

�
 �	3.20
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and
cos φ2 =

1
N2

√
N2

2 − sin2 φ0

�
 �	3.21

This means that there are three unknowns n1, k1 and db for the determination of ρ. In
general these can not be solved since an SE measurement yields ρ expressed in only two
knowns, Ψ and ∆.

3.4.1 Transparent film

If the film is transparent, however, then k1 = 0 and n1 and db can directly be found
as follows. Equating the complex ρ in terms of n1 and db to the measured complex ρ
in terms of Ψ and ∆, is equivalent to equating the real and imaginary parts. From this
system of equations n1 and db are found and can be determined in this way wavelength
by wavelength. In principle the same db should be found for all wavelengths. However,
noise in the data is transferred to db (and n1), causing a distribution of db.

This distribution of db can be avoided as follows. Instead of calculating M (number
of wavelengths) times db and n1, it is also possible to use a dispersion relation for n1

and assume db to be the same for all wavelengths. An empirical dispersion relation for
transparent materials exist, viz. the Cauchy relation:

n(λ) = An +
Bn

λ2 +
Cn

λ4

�
 �	3.22

where An, Bn and Cn are fitting parameters. When the Cauchy relation is used, the
problem of finding the film thickness and optical constants is reduced to fitting four
parameters: An, Bn, Cn and db, instead of evaluating 2M parameters as described before.

3.4.2 Partially transparent film

Our film is a band gap material and therefore light is absorbed from the band gap energy
and higher. Depending on the film thickness, interference fringes appear in the measured
Ψ and ∆ spectrum up to a certain energy. These fringes indicate the transparent part of
the film. However, since a-C:H is not a perfect band gap material there is an absorbing
tail below the band gap, the so called Urbach tail. This causes the amplitude of the
interference fringes to be damped towards higher energies. The Urbach absorption can
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be modeled as follows:
k(E) = AkeBk(E−Eb)

�
 �	3.23

where Ak and Bk are fitting parameters and where Eb is the band edge. Eb must be fixed
since it is completely correlated with Ak and is chosen as the energy where the fringes
disappear. Equations 3.22 and 3.23 together will be called the Cauchy model.

In principle the Cauchy model does not have to be used for a band gap material. At
the lowest energies for which k is measured, the approximation k = 0 is very good. At
this energy n1 and db can be found, as described before. Now that db is known, it can
be fixed and ρ can be expressed in terms of n1 and k1 and subsequently equated to ρ in
terms of Ψ and ∆. In this way n1 and k1 can be found for the whole spectrum wavelength
by wavelength, including the absorbing part.

3.4.3 Non-parallel interface due to roughness

However, for our film the assumption of a parallel air/film interface is not valid due to a
surface roughness layer. This adds a third parameter, ds, to be determined (the refractive
index of the roughness is known by assuming a void fraction of 50% in the EMA of
equation 3.18). The three unknowns can not be calculated directly anymore. Instead of
direct calculation, ds can be found from using it as a fitting parameter together with db,
assuming both to be constant for all wavelengths in the range where the approximation
k = 0 holds. In this range n1 is fitted for every wavelength (M wavelengths in total). The
number of fitting parameters is in this case M + 2: db, ds and M times n1. The problem
with this method is the strong parameter correlation that occurs due to the large number
of fitting parameters.

The Cauchy model can avoid parameter correlation. Since the Cauchy model takes
also absorption into account, it is applicable in a much wider range. Having more
wavelengths and less fitting parameters increases the accuracy of the determination of
db, ds and the optical constants. The unique solution for the Cauchy parameters can be
found by using a least square minimization procedure, described in section 3.6. After db

and ds are found from the Cauchy model they can be fixed. n1 and k1 can subsequently
be determined for the absorbing part as well, wavelength by wavelength.

Nonetheless, noise in the signal is transferred to the determined n1 and k1. A noisy
spectrum, however, does not obey the Kramers-Kronig relations that state that ε1 and ε2
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are interdependent:

ε1(ω) = 1 +
2
π

P

∞∫
0

ω′ε2(ω′)
ω′2 − ω2 dω′

�
 �	3.24

ε2(ω) = −
2ω
π

P

∞∫
0

ε1(ω′) − 1
ω′2 − ω2 dω′

�
 �	3.25

where P denotes the principal value of the integral. This value is defined as:

P
∫ ∞

0
dω′ ≡ lim

δ→0

(∫ ω−δ

0
dω′ +

∫ ∞

ω+δ

dω′
) �
 �	3.26

Equations 3.24 and 3.25 are derived from the requirement that the material can not
respond to an applied electric field prior to the application of the field. A solution to
ensure Kramers-Kronig-consistency is parametrization of the dielectric spectrum with a
Kramers-Kronig-consistent model.

3.5 Parametrization of dielectric spectrum

In the following three sections, Kramers-Kronig-consistent parametrizations are pre-
sented.

3.5.1 B-spline parametrization

The optical constants can be parametrized by using a mathematical description in terms
of polynomial spline functions.26 Basis-splines (B-splines) are a basis set for polynomial
splines and are given by:

B0
i (x) =

1 ti ≤ x ≤ ti+1

0 otherwise

�
 �	3.27

Bk
i (x) =

(
x − ti

ti+k − ti

)
Bk−1

i (x) +

(
ti+k+1 − x

ti+k+1 − ti+1

)
Bk−1

i+1 (x)
�
 �	3.28

where k is the degree of the B-spline and i is the index for the position of the node ti.
The nodes are the connection points for the different polynomials. The total spline curve
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S (x) is then given by a linear sum of the B-splines:

S (x) =

n∑
i=1

ciBk
i (x)

�
 �	3.29

where ci are the B-spline’s coefficients. B-splines are by definition smooth and con-
tinuous in the 0th, 1st, and 2nd derivatives. B-spline curves can be constructed to be
Kramers-Kronig-consistent.

3.5.2 Lorentz oscillator

To parametrize the dielectric function physically, a model is needed to describe the inter-
action of the applied electric field with the electrons in the material. An approximation
for this interaction is the so called Lorentz oscillator model, which is Kramers-Kronig-
consistent. This classical model assumes that the electrons in the material behave in-
dependently and it describes the interaction between an electron and the nucleus as a
damped mass-spring system. In this system the electric force acts as a spring that con-
nects the electron to the nucleus. Since the nucleus is much heavier than the electron
it can be assumed fixed. The energy losses due to various scattering mechanisms are
modeled by the damping in oscillation due to its movement in a viscous fluid. This is
all summarized in an equation of motion for the electron:

m
d2~x(t)

dt2 = −mΓ
d~x(t)

dt
− mω2

0~x(t) + (−e)~E
�
 �	3.30

where m is the electron’s mass, ~x(t) is its displacement from the nucleus, Γ is a propor-
tionality constant for the viscous force, ω0 is the resonance frequency if there was no
damping, e the electron’s charge and ~E the applied field, a monochromatic plane wave
~E = e−iωt. The term on the left side of equation 3.30 describes the resulting force. The
first term on the right side is the viscous damping, the second is the restoring "spring"
force and the third is the driving electric force. If one assumes a solution for ~x(t) to be
harmonic with the same frequency as the electric field, ~x(t) = ae−iωt, one can solve for
the amplitude a. Since the dielectric function is given by

ε(ω) = 1 +
P(ω)
ε0E

�
 �	3.31
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where P is the dielectric polarization of the total of electrons Ne:

P = Neex(t)
�
 �	3.32

the dielectric function can be written as:

ε(ω) =
A

(ω2
0 − ω

2) + iΓω

�
 �	3.33

where A is the oscillator’s strength:

A =
e2Ne

ε0m

�
 �	3.34

If expressed in terms of energy, equation 3.33 can be written as:

ε(E) =
A

E2
0 − E2 + iΓE

�
 �	3.35

The real part, ε1, is:

ε1(E) = 1 +
A(E2

0 − E2)

(E2
0 − E2)2 + Γ2E2

�
 �	3.36

and the imaginary part, ε2, is:

ε2(E) =
AΓE

(E2
0 − E2)2 + Γ2E2

�
 �	3.37

In figure 3.4 both ε1 and ε2 of a Lorentz oscillator are shown. The energy at which ε2 is
at its maximum is E0 and the full-width-half-maximum is equal to Γ. The amplitude of
the ε2 peak is equal to A

ΓE0
.

3.5.3 Tauc-Lorentz oscillator

Although the Lorentz oscillator is an idealized model of a collection of non-interacting
atoms it can still be used for a variety of crystalline conductors, semiconductors and
insulators. It is especially useful for crystalline materials which exhibit sharp features
in their dielectric spectrum. For amorphous materials however, as in our case, these
sharp transitions are not so apparent. The peaks will also not be as symmetric as in the
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Figure 3.4: The real (ε1) and imaginary (ε2) part of the dielectric function of a Lorentz oscilla-
tor. The energy position of the ε2 peak, E0, is denoted together with the asymptote ε1=1.

Lorentz oscillator.

An empirical modified Lorentz oscillator model was developed27 for amorphous
materials, called the Tauc-Lorentz (TL) model. The TL-model is a multiplication of the
quantum mechanical variant of the Lorentz model (which only differs by a factor E0)
with Tauc’s relation, which is given by:

ε2(E) =

AT (E − Eg)2/E2 E ≥ Eg

0 E < Eg

�
 �	3.38

where Eg is the optical band gap and AT is an amplitude. It is used to describe inter
band mechanisms and represents the joint density of states.27 It assumes that there are
no defect states present in the amorphous material. The TL-model is finally expressed
as:

ε2(E) =


AE0Γ(E−Eg)2

E((E2−E2
0)2+Γ2E2) E ≥ Eg

0 E < Eg

�
 �	3.39

ε1 can then be found by using the Kramers-Kronig relation as in equation 3.24.
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3.6 Regression analysis

To fit a model to the experimental data, a quantity is needed that defines the "goodness
of fit". For this the reduced chi-square is used as a figure-of-merit. It is an unbiased
maximum likelihood estimator and is defined as:

χ2 =
1

2N − M

N∑
i=1

Ψmod
i − Ψ

exp
i

σ
exp
Ψ,i

2

+

∆mod
i − ∆

exp
i

σ
exp
∆,i

2 �
 �	3.40

where N is the number of wavelengths for which Ψ and ∆ are measured, M the number
of fitting parameters and σ the standard deviation for either Ψ or ∆. χ is minimized
by the Levenberg-Marquardt algorithm to find those fitting parameter values that fit the
experimental data the best possible. χ = 1 is considered the optimal fit and means that
the model fits the data within exactly the standard deviation. A main disadvantage of
the Levenberg-Marquardt algorithm is that it can get "trapped" in a local minimum. To
avoid this, a global minimization procedure is used, as explained in section 4.4.

3.7 a-C:H

Amorphous (hydrogenated) carbon exists in a great variety of forms. This ranges from
polymeric to diamond-like carbon (DLC). Whether it shows more polymeric or more
diamond-like features depends on the bonding of the carbon atoms. The atoms in a-
C:H are primarily bound by sp2 and sp3 orbitals. An sp2 orbital is a hybridization of
an s-orbital with two of the three p-orbitals and has a trigonal planar configuration, as
shown in figure 3.5a. An sp3 orbital is a hybridization of an s-orbital with all three p-
orbitals to form a tetrahedral configuration, as shown in figure 3.5b. Carbon in the sp3

configuration makes a strong σ bond (i.e. single covalent bond) to adjacent atoms.29

Carbon in the sp2 configuration forms strong in-plane σ bonds but weaker π bonds (i.e.
double covalent bonds) out of plane.

For the mechanical (but also electronic) characterization of a-C:H the amount of sp3

and sp2 bonding and the hydrogen content are the most important parameters. These
parameters are used in a ternary phase diagram, as shown figure 3.6, to represent the
spectrum of carbon forms, ranging from graphite (100% sp2) to diamond (100% sp3) to
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(a) (b)

Figure 3.5: (a) Trigonal planar configuration of sp2 orbitals and (b) tetrahedral configuration
of sp3 orbitals.28

General Introduction  Chapter 1 
 

Diamond-like carbon 

A good example of the versatility and complexity of plasma technology is the 

plasma deposition of diamond-like carbon (DLC) thin films. DLCs attract attention for 

more than thirty years since their first preparation [1] for their excellent mechanical, 

optical, chemical and tribological properties. DLCs utilize the ability of carbon to form 

multiple bonds due to the hybridization of its s and p orbitals, which is the best 

demonstrated by difference between diamond and graphite, two carbon phases with 

diametrically different properties. Diamond, with solely sp3 bonded carbon atoms, is the 

transparent material with highest hardness, Young’s modulus, room temperature heat 

conductivity and atom density. It is a very good insulator and has a wide band gap of 

5.5 eV. Compared to diamond, graphite is with solely sp2 bonded carbon a black zero band 

gap semiconductor with good tribological properties. DLC films combine both the good 

mechanical and optical properties of diamond and electrical and tribological properties of 

graphite. Moreover, these properties can be easily tuned and controlled by plasma process 

parameters. They are prepared by different techniques such as ion beam deposition, plasma 

sputtering of graphite electrode, laser ablation but most importantly by plasma enhanced 

chemical vapor deposition (PECVD) in hydrocarbon gases [2]. The latter technique leads to 

incorporation of hydrogen, which influences film properties even further. It was established 

that the hydrogen content and the amount of sp3 and sp2 bonded carbon determines DLC 

properties [2,3], as shown in ternary phase diagram in Fig. 1.1.  
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Fig. 1.1: Ternary phase diagram of DLC. The corners represent a concentration of 
100% of the type of atom mentioned. Abbreviations: a - amorphous, ta - tetrahedral 
amorphous, :H – hydrogenated. After [2]. 

 3

Figure 3.6: Ternary phase diagram of sp2, sp3 and hydrogen content.29 Diamond consists of
only sp3 hybridized carbon whereas graphite only consists of sp2 hybridized carbon. ta-C(:H) is
tetrahedral amorphous (hydrogenated) carbon. HC polymers stands for hydrocarbon polymers.

hydrocarbon polymers (40-60% hydrogen and 0-60% sp2).7 The hydrogen content for
the a-C:H used in our experiments has been previously measured by the combination of
Rutherford Back Scattering and Elastic Recoil Detection Analysis (RBS/ERDA). Both
analysis techniques utilize beams of energetic ions to probe the material of interest.
From RBS/ERDA the hydrogen content has been found to be 30%.7

The sp3 and sp2 content in this study is derived from the dielectric spectrum (often
only represented by ε2) as will be shown in section 4.6. Two examples of broad ε2-
spectra are shown to highlight important general features. Paret et al.30 measured the
dielectric spectrum of an a-C:H film by means of complementary optical methods in the
range 0.06 - 25eV, shown in figure 3.7. A broad ε2 spectrum can also be obtained from
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Figure 3.7: ε2 spectrum for the a-C:H film from Paret et al.30

electron energy loss spectroscopy (EELS).31–34 In figure 3.8 an EELS measurement of
an a-C:H film is shown32 together with the spectra of graphite, tetrahedral amorphous
carbon (ta-C) and diamond.33 EELS measures the energy loss of electrons due to inelas-
tic collisions when passing through the material of interest. The energy loss is found
from Im

(
− 1
ε

)
and can be rewritten as:

Im
(
−

1
ε

)
=

ε2

ε2
1 + ε2

2

�
 �	3.41

Both spectra of a-C:H show two peaks, one around 4 eV corresponding to π-π* transi-
tions and one at around 13 eV corresponding to σ-σ* transitions. For comparison also
the spectra for graphite and diamond are shown. Diamond has the π-π* peak at 7.0 eV
and the σ-σ* peak at 11.6 eV whereas for graphite this is 4.5 eV and 13-18 eV.35 From
this comparison it can be seen that a-C:H can be thought of as "mix" of (insulating)
diamond and (conducting) graphite.

Since our SE measures up to a maximum energy of 6.5 eV, figure 3.9 shows again
the two broad spectra but zoomed in up to 6.5 eV in order to compare them with our
measurements.
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Electronic and atomic structure of diamond-like carbon
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Figure 5. Wide band ε2 spectra of diamond, ta-C, a-C:H and
graphite.

a particular transition of a sp2 cluster [41, 42]. Changing the
laser energy excites a different cluster. The excited modes can
be worked out by analogy to graphite, where the effect is a
double resonance [43]. This causes the D peak to shift with
excitation at a rate proportional to the degree of order [44].

The sp2 sites can show preferential orientation. Ion
deposition tends to orient the sp2 planes normal to the growth
direction, because atom displacement is easier normal to the
planes. This orientation effect is seen by EELS [45]. In
contrast, annealing ta-C converts a small fraction of sp3 sites
to sp2 and tends to orient their planes parallel to the substrate,
and thereby relieve compressive stress [33].

6. Optical properties

The optical properties can be studied over a wide energy range
by EELS followed by Kramers–Kronig analysis [46–48]. The
dielectric constant is written as the sum of real and imaginary
parts, ε = ε1 + iε2. The ε2 spectrum represents the intensity of
optical transitions from valence to conduction states. Figure 5
shows the ε2 spectrum of various forms of carbon. The
excitation of π states gives rise to the first peak at 4–8 eV,
while the excitation of σ states gives the peak at 10–13 eV. In
graphite, the excitations are limited by the planar symmetry to
π → π∗ and σ → σ ∗ transitions, but this is not so in a-C or
ta-C where σ–π mixing can also occur. The strength of the π

excitations is proportional to the concentration of sp2 sites, so
the small size of the 6 eV peak for ta-C in figure 5 emphasizes
its small sp2 content [43]. The main σ excitation lies at 9 eV,
lower than the 13.6 eV in diamond, in a similar fashion to a-Si,
because of the loss of k-selection.

7. Localized states

There are two types of electronic states in amorphous
semiconductors—the extended states in the bands and the
localized states at band edges created by the disorder. The
two types of states are separated by a mobility edge, so
the bandgap of a crystalline semiconductor is replaced by
a mobility gap with a finite density of states. In typical
amorphous semiconductors such as a-Si, states at band edges
are localized when the density of states falls below about 1/3 of

the free electron value. This has the effect that the mobility gap
and optical (Tauc or E04) gaps are almost equal [18]. Figure 6
shows the calculated density of states of three networks of
a-C of various sp3 contents [10, 49]. It also shows the inverse
participation ratio, which is a measure of the state localization.
We see that all states within the π bands are localized over a
sizeable energy range. This is a much more extreme situation
than that in a σ -bonded amorphous network, where only
states very close to the band edges are localized. The strong
localization of π states arises because orientational disorder
also contributes to localization [49]. This is the cause of the
low carrier mobility seen in ta-C and a-C:H and the large
photoluminescence behaviour of a-C:H [50].

The second indication of the strong disorder in a-C:H and
ta-C is the width of the band edges and thus of the optical
absorption edges. Figure 7 compares the optical absorption
edges of some a-C:H films [51] with that of a-Si:H. It is
seen that the carbon edges are much broader. Although the
absorption edges are not strictly exponential [48], it is still
useful to compare the slopes by defining a slope of the edge at
an absorption of say 103 cm−1 as an Urbach energy. Thus, the
Urbach energies of various a-C:H and ta-C films are plotted
in figure 8(a) against the E04 optical gap [27, 48, 51–53]. The
smallest Urbach energy of about 150 meV is much higher than
the 55 meV of a-Si:H. The wide tails in a-C and a-C:H indicate
that there is a range of sp2 cluster sizes present in any sample
and this creates a wide range of local bandgaps. This gives
a wide range of localized states. Thus, the Urbach energy is
a measure of the inhomogeneous disorder of a-C. The large
Urbach energies are the prime reason why DLCs are not very
useful for electronic devices, because they give rise to low
mobility.

Another measure of disorder is the width of the G peak
of the Raman spectrum. This is a measure of the distortions
within each sp2 cluster. It is the homogeneous disorder. It
is also proportional to the stress and the sp3 fraction in the
film [38]. It is interesting that the Urbach energy increases
continuously with the E04 gap in a-C:H, whereas the G width
reaches a maximum and then decreases at large gaps [38]
(figure 8(b)). This shows that they measure different types
of disorder. The high bandgap forms of a-C:H have a large
hydrogen content and a large component of polymeric =CH2

bonding. The homogeneous disorder becomes small in this
material. However, the Urbach energy correlates with the
electronic performance of the materials, and so it is more
critical for devices.

8. Defect states

In the first amorphous semiconductors such as a-Ge or a-Si,
there was a continuous distribution of localized states across
the mobility gap. When it was realized that many of these
states in a-Si:H could be passivated by hydrogen and thereby
removed from the gap region, it became convenient to divide
the localized states into two types, the tail states and the
defect states. The tail states are those at the band edges,
and will be doubly occupied for valence tail states and empty
for conduction band tail states. The defect states lie more
centrally in the bandgap, and are associated with atoms with
a coordination number different from the bulk [18]—a defect

S15

Figure 3.8: Comparison of ε2 spectra33 of graphite, a-C:H, tetrahedral amorphous carbon (ta-
C) and diamond constructed from an electron energy loss spectroscopy (EELS) measurement.
EELS measurements on graphite, ta-C and diamond are done by Waidmann et al.33 and on
a-C:H by Fink et al.32

0 2 4 60 . 0

0 . 5

1 . 0

1 . 5

2 . 0  P a r e t
 F i n k

 

 

�2

E  ( e V )
Figure 3.9: The broad a-C:H ε2 spectra of figure 3.7 and 3.8 plotted up to 6.5 eV to compare
with our measurements.
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4
Fitting a model to the experimental data

This chapter addresses the results of fitting the models for the dielectric function of a-
C:H, as discussed in the previous chapter, to ex situ experimental data. The Cauchy, the
B-spline and the Tauc-Lorentz model are discussed. For the Tauc-Lorentz model three
different modifications are shown that can account for absorption outside the measured
range: 1) an ε1-offset, 2) a pole and 3) a second Tauc-Lorentz oscillator. This last model,
consisting of two Tauc-Lorentz oscillators, is used to extrapolate optical constants to
higher energies. From this extended range it is shown that the sp2/sp3 ratio can be
found.

In the following sections the layer structure of figure 3.3 is used to extract the in-
formation of interest from the measured Ψ and ∆. The optical constants for crystalline
silicon and native oxide are known from literature. The native oxide layer is ±1.8 nm.
The roughness layer is modeled with a Bruggeman EMA, which has the common com-
position of 50% voids and 50% bulk a-C:H material.22

4.1 Cauchy

In figure 4.1 an SE measurement of Y and D on an a-C:H film is shown for an angle
of incidence, φ0 = 70◦, in the energy range of 1.24 eV to 6.50 eV. It will serve as the
data for all analyses in this chapter. The sample is transparent up to about 2 eV as can
be seen from the interference fringes. It is this energy range where the Cauchy model
can be used for the film thickness and optical constants of a-C:H. The film thickness
and surface roughness are found to be, db = 940 nm and ds = 6 nm, respectively. After
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Figure 4.1: SE measurement of Y and D as function of energy in which 200 spectra are aver-
aged. From this spectrum an a-C:H film thickness of db = 940 nm and a surface roughness of
ds = 6 nm is derived with the Cauchy method.

fixing these parameters, Ψ and ∆ are fitted wavelength by wavelength to find the optical
constants. The optical constants then obtained, can be seen in figure 4.2. As explained
in section 3.4 the spectrum is noisy and therefore not Kramers-Kronig consistent.

4.2 B-spline

Instead of using the Cauchy model, the B-spline method of section 3.5.1 is used to avoid
a noisy spectrum and to make the spectrum Kramers-Kronig consistent. First the dielec-
tric spectrum as found by the Cauchy model is fitted with B-splines. Then the B-spline
parameters are fitted directly to the experimental data. The fitting converges quickly
towards a unique solution, yielding χ2 = 3.2. In figure 4.2 the dielectric spectrum is
shown as found by the B-spline method. It overlaps to a great extent the spectrum found
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Figure 4.2: Dielectric spectrum obtained from a wavelength-by-wavelength fit based on the
Cauchy model for the transparent region of the Y and D spectrum and a dielectric spectrum
obtained from using the B-spline method. The latter spectrum is ensured to be Kramers-Kronig
consistent: only the ε2-spectrum is constructed from B-splines, ε1 is found by a Kramers-Kronig
transformation of ε2. 10 node points are used to define the spline curves. ε2 is fitted at 8
energies: 6 energies equally spaced in the measured range 1.24-6.50 eV and 2 energies outside
the measured range: 1.0 eV and 10 eV. For 2 other points ε2 is fixed at zero: 0.84 eV and 20 eV
(not shown here).
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by using Cauchy. A total of 10 node points is used to define the B-spline curves. At
8 points ε2 is fitted: 6 equally spaced points in the measured range, 1.24-6.50 eV, and
two lying outside at 1.0 and 10 eV. For two points ε2 is fixed at zero: 0.84 eV and 20
eV. ε1 is calculated from ε2 by a Kramers-Kronig transformation. Together with fit-
ting the thickness and roughness, a total of 10 fitting parameters are used. Despite this
large number of fitting parameters, a unique solution is found. The B-spline dielectric
spectrum, while not based on an underlying physical model, is considered to be the
best extracted dielectric spectrum possible in terms of goodness of fit, smoothness and
Kramers-Kronig consistency.

4.3 Tauc-Lorentz

However, if a comparison between different a-C:H films is needed, it is useful to pa-
rametrize the dielectric spectrum with a physical model that gives physical information
on e.g. band gap and oscillator strength. As explained in section 3.5.3 the Tauc-Lorentz
(TL) oscillator can be used to model amorphous materials. The parametrization of the
B-spline ε2-spectrum with one TL-oscillator is shown in figure 4.3. The calculated TL
ε1-spectrum differs from the B-spline ε1-spectrum. This is due to absorption outside the
measured range, namely the σ-σ* bonds, as shown in section 3.7. This can be (par-
tially) corrected by fitting an offset for ε1, assuming a constant contribution from the
σ-σ* absorption tail. When the TL parameters are directly fitted to the experimental
data, as in figure 4.4, it is clearly visible that especially the modeled Ψ shows deviation
from the experimental Ψ from 4 eV on. This means that the effect of absorption outside
the measured range is stronger than absorption modeled as a constant offset to ε1. The
TL fitting parameters are: A = 20.4 eV, Γ = 7.19 eV, E0 = 5.08 eV, Eg = 0.780 eV
and ε∞ = 2.73 eV. The goodness-of-fit is χ2 = 12.7.

4.3.1 Band gap

"The" band gap found in the previous section, Eg = 0.780 eV, was found from fitting
a Tauc-Lorentz oscillator. There are, however, other definitions of "the" band gap of
a-C:H. One definition makes use of the Tauc relation as defined in equation 3.38. This
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Figure 4.3: The ε2-spectrum of the B-spline method, used as a reference, is parametrized by a
Tauc-Lorentz oscillator. To the Kramers-Kronig calculated ε1 an offset, ε∞, is added to fit also
ε1 of the B-spline spectrum.
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Figure 4.4: Tauc-Lorentz oscillator model is used to fit the data of figure 4.1 with an energy
offset, e∞, for e1. A clear deviation between the model and the experimental data for Ψ is visible
from 4 eV and deeper in the UV. The TL fitting parameters are: A = 20.4 eV, Γ = 7.19 eV,
E0 = 5.08 eV, Eg = 0.780 eV and ε∞ = 2.73 eV. χ2 = 12.7.
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relation can be rewritten in the following form:

E
√
ε2 = AT (E − Eg)

�
 �	4.1

If E
√
ε2 is plotted against the energy then the intercept with the energy axis yields the

so called Tauc gap, ETG. In figure 4.5 a B-spline ε2 spectrum is used for such a plot.
To get more information around the band gap, SE data is used that has a spectral range
from 0.752 eV to 5.05 eV from a similar sample. The part that follows a linear relation
is fitted linearly and extrapolated to determine the intercept with the energy axis. From
this intercept the Tauc gap is found to be ETG = 1.02 eV.

In section 4.1 it was mentioned that a-C:H is not a perfect band gap material. There
is an absorbing tail below the gap, the Urbach tail. This tail becomes visible in fig-
ure 4.5a as the part of the plot that deviates from the linear fit. The linear fit follows
Tauc’s relation, which describes a material with no defect states. The deviation from
the linear fit is therefore ascribed to both topological and structural disorder and is re-
lated to the Urbach energy36, EU . The Urbach energy is defined as the inverse of the
slope at E03. E03 is the energy at which the absorption, α = 4πk

λ
(plotted in figure 4.5b),

equals 103 cm−1. The lowest absorption is only α ' 1.3 · 103 cm−1. Nonetheless, the
linear fit is carried out at this absorption to get an approximation for the Urbach energy:
EU = 0.24 eV. Fanchini et al.37 plotted EU vs. E04 for different a-C:H samples from
several sources and our data fits reasonably well in this plot, which supports the ap-
proximation for EU . E04 is another commonly used definition of the band gap, defined
as the energy at which α = 104 cm−1. This phenomenological gap for our a-C:H is
E04 = 1.30 eV.

4.4 Pole

In the previous section the absorption outside the measured range was accounted for by
fitting an offset for ε1. It was shown that this yields reasonable fits but only up to about
4 eV. An other way of accounting for absorption outside the measured region is by using
a pole. This is an oscillator without broadening and described by the following relation:

ε(E) =
An

E2
n − E2

�
 �	4.2
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Figure 4.5: (a) Tauc gap as the intercept of the linear fit with the energy axis: ETG = 1.02 eV.
(b) Absorption as function of energy from which E04 = 1.30 eV is determined. The dashed line
is a tangent at α ' 1.3 · 103 cm−1. The inverse of the slope of this tangent yields the Urbach
energy, EU = 0.24 eV.

where An is the amplitude of the oscillator and En its position. A pole should be used
with care since the pole parameters An and En are prone to correlation and the fitting
algorithm can get trapped in a local minimum. Only the global minimum yields unique
results for An and En. To find the global minimum, a global fit is performed. The whole
fitting procedure is explained in the following.

First the thickness and roughness are determined by the B-spline method and are
then fixed. By means of the method of the previous section, good starting values for the
TL parameters are found. Then the ε1-offset is replaced by a pole. For both An and En a
range of equally spaced starting values for the global fit is chosen, forming a rectangular
grid. The resolution of the grid, the number of iterations and data points to fit are chosen
such that the calculation time is reasonable. In this case the range for En is between 9
and 20 eV with 24 steps, the range for An is between 0 and 1000 with 20 steps. The
number of iterations is 20 and the number of data points is 100. During the global fit
each of the 24 · 20 = 480 combinations of values for An and En are used as starting
values. After An and En are set for one combination, 20 iterations are used to find both
the pole and the TL parameters that minimize χ2. After trying all of the combinations
a global minimum is found. The TL fitting parameters are: A = 20.9 eV, Γ = 6.77 eV,
E0 = 4.78 eV, Eg = 0.808 eV and the pole parameters: An = 195 eV, En = 11.0 eV.
The goodness-of-fit is χ2 = 5.3.
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The use of a pole has improved the fit considerably compared to the use of an ε1-
offset: χ2 = 13 reduced to χ2 = 5.3. The pole has also the benefit that its peak position
gives a rough indication of the location of the σ-σ* absorption peak. More important,
the TL fitting parameters are determined more accurately. This is especially true for E0

since the use of the ε1-offset caused a lack of dispersion in the UV which was primarily
compensated by shifting E0 to higher energies. This can be seen in figure 4.3 when the
peak ε2 values are compared. The use of a pole avoids the need for compensation.

4.5 Two TL-oscillators

The use of a pole significantly improved the fit compared to the fit for which an ε1-
offset was used. However, for both models it is not possible to extrapolate the ε2-
spectrum to higher energies, which is of importance in determining the sp2/sp3 ratio.
Extrapolation is possible by using two TL-oscillators, as was found by Kassavetis et

al.38 In the following it is explained how the two TL-oscillators are fitted.

First the dielectric spectrum, thickness and roughness are determined by using the
B-spline method. Then the thickness and roughness are fixed. The B-spline dielectric
spectrum is parametrized with a TL-plus-pole to find good starting values for the first
TL-oscillator. The pole is then replaced by a second TL-oscillator. For this oscillator
starting values for the parameters are determined and the parameters are directly fitted
to the experimental data. Since the parameters of the second oscillator are prone to
correlation, a global fit is carried out as explained in the previous section. A range of
values, based on literature29,35,39, for three of the parameters of the second TL-oscillator
is chosen: Egσ = 2− 5 eV, Γσ = 0− 25 eV and E0σ = 9− 20 eV. All ranges are divided
in 40 steps. 10 iterations and 20 data points are used for a reasonable calculation time.
A global, unique minimum is found with χ2 = 4.1. The obtained broad ε2-spectrum is
shown in figure 4.6 together with the two TL-oscillators. The following values for the
fit parameters are found: Aπ = 19.5 eV, Γπ = 6.35 eV, E0π = 4.55 eV , Egπ = 0.82 eV,
Aσ = 57.2 eV, Γσ = 10.1 eV, E0σ = 13.9, Egσ = 3.37. The Tauc gap for the σ-σ*
transition is 5.0 eV in agreement with literature,39,40 and is obtained in the same way as
described in section 4.3 only now in the region around 10 eV.

To corroborate that the extrapolation represents the real ε2-spectrum at higher ener-
gies, the above mentioned procedure is carried out for SE data (1.24 - 6.5 eV) that is
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Figure 4.6: ε2-spectrum based on two TL-oscillators found by a global fit of Egσ, E0σ and Γσ.
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simulated from a known broad spectrum. The broad ε2-spectrum of Fink et al.32 can
be used to simulate the SE data. For this simulation first the spectrum is parametrized
with two Tauc-Lorentz oscillators. From this parametrization Ψ and ∆ are simulated for
a film with the same thickness as our film (' 1000 nm). Now only the simulated data
up to 6.5 eV are selected. For these data the same procedure is followed as described
above to find the second oscillator. It can be shown that it is indeed possible to recover
the second oscillator for this limited spectrum. The same is done for the broad spec-
trum of Paret et al.30 and for this spectrum too it can be shown that the extrapolation by
means of the second oscillator corresponds to the measured data.

4.6 sp2/sp3 ratio

Since now a wide ε2-spectrum is found, it is possible to determine the atomic sp2 and
sp3 percentage (more commonly the sp2/sp3 ratio) of our a-C:H. In section 3.7 it was
mentioned that this ratio, in combination with the hydrogen content, characterizes the a-
C:H as was also shown in the ternary phase diagram of figure 3.6. Below it is explained
how the sp2/sp3 ratio can be found.

Electrons in a carbon atom in the sp2 configuration share three single covalent σ
bonds. In a sp3 configuration there are four and for hydrogen there is one σ electron.
The σ valence electron density, nσ, is therefore:

nσ = n(4 f3 + 3 f2 + fH)
�
 �	4.3

where n is the carbon atomic density and f3, f2 and fH are the atomic fractions of re-
spectively sp3 and sp2 bonded carbon and hydrogen: f2 + f3 + fH = 1.41 Since only
carbon in the sp2 configuration shares a double covalent π bond, the π valence electron
density is:

nπ = n f2

�
 �	4.4

f2 can now be retrieved from the ratio of the π electron density to the total electron
density, given the atomic hydrogen fraction:

f2 = (4 − 3 fH)
nπ

nπ + nσ

�
 �	4.5
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Figure 4.7: neff as found from the optical sum rule in equation 4.6 for both graphite44 and
our a-C:H. neff for graphite is step-like because the dielectric function of graphite goes to zero
between the two separate peaks, as is shown in figure 3.8.

This ratio can be found from the ε2-spectrum by using the optical sum rule:

neff(E) =
me

2π2ne2~2

∫ E

0
E′ε2(E′)dE′

�
 �	4.6

where neff is the effective number of electrons per atom that contributes to the optical
properties in the energy region between 0 and E.33,35,42,43 The ratio of equation 4.5 can
be rewritten to obtain an expression in terms of the effective number of electrons per
atom:

nπ
nπ + nσ

=
nπ/n

nπ/n + nσ/n
=

neff,π

neff,π + neff,σ

�
 �	4.7

In figure 4.7 the calculated neff for both graphite44 and our a-C:H (as parametrized by the
2 TL-oscillators) are shown. neff for an infinite energy includes all electrons per atom,
both the π and σ electrons: neff = neff,π + neff,σ. "Infinity" is chosen here at E = 40 eV.
Since graphite has four valence electrons neff = 4 at infinity. For graphite a saturation for
neff is observed around 8 eV in figure 4.7, which results from the fact that its ε2-spectrum
shows two separate peaks for π-π* and σ-σ* transitions. This saturation plateau marks
the exhaustion of π electrons. Due to this plateau it is not unambiguous for neff,π at
which energy the optical sum rule must be evaluated. Since graphite consists only of
sp2 bonded carbon, neff,π = 1, resulting in a theoretical neff,π/(neff,π + neff,σ) ratio of 1/4,
which was reported previously for 8 eV and 9 eV.32,44
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General Introduction Chapter 1 

Diamond-like carbon 

A good example of the versatility and complexity of plasma technology is the 

plasma deposition of diamond-like carbon (DLC) thin films. DLCs attract attention for 

more than thirty years since their first preparation [1] for their excellent mechanical,

optical, chemical and tribological properties. DLCs utilize the ability of carbon to form

multiple bonds due to the hybridization of its s and p orbitals, which is the best 

demonstrated by difference between diamond and graphite, two carbon phases with 

diametrically different properties. Diamond, with solely sp3 bonded carbon atoms, is the 

transparent material with highest hardness, Young’s modulus, room temperature heat 

conductivity and atom density. It is a very good insulator and has a wide band gap of 

5.5 eV. Compared to diamond, graphite is with solely sp2 bonded carbon a black zero band 

gap semiconductor with good tribological properties. DLC films combine both the good 

mechanical and optical properties of diamond and electrical and tribological properties of

graphite. Moreover, these properties can be easily tuned and controlled by plasma process 

parameters. They are prepared by different techniques such as ion beam deposition, plasma

sputtering of graphite electrode, laser ablation but most importantly by plasma enhanced 

chemical vapor deposition (PECVD) in hydrocarbon gases [2]. The latter technique leads to

incorporation of hydrogen, which influences film properties even further. It was established 

that the hydrogen content and the amount of sp3 and sp2 bonded carbon determines DLC 

properties [2,3], as shown in ternary phase diagram in Fig. 1.1.
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Fig. 1.1: Ternary phase diagram of DLC. The corners represent a concentration of
100% of the type of atom mentioned. Abbreviations: a - amorphous, ta - tetrahedral 
amorphous, :H – hydrogenated. After [2].

3

Figure 4.8: Ternary phase diagram29 with our a-C:H designated as the black spot.

a-C:H, in contrast with graphite, does not show a clear separation of the electronic
transitions (due to mixing of π-σ* and π*-σ transitions), making it even more ambigu-
ous to choose a point where the π-π* transitions are exhausted. The point is chosen,
however, at the lowest point between the two peaks in the ε2-spectrum, at about 8 eV.
For the a-C:H used in this experiment, given a density of 1.7 g/cm3 and an atomic hy-
drogen content of 30% (as found from ERDA and RBS)7, the sp2/sp3 ratio is 0.52 or the
atomic sp3 percentage is 46%. This percentage is comparable as previously reported for
the same a-C:H as found by infrared transmission spectroscopy.45 This value also fits
in the graph by Robertson29 where the Tauc gap is plotted as function of sp2 fraction
for various amorphous carbon forms. In figure 4.8 our a-C:H is plotted in the ternary
phase diagram, as discussed in section 3.7. According to this diagram our a-C:H shares
features with ta-C:H.
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5
Etching results

In this chapter results are shown of real time in-situ spectroscopic ellipsometry on both
the deposition and etching of a-C:H. The results of etching with either a hydrogen or an
argon or argon/hydrogen plasma are discussed respectively. For the hydrogen plasma
not only the results will be shown for one plasma condition but also for hydrogen plas-
mas where flow rate, arc current, pressure and temperature are varied. From the temper-
ature variation it is shown how activation energies for the etch reaction are derived and
how the temperature dependence for the chemical erosion yield is determined. Finally,
a comparison is shown between roughness measured by SE and roughness measured by
AFM.

5.1 Deposition

To determine whether the deposited a-C:H film is homogeneous, the deposition is mon-
itored in real-time and the optical constants are determined at every time step. If the
a-C:H film is homogeneous then the optical constants do not have to be fitted for every
time step in the results of the etch experiments where the temperature is constant.

In the deposition experiment an SE is used which measures further into the infrared
(0.552 eV) but only up to 5 eV as compared to the results discussed in chapter 4. The
benefit of measuring further into the infrared, is that more interference fringes appear,
enhancing the accuracy in thickness determination. Due to the high deposition rate of
a-C:H, the SE is set to measure with maximum time resolution (4.8 Hz) to follow the
growth in enough detail (at the cost of having more noise in the SE data). The optical
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Figure 5.1: (a) Thickness and (b) roughness during deposition of 34 seconds, after which the
arc is shut down and the deposition stops.

model of figure 3.3 is used to extract roughness and thickness and optical constants.
The dielectric function of a-C:H is modeled with the B-spline method. In the B-spline
method the number of fitting parameters is the same as in section 3.5.1 but the node
at 6.5 eV is replaced by a node at 0.552 eV. To avoid correlation with the B-spline
parameters, the void fraction in the roughness layer is fixed. The commonly used void
fraction of 50% is chosen.22

Figure 5.1a shows the total a-C:H layer thickness (i.e. bulk thickness plus half the
roughness) as function of time. A linear growth is observed for 34 seconds, after which
the arc is shut down, thereby stopping the deposition. The a-C:H layer is deposited with
a constant deposition rate of ±36 nm/s. The roughness is shown in figure 5.1b. During
the first two seconds the roughness reaches a peak value of about 5 nm, which is ascribed
to the nucleation of a-C:H.7 After this peak the roughness decreases to an equilibrium
value of about 2 nm. It is also during these two seconds (i.e. 10 measurements) that the
dielectric spectra differ from those after t = 2 s. In figure 5.2 ε2-spectra are shown that
are determined from the SE measurements between t = 2 s and t = 34 s, i.e. the end of
the deposition.

The ε2-spectra are almost constant in time (and hence also ε1 because the B-splines
are constructed to be Kramers-Kronig-consistent). Only in the region of 4-5 eV there is
some variation which can be ascribed to the larger errors in Ψ and ∆ at these energies.
It can be concluded that the dielectric spectra, determined at every time step, are almost
the same throughout the film’s thickness (except during the nucleation). We therefore
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Figure 5.2: ε2-spectra based on the B-spline method during growth and their average (dashed
line).

assume a homogeneous bulk layer during the etch experiments that will be discussed
below.

5.2 Etching with a hydrogen plasma

First an a-C:H sample is studied that is etched with a hydrogen plasma during one
plasma condition. Then samples are exposed to hydrogen plasmas of various conditions
concerning the hydrogen flow rate, FRH (sccs) , the arc current, Iarc (A), the background
pressure, p (Pa) and the substrate temperature, Tsub (K).

5.2.1 Constant plasma condition

An a-C:H sample is exposed to a hydrogen plasma with the following conditions: p =

46 Pa, Iarc = 60 A, FRH = 50 sccs. Tsub ' 516 K throughout the etching. The real time
in-situ SE data of the etch process is analyzed with the optical model of figure 3.3. For
the model bulk optical constants of a-C:H are required. These have not been determined
during deposition for the samples used in the etch experiments. The bulk constants of
the previous section can not be used since they are not guaranteed to be identical despite
their similar deposition conditions. This was found from comparing the extracted bulk
constants from several real time deposition measurements. The bulk optical constants
must therefore be determined per sample. They can, however, not be determined from
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a measurement prior to etching. This is due to the fact that the sample was removed
from the deposition chamber before it was put in the etching chamber. Because of its
exposure to the ambient air, an oxygen-containing layer adsorbs at the surface.46 This
slightly changes the optical response. During etching the oxygen-containing layer is
removed. It is chosen to determine the bulk constants at the time the oxygen-containing
layer is etched away. The removal can be recognized by fast changes in Ψ and ∆ in
the beginning of etching. Once the bulk optical constants are found with the B-spline
method, they are fixed. The roughness layer is first chosen to have a void fraction of
50%. When for this optical model the thickness and roughness are fitted for the complete
etching process then the goodness-of-fit increases from χ2 = 9.0 at the start to χ2 = 68
at the end at t = 110 min. This model obviously does not fit the data well throughout
the etching. The model has to be modified to improve the fit.

One modification could be the addition of another layer, as reported by von Keudell
et al.9. They report on (single wavelength) ellipsometry measurements during etching
of similar hard a-C:H films with a hydrogen plasma. They found that sp2 groups at
the surface change to sp3 groups during interaction with atomic hydrogen. This also
changes the optical constants of the surface layer. Modeling the surface layer as a top
layer on the a-C:H film resulted in a top layer thickness of about 1.0 nm with a complex
refractive index lower than that of the bulk. In case they bombarded the a-C:H film
simultaneously with hydrogen ions, sp3 groups changed back to sp2 groups causing the
top layer to have almost the same optical constants as the bulk. Modeling this top layer
in our experiments, however, is not beneficial for the following reasons. In case the ions
in the plasma compensate the modification of the atomic hydrogen, leaving the optical
constants almost the same as the bulk, then this layer is hardly discernible by SE. Even
if the sensitivity for the top layer was enhanced by maximally modifying it, assuming
only the interaction of atomic hydrogen, then still it could not be measured since the 1
nm top layer is negligible compared to the surface roughness of our a-C:H.

The question now is which other parameters in the model can significantly improve
the fit without introducing new layers and/or changing the bulk optical constants. When
the void fraction is fitted, the fit at t = 110 min. drastically improves from χ2 = 68
to χ2 = 20, with fvoid = 61% and a roughness ds = 63 nm. The void fraction is
not correlated to the thickness and roughness. In figure 5.3a-e the results are plotted of
fitting fvoid for the complete etching process next to the total thickness (db +(1− fvoid)ds),
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Figure 5.3: (a) Total thickness (db + fbulk · ds), (b) etch rate (Retch) (c) void fraction ( fvoid) (d)
surface roughness (ds) (e) χ2 as function of time.

The void fraction shows an increase for the first 13 minutes from 30% to a maximum
of 76% and a slow decrease to a value of 61% at the end. The change in void fraction
means that the roughness features have changed. These features will be shown by the
scanning electron microscope measurements in section 5.5. There it is shown that the
roughness features for an as-deposited sample are more convex and the features for an
etched sample more concave. This can explain the changing void fraction.
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The etch rate is determined from the derivative of the total thickness to time. From
t = 0 - 3.5 min. Retch decreases from 5.6 to 3.7 nm/min which is ascribed to the removal
of the adsorbed oxygen-containing layer. In the next 6 min. it increases again to 4.8
nm/min to remain almost constant for about 15 min. before decreasing to 2.7 nm/min
during the next 85 min. Over the etch rate a smoothing is plotted. This smoothed curve
especially gives a clearer picture on the initial etch rate.

The etch rate was not expected to decrease after t = 25 min. since the plasma con-
ditions and Tsub remain constant. The sample, however, does not remain constant and
must therefore account for the decrease in etch rate. Observed changes in the sample
are, besides the obvious decrease in bulk thickness, the thickness of the roughness layer
and its void fraction. The roughness layer thickness is increasing and almost linearly
from t = 25 min. Figures 5.3b and 5.3d indicate that an increase in roughness causes
a decrease in etch rate. This does, however, not hold for t = 0-25 min. A further un-
derstanding is needed to explain the decrease in etch rate and whether roughness and/or
void fraction is of influence and how it affects the etch rate.

It can be concluded that the etch rate obtained with a hydrogen plasma is not constant
but decreases from about 5 to 3 nm/min. Another conclusion is that it is possible to
describe the sample throughout the etch process, without adding extra layers or changing
the bulk optical constants, by fitting only three parameters: thickness, roughness and
void fraction. By fitting the void fraction, which is uncorrelated to the thickness and
roughness, the fit throughout the etch process considerably improved (χ2 reduced by as
much as 70% at the end). The change in void fraction to fractions above the commonly
used average of 50%, means a change in the surface morphology.

5.2.2 Etch rate dependence on flow rate and arc current

The flow rate is changed in the range between 35 and 50 sccs, the arc current between
45 and 60 A. Both ranges are divided in four equal steps resulting in 16 different com-
binations of conditions for which the etch rates are measured on a single sample. The
background pressure is p = 100 Pa and the temperature remains Tsub ' 523 K. First a
measurement is done at 50 sccs and 60 A for 5 minutes, then the current is decreased
in three steps of 5 minutes to 45 A. Subsequently the flow rate is changed to 45 sccs
keeping the arc current at 45 A. After measuring at 45 A for 5 minutes the arc current is
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Figure 5.4: (a) Retch as function of Iarc for different flow rates. (b) Retch as function of FRH2 for
different arc currents. The background pressure is p = 100 Pa and the substrate temperature is
Tsub = 523 K. The first measurements are done at 60 A (as indicated: 1 - 4).

increased again in three steps to 60 A, etc. By changing the arc current in this "zig-zag"
way it is avoided that plasma instabilities occur due to large changes in the arc current.

For the data analysis the optical model of figure 3.3 is used. As explained in the
previous section, the bulk optical constants are determined by using B-splines at the
moment the oxygen containing layer is removed. Since the temperature remains con-
stant, the bulk optical constants can be fixed. Only the bulk thickness, roughness and
void fraction are used as fitting parameters throughout the etch process. The etch rate
is determined from the slope of the linear fit on the thickness from the time a condition
starts to the time it ends.

In figure 5.4a the etch rate as function of arc current is plotted for different flow rates.
This figure shows that Retch increases with increasing Iarc. This can be understood since
at higher arc current more molecular hydrogen is dissociated, forming atomic hydrogen,
which is the main etching species. This is most pronounced for FRH2 = 50 sccs. At this
flow rate the dependence is almost linear.

Figure 5.4b shows the same data but now the etch rate is plotted as function of flow
rate for different arc currents. Retch increases with increasing flow rate which is expected
since again more molecular hydrogen is dissociated.
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Figure 5.5: (a) Etch rate as function of pressure and (b) of time.

5.2.3 Etch rate dependence on background pressure

In figure 5.5a the pressure dependence of the etch rate is shown. For the data analysis the
optical model of figure 3.3 is used. As explained in the previous section, the bulk optical
constants are determined by using B-splines at the moment the oxygen containing layer
is removed. Since the temperature remains constant, the bulk optical constants can be
fixed. Only the bulk thickness, roughness and void fraction are used as fitting parameters
throughout the etch process. The etch rate is determined from the slope of the linear fit
on the thickness from the time a condition starts to the time it ends. The pressure is
changed every five minutes. The first determined etch rate, at 120 Pa, is found from
a linear fit of the total thickness from t = 5 - 10 min, to avoid taking into account the
removal of the adsorption layer. After measuring at 120 Pa and 100 Pa, the pressure is
increased to 210 Pa and subsequently decreased. After 25 minutes the etch rate is again
determined at 120 Pa but the etch rate has dropped significantly. This can also be seen
from figure 5.5b where Retch is plotted as function of time. Especially between t = 5
- 35 min. clear plateaus are visible that mark different pressure settings. The spikes,
at e.g. t = 10 min., indicates that at that moment the pressure is being set. However,
in section 5.2.1 it is explained why the etch rate decreases in time even if there was
no change of pressure. This explains that after 25 min. at the same pressure, the etch
rate is different. Nevertheless, the general dependence is an increasing etch rate with
pressure. This can be understood since the increase in pressure confines the plasma jet
more thereby focusing more etching species towards the sample’s surface.
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Figure 5.6: (a) Substrate temperature as function of time. (b) Arrhenius plot of the etch rate.
The activation energy found from the linear fit is, Ea = 0.27 eV. The background pressure is
p = 100 Pa.

5.2.4 Temperature

The dependence of etch rate on the substrate temperature has been studied for two pres-
sures, 100 Pa and 25 Pa, both with Iarc = 60 A and FRH2 = 50 sccs. Figure 5.6a shows
the heating, cooling and heating of the substrate. Since optical constants are temper-
ature dependent, B-splines are fitted at every time step. To avoid correlation with the
optical constants, the void fraction is fixed at 50%.22

The etch rate is proportional to the reaction rate of the chemical reaction between
the plasma etchant species and the a-C:H film, Ea ∝ k. The Arrhenius equation relates
the reaction rate to the substrate temperature:

k = Ae
−Ea
kBT

�
 �	5.1

where kB is Boltzmann’s constant, A a pre-exponential factor and Ea the activation en-
ergy of the reaction. If the etch reaction obeys the Arrhenius equation then a plot of
the natural logarithm of the etch rate as function of the reciprocal of the substrate tem-
perature would yield a straight line, of which the slope equals −Ea/kB. In figure 5.6b
the natural logarithm of the etch rate as function of reciprocal temperature is shown
for a background pressure of p = 100 Pa and it is indeed observed that the reaction is
Arrhenius-like. From the linear fit the activation energy is found, Ea = 0.27 eV. In fig-
ure 5.7a the Arrhenius plot is shown and in figure 5.7b the smoothed Arrhenius plot for
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Figure 5.7: (a) Raw Arrhenius plot. Ea=0.35 eV (b) Smoothed Arrhenius plot. The activation
energy for temperature higher than 450 K is, Ea,1 = 0.33 eV and for the lowest energies Ea,2 =

1.05 eV. The background pressure is p = 25 Pa.

p = 25 Pa. The smoothed plot gives a better insight into where the data start deviating
from the Arrhenius behavior. This happens at around 450 K. The steep decrease at the
lowest temperatures corresponds to an activation energy of 1.05 eV but is currently not
understood.

Annen et al.10 etched a hard a-C:H film with atomic hydrogen or with an electron
cyclotron resonance (ECR) hydrogen plasma, consisting of both atomic hydrogen and
hydrogen ions. They compared the etch rates for both plasmas and found that the main
surface reaction process is thermally induced chemical erosion and that it starts at about
500 K. At temperatures lower than the chemical erosion threshold temperature, they
observe a higher etch rate than expected from the initial activation energy, similar to
our experiments. They attribute this to the influence of a relatively small fraction of
ions and named this process "ion-assisted chemical erosion". The ions break carbon
bonds at the surface, creating a site for the hydrogen atom to react, despite the low
temperature. In our plasma also hydrogen ions are produced as has been found from
probe measurements and the ion flux is in the order of Φion = 1018 m−2s−1.19 It is
therefore suggested that here too "ion-assisted chemical erosion" plays a role that can
explain the higher etch rate below the chemical erosion threshold temperature.
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5.2.5 Chemical erosion yield

The chemical erosion yield is defined as the number of carbon atoms that is etched per
incoming hydrogen atom. In equation 5.2 the relation between etch rate and erosion
yield is shown:

Chemical erosion yield (C/H-atom) =
ρRetch Na

MC ΦH

�
 �	5.2

where ρ is the a-C:H film density (1.7 g/cm3), Na Avogadro’s number, MC carbon’s
molar mass and ΦH the atomic hydrogen flux. The etch rate has been determined in the
previous section. To determine ΦH, the relation between flux and etch rate by Hoef-
nagels16 is used. In this work a calibrated hot capillary atomic hydrogen source is used
to etch an a-C:H film, deposited under the same conditions as our a-C:H. The following
relation was found:

ΦH(cm−2s−1) = (0.7 ± 0.2) · 1014Retch(nm/min)
�
 �	5.3

Relation 5.3 is determined for a substrate temperature of Tsub = 503 K. Assuming in
our experiment only the influence of atomic hydrogen at this temperature, the etch
rate can be found at this specific temperature by using the Arrhenius equation and the
fitting parameters as found in the previous section. This results in the following hy-
drogen fluxes for p = 25 Pa and p = 100 Pa: Φ25Pa

H = (2.1 ± 0.6) · 1020 m−2s−1 and
Φ100Pa

H = (1.3±0.4) ·1021 m−2s−1. This results in a chemical erosion yield as function of
temperature, as plotted in figure 5.8 for both p = 25 Pa and p = 100 Pa. Since the chem-
ical erosion yield is defined per H-atom it is expected that the curves for different ΦH

are identical. As can be seen from figure 5.8, the two smoothed curves approximately
coincide. Previous chemical erosion yield measurements were performed by Schlüter
et al.11 (and references therein). They also found an increase in erosion yield as func-
tion of temperature in the same temperature range as in our experiments. The absolute
values for the chemical erosion yield differ by approximately one order. This difference
can be attributed to the different a-C:H films used: the harder the a-C:H film the more
difficult it is to etch the film. The variety of a-C:H was summarized in the ternary phase
diagram in figure 3.6.

Vankan et al.47 used laser diagnostics to measure the atomic hydrogen density as
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function of temperature.
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function of the distance from the arc for p = 20 Pa, p = 100 Pa, FRH2 = 50 sccs and Iarc

= 60 A for an identical ETP hydrogen source. For p = 20 Pa and p = 100 Pa at 30 cm the
measured hydrogen densities are respectively 2.3 ·1019 m−3 and 1.4 ·1020 m−3. Although
the vacuum chamber of the setup used by Vankan et al.47 has different dimensions, it
can at least give a qualitive indication. Mazouffre et al.48 also used laser diagnostics to
measures the velocity of atomic hydrogen for the same experimental setup at 30 cm for
p = 20 Pa and p = 100 Pa. The velocities for both pressures are about 0.5 km/s. Since
the velocities are almost the same, the ratio of densities is that of the fluxes and this ratio
(' 6) corresponds very well with the ratio of fluxes based on etch rates, corroborating
the use of equation 5.3.

5.3 Etching with an argon plasma

A sample is exposed to an argon plasma with the following conditions: Iarc = 60 A,
FRH2 = 50 sccs, p = 100 Pa. The argon plasma physically sputters the a-C:H film and
heats it. The substrate temperature is shown in 5.9b. Since at t = 6 min. the safety
limit of the substrate temperature is reached, active cooling sets in. This, unexpectedly,
caused the substrate thermocouple to stop working. The substrate’s response to this
active cooling is slow and therefore the temperature must have increased a little further
after t = 6 min. We know, however, that at t = 38 min., T = 650 K again because then
the thermocouple worked very briefly. The dashed line in figure 5.9 shows a possible
"interpolation" between the temperatures up to t = 6 min. and the temperature at t = 38
min. and an "extrapolation" for temperatures after t = 38 min., assuming the substrate
temperature to be controlled at Tsub = 650 K.

For the SE data analysis the optical model of figure 3.3 is used. The dielectric
function is modeled with B-splines at every time step since the change in temperature
changes the optical constants. To avoid correlation with the optical constants, the void
fraction in the roughness is fixed at 50%. From the optical constants as function of time
it was found that they change up to t = 25 min. and then remain constant in time. A
similar behavior can be seen for the raw data. Ψ and ∆ as function of time are plotted in
figure 5.9a at a wavelength of λ = 350.3 nm, in the absorbing region. In both Ψ and ∆

a rapid, large change is visible in the first ten measurements. This is due to the removal
of the adsorbed oxygen-containing layer. After this rapid change a fast change in the
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Figure 5.9: (a) Ψ and ∆ (b) and Tsub as function of time. Tsub is measured up to t = 6 min. and at
t = 38 min. The dashed line is a possible "interpolation" between the temperature measurements
up to t = 6 min. and t = 38 min. (indicated with the arrow) and an "extrapolation" after t = 38
min., assuming the substrate temperature to be controlled at Tsub = 650 K.

opposite direction is observed, albeit somewhat slower. This change up to about 25 min.
is attributed to the changing substrate temperature and not to a chemical modification of
the surface since argon does not chemically react with the film surface. Moreover, it is
known from deposition experiments that the film is homogeneous.

A new data analysis is performed where now only between t = 0 and t = 25 min. the
B-splines are fitted at every time step, together with thickness and roughness. After t =

25 min the optical constants, determined at t = 25 min., are fixed, assuming the substrate
temperature is constant. When the optical constants are fixed, the void fraction can be
fitted since there is no problem of correlation. However, it was found that fitting the
void fraction after t = 25 min. did not improve the fit. Therefore only the thickness and
roughness are fitted for this part.

Between t = 25 min. and t = 106 min. the spectra are very well fitted (the average
χ2 = 7.1 ± 0.9). In figure 5.10 the resulting etch rate and the roughness as function of
time are plotted. For t = 0 - 25 min the thickness and roughness are determined together
with the optical constants causing the error in thickness to increase from 0.1 nm to 0.6
nm. It is therefore that the etch rate for this period is more noisy than for t = 25 - 106
min.

If the first minute, i.e. the oxygen-containing layer removal, is not taken into ac-
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Figure 5.10: (a) Exponential decay function fitted to the smoothed etch rate and (b) roughness
as function of time.

count, the etch rate can be fitted with an exponential decay function:

Retch = R0e−
t

t0 + R∞
�
 �	5.4

where the time constant t0 = 8.8 min, the offset R∞ = 3.0 nm/min and the starting value
is R0 = 5.7 nm/min. After the adsorbed oxygen-containing layer is removed, the etch
rate decreases from 8.8 nm/min in ±25 min to a constant level of 3.0 nm/min. Just like
the etch rate, the roughness in figure 5.10b also stabilizes after about 25 min., at ds ' 13
nm. Figure 5.10a and 5.10b suggest etch rate and roughness to have a relationship.
Since the etch rate is the derivative of the total thickness, including half the roughness,
etch rate and roughness are coupled. However, even when only the derivative of the
bulk thickness is plotted, a similar relation is found. This further supports the idea that
when the roughness increases the etch rate decreases (although this is not true for the
adsorption removal). Similar behavior was observed for the hydrogen plasma in the
previous section.

5.4 Etching with an argon/hydrogen plasma

For the experiment discussed here, 45 sccs of argon flows through the arc and 2 sccs
of hydrogen is admixed in the background of the vessel. During etching the plasma
conditions are: Iarc = 45 A, p = 100 Pa. At t = 0 min. Tsub = 532 K. The substrate
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temperature, as shown in figure 5.11c, increases during etching in 7.5 minutes to 611
K due to the plasma exposure. Therefore the optical constants are fitted by means of
B-splines at every time step, together with the bulk thickness and the roughness. The
void fraction is fixed at 50%.22 The average goodness-of-fit is χ2 = 7.6 ± 1.1.

In figure 5.11a the total thickness as function of time is shown. After 7.5 minutes
the a-C:H film is completely removed by the etching. The roughness, as shown in figure
5.11b remains almost constant at ±4 nm up to t = 7 min. From t = 7 to t = 7.2 min.
the roughness increases to ±22.5 nm and decreases to 0 in the following 0.3 min. A
roughness peak at the end of etching is also observed in similar etching experiments
by Benedikt et al.7 where however oxygen was injected in the background instead of
hydrogen. The etching around the time where the roughness peak is, can be thought of
as an inverse process of nucleation since it is similar to the increase in roughness at the
start of deposition.

Figure 5.11d shows an Arrhenius plot of the etch rate. From this plot an activation
energy of Ea = 0.30 eV is retrieved. This activation energy is comparable to what was
found for hydrogen in section 5.2.4 and to what Gielen et al.15 found for a somewhat
softer film (n = 1.89 at λ = 1.523 µm) in an argon/hydrogen plasma. From ' 560 K
the etch rates start deviating from the expected etch rates based on the fitted activation
energy. A similar effect was observed for the hydrogen plasma in section 5.2.4, although
the temperature at which the deviation starts is now higher.

The etch rates are two orders of magnitude higher than is the case for both the
hydrogen and argon plasma. The etch rate is higher than the sum of the argon ions
and atomic hydrogen only. Hopf et al.49 explain this enhanced etch rate by the process
of "chemical sputtering", first introduced by Winters et al.50 as a process whereby ion

bombardment causes or allows a chemical reaction to occur which produces a particle

that is weakly bound to the surface and hence easily desorbed in the gas phase. Hopf
et al.49 propose the following synergistic mechanism during etching of a-C:H. The ions
break C-C bonds within their penetration range. The broken bonds are instantaneously
passivated by the atomic hydrogen. This leads to the subsurface formation of stable
CxHy species which diffuse to the surface and desorb.
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Figure 5.11: (a) Total thickness (b) roughness layer and (c) substrate temperature as function
of time. (d) Arrhenius plot of the etch rate, Ea = 0.30 eV.
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5.5 AFM roughness

In section 5.2.1 it was shown how the roughness increases when the a-C:H film is etched
with a hydrogen plasma during one condition. The roughness at the end of etching is
ds = 63 nm. Since it was not expected for the roughness to increase to such high values,
the modeled roughness is verified by comparing it to the roughness as measured by an
atomic force microscope (AFM).

An AFM measures the surface topography by scanning the surface with a sharp tip
that is attached to the end of a cantilever. While scanning a rough surface the cantilever
is deflecting. The cantilever’s deflection is monitored by measuring the reflection of
a laser beam from the cantilever. The laser beam reflection is translated into a height
measurement. If all the measured heights are presented in a height distribution plot
then the standard deviation, σ, of the heights is commonly chosen as a measure for the
roughness (this is only true if the distribution is normal, as in our case, otherwise the
skewness and kurtosis should be taken into account to describe the height distribution
and hence the roughness).

To determine whether a correlation exists between SE roughness and AFM rough-
ness, a number of samples is prepared that have different roughnesses. To prepare a
sample with a certain roughness, an as-deposited sample is etched with a hydrogen
plasma while monitoring the roughness in real-time with SE. As soon as the roughness
of choice is reached, the etching is stopped. After the sample is removed from the vac-
uum chamber the roughness is also determined ex-situ by SE. This is done to have equal
conditions when measuring with the AFM, which can only measure ex-situ. The AFM
was set to scan a 2 x 2 µm2 area with a resolution of 512 by 512 points. To minimize
damage to the sample, the AFM operated in so called tapping mode. In this mode the
cantilever oscillates while scanning the surface.

The results of the comparison between SE and AFM roughness are plotted in figure
5.12. The data point at ds = 7.4 nm is that of an as-deposited sample. The fitted curve
is shown to guide the eye and assumes an asymptotic behavior. This behavior can be
explained by following the reasoning of Stevens et al.51: the roughness features become
too high at around σ = 11 nm for the AFM to probe the surface properly due to the
AFM tip dimensions. If a linear relationship is assumed up to the asymptotic part,
around ds = 20 nm, then a linear fit yields ds = 2.5σ + 0.4 nm. This fit is shown by the
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Figure 5.12: AFM-roughness as function of SE-roughness. The fitted curve is shown to guide
the eye. The dashed line is the linear fit through the first three data points.

(a) (b)

Figure 5.13: AFM measurement of (a) as-deposited and (b) etched a-C:H with a hydrogen
plasma.

dashed line in figure 5.12. The proportionality factor in the relation of the linear fit is in
reasonable agreement with Kim et al.52 who compared SE with AFM roughness during
a-C:H growth. They found the following relationship: ds = 2.1σ + const. The constant
in the relations is due to the poor lateral resolution in the AFM measurement limited by
the large cantilever tip radius of curvature in a range of 50–100 Å.

In figure 5.13 the surface topography of both an as-deposited and etched sample are
shown as measured by the AFM. It does not only show that the heights of the surface
roughness have increased, but also that the morphology has changed. The etched sam-
ple shows peaked features whereas the as-deposited sample shows bump-like features.
Cross-sectional scanning electron microscope (SEM) measurements on the same sam-
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ples also show a change in surface morphology after etching with hydrogen, as shown
in figure 5.14. The as-deposited sample shows more convex features whereas the etched
sample shows more concave features. The left picture in figure 5.14a shows debris lying
on top of the surface, the right picture shows crack lines. Both the debris and crack lines
resulted from breaking the sample.
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(a) Left: 16000x magnification. The large features on the surfaces is debris from breaking the sample.
Right: 75000x magnification. Crack lines are visible due to breaking of the sample.

(b) Left: 16000x magnification. The surface shows more roughness than for the as-deposited sample.
Right: 65000x magnification.

Figure 5.14: Cross-sectional scanning electron microscope (SEM) measurements of as-
deposited (a) and etched (b) a-C:H by a hydrogen plasma.
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6
Conclusions

In this study the options of using hydrogen, argon and argon/hydrogen plasma to clean
hydrocarbons from surfaces, have been investigated. Real-time in situ spectroscopic
ellipsometry was used to monitor etch rates of an a-C:H film exposed to the various
plasmas.

Etching the a-C:H film with a hydrogen plasma showed that the etch rate is in the
order of several nanometers per minute and is not constant during etching but slowly
decreases. The roughness was shown to increase. The void fraction in the roughness
layer showed an increase to 76% during the first 13 minutes but decreases afterwards to
61%. When the arc current or the flow rate or the pressure or the temperature increased,
the etch rate also increased. From the temperature dependent etch rate the activation
energy was derived to be 0.3 eV. Below the threshold temperature for chemical erosion,
higher etch rates are measured than expected from the activation energy. This deviation
is most likely due to "ion-assisted chemical erosion". From the etch rates the tempera-
ture dependent chemical erosion yield can be found: 0.004 C/H to 0.04 C/H in the range
400-550 K.

AFM measurements were carried out to corroborate the modeled SE roughness in
the etch experiments with hydrogen. Although the dimensions of the AFM tip prevent
measuring roughnesses higher than σ = 11 nm, it showed that the roughness increases
due to etching with hydrogen and that the surface morphology changes. SEM measure-
ments also show a change in surface morphology, which can explain the change in void
fraction during etching.

The etch rates for a sputtering argon plasma are shown to be in the same order of
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magnitude as for a hydrogen plasma. The etch rate decreases exponentially with an
e-folding time of 8 minutes to remain constant at a level of 3 nm/min. The roughness
first sharply decreases from 8 to 3 nm in the first minute due to the removal of the
adsorbed oxygen-containing layer then increases in 24 minutes from approximately 3
nm to 13 nm to remain constant afterwards. The experiment indicates that a relation
exists between roughness and etch rate: when the roughness increases, the etch rate
decreases (this does not hold for the removal of the adsorbed oxygen-containing layer).

In case an argon/hydrogen plasma is used, by admixing hydrogen in the background
of an argon plasma, the etch rate is increased by two orders of magnitude. The roughness
remains around 5 nm, except when the layer is almost removed. Then the roughness
shows a peak. The increase in etch rate is due to a synergistic mechanism in which
argon ions break C-C bonds to be immediately passivated by atomic hydrogen. The
argon/hydrogen plasma is therefore considered the best cleaning plasma.

From real-time in situ SE measurements during deposition of an a-C:H film, it was
found that the extracted dielectric spectra, as determined by B-splines, are the same for
every measured thickness. The homogeneous layer allows to keep the optical constants
fixed in the optical models for the etch experiments where the temperature does not
change.

It was shown, in the case of a hydrogen plasma, that the goodness-of-fit improved
significantly when the void fraction of the roughness layer was fitted in the optical
model. However, when the substrate temperature changes due to plasma exposure, as
is the case for argon and argon/hydrogen, then the void fraction can not be fitted. This
is due to its correlation with the bulk optical constants. These have to be determined at
every measurement during etching since they change due to the change in temperature.
To avoid correlation with the optical constants, the void fraction is fixed at 50%.

It was shown that the chemical composition of our a-C:H, in terms of the sp2 and sp3

bonds, can be found by extrapolating the dielectric spectrum. Extrapolation to the deep
UV was possible by using a parametrization of two Tauc-Lorentz oscillators. The two
Tauc-Lorentz oscillators could be fitted uniquely by using a global fitting procedure.
From the extrapolated spectrum the sp2/sp3 ratio was found to be 0.52 by using the opti-
cal sum rule. This ratio in combination with the hydrogen content of 30% characterizes
our a-C:H film as a hard film.
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A
SE theory

The calculation of the detected intensity involves the use of the Jones vector/matrix
formalism. The polarization state can be expressed as a vector, the Jones vector, with
two complex components: Ep and Es

~E0 =

 Ep

Es

 �
 �	A.1

The normalized Jones vector of p- and s-polarized light are simply given by: 1
0

 and

 0
1

 �
 �	A.2

respectively.

Since Id = |Ed|
2 the electric field at the detector must be calculated. For this the

following matrix operations on the input beam are necessary:

Ed =
[
Analyzer matrix

] [
Sample matrix

]
[Polarizer matrix]

[
Input beam

] �
 �	A.3

The input beam is calculated as follows. The coordinate system of the polarizer is
rotated such that the light coming from the polarizer is in the p-direction. Using a
rotation matrix, the coordinate system is rotated back to the ellipsometer system: cos Θ − sin Θ

sin Θ cos Θ

 ·  1
0

 �
 �	A.4
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where Θ is the azimuthal angle between the polarizer axis and the plane of incidence.
The Jones matrix for the sample is:  rp 0

0 rs

 �
 �	A.5

where rp and rs are the complex Fresnel reflection coefficients. The analyzer matrix is
constructed in a way similar to the polarizer matrix: 1 0

0 0

 ·  cos A sin A

− sin A cos A

 �
 �	A.6

It is constructed from rotating the analyzer coordinate system such that it lies along the
new, reflected p-direction. Subsequently it must be multiplied with a p-polarizer matrix.
After multiplication this becomes:

Ed =

 1 0
0 0

 ·  cos A sin A

− sin A cos A

 ·  rp 0
0 rs

 ·  cos Θ − sin Θ

sin Θ cos Θ

 ·  1
0

 �
 �	A.7

Ed =

 rp cos Θ cos A + rs sin Θ sin A

0

 �
 �	A.8

Since Id = |Ed|
2:

Id ∝ |rp|
2 cos2 Θ+|rs|

2 sin2 Θ+
[
|rp|

2 cos2 Θ − |rs|
2 sin2 Θ

]
cos(2A)+2<e(rp·r∗s) sin Θ cos Θ sin(2A)�
 �	A.9

Normalizing the intensity to |rp|
2 cos2 Θ + |rs|

2 sin2 Θ yields:

Id ∝ 1 +

∣∣∣∣ rp

rs

∣∣∣∣2 − tan2 Θ∣∣∣∣ rp

rs

∣∣∣∣2 + tan2 Θ

cos(2A) +
2<e

( rp

rs

)
tan Θ∣∣∣∣ rp

rs

∣∣∣∣2 + tan2 Θ

sin(2A)
�
 �	A.10
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