A N E X PER IM EN TA L INVESTIGATION OF A N IN D U C TIV ELY
C O U PLED DISCHARGE AT LOW PRESSURE

A thesis for the degree of
PHILOSOPHIAE DOCTOR

Presented to
DUBLIN CITY UNIVERSITY

By
BARRY COONAN B.Sc.
School of Physical Sciences
DUBLIN CITY UNIVERSITY

Research Supervisor: Dr. Michael B. Hopkins
External Examiner: Dr. A. Holmes

September 1995

Declaration
I hereby certify that this material, which I now submit for assessment on the
programme of study leading to the award of Philosophiae Doctor is entirely my own work
and has not been taken from the works of others save and to the extent that such work has
been cited and acknowledged within the text of my work.

Signed:__________________
Barry Coonan

Acknowledgements
I would like to thank everyone who helped during may work in the Plasma Physics
lab. I would especially like to thank Dr. Mike Hopkins for his encouragement and advice
throughout my postgrad. I would also like to thank Dr. Kevin Mellon for his help during my
first year at the lab and to Dr. Will McColl for his advice with the inductively coupled
plasma project.
I could not have got as far as I have without they help of the technicians in the
department, especially Des Lavell, John Brosnan and Alan Hughes. I would like to thank the
secretaries, Marion and Bridie, and everyone in the Plasma lab, Sam, Catherine, Deirdre,
Ruth, Audrey, P.J., Jim, Seamus, Kieran and Oliver for the helpful and informative
discussions. Thanks to all my fellow postgrads for making my stay in DCU a lot of fun.
Thanks also to Karine for her encouragement. Finally I would especially like to thank
my parents and family and friends for all their support for the past four years.

Contents.
vii

Table of figures
Abstract

X

Chapter One: Introduction to plasma physics.

1.1 Introduction.

1

1.2 Plasma parameters.

3

1.2.1 Debye Shielding and Debye length.

3

1.2.2 Plasma frequency.

4

1.2.3 Electron and ion temperature.

4

1.2.4 Plasma potential and floating potential.

5

1.3 Collisions.

6

1.3.1 Elastic collisions.

6

1.3.2 Inelastic collisions.

7

1.4 Diagnostic techniques.

9

1.4.1 Radiation emission spectroscopy.

9

1.4.2 Laser diagnostic techniques.

10

1.4.3 Interferometry techniques.

11

1.4.4 Electrostatic probe techniques.

12

1.4.5 Electric and magnetic field measurement.

13

1.5 Plasma modelling.

14

1.6 Outline of proposed research.

15

Chapter Two: Inductively coupled plasmas.

2.1 Introduction.

20

2.2 Applications and types of ICP.

20

2.3 Electrical characteristics of the ICP: transformer model

22

2.4 Plasma heating of the ICP.

25

2.4.1 Discharge initiation.

26

2.4.2 Ohmic heating.

27

2.4.3 Collisionless heating.

29
iii

2.5 Electron kinetics in the ICP.

34

2.5.1 The distribution function and Boltzmanns equation
2.6 Kinetic modelling of the ICP.

34
38

2.6.1 The local model.

38

2.6.2 Introduction to the non-local model.

41

2.6.3 Non-local model.

41

Chapter Three: Plasma diagnostic techniques.

3.1 Introduction

48

3.2 RF electrical measurements.

48

3.2.1 The power meter.

48

3.2.2 RF voltage probe.

50

3.3.3 RF current probe.

52

3.3 RF parameter measurement.

54

3.3.1 RF power measurement.

54

3.3.2 Determination of the electrical characteristics of the antenna and plasma. 55
3.4 Plasma parameter diagnostics.

56

3.4.1 Magnetic field probe.

56

3.5 The Langmuir probe.

57

3.5.1 Introduction

57

3.5.2 Theory of probe operation.

57

3.5.3 Langmuir probe plasma parameter measurement.

61

3.5.4 EEDF measurement

62

3.5.5 Langmuir probes in RF plasmas.

63

3.5.6 The tuned probe.

65

3.3.9 Probe diagnostic hardware.

68

3.4 Conclusion

69

Chapter Four: ICP parameter measurement.

4.1 Introduction.

72
iv

4.2 Experimental system.

72

4.4.1 The duscharge chamber.

72

4.4.2 RF design considerations and the RF circuit.

74

4.2.3 The antenna.

78

4.3 External electrical measurements.

80

4.3.1 RF voltage and current measurements.

80

4.3.2 Load impedance measurements.

81

4.4 Plasma parameter measurements in Argon: fixed position.

83

4.4.1 Electron and ion density.

83

4.4.2 Plasma potential and electron temperature.

86

4.5 Plasma parameter measurements in Hydrogen: fixedposition

87

4.5.1 Electron and ion density measurements.

87

4.5.2 Plasma potential and electron temperature.

89

4.6 Radial measurements in Argon.

95

4.6.1 Electron density measurements.

95

4.6.2 Plasma potential and electron temperature.

95

4.6.3 Radial EEDF measurements.

96

4.7 Conclusions.

96

Chapter Five: Experimental investigation of low pressure heating in an ICP.

5.1 Introduction.

99

5.2 Detection of the electron current in the plasma.

100

5.3 Skin depth measurements.

103

5.4 Plasma resistance measurements.

108

5.5 Discussion and conclusions.

Ill

Chapter Six: Measurements of electron kinetics in an ICP.

6.1 Introduction.

116

6.2 Results of measurements taken in the background plasma.

119

6.2.1 EEDF measurements.

119
v

6.2.2 Space-charge potential measurements.
6.3 Results of measurements taken in the current (azimuthal) direction.

120
123

6.3.1 EEDF measurements.

123

6.3.2 Space-charge potential measurements.

126

6.4 Discussion of the local and non-local characteristics observed in the plasma in the
azimuthal direction.

126

6.5 Conclusions.

128

Chapter Seven: Conclusions and suggestions for future work.

7.1 Summary of work and conclusions.

131

7.2 Suggestions for future work.

132

vi

Table of Figures.

1.1 Double probe.

12

1.2 Typical emissive probe characteristic.

12

2.1 ICP semiconductor etch device.

21

2.2 ICP with immersed antenna for negativeion production.

21

2.3 An ICP used as a laser flashlamp.

22

2.4(a) Equivalent circuit of the ICP antenna and plasma.

23

2.4(b) Transformed ICP circuit using circuit analysis.

23

2.5 Azimuthal and longitudinal electric fields.

26

2.6 Development of space-charge and electrostatic field at ends of antenna.

26

2.7 Electron current and skin depth.

31

2.8 Comparison of collisionless and Ohmic surface resistances for a 4eV
plasma

33

2.9 Comparison of collisionless and classical skin depths for a 4eV lOmTorr
plasma

33

2.10 Volume in phase space, dxdydz.

34

2.11 Diagram of electric field and velocity orientation.

37

2.12 Sketch of EEDF under local kinetic conditions.

40

2.13 Schematic of space-charge potential.energy profile.

41

2.14 Sketch of EEDF of total energy under non-local kinetic conditions, and potential
energy profile.

.

43

3.1 RF power meter circuit diagram.

49

3.2 RF voltage probe circuit diagram.

51

3.3 RF probe calibration setup.

51

3.4 Rogowski coil and one loop of coil.

52

3.5 Rogowski coil shielding

53

3.6 Magnetic field probe.

56

3.7 Ideal probe characteristic.

58

3.8 Comparison of dc and RF distorted I-Vcharacteristic.

65

vii

3.9 Probe circuit diagram including plasma.

66

3.10 Tuned probe.

67

4.1 ICP experimental setup with antenna.

73

4.2 Effect of RF on current carrying conductor cross-section.

75

4.3(a) Maximum power circuit.

77

4.3(b) RF circuit to be matched.

77

4.3(c) RF circuit with matching unit.

77

4.4(a) RF voltage (rms) measured at antenna at pressures from
lm Torr to 20mTorr

79

4.4(b) RF current (rms) measured at antenna at pressures from
lm Torr to 20mTorr

79

4.5(a) Load resistance measurements (ohms) Antenna resistance is 1.7ohms.

82

4.5(b) Load reactance measurements (ohms).Antenna reactance is 162ohms.

82

4.6 Sheath radii at electron and ion saturation.

83

4.7 Argon electron density measurements.

84

4.8 Argon ion density measurements.

84

4.9 Argon plasma potential measurements (V).

85

4.10 Argon electron temperature measurements (eV).

85

4.11 Ionisation cross-section of Argon and Hydrogen.

87

4.12 Hydrogen electron density measurements.

88

4.13 Hydrogen ion density measurements.

88

4.14 Hydrogen plasma potential measurements.

90

4.15 Hydrogen electron density measurements.

90

4.16 Radial electron density measurements in Argon at 5mTorr,
lOmTorr and 20mTorr.

91

4.17 Radial plasma potential measurements in Argon at 5mTorr, lOmTorr and
20mTorr.

92

4.18 Radial electron temperature measurements in Argon at 5mTorr, lOmTorr and
20mTorr.

93

4.19 Radial EEDF measurements in Argon at 5mTorr, lOmTorr
and 20mTorr

94

5.1 Disc probe and probe orientations used.

99

5.2 2mTorr 100W directional EEDF scan.

101

5.3 lOmTorr 100W directional EEDF scan.

102

5.4 Plot of expected electric field profiles in a 20mTorr plasma.

105

5.5 Magnetic field probe measurements taken over a range of
powers at 5mTorr.

105

5.6 Plot of least squares fit to measured data at 75W un a 20mTorr plasma.

106

5.7 Measured skin depths with predicted classical and collisionless values
at 5, 10 and 20mTorr.

107

5.8 Argon resistance measurements values with normalised predicted values
from collisional theory

109

5.9 Helium resistance values with normalised predicted values from
collisional theory

109

5.10 Total collision cross sections of Argon and Helium.

Ill

6.1 3mTorr 100W EEDF measurements in the longitudinal direction.

117

6.2 lOmTorr 100W EEDF measurements taken in the longitudinal direction

117

6.3 Measured and expected space-charge potential profiles at 3mTorr in the
longitudinal direction.

118

6.4 Measured and expected space-charge potential profiles at lOmTorr in the
longitudinal direction.

118

6.5 3mTorr 100W EEDF measurements in the aazimuthal direction.

124

6.6 lOTorr 100W EEDF measurements in the aazimuthal direction.

124

6.7 3mTorr 100W measured and expected space-charge potential
measurements.

125

6.8 lOmTorr 100W measured and expected space-charge potential
measurements.

125

ix

Abstract.
Inductively Coupled Plasmas are an important type of radio frequency discharge. The
plasma is electrodless and characterised by high plasma densities at low pressures. The ICP
is ideal for semiconductor processing were one requires an isotropic and uniform plasma with
a sufficient plasma density at low pressure. The ICP also allows for independent biasing of
the substrate being processed.
In this thesis an ICP with an internal antenna is characterised with the basic plasma
parameters being measured as a function of input power, pressure and position within the
plasma. The diagnostics used include a tuned Langmuir probe, magnetic field probe and RF
current and voltage probes. The phenomena of low pressure heating in the discharge is
investigated with reference to a collisionless heating mechanism. This heating mechanism is
a warm plasma effect, the electrons sample the applied electric field for a time less than one
RF cycle, otherwise they gain no net energy. Electron kinetics in the plasma are studied with
the investigations based on the local and non-local models of electron kinetics. The local
model predicts an electron energy distribution function in equilibrium with the local induced
RF field, while the non-local model predicts that there is one EDF of total energy valid
across the width of the discharge.

x

Chapter 1. Introduction to plasma physics.

1.1 Introduction.
At room temperature in any gas there is a non-zero population of ionised
particles present given by the Saha equation [1],

n(cm

3) = K

' -U '
— - r — exp
\ 2T )
h •

1.1

where n is the number of ions or electrons present, na the neutral species population, T
the gas temperature in eV, U: is the ionisation potential of the gas in eV and h is Plancks
constant. It is only when the charged particle concentration is such that the long range
Coulomb forces restricts the particle motion that one can call the gas a plasma. Ionised
gasses have been known for over a century and in fact make up more than 99% of the
known universe [2]. On earth natural plasmas are quite rare, occurring in the ionosphere
and as lightning, as the high temperatures required cannot be readily obtained. These
temperatures are found in the sun where energy is released from continuous
thermonuclear fusion reactions. The temperatures present are so great that colliding
Hydrogen atoms, Deuterium or Tritium, fuse together to form Helium and release large
amounts of energy.
D +T

He (3.52MeV) + n (U.QbMeV)

1.2

It was the possibility of inducing this reaction on earth which caused a resurgence of
interest in plasma physics in the 1950’s. Two methods were attempted to achieve nuclear
fusion: laser heating of a deuterium and tritium pellet causing it to implode and fusion
to occur, and secondly magnetically confining a dense plasma in a tokamak device at a
sufficiently high temperature to allow fusion to occur [3,4]. Both technologies are still
being developed.
Since the revival of interest in plasma physics, the field has expanded greatly to
influence many areas of modern technology and has great potential in the future [5].
Computer chip manufacture has been revolutionised since plasma processing was
introduced with smaller, cheaper and more powerful components being manufactured [6].
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Film deposition, from thin film deposition used in magnetic recording disks to anti
corrosion coatings for machine parts, are now plasma based technologies [7,8]. In the
areas of lighting and electronic displays, plasmas are likely to have an increasingly
important role [9,10].
Coupled with the wide variety of plasma applications are the number of different
types of discharge source [11]. Fluorescent and neon lamps are examples of dc
discharges, (although they operate at 50Hz) where the discharge is sustained by the
electrostatic field between two electrodes present in the discharge tube. The main
radiation output occurs in the positive column of both discharges [9], Filament driven
discharges are plasma sources which are powered by electrons emitted and accelerated
from a heated filament. The filament is usually biased negatively with respect to the
discharge chamber to encourage electron flow from the filament to the plasma [12].
Plasmas can also be produced by applying high frequency electric fields. Using high
frequency electric fields one can produce electrodless discharges which can be cleaner
and more reliable than plasmas where the powering electrodes are subject to particle
bombardment by the plasma. High frequency sources include the ICP source used in this
project, RF capacitive discharges [13] and microwave produced plasmas [14].
Considering the breakthroughs in plasma based manufacturing techniques, it is
surprising to note the limited knowledge of some basic plasma phenomena and plasma
chemistry. Plasma surface interactions, low pressure discharge heating and negative ion
generation are just some important areas of plasma physics not fully understood. In order
to increase our knowledge of plasma behaviour numerous diagnostic techniques have
been developed [15-17], Each technique allows one or more plasma parameters to be
measured. The techniques range from microwave interferometry and plasma emission
spectroscopy to laser plasma interaction and electrostatic probes. A brief review of some
diagnostic techniques is given in section 1.4.
Computer modelling of plasmas has become increasingly important in recent
years. Faster computers and workstations allow the complex behaviour of plasmas to be
analyzed. Results from computer models can be compared with results found on real
plasmas and sometimes interesting plasma phenomena are found firstly in computer
models an then confirmed in experimental work. There are several categories of
modelling popular today dealing with microscopic and macroscopic discharge behaviour.
Chapter 1 page 2

These techniques are introduced in section 1.5.
An important aspect of plasma physics which dominates plasma behaviour is
interparticle collisions. There are two main classes of collisions; elastic and inelastic
collisions. Ionisation collisions are important inelastic collisions which are needed to
initiate a plasma in the first place, and in order to sustain a plasma the ionisation rate
must balance ion losses. A brief survey of plasma collisions is presented in section 1.3.
The basic characteristics associated with plasmas, such as the plasma potential, are
detailed in section 1.2.

1.2 Plasma parameters.
Plasma parameters are attributes of plasmas which allow the particular discharge
to be analyzed and compared with other plasmas. These characteristics arise from the
basic nature of the plasma, it is a collection of interacting charged and uncharged
particles. It is assumed that there are equal numbers of positively charged and negatively
charged particles in the plasma; it is said to be quasi-neutral. Due to the quasi-neutrality
of the system the plasma is also assumed to be field free. The most basic plasma
parameters is the electron and ion density since it is the presence of these particles which
defines the plasma state.

1.2.1 Debye shielding and Debye length.
When a charged conductor is placed into a plasma it attracts oppositely charged
particles and repels like charged particles. Thus a region of oppositely charged particles
develops around the conductor which prevents the conductor electric field penetrating into
the quasi-neutral plasma. This phenomena is known as Debye shielding and the depth of
the charge imbalance around the conductor is known as a Debye length. The Debye
length is calculated from a solution of Poissons equation,

V24) = - ~ ( n -n )

1.3

and is related to electron temperature and density,
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1.4

One description of the plasma, called the plasma approximation, demands that the
number of charged particles within a Debye sphere (a sphere one Debye length in radius)
must be much greater than one. Also to preserve the quasi-neutrality property of the
plasma, the plasma size must be much greater than the Debye sphere.

1.2.2 Plasma frequency.
The plasma is made up of interacting charged particles which are moving around
at thermal velocities when not subject to external forces. When a force is applied or the
plasma is perturbed in some way the plasma tries to compensate and preserve quasineutral and field free conditions. The time scale at which the plasma can react to these
changes is related to the plasma frequency. Consider a plasma in equilibrium with all
particles having zero kinetic energy. If an electron is displaced from its position it will
immediately try to regain it. When the electron reaches its original location it has a finite
velocity and continues past this position until its kinetic energy goes to zero. Thus in the
absence of damping forces the electron oscillates about this position. The frequency of
this oscillation is related to the plasma frequency, wp, and is given by,
1.5

where n is the electron or ion density and me the electron or ion mass. As the ion mass
is usually much greater than the electron mass, the electron plasma frequency is much
greater than the ion frequency and it is usually the electron frequency which is quoted
for a particular plasma.

1.2.3 Electron and ion temperature.
As stated above extremely high temperatures are required to initiate, and in the
case of non-equilibrium (such as laboratory plasmas), to sustain a plasma. Average
electron temperatures can be higher than 20,000K but because the thermal conductivity
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of the electrons is so low, plasmas can be sustained in metal discharge chambers without
melting the chamber walls. The electron temperature is related to the electron energy,
Ee, and speed, u, by,

1.6

2

2

where Te the electron temperature. For convenience the electron temperature is usually
stated in terms of electron volts, one electron volt being approximately 11,600K. This
temperature can be used to characterise the velocity or energy distribution of electrons
in a plasma. The electrons in a plasma in thermodynamic equilibrium, for example, can
be described by a Maxwellian distribution at an average electron temperature, Te,

1.7

where v is the electron speed. Equation 1.7 may also be used to represent the ions in a
plasma where the electron temperature and mass is replaced by the ion temperature and
mass.
The energies of individual particles can change when collisions occur; in inelastic
collisions between ions and electrons, ions generally gain energy at the expense of
electrons (superelastic collisions are an exception to this where an excited atom and
electron collide, the atom de-excites and the electron gains energy). The particle
temperatures can vary from region to region in the plasma itself. There may be more
high energy electrons near the electrodes of an RF discharge than in the bulk plasma, due
to the presence of high electric fields. This feature is particularly obvious in
measurements taken in this project, near the powering antenna (chapter 5).

1.2.4 Plasma potential and floating potential.
From the discussion above a detailed description of the plasma is emerging. It is
a field free quasi-neutral collection of particles moving randomly at velocities determined
by their individual temperatures and masses,
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One might expect that the electrons, with their much greater thermal velocities, would
leave the plasma and migrate to the discharge walls leaving ions and neutrals behind. In
fact initially this is what happens. As the electrons move away from the centre of the
discharge they leave an excess ion population behind. Thus a positive space charge
develops which begins to retard the electron losses. A steady state is reached when the
space charge is such that the numbers of electrons and positive ions leaving the plasma
are equal. The potential of the bulk plasma is now known as the plasma potential. The
plasma potential, which is related to electron and ion temperature and density, can give
an insight into the dynamics of the plasma.
When an isolated conductor is placed in a plasma it is subject to the random flux
of particles in the plasma. As the electron flux dominates other particle fluxes, electrons
are more likely to reach the conductor surface and so they charge the conductor
negatively. As the conductor begins to charge negatively it starts to retard the electron
flux to its surface and attract positive species. A point is soon reached when the retarded
electron flux and the attracted positive ion flux to the conductor surface are equal. The
potential at which the conductor now sits is known as the floating potential.

1.3 Collisions.
As stated previously, there are two main categories of collisions occurring in
plasmas, that is elastic and inelastic collisions. In the former the internal energies of the
colliding particles do not change, but in the latter internal energies do change. A
knowledge of both is required to gain a fuller understanding of discharge physics. Elastic
collisions effect the conductivity, mobility, diffusion coefficients and the shape of the
EEDF (electron energy distribution function). Inelastic collisions are important as they
dictate the electron and ion populations, electron temperatures and even radiation output.

1.3.1 Elastic collisions.
Elastic collisions can occur between all types of particles and at all particle
energies. The maximum energy transfer in an elastic collision between an electron and
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neutral particle in a plasma is given by,
A £ = 2—
£ electron
,_
w

1.9

n

where Eelectron is the kinetic energy of the colliding electron and Mn is the mass of the
neutral particle. The quantity 2me/Mn is known as the momentum transfer coefficient.
Since the electron mass is much less than the neutral particle mass, the energy transfer
resulting from such a collision is small.
For charged particle collisions, such as electron-ion collisions, the effect of the
particle electric fields becomes important. These collisions are known as Coulomb
collisions and they have more and more influence on discharge characteristics as the
degree of ionization increases. The effect of the Coulomb collisions between electrons
is to thermalize the electron energy distribution function i.e. the energy distribution
function becomes more like a Maxwellian distribution characterised by one unique
temperature as the rate of electron-electron collisions increases.

1.3.2 Inelastic collisions.
Inelastic collisions can only occur between plasma particles if the energy
transferred is sufficient to excite the electrons of one of the colliding particle i.e. to
change the internal energy of the particle. Depending on the amount of energy transferred
the inelastic collisions can take several forms and for every collision type there is a
possible reverse process. From the conservation of energy principle in an inelastic
collision one can write,
—m,v, + —m,v, = —w.m,
2
2
2

+—
2

+ AE

1.10

where v,t2 and uI 2 represent the initial and final velocities of the colliding particles and
AE the net change in the internal particle energy as a result of the collision. If AE > 0
the collision is known as a collision of the first kind and when AE < 0 the collision is
known as a collision of the second kind. An excitation collision is an example of a
collision of the first kind, whereas a de-excitation collision is an example of a collision
of the second kind.
Excitation, ionisation and recombination are three main inelastic collisions
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involving electrons and neutral atoms, but collisions can of course occur between atoms,
molecules and ions. Fifteen reactions are quoted by Cherrington [18], but there are more.
Only the most common inelastic collision types will be described here.

Ionisation.

X 4- e -> X + + 2e

This reaction can only occur when the electron energy is greater than the energy
required to remove the most loosely bound electron from the atom (the ionisation
energy). This differs from gas to gas, but for Argon the threshold energy for ionisation
collisions is approximately 15.7eV. The electron released in the reaction can itself, if it
gains sufficient energy from the powering electric field, cause further ionisation
reactions. In order to sustain any plasma the charged particle losses must be balanced by
gains due to ionisation. Ionisation can also occur if the atom is subject to photon of
energy greater than the ionisation energy. This process is known as photoionisation.

Excitation.

X + e -* X* + e

Excitation can occur at lower energies than ionisation; in Argon the threshold
energy is approximately 11.5eV. It involves the raising of the internal energy of the atom
to an excited state, denoted by X*. An electron is promoted to a higher level within the
atom corresponding to the energy absorbed by the atom. An excited atom can be more
easily ionised than a ground state atom due to its increased internal energy. A metastable
state is formed if the internal electron is promoted to a level where a transition back to
a ground state is unlikely. The metastables can have lifetimes of over lmS and therefore
are more likely to undergo a subsequent collision, either being ionised or further excited
for example, before they undergo radiative relaxation back to their ground state.

Recombination.

X+ + A + e -* X + A

This collision process is basically the reverse process to ionisation. Due to energy
and momentum conservation requirements it is a three body process. The third body, A,
can be a gas atom, electron or even chamber wall. The process can also occur when a
positive and negative ion collide and an electron is exchanged resulting in two neutral
atoms. A third possible process occurs when an electron and ion combine and the excess
energy is released as a photon. This type of collision reaction is known as radiative
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recombination.

Relaxation.

X* -» X + hu

This process is a reverse of the excitation collision described above. The energy
released in this collision is equal to the internal energy lost by the atom. It is this
reaction which is the main contribution to the discharge glow. The frequency of the
emission is dependent on the energy level of the excited electron and its original position.

Other collision processes.
Dissociation is a collision process confined to molecules where the energy of the
colliding electron is sufficient to break the inter-atom bond. The result is two atomic
species which can be both neutral, or in the case of dissociative ionisation, can be
charged.
Electron attachment collisions where negative ions are formed, are important
processes for some applications, such as neutral beam injection for fusion plasma heating
[19,20]. For this application a density of negative hydrogen or deuterium atoms are
required. For the reaction to occur more easily the hydrogen or deuterium molecule
should be in an excited state and an electron can attach itself in a process known as
dissociative attachment.
e~ + H2* - H~1 -+ H~ + H +

1.11

1.4 Diagnostic techniques.
In order to investigate the behaviour of any discharge one needs to determine the
basic plasma parameters described in section 1.2. There are a wide variety of techniques
developed to determine plasma characteristics, some specifically designed to measure a
single plasma parameter while others can be used to measure several. Some common
techniques are discussed in this section.

1.4.1 Radiation emission spectroscopy.
This is a broad field of diagnostic techniques were the electromagnetic radiation
emitted by the discharge is observed. The technique is useful in reactive plasmas, very
dense plasmas (such as fusion plasmas) and weak plasmas as it is non-intrusive; the
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discharge being investigated is unperturbed. It can be divided into the broad areas of
optical, ultraviolet and X-ray spectroscopy [21-23]. Spectroscopy involves the study of
the radiation output by the plasma which usually results from particle de-excitation and
recombination processes (X-ray radiation can occur when electrons undergo rapid de
acceleration i.e. when they are scattered by large charged particles; Bremsstrahlung
radiation). The frequency of light output is dependent on the electronic transition made
in the atom or molecule and using a monochromator one can target the process of interest
to investigate its behaviour under different conditions.
Stark broadening of spectral emission lines is a method used to determine electron
concentrations in plasmas [16]. Broadening of the spectral lines can occur when photons
from emitting ions are in collision with electrons, thus disturbing the wavelength of the
emitted radiation. The greater the number of electrons present the more collisions there
will be resulting in an increased broadening of the spectral output.
Doppler broadening can also occur to spectral emissions from discharges [16].
This results from the random motion of the radiating particle in the plasma. If the
particle is moving away from the observer the frequency of the radiation will be slightly
lower, and it is moving towards the observer the opposite case holds. This effect is most
evident at high plasma temperatures where particle velocities are high.

1.4.2 Laser diagnostic techniques.
Lasers have proven an important plasma diagnostic and there are several
techniques based on the interaction of a laser beam and plasma. Photodetachment is used
to measure negative ions populations, especially important in neutral beam generation
sources which require efficient negative hydrogen ion generation [24,25]. The principle
of operation is very simple. A laser beam is fired into the plasma and along the axis of
a positively biased electrostatic probe placed in the discharge. If the photon energy is
sufficient ( > .75eV, the electron affinity of a Hydrogen negative ion), the electron leaves
the Hydrogen negative ion and is detected by the probe. Thus the excess electron current
detected by the probe will be due to photodetachment of negative ions. To insure correct
operation of the system the laser beam intensity should be strong enough so that all
negative Hydrogen ions in the laser path lose their electrons and the photon energy is low
enough so that photoionisation does not occur. The relation between negative ion density
Chapter 1 page 10

n and probe current during the laser pulse, Ie +

a!6 is

then,

Laser induced florescence is a useful method in determining particular particle
concentrations in plasmas [26,27]. The electronic state of the species of interest is
deliberately changed by the input laser pulse and the resulting relaxation of the particle
causes it to produces its own radiation; it fluoresces. The intensity of this emitted
radiation at an angle to the laser pulse is related to the particle density in the path of the
laser beam.

1.4.3 Interferometry techniques.
Microwave and optical interferometry are used for electron concentration
measurements in plasmas and are based on the measurement of the refractive index of
the discharge [13,28],

0)
|x = 1 -

1.13

(0
where a>p is the plasma frequency and w the frequency of the microwave or optical beam
(this assumes the microwave frequency,
collision frequency,

oj,

is much greater than the electron neutral

In microwave interferometry a microwave beam is split into two

equal path lengths, one beam is sent through the discharge region, then the two are
recombined and the phase difference measured. This phase difference, A</>, is related to
the average electron density along the microwave beam path by,
_

2eo mec a A(j)

114

e 2L
where L is the length of the beam path through the plasma. The microwaves cannot pass
through the discharge if the electron density is too large, as the plasma frequency
becomes greater than the microwave frequency and refractive index becomes less than
zero,
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where the right hand side of equation 1.15 is the plasma frequency. A similar procedure
is followed is optical interferometry.

1.4.4 Electrostatic probe techniques.
Almost all the above techniques
are

non- intrusive

p h o to d e ta c h m e n t

id—

(laser

r e q u ire s

an

electrostatic probe to be positioned
DoutM prob« M tjp.

within

the

discharge).

Electrostatic

Ion M dunion

probes on the other hand require the
presence of a conductor in the plasma
region. If care is not taken the plasma
can be perturbed, but these probe
Doutai* prob« charactaiM c.

techniques can allow measurement of
local

discharge

conditions.

The

Figure 1.1. Double probe.

Langmuir probe, described in detail in
section 3.5, is a common diagnostic
technique which can allow measurement
of many local plasma parameters. There
are variations on the basic Langmuir

Probe collection
(electron saturation current)

probe, such as the double probe and
Probe emission

emissive probe. The double probe can
Typcal langmuir probe characteristic

be used when a reference electrode, like
V

a metallic chamber wall, is not available
(figure 1.1) [29]. This can occur in
glass walled toroidal RF discharges for

Figure 1.2.
characteristic

Typical

emissive

probe

example. It consists of two probes
which can have a bias placed on them
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with respect to each other,
1.16

v-yi-v*

If the voltage on both probes is equal then no current is collected by the circuit and both
probes sit at the floating potential. If a bias is then placed between the two, the more
positive probe will begin to draw more electrons and the more negative probe collects
less electrons. If the potential between the probes is large enough the negative probe will
collect no electrons but just the ion saturation current and the probe characteristic will
saturate. From double probe measurements ion density and electron temperature can be
calculated.
The emissive probe is a heated probe biased with respect to the plasma and hot
enough to thermionically emit electrons [30]. When the probe is biased below the plasma
potential the probe emits electrons, but when the bias is raised above the plasma potential
the probe collects a saturation current of plasma electrons. The transition between the
emission and collection regime occurs at the plasma potential (figure 1.2).

1.4.5 Electric and magnetic field measurement.
In many discharges a knowledge of the electromagnetic fields in the discharge can
provide evidence for the plasma heating mechanism and give clues to plasma kinetics.
Plasma sheath heating is considered an important heating mechanism in capacitive low
pressure discharges and information on sheath potentials is desirable. In ICPs details of
the penetration of the electromagnetic fields from the antenna is required for a fuller
understanding of the discharge operation. The magnetic field probe [2,31], described in
section 3.4, is used in this project to investigate the relation between field penetration in
the discharge and the plasma discharge conditions. This field penetration is described by
skin depth theory which can have a different form depending on the ratio of collision
frequency to RF driving frequency in the discharge i.e. the gas pressure conditions
(chapter 5). There are several methods used to determine the electric field in plasmas
such as electron beam probe techniques [32,33]. Electron beam techniques involve firing
an electron beam through the region of interest and recording the beam deflection which
is related to the electric field present.
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1.5 Plasma modelling.
Plasma modelling techniques have become more sophisticated in recent years with
the advent of faster and more powerful computers [34,35]. Plasma models are very
important in the development of an understanding of basic discharge behaviour. The
simulations can be used to verify behaviour observed experimentally and also new
phenomena can be found from modelling results leading to experiments to verify these
findings. As the actual plasma is made up of large numbers of particles it is not possible
to follow the actions of individual particles. Therefore simplifications and assumptions
about certain aspects of the discharge are often made. Some models deal with average
discharge characteristics while others make assumptions about discharge parameters, such
as assuming Maxwellian velocity distributions.
In global or volume averaged models the energy and particle balance equations
are solved for a particular plasma [36]. The energy and particle balance equations involve
equating power absorbed by the plasma with the power used in collision processes and
in losses to discharge walls. From the model one can predict particle densities and
temperatures for different input powers, pressures and gas types.
The fluid model employs continuity and momentum conservation equations to
calculate the behaviour of plasma particles [37]. The discharge is considered to be a
conducting fluid of electrons and ions, thus avoiding the need to calculate the behaviour
of individual particles. This model can be used to calculate plasma parameters, such as
particle densities, temperatures and plasma potential.
Particle in cell Monte Carlo models provide information on particle kinetics by
following individual particles which represent electrons, ions or neutrals [38,39]. This
is achieved by integrating the equations of motion of the individual particles and solving
Poissons equation for the resulting assembly on a mesh representing the discharge space.
The model includes a Monte Carlo treatment of inter-particle collisions. The calculations,
solving the equations of motion and then solving Poissons equation, is repeated many
times until consistent results are obtained. This technique provides information on plasma
parameters such as electron temperatures, densities and electron energy distribution
functions.
Kinetic models are based on solving Boltzmanns equation for the plasma of
interest [40]. The electric field in the plasma is calculated using Poissons equation. From
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a solution of the Boltzmann equation one can obtain the particle velocity distribution
function, which gives information on various process rates in the discharge such as
ionisation and excitation rates, as well as average plasma parameters such as average
velocities and particle temperatures.
Circuit models such as the transformer model described in section 2.3 employ an
electrical circuit to approximate the discharge [41]. The discharge in an ICP can be
treated as a one turn secondary of a transformer, the primary being the antenna. The
procedure is straightforward and allows one to gain an insight into the electromagnetic
interaction between the plasma and power source. In this project the transformer model
predicted a drop in load inductance when the plasma is fired, an effect which was
measured experimentally.

1.6 Outline of proposed research.
The low pressure ICP, the operation of which is being investigated in this project,
is a relatively new technology in the semiconductor industry. It is likely to become
important over existing technologies in the field of semiconductor processing as it holds
advantages over current systems. It can produce high plasma densities efficiently
( > 1 0 ncm'3), at low pressures with relatively low plasma potentials. It also allows
independent biasing of substrates which can allow control of etch rates etc. There are
some areas of the discharge physics still not fully understood such as the low pressure
heating mechanism.
As the ICP can obviously be operated at low pressures (clO m T orr), a low
pressure heating mechanism must exist. A heating process was proposed by Turner [42]
and this was a motivation for an experimental investigation of the subject. Using
directional langmuir probes, magnetic field probes and resistance measurements a survey
of low pressure heating was carried out and the results presented in chapter 5.
An in-depth characterisation of the system was carried out and the results
presented in chapter 4. Radial and fixed position measurements were taken at various
powers and pressures. The principle characteristics of the ICP were recorded, the high
charged particle densities and low plasma potentials. Using RF current and voltage
probes the electrical characteristics of the discharge were also investigated. The switch
between a capacitively and inductively dominated heating mechanism, which occurs at
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low power and pressure, was clearly noted.
The electron kinetics in the ICP were studied and the results presented in chapter
6. Characteristics expected for a low pressure discharge, non-local kinetics, were found
but evidence for the presence of local kinetic effects were also noted. The reason for
these results is open to interpretation and one proposed explanation is also given in this
chapter.
An overall discussion and conclusion of results from this project are made in
chapter 7. There is still much research to be carried out in this field and some proposed
areas for continued research are pointed out.
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Chapter 2 : Inductively Coupled Plasmas.

2.1 Introduction.
The ICP is a type of electrodless discharge; a discharge which is not in physical
contact with the source of the powering electric field. Electrodless discharges were first
demonstrated in 1884 by Hittorf [1], It was Babat in the 1940’s who distinguished
between inductive and capacitive electrodless discharges which he classed as being Htype and E-type discharges respectively [2].
In the E-type discharge the conduction current of electrons and ions is not closed
and the plasma is excited by an applied electrostatic field. Most of the applied voltage
drop occurs near the electrodes resulting in a high sheath voltages.
The H-type discharge is excited by an applied radiofrequency (RF) electric field
and the conduction current in the plasma is closed. The resulting sheath voltages are low,
of the order of the mean energy of electrons (as with a dc plasma) [3]. The high
electrostatic fields present in the capacitive discharge are not present in the ICP which
results in lower ion energies and therefore reduced ion losses to the walls as compared
to a capacitive discharge. Lower ion losses means that the ICP can efficiently provide
a high density discharge for a given energy input.

2.2 Applications and types of ICP.
The ICP has found uses in many areas of technology in recent years and
particular applications can rely on specific configurations of the basic ICP [4].
Microchip manufacture is based on semiconductor etching and film deposition.
Plasmas have been found to be more advantageous than previously used wet chemical
techniques. Features as small as ,25/xm can now be etched meaning that more
components can be fitted into smaller areas resultingin faster and cheaper microchips
[5].
The ICP displays characteristics ideal for semiconductor processing [6-11]. The
high plasma densities achievable mean high ion fluxes to surfaces and therefore increased
etching or deposition. The substrate can be biased allowing the etch and deposition rates
to be controlled independently of the discharge power, unlike the capacitive discharge
where the etch and deposition rates are related to the input power. The biasing of the
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Figure 2.1: ICP semiconductor etch device.
semiconductor wafer can reduce substrate damage due to energetic ions compared with
capacitive reactors. The ICP is also easily scaled up to high discharge diameters allowing
larger wafers to be processed [12].
Neutral beam sources for the heating of future fusion plasmas require high density
H or D beams with low impurity fraction (.2%). An ICP can be used to produce the
positive or negative ion density required [13-15]. This prototype of ICP is powered using
an external antenna or an insulated antenna immersed in the discharge as shown in figure
2.2. The ICP is operated at powers of tens of kilowatts and typical extracted beams are

magnets

starter filament

insulated
antenna

£
S

A

f

extraction grid

Figure 2.2: ICP with immersed antenna for H"/D' production.
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up to 250mA/cm2 over 100cm2. This system is easy to use, reliable, clean and has
potentially a much longer lifetime compared with filament driven negative ion sources.
ICP’s have considerable potential in the area of lighting for the reasons stated
above and also the fact that the resulting discharge is efficient and intense with high light
output [16,17]. A recent innovation is the use of an inductively powered flashlamp to
pump a laser crystal (Figure 2.3). The flashlamp can completely surround the laser
crystal thus improving the flashlamp efficiency.

Figure 2.3: An ICP used as a laser flashlamp.
Plasma torches are ICP with an antenna surrounding a quartz tube through which
a gas flows. Although there have been considerable advances in plasma torch technology
recently, the process itself is not well understood. They have many varied applications
including anticorrosion deposition and welding [18].

2.3 Electrical characteristics of the ICP - The Transformer model.
One approach to studying the behaviour of the ICP is to look at its electrical
characteristics. This can be done by viewing the system as a simple RF circuit, the
discharge itself becoming part of the circuit. The transformer model is a useful method
of analysing the ICP electrically. The model approximates the antenna and plasma to be
a transformer [4,19]. The antenna is the primary and the plasma a one turn secondary
(the antenna induces an electric field in the plasma which drives a closed current in the
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Figure 2.4(a): Equivalent circuit of the ICP antenna and plasma.

Figure 2.4(b): Transformed ICP circuit using circuit analysis.
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the discharge and therefore the plasma is a one turn conductor). The model allows
different ICP configurations, internal antenna, external antenna etc, to be analyzed by
applying the same circuit analysis procedure. From circuit analysis one can predict the
behaviour of the antenna-plasma impedance, a parameter which can be measured
experimentally (section 4.3.2).
There are three components of the discharge impedance, Lpla, Rpla and Lele the
latter two of which arise from the real and imaginary parts of the plasma conductivity.
In the ICP a current of charged particles is driven by the electric field induced by an RF
current flowing in the antenna,

~ aE

2 .l

where the plasma conductivity a is given by,

me (v + iu )

where ne is the electron density, me is the electron mass, v is the electron collision
frequency and w is the frequency of the applied electric field. The real part of the plasma
conductivity corresponds with a plasma current in phase with the induced RF electric
field and the imaginary part is associated with a current ninety degrees out of phase.
Power is deposited in the plasma if the discharge current and RF electric field are in
phase, thus the real conductivity is inversely related to the plasma resistance Rpla. No
power is deposited through the out of phase current and the imaginary conductivity
corresponds to the inverse of the plasma inductance known as the electron inertia
inductance. This inductance is related to the plasma resistance and is given by
Le|e Rpla^The third component o f the plasma impedance is the inductance of the plasma
resulting from the path taken by the plasma current, Lph. It is this inductance which is
coupled with the antenna inductance, L ^ , through the mutual inductance M, where,
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2 .3

M2 -

k being the coupling coefficient between the two components [20]. For an ideal
transformer k = l and one would be able to write Lpla= L anl/n2, were n is the number of
turns in the antenna, but for the plasma one expects k < 1.
The complete circuit for the antenna and plasma is given in figure 2.4(a), where
is the RF voltage at the antenna input and Rant is the antenna resistance. This circuit
can be transformed to an equivalent circuit, figure 2.4(b), using simple circuit theory.
From this one can determine the resistance at the antenna input, R ^ , to be,

2 .4

Here Zpla is the plasma impedance RpU+ja)(Lpla+ L ele). Clearly from equation 2.4 one
would expect to measure an increase in the input resistance when the plasma is fired.
The inductance at the antenna input is found similarly and is given by,

2 .5

From equation 2.5 one can note that there is a decrease in measured inductance when a
plasma is fired. The plasma current induces a magnetic field which opposes the magnetic
field induced by the antenna, thereby reducing the total magnetic field present in the
circuit, B. This in turn reduces the inductance of the circuit.

2.6

2.4 Plasma heating of the ICP.
To sustain an RF discharge the rate of plasma loss to the chamber walls must be
balanced by ionisation in the plasma [21]. This requires a continuous energy input to the
system. In the ICP the power source is the RF current flowing in the antenna. The
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mechanism by which the discharge gains energy is pressure dependent. When the
pressure is above a certain level (>20m T orr in Argon), the plasma is collisional and
Ohmically heated. Below this pressure the plasma becomes collisionless and non-Ohmic
heating is expected to occur. There is still much debate about plasma heating in the
collisionless plasma and one proposed mechanism is described below.

2.4.1 ICP initiation.
An

important

aspect

of

ICP

operation is when the discharge is first
fired

and

the

input

power

is

low

(<20W ). The azimuthal electric field
induced by the antenna current, Es, is
insufficient to maintain a balance between
ionisation and diffusion losses. Instead
the longitudinal electrostatic electric field
between adjacent turns o f the antenna, Ez,
capacitively
discharge.

couples

power

into

the

A weak plasma is formed

(n < 109cm'3) in a sheath next to the glass
wall surrounding the antenna.
The ratio of Ez/E„ is constant in
the absence of space charges, but when
the

ele ctro sta tic

field

betw een

neighbouring antenna loops, Ez, becomes
sufficient to support ionisation a space
charge develops in a sheath next to the
antenna and the situation changes. Due to
the oscillatory motion of the electrons
along the length o f the antenna following
the longitudinal electric field, the space

and the electrostatic field at ends of antenna.

charge develops at the ends of the
antenna.

As the antenna current

is
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increased further the space charge density at the ends of the antenna increases which
results in an increase in the longitudinal electric field there and a reduction of the
longitudinal field in the centre of the discharge chamber. Thus as the input power is
increased the azimuthal electric field becomes larger and the longitudinal electric
becomes smaller in the centre of the discharge [22]. When the azimuthal electric field
becomes large enough to support a discharge and the plasma switches from a capacitively
coupled mode to an inductively coupled discharge.
Although the effect of capacitive coupling may be small when the ICP is fully
established, it can be virtually eliminated if an electrostatic shield is put in place around
the antenna. The shield is simply a slotted conductor which shorts out the electrostatic
field lines, allowing only the azimuthal electric field to enter the plasma. The shield can
take on various shapes depending on the ICP configuration used, here for example a
copper tube can be used whereas flat topped ICP’s usually employ a slotted copper disc.

2.4.2 Ohmic heating.
When the electron collision frequency is greater than the RF driving frequency
the discharge is said to be Ohmically heated [23,24]. The RF current in the antenna sets
up an electric field in the plasma which in turn drives a current in the discharge. The
current lies next to the antenna-plasma interface and penetrates approximately one skin
depth into the bulk plasma. The size of this current is related to the applied electric field
through the plasma conductivity, a,

¿=oE

2.7

For an RF plasma the conductivity can be written as [25],

me{y + io )
The bulk plasma gains energy when the electrons in the current undergo elastic or
inelastic collisions, Ohmic heating. The relation between the power absorbed by the load,
the antenna and plasma, and antenna current is given by,
where R is the load resistance.
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In the investigation of the plasma impedance it is convenient to use the surface
impedance [25], f. It relates the power absorbed by the plasma to the antenna current and
has a similar form to equation 2.9,

2.10

Pplasma - 1/2 Cre| ^ | 2
The surface impedance is derived by Turner [25] and is given by,

c = ZG)Lin-taahkL

2.11

where,

k « -?•
c

2.12

4>d + 4» + i ♦ d + 4>)
2
N

and
1
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2.13

\

l +^
O)2

This definition is valid for a cylindrical plasma such as the one used here when,
1 < krx <kr2

2.14

where r, is the radius of the plasma-antenna interface and r2 the chamber radius. This
inequality is valid here as k > > l

under the conditions of interest. A plot of the

collisional surface resistance for Argon is presented in figure 2.8. Obviously a different
dependence is found for different gasses as collision frequencies, v, differ for different
gasses.
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The optimum condition for Ohmic heating occurs when the electron collision
frequency becomes equal to the RF driving frequency, as electrons gain maximum energy
from the RF electric field. As v becomes much greater than

oj,

when the pressure is

increased, Ohmic heating becomes less efficient. This is because the time between
collisions becomes so small that electrons cannot gain maximum possible energy from
the applied RF electric field between collisions, and consequently the bulk plasma is
heated less efficiently (the load resistance drops). When the collision frequency is less
than the driving frequency, at low pressures, the electrons fail to transfer their energy
efficiently to the bulk plasma as collisions are rare [7], Here the plasma is said to be
collisionless and a non-Ohmic heating mechanism must dominate at low pressure
( < lOmTorr) if an ICP can still be sustained (chapter 5).

2.4.3 Collisionless heating.
At low pressures in capacitive discharges it is generally accepted that collisionless
heating is the dominant process sustaining the plasma. It is claimed that electrons are
heated by inelastic reflection from the oscillating RF sheaths at the electrodes. This form
of collisionless heating is known as stochastic heating [26-28].
In the ICP however, the oscillating RF sheaths are not present. This is because,
unlike in the capacitive discharge, the RF current is closed and the large electrostatic
field does not exist here. Therefore in the purely inductively coupled plasma stochastic
heating will not be significant. There can be a small fraction of capacitive coupling
occurring in the real ICP however. An electrostatic electric field can occur between the
neighbouring loops of the antenna and capacitive coupling can occur between the antenna
and plasma through the dielectric wall between the two. This becomes insignificant
however when the discharge is well established and when electrostatic shielding is in
place as discussed in section 2.4.1.
The proposed collisionless heating mechanism for ICP’s presented here is a warm
plasma effect [25,29]. In order to gain energy, electrons must pass into and out of the
region of RF field in a time less than one RF cycle. If the electrons are present in the
skin depth for longer than one RF cycle, the energy they gain in the first half cycle will
be lost in the second half cycle. Thus the electrons must have sufficient thermal velocity
initially to gain energy from the RF field. This condition may be written as,
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coS <;

2.15

\

where 5 is the skin depth, kB is Boltzmanns constant and Te is the electron temperature.
The heated electrons on leaving the applied RF field will contribute to a current
lying outside of the skin depth. Therefore the electric field at one point in the plasma
can, at all later times, affect the current throughout the entire plasma. Thus one can no
longer state,

I=oE

2.16

Now the conductivity must be replaced by some spatially dispersed conductivity and
equation 2.16 is rewritten as,

d(r,t) = f d r 3 J a(r,t)

dt

2 -17

where the electric field E is confined close to the antenna but the resulting current density
•L can be found across the entire width of the plasma.
The classical collisional skin depth is given by,

2.18
|AG)(J

where a is given in equation 2.8. In the collisionless plasma however, the form of the
conductivity given in equation 2.8 is no longer valid and therefore the classical skin
depth must be modified to account for the spatial dispersion of the conductivity (equation
2.17).
To determine the depth of penetration of the applied electric field in a collisionless
plasma, or the collisionless skin depth, one can proceed as follows (the situation is
analogous to the anomalous skin depth in low temperature metals which is discussed by
Kittel [30] and Chambers [31]).
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Figure 2.7. The RF electric field penetrates a finite distance into the plasma anc
electrons which remain within this region contribute to a current within the collisionless
skin depth.

Even in the collisionless plasma there will still be a proportion of electrons which
remain within the RF electric field region (figure 2.7), or collisionless skin depth, <5C,
given by,
nE-fieId = —
n
^ total

2.19

where nE.Reld is the electron concentration which remains within the RF electric field, ntotal
the total electron concentration contributing to the plasma current and A, the electron
mean free path. Equation 2.16 may be modified to just include the contribution of these
electrons to a current within the skin depth, J^, using an effective plasma conductivity,

V » « *

2 -2 0

Using <reff, which is related to the RF electric field penetration depth, one can determine
the collisionless skin depth. The effective conductivity of equation 2.20 is related to the
classical conductivity, a, of equation 2.16, by,
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5ne2 _ 6ne2
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2.21

The collisionless skin depth now has the form,

2mu
°

2.22

\ jicoöne2

which after some manipulation one finds the collisionless skin depth to be given by,

8 kBTe 2 c 2 3
C |\|

2.23

w/co

A comparison between the classical and collisionless skin depths is shown in figure 2.9.
Obviously for collisionless heating to occur the skin depth must be smaller than
the plasma diameter to allow the electrons to leave the field region. Therefore,
2.24
where L is the plasma diameter.
The effect of collisionless heating will manifest itself in the form of a finite
plasma resistance even at low pressures. The surface impedance in the collisionless
regime is given by Turner[29],

1

\

2.25

+i
/

A plot of classical and collisionless surface impedances is given in figure 2.8.
To test for the presence of such a heating mechanism one would need to measure
plasma resistance, skin depth and look for the presence of a current in the plasma. The
plasma resistance should be higher than expected from collisional theory at low
pressures. The measured skin depth should be smaller than that predicted by classical
theory and one should observe a current of electrons extending beyond the skin depth.
Such a survey was carried out and the results are given in chapter 5.

Chapter 2 page 32

w

e

SX

o

a)
u
c
ra
u
co
■H
cn
<U
U

<u
u
n3
<«
u
2

w

10

-3
'

10

-2

10

-1

10

collision freq/driving freq
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2.5 Electron kinetics in the ICP.

2.5.1 The distribution function and Boltzmanns equation.

To obtain an exact description of a plasma, the position and velocity of each
particle must be known, i.e. a complete description in six dimensional phase space with
coordinates x, y, z, vx, vy, vz. Considering the number of particles in a typical plasma
(> 3 .5 x l0 13 per cm3 at lm Torr ), the task may seem impossible. Fortunately a statistical
approach can be taken to the problem where the average population of any volume in
phase space, drMv3 at r, can be determined from a distribution function f(r,v,t).
dn =

2.26

d 3r d 3y .

The distribution function is normalised such that,
2.27

n(r,t) = f fir& t) d 3y .
Jv

A separate distribution function applies to each species of particle in the plasma, but
since electrons are important in most plasma interactions it can be assumed from now on
that one is dealing with the distribution function of electrons.
The plasma is obviously not a static system, charged particles gain energy from
an applied electromagnetic field, lose
energy due to collisions. Ionisation causes
an increase in electron and ion densities
whereas recombination and diffusion to the
chamber walls reduce their populations.
The effects o f these processes on
the particle distribution functions must be
included in any reasonable description of
the plasma. The movement of particles
will obviously have an effect on the

Figure 2.10.
dxdydz.

Volume

in phase space,

distribution function as particles move
from one volume o f phase space to another. Consider the particle flux into a volume of
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plasma at x given by dxdydz (figure 2.10). The number of particles to enter from the
positive x-direction in a time dt is given by,
2.28

(fvx)x d t d 3v d y d z

The number of particles to leave this volume in the x-direction at x + d x in a time dt has
a similar form and is given by,
2.29

( f vj)x*dx d* d *v & &
Therefore the net flux into this volume in the x-direction may be written as,
drt
dt. X

df
dt

d t d 3v d y d z

=

[{Jvx ~Jvx+dx)] d t d 3v d y d z

2.30

the right hand side of equation 2.30 may be rewritten as,

[(fvx)x - ( f v x)x+dx) \ d t d 3v dy dz

dfvx
=

dx

d t d 3v d y d z

2.31

■

Comparing equation 2.30 and equation 2.31 one finds,
df
dt X

dx .

2.32

= - v. M
dx

Similar expressions can be found for the change in the distribution function due to
particle flux from the y and z directions. The total change in the distribution function due
to the motion of particles can therefore be written as,
df
dt

2.33

= - v — - v — - v — =]> V (/)
Xdx
y dy
: dz
rU}

The distribution function may also be altered as a result of changes in the velocity of
particles in the plasma i.e. particle acceleration. This may be a result of the force of
internal or external electric and magnetic fields on plasma particles,
F = m a = mq(E +y x B )

2.34
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where a is the particle acceleration, m the particle mass and q the particle charge. In this
case the particle population in a volume of velocity space dvxdvydvz, changes and one
may follow a similar argument to that given above. The change in particle the
distribution function due to the flux of particles into and out of a volume of velocity
space is,
2/

a/
dt

= - a

* dvxx

- a

y dvv
y

- a

z dv,
z

= - æ V (/)
vW

2.35

The effect of particle motion and forces on the plasma particles can therefore be
described by,
2.3«
dt

Collisions must be included to get a complete description of the behaviour of the
plasma, but the above arguments cannot be followed here as collisions sometimes cause
particles to disappear from one element of phase space and appear in another e.g.
electrons disappear from phase space as a result of recombination collisions with ions.
A term must be included to account for collisions, called the collision integral, and added
to equation 2.36,

M

of

♦ üvr/ ♦ q v j =. g
dt

2.37
colls

The collision integral can take various forms depending on the type of collision being
considered. The change in the distribution function is related to the energy change of the
particular collision. In an elastic collision for example the change in the distribution
function is related to the energy transfer coefficient. Inelastic collisions alter the
distribution function more strongly than elastic collisions as most of the electron energy,
and therefore velocity, can be lost in an inelastic collision (see local and non-local models
below).
Equation 2.37 is known as the kinetic or Boltzmann equation and describes the
changes in the distribution function of a particular species in the plasma. A separate
distribution function applies to each species of particle in the plasma, but since electrons
are important in most plasma interactions it can be assumed from now on that one is
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dealing with the distribution function of electrons or EDF.
The simplest situation to apply the Boltzmann equation is to a plasma in
thermodynamic equilibrium with no external forces. In this case,

^ =0 = £
dt
dt

2.38
colls

A solution to this equation is the well known Maxwellian velocity distribution,
-m u
m \ 3/2
exp
M ) = n\
2izkT
2kT

2.39

An actual laboratory plasma is not in thermodynamic equilibrium since energy is
gained by the discharge though one mechanism, from an applied electric field for
example, and lost through another, plasma losses to walls. As a result the distribution
function may be non-Maxwellian. The determination of the EDF of an actual plasma is
highly complex and therefore a number of assumptions and approximations are made
about the condition of the plasma.
In the ICP the discharge is powered by an induced electric field. To help
determine the distribution function for
this situation assume that this electric
field points in the direction of the z
axis (figure 2.11). To simplify the
situation it can be assumed also that the
distribution will be symmetric about the
z axis (it will have no <j) dependence
since the only force affecting the
particles points in along the z axis). In
this case it is convenient to use
spherical coordinates and due to the
assumed symmetry of the situation,

Figure 2.11. Diagram of electric field anc
velocity orientation.

expand the distribution function in
terms of Legendre polynomials,
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f = Y . f*(C ase)/t =/„ + Casfl/, + . . .
k

2-40

where 9 is the angle between the velocity component of f and the electric field (figure
2.11). The first component on the right hand side of equation is an isotropic component
of the distribution function and the components of the expansion following this account
for any anisotropies in the plasma. The smaller 0 is the greater will be the contribution
of fj to the overall distribution function f.
The electric field in the plasma will add an additional drift velocity to the
electrons, but this velocity will be much less than the electron thermal velocity,
\
8kTe

( n n m ej thermal

J

-e E

)

2.41

1VW„(v
+ j<ù)
e
/drift

Therefore one can assume that the isotropic component of the EDF will be greater than
the anisotropic components.
The expansion of the EDF into Legendre polynomials can be incorporated into
the Boltzmann equation,

dE pA
&

+ vvr£ i y , + av„ £ p/t k

k

2.42

k
dt

colls

From this form of the Boltzmann equation one can determine the electron kinetics in an
actual plasma subject to an electric field.

2.6 Kinetic modelling of the ICP.

2.6.1 The local model.
In order to reduce the complexity of the Boltzmann equation a model of the plasma
is usually employed i.e. assumptions are made about the characteristics of the plasma. This
description is incorporated into the Boltzmann equation and the EDF is then calculated. One
such model is known as the local model and may be applied to the inductively coupled
plasma under certain conditions (electron mean free path less than plasma dimensions) [37].
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There are several assumptions made about the plasma characteristics incorporated in
the local model. Firstly the plasma is assumed to be homogeneous with no space charge field
or diffusion of particles. Secondly the EDF is assumed to be in equilibrium with the local
electric field. The version of the Boltzmann equation solved in this case is known as the
homogeneous Boltzmann equation. It is found from an expansion of equation 2.42 using the
assumptions stated here. It is convenient to use a distribution function of electron kinetic
energy, f(u), rather that speed, f(v), as one is dealing with the energy gained from the
applied RF field and the energy lost in collision processes. To change the electron
distribution function from a speed to energy dependence consider,
2.43

V

v

where n is the total number of particles in volume v. But,
du

=

2.44

d ( —m v 2) = m v d v
2

Therefore from equation 2.43 one has,
Av) = mvfiu)

=

2.45

<j2mu J(u)

In terms of kinetic energy, u = m v 2/2e (kinetic energy in electronvolts), the kinetic equation
for the local model becomes,

^ M 3/2vm FQ =

[Vt(u) yJhF0 - Vk(u

ju + ukFa(u +«*)] + Sm

/
2.46
where,

2.47
f t (V^(M) + CO2)1/2

The first term of equation 2.46 represents electron heating due to the applied electric field,
Erf. The effective electric field strength, E ^ (equation 2.47), arises from the dependence of
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heating efficiency on the momentum transfer collision frequency ^ ( u ) [37,38]. Electrons at
a given energy with a low collision frequency will see the applied electric field Erf, but will
not transfer energy to the plasma as efficiently as electrons with a higher collision frequency
at a different energy which also see Erf. Thus E ^ will be larger for electrons with greater
collision frequencies. The larger the effective electric field strength the greater will be the
effect on the electron distribution function.
The second term in equation 2.46 is the change in the distribution function resulting
from elastic collisions. This change is related to the energy transferred in an elastic collision
which is the coefficient for elastic collisions, 2me/M, times the energy of the electron
undergoing the collision.
The first term on the right hand side of equation 2.46 represents the change in the
electron distribution due to energy losses resulting from inelastic and electron-electron
collisions respectively. Here uk is the energy required for (and lost in) an inelastic collision
of type k. The total change in the distribution function due to inelastic collisions is equal to
the sum of the individual changes due to the various types of inelastic collision processes.
Electron-electron collisions are denoted by the last term in equation 2.46. These collisions
are important as they help to thermalise the EEDF as the transfer of energy between
electrons due to these collisions can be very efficient.
For the inductively coupled plasma, where the electric field powering the plasma is
inhomogeneous due to the skin effect, the EDF will be hotter (have a higher density of high
energy electrons), nearest the antenna where the electric field is a maximum. Since ionisation
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and excitation are sensitive to electron energy one would expect that most of these processes
will occur within the skin depth according to the local model.
Moving away from the antenna the EDF will cool, there are fewer high energy
electrons present since the heating field is not so strong. This assumes that the mean free
path of the high energy electrons is of the order of a skin depth. The principle energy loss
mechanism for the high energy electrons is inelastic collisions since most of the electrons’
energy is lost in such a process [39,40]. The effect of the elastic collisions involving the bulk
electrons may be ignored since the change in electron energy is small [40,41] (energy change
per elastic collision Au = u¡ 2me/M where u¡ is the initial electron energy). The short mean
free path requirement for electrons undergoing inelastic collisions restricts the model to
conditions of relatively high pressure. Figure 2.12 shows expected behaviour of the EEDF
under local kinetic conditions.

2.6.2 Introduction to the non-local model.
An important aspect of the non-local model is the presence of a space-charge potential
in the discharge. This effects the kinetic energy of all electrons in the discharge and restricts
the motion of low energy electrons. The resulting behaviour of the EEDF is different to that
predicted by the local model. It is sometimes convenient in this case to introduce the electron
distribution function of total energy, kinetic plus potential energy. This can account for the
effect of the space charge on the kinetic energies of electrons.

2.6.3 Non-local model.
The non-local model can be applied
to plasma where the energy relaxation length
of electrons is comparable to the plasma
dimensions. Thus the non-local approach is
particularly appropriate for the investigation
of low pressure plasmas. The effect of
diffusion and the space charge potential are
included in the Boltzmann equation, and the
EDF is not in equilibrium with the local
electric field.

Figure 2.13. Schematic of space-charge
potential energy profile, -<£(z).
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A consequence of the long mean free path of electrons relative to the plasma size
is that their spatial diffusion is much greater than their diffusion in energy space:
electrons which gain energy within the driving RF electric field can migrate across the
plasma without any loss in energy [3,42,43].
This fact must be coupled with the effect of the space charge potential which acts
as a potential well for electrons. Electrons which traverse this potential gradient will lose
kinetic energy but their total energy will remain constant. It is useful therefore to state
the EDF in terms of total energy rather than kinetic energy.
It also follows from these arguments that there is one EDF of total energy, e,
F[e=u-0(z)], applicable at any position in the plasma. In order to determine the EDF of
kinetic energy, F0[u,z], at any position one simply back substitutes u = e + 0 (z ) into the
EDF of total energy.
The equations describing the non-local electron kinetics are those derived by
Kortshagen et al [3,43]. In terms of the EDF of total energy F[e=u-F(z)], the Boltzmann
equation is written as,
2.4
+ VA

= £ * i v * ( £ ) ' f e F ~ v * ( e + « * ) y / r z ; « * + « * ) ] + s ee

8

where

z(e)

3

2.49

and

v * (e)

=

f vk(u)y/u(ddz ■
o

2.50

2.51
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Total energy

Te(b)

Position

Figure 2.14. Sketch of EEDF of total energy under non-local kinetic conditions and
potential energy profile.
The terms above account for the heating of electrons due to the applied RF electric field
Erf and energy losses due to elastic and inelastic collisions respectively. The parameters
are spatially averaged over the discharge region from 0, the discharge centre, to z(e), the
extent to which an electron o f total energy e can travel in the plasma. For the non-local
model the heating terms dominates the equation.
A schematic of the potential energy gradient due to the presence of the space
charge is given in figure 2.13. The electron potential energy minimum is found at the
centre of the discharge and rises to a maximum at the chamber walls. Excitation and
ionisation reactions are possible only for electrons with sufficient kinetic energy and so
follow the same profile as the space charge potential energy. Unlike the local model
where electron heating and ionisation occur in the same region of space, here much of
the inelastic processes occur in the centre of the discharge, away from the antenna. In
order for a plasma to be sustainable the minimum energy required for excitation must be
less than the wall potential otherwise electrons would simply leave the plasma without
any prospect of ionisation occurring.
Although the total energy of any electron may be constant, its kinetic energy may
go to zero if it has insufficient energy to overcome the space charge potential energy
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gradient and diffuse to the walls. In that case the electron will be trapped within a region
of plasma by the space charge potential. Therefore if one were to determine the EDF of
kinetic energy at a point greater than z(e), electrons with total energies below € would
not be included. Therefore the EDF of kinetic energy will differ across the plasma only
by the absence of electrons which cannot reach that point in the plasma figure 2.14.

2.7. Conclusions.
In this chapter many aspects of ICP operation at low pressure were discussed. The
electrical characteristics of the discharge, which can be derived from the straightforward
transformer model, can give an insight into the electromagnetic interaction of the antenna
and plasma. Low pressure heating is one area of ICP behaviour not fully understood, but
one proposed mechanism from Turner [25] was presented here. The mechanism is a
warm plasma effect and can explain the possibility of sustaining a low pressure ICP
( < lOmTorr) which could not be sustained solely by Ohmic heating. Electron kinetics in
the ICP, particularly at low pressure, show interesting behaviour. At the low pressures
at which the discharge is being operated, one would expect that the non-local model will
dominate electron kinetics. Therefore one would expect to find an EEDF of total energy
which is valid across the width of the discharge.
All of the aspects dealt with in this chapter are investigated experimentally in later
chapters. A thorough characterisation of the principal plasma parameters of the ICP is
presented in chapter 4. Low pressure heating of the ICP is experimentally investigated
in chapter 5 with a survey of electron kinetics presented in chapter 6.
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Chapter 3: Plasma Diagnostic techniques.

3.1 Introduction.
In this chapter the diagnostic tools and diagnostic methods used in the project are
discussed in detail. They include the RF circuit diagnostics, the RF probes, and the
plasma diagnostics, the Langmuir and magnetic field probes. The methods used for
parameter evaluation are also described, as well as the possible problems associated with
each diagnostic.

3.2 RF electrical measurements.
The measurement of the RF power, voltage and current are useful diagnostics in
the investigation of the behaviour of the inductive plasma. For example, the switching
from a capacitive to an inductive heating mode in the plasma at low power and pressure
(20W at 5mTorr), can be seen clearly as a drop in the measured RF current and voltage
to the antenna, although the measured power is unchanged. More power is actually being
absorbed by the plasma in the inductive mode as the phase difference between the voltage
and current is reduced. Knowing the electrical characteristics of the antenna circuit one
can estimate the plasma resistance. This information can help investigate the heating
process of the low pressure ICP (chapter 5). Most importantly the power input to the
plasma can be determined, although this is not a straightforward procedure as will be
discussed later. Since the matching of the overall system can be detrimentally affected
by the addition of any electrical component to the overall circuit, the power, voltage and
current probes are designed to have a minimal effect on the RF signal. To allow an
accurate measurement of the voltage and current on the antenna, the probes are placed
next to the antenna input, the power meter is placed next to the power supply as it has
an input impedance of 50fl. The power meter, RF voltage and current probes are
described in detail below.

3.2.1 The power meter.
A directional power meter, Bird model 43, is used to measure the RF power. It
has a power range of 1W to lkW and a frequency range of .45MHz to 2300MHz. The
meter contains a rotatable element to sense both forward and reverse powers. The
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Figure 3.1: RF power meter circuit diagram.
element contains a loop which can detect the magnetic field in the nearby section of the
RF current carrier. A voltage appears across the loop proportional to both the current in
the current carrier and the mutual inductance between the loop and the current carrier.
The meter circuit is shown in figure 3.1. The voltage seen by the meter is the
voltage drop across the resistor R plus the voltage drop across the loop with mutual
inductance M with the RF line,

Vprohe = j< * C R V ± j < ù M I

3.1

The voltage across the loop can be either positive or negative depending on its
orientation. The value o f R is set very much smaller than the capacitor reactance and the
components are also chosen such that,

3.2

where Z0 is the characteristic impedance of the line carrying the RF current, which is
50fl. The probe voltage is now,

y ^ - i ^ ( L ±r)

3.3

The voltage at any point on the transmission line is equal to the sum of the forward and
reflected voltages, Vf + Vr. The current is equal to the forward minus the reverse current,
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Thus when the probe element is turned to face the load, in the forward direction, the
probe voltage becomes,

Vprobe
^ =

y

£

3.5

*0

When the probe is rotated by 180° to face the source one finds,

Vprobe
, =

J2uM Vt
y

3.6

¿0
The voltage on the probe is rectified to give a dc signal, and displayed on a meter
calibrated in RF watts.
In practice not all of the forward power measured by the power meter will be
deposited in the plasma. As much as 90% of the RF power can be lost in the RF circuit.
As a result of the increase in component resistance at RF, due to the skin effect, much
of the losses will occur at soldered joints in the line. Several methods for calculating
power losses in the circuit are discussed in section 3.3.1.

3.2.2 The RF voltage probe.
The voltage probe circuit, shown in figure 3.2, is basically a voltage divider
employing a capacitor and resistor. The presence of the capacitor means that the probe
only samples the ac part of the RF signal. The voltage probe is placed between the
matching unit and antenna to allow the voltage on the antenna to be determined as
accurately as possible. A resistive divider network cannot be used as it would cause
severe loading of the RF signal to the antenna. The voltage drop across the probe output
is proportional to the voltage drop across the load. To ensure the current drawn by the
probe is negligible compared with the current to the antenna, the impedance of the probe
is kept high. The capacitance of the probe is 3-5pF, which at 13.56MHz has an
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Figure 3.2: RF voltage probe circuit diagram.
impedance of 3.9-2.3kO. The probe can be read directly from a scope with a 500
termination, and has a scaling factor of 213.7:1.
The circuit in figure 3.3 is used to calibrate the probe. The idea is to measure the
actual voltage of the RF signal at the probe and compare it with the voltage output of the
probe. A 5012 internal termination on the HP5402A scope allowed the line voltage to be
determined accurately, the scope input being perfectly matched with the generator output
of 50Q. A range of input powers, below 5W to prevent damaging the scope, were chosen
to obtain an average ratio of input voltage to probe voltage.

Power
meter

RF
Power
Supply

Current or
RF Voltage
probe

«

HP5402A
t scope with
50 ohm input

Scope
(50 ohm input
for voltage
probe)

Figure 3.3: RF probe calibration setup.
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Figure 3.4: Rogowski coil and one loop of coil.
3.2.3 The RF current probe.
The RF current probe is used to measure the current at the antenna and is
positioned between the voltage probe and the antenna. The probe itself is basically a
Rogowski coil placed around the RF line as shown in figure 3.4. Rogowski coils are
widely used high frequency current measuring devices [1,2]. The coil is made up of an
insulating torus around which is wrapped a thin conducting wire. From Amperes law the
magnetic flux from the RF current, I = I0 sinwt, flowing in the line is [3],

B =- ^ í
2nr

3.7

The magnetic flux <¡>threading one loop is,

i . r u

J

.

7

2%

J

*

r

3.8

where a, b and c are the coil dimensions shown in figure 3.4. From Faradays induction
law there will be a voltage induced on the loop as a result of the flux <j> threading the
loop and also another contribution due to the loop inductance, L,
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3.9
dt

dt

where Ic is the current in the rogowski coil. One can also write this in terms of the coil
resistance, R,

I = - _ L # + L dl°
Rdt
R dt

3.10

By setting the value of L/R greater than the RF frequency one can relate the flux
threading the rogowski loops and the current flow in the coil directly,

One therefore can get a frequency independent response from the coil which is known
as an integrating rogowski coil.
To prevent the rogowski coil itself acting as one large current sensing loop, the
return wire is fed back along the torus through the centre of the individual loops.
Another method to prevent a distorted signal is to reduce the magnetic flux linking the
rogowski coil torus. This can be achieved be placing the coil inside a conducting shield.
Any flux threading the torus will induce a current in the shield which in turn will

f/ìn H iiM in n
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Probe output

Figure 3.5: Rogowski coil shielding.
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produce a magnetic field in the opposite direction, thus reducing the magnetic flux
passing through the torus. There is a slit cut around the inside of the shield to allow
measurement of the RF current in the line (figure 3.5) [1].
The probe is calibrated using a method similar to the voltage probe calibration,
figure 3.3. An RF current is fed down the line to a 50Q scope input. From a voltage
reading on the scope the current in the line can be calculated and this is compared with
the voltage output by the current probe itself. The RF power is reset at several values
below 5W to allow a calibration curve to be determined without damaging the
oscilloscope. The probe was found to have an output of 135mV per Amp.

3.3 RF parameter measurement.

3.3.1 RF power measurement.
Obviously not all the power measured at the power meter, which is positioned at
the power supply, will reach the antenna. There will be losses in the RF network at
circuit connections and in the line itself. There are several methods used to determine the
actual power which reaches the discharge [4], One can obtain the discharge power using
current and voltage probes positioned next to the antenna input if the phase difference
between the two, 0, is known,
P d. = Vrms I rms cos <&

3.12

Another method is to multiply the voltage and current waveforms and integrate the result
over one cycle,

p d = j f V(t)I(t)dt

3.13

A third method used to determine the power dissipated in the discharge is to subtract the
power dissipated in the circuit with a plasma present from that without a plasma. The
plasma is switched on and the matcher is tuned until the power reflected is a minimum.
The forward power is then determined using the power meter and the peak to peak
voltage is measured on an oscilloscope using the RF voltage probe positioned at the
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antenna. The power to the system is reduced until the plasma is extinguished. Without
adjusting the matching unit, the power is increased again until the peak to peak voltage
reaches the value measured with a plasma switched on. The forward power is then read
off the power meter. The power to the discharge is simply the difference in the powers
measured with and without a plasma. For the experiments carried out here the power is
measured directly from the power meter as power losses are low when the discharge
operates inductively (< 1 5 % ).

3.3.2 Determination of the electrical characteristics of the antenna and plasma.
Investigating the behaviour of the load impedance, the impedance of the antenna
and plasma, is a useful way of studying the characteristics of an ICP. It can give an
insight into the. interaction of the antenna electromagnetic fields and also provide
evidence as to the heating mechanism prevailing in a low pressure discharge. These
aspects are discussed in detail in sections 2.3 and 2.4.
The load impedance, ZL= R L+jo)LL, can be determined from RF power meter,
RF current and RF voltage measurements where,

7- - f t ‘? i

« (ü L l

3.14

rms

and.

R

, - ^

3.15

^rms

Equation 3.14 is a good approximation when the load resistance is very much less than
the load reactance, which is usually the case.
Plasma resistance measurements taken for the investigation of the low pressure
heating mechanism of the ICP require only relative values, the actual resistance is not
required. Thus the resistance measurements taken here are sufficient even though the
contribution of the antenna resistance is not subtracted. The contribution of the antenna
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to the measured resistance is assumed to be constant for all measurements taken, so any
changes is resistance are solely due to the plasma.
The same argument can be made for the inductance measurements. Any changes
observed in the inductance o f the load will be due to the plasma. The inductance
measurements show the electromagnetic interaction of the antenna magnetic field and the
magnetic field set up by the plasma current. The magnetic field produced by the plasma
opposes the magnetic field o f the antenna, thus reducing the overall magnetic flux of the
system, which leads to a reduction in load inductance.

3.4 Plasma parameter diagnostics.

3.4.1 The magnetic field probe.

The magnetic field probe works on a similar principle to the rogowski coil or RF
current meter described above. It senses the magnetic field from the antenna in the
plasma and a voltage can be measured at its output terminals which is proportional to the
strength of the magnetic field. As before, from Faradays induction law, voltage is
induced on a conducting coil when magnetic flux passes through it [5,6],
V =
p

dt

= - f — .<2d
J dt

3.16

The probe output is therefore proportional to the time rate of change of the magnetic
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field (which is proportional to the magnetic field strength), and the probe is also referred
to as a "B dot" probe. The probe usually has several loops of wire are wrapped around
a central holder to magnify the induced voltage on the probe Figure 3.6.
The probe constructed for this experiment was made from .4mm diameter wire
looped 15 times around a 1cm circular holder. The probe tip was covered with Torr Seal
resin and the probe terminals were extracted as a twisted pair through a 4mm diameter
pyrex tube through a Wilson seal. By wrapping the output terminals of the probe as a
twisted pair distortion of the signal is reduced as the only induced voltage measured
would be that due to the magnetic field threading the probe tip. The Wilson seal allowed
radial movement of the probe from next to the antenna to near the chamber wall. Care
was made that measurements were taken when the probe output was a maximum i.e.
when probe loops faced parallel to the antenna axis and perpendicular to the antenna
magnetic field. With the probe inserted into the plasma there was no appreciable change
in the reflected power measured by the power meter indicating that the effect of the
probe on the discharge was negligible.

3.5 The Langmuir probe.

3.5.1 Introduction.
The Langmuir probe is a widely used plasma diagnostic technique for the
determination of discharge parameters such as electron and ion density, electron
temperature, plasma potential, floating potential and electron energy distribution function
(EEDF). By careful design the probe may be made to take measurements of local
discharge conditions at any required position within the plasma. Interpretation of probe
measurements is not straightforward, but there are well established theories for low
pressure plasmas such as those of Laframboise and Druyvestyn, for analysing probe data.
Using the Langmuir probe in RF plasmas can cause complications as the probe output can
be distorted. This problem will be discussed in this section as well as a brief explanation
of the probe theories used.

3.5.2 Theory of probe operation.
The Langmuir probe is a biasable conductor placed in the plasma. As the voltage
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Figure 3.7: Ideal probe characteristic.
put on the probe with respect to the discharge chamber is changed, the current drawn by
the probe also changes. It is the relation between the probe current and voltage, which is
the key to the Langmuir probe diagnostic. The probe conductor is usually small so that
it does not perturb the plasma. It can be cylindrical, plane or spherical in shape depending
on the application. A plane disc probe with one exposed face was used specifically for
directional measurements in this project, section 5.2, while a cylindrical probe was used
for measurement of general plasma characteristics.
The theory which one applies to analyze this data depends on the gas pressure in
the plasma being examined. The low pressure theory of Laframboise and Druyvestyn [7-9]
can be applied when,
rp < X ; XD < X

3.17

where rp is the probe radius, \ D is the debye length and X is the electron mean free path.
Thus the plasma is collisionless around the probe and the possibility of electrons being
accelerated to the probe and causing ionisation of neutral particles there is discounted. If
this ionisation were to occur it would add a component to the probe current not present
in the bulk plasma. One must also make some further assumptions: the bulk plasma is
made up o f a quasi-neutral collection of neutrals, electrons and single charge positive ions,
the plasma is sufficiently collisional for these particles to be described by a Maxwellian
energy distributions, there are no magnetic fields present and all charged particles which
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reach the probe are collected [9].The final assumption prevents the occurrence of
secondary electron emission from the probe surface. If highly energetic electrons strike
the probe surface with energies above the work function of the probe they may dislodge
charged particles from its surface [7]. These electrons would then contribute a current to
the probe which is not present in the background plasma. Obviously the real plasma may
not conform to these assumptions, so one must appreciate this fact when interpreting the
probe results.
When a voltage is placed on the probe it attracts charge of the opposite sign and
repels charges of the same sign. Thus around the probe a sheath of oppositely charged
particles forms which tends to shield the probe electric field from the surrounding plasma.
There is a quasi-neutral presheath region between the probe sheath and bulk plasma into
which the probe potential penetrates, according to the Bohm criterion for sheath formation
[10].

In the presheath, the probe potential accelerates the ions to energies of half the

electron temperature at the sheath edge, E+= kT e/2, which is required for stable sheath
formation. The sheath is effectively a potential well for charged particles of opposite sign
to the probe potential and a potential gradient for like charged particles. Therefore the
majority of oppositely charged particles which enter the sheath will be collected; some
charged particles can form orbits around the probe and not be collected (orbit limited
current [7]) Those particles of like charge have to have sufficient energy to overcome the
sheath potential in order to be collected by the probe.
This behaviour can be noted from the shape of the I-V characteristic, figure 3.7.
When the probe potential is sufficiently negative only ions which enter the probe sheath
are collected as there are no electrons with sufficient energy to overcome the potential
barrier around the probe. The current collected by the probe is known as the ion
saturation current and is given by,

/ +sat = n + euv + S

3.18

where v + is the average ion or acoustic ion velocity, and S the probe collecting area or
in this case the sheath area around the probe (a function of probe voltage).
When the probe voltage is increased the probe begins to pick up energetic
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electrons. This region of the probe characteristic is known as the electron retardation
region. The probe current now becomes,
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3' 19

where Vpro is the probe voltage and Vpla is the plasma potential.
A point is reached, the floating potential, when the net current collected by the
probe is zero i.e. the electron and ion fluxes to the probe are equal,
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As the probe voltage is raised still further, more and more electrons are collected
as the sheath potential is reduced. When the probe sits at the plasma potential, the sheath
disappears and the probe current is due only to the thermal flux of electrons and ions. The
current collected now is,

n ev S

n ev S

2

1

probe

„

Since the electron velocity is very much greater than the ion velocity the probe current
is electron dominated. As the ion energies are very much less than the electron energies,
the fall off of the ion current to the probe occurs quickly as the probe voltage is raised
a few volts above the plasma potential. When the probe voltage is sufficiently positive so
that only electrons are collected by the probe, the probe current is known as the electron
saturation current.

I
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3.22

Chapter 3 page 60

3.5.3 Langmuir probe plasma parameter measurement.
From the I-V characteristic one can determine some of the characteristics of the
plasma [11]. Considering the electron current to the probe in the electron retardation
region to be given by,

I

=

n ev S
e(V - V . )
e g exp(
pro
pUl)
4
w
kTe

3.23

Taking the log of this equation and differentiating both sides with respect to the probe
voltage one finds,

d h lIe -

dV

e

3.24

kTe

Thus from the inverse of the slope of a plot of In Ie versus probe voltage one can
determine the electron temperature. One problem in determining this parameter is
knowing the electron current to the probe. To do this one must first know the ion current
to the probe and take it away from the total probe current. An estimate of the ion current
present can be found from the ion saturation current taken from the I-V characteristic.
The plasma potential can be estimated from the maximum of the first derivative
of the I-V characteristic,

=V

3.25

This is not quite accurate as the maximum in the derivative can occur below the voltage
where electron saturation is reached. This can be corrected using the current and voltage
found at the maximum derivative,

3.26

where I0 is the electron saturation current. From this one finds the plasma potential to be,
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3.27

The floating potential can be found where the I-V characteristic crosses the voltage axis
when the probe draws no net current. When the electron saturation current and electron
temperature are known, equation 3.22, one may determine the electron density,

3.28

This analysis is derived from the theory of Laframboise where the assumptions mentioned
above are made.

3.5.4 EEDF measurement.
One of the most important characteristics of a plasma is the electron energy
distribution function or EEDF. From it one can determine average characteristics of the
plasma,

Jj(e) X(e) de = <X>

3.29

where X(e) is the quantity of interest [12]. It is important for the calculation of process
rates involving electrons, such as ionisation,

ffie ) o(e)v(e)de = <ov>

3.30

The Druyvestyn formula may be used to determine the EEDF of an isotropic plasma
from the second derivative of the electron retardation region of the I-V characteristic, and
is given by,

3.31
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The assumptions made about the condition of the plasma which were made in the
Laframboise analysis also apply here.
To determine the EEDF for a given plasma, the plasma potential is firstly
ascertained, often using the analysis above or the voltage at which the second derivative
of the I-V characteristic goes to zero. The plasma potential is then the zero energy
reference for the energy distribution. In this project the second derivative of the I-V
characteristic was taken at energy steps of ,5eV at low electron energies, up to 5eV, and
leV steps at higher electron energies up to 50eV. Having determined the EEDF one can
integrate it to give the electron density at probe position.

3.5.5 Langmuir probes in RF plasmas.
The use of Langmuir probes in RF plasmas is not straightforward as RF distortion
of the probe characteristic can occur. Unlike dc plasmas where the plasma potential is
time invariant, the plasma potential of an RF plasma is time dependent. A fixed bias
probe will therefore draw a time dependent current as the voltage drop across the plasmaprobe sheath changes. It can be assumed that the plasma density and electron temperature
are time independent if the inequalities,
<o»v^

hold, where

k

; <o >

kvc„

3.32

is the proportion of energy transferred per electron neutral collision

(2me/M). For the low pressure Argon plasmas in this study these conditions are satisfied
[13].
The current drawn by a probe placed in an RF plasma can be written as [14],

w

- /. - m

3-33

The positive ion current collected by the probe is not modulated by the RF as the ion
frequency is less than the driving frequency, and ions cannot follow the changes in the RF
field.
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Assuming that the plasma potential in an RF plasma has a sinusoidal variation it
can be given by,

V /t) - Vpte * V J f ) =

* V ^ in u t

3.35

where Vpdc is the dc component of the plasma potential and Vprf is the RF component.
Therefore equation 3.33 becomes,

w < > =

-

v

- y^> *

3 -36

An instantaneous measurement of the probe current will include the RF distortion and a
subsequent measurement at the same probe bias at a later time may produce a different
result. Taking instead the time averaged probe current one finds,

I
T
1probe = - ^ e x p ( e ( 7 - V p J )fexp (e(-V pijSino>t)dt + I +

3.37

or.
W

=

+h

¿>0

3.38

Thus the electron current to the probe in the electron retardation region is increased due
to the RF distortion.
At the floating potential the electron and positive ion currents drawn by the probe
are equal. In an RF plasma the floating potential occurs at a lower probe voltage than in
a dc plasma, because the probe will draw enough electrons at a lower bias to cancel the
positive ion current. The electron temperature, which can be found using equation 3.24,
will be overestimated as the slope of the electron retardation part of the I-V characteristic
is reduced. From equation 3.28, one can also see that the electron density calculated will
be underestimated. Typical dc and RF I-V characteristics are compared in figure 3.8 and
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Figure 3.8: Comparison of dc and RF distorted I-V characteristic.

show the probe distortion resulting from the RF fluctuation of the plasma potential. This
distortion will obviously effect the first and second derivative of the I-V curve and
therefore effect EEDF measurements [8,15,16].
The problem with Langmuir probe operation in RF plasmas is to remove the RF
voltage from the applied RF probe voltage.

3.5.6 The tuned probe.
There are several possible approaches used to acquire an undistorted probe
characteristic from an RF plasma. Time-resolving the probe output from an ordinary
Langmuir probe is one possibility, but it requires fast measurement times, much less than
one RF cycle [17]. This is difficult at high RF frequencies (> lM H z ) as a sheath, as
demanded by the probe theory, cannot fully form in less than one RF cycle as ions cannot
follow the instantaneous RF field, co>a>i. Another method is to superimpose an RF signal
of the same frequency, amplitude and phase on the probe and thus eliminate the RF
voltage across the probe plasma sheath [18]. This is difficult in practice as the plasma RF
signal is likely to include harmonics which would be difficult to match using external
circuitry. A capacitive probe can be used to measure the actual time varying plasma
potential and then the distorted I-V characteristic can be ’undistorted’ using complex
numerical techniques [19].
The method used here is to employ a tuned probe which filters out the RF signal
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Figure 3.9: Probe circuit diagram including plasma.
before it reaches the probe diagnostic hardware [20,21]. To reduce the distortion of the
probe signal the probe sheath potential must be low, less than the electron temperature.
Thus only a small fraction of the RF fluctuation occurring in the plasma can be allowed
fall across the probe-plasma boundary.
A circuit diagram of the tuned probe is shown in figure 3.9. Csh and Rsh represent
the probe sheath impedance and Cs the stray impedance between the probe and chamber
wall. From simple component analysis one can approximate the probe sheath impedance
to be that of a cylindrical capacitor,

C,h - 2jte0
--------JA
■nK'rf * r j / r j

3.39

where rp is the probe radius and rsh is the sheath radius. The probe sheath thickness may
be estimated from the Langmuir equation,
rs * (1 + V/kTe)l/2.XD

3.40

where V is the probe voltage with respect to the plasma potential and XD the Debye
length. This is approximately .59pF for a plasma density of lx l0 10cm'3 electron
temperature o f 2eV and letting rs«2A D. Compared with a stray capacitance of
approximately 2-5pF, one can see that most of the RF voltage will fall across the probe
sheath. By

insertinga

capacitor in parallel with

C2 one can immediately

reduce theprobe
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impedance. This new capacitor takes the form of a thin 1.5mm radius, conducting
cylinder linked capacitively to the probe tip. The cylinder is unbiased but in contact with
the plasma an therefore a sheath of approximately one Debye lengths thickness forms
around it. Using equation 3.40 above one can again estimate this sheath resistance to be
approximately 18pF. As the probe capacitance is now dominated by an unbiased
capacitance C2, the probe capacitance is now independent of probe bias. The voltage drop
across the probe sheath is reduced as more of the RF voltage will now appear across the
stray impedance.
To reduce the RF voltage drop across the probe sheath still further the impedance
of the probe to ground can be increased with the introduction of a blocking self-resonant
inductor, Lb. The inductor (lOO^H) has a self resonant frequency of approximately
13.56MHz i.e. at that frequency it presents a large impedance to the RF signal. This
results in a very large probe to ground impedance meaning that less of the RF signal will
be dropped across the probe sheath, resulting in an undistorted probe signal.
Figure 3.10 shows a diagram of the tuned probe. The ceramic cylinder is used to
separate the probe tip from the metallic sleeve. The probe tip is usually short, 5mm to
10mm, of .2mm to .5mm radius and made from tungsten. The inductors are placed as
close as possible to the probe tip to reduce the loading of the probe output due to parasitic
capacitances.
Another version of the tuned probe is a tuned disc probe, figure 5.1, which was
used to take directional measurements in the plasma. It could be rotated to face in the
direction o f interest, principally in the azimuthal direction where an electron current was
detected and then in the longitudinal direction to sample the background plasma. As the
probe has only one open face it detected the electron current, which followed the induced
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electric field, during every alternate half cycle and thus acted as a diode. The probe output
is therefore given by,

3.41

A > 0

o
where Idc is the probe current due to the background plasma and the electron current is
assumed to be sinusoidal with the probe sampling it for half a cycle, 0 to

t.

Thus there

is an extra component on the probe output, regardless of the probe tuning, due to the
electron current. EEDF measurements were taken using the probe and did show a
directional dependence (section 5.1).
The probe is still of course open to measurement errors, the principal reason for
measurement errors being probe contamination. The probe tip may become covered in
spluttered material, glass from the test tube covering the antenna for example, which can
contribute to additional resistance in the probe circuit. The collecting characteristics of the
probe may also change when the probe gets hot due to high probe currents as the probe
voltage is raised. This leads to a change in the probe work function meaning that the
electron collecting properties of the probe tip can change. This effect can be seen as a
hysteresis in the probe characteristic. Contamination can be reduced by bombarding the
probe tip with ions by placing a high negative voltage on the probe (-lkV) or by heating
the probe to white hot for a few seconds by placing a positive voltage on the probe tip
(+100V) [8],

3.5.7 Probe diagnostic hardware.
In order to get fast and reliable plasma parameter measurements from the tuned
probe output the probe system was fully automated [22]. Probe diagnostics hardware
includes two digital to analogue convertors to read probe current and voltage
measurements and to connect with a computer. The computer runs a QuickBasic program
which sets the voltage on the probe and reads the probe current. Plasma parameters are
calculated and then recorded by the computer.
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3.6 Conclusion.
Using the diagnostic techniques above, RF probes and plasma probes, one can
make a detailed survey o f the ICP. Although the probe techniques are quite versatile one
must keep in mind the possibility o f measurement errors occurring due to incorrect data
interpretation or faults in diagnostic technique. To this end particular measurements were
retaken several times to ensure the results had general agreement.
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Chapter 4: ICP parameter measurement.

4.1 Introduction.
In this chapter results of an experimental investigation of the ICP system are
presented. Measurements were taken in an Argon and also in a Hydrogen discharge using
the diagnostic techniques described in chapter 3. The parameter measurements can be
divided into two broad areas. Firstly external electrical measurements taken at the RF
circuit powering the plasma. They give an insight into the mechanism by which power
is coupled into to the discharge and allow the RF power absorbed by the plasma to be
determined. The second category covers the measurements taken in the plasma using the
Langmuir and magnetic field probes (the Hydrogen measurements were taken at a fixed
probe position only whereas Argon measurements were taken radially as well as at a
fixed position inside the discharge). Some of these measurements are examined in greater
detail in chapters 5 and 6 in relation to specific aspects of low pressure ICP operation.

4.2 The experimental system.
The experimental system is an ICP with an internal antenna positioned along the
axis of the cylindrical discharge chamber as shown in figure 4.1. The system consists of
four main component groups: the chamber and vacuum hardware, the RF circuit
providing power to the antenna, the antenna and finally the diagnostic probes. The
diagnostic probes are described in detail in chapter 3.

4.2.1 The discharge chamber.
The discharge chamber is a stainless steel cylinder, 30cm long and 20cm inside
diameter (figure 4.1). At one end there is a 5cm diameter entry port for the introduction
of the antenna piece. There are a total of eight NW25 ports available on the discharge
chamber, allowing the connection of plasma probes and pressure gauges. Baratron,
penning and pirani gauges are used for gas pressure measurement, the first two being
used for the low pressure work. The base pressure of the system was 10'6Torr.
Behind the discharge chamber lies a second cylindrical chamber which formerly
held an accelerator and faraday cup array for use as an accelerator in a negative ion
experiment. Negative ions were produced in a pulsed filament driven multicusp Hydrogen
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discharge and extracted by a positively biased accelerator placed close to one end of the
discharge chamber. Extracted electrons were removed by placing magnets in the entry
to the accelerator. The negative ions were then detected by a faraday cup placed behind
the accelerator. Results seem to show an increase in extracted negative ion current
shortly after discharge shutdown (100/xS) [1,2].
Connected to this second chamber is a 230l/s turbo pump coupled with a backing
pump. The gas was introduced via a mass flow controller which allowed very sensitive
adjustment of the chamber pressure.

4.2.2 RF design considerations and the RF Circuit.
Attention to safety must remain a priority when using RF. Contact with live high
voltage RF equipment can cause sever burns, but the likelihood of such accidents can be
reduced by properly shielding circuit elements and correctly earthing exposed equipment.
The radiation emanating from the system at 13.56MHz is not close to the H20 resonance
frequency of 2.45GHz, used in microwave cooking, to be of great danger. However
exposure to high radiation levels is inadvisable.
Radiated power at radio frequencies can cause problems with sensitive equipment
. The power radiated from an oscillating voltage source is proportional to the fourth
power of the frequency of oscillation [3]. Thus at RF, radiation losses can be significant.
To prevent radiation leakage aluminium foil and aluminium shielding is used to cover any
potential radiation sources, such as at lead connections etc. Equipment liable to be
affected by the RF radiation, such as the langmuir probe diagnostic electronics, are
housed in faraday cages.
Before work can begin on examining the inductively coupled plasma using the
available diagnostic tools the problem of feeding RF power from the generator to the
discharge must be overcome. A circuit must be designed to transfer maximum power to
the plasma, but to do this the subtleties of circuit design at RF must be appreciated. At
RF complications arise since circuit components can acquire properties unseen at dc or
low frequencies. A component with a high impedance at low frequency can have a low
impedance at RF. Even a piece of wire can have a non-negligible inductance and a
significant resistance at RF. The effect of RF on probe measurements taken in the plasma
should also be considered (section 3.3.8).
Chapter 4 page 74

At low frequencies the entire cross-sectional area of a conductor is used as a
transport medium for charge carriers, but as the frequency increases to RF levels the
situation changes [4]. At RF a magnetic field is set up at the centre of the conductor as
a result of the moving charges. This magnetic field impedes the flow of current down the
centre of the conductor, so that more of the current flows around the perimeter. This
phenomena is known as the skin depth effect, where the skin depth of the conductor is
defined as the depth at which the current flowing in a conductor falls to 1/e of its value
at the surface. Classically the skin depth of a particular material is related to its
conductivity, cr, its permeability, /x, and the applied frequency , to, as,

4.1

The resistance of conductors is increased at RF due to the skin depth effect as the current
carrying cross-section is reduced (figure 4.2),

Rrf

4.2
2 Òr - ô2

where r is the conductor radius [5].
Operating at RF can also effect the impedance properties of components. At low
frequencies the impedance of a
wire is insignifigant, but the
situation changes

at RF.
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section of the wire due to the skin depth effect. A straight lm piece of copper wire, 1mm
in diameter has a dc resistance of .02Q but at 13.56MHz the same wire has a resistance
of almost 10.
In the case of inductors at RF, such as the antenna, a capacitance forms between
adjacent loops of the coil. This capacitance is called a distributed capacitance. The
distributed capacitance is due to the voltage drop occurring between neighbouring loops,
as a result of increased conductor impedance at RF.
The effect of increased conductor impedance at RF means that care should be
taken in the design of earth leads. Ideally grounding wires should have as large a surface
area as possible as most of the RF current flows near the conductor surface. Usually
braided wire or straps of copper or aluminium are used.
The RF circuit up to the antenna is critical in ICP operation, as power transfer
at RF frequencies is dependent on the relation between the output impedance of the
source and input impedance of the load. The maximum power theorem states that for
maximum power transfer to occur in an RF circuit the impedance of the load must be
equal to the complex conjugate of the source impedance [4],

Rs +j x s = Rl - j x l

4.3

Consider circuit 4.3(a) where the output voltage V I, is given by,

where VS is the source voltage. The power transferred to the load, across RL is given
by,
4.5

which is a maximum when RL=RS. In the case of the RF circuit one also has the
requirement that the overall reactance of the circuit is zero so that all the power is
dropped across a purely resistive load.
For the power supplies used in this system, a variable frequency 1.5kW power
supply and a 350W fixed frequency power supply, the source impedance is 500. Thus
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the antenna which has a resistive and inductive component to its impedance, must be
made to look like a purely resistive 50fi load from the point of view of the source for
maximum efficiency. This task is possible with the introduction of additional circuit
components, collectively known as a matching unit.
To calculate the components needed the following procedure was carried out.
Consider the circuit shown in figure 4.3(b) where jX L= jwL is the antenna reactance, RL
is the antenna resistance and Rs is the source resistance, 500. The first step is to make
the load resistance equal 500. This is achieved by introducing a capacitor, C, in parallel
with the antenna. The load impedance then becomes,

-M e, * <-r l
where -jXC2 = l/jwC2, the reactance of the capacitor. Extracting the real components
from this equation one can calculate the value of the capacitance required to make the

Figure 4.3(c). RF circuit with matching circuit.
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load resistance equal to 50Q.

Rl

Xc 2 Rl
Cl
+V L - V

= 500

4.7

2

Once this capacitance is calculated one must now remove the reactive component from
the load. This time a capacitor is introduced in series with the antenna. Considering the
imaginary components of the load one now needs the capacitor C2 to have a value such
that,

- X n =0

4.8

R

A QuickBasic computer program was written to help calculate the required component
values, C, = 59.3pF and C2 = 13.3pF, and the resulting circuit is shown in figure
4.3(c). This is not the only possible matching network in this case, but it is the simplest
as only two components are required. By adding more components one change the
component values required which may be convenient if the capacitors calculated here are
not available.
Variable capacitors are used as the presence of a plasma will affect the impedance
of the load, the resistance is increased and the inductance is reduced (section 2.3), and
adjustments to the matching values can be made. Variable air gap capacitors were used
but this put a restriction on the maximum power available to the plasma (300W). Above
this power level the matching unit tended to breakdown, with arcing occurring between
the capacitor vanes. The capacitor plates were coated in a thin layer of insulator to
prevent dust accumulating on the plates and this reduced the problem.

4.2.3 The Antenna.
The antenna is constructed from 2mm diameter copper tubing and the coil was
formed by wrapping the copper around a section of cylinder of appropriate size. The
coil is 6cm long with 11 turns and a diameter of 3.4cm. The antenna has a resistance of
1.70 and an inductance of 1.9juH. The antenna rests down the centre of the discharge
chamber inside a glass test tube of thickness 3-5mm, figure 4.1.The test tube prevents
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igure 4.4(a). RF Voltage (rms) measured at antenna at pressures from lmTorr to
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Figure 4.4(b). RF Current (rms) measured at antenna under same conditions as figure
4.5(a).
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the antenna from coming in direct contact with the plasma and keeps the antenna at
atmospheric pressure, reducing the possibility of arcing. If the antenna were to come in
contact with the plasma, the coil would deplete the electron population by attracting
electrons during the positive half of the RF cycle. This can lead to weak plasmas and
damage, due to overheating, of the antenna. The type of glass used was Boro Silicate
which is 80% silicon dioxide but includes some A120 3 (2%). This causes problems when
working at high RF powers as the glass was liable to crack, probably due to arcing
through the glass. Quartz glass is ideal as it is a very good insulator and would not be
heated by the induced electric field from the antenna. The antenna resistance can also
change as it gets heated during prolonged operation, this can affect the efficiency of the
power transfer to the plasma. This effect was reduced by air cooling the antenna.

4.3 External electrical measurements.

4.3.1 RF voltage and current measurements.
The RF voltage and current measurements are taken over a range of pressures,
.75mTorr to 20mTorr, and powers, from 20W to 120W (figures 4.4(a) and 4.4(b)).
Measurements taken at .75mTorr show an interesting feature. As the power to the
antenna is raised to 60W the voltage and current both rise steeply. The plasma is weak
and barely visible at this stage. Above 60W the voltage and current to the antenna both
drop and the visible discharge intensity suddenly increases. This marks the change from
a capacitive heating mode to an inductive heating mode [6], The plasma in the capacitive
heating mode is powered by an electrostatic field between adjacent antenna loops and
between the antenna and chamber wall, while in the inductive heating mode the plasma
is powered by an induced electric field in the discharge [7] (section 2.41). Even though
the power to the antenna is increased the voltage and current both drop meaning that the
power is more efficiently coupled to the plasma in the inductive mode. The voltage and
current drop is related to an increase in the power factor, cos0,
Power = /

K „cos0

rms rms

cos0 =

\Z \

4.9

where R is the load resistance and Z the load impedance [5].
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The voltage and current to the antenna both show similar trends, with both
quantities increasing with power to the antenna. At the higher pressures, up to 20mTorr,
less current and voltage are measured as power is more efficiently coupled into the
denser plasmas which occur at these pressures.

4.3.2 Load impedance measurements.
The antenna and plasma impedance measurements are shown in figures 4.5(a) and
4.5(b). These values were calculated using equations 3.14 and 3.15. The measurements
show a gradual decrease in load reactance, which is purely inductive, as the power and
pressure are raised. This is a result of the electron current set up in the plasma which
produces a magnetic field opposing the antenna magnetic field, thus reducing the
reactance seen at the antenna (section 2.3). The antenna reactance with no plasma is
1620.
The resistance measurements show an opposite trend, the load resistance increases
with increasing power and pressure up to 20mTorr. This occurs since the plasma density
and electron collision frequency increase at higher pressure leading to an increase in load
resistance (see section 5.4 for a detailed explination),
R load « „ e

'y

*
+

4.10

o r

(Above approximately 20mTorr one would expect the load resistance would begin to drop
as the collision frequency becomes greater than the RF driving frequency). One may also
note the jump in plasma resistance at .5mtorr from 2.40 at 60W to 4.40 at 70W. This
coincides with a change from a capacitive to an inductive heating mode. The antenna
resistance without a plasma is 1.70.
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Figure 4.5(a). Load resistance measurements (ohms). Antenna resistance is 1.7ohms.

Figure 4.5(b). Load reactance (ohms). Antenna reactance is 162ohms.
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4.4 Plasma parameter measurements in Argon at a fixed position.
4.4.1 Electron and ion density.
A plot o f electron density in an Argon ICP over a range of pressures and powers
is given in figure 4.7. The measurements were taken using a tuned Langmuir probe
positioned 1.8cm from the antenna-plasma boundary. This position was chosen as it was
the approximate maximum of radial electron density measurements. The results show a
linear dependence of electron density on both pressure and power. The rate of electron
density increase with power being greatest at the highest pressure, reaching a density of
6 x l0 10cm'3 at 20mTorr and at 120W. At 5mTorr the increase is minimal as the power is
not being coupled into the plasma as efficiently due to the lower electron collision
frequency and consequently a lower load resistance.
Ion density measurements, figure 4.8, show ion populations to be generally twice
to three times that of the electron population at all plasma conditions measured. One
expects, in a quasineutral plasma, that electron and ion densities would be similar. The
large difference in these measurements is probably due to an overestimation of the ion
density by the probe. This occurs because of the greater probe collecting area in the ion
saturation

region where

ion density

measurements are taken than in the
electron saturation region where electron
density measurements are taken. The ion
and

electron

saturation

currents,

equations 3.18 and 3.23, are related to
the probe collecting area S. The probe

Figure 4.6. Sheath radii at ion and electron

collecting area for the cylindrical probe

saturation.

is related to the sheath radius,
S = 2 Ti rs L

4.11

where rs is the sheath radius and L the probe length (figure 4.6). The probe sheath radius
is given by [8],

1

-

( v - yp) \^
kT

4.12
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where V is the probe bias and Vp is the plasma potential. In the probe saturation region
the probe bias can be typically 50-60Volts less than the plasma potential. At an electron
temperature of 4eV the sheath radius is approximately 3 times the probe radius in the ion
saturation region. In the electron saturation region, where the probe voltage is a few volts
above the plasma potential, the sheath radius is approximately equal to the probe radius
(the sheath thickness is approximately equal to the Debye length which is small compared
to the probe radius at the electron densities and temperatures of interest here).

4.4.2 Plasma potential and electron temperature.
From figure 4.9 one can see a decrease in plasma potential at high powers and
pressures in an Argon discharge, down to 12.8V at an input power of 120W at 20mTorr.
The plot of electron temperature, figure 4.10, shows similar trends and it seems that both
quantities are related in this ICP. At these pressures the correlation exists because there
must be a sufficient plasma potential present to balance ionisation and charged particle
losses from the plasma. The higher the electron temperature the greater the electron drift
velocitiy and therefore the higher the plasma potential must be reduce electron diffusion
to the discharge chamber walls and so sustain a discharge. The number of electrons
which can reach the chamber walls, nwaU, is related to the electron temperature and to the
difference between the plasma potential and wall potentials,
(V

- V\
4 - 13

The factor on the right hand side of equation 4.13 is known as the Boltzmann factor [9]
and to sustain a discharge this must be kept constant.
The trends of electron temperature and plasma potential with power and pressure
reflect the nature of the ICP. At low powers and pressures the discharge is dominated
by a capacitive heating mode and at higher powers and pressures the inductive mode
dominates. One would expect higher electron temperatures in the capacitive heating mode
due to the high electrostatic fields sustaining the discharge (section 2.4.1). As the
pressure increases the rate of electron collisions also increases leading to a downward
trend in electron temperatures.
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4.5 Plasma parameter measurements in Hydrogen at a fixed position.
Measurements were taken in a Hydrogen plasma to make a comparison with the
Argon measurements. The two gasses are quite different, the Argon atom being almost
40amu while the Hydrogen molecule being almost 2amu. Argon is also inert while in the
Hydrogen plasma complex reactions can occur, it can combine with electronegative
species such as Oxygen if they are present, and the gas can be found in atomic and
molecular form in the plasma. These differences and also the characteristics of the ICP
discharge can be seen in the results presented.
It

was

difficult,

if

not

impossible, to fire a Hydrogen plasma
inductively under the low pressure
conditions where the Argon plasma
were readily sustainable (<20m Torr).
Magnets of alternate polarity were
placed around the discharge chamber
to improve electron confinement in the
plasma and so increase the likelihood
of energy transfer collisions occurring
[8]. This improved the situation, but
high pressures (<50m T orr) were still

Figure 4.11. Ionisation cross-section of
Argon and Hydrogen.

required to sustain a Hydrogen ICP.

4.5.1 Electron and ion density measurements.
The electron density measurements show a gradual increase in electron
populations with pressure and power up to approximately 500mTorr, reaching
1.8xl010cm'3 at 200W (figure 4.12). At higher pressures the electron density begins to
level off and at the lowest power, 100W, it drops slightly from 1.9xI0cm'3 at 600mTorr
to 1.8x10cm'3 at ITorr. At pressures of ITorr the sheath around the Langmuir probe is
no longer collisionless and particle collisions can cause a reduction in the charged particle
current collected by the probe [8]. These densities are lower than electron densities found
in the Argon plasma. This reflects the lower ionisation cross-section of Hydrogen in
comparison with

Argon

(figure 4.11) and the increased plasma losses due to
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the lower mass of the Hydrogen ions. The ion density profile, shown in figure 4.13,
shows similar characteristics to the electron density measurements; it seems to decrease
at higher pressures. Again this is probably due to collisions occuring in the probe sheath.

4.5.2 Plasma potential and electron temperature.
Plasma potential measurements in Hydrogen show interesting features (figure
4.13). It is high at low pressures, 33V at 50mTorr and 200W, but drops and reaches a
minimum at approximately 250mTorr, 22V at 250mTorr and 200W. It then rises again
to over 37V at ITorr over all powers of interest. The reason for the high plasma
potential at the low pressures may be the dominance of capacitive coupling where the
plasma is heated by high electrostatic fields.
This view is also supported by the results of electron temperature measurements
taken in the Hydrogen discharge (figure 4.14). At low powers the electron temperature
is high, which may be due to capacitive coupling of the discharge. The electron collision
frequency increases at higher pressures and therefore electrons will lose energy more
easily resulting in lower electron temperatures. The measurements are also subject to
error at high pressures (up to ITorr) as the probe sheath is no longer collisionless.
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4.6 Radial measurements.
Plasma parameter measurements were taken radially in Argon using a cylindrical
tuned Langmuir probe which could be moved from the glass wall around the antenna to close
to the chamber wall. A Wilson seal allowed probe movement without breaking the vacuum.
The measurements were taken at three power settings; 30W, 50W, 75W and 100W, and at
pressures of 5mTorr, lOmTorr and 20mTorr.

4.6.1 Electron density measurements.
Radial electron density measurements are shown in figure 4.16. They show that the
electron density increases with power at each pressure. This is consistent with an increased
ionisation rate as more energy is being fed into the plasma. The spatial peak in electron
density seems to occur within 2-3cm from the antenna-plasma boundary. This suggests that
much of the ionisation occurs at this position which is close to the electron current driven by
the induced antenna electric field. The electron density drops significantly approaching the
chamber wall. At lOmTorr and 100W for example the electron density is 3 .2 x l0 10cm'3 at 2cm
from the glass wall surrounding the antenna and drops to 1.4xl010cm'3 at the chamber wall.

4.6.2 Plasma potential and electron temperature.
Plasma potential measurements have a similar spatial dependence to electron density
measurements (figure 4.16). The plasma potential has peak values between 1cm and 3cm
from the glass wall surrounding the antenna, 20V at 100W and 20mTorr and drop as the
chamber wall is approached, 16.1V at 100W and 20mTorr. There is also a decrease is
relative plasma potential values as the pressure and power are increased; the plasma potential
is 23.5V at lOmTorr and 30W, but only 19.5V at 20mTorr and 100W.
Electron temperature measurements, figure 4.17, again show similar trends to plasma
potential measurements. The electron temperature is a maximum close to the antenna and
then drops as the chamber wall is approached: the electron temperature is 4.95eV at 1cm
from the glass wall surrounding the antenna at 5mTorr and 100W, but is 3.85eV at 6cm.
Like the plasma potential, the electron temperature drops with increasing power and pressure.
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4.6.3 Radial EEDF measurements.
EEDF measurements were taken radially at pressures of 5, 10 and 20mTorr in
a 100W Argon plasma using a cylindrical Langmuir probe (figure 4.18). The plots show
an increase in the size of the EEDF towards the centre of the discharge in agreement
with the electron density measurements which show an increase in density near the
discharge centre. The plots

show a non-negligible hot electron population at each

position although the hot electron population does seem to decrease as one moves towards
the chamber wall.
The EEDF’s are approximately Maxwellian in shape but there is evidence of a
decrease in the high energy electron populations above 20eV. This may be due to the
high collision cross-section for high energy electrons in an Argon plasma. The EEDF’s
also show directional character when measurements taken in the azimuthal and
longitudinal direction are compared (section 5.2).

4.7 Conclusions.
In this chapter results of an indepth investigation of the characteristics of the ICP
were presented. The RF electrical measurements help in the understanding of ICP
initiation. The azimuthal induced electric field from the antenna must be sufficient to
balance the ionisation and energy losses in the discharge, but when the RF power is
insufficient a weak capacitively coupled plasma is sustained by the longitudinal
electrostatic field between neighbour loops of the antenna. This behaviour could be seen
in the RF voltage measurements where a drop in antenna voltage was recorded at ICP
switch on at low pressures and powers (5mTorr and 60W). Load impedance
measurements demonstrated the interaction of the antenna and plasma magnetic fields.
The plasma magnetic field arises from an electron current set up by the induced electric
field from the antenna. This plasma magnetic field opposes the antenna magnetic field
and thus reduces the inductance of the antenna [5]. Load resistance measurements give
an insight into power absorption by the plasma; the plasma is powered through electron
collisions, although at low pressures, < lOmTorr, a collisionless mechanism may
contribute to plasma heating (Chapter 5) [10,11]. As the plasma density increases so does
the load resistance, since the number of electrons and the number of electron collisions
in the plasma increases (section 5.4).
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Plasma parameter measurements were taken at a fixed position at various powers
and pressures, and also radially in an Argon plasma. Results reveal the nature of the
inductive discharge which is characterised by relatively high electron densities and low
plasma potentials; the ICP does not have a signifigant electrostatic field present as in the
case of the capacitive discharge. One can also notice that the inductive properties of the
discharge ’improve’ at higher powers and pressures. This is because a greater proportion
of the input power is being channelled into heating via the induced electric field than
through the longitudinal electrostatic field mentioned earlier. EEDF measurements show
a relatively hot distribution with a noticeable proportion of hot electrons present. These
EEDF measurements are discussed in chapter 5 with relevance to the induced electron
current in the discharge, and in chapter 6 the EEDF are discussed in relation to local and
non-local electron kinetics.
Measurements were also carried out in Hydrogen. The discharge proved difficult
to initiate even when magnets were placed around the discharge chamber. This may be
due to the low electron collision cross-section in a Hydrogen plasma and the high ion
losses due to the low mass of the Hydrogen ions. The discharge was fired at high
pressures and powers (> 50m T orr and 100W). There were difficulties with the Langmuir
probe diagnostic at high pressures in Hydrogen as the Laframboise theory assumes a
collisionless sheath around the probe. The problem manifested itself in a decrease in
measured electron and ion populations at pressures approaching lTorr.
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5.2 Detection of the electron current in the plasma.
Using the disc probe, figure 5.1, EEDF measurements were taken facing into the
current driven by the induced RF electric field, the azimuthal direction, and
perpendicular to this current, the longitudinal direction. Measurements taken in the
longitudinal direction were assumed to coincide with the background plasma. In the
background plasma one expects the EEDF to be isotropic. The electron velocities are
independent of direction and therefore EEDF’s taken in different directions in the
background plasma would be similar. Here it is expected that the two sets of EEDF
measurements taken in the azimuthal and longitudinal directions would differ only by the
presence of the current of electrons driven by the RF electric field.
The EEDF’s shown in figures 5.2 and 5.3 were taken at 2mTorr and lOmTorr
at 100W. The graphs show the EEDF’s taken in the two directions superimposed on each
other at each position. The EEDF’s were taken at 1cm intervals from Ocm, the position
of the antenna-plasma interface, to 6cm, a position 1.5cm from the plasma chamber
wall.
The 2mTorr measurements show a clear difference in the EEDF’s taken in both
directions close to the antenna. There is a greater hot electron population, ( > 18eV),
measured in the azimuthal direction near the antenna. Moving out to 3cm from the glass
wall surrounding the antenna the difference is slight but can still be recognised. Beyond
3cm however, the EEDF’s taken in both directions are practically identical. The situation
is similar at lOmTorr, although the difference in the EEDF’s taken in and out of the
current falls off more rapidly moving away from the antenna. At 2cm from the antennaplasma interface the difference between the EEDF’s is slight.
Beyond 3cm at 2mTorr and 2cm at lOmTorr, the discharge shows characteristics
consistent with an isotropic plasma. The electron velocities, and energies, are
independent of direction. Also the consistent agreement of the EEDF’s taken in the
isotropic plasma shows the repeatability and reliability of the probe measurement system.
One must be careful in interpreting the log plots as a difference in electron
population at the hot end of the EEDF’s where the density is low (105cm~3), will be more
apparent than the same difference appearing at the low energy end where the densities
are higher (109c m 3). Thus there may actually be a contribution of electrons with energies
less than 18eV, to the electron current although it may not be obvious from the EEDF’s.
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Figure 5.2. 2mTorr 100W directional EEDF scan (white data points taken in azimutha
direction, black points taken in longitudinal direction. Ocm corresponds with to position
next to the antenna)
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Figure 5.3. lOmTorr 100W directional EEDF scan (white data points taken in azimutha
direction, black data points taken in longitudinal direction. 0cm corresponds with a
position next to the antenna).
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5.3 Skin depth m easurem ents.
The skin depth measurements were taken using the magnetic field probe described
in section 3.4.1. The probe could be moved across the width of the discharge, allowing
a profile of the magnetic field strength to be determined. The probe was uncalibrated as
only the relative field strength is required for this analysis.The skin depth itself is a
measure of the penetration of an electromagnetic field in a conductor [3]. Classically the
skin depth is given by equation 2.18, but for the collisionless plasma it is expected to be
described by equation 2.23.
To investigate the behaviour of the electromagnetic fields in the ICP one can
apply Maxwells equations, following Lister and Cox [4]. Specifically,
5.1

and,

5.2

where er is the relative permittivity of the plasma and J= a E . The first term on the right
hand side of equation 5.1 corresponds with the plasma conduction current, while the
second term accounts for the plasma displacement current. For an electromagnetic wave
where the electric and magnetic fields are given by E = E 0ei"t and B = B 0ei“t equations 5.1
and 5.2 can be written as,
ne e
V x H = a E + j e „ ( ù E = ---------------- E + j e„ a) E
~
~
°
me(v +j co)

5.3

V x E = - j u \l0H

5.4

and

One can also write equation 5.3 in terms of the dielectric constant of the plasma, e= eQer,
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5.5

V x H =j e ( ù E

Therefore comparing equations 5.3 and 5.5 one finds that the relative permittivity of the
plasma is given by,

n .e 2
e = l + ---------- S------------ = l
j co e0 me(v + j co)

j Gi
J— R
co(v + j u )

5.6

When the plasma frequency, cop is much greater than the driving frequency w (as in this
case), the relative permittivity becomes dominated by second term on the right hand side
of equation 5.1, corresponding with the plasma conduction current. The contribution of
the displacement may therefore be ignored and equation 5.1 rewritten as,
VxH =a E

5.7

Taking account of the cylindrical geometry of the system equations 5.7 and 5.2
become,

Si!

d K z

£ = -o £
dt
_e

- — rE = -ja \iH
r dr

-*

J

5 -8

5.9

*

where the electric field points in the azimuthal direction and the magnetic field in the
longitudinal direction. Combining equations 5.8 and 5.9 one obtains,

1 d
" =e
r dr~ dr

j

co o ( r )

R* + \
r2

E =0

—0

5.10

r is the normalised position in the discharge given by r= r/R , where R is the plasma
width. This equation has a solution given in terms of first-order Bessel and Hankel
functions which is given by,
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Figure 5.4. Plot of expected electric field profiles in a 20mTorr plasma at skin depths of
3cm, 2cm, 1cm and .5cm using equation 5.11.
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Figure 5.5. Plot of magnetic probe measurements taken at 5mTorr at powers from 20W to
100W.
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5.11
where A is a constant depending on the boundary conditions of the situation i.e. the
electric field is a maximum at the antenna and falls to zero at the chamber walls. T is
given by,

I

r=

~J2r2

5.12

N 62(1 + v /u )
Figure 5.4 shows the solution to equation 5.10 at various values of skin depth for a
20mTorr plasma. One notices the more rapidly decreasing electric field across the
discharge as the skin depth is reduced. Figure 5.5 shows actual magnetic probe
measurements taken in a 5mTorr discharge at various discharge powers. At the higher
powers there is a more rapid decrease in the field penetrating the plasma corresponding
to a lower skin depth. This is due to the increased electron density occurring in the
discharge at the higher powers (see equations 2.18 and 2.23).
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5

6

position (cm)
Figure 5.6. Plot of least-squares fit of measured data taken at 75W in a 20mTorr Argon
plasma (circled points) to a equation 5.11. This analysis concludes a skin depth of
3.1cm.
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(a)

(c)

Figure 5 .7. Measured skin depths with predicted classical and collisionless values at
(a)5, (b)10 and (c)20mTorr.
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One can determine the skin depth under particular conditions by finding a leastsquares fit of the solution of equation 5.10 to actual probe measurements. One such
fitting of the measurements taken in a 20mTorr 75W discharge is shown in figure 5.6
and was carried out using the computer package Mathematica™. This analysis shows the
skin depth to be 3 .1cm. The skin depth was calculated similarly at powers of 30W, 50W,
75W and 100W at pressures of

20mTorr, lOmTorr and 5mTorr and the results

compared with the expected classical and collisionless skin depths in figure 5.7.
5.4 Plasma resistance measurements.
Resistance measurements were taken following the procedure described in section
3.3.2. The pressure was varied from lm Torr to lOOmTorr with the plasma size being
kept constant i.e. same plasma density. To keep the discharge at approximately a constant
size the light output from the discharge was monitored using a monochromator. The
monochromator was set to detect an Argon transition line and by keeping the light output
constant the discharge was expected to be consistent. The actual resistance measurments
taken are the load resistance (antenna plus plasma) per electron, thus ensuring
comparable measurements at all pressures.
For comparison with predictions of the collisionless and Ohmic heating
mechanisms, only the trends in the resistance values over a range of pressures were
needed. To calculate the expected load resistance values under collisional Ohmic
conditions at the range of pressures o f interest the following procedure was followed.
The power absorbed by the plasma under collisional conditions is given by,

5.13
v
where aR is the real part of the plasma conductivityand E is the induced electric field in
the plasma. As described by Faradays law one can relate the induced electric field to the
current in the antenna using,

dt
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l-M
f

where the vector potential A is given by,
5.15

where I(t) = I0e ‘“1 is the antenna current. From equation 5.14 one finds,
5.16

E « -oil.ant

The power absorbed by the load, plasma and antenna, can be written in terms of the
current in the antenna, Iant,
5.17

where R is the load resistance. Using equation 5.16 one can relate the load resistance in
equation 5.17 to the plasma conductivity in equation 5.13,

By calculating values of the plasma conductivity over a range of colision frequencies one
can predict the load resistance change with pressure.
Therefore to estimate the plasma resistance, the collision frequency, v, must be
known. This can be calculated knowing the electron collision frequency and electron
distribution function [6],

fa (E )E J(E )d E

5.19
o
where N is the particle density, a(E) is the electron collision cross section (a function of
electron energy), f(E) the electron energy distribution function. The values of electron
collision cross section are well known and in these measurements a Maxwellian electron
energy distribution function is assumed.
Figure 5.8 shows measured resistance values over the pressure range lmTorr to
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lOOmTorr in Argon along with expected normalised resistance values calculated from
equations 5.18 and 5:19. Both curves show similar trends. At low pressures the
resistance values are low, then reach a peak at approximately lOmTorr and then decrease
gradually as the pressure increases towards lOOmTorr. Resistance measurements were
also taken in Helium (figure 5.9). The measurements show quite a good agreement with
the collisional resistance predictions down to 25mTorr. This is expected since the plasma
is operating under collisional conditions at these pressures. It was difficult to maintain
the plasma density at a constant level below 25mTorr. Even to strike a Helium plasma
at pressures below 25mTorr was not easy, requiring high powers (>250W ). A similar
situation was found for Hydrogen, chapter 4, which was also difficult to fire at low
pressures. This may be due to the low mass of the Helium ion which leads to greater ion
losses to the chamber walls and thus larger power losses than with an Argon plasma. The
lower electron collision cross section
for Helium is also a factor. Power is
less likely to be absorbed by the
Helium plasma if the electron collision
cross section is lower (figure 5.10).
These resistance measurements
assume that the only factor affecting
the load resistance is changes in the
plasma resistance. The antenna is air
cooled thereby reducing any increase in
its resistance which may occur if the
antenna heats up while the plasma is
being fired.

Argon and Helium.

5.5 Discussion and conclusions.
Three types of measurement were taken in the investigation of low pressure
heating in this ICP. Firstly, EEDF measurement in two directions for detection of the
electron current driven by the induced electric field in the discharge, secondly,
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measurement of the depth o f penetration of the antenna electric field into the plasma and
finally, resistance measurements. Using the data from these tests the validity of the
proposed collisionless heating mechanism could be evaluated.
The collisionless heating mechanism is described in detail in section 2.4.3. An
important feature of this collisionless heating process is that it is a warm plasma effect.
In order to gain energy electrons must have sufficient velocity to pass within the induced
electric field (the skin depth) in a time less than one RF cycle. Therefore one would
expect to measure a population of electrons which have gained energy from the antenna
electric field outside of the skin depth. Indeed since the plasma is collisionless ( u>v ) at
the pressures of interest (less than 20mTorr), one would expect to measure these
electrons across the full width of the plasma.
The EEDF measurements were taken in two directions, facing along the induced
electric field and the perpendicular to this field. The induced electric field is such that
one would expect that the electrons to be preferentially heated in the azimuthal direction.
The measurements taken in the longitudinal direction can therefore be assumed to
correspond to the background plasma. The EEDF measurements show an obvious
increase the in hot electron population ( > 20eV) in the azimuthal direction as opposed
to the background plasma. This is not surprising, but what is unexpected is the fact that
the energetic electron population drops off rapidly as one moves away from the antenna.
In fact at both pressures, 2mTorr and lOmTorr, the heated electron population falls off
within one skin depth (3.8cm at 2mTorr and 2.8cm at lOmTorr). Thus there is no
evidence from these measurements of the hot electrons leaving the skin depth in less than
one RF cycle. From the EEDF measurements it is difficult to determine wheather there
is a contribution of cooler electrons to the electron current in the plasma in the azimuthal
direction.
The skin depth measurements were taken using a magnetic field probe which
actually measures the time rate of change of the magnetic field. The results are in general
between the classical and collisional skin depth predictions. The skin depth measurements
were inconclusive in relation to the investigation of the low pressure heating mechanism.
The load resistance is another attribute of the discharge which is expected to
deviate from classical, Ohmic, behaviour at low pressures. As shown in section 2.4.3.
the collisionless heating mechanism predicts a finite resistance at low pressures whereas
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under Ohmic heating the resistance becomes negligible at low pressures. Here the
measurements presented show a plasma resistance in general agreement with the Ohmic
resistance. There is an obvious steep fall in the resistance at low pressures which follows
the collisional heating trend, however the the resistance is higher at lower pressures than
predictions of the collisional model.
From the measurements taken some characteristics of ICP operation at low are
clear. One aspect of the ICP operation was the fact that an Argon plasma could be
readily sustained at low pressures. When Hydrogen (section 4.5) and Helium plasmas
(section 5.4) were operated it was difficult if not impossible to sustain these plasmas at
pressures less than 25mTorr in the case of Helium, and 50mTorr in the case of Hydrogen
at the powers used. Of the three gasses used, Argon, Helium and Hydrogen the total
scattering cross section of Argon is greater than that of the other gasses. Thus electrons
are more likely to undergo collisions, transferring energy to other plasma species and
thus power the plasma.
The EEDF measurements taken in the azimuthal direction show a drop off in the
high energy electron populations within a few centimetres of the antenna which is
unexpected behaviour in a collisionless plasma. The 30eV electron population in the
2mTorr plasma, for example, falls to a background level within four centimetres of the
antenna, yet this would concur with a collision frequency over seven times the RF cycle.
Clearly this is cannot be the case as at 2mTorr the collision frequency is less than on
fifth of the RF driving frequency. One possible explanation for the rapid fall off in the
high energy electron population moving away from the antenna is that the electrons
follow paths around the antenna close to the plasma antenna interface. In this way
electrons will effectively have a much greater mean free path before hitting the chamber
wall. The electrons, if they are confined close to the antenna for a sufficient period, can
undergo collisions. The relatively large collision cross section of Argon, particularly at
high electron energies would further aid this process and the mean free path of the
electron will be lower than for Helium or Hydrogen. After the electrons collide the lose
their energy can move out of the azimuthal path around the antenna.
The above argument stresses the importance of collisions even when the ICP is
operated at low pressures. Even though the electron collision frequency may be low, the
electrons are confined within approximately one skin depth of the antenna until they
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undergo a collision. The experimental evidence presented in this chapter does not clearly
support the collisionless heating mechanism.
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Chapter 6. Measurements of electron kinetics in an ICP.

6.1 Introduction.
This chapter focuses on measurements taken in the plasma pertaining to the
kinetic models described in section 2.6. The local and non-local models each predict
certain behaviour of the EEDF in the plasma. The local model anticipates an EEDF
which mirrors the applied electric field, it is hottest where the electric field is a
maximum [1,2]. The non-local model predicts an EEDF of total energy which is valid
across the whole discharge [3,4], The kinetic energies of individual electrons though, will
change across the discharge as a result of the space-charge potential. The kinetic energy
lost by the electrons traversing the space-charge potential is coupled by an increase in
their potential energy, their total energy remains constant. Here EEDF’s of total energy
are presented as at the pressures of interest ( < lOmTorr) it is expected that the ICP will
display non-local kinetics.
The ICP system, a central antenna in a cylindrical discharge chamber, results in
anisotropies in the plasma due to the inhomogeneity of the applied RF field. There is a
current of electrons close to the antenna in the azimuthal direction following the applied
electric field. The disc probe described in section 5.1 allows one to look in a single
direction and at any position between the plasma-antenna interface and the chamber wall.
Pointed in the azimuthal direction the probe allows measurements to be taken in the
current around the antenna, while measurements of the background plasma can be taken
when the probe faces along the longitudinal direction. Radial EEDF measurements of
total energy and space-charge potentials are taken in the two directions at various
pressures and compared with the predictions of the kinetic models.
The EEDF’s of total energy were extracted from EEDF measurements (of kinetic
energy) by superimposing the measurments such that they show good aggrement over
most energies. It was found that the resulting EEDF’s of total energies differed at the
low energy end corresponding to the influnce of the space charge potential on the low
energy electrons. The energies at which the EEDF’s of total energy go to zero are taken
to coincide with the space charge potential energy at the position where the EEDF was
taken.
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eV

Figure 6.1. 3mTorr 100W EEDF measurements of total energy in the longitudinal
direction.
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Figure 6.2. lOmTorr 100W EEDF measurements of total energy taken in the
longitudinal direction.
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Figure 6.3. Measured and expected space-charge potential energy profiles, -0(z), at
3mTorr in the longitudinal direction.
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-igure 6.4. Measured and expected space-charge potentail energy profiles, -</>(z), at
lOmTorr in the longitudinal direction.
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6.2 Results of measurements taken in the background plasma.

6.2.1 EEDF of total energy measurements in the background plasma.
Radial EEDF measurements of total energy were determined at 3mTorr and
lOmTorr in a 100W Argon plasma (figure 6.1 and 6.2). The disc probe was positioned
so as to face parallel to the antenna axis and sample only the background plasma. The
probe was moved from the glass wall surrounding the antenna to 1.5cm from the
chamber wall in 1cm steps.
Above lOeV the EEDF’s show good agreement at all positions at both pressures.
This means that for electrons with energies above lOeV the plasma is homogeneous. The
electron energy gains and losses are the same across the width of the plasma. This region
of the EEDF, above lOeV does not show any evidence of electron kinetics predicted by
the local model. It is however consistent with the non-local model, where the energy
relaxation length of electrons is greater than the plasma width. Above 30eV some
distortion seems to appear on the EEDF’s, but at the low densities being measured
(.5xl0 5cm3), this can be attributed to noise in the measuring circuitry.
The low energy region of the EEDF’s ( < lOeV) at both pressures show interesting
features. At the centre of the discharge (3-4cm from the glass wall surrounding the
antenna), the EEDF’s reveal a population of electrons at all energies. Moving away from
this area there is a low energy cut-off below which electrons cannot be detected. As one
moves to the periphery of the plasma the effect becomes more pronounced.
This effect is similar to that predicted by the non-local model. It results from the
influence of the space-charge electric field on the low energy electrons. Electrons with
total energies insufficient to overcome the space-charge potential barrier are trapped.
When they approach a position in the plasma where the space-charge potential energy, cf)(z), is equivalent to their total energy, they lose all their kinetic energy and are
reflected back towards the centre of the discharge where the space-charge potential
energy is at a minimum. These low energy electrons will not be detected at the edge of
the discharge, resulting in the low energy cut-off seen in the EEDF’s.
At the centre of the discharge, where the electron potential energy due to the
space-charge is zero, electrons of all energies are detected. The EEDF measured here
includes electrons of all energies; the kinetic energy is a maximum and the potential
Chapter 6 page 119

energy is zero.

6.2.2 Space-charge potential in longitudinal direction.
The space-charge potential profile was calculated by superimposing EEDF
measurements of total energy on the EEDF taken at the centre of the discharge, and
calculating the low energy cut-off at each position. The EEDF’s were fitted so as to
coincide in the energy region above lOeV. The low energy cut-off energy is equivalent
to the space-charge potential at each position.
The expected form of the space-charge electric field may be determined from a
consideration o f the electron current density in the plasma. The electron current density
is a measure of the number of electrons crossing a unit area in a conductor in unit time.
In a plasma this is a function of electron production rate, or ionisation rate, at a given
position in the plasma (the electrons produced at a position z in the plasma will
contribute to a current at this point in the discharge). Since the ionisation rate is
dependent on the energy of the electrons involved in the ionisation collisions, most of the
electrons will be produced at the centre of the discharge where the space-charge electric
field is a maximum. Therefore one can write,
Z = n < a u> jN 2 %z

6.1

where u is the electron velocity, < a n > iN is the ionisation collision frequency and z is
the position in the plasma (z =0 corresponds with the antenna-plasma interface and
z=7.5cm corresponds with the chamber wall, the 2x factor is included to account for the
cylindrical geometry of the system).
One may also determine the current density in terms of the average electron
velocity, u,
6.2

1 = u n ee

where the average electron velocity is related to the electron energy, kTe, by,

u =\

8 kTe

6.3

nme

The electron energy may be related to the electric field when one considers the
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energy balance in a discharge. Assuming a weakly ionised plasma where electron neutral
collisions dominate and a dc space-charge field, the energy gained by an electron from
the space-charge electric field per unit time is given by,

E2

e . = a E2 =

6.4

m Vfm
tl

where vm is the collision frequency for momentum transfer collisions. The energy loss
per unit time due to electron neutral collisions is given by,
6.5

where

k

is the energy transfer coefficient for elastic collisions (2me/M), and 3k(Te-T)/2

is the average electron energy above the background neutral particle energy, described
by a temperature T. Considering a steady plasma where electron energy losses and gains
are equal, one finds,

„ Kv

3 k ( T - T)

—^
2

ne2

=—

—

m v ftlm

_
E

6.6

From this one can relate the electron temperature Te to the electric field E by (assuming
Te> > T ),
T, -

2 e 2E 2

6.7

Zkm n\m

The electron neutral collision frequency is obviously related to the neutral density N, and
therefore one may rewrite equation 6.7 as,
T =
e kN2

6.8

where A takes account of the parameters in equation 6.7, and the relationship between
electron neutral collision frequency and neutral density. Considering equations 6.2 and
6.8 one may rewrite the electron current as,
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6.9

^ =A n.ek —
e
N
Comparing equations 6.1 and 6.9 one finds,

6.10

Thus one finds the space-charge electric field is dependent on z,
E =

A <a u> N 2 %N 2
ek

6.11

The space-charge potential may be calculated at any position in the plasma by integrating
equation 6.11 around a closed loop at a fixed distance, z, from the antenna,

6.12
C

Carrying out this integration on the electric field given in equation 6 .12 one finds that
the space-charge potential has a parabolic dependence with distance between the antennaplasma interface and the chamber wall,

(J) = a z 2

6.13

In the analysis of the measured space-charge potential profile, a parabolic fit is
made to the data which is zero at the antenna-plasma interface and chamber wall, and a
maximum at the centre of the discharge. The graphs presented, figures 6.3, 6.4, 6.7,
6 . 8, show the space-charge potential energy profile for electrons in the discharge i.e an

inverted space-charge potential profile PE=-</>(z). The potential energy profiles show a
zero potential energy at the centre of the discharge rising to a maximum at the discharge
boundaries. This reflects the effect of the space-charge electric field retarding the
migration of electrons from the plasma.
One may note however that there is a discrepancy in the space-charge potentials
measured and those expected from theory. A possible reason for this difference may be
a result of the geometry of the system. The cylindrical nature of the system means that
the chamber wall has a greater surface area, thus electrons are more likely to be lost
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there than at the glass wall. A second reason results from the electrical properties of the
walls; one is a conductor the other is an insulator. At the metallic chamber wall the total
electron and ion fluxes must be equal over the entire wall surface area, whereas at the
glass wall they must be equal locally [7].
The observations made about electron kinetics in the background plasma are
entirely reasonable at these pressures as the plasma is collisionless. One would expect
the local-model to describe the plasma accurately as the mean free path for electron
energy relaxation is greater than the plasma size at this pressure.

6.3 Results of measurements taken in the current (azimuthal) direction.

6.3.1 EEDF measurements of total energy in the azimuthal direction.
EEDF measurements of total energy taken in the azimuthal direction show unusual
characteristics for the low pressures at which the measurements were taken (figures 6.5
and 6 . 6). Unlike the background plasma measurements the EEDF’s here do not all
coincide above lOeV across the plasma. Instead above about 18eV the EEDF’s begin to
show differences. Near the glass wall surrounding the antenna there is a much greater
population of high energy electrons at both pressures. Moving away the population of
these high energy electrons drops off. It is only at a few centimetres from the glass wall
that one can see any similarity in the shape of the EEDF’s. This seems to be evidence
of the electron kinetics predicted by the local model, at least for electrons with energies
above the threshold for inelastic collisions, 14eV in Argon.
The reason for the difference between these EEDF’s and those taken in the
background plasma is that the induced electric field points in the azimuthal direction and
electrons gain energy from the field in this direction only. The heating effect of the
applied electric field seems to fall off with the skin depth, there is not much evidence of
electron heating beyond 2-3cm (chapter 5).
The behaviour of the electrons with energies above 18eV is entirely consistent
with the local model where the EEDF follows the strength of the local electric field; the
EEDF has more hot electrons where the applied field is strongest. This is unusual
behaviour since at these pressures one would have expected hot electrons at the antenna
to be detected across the entire plasma as collisions are rare.
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The low energy, (< lOeV), end of the EEDF’s show similar traits to EEDF’s
taken in the background plasma. At low energies the azimuthal measurements also show
characteristics of non-local electron kinetics. They show the low energy cut-off of the
low energy electrons due to the space-charge potential. The EEDF of total energy at the
centre of the discharge shows populations of electrons at all energies since the potential
energy of electrons is zero.

6.3.2 Space-charge potential measurements in azimuthal direction.
The space-charge potential energy profiles for the electrons generally show the
expected parabolic shape expected (figures 6.7 and 6 . 8). Compared with the background
plasma measurements though, there are some slight differences. In the 3mTorr case the
space potential seems to be greater in the azimuthal direction near the glass wall. This
may be due to experimental error since the space-charge potential, <f>, is expected to be
independent of direction.

6.4 Discussion of the local and non-local characteristics observed in the plasma in
the azimuthal direction.
The EEDF’s measured in the azimuthal direction display local and non-local
electron kinetics simultaneously. Similar behaviour of the EEDF was reported by Godyak
and Piejak [8] in an Argon capacitively coupled plasma but at 300mTorr. They noted that
low energy electrons displayed non-local electron kinetics while the hotter electrons
(> th e threshold energy for inelastic collisions, 14eV in Argon) demonstrated local
electron kinetic characteristics.
These characteristics were explained in terms of the different behaviour of the
high and low energy electron groups characterised by temperatures T ^

and Telow

respectively. The timescale for electrons to lose most of their energy and attain the
temperature of the background neutral species is dependent on the electron energy and
available energy loss mechanisms. For the low energy electrons, with energies less than
the threshold energy required for inelastic collisions, the electrons can only lose energy
through inefficient electron neutral collisions. The energy lost by an electron per second
due to elastic, electron neutral collisions, is given by,
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A e = -------.
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where the first term on the right hand side is the electron energy transfer coefficient

k

(which is much less than one) and einitia|= 3kT elow/2. Thus the rate of electron energy loss
per second for the low energy electrons, Te]ow, in a plasma of neutral background
temperature T which is given by,
= -n
dt

kv
e

e~n

3 fc (r^ I ^
2

6.15

A solution to this equation is,
T el0W = T + ( T eloW - V o

exp [ - K

i]

6.16

where (Telow-T)c is the initial difference between the electron and neutral gas temperature.
The time it takes for an electron to attain the same temperature as the background neutral
gas due to energy losses in elastic collisions is denoted by the energy relaxation time
constant for the low energy electrons,

Tdow,

6.17
e-n

The high energy electrons, Tehigh, have the possibility of undergoing inelastic
collisions where most of their energy may be lost in a single collision. Thus the energy
relaxation time constant is given by,

* - * " 7 inelastic
-* -

6 ' 1 8

where i'inelasli0 is the collision frequency due to all the inelastic processes available to the
electrons. This time constant is much shorter than the low energy electron time constant.
Therefore in the actual plasma one can measure a rapid fall off in the populations
of the high energy electrons across the discharge width since the time required for the
high energy electron to lose most of its energy is less than the time required for the
electron to traverse the plasma (this requires a sufficient gas pressure so that the inelastic
collision frequency is high enough). In the case of the low energy electrons however, the
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time required for the electrons to lose most of their energy is greater than the time
required to traverse the plasma width.
This can explain the discharge kinetics of a plasma at 300mTorr, but here at
3mTorr and lOmTorr this argument cannot fully explain the phenomenon observed. As
discussed in chapter 5, the azimuthal electric field heating the plasma may greatly
influence the situation. The fact that the fast electron population falls off to the
background level in approximately one skin depth suggests this may be the case.
As suggested in chapter 5, the electrons within the skin depth are heated by the
RF field in the azimuthal direction and may actually be confined in a path around the
antenna by the applied field itself. By confining the electrons in paths around the antenna,
the plasma width seen by these electrons will be much greater than the actual plasma
width. Therefore the hot electrons can undergo a collision before leaving the skin depth.
A 30eV electron for example will travel almost 30cm in one RF cycle which is greater
than its relaxation length at this energy. Once the hot electrons collide they leave the hot
tail of the EEDF and join the bulk plasma.

6.5 Conclusions.
Measurements of EEDF’s were taken in two directions in a 100W plasma. Firstly
in the longitudinal direction, parallel to the antenna axis. Measurements taken were
consistent with non-local electron kinetics. The EEDF at any position in the plasma can
be determined knowing the EEDF of total energy, found at the centre of the discharge,
and the space-charge potential. At pressures of 3mTorr and lOmTorr these results are not
unexpected.
The EEDF measurements taken in the azimuthal direction, the same direction as
the induced electric field, show interesting results. Both local and non-local kinetics were
observed. To the authors’ knowledge this effect has not been observed in ICP’s
elsewhere although it was reported in a capacitive discharge, but at 300mTorr. Some
possible explanations were put forward; the short mean free path for energy relaxation
of hot electrons in Argon [ 8], and the possibility that electrons are trapped within the
skin depth before undergoing collisions.
It is hoped that other workers will look in this area to see if the phenomenon is
a characteristic of all ICP’s operating at low pressures. Modelling of the discharge would
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also help to determine the reason for this local/non-local behaviour of the plasma.
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Chapter 7. Conclusions and suggestions for further work.

7.1 Summary of work and conclusions.
A rigorous study of a low pressure ICP has been carried out. The work involved
a characterisation of the discharge using Langmuir and magnetic field probes as well as
an analysis of the electrical properties of the system. The experiment itself was designed
and constructed in the laboratory and employed an 11 turn antenna placed along the
central axis of the discharge chamber. The design allowed easy access for probes to the
most intense area of the discharge near the antenna coil (section 4.2).
The initial intention of the project was to characterise the ICP and also
investigate low pressure heating. The first findings were that the plasma produced was
not purely inductive, especially at low powers and pressures. The switch between a low
intensity capacitively dominated discharge, powered by the electrostatic field between
neighbouring antenna loops, to a more intense inductively dominated discharge was
noted (section 4.3).
The basic plasma parameters of electron and ion density, electron temperature,
EEDF’s, plasma and floating potentials were all measured as a function of power,
pressure and position within an Argon discharge (chapter 4). The ICP was found to
produce and efficient plasma with expected plasma potential trends (it is expected that
the plasma potential decreases with increasing plasma density as the discharge becomes
more efficient).
However when a Hydrogen discharge was attempted, it was found to be difficult
to sustain at the pressures at which an Argon plasma was readily attainable ( < 50mTorr,
section 4.5). Magnets were placed around the chamber forming a multicusp magnetic
field which acted to increase the electron confinement time and thus the probability of
electron collisions. The efficiency of the discharge was therefore increased and a plasma
could be sustained.
The investigation of low pressure ICP heating produced interesting and
unexpected results, chapter 5. The collisionless heating mechanism described in section
2.4.3 directed the experiment to measure directional EEDF’s, skin depths and plasma
resistance. The directional Langmuir probe, shown in figure 5.1, was found to be a very
useful diagnostic in this study as it allowed the plasma conditions in the direction of the
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induced electric field and also the background plasma to be monitored independently.
Instead of supporting the proposed heating mechanism, the results are inconclusive.
From the experimental evidence it seems that electrons within the skin depth can gain
energy from the induced electric field, but remain close to the antenna until they
undergo a collision. The powered electrons are effectively confined in orbits around the
antenna and therefore have increased mean free paths as the do not collide with the
chamber walls. These suggestions are supported particularly be the directional EEDF
measurements which show a rapid decline in powered electron populations in the
azimuthal direction as one moves away from the antenna.
A survey of the electron kinetics within the plasma also showed interesting and
unexpected results chapter 6 . The directional probe proved to be ideal for this study.
Results of measurements taken in the background plasma showed characteristics of non
local electron kinetics, behaviour entirely consistent with a low pressure ICP.
Measurements taken in the azimuthal direction, following the induced RF electric field
within the discharge showed characteristics of both local and non-local electron kinetics.
The local effects manifested themselves as a drop in high energy electron population
moving away from the power source. This is behaviour associated with a collisionally
dominated discharge where electrons have short mean free paths.
7.1 Suggestions for future work.
In the course of the project many questions about the behaviour of a low pressure
ICP were answered, but in the end the experiments themselves pose many more
questions. This in itself shows the success of the project as behaviour which was not
expected was observed.
The investigation of the low pressure heating mechanism did not seem to support
a collisionless mechanism, but as yet a definitive explanation has yet to be found. In
order to arrive at a suitable explanation for the discharge behaviour encountered the
experiments carried out here need to be carried out on other ICP systems. The results
found here may only apply to this particular discharge geometry, a central antenna, for
example. Computer modelling of the system would also help in the investigation of this
aspect of ICP operation.
Electron kinetic measurements show more scope for further work. Again the
simultaneous existence of both local and non-local electron kinetics requires further
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study. The effects noted may be a characteristic of ICP’s in general or just a
consequence of the particular system being used here.
The use of a directional Langmuir probe proved to be invaluable in this work and
it is hoped that workers in this area would employ this diagnostic technique to
investigate the phenomena encountered here.
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