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Abstract
Inductively coupled plasma sourees have the great advantage of separate
control of the ion density and the kinetic ion energy. For this reasou they
are widely used for plasma surface processing. A modern, industry like setup
has been built, which replaces an earlier setup that was used for studies on
inductive plasmas.
A Langmuir probe system is used to measure the plasma potential, the
electron temperature, and ion and electron densities. The kinetic energy of
the ions arriving at the substrate electrode surface is measured with an energy
resolved mass spectrometer. The ion velocity distribution function in the
plasma, is measured by means of Doppler shifted laser induced fluorescence.
The setup for Doppler shifted laser induced fluorescence has significantly
been improved. It now has a spatial resolution of 0.3 mm and the detection
efficiency has increased a factor of three in comparison with the previous
set up.
Measurements have been performed in both setups over a range of plasma
parameters. The results from the various diagnostics show good correlation.
Results from all diagnostics have been used to calculate the power consumption in several processes in the plasma source.
The sum of the powers found in these calculations, which use the results
from independent measurements, is consistent within 5% with the total RF
power that is delivered to the system. From the total amount of RF power
that is delivered to the setup, 16% is converted in useful kinetic ion energy
at the substrate electrode, and 10% is available at the electrode surface as
ion recombination energy.
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Chapter 1
Introduetion
This master thesis is written to report on the project, which has been performed during my stay in the Elementary Processes in Gas Discharges (EPG)
group at the Department of Applied Physics of the Eindhoven University of
Technology. The aim of this project is to aid in the construction of a new
setup, and to measure and campare several plasma properties in a previous
and the new setup. The emphasis of the project is on the measurement of
ion velocity distributions, using Doppler shifted laser induced fluorescence.

1.1

Plasmas

The aim of the Elementary Processes in Gas discharges (EPG) group is to
study plasmas. A plasma is a (partially) ionized gas, and it is often referred
to as the fourth phase of matter. The largest examples of this phase are
natural plasmas like the stars or lightning. But mankind has harnessed the
plasma phase and put it to good use in for example lighting. TL-tubes,
street lights and other highly efficient light sourees are all plasmas. Other
applications of plasmas can be found in industry. A well established industrial use is the deposition of thin layers for the production of solar cells or
the enhancement of mechanica! surface properties. Plasmas are also widely
used in the fabrication of integrated circuits (IC's). One important process
in the production of an IC is etching, which removes material and creates
the desired structures.
Plasma etching has a big advantage over wet chemical etching, because
it is anisotropic. This means that plasma etching has a preferential direction
of etching, whereas wet etching does not. If patterns are etched in a thin
layer using a mask, this results in structures as in figure 1.1. Plasmas can
etch such steep walls, because the ions are accelerated by electric fields in
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the plasma, perpendicular to the "bulk"material. In figure 1.1b, this would
mean that the ions are accelerated from to top to the bottorn of the page.

mask

target material
substrate ---etching

I

a)

!

'--------~

b)

Figure 1.1: Typical structures as produced by wet chemica! (a) or plasma (b) etching.

A source, that is widely used in the processing industry is the capacitively
coupled plasma (CCP). It consists of two parallel plates, driven by a high
RF voltage. The frequency, which is most commonly used, is 13.56 MHz,
because this frequency has been assigned for industrial and other "polluting" applications. A major drawback of the CCP is that the ion flux and the
ion energy cam1ot be varied independently. Therefore other sourees have been
developed, in which separate mechanisms are used to generate the plasma
and control the ion energy. Sourees like the electron cyclotron resonance
plasma reactor and the helicon reactor use DC magnetic field combined with
microwave and RF power respectively. The inductively coupled plasma (ICP)
souree uses an RF inductive field. An RF powered coil is placed against a
dielectric window and together with the plasma it acts as a transformer. The
coil is the primary side of the transfarmer and the plasma acts as a single turn
secondary conductor. In this source, the energy of the ionscan be controlled
by applying a bias voltage to the substrate.
All these sourees and their applications are well described in e.g. [1]. The
work described here has been clone on two ICP sources.

1.2 A New Setup

1.2
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A New Setup

The first setup on which the studies on the ICP sourees have been performed [2) is the ETS 1 setup. This setup was originally built as a CCP
source. This means that the main part of the setup was nat designed with
the extra equipment for ICP in mind. Later, an energy resolved mass spectrometer was introduced to the setup. Due to its constructive demands, large
adaptations had to be made again on the vacuum chamber.
Because of the demands of previous experiments, the whole setup was
placed on a granite table of approximately 1.5 by 2.5 meters, which was
standing in the center of the lab. This table made the vacuum chamber
not so easily accessible. Also due to the more or less provisional mount
of the matching network and the RF antenna coil, reproducibility of the
measurements leaves to be desired.
Recent developments in IC-production technology have increased the
maximum substrate wafer size to 300 mm. In order toperfarm measurements
on industry like plasmas, the 100 mm diameter metal substrate electrode in
the ETS 1 was not sufReient anymore. Another important change is in the
RF antenna design. The cylindrical coil antenna is often replaced by a planar
spiral coil antenna.
Because of the new requirements and the unpleasant handling of the old
ETS 1 setup, a new setup was designed and built in cooperation with the
GTD 1 . This new setup is called ETS 1.3, since it is replacing the ETS 1
setup, and most non vacuum vessel parts are reused in the new setup. The
new setup and the changes with respect to the old setup are described in
section 2.2.
Working with the new setup is much more comfortable and reproducibility
of measurements has greatly improved. The ETS 1.3 setup is now camparabie
with present day industrial reactors, and it can be a fresh platform for future
work.

1.3

Biomedical Research

In 2001, the EPG group started collaborating with the department ofBiomedical Technology. In the EPG group , diagnostic tools are used and developed
for the study of small scale structures in IC's. The scale of most biologica!
tissues lies in the same range as the structures in IC's. Therefore, tools like
infrared ellipsometry also seem applicable for the study of biological tissues.
1 The

"gemeenschappelijke technische dienst" (GTD) is the central technica! service of
the Eindhoven University of Technology.
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Another collaboration is the development of an atmospheric plasma souree
for the modification and remaval of biologica! tissues. For this project, a
good understanding of the interaction between a plasma and biologica! tissue is needed. In order to investigate this interaction, experiments under well
defined conditions are desirable. The new ICP souree can supply such well
defined conditions, whereas the atmospheric discharges have not yet been
so well characterized. Although there is a large difference between these
sources, they both generate strongly non-thermal plasmas. Therefore, similar interactions can be expected for such different sources. Because the ICP
operates at low pressures of tens of microbars, most "wet"biological tissues
are not suitable. Bone tissue is found to be a convenient material to investigate. It holds well under the vacuum conditions in the ICP and it is also a
convenient material to investigate using IR ellipsometry and a large number
of other techniques.

1.4

Project and Report Content

During the first months of the project, measurements have been done on
the ETS 1 setup. This time was largely used for getting acquainted with the
setup and the diagnostic tools on it. Especially the setup used for the Doppier
shifted-laser induced fluorescence (DS-LIF) measurements, described in section 2.5, took a lot of time to master. After finishing the measurements,
the ETS 1 setup was dismantled. Moving the equipment, and building and
testing the new ETS 1.3 setup took about four months. Then the modified
DS-LIF setup was constructed and measurement were doneon the ETS 1.3
set up.
This report briefly introduces some important aspects of plasma physics
in section 1.5. It will then describe both setups and the diagnostic tools,
which have been used in this project in chapter 2. Since the Langmuir probe
system and the mass spectrometer are commercial tools, they have more or
less been used as "black box" systems. Due to many problems encountered
during the use of these systems, also the insides of these systems are well
known. But, since no more than the general aspects of the systems are
required in this report, they are only briefly described in sections 2.3 and 2.4
respectively. A lot of work has beendoneon the construction of the DS-LIF
system. Therefore the theory of DS-LIF and the setup will be described in
greater detail in section 2.5.
The results obtained from these measurements will be presented and discussed in chapter 3 and the energy balance of the plasma will be analyzed
using a global modelinsection 3.5. Finally, conclusions about the work and
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recommendations for future work will be made in chapter 4.
The work on biologica! tissues in the ETS 1.3 setup is being clone by
Carole Maurice and Erik Wagenaars, and will therefore not be discussed in
this report.

1.5

Plasma Physics

This section is not a detailed description of plasma physics, but it covers
some very basic aspects of plasmas and it explains about some partsof plasma
physics used in this project. A more detailed but brief overview can be found
in [3]. And fora more complete overview, Immerous textbooks can be found
on plasma physics.

1.5.1

Plasma

If asolid substance is heated, it generally turns into a liquid. If the temperature is heated further, the liquid passes into gaseaus state. At sufficiently
high temperatures, molecules in the gas can dissociate and eventually atoms
can decompose into electrous and positive ions. Temperatures, at which this
thermal ionization occurs, range from 4000 to 20000 K for different elements.
The degree of ionization is
ni
(1.1)
Xiz = - - n9 + ni

in which n 9 is the neutral gas density and ni is the ion density both in
particles m- 3 . A plasma is called weakly ionized if Xiz is in the order of
10- 6 to 10- 2 . Because of the Coulomb forces acting on the charged particles,
plasmas are usually quasi-neutraL This means that ni ~ ne, where ne is the
electron density.
Different temperat~res are assigned to the light (electrans) and heavy
(ions) charged particles. These temperatures are Te and Ti respectively, and
in a plasma in (thermal) equilibrium Te ~ Ti,. But in low pressure processing plasmas, this is usually not the case. Because these discharges are
mostly electrically driven and are only weakly ionized, the applied power is
heating the highly mobile electrons. The heavy ions on the other hand, will
efficiently exchange energy with the background gas in collisions, therefore
staying relatively cold. The plasma used in this project has a typical electron
temperature of 2 to 7 eV (1 eV ~ 11.600 K), whereas the ion temperature
will generally be in the order of a few times room temperature, which is
0.026 eV. Assuming a Maxwellian velocity distribution of the particles, the
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v by

3
1
-kT= -miP
2
2

(1.2)

where k is Boltzmann's constant and m is the mass of the particle. Due to
thermal movement there will be a random flux of particles, r P· given by

r _ npvp
p-

4

(1.3)

in which the particles p can either be electrans (e) or ions (i).
Because of the mass ratio between ions and electrans (mAr/me~ 7.3·10 4 )
electrans will at least move several hundred times faster than the ions due
tothermal movement. If an object is placed inside the plasma, at first more
electrans will reach it than ions, as can be seen from equation 1.3. This will
cause the object to become negatively charged. It will then start repelling
some electrans and attracting more ions, causing a positive space charge
around it. If the object reaches a certain potential, Vp, the ion flux and electron flux will become equal and the potential of the object will be constant.
This is the so called floating potential. The presence of the space charge
causes a strong change in the potential which is illustrated in figure 1.2.
: postive space charge
I

x
{P 1!--+----";?"_______

.

<-,

quasi-neutral plasma
Debye length

negative surface charge

Figure 1.2: An object placed in a plasma will become negatively charged and will reach
a potential Vp. A space charge region is formed and the typicallength scale of this region
is the Debye length ÀDe·

The length scale on which such space charge regions occur is called the
Debye length,

(1.4)
with co the vacuum permittivity and ni the ion density in the plasma, which
is assumed constant in the estimation of the Debye length. [3]
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Figure 1.3: A plasma confined by walls will create a space charge regions at the walls
called sheaths. In order to form a sheath, ions first have to be accelerated in the presheath region to the Bohm velocity. The space charge, and thus the electric field, in the
pre-sheath is much smaller than in the actual sheath.
The plasma souree used in this project typically has ion densities in the
range of 1016 to 10 18 m- 3 and a typical electron temperature of ""'3 eV. This
results in Debye lengths of 130 to 13 J.Lm.

1.5.2

Sheaths

A plasma is usually generated in a vacuum vessel, which has conducting
walls that are connected to ground. At these walls, a space charge region
will form as described above, which is called a sheath. Since in the initial
stage of the formation more electrans are lost to the walls than ions, the
plasma will become positively charged. This will result in a potential like
the one shown in figure 1.3. This positive plasma potential, Vp, tagether with
the sheath acts as a potential valley for the electrans to the plasma. In order
to confine most of the electrans to the plasma, a plasma potential of several
times Te (in eV) is required. Ions on the other hand will he accelerated by the
electric fields pointing towards the walls. The ions will also have an energy
of several times Te, because they are accelerated over the plasma potential.
This effect is used in plasma processing, because it creates fast ions, which
have a velocity which is almost completely perpendicular to the wall.
Using some assumptions, it can he shown that ions should already have
a certain velocity befare they enter the sheath. These assumptions are:
• The sheath is collisionless. The mean free path, Àm, of an atom is
(1.5)
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where n 9 is the density of the gas particles and a is the callision cross
section. Using a Ar+-Ar ~ 100 . w- 20 m 2 [3], in argon, at a pressure
of 10 mTorr and a temperature of 600 K, the mean free path is about
6 mm. Since the Sheath is a few >.De thick, it is in the order of a
few tenths of a mm. Therefore the assumption of a collisionless sheath
seems reasonable. This assumption leads to conservation of energy and
a constant ion flux perpendicular to the wall.
• The electrans are Maxwellian, thus the density is given by the Boltzmann distribution with a temperature Te.
• The sheath potential decreases monotonously towards the wall.
• The plasma at the sheath-plasma edge is quasi-neutraL
Under these assumptions, the Poisson equation for the sheath gives valid
solutions, only if
Vi,s

~ Vs = y-;;;
fkTë,

(1.6)

in which vi,s is the ion velocity towards the wallat the sheath-plasma edge,
v 8 the Bohm velocity and mi the ion mass. This relation is known as the
"Bohm sheath criterion". A detailed derivation of this relation can be found
in chapter 6 of reference [1].
The criterion demands, that when ions enter the sheath their velocity has
to be greater than the Bohm velocity. In order to achieve this, a third region
between the sheath and the plasma has to be introduced. This quasi-neutral
region is called the pre-sheath and in it the ions are accelerated to or above
the Bohm velocity. The three regions, a typical potential profile, and the
electron and ion density are depicted in figure 1.3.

1.5.3

lnductively coupled Plasma

In an ICP, the plasma is generated using an inductive field. This field is
generated by an RF driven coil. This coil generates an inductive field, which
passes through a dielectric window (usually quartz) into the vacuum chamber.
The oscillating inductive field generates an azimuthal electric field. This
is pictured in figure 1.4. The ions are to slow to react on the RF fields,
which, in the setups used in this project, have a frequency of 13.56 MHz.
The electrans are accelerated by the electric field, and they can transfer the
gained energy to the heavy particles in collisions. Therefore the electrans are
mostly responsible for the excitation and ionization of the atoms.

9
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plasma
dielectric
window
RF coil

Figure 1.4: In an ICP an RF driven coil generates an alternating inductive field B,
which in turn generates an azimuthal electric field Eo.

Because of the electron current induced in the plasma, the plasma acts as
the secondary winding of a transformer, in which the RF coil is the primary
winding. Therefore these plasmas arealso called transfarmer coupled plasmas
(TCP). The induced plasma current also shields the RF coil from the plasma.
The RF field can only penetrate the plasma to a certain skin depth. In these
low pressure plasmas, this skin depth is
1/2

ó-

(

me
e2 Jl.one )

'

(1.7)

in which me is the electron mass, eis the electron charge and p,0 is the vacuum
permeability. For an electron density of ne = 10 17 m- 3 , the skin depth is
approximately 17 mm. This is about half of the height of the discharge,
therefore skin effects can be expected to be present.
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Chapter 2
Experiment Description
The work described in this report has been done on two different setups. The
ETS 1 setup, that will be referred to as the old setup, and the ETS 1.3 setup,
which is the newly built setup. Both setups will bedescribed in this chapter.
Since the ETS 1.3 setup has been built using many parts from the old ETS 1
setup, parts of the description would be similar. Therefore the section about
ETS 1.3 will sametimes only describe the changes between the setups.

2.1

Ye old Setup

The ETS 1 setup has been used and described extensively by Marc v.d. Grift
in [2]. It is used to study properties of low pressure plasma sources. The
setup as it is described here is the setup that is used in the beginning of 2001.
Several changes have been made in the setup by Carole Maurice, since she
started her PhD workin 1998 on the setup. The most important change is
the addition of a mass spectrometer, which required a completely different
electrode.
A schematic cross section of the ETS 1 setup is given in figure 2.1. The
setup consistsof a vertical cylindrical chamber with a 262 mm inside diameter. The 20 cm diameter, 12 mm thick quartz plateis mounted in the bottorn
fiange of the setup. The top of the setup is closed by the mass spectrometer.
Four IS0-100 ports are placed in the horizontal plane at the level of the
plasma. One port is used to conneet the vacuum pumps. The others can
be fitted with viewing windows for optical diagnostics, or other diagnostic
tools can be placed here to have access to the plasma. The Langmuir probe,
discussed in section 2.3, is placed on one of these ports.
The metal electrode has a diameter of 100 mm and is mounted on the
mass spectrometer. It is located at a distance of 63 mm from the quartz
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Figure 2.1: Schematic drawing of the ETS 1 setup showing the placement of the major
components of the setup.
plate. A small plate is placed in the bottorn of the electrode. The entrance
hole for the mass spectrometer has a diameter of 20 JJ,m and is drilled in
this small plate. The electrode and the head of the mass spectrometer are
electrically insulated from the rest of the setup. This means, that instead of
grounding the electrode, also a bias voltage can be applied to the electrode.
The electrode is water-cooled to prevent overheating by the plasma.
The vessel is pumped using a Pfeiffer 350 ls- 1 turbo pump. The backing
for the turbo pump is provided by a 270 m3 h- 1 roots pump and a 30 m 3 h- 1
rotary pump. The base pressure of the setup is around 5-10- 7 mbar. During
operation of the setup, the gas is let into the chamber through 8 small tubes,
called gas feeds. The gas feeds are distributed around the quartz plate and
they are bent inwards to supply gas to the center of the plasma. The flow of
the gas is controlled by three massflow controllers, to allow mixing of multiple
gasses. Typical flow rates are 15 seem (Standard Cubic Centimeters per
Minute, standard = oo C, 760 Torr) for 5 mTorr and 80 seem for 50 mTorr.
The gas pressure in the chamber is measured using an Edwards Barocell
capacitance gauge. This gauge has a range of 0 to 130 mtorr. To control the
pressure in the setup, a throttle valve is placed between the vessel and the
turbo pump. The throttle valve control unit uses the pressure measured by
the Barocell gauge to achieve accurate pressure controL This system keeps
the pressure constant to within 1% during a typical series of measurements.
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All the pumps, valves, flow controllers and other equipment needed to run
the plasma are controlled by a programmabie logic controller (PLC).
The RF inductive field, needed to generate the plasma, is generated using
a solenoid antenna. The three turn antenna has a 10 cm diameter and is made
from round capper 6x4 mm tube. The height of the antenna is approximately
10 cm. The antenna is water cocled to prevent overheating.
The antenna is mounted in the housing of the matching network. The
matching network used is an L-type network. The schematic of the RF network is given in figure 2.2. The tuning capacitor, Ctune, farms a resonant
circuit at 13.56 MHz tagether with the antenna, L. The RF generator is a
fixed frequency generator and it can deliver from 0 to 2200 Watt into a 50 n
load at 13.56 MHz. The function of the matching capacitor, Cmatch, is to
match the impedance of the resonant circuit to 50 n. The tuning capacitor
is a 15 kV 3 to 500 pF variabie capacitor and the matching capacitor is a
5 kV 7 to 1000 pF model, with two extra 5 kV 500 pF capacitors in parallel.

------.-[---T--81- -

-..,..-

-i- ....:

c,...

L

i

-

------

- ~~-

---'--

---~-------

Figure 2.2: The LC-circuit used to drive the RF antenna in the ETS 1 setup. The
matching capacitor,

Cmatch.

consistsof three parallel capacitors.

To mount the antenna and matching network on the setup, the matchbox
has to be pressed up against the setup, and it is held in place by three brass
supports connected on the setup's legs. This procedure combined with the
mechanica! construction does not allow for reproducible positioning of the
antenna. Since the matching network has to be removed from time to time
to perfarm maintenance on the setup, this is a strong disadvantage whèn
camparing measurements performed at different times.
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2.2

The New Setup

As has been told in section 1.2, a new setup has been built in cooperation
with the GTD 1 , which has designed and constructed the vacuum vessel and
the translating table for the ETS 1.3 setup. There were two main reasans
for building a new setup:
• The old setup was not easy to work with due to its "historica! growth".
The design of the new setup is such, that working on the reactor and
the diagnostic tools is much easier. This is mainly caused by the greatly
improved accessability to the various components, and more open space
around the setup.
• Changes in the processing industry have led to new designs of ICP
sources. The souree geometry in the new ETS 1.3 setup is very much
like plasma processing sourees in industry. It now farms a good platform for future research on or with ICP sources.
To achieve a safe working environment around the ETS 1.3 setup, all
electrical equipment is lifted off the floor, and all gas, water and electrical
connections are placed in cable troughs hanging from the ceiling. To reduce
the noise level intheETS 1.3 lab, the roots pump and the rotating vacuum
pump are placed inside a sound isolating box.
The description of the ETS 1.3 setup is split up into three separate parts.
The first section describes the construction of the vacuum chamber, including
the vacuum and gas systems. The second deals with the rnaving platform, on
which the setup is mounted. And the last section describes the RF antenna
and the matching network.

2.2.1

Vacuum system

Schematic cross sections of the ETS 1.3 reactor are shown in figure 2.3.
Compared with the ETS 1 setup, the reactor axis is rotated over 90° and is
now in the horizontal plane. The vacuum vessel has an internal diameter of
rv50 cm. The 330 mm diameter, 25 mm thick quartz plate is mounted in the
large fl.ange, that doses the vessel on the RF-antenna side. This flange is
mounted on a carriage. The rails for this carriage are mounted on the setup
platform, so the whole quartz plate assembly can be rolled out easily if the
setup needs to he opened.
1The "gemeenschappelijke technische dienst" (GTD) is the central technica! service of
the Eindhoven University of Technology.
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Figure 2.3: Schematic cross sections of the ETS 1.3 setup as seen from the the RF
assembly side (left) and the top (right).
The stainless steel electrode has a diameter of 300 mm. Like in the ETS 1
setup, it is water-cooled and electrically insulated from the vacuum vessel,
so a bias voltage can be applied to the electrode. The mass spectrometer
is also mounted on a carriage, which allows it to be positioned in a hole
in the center of the electrode. The hole is such, that the 100 J..Lm entrance
hole of the mass spectrometer is in the plane of the electrode surface. lf
the mass spectrometer is removed from the hole, a Brewster window can be
placed behind the 10 mm opening in the electrode, which can be used during
DS-LIF measurements described insection 2.5.
The space, between the quartz plate and the metal electrode, in which the
plasma is formed, is 40 mm wide. An extra cylinder can be placed between
the vacuum chamber and the quartz plate fiange, which increases the distance
between the quartz plate and the metal electrode to 100 mm.
The vacuum chamber has four IS0-250 ports. The two side ports are
centered below the chambers axis, as can be seen in figure 2.3. This allows
optical access to the complete bottom half of the plasma. Windows, which
would show the complete plasma, would be too big and impractical. The
bottom port is used to mount the vessel to the table, and the turbo pump
is placed below the hole in the table. The rotary pump from the ETS 1
setup has been replaced by a 40 m3 h- 1 model. The rest of the pumps are
the same as on the ETS 1 setup. The base pressure of the ETS 1.3 setup is
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5 ·10- 7 mbar, which is equal to base pressure in the old setup. The system
for cantrolling the pressure and the gas flow during the experiments is the
same as on the ETS 1 setup. The vacuum, gas and electrical control of the
ETS 1.3 setup is performed by the same PLC as used for the old setup.
The gas is let into the chamber using 8 small tnbular gas feeds, distributed
around the quartz plate, in an arrangement similar to the one in the old setup.
In the ETS 1.3 setup, ceramic tubes are added to the end of the gas feeds,
which reduces sputtering of the metal gas feeds.

2.2.2

Moving Table

Figure 2.4 shows the table on which the vacuum vessel is mounted. The rails,
on which the quartz plate fiange and the mass spectrometer can move, are
also shown in this picture. In order to position and align large optical diagnostic tools on the ETS 1.3 setup, the table, on which the vacuum chamber is
mounted, can be adjusted in height and moved along the setup's axis. This is
achieved by three "vertical"legs, and one diagonalleg, which can be adjusted
in length by electromotors. Four triangular frames prevent the table from
rnaving sideways and rotating. The placement of the legs, and the direction
in which the table can move with respect to the setup's axis (depicted by the
thick arrow), are shown in figure 2.4. Because precise control of the length
of the legs is required, a PLC is used to control the movement of the table.
In the future, this new PLC will take over the vacuum, gas and electrical
control from the older PLC, which is currently used for this purpose.

2.2.3

RF system

A large difference between the old and the new setup is the design of the antenna coil, that is used to generate the RF inductive field. The antenna in the
ETS 1.3 setup is a three turn, planar spiral coil. Again the antenna is made
from round capper 6x4 mm tube, to run cooling-water through the antenna.
The tube is bent at a r-v5 cm diameter in the center of the coil. In three turns,
the diameter increases gradually to r-v22 cm at the end of the outer turn. The
fiat antenna is placed against the quartz plate, as is shown in figure 2.3. It is
mounted on "'25 cm long legs. The antenna and the legs are bent from one
single piece of tube, in order to minimize the impedance of the coil. The legs
are connected in the matching network using brass Swagelock connectors.
These connectors are generally used for gas and water connections, but the
brass roodels also make quite good electrical connections. The fixed connectors in the matching network are connected to both the cooling-water supply
and the RF high-voltage connections. Therefore, on the antenna tube, only
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Setup axis

Figure 2.4: The vacuum vessel of the ETS 1.3 setup is placed on a translating table.
Three "vertical"adjustable legs are used for lifting the table and one diagonal adjustable
leg is used to move the table back and forth. Four triangular frames prevent the table
from pivoting. Rails are mounted on the table, to easily slide heavy parts in and out of
the vacuum vessel.
one conneetion at each end has to be made using standard Swagelock fittings,
instead of both a Swagelock water conneetion and a silver-soldered electrical
connection. This results in an easier construction and replacement of the
antenna. After performing experiments with RF antenna currents exceeding
40 A rms, the connections were visually inspected, and no signs of excessive
heating or other problems were found. Measurements taken before and after
the matching network and the antenna have been removed from, and put
back on the setup, show no significant differences. Therefore reproducibility,
of the placement of the RF components on the ETS 1.3 set up, has sufficiently
improved in comparison with the ETS 1 setup.
Because of a change in the antenna inductance compared to the old setup,
the capacitance Cmatch of the matching capacitors was not sufficient anymore.
Therefore a third 500 pF capacitor was added. Measurements showed, that
this had the opposite effect. After some work, it was believed that stray
inductance, between the four (three fixed and one variable) matching capacitors, was effectively causing a reduction of the total capacitance. To solve
this problem, all matching capacitors have been replaced by a single, 5 kV
variabie capacitor of 20 to 2000 pF, resulting in a matching network as is
drawn in figure 2.5. Although the single variabie capacitor has the same
maximum capacitance as the combined capacitors in the old configuration,
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this single capacitor is able to match the network to 50
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Figure 2.5: The LC-circuit used to drive the RF antenna intheETS 1.3 setup.

2.3
2.3.1

Langmuir Probe Measurements
Theory

In order to measure the free electron properties and the ion density, a metal
probe can be used. These probes are usually called Langmuir probes, and
they have been described in great detail by Mott-Smith and Langmuir in
1926 [4]. They are still one of the most common tools in plasma diagnostics.
When a metal probe is inserted into the plasma, and a voltage is applied to
this probe, it draws a current, lpn from the plasma. The electrical circuit
is completed by a second electrode, which is usually the grounded wall of
the reactor as is shown in figure 2.8. To compensate for the current fiowing
through the probe, the plasma potential, Vp, will change. If for example
the probe voltage, Vpr, is lower than the plasma potential, ions are extracted
from the plasma. This causes a decrease of the plasma potential, by removing
positive charge from the plasma. The lowered plasma potential will cause a
higher flux of electrans to the wall, thereby balancing the current.
If the surface of the probe (here ~ 6 · 10- 10 m 2 ) is much smaller than
the surface of the counter electrode (here the setup's metal electrode, ~
7 . w- 2 m 2 )' then the change of the plasma potential, due to the applied
probe voltage, is very small.
If the voltage is varied, a current-voltage (I-V) characteristic can be measured. A typical probe characteristic is shown in figure 2.6. This I-V curve
can be divided into three regions.
First, the electron saturation region, indicated by A in the graph. In
this region the probe has a voltage VPr > Vp. Therefore all electrans within
the infiuence space of the probe are attracted to the probe tip and electron
saturation occurs.
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Figure 2.6: A typical I-V curvefora Langmuir probe measurement. The graph shows
the three typical regions of a Langmuir probe curve.
Second, the so called electron retardation region, region shown by B in
the curve. The probed has a negative voltage when compared to the plasma
potential. Only electrans with an energy higher than the potential harrier
are attracted. If the electron energy distribution is Maxwellian, the current
is exponential with the applied voltage. From the slope of the exponential
part, the electron temperature, Te, can he derived.
Third, the ion saturation region, represented by C in figure 2.6. For
increasingly lower voltages no electrans reach the probe, and only positive
ions are attracted to it. Using Laframboise theory [1, 5], the positive ion
density can he derived from the ion saturation region.
The electron density, ne, is given by
(2.1)

in which I(Vp) is the probe current when the probe voltage is set to the
plasma potential Vp, Apr is the surface area of the probe, me is the electron
mass, eis the electron charge and kTe is the electron temperature in eV.

2.3.2

The Probe System

For the Langmuir probe measurements, a Scientific Systems Ltd. SmartProbeis used. The probe comes as a complete system and it is used as such.
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A detailed description of the system itself and the way the software interprets and processes the measured 1-V curvescan be found in reference [5]. A
brief summary of the important features of the system will be given in this
section.
The Langmuir probe consists of a 5 mm long, 0.19 mm radius tungsten
wire. This probe tip is connected to a coaxial cable, which is shielded from
the plasma by an 8 mm diameter ceramic shaft. To compensate for RF variations in the plasma potential, the probe is fitted with two extra components.
First there are two inductors inside the probe, close to the tip, as is shown in
figure 2.7. These inductors, combined with their intrinsic capacity, are resonant close to the RF frequency. In this way they prevent RF currents from
fiowing through the probe. The second part of the RF compensation is the
compensation electrode. This cylindrical metal electrode is mounted close
to the probe tip and is in direct contact with the plasma. It is capacitively
coupled to the probe tip, thereby applying the RF modulation of the plasma
potential to the probe tip. Effectively this eliminates the RF variations between the probe voltage and the plasma potential. These two components
result in probe 1-V characteristics as if measured without RF variations.
insulating cernmies
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Figure 2. 7: Schematic drawing of the Scientific Systems Ltd. Langmuir probe. The
shaft and probe diameters are dJ 8 mm and dJ 0.38 mm respectively. The inductors, which
are part of the RF compensation network, are mounted inside the main shaft.
As is explained earlier in this section, the plasma potential varies with
the applied probe voltage. To eliminate this effect, a secoud probe is used.
This so called reference probeis a metal cylinder, which is also placed around
the ceramic shaft as is pictured in figure 2. 7. It is left to float freely, so the
fioating potential can be measured. Using this potential, any shift in the
plasma potential can be compensated for.
The probeshaft is mounted on the auto linear drive (ALD). This device
is built around a long movable bellow. One side of this bellowis fixed to the
setup, and the other side is mounted on a motorized translation stage. This
stage can translate the probe over a distance of 250 mm.
IntheETS 1 setup, the ALD is mounted on one of the available 180-100
ports. It is in a position which places the probe tip in the mid plane between
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the quartz plate and the metal electrode. Using the ALD, a radial profile of
the plasma can he measured.
In the ETS 1.3 setup, the ALD is mounted on a tilt stage, and a secoud
bellow is used to seal the vacuum while enabling the probe to tilt. The tilt
stage is constructed in such a way, that it moves the probe tip mainly in the
axial direction through the plasma. The whole system is mounted on the top
iso-250 port of the setup, as is schematically shown in figure 2.8. The pivot

probeshaft
probe tip
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V

V

V
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Figure 2.8: The probe tip is set to a certain voltage with respect to grounded walls in
the reactor. A current will flow fromjto the probe tip, depending on the voltage. The
probe can be moved into the plasma using a translation stage and it can tilt from the
quartz plate to the stainless steel electrode using a fixed axes and two micrometer screws.
point is located in a position, which unfortunately prevents the probe from
moving close to the quartz plate in the axial direction. This is because, in
the small configuration in which the vacuum vessel has been used so far, the
probe shaft hits a mounting ring, which holds the quartz plate, before the
probe has reached the quartz plate.
The probe and the ALD are connected to an acquisition electronics unit.
This unit can apply a probe voltage from -100 to +100 V, and it can measure
and supply up to 250 mA probe current. The unit also controls the ALD
position and it communicates with the computer using a PC interface card.
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The software acquires the I-V characteristics fully automated and it derives various plasma parameters from it. The software uses the "intersecting
slopes" method [5] to determine the plasma potential Vp from the I-V curve.
For the fioating potential the voltage VF at which the current is zero is taken.
The electron temperature is derived from the curve in region B. Equation 2.1
is used todetermine ne, and Laframboise theory [6] is used todetermine ni.
The algorithms used in the software, are explained in more detail in reference [5].

2.4

Energy Resolved Mass Speetrometry

To study the particles reaching the metal electrode, a Balzers PPM-422
Plasma Monitor is used. This energy resolved mass spectrometer (ERMS) is
placed behind the electrode, as is depicted in figures 2.1 and 2.3. A small hole,
in the plane of the electrode surface, allows the neutrals and ions to enter
the mass spectrometer. The spectrometer can detect particles with masses
ranging from 0 to 512 amu (0 to 2048 amu is also possible using a different
RF generator) and energies ranging from 0 to 512 eV. The spectrometer can
detect positive and negative ions as well as neutrals, if the ionization souree
is used.
To explain how the ERMS works, it can he split into four separate parts.
These components are the ionization chamber, the cylindrical mirror analyzer (CMA), the quadrupole mass analyzer (QMA), and the detector, which
in this setup is a secondary electron multiplier (SEM). The construction of
the PPM422 spectrometer is shown schematically in figure 2.9. The ions
are guided through the mass spectrometer by means of electrastatic lenses.
These have no further importance than controlling the path of the ions and
will not he described any further.
If the spectrometer is used to measure ions, the ions which enter from the
plasma are focused through the ionization chamber by the ion entry opties.
If the spectrometer is used to detect neutral particles, then these will
be ionized in the ionization chamber. This section is fitted with a heated
filament, which emits electrons. These electrous are accelerated to typically
70 eV, after which they enter the ionization chamber through a cylindrical
mesh electrode. The energetic electrous will then ionize the neutral particles
in inelastic collisions. The ionized neutrals are guided out of the ionization
chamber and, through the rest of the spectrometer, they will follow the same
path as the ions from the plasma.
After the ionization chamber, the ions enter the cylindrical mirror analyzer. This energy selector is well described in literature. The CMA consists
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Figure 2.9: A schematic drawing of the Balzers PPM422 plasma process monitor, showing the basic componentsof the spectrometer.
of two concentdc cylinders. The ions are sent through an opening in the
inner cylinder. The potential of the outer cylinder is such, that the ions are
defiected back towards the inner cylinder as is depicted in figure 2.9. The
potentials on the cylinders guide ions with a certain energy back through a
secoud hole in the inner cylinder. Ions with a different energy are lost on the
inner and outer cylinder. More details about this specific CMA can be found
in reference [7].
The ions, that have passed the CMA, are guided into the quadrupale
mass analyzer. The QMA is an electdeal quadrupale built with four round
metal rods. The voltage applied to these rods consists of a static part and
an oscillating part. The mass selection occurs by mass dependent oscillatory
ion trajectodes between these rods. Ions that do not pass the quadrupele,
are lost in collisions with the rods or the mass spectrometer outer wall. By
changing the magnitudes of the DC and RF component of the quadrupale
electric field the mass of the transmitted ions can be selected. A more detailed
description of the QMA can be found in e.g. references [8, 9].
The ions which have passed both the cylindrical mirror analyzer and the
quadrupale mass analyzer have the desired energy and mass, and should now
be detected. The ions are defiected onto the cathode of the secondary electron
multiplier. One ion can create one or several free electrans in the callision
with the cathode. These electrans are accelerated to the first dynode, which
has a higher potential. When the electrous reach the dynode, they have
gained enough energy to each create more new free electrous in the collision.
After a further cascade of 16 dynodes, the electrous are gathered on the
anode. The SEM has a typical amplification of 1 · 106 . The anode signal is
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processed further using a pulse discrimination circuit to suppress noise and
it is then detected by the photon counting hardware. The detector has a
useable linear range of 0.1 to 2 · 106 counts per second.
All the electronics needed to control the spectrometer are located -in a
Balzers electranies chassis. The measurements are fully controlled by the
spectrometer's software. The measurement routines which are used in this
software take an energy spectrum at a fixed mass or a mass spectrum at a
fixed energy. An example of a mass scan of neutral particles during a bone
processing experiment is given in figure 2.10.
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Figure 2.10: A mass spectrum of the particles in the plasma during the treatment of a
bone sample.

To measure the energy distribution, R(E), of argon ions reaching the
electrode surface, the mass selection is fixed at 40 amu, and the energy
selection is varied over the desired range. From this energy distribution, the
mean energy, E, with which the argonionshit the electrode can be calculated
with:
E = I R( E) . EdE
(2.2)
I R(E)dE
The mass spectrometer is pumped separately by a small turbo pump,
which is backed by a membrane pump. During the measurements, the pres-

2.5 Doppier Shifted Laser Induced Fluorescence

25

sure in the spectrometer is usually in the order of w- 6 mbar. At this pressure
collisions in the spectrometer are negligible.
On the ETS 1 setup the mass spectrometer is mounted on top of the
setup. The metal electrode is attached to the head of the mass spectrometer.
Figure 2.1 shows how the mass spectrometer is used in the construction of
the setup.
The electrode of the ETS 1.3 setup is fixed in the vacuum vessel. The
mass spectrometer is mounted on a rail, so it can be moved into a hole in
the center of the electrode. The entrance hole of the mass spectrometer has
a diameter of 100 J.Lm, and it is located in the head of the mass spectrometer
itself.

2.5

Doppier Shifted Laser Induced Fluorescenee

Argon ions, which have been created in the bulk plasma, can move towards
the walls. They will be accelerated by electric fields; first in the pre-sheath,
where they should reach the Bohm velocity, and then in the sheath, as is
described in section 1.5.2. The sheath is too thin (in the order of 100 J.Lm)
to measure veloeities in. The pre-sheath extends over a larger distance in
the plasma, so velocity distributions can be measured in it. The velocity of
an ion can be measured using the Doppler shift of light caused by the ion's
velo city.
In this section, the theory of Doppler shifted laser induced fiuorescence
(DSLIF) will be briefiy treated, including mechanisms that can broaden the
observed line width. An extensive description of the setup, used for DS-LIF
measurements on ETS 1.3, will be given. The DS-LIF setup, as it has been
used on the old setup, will only be discussed briefiy, because in this project
the emphasis is on the newly designed DS-LIF set up.

2.5.1

Theory

If the laser emits light at a frequency VL, and the receiving ion is moving at
a speed vi relative to the source, then the ion "sees" the light at a Doppler
shifted frequency

(2.3)
where c is the speed of light. The velocity vi is positive when the ion is
moving away from the laser.
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The Doppier shift is defined as
(2.4)
If vi < < c, the Doppier shift can be approximated from equation 2.3 as

(2.5)
To excite the ion, a photon with a frequency of Vtr is needed for the
transition. This means that vi = Vtr· Using this and equations 2.4 and 2.5,
the laser frequency, at which a transition is possible, can be expressed as:
(2.6)
This means, that if the ion is moving away from the laser, the laser has to
generate light of a higher frequency to excite the ion, than if a stationary ion
would be excited. This is depicted in figure 2.11.
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Figure 2.11: If an ion is rnaving towards/away from the photon, the laser should he
tuned toa lower/higher frequency to excite the ion, when compared to the excitation of a
motionless ion.

For the measurements on the ETS 1.3 setup a CW laser is used. The
shortest wavelength, which can be achieved with such a laser is around
500 nm. The energy of 500 nm photons is not enough to excite the ground
state argon ion to a higher state. Therefore, a transition from a metastable
ionic state to a higher state is chosen for the measurements.[10] The most
suitable metastable level, is the 3d' 2 G9; 2 state. The argon ion is excited
from this level to the 4p' 2 F 7; 2 level, by the absorption of a 611.493 nm (=
490 263 GHz) photon. This level decays to the 4s' 2 D 5; 2 state, with the emission of a 460.96 nm photon. This laser induced fiuorescence scheme is also
shown in figure 2.12.
There are several mechanisms, which cause a speetral line to become
broadened. The infiuence of several important broadening mechanisms will
be discussed below.
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Figure 2.12: LIF scheme used for ion velocity distribution measurements. !ons are
excited from the metastable level to a higher level. Decay from this level produces fluorescence, which can be detected.
• To begin with, each spectralline has a natural line width, caused by
the decay time of the level. This will result in a Lorentzian line shape,
with a full width at half maximum (FWHM) of:
1
~vl/2 = -2 '

(2.7)

7f7

where T is the lifetime of the level. In the excitation scheme used for
LIF, the lifetime of the upper level is 8.5 ns. Using equation 2.7, this
results in a FWHM of 19 MHz.
• Due to the interaction of neighboring atoms, the energy levels in an
atom can change. This results in a shift in the frequency of the emitted
light. Because this broadening mechanism is dependent on pressure, it
is called pressure broadening. Pressure broadening combined with
the naturalline width, will again result in a Lorentzian line profile with
aFWHM of
(2.8)
with n 9 the gas partiele density. Therefore the pressure broadening
adds n 9 0"v / 1r to the FWHM. As typical parameters, 300 K argon gas
at a pressure of 10 mtorr, and a cross section of 1 nm2 [2], are taken.
With the use of equation 1.2, we findan extra broadening of "'150kHz.
Because this is already two orders smaller than the naturalline width,
pressure broadening can readily be neglected in these plasmas.
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• If a partiele interacts with the laser beam only for a limited amount of
time, this willlead to so called transit time broadening. If a partiele
interacts with a Gaussian laser beam, the line broadening will result in
a Gaussian line profile with a FWHM
fJ

6.v1;2 = 0.76d,

(2.9)

in which d is the 1/e width of the laser beam.[2] For 300 K argon gas
interacting with a 3 mm laser beam, the line profile has a FWHM of
110 kHz. This profile is two orders of magnitude narrower than the
natural line width and can therefore be neglected.
• If a moving partiele emits light, this light is Doppier shifted, as described above. In a gas, particles have a Maxwellian velocity distribution, due to thermal energy. From the Doppier shift equation and
the Maxwellian velocity distribution, it can be derived, that Doppier
Broadening results in a Gaussian line shape with a FWHM given by:

--;;;- ln 2,
(vo) y~

b.v1; 2 = 2 ~

with m the mass of the particle. For argon, with m = 66.4 ·
at 300 K, the FWHM is 960 MHz.

(2.10)

w- 27

kg,

• To induce a transition, a laser beam tuned to the transition frequency 2 ,
Vtn is used. If the intensity of the laser beam is very low, only a small
number of transitionsis made, and the population density of the upper
level will remain lower than the population density in the lower energy
level. If the laser beam is very intense, the population densities of the
upper and lower level become equal. The transition is then said to be
saturated. If the laser is tuned to a different frequency, vL, but is still
close to the transition frequency, transitions can still be induced. This
is due to the Lorentz broadened line profile, caused by the naturalline
width, as is pictured in figure 2.13. Therefore, if the laser has a high
intensity, compared to a characteristic saturation intensity Isat [2] at
the transition frequency, it can still induce a large number of transitions
at nearby frequencies, thereby broadening the transition profile. This
broadening mechanism is called saturation broadening. Because
broadening depends on a Lorentzian profile with the naturalline width
2

To avoid any confusion; it should be noted that this is the frequency of the light wave,
and not e.g. a transition rate.
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and on the ratio between the laser intensity and the saturation
intensity, the FWHM of the resulting line profile will be like
Vntw,

6.vl/2

=

Vntw ·

J+
1

1
1sat

(2.11)

where I is the laser intensity.[2] The intensity of the laser beam used
in the DSLIF setup is rv10 mW mm- 2 • With the use of equation 2.11
and data taken from [10], the saturation broadening of this specific
transition can be estimated to be smaller than 25 MHz.
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Figure 2.13: If the laser frequency is not exactly set on the transition frequency, transitions can still he induced because of the Lorentzian line profile caused by the natural line
width.

• The line width of the light, created by the laser that is used, is below
500 kHz. Therefore the broadening effect, which would be caused by
the laser line width can be neglected.
From the above, it can be concluded, that Doppier broadening is by
far the most important broadening mechanism. If the profile, arising from
the Gaussian Doppler broadening and the other Lorentzian profiles under
characteristic plasma conditions, is fitted with just a Gaussian, the FWHM
from this curve fit corresponds within 1% to the FWHM for the Doppler
broadening as defined in equation 2.10.[2] Therefore, the FWHM, found from
DSLIF measurements, can be used to determine the ion temperature in the
plasma using equation 2.10.
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2.5.2

Basic DSLIF Setup

A setup for the measurement of ion velocity distribution functions (IVDF),
by means of Doppler shifted laser induced fluorescence, consists of several
basic parts:
• A laser system, which generates light at the required wavelengths.
• Beam opties, to shape the laser beam in the desired form and to deliver
it to the region of interest.
• The plasma, in which the velocity distribution are be measured.
• The detection opties, that collect the fluorescence signal and guide it
to the detection system.
• The detection system, which uses a monochromator, a photomultiplier
tube and a lock-in amplifier (combined with a chopper in the laser
beam) to detect the fluoresce:ace.
The arrangement of these components in a basic setup is given in figure 2.14. The chopper and the lock-in amplifier are used to distinguish the
fluorescence signal from the normal plasma emission at this wavelength. A
detailed description of all the separate components will follow in the next
sections.
beam opties
\ i
' '

[ =:=-~-~~}-~-(~·
- ~:
laser
.,

chopper

plasma

\/
'I

I'

n ,_

II',

--··------,
i'

.

i

• detection opties

r---

PMT-·i
1

I

'
~----=-=----.1

lockin
amplifier

,monochromator
L __ _ _

Figure 2.14: A schematic drawing of a DSLIF setup, showing the basic components
required for the measurements.

2.5 Doppier Shifted Laser lnduced Fluorescence

2.5.3

31

Ring Dye Laser System

The laser that is used is a Coherent 899-29 CW ring dye laser. A full description of the laser can be found in [11]. The gain medium in this laser is
Rhodamine 6G dye, dissolved in ethylene glycol, which is sprayed through
the cavity in a thin jet. The dye has a usabie tuning range of 580 to 625 nm,
and is optically pumped by an 11 Watt argon ion laser at 488 and 514.5 nm.
Figure 2.15 shows the construction of the cavity around the jet.
M,

pump laser

Figure 2.15: The dye laser consists of a ring cavity, formed by three mirrors M and
the output mirror. Optica! components are placed in the cavity to achieve unidirectional
lasing and toselect a single wavelength.

The ring cavity is formed by the three mirrors M and the output mirror
M0 • An optical diode is placed in the cavity to achieve unidirectionallasing,
which is required for proper operation. The wavelength, at which the laser
operates, is determined by several components in the cavity. A stack of three
birefringent filters is used for coarse wavelength selection. Two etalons, a
thin (0.5 mm) and a thick (10 mm) one, provide a finer wavelength selection.
These three elements, tagether with the long laser cavity give a theoretica!
bandwidth of approximately 1 Hz. Due to mechanica! vibrations and air
movement in the cavity, which change the optical path length, the bandwidth
is in the order of tens of MHz. Therefore the cavity is actively controlled
to minimize the bandwidth. A confocal resonator reference cavity is used
to measure deviations from the desired wavelength. A feedback loop then
uses a piezo-electric actuator mounted behind one of the cavity mirrors to
compensate the cavity length. The resulting bandwidth is ,.,_,500kHz.
To change the laser wavelength, a Brewster plate in the cavity is tilted,
thereby changing the optical path length of the cavity. Because there are
many wavelength selecting componentsin the cavity, they all have to change
their transmission wavelength simultaneously using feed forward control loops.
A wavelength meter is integrated in the laser. The wavelength meter has
an absolute accuracy of 200 Mhz, which cm-responds to an error of below
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0.5 ppm. The laser and the wavelength meter are controlled by a computer.
Segmentsof 10 GHz each, can be scanned and they can be combined to form
a scan of any desired width, within the tuning range of the dye. The linearity
of the scan in a 10 GHzsegment is better than 0.5%.
In experiments. the wavelength meter shows considerable errors, in the
order of 10 ppm, in the absolute wavelengtiL To ensure a correct calibration
of the wavelength, the well known absorption spectrum of iodine in an h
vapor cell is recorded simultaneously in each measurement. The errors do
not occur within one scan, noteven if it is constructed from more than one
segment. Therefore, no measures have to be taken to verify the linearity of
a scan.

2.5.4

DSLIF on ETS 1

The argon ion laser and the ring dye laser are mounted on a 2x1 m optica! tabie. The table has air cushioned legs, which can be used to reduce vibrations
in the table surface. But the air cushions cannot be used, because then the
slightest movement of the table causes the laser to become misaligned. Because the laser is a class IV laser, this could be a serious threat to safety. The
two large vacuum pumps standing close to the laser table, cause vibrations
in the laser, which makes stabie operation of the laser quite difficult.
The layout of the various components on the laser table and the marbie
setup table is shown in figure 2.16. The beam from the dye laser is steered
through a beam splitter and onto the setup table by means of a mirror
periscope. One of the two beams, which are split from the main beam, is
expanded and projected on a screen, to see the beam profile during dye
laser alignment. The other beam is sent through an iodine vapor cell an the
transmitted light is recorded by a photodiode.
The main beam is partially refocused, using a 1000 mm focallength lens,
onto the entrance of a sheet beam expander. After this element, the laser
beam has a rectangular cross section of 1x10 mm. A mechanica! chopper,
operated at ""'300 Hz, is placed between the lens and the entrance of the beam
expander. Underneath the vacuum vessel, the beam is directed upward using
an adjustable mirror. The beam passes through a hole, in the bottorn of the
matching network, and through the quartz plate into the plasma.
A 100 mm focallength lens is used to collect fluorescence, perpendicular
to the laser beam, and image it one on one on a 1 mm diameter fiber-optic
bundle. To collect fluorescence at various positions along the laser beam, the
fiber-optic bundie can be moved up and down. The other end of the fiberoptic bundie is placed at the entrance slit of a 60 cm monochromator. The
fluorescence is also· detected perpendicular to the laser sheet. This means
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Figure 2.16: A schematic layout ofthe DSLIF setup, as it was used on the ETS 1 setup.
that only light in a 1 mm wide region is detected from a 10 mm wide laser
sheet. This has to he done, because the vacuum system oscillates around its
axis, due to vibrations caused by the vacuum pumps. If a rv 1 mm diameter
round laser beam is used, the oscillations can heseen in the LIF signal. When
using the laser sheet, these oscillations disappear from the signal.
The monochromator is aligned to the 460.96 nm fluorescence line. The
460.96 nm peak is flanked by two much stronger peaks. The exit slit has to he
adjusted carefully, so that light from these peaks is blocked. The fluorescence
light is converted to a current by a Hamamatsu R1617 photomultiplier tube
(PMT) operated at 980 V. At this voltage, the gain of the PMT is 8 ·105 . The
intensity of the LIF signal is generally not more than 1% of the background
emission. Therefore, a lock-in amplifier is used to detect the laser induced
fluorescence.
To measure an DSLIF spectrum, the laser frequency is scanned, over
a range around the transition frequency, at a constant rate of typically
10 GHz/1000 s. During the scan, the LIF signal is acquired at a rate of
a few Hz. To acquire a reasonably smooth signal, a time constant of typically 3 sis used on the lock-in amplifier. Because the LIF signalis integrated
over this timescale, there is a small delay in its detection, with respect to the
simultaneously acquired iodine absorption spectrum. This has to he taken
into account, when the Doppier shift is determined with respecttoa reference
iodine absorption peak.
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Figure 2.17: DSLIF spectrum measured intheETS 1 setup, at a distance of 3 mm from
the electrode. The peak, which is shifted to the higher frequencies, is the LIF from the
direct laser beam. The other peak results from the laser beam, reflectmg back from the
roetal electrode.

A spectrum that is acquired with this setup is shown in figure 2.17. The
peak, which is shifted to a higher frequency, is caused by the direct laser
beam. When the laser beam hits the metal electrode, it is refl.ected back
through the plasma. This beam then induces the same LIF spectrum for
a inverted velocity, thereby causing the second peak, which is shifted to a
lower frequency. The frequency, corresponding to zero velocity, can simply
be found by finding the middle between these two peaks.

2.5.5

DSLIF on ETS 1.3

With respect to the old DSLIF setup, several changes are made in the DSLIF
setup used with ETS 1.3.
• To imprave the stability of the dye laser, the optical table is placed
further from the vacuum pumps. The air cushioned legs are used, to
reduce vibrations of the table surface. The greater distance and the
cushioned table, require the use of an optical fiber, todeliver the beam
to the setup.
• To increase the amount of fl.uorescence, that is detected, the fluores-
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cence is imaged directly onto the entrance slit of the monochromator.
This reduces transmission losses and optimizes the use of the acceptance angle of the monochromator.
• For the acquisition, a new piece of software [12] is written under Windows, to replace to old inftexible program, which was running on msdos.
The DSLIF setup will be described in three general parts.
• The opties, which handle the laser beam and couple it into the optical
fibre.
• The beam delivery opties, which shape the beam and steer it into the
plasma.
• The optical and electronic components, used to detect the ftuorescence
signal.
To reduce losses in the laser beam path, and to prevent dangerous levels
of stray light, all lenses are anti-reflection coated and all mirrors are high
reflectance, dielectric multilayer types.

Laser Table Opties
The layout of the elements on the laser optical table is given in figure 2.18.
beam
profile
vtewmg

optical diode
Figure 2.18: Schematic layout of the laser optical table, as it is used for DSLIF measurements on the ETS 1.3 setup.
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First, the laser beam is sent through an optical diode, which consists
of two polarizing beamsplitters and a Faraday rotator. The optical diode
prevents reflections, caused by the optical elements further in the beam's
path, from entering the laser. This is necessary for stabie laser operation. The
optical diode itself is slightly misaligned, so the refiection from the entrance
beamsplitter does not feed back into laser.
An optica! glass beamsplitter, separates two beams from the main beam.
One beam is passed through an iodine vapor cell onto a photodiode. The signal recorded from this detector is used for the determination of the absolute
frequency of the laser. The second beam is expanded and projected onto a
screen. The projection of the beam profile is used during the alignment of
the dye laser.
The main beam then passes through an achromatic lens, which focusses it
on the mechanica! chopper. This results in a fast rise and fall of the intensity
in the chopped laser beam. Using a translating lens mount, the bearn is
aligned on the entrance of the fiber coupler.
The laser beam, that has a diameter of ""'2 mm at this point, has to
he coupled into a single mode, polarization maintaining fiber, which has a
core diameter of 3.5 J.Lm. For sufficiently accurate alignment, the Newport
M-F-91-C1 optica! fiber coupler is used. This device uses a 20x microscope
objective, a three-axis fiber translator and a two-axis tilt stage to achieve
submicron resolution. The 8 m long fiber runs through a fiexible, protective
pipe to the ETS 1.3 setup.

Beam Delivery Opties
The end of the optica! fiber is mounted in a Newport M-F-91-C1-T fiber
coupler. Using a 40x microscope objective and a three-axis translator, this
coupler creates a 1 mm diameter parallel beam. This fiber coupler and the
other optica! components are mounted on an X48 optical rail. The optical
rail is fixed on the setup platform, so that the laser beam position does not
change, when the setup table is moved. A schematic drawing of the optica!
arrangement is shown in tigure 2.19.
The 1 mm laser beam is expanded to 3 mm, with a telescape consisting
of a 10 mm and a 30 mm convex lens. To get a well defined beam shape,
the beam passes through a 3 mm diaphragm. Two adjustable mirrors align
the laser beam through a hole underneath the matching network. Inside the
setup, a prism periscope raises the beam to the level of the setup's central
axis. The beam then passes the quartz plate and enters the plasma. The
length of the prism periscope can he varied, so that the laser beam can also
he aligned on other radial positions.
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Figure 2.19: A schematic drawing of the DSLIF opties on the ETS 1.3 setup, as seen
from the top. The laser beam enters underneath the matching network and is then raised
to the level of the central axis of the setup, by a prism periscope. The fluorescence is
detected perpendicular to the laser beam.
When the laser beam hits the metal electrode, it is reflected, causing a secoud peak in the velocity distribution, as has been described in section 2.5.4.
If the laser is aligned on the central axis, the mass spectrometer can be removed, and a Brewster window can be placed behind the hole. Because the
optical fiber is polarization maintaining, the polarization of the laser beam
can be properly aligned with the brewster window for full transmission. This
results in a DSLIF spectrum without fluorescence caused by a reflected laser
beam.

Fluorescence Detection
The laser induced fiuorescence is detected perpendicular to the laser beam,
as it is pictured in figure 2.19. The detection region is imaged onto the
entrance slit of a 60 cm monochromator, by a 400 mm and a 300 mm focal
length lens, giving a magnification of the detection region of 0. 75. The slit
of the monochromator is aligned parallel to surface of the electrode. This
results in a fiuorescence detection volume as depicted in figure 2.20, which is
a thin slice of the laser beam, parallel to the electrode. The size of the slit
is chosen such, that fluorescence over the whole width of the laser beam is
detected, and an axial resolution of 0.3 mm is achieved.
The detection lenses and the monochromator are placed on a separate
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Figure 2.20: The effective dimensions of the detection region are determined by the
dimensions of the laser beam, the monochromator entrance slit and the opening angle of
the detection opties.
table next to the setup. To align the detection system on the laser beam,
the vacuum chamber can be moved to the right position using the moving
setup table, described in section 2.2.2. The light scattering from the metal
electrode is then aligned on the monochromator entrance slit, to find the
correct height and the zero position for the axial position.
The monochromator is set up to detect the fiuorescence sigoal at 460.96 nm.
The exit slit is opened as far as possible without detecting the two large peaks,
which flank the fiuorescence peak on both sides. The light at the output of
the monochromator is detected by a Hamamatsu R1617 photomultiplier tube.
At the operating voltage of 980 V the gain is 8 · 10 5 .
The transition that produces the fiuorescence, also occurs spontaneously
in the plasma, causing a background for the LIF signal. The width of the
laser beam is about a factor 100 smaller than the diameter of the plasma,
and sirree the background emission is collected over the entire width of the
plasma, the background emission is very high. Measurements show that the
LIF signal, at its maximum, is 2% of the background signal.
To detect the small LIF signal, the laser beam is chopped at a frequency
of 130 Hz and the modulated LIF signal is detected by a SRS 830 lock-in
amplifier. The detection phase of the lock-in amplifier is set, by maximizing
the signal when the monochromator is tuned to the laser wavelength.
In the DSLIF experiments on the old setup, a typical integration time of 3
secouds was used on the lock-in amplifier, to acquire "good looking"spectra.
As is explained in section 2.5.4, these long integration times result in a shift
of the LIF spectrum compared with the iodine reference spectrum. To avoid
this, the integration time has been reduced to typically 100 ms, which results
in a negligible shift. The rate at which the LIF signal is measured is increased
to 10 Hz. The signal from all the photons is therefore still acquired. The
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resulting spectrum looks worse, due to the reduced signal to noise ratio for
each datapoint, but if a curve fit is performed on the whole signal, only the
total number of photons is relevant. This means, that if the total scan time
is not changed the information contained in the spectrum is still the same.
This is illustrated in figure 2.21, in which a good curve fit is obtained from
a signal with a SNR of approximately two.
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Figure 2.21: A spectrum, with a signa! to noise ratio of two, can still give good information in a curve fit, as long as it contains enough datapoints.
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Chapter 3
Results and Discussion
In this chapter the results from measurements on both setups will be presented and discussed. First, results that are obtained from the Langmuir
probe measurements in both setups, will be presented and some typical features of these results are discussed. Then results, which are obtained from
the energy resolved mass spectrometer measurements are treated. Results
from the Doppier shifted laser induced fiuorescence will be discussed next,
and this section also evaluates some of the improvements, which have been
made in the new DSLIF setup. After this, some experiments on the ETS 1
setup, in which a bias voltage has been applied on the metal electrode will
be discussed with results from all three diagnostics.
Finally, because both the ETS 1 and ETS 1.3 setup are built as plasma
etching sources, an attempt is made to evaluate the efficiency of the plasma
source, with respect to the amount of RF power going into the plasma, and
the amount of energy, which is delivered on the electrode surface by the
bombarding ions.

3.1

Electron Temperature, and Electron and
Ion Density

Electron and ion densities have been measured with the Langmuir probe.
Because probe measurements are performed in the quasi-neutral bulk plasma,
the ion and electron densities should be equal. In the old ETS 1 setup, the
measurements have been performed in the center of the discharge. Results
from these measurements are presented in figure 3.1.
In this graph, it can be seen that the densities for one plasma condition agree within the typical error of the probe measurement. During the
measurement of the I-V probe characteristics, the probe system reaches its

Results and Discussion

42
1.20E+Il18

1.00E+018

8.00E+017

···•···n 600W
···O···n" 600W

2.00E+017

--n~ 1000W
.....-".1000W

O.OOE..OOO +-~--,--...---,----.--r-~--r~.----r----.
20
30
40
10
0
50

pressure (mTorr)

Figure 3.1: Electron and ion densities measured with the Langmuir probe in the center
of the discharge in the ETS 1 setup.
maximum current of 250 mA befare the probe voltage is far enough in the
electron saturation region, as defined in figure 2.6. This results in an overestimation of the electron density. For most conditions in figure 3.1, the
electron density is found to be slightly higher than the ion density.
The measurements intheETS 1.3 setup have been performed in the mid
plane at a distance of 9.5 cm from the axis of the discharge. The Langmuir
probe, which is currently available, is not long enough to reach the center of
the plasma. For the interpretation of the results, data presented in [13, 14] is
used to estimate that the densities in the center are 20% higher than at the
measurement position. The plasma potential is approximately 10% lower
at the off-axis position. No significant change is reported for the electron
temperature, at this distance from the center. Figure 3.2 shows the corrected
results for the density measurements in the ETS 1.3 setup.
Because the plasma volume in the new setup is larger than in the old
one, the plasma density in the ETS 1.3 setup, at comparable powers, is
lower than in ETS 1. Figure 3.2 also shows the same overestimation of the
electron density as is found in figure 3.1 for the old setup. The ion and
electron densities, which are found for each plasma condition, are still in
good agreement for Langmuir probe measurements.
The results for Te, found by probe measurements, are compared with
a global zero dimensional plasma model. The global model is presented
by Lieberman in reference [1], and verified by Wainman in [14]. In the
calculations for the model, a constant gas temperature of 600 K is assumed.
From figure 3.3 it can be seen, that the overall agreement fortheETS 1 is
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Figure 3.2: Electron and ion densities obtained from Langmuir probe measurements
in the ETS 1.3 setup. The densities are corrected upward by 20%, to compensate for
measuring 9.5 cm from the discharge center.
quite good. The fact that the model prediets too low electron temperatures,
at higher pressures in the ETS 1 setup, can be caused by a higher gas temperature, than is assumed in the model. This can result from an improved
efficiency of the RF power coupling into the plasma at higher pressures. [2]
A higher gas temperature lowers the neutral partiele density and the global
model then prediets a higher electron temperature.
The results in figure 3.3, which are obtained in the ETS 1.3 setup, are
I"V0.5 eV higher than the predicted temperatures. This can be caused by the
fact that the fiat spiral antenna in the ETS 1.3 setup is also capacitively
driving the plasma, which generally gives a higher electron temperature.
If the electron temperature is compared for different powers at the same
pressure, the model prediets no change in Te. Figure 3.4 shows that this
is correct for low pressures. At higher pressures, the electron temperature
is higher for the high power than for the low power. This might again he
caused by the increased power density, which changes the local gas density.
For calculations of the ion flux to the electrode surface, the ion density
at the edge of the sheath has to be known. Because the pre-sheath is quasi
neutral, ni = ne can be assumed. In the changing electrical potential in
the pre-sheath, the electron density is given by Boltzmann's relation [1].
Therefore we can find the ion density at the boundary, between the presheath and the sheath, from
ni,bound = ni,bulk ·

exp

-eD.cjJ
kTe

,

(3.1)
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Figure 3.3: Electron temperatures derived from Langmuir probe measurements in the
ETS 1 and ETS 1.3 setup. The solid lines are values predicted by the global model for a
gas temperature of 600 K.
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Figure 3.4: Electron temperatures measured with the Langmuir probe, for different
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in which l:l.cjJ is the potential difference between the bulk plasma and the
boundary. Because it is assumed, that the ions have reached the Bohm
velocity at the edge of the sheath, they have been accelerated to an energy
of !miv~ by the potential difference l:l.cjJ. Using equation 1.6 for the Bohm
velocity, it is found that l:l.c/> = !kTe. Equation 3.1 now becomes:
ni ,bound

=

ni,bulk

rn
ye

~

O
.61ni ,bulk·

(3.2)

A similar calculation for the ion density at the sheath edge can be made
using the results obtained from DSLIF. The potential difference, which is
used in equation 3.1, can be estimated from the DSLIF measurement, as will
be explained insection 3.3.

3.2

Ion Energy at the Electrode

Ions, which are created in the bulk plasma are accelerated to the walls. In
the pre-sheath they typically gain Te/2, where Te is in eV. Then they are
accelerated over the sheath potential, Vs. By balancing the electron and ion
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flux through the sheath at a non-conducting wall, the sheath potential for
an argon plasma can be estimated by:
(3.3)
with Te in eV. The total energy gained, when moving from the bulk to a
non-conducting wall, is then ,. . _, 5.2Te. If ions are accelerated to a conducting
wall, the fiuxes do not have to balance. In general, if the metal electrode
is not driven by a DC or RF voltage, the fiuxes will not be to dissimilar.
Equation 3.3 then still gives a good estimation for the sheath potential.
In low pressure plasmas, most ions will be accelerated through the sheath
without any collisions, therefore they will have a minimum energy of 4. 7Te.
Since a large number of ions will also pass the pre-sheath without collisions,
there will be ions arriving at the electrode, which have been accelerated over
the whole plasma potential, giving them an energy of 5.2Te.
Using the energy resolved mass spectrometer, the energy distribution of
ions, that reach the electrode surface, is measured. Typical energy spectra,
which are recorded in the ETS 1.3 setup at several different pressures, are
given in figure 3.5.
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Figure 3.5: Energy spectra at 400 W RF power at various pressures, recorded using the
energy resolved mass spectrometer in the ETS 1.3 setup.
Figure 3.6 shows the mean energies estimated from the spectra using
equation 2.2, for two RF powers and several pressures intheETS 1 setup.
Since the ions are accelerated over the plasma potential, platting the mean
ion energy at the surface against the plasma potential should give a straight
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Figure 3.6: Mean kinetic energy ofthe ions bombarding the electrode, taken from energy
spectra recorded with the energy resolved mass spectrometer in the ETS 1 setup.
line with slope one. Edelberg preformed such measurements and found the
bombarding ion energies to be in agreement with the plasma potential within
1 eV.[15] The results of the ETS 1 setup are plotted like this in figure 3.7a).
The graph shows that the ion energy, which is found with the energy resolved
mass spectrometer, is a bout 10 eV below what can be expected from the
measurement of the plasma potential.
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Figure 3.7: The mean energy that the ions have when they hit the electrode, plotted
against the plasma potential. These should be equal, therefore the line Ei = Vp is shown.

As a verification, the ion energies and the plasma potential are plotted
against the estimated ion energy of 5.2Te in figure 3.7b). This graph shows
that the plasma potential is only a few volts higher than is estimated, but the
ion energies found with the ERMS are still significantly lower than the values,
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which are predicted from the electron temperature. This indicates, that there
might have been a problem with the ground definition of the spectrometer
in the old setup.
The mean bombarding ion energies, which have been derived from energy
resolved spectra measured on the ETS 1.3 setup, are plotted against the
plasma potentials in figure 3.8. The plasma potentials have been corrected
as is described in section 3.1. The graph shows that deviations in the order
of a few volts are still present, but consiclering the error of a few volts in the
Langmuir probe measurements, the bombarding ion energies correlate well
to the plasma potential. The ETS 1.3 measurements do not show the large
mismatch, which is present in the measurements on the ETS 1 setup .
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Figure 3.8: Ion energy measurement intheETS 1.3 setup. The bombarding ion energy
is plotted against the plasma potential, which is corrected 10% upward for the off-axis
probe position.

3.3

Ion Velocity Distribution Function

In the Doppier shifted laser induced fluorescence measurements, metastable
ions are excited to a higher level. The ions in this upper level have a decay
time of 8.5 ns. An ion, which has a characteristic velocity of 2 km s- 1 ,
decays typically within 17 J-Lm. Consiclering a minimum spatial resolution of
0.3 mm in the axial direction of DSLIF measurements, this means that all
fluorescence, from the decay of the upper level, can be considered as being
produced locally.

3.3 Ion Velocity Distribution Function
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Figure 3.9: A typical DSLIF spectrum from the old setup (left) and the new setup
(right). A Gaussian has been fit to the main component in the peak.

A typical ion velocity distribution function (IVDF) is given in figure 3.9
for the ETS 1 and the ETS 1.3 setup, for quite similar measurement conditions. A Gaussian profile has been fit to the main component of the peak in
both spectra.
The spectrum that is measured intheETS 1 setup, has a "shoulder"on the
high velocity side of the peak. The spatial resolution of"' 1 mm, in the DSLIF
setup on ETS 1, results in an integrated spectrum over a significant electrical
potential difference. The high velocity "shoulder" is caused by metastable
ions closer to the electrode, which have a higher mean velocity than the
main peak.
The spectrum, which is measured in the ETS 1.3 setup, shows a very
sharp profile, without a high velocity "shoulder". This is a direct result of
the improved spatial resolution of 0.3 mm in the new design. In the new
setup, the range of the potential, over which the spectrum is integrated has
a negligible effect on the IVDF.
The maximum LIF signal that has been recorded intheETS 1 setup has
an amplitude of approximately 2 nA. The maximum LIF signal, which is
measured intheETS 1.3 setup, has an amplitude of 8 nA. The amplification
by the PMT has not been changed. The laser power also remairred the
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same. The fluorescence colleetien surface has increased a factor of rvl.2 from
j 12 = 0. 79 mm 2 to 0.3 · 3 = 0.9 mm 2 . Therefore, the improved matching,
of the opening angle of the detection opties to the acceptance angle of the
monochromator, resulted in a more than threefold higher efficiency of the
detection system.
Ion velocity distri bution functions (IVDF), taken at various axial positions in the ETS 1.3 setup, are shown in figure 3.10. In this graph, it can
clearly be seen, that the ions are accelerated to both the metal electrode and
the quartz plate. A sheath is present at both sm·faces, therefore the ions are
accelerated in a pre-sheath region, toa mean velocity of rv3900 mÇ 1 , which
corresponds to a kinetic energy of 3.1 eV. The electron temperature of this
plasma is rv4 eV, which gives a Bohm velocity of 3100 ms- 1 .
The IVDF, which is measured by DSLIF, is the velocity distribution function of the metastable ions. There are two important differences between
ground state ions and metastable ions.
• Ground state ions are mainly produced from the argon atom ground
state, whereas metastable ions are mainly produced from the argon
ion ground state. Therefore, most metastable ions are produced in the
center of the plasma, where the ion and electron densities are highest.
• If high velocity ground state argon ions collide, they can reappear in
the low velocity part of the ground state IVDF. Metastable ions are
quenched in collisions, and they will therefore not reappear in the low
velocity part of the metastable IVDF.

Therefore, in the metastable IVDF, measured at a certain distance from
the center of the plasma, acceleration by the pre-sheath has created a high
velocity component, but only a small low velocity component is present.
This results from the low local production of slow metastable ions, and the
depletion of the low velocity component, compared to the ground state ion
IVDF, due to queuehing collisions.
To fulfill the Bohm criterion as it is described in equation 1.6, the "average" ion velocity should be the Bohm velocity. This effect can be seen
in figure 3.10, in which the fastest ions are accelerated to above the Bohm
velocity.
The presence of ground state ions that have a lower velocity, and which
are not detected in the metastable IVDF, lowers the average velocity of the
ion population. The maximum velocity of 3900 ms- 1 that is measured, is
not that much higher than the required Bohm velocity of 3100 ms- 1 . This
is an indication that the measured IVDF provides a good representation for
a major part of the total ion velocity distribution function.
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Figure 3.10: DSLIF spectra showing IVDF in a 5 mTorr, 400 W argon plasma in
ETS 1.3, at a large number of axial positions. The metal electrode is at position 0 and
the quartz plate is at 40 mm.

Because the spectrum is mainly broadened by Doppler broadening, as is
discussed insection 2.5.1, a Gaussian can be fit to the spectrum. The shift,
of central position of the peak, gives the total acceleration of the metastable
ions from the center of the plasma to the measurement position. Because
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the metastable ions only interact with the electrical potential, their kinetic
energy is directly related to the local potential, relative to the potential in the
center of the plasma. The velocities, corresponding to the central positions
of the LIF signals in figure 3.10 and the corresponding electrical potential </J,
are plotted in figure 3.11 as a function of the distance to the metal electrode.
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Figure 3.11: Mean ion velocity and the accelerating electrical potential, which have been
derived from spatially resolved DSLIF spectra, measured in the ETS 1.3 setup in 5 mTorr
argon and 400 W RF power.
The width of the Gaussian profile, which is found in the curve fit, is a
measure for the ion temperature. Equation 2.10 gives the relation between
the FWHM of the fluorescence peak and the temperature. Figure 3.12 shows
temperatures obtained from curve fits on DSLIF spectra in the ETS 1.3 set up
for varying pressure and power. In this graph, it can he seen that the ion
temperature rises if the RF power or the gas pressure increases. An increase
in the RF power results in a higher power density in the plasma, which will
increase the temperature. And a higher gas pressure leads to an increase
in the electron density, which impraves the power coupling efficiency and
therefore also increases the power density.

3.4

Biased Electrode Measurements

One of the strong points of using an ICP souree for plasma etching, is the
possibility to control the ion density and the ion energy at the substrate
surface independently. The density is controlled by the gas pressure and the

3.4 Biased Electrode Measurements
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Figure 3.12: Ion temperatures derived from DSLIF spectra that have been measured in
the center of the discharge.
RF power, and the ion energy can he controlled by applying a bias voltage to
the substrate. If the substrate is negatively biased, the ions are accelerated
over a larger potential, therefore gaining more energy.
If a bias is applied, which is in the order of tens of volts, the plasma potential will hardly change. The large negative voltage on the metal electrode,
prevents nearly all electrans from reaching it. The balance between the ion
and electron flux to the electrode is destroyed, but in a stationary plasma,
the integral fluxes have to balance. The electron flux to other, grounded
parts of the setup, e.g. the walls or the quartz plate mounting ring, has to
increase. Due to the high mobility of the electrons, only a very small drop
in the plasma potential, which forms a potential well for the electrons, is
enough to achieve a new integral balance. Figure 3.13a) shows the plasma
potential, which is measured during bias experiments on the ETS 1 setup
with a 5 mTorr argon plasma. In this graph, it can be seen that no measurable change in the plasma potential is present, when a bias in the range from
0 to -30 V is applied.
The energy of the ions, when they hit the biased electrode surface, is
measured with the energy resolved mass spectrometer. The results are shown
in figure 3.13b), in which they are plotted against the bias voltage. As can
be seen in the graph, the energy of the ions increases exactly by the amount
of bias voltage, which is applied to the electrode. This again shows, that the
potential of the bulk plasma is not influenced by the biased electrode.
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Figure 3.13: a) Plasma potentials measured with the Langmuir probe during bias experiments, for a pressure of 5 mTorr at various bias voltages. b) Kinetic energy of the
ions bombarding the surface, which have been measured with the energy resolved mass
spectrometer.

Doppier shifted laser induced fluorescence measurements have also been
performed at a bias voltage of -20 V. Figure 3.14 shows IVDFs taken at
several positions in the pre-sheath with and without a bias voltage on the
electrode. The large difference in intensity, at 1 mm and 5 mm from the
electrode between the 0 V and the -20 V bias experiment, is believed to result
from a bad alignment of the optical fiber bundie in the experiment with the
-20 V bias. For the determination of the potential profile, the intensity is not
relevant, but only the position of the LIF peak.
In figure 3.14, again no significant change can beseen in the mean velocity
if the bias is applied. This demonstrates that the potential profile in the presheath is also unaffected by the application of a bias on the electrode.

3.5

Analyzing the Energy Balance

To get an insight in the energy efficiency, of the conversion of RF power to the
kinetic energy of the bombarding ions on the electrode surface, several things
have to be considered. The loss of ions will be evaluated. The efficiency of
the RF power coupling into the plasma is discussed. Then the acceleration
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Figure 3.14: For a bias voltage of 0 V and -20 V IVDFs have been measured at several
places in the pre-sheath, in a 5 mTorr plasma in the ETS 1 setup.

of the ions in the pre-sheath and sheath is analyzed, to determine the flux of
ions and the energy transfer to the ions, in the different parts of the plasma.
This will result in an estimation of the energy balance in the plasma.

Lossof Ions
The two most important loss processes of charged particles in low pressure
plasmas, are loss of particles to the wall and radiative recombination:
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The rate constant for radiative recombination, in a plasma with Te = 3 eV
and ni = 1018 m- 3 , is rv 10- 19 m3 s- 1 [2]. In a plasma with a typical volume
of 1 liter, this means a loss of ne . ni . 10- 19 • 10- 3 = 1014 s- 1 •
The number of ions, that is lost per second at a wall can be approximated
by
(3.4)
in which VB the Bohm velocity, ni,sheath the ion density at the pre-sheath to
sheath boundary and A the surface of the wall. For the conditions mentioned
above, the Bohm velocity is 2700 ms- 1 , and the density at the sheath edge
according to equation 3.2 is 0.6 · 10 18 m- 3 . As a typical surface area a 10 cm
cube with A= 6 · 10- 2 is chosen in this comparison. This results in a lossof
particles to the wall of 1020 s- 1 .
The loss of particles through radiative recombination is many orders of
magnitude lower than the loss of particles to the walls, so it will be neglected.

3.5.1

RF Power Efficiency

The RF power, which is delivered by the RF generator, is not only absorbed
by the plasma. Due to resistance in the matching network and power absorbtion, by eddy currents induced in the walls around the RF antenna coil,
part of the RF power will he lost.
The power coupling efficiency can be determined by camparing the power,
which is needed fora certain antenna current, withand without the presence
of a plasma. Without a plasma, all power is absorbed by the matching
network and the walls of the setup. If the same current is sent through the
antenna when a plasma is present, the extra power that has to be applied, is
needed to sustain the plasma. The absorbtion efficiency is then given by:
TJa=

PtotUant) - PvacUant)
Ptot (Iant)

1

(3.5)

where PtatUant) is the power that is needed to run a current Iant through the
antenna when the plasma is on, and PvacUant) is the power which is needed
to run Iant through the antenna without a plasma. The situation, in which
no plasma is present, is accomplished by pumping all gas from the plasma
chamber. Figure 3.15 shows the absorbtion efficiency fortheETS 1.3 setup
for various pressures. The coupling efficiency impraves for increasing electron
density, which is caused by a higher RF power and a higher gas density. This
can be observed in the graph. Above a certain power, the absorption starts
to show saturation effects. This can be seen above 200 W for the 50 mTorr
curve, where the absorbed power still increases, but the absorbtion efficiency

3.5 Analyzing the Energy Balance

57

goes down. In the old setup, the absorbtien efficiency curves have not been
measured. Therefore the efficiency is estimated at 50%[2].
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Figure 3.15: Absorbtion efficiency fortheETS 1.3 setup at several pressures. Only part
of the RF power is absorbed by the plasma. The rest is lost in the matching network and
the vessel.

3.5.2

Kinetic Ion Energy in the Pre-sheath

Ions are accelerated from the center of the plasma in the direction of the
metal electrode and the quartz plate. Figure 3.11 shows that there is no
significant difference in the pre-sheath for the ions travelling towards either
surface.
The DSLIF measurements have been performed up to 0.5 mm from the
electrode. From this position to the electrode, the ions are not likely to
collide, sirree the mean free path is typically several millimeters. This means
that the ion flux, which is determined at 0.5 mm from the electrode, will be
identical to the ion flux at the pre-sheath to sheath transition, which will he
somewhat closer to the electrode. The ions will not significantly accelerate
in the last few tentl1s of a millimeter of the pre-sheath. Therefore in the
calculation it will he assumed that the results from the DSLIF measurement
at 0.5 mm are representative for the conditions at the pre-sheath to sheath
boundary.
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The ion flux through the pre-sheath to sheath boundary is calculated
from:
(3.6)
f·=v·b·n·b
t
t,
t, ,
where vi,b is the ion velocity at the boundary and ni,b is the ion density at
the boundary.
Equation 3.1 is used to estimate ni,b, and the potential difference, ~C/Jb,
between the boundary and the center of the plasma is derived from the DSLIF
spectrum, as has been explained in section 3.3.
The total power that has gone into kinetic energy of the ions when they
pass the boundary, is then given by:

(3.7)
with Ab the area of the boundary.

3.5.3

Ion Acceleration in the Sheath

Once the ions have reached the sheath, they are accelerated over the sheath
voltage Vs. The ion flux is preserved when the ions pass through the sheath,
as is explained in section 1.5.2.
The energy, Ei,surf, which the ions have when they reach the surface,
is measured in the energy resolved mass spectrometer. Because the results
obtained from the spectrometer in the ETS 1 setup are not reliable, the
plasma potential is taken as an estimation for Ei,sur f instead.
The voltage over the sheath follows from:

(3.8)
in which Ei,surf is in eV. The power needed for the gain of kinetic energy, as
a result of the passage of the sheath, is:

(3.9)
in which e is the elementary charge, and As is the area of the bombarded
surface, which is equal to Ab.
The tot al power, that is delivered to the surface in the form of kinetic ion
energy, Pi,t, is simply given by:
. _
P t,t -

with

Ei,surf

again in eV.

f·.
t

Ei,surf . A

e

Sl

(3.10)
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The Final Balance

In order to estimate the total ion kinetic energies, the total surface area of
the sheath has to be known. As an estimate for the total area, the total
surface area of a cylinder is taken. This cylinder has the same diameter
as the metal electrode, and the distance between the quartz plate and the
electrode is chosen as its height.
This gives an area of 2 · ~0.1 2 + rr0.1 · 0.063 = 0.035 m 2 for the old setup,
and 2 · ~0.3 2 + rr0.3 · 0.04 = 0.18 m2 for the ETS 1.3 setup.
As an example, the 5 mTorr plasma at 400 Watt RF power in the new
setup is evaluated here.
• The efficiency of the RF power coupling is rv0.82. So 400 · (1- 0.82) =
72 W is lost in the RF matching network and the vessel walls.
• At 0.5 mm from the electrode, the mean velocity component in the
IVDF is shifted over 6.37 GHz. This corresponds to 3900 ms- 1 , which
is achieved by an acceleration over ~cPb = 3.15 V. The Langmuir probe
measurements find an electron temperature Te = 4.6 eV, and an ion
density ni,bulk = 1.1·10 17 m- 3 . Using equation 3.1, this gives
ni,bound

-3.15) = 5.5 · 1016 m -3 .
= 1.1 · 1017 · exp ( -:ui

Then the ion flux ri = 3900 · 5.5 · 1016 ~ 2.2 · 1020 m- 2 s- 1 . The total
amount of power, consumed in the energy gain in the pre-sheath by the
ions, is:
20
Pi,b = 2.2 · 10 · 3.15e · 0.18 ~ 20 W.
• The ion energy spectrum, which is acquired with the spectrometer gives
a mean ion energy at the surface Ei,surf = 23.6 eV. The total power
in the kinetic energy, of the ions leaving the plasma to all of the walls,
~.t = 2.2 · 1020 · 23.6e · 0.18 = 150 W, of which 130 W is gained by
acceleration over the sheath. Only the ions, which are bombarding
the metal electrode, are useful for the etching process. The amount of
power that is transferred to the electrode by the ionsis ~.t = 2.2 ·10 20 •
23.6e · 0.071 = 59 W
• To balance the ion flux to the walls, an equal electron flux to the
walls is present in the plasma. For electrans with a Maxwellian energy
distribution, the average energy of an electron that is lost to the wall
is 2Te. Using the flux that is found above for the ions, the total power,
which is lost at the walls through the electrans is 2.2·1020 ·2·4.6e·0.18 =
58 w.
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• When the ions recombine at the wall, an amount of energy equal to
the ionization energy is also lost. The ionization energy for argon is
15.8 eV. Therefore, the extra loss of power by recombination at the
wallis 2.2 ·10 20 ·15.8e · 0.18 = 100 W. Some surface processes however,
can also benefit from the recombination energy. The potentially nseful
power in the recombination at the electrode is 39 W.

Adding up the power lost in the RF-network and the walls, the power
transferred by the ions to the walls, the power lost by electrans at the wall
and the power lost in the wall recombination of the argon ions, result is a
total power of 72 + 150 + 58 + 100 = 380. The 5% of the RF power that is
unaccounted for, lies well within the error of the ion density measurement
with the Langmuir probe. The distribution of the RF power over the various
componentsis shown in figure 3.16.
potentially usabie
recombination energy
10%

RF losses
19%

16%
usabie kinatic ion energy

Figure 3.16: The RF power is distributed over various processes in the plasma source.
The component that is of direct use, is the kinetic energy of the ions hitting the substrate
electrode. Some surface processes can also benefit from the ion recombination energy at
the electrode surface.
In this setup, a fraction of i~ = 0.15 of the RF power is transferred to
the substrate electrode in the form of kinetic energy of the argon ions. A
further fraction of Jio = 0.1 of the RF power is available at the electrode in
the form of ion recombination energy. Because of the quite high efficiency
of the RF network, the fact that a plasma has to be confined by walls, and
that the ion flux has to be balanced by an equal electron flux, this efficiency
of 15% is close to the achievable limit.

Chapter 4
Conclusions and
Recommendations
To conclude this report, several relevant conclusions about the results of this
project, are brief:ly listed. Furthermore, several recommendations are made
for future work on the ETS 1.3 setup.

Conclusions
• The ETS 1.3 setup provides a better and safer working environment
than the old ETS 1 setup.
• The measurements, which have been performed with the various diagnostics, show very good correlation.
• Measurements of the ion kinetic energy indicate a problem with the
potential definition in the energy resolved mass spectrometer in the
ETS 1 setup.
• An electrode bias voltage of tens of volts has no measurable effect on
plasma. This proves that in the ICP souree the ion energy and the ion
density can be controlled independently.
• The quality of the Doppier shifted laser induced f:luorescence spectra
has significantly improved in the ETS 1.3 setup. The detection efficiency is increased more than three times, and the spatial resolution
has also improved by a factor of three.
• Spatially resolved Doppier shifted laser induced f:luorescence measurements show that the pre-sheath region extends to the center of the
plasma.
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• From the RF power delivered to the setup, approximately 15% is converted into kinetic ion energy that is useful for surface processes at the
electrode. A further 10% of the RF power is potentially available at
the electrode surface from ion recombination energy.

Recommendations
• Because surface processing often requires a homogeneaus modification
of the surface, a spatially resolved study of the ion flux to the electrode
should be performed.
• In order todetermine the electron density and the electron temperature
with a greater precision than is achievable with a Langmuir probe,
Thomson scattering measurements can be used. A feasibility study of
the application of Thomson scattering on the ETS 1.3 setup has been
performed in [16].
• More detailed information about the correlation between the ground
state IVDF and the metastable IVDF, and information about the heating mechanisms inside the plasma can be obtained by means of numerical modelling.
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Appendix A
Technology Assessment
In the past few decades, computer chips have continuously become faster and
they have greatly increased in complexity. To achieve this, the structures
on such devices have dramatically decreased in size. Amongst others, this
leads to higher demands on the plasma etching reactors. Higher etching
uniformities and high etch rates have been achieved using new plasma sourees
like inductively coupled plasma (ICP) sources.
A new, industry like ICP souree has been built in the EPG group. In
this project ion creation and transport to the substrate has been stuclied in
this reactor. Such studies leadtoa more fundamental understanding of these
plasma sources. This knowledge can leadtoa further impravement in plasma
etching reactors, thereby allowing the reactorstomeet the future demands of
ever decreasing structure sizes, neerled for the production of new generations
of computer chips.

