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Abstract.

Radio frequency generated plasmas are used extensively in commercial
manufacturing systems for a range of different applications including reactive 1on
etching, thin film deposition and surface modification To optimise such processes a
thorough understanding of the physical processes within the plasma 1s essential

In this thesis low pressure radio frequency argon plasmas are investigated in
order to understand further the physics of their behaviour under certain conditions
Tuned Langmuir probes and microwave mterferometry are used as diagnostics
methods to measure different plasma parameters as a function of gas pressure, current
density and applied voltage The spatial variations of these parameters are examined
within the bulk plasma In particular the electron distribution function was obtained
from the Langmuir probe to observe transitions between heating modes which occur
under certain conditions of the plasma To further understand this transition a small
variable transverse magnetic field was applied to the plasma to confine the electrons
and modify their trajectories Mathematical models devised and compared to the
experimental results showed an excellent agreement Finally the tuned probe was
installed on other research systems in Ireland and abroad to characterise the plasma
produced by different gases, with other methods of power coupling and 1n various

chamber geometries
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Chapter 1 : Introduction to Plasma Physics.

1.1 Introduction.

The rapid development of plasma physics n the fifties and sixties was
stimulated by research directed towards achieving controlled thermonuclear fusion as
a solution to the energy crisis [1] This brought about research into high energy ion
and neutral beams and magnetic confinement of hot dense plasmas With the advent
of the laser 1n the sixties, so too came the field of laser plasma physics, with
applications n both materials and surface processing [2]

More recently though, the area of low pressure plasma physics has become
quite important due to its uses in primarily the semiconductor industry Initially dc
glow discharges were considered however their spatial 1nhomogeneity, the low
discharge current densities and the dependence on the surface of the electrodes,
because of secondary electron emission, has made them quite unsuitable for etching
[3] Radio frequency generated plasmas are the principal type used in industry for
matenals processing, etching and sputtering applications [4-7], because they do not
suffer the disadvantages of the dc system They can also be operated at much lower
pressures and can be used to process insulating materials

A lot of research has been carried out to investigate topics such as, power
mnput to the etch rates [8,9], energy transfer to the wafers [10,11] and the positive and
negative 1ons which are formed [12] As a result, different system configurations have
been developed to optimise the process performance Most recently have been the
moves towards using inductively rather than capacitively coupled plasma, as surface
mounted technology expands and the need for smaller dimensions 1n the etch profiles
becomes important [13]

This thesis examines capacitively coupled rf plasmas using tuned Langmuir
probes and microwave mterferometry i an attempt to gam a fuller understanding of
the operation of the plasma Comparisons between experimental data obtained here
and computer simulations are also made to relate directly the plasma theory with
experimental measurements The intension of this chapter 1s to introduce the concept
of a plasma Some terms.used to define and compare plasmas are also presented

Finally several different diagnostic techniques are reviewed Although these were not
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the main analysis methods used for the work presented here they are mentioned
throughout this thesis with a view to future work to be performed and collaborative

work that 1s currently being undertaken with other research groups

1.2 Definition of a plasma.

Although a large percentage of the universe, quoted by some to be ~99%
[14,15], 1s said to be in a plasma state, the Earth 1s quite different with naturally
occurring plasmas being very rare indeed The reason for this 1s explained by the
Saha equation which predicts the amount of 1onisation to expect 1n a gas in thermal
equilibrium as,

3 v

no_ 2.4x10% T_2 ek_T , Eqn: 1.1

n, n,

where n, 15 the gas density, U, 1s the 1onisation potential of the gas, T the temperature
and k the Boltzmann constant As an example, air at room temperature has the ratio
n/n, 1s 107> Obviously then any gas 1s not by definition a plasma since most gases
will have some small degree of 10nisation even at room temperature A plasma 1s thus
defined specifically as, a quasineutral gas of charged and neutral particles which
exhibits collective behaviour Quasineutral implies that the density of positive
particles 1s approximately equal to the density of negative particles Since long range
coulombic forces exist between particles within the plasma, elements of force exerted
on a particle will affect other particles not only n the immediate area but also much
further afield This 1s the condition of collective behaviour, where motions depend
not only on the local region but also on remote regions A plasma can also be defined
mathematically in terms of the Debye length which will be shown later see Section
14

1.3 Temperature.
Within a plasma there exists a range of particles with different velocities and

consequently different energies The most probable distribution of these velocities 1s

known as a Maxwellian distribution which 1n one dimension 1s given as,
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where f dv is the number of particles per m3with velocities between v and v - dv.
The density of the particles is given as a sum over all the available velocities,

" f(v)dv . Eqn: 1.3

The constant A in equation (1.2) is related to the density and found to be,

Eqn: 1.4

The temperature, is a term used to characterise the energy of the particles in a
Maxwellian distribution. In one dimension the average kinetic energy of the particles
in the plasma can be computed from Equations (1.2) and (1.3).

jVzm\2f(y)dv

Eqn: 1.5

Evaluation of the integral results in a average energy, Eaequal to VikT. This can be
extended to 3 dimensions showing Ea/= 3/2kT or VIikT per degree of freedom. The
temperature and average energy are closely related so the temperature in plasmas is
most commonly measured in units of electron-volts.

It must also be noted that within the plasma itself there may be several
different temperatures. The ions and electrons often have different temperatures
because collision rates among ions or among electrons may not be the same as the
rate of collisions hetween an ion and an electron. If a magnetic field is present one
type of particle may have separate temperatures perpendicular or parallel to the field.
It will be shown later, Section 4.3, how electrons in the plasma under certain
conditions are split into two different temperature groups each having a different
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effect on the plasma

1.4 Debye Shielding.

In defining a plasma the term collective behaviour was used This refers to the
way 1n which a plasma will act to shield any disturbance from the bulk of the plasma
If a charged body 1s placed within the plasma, particles of the opposite charge will
be attracted to 1t, masking its effect on the rest of the plasma, as shown in Figure 1 1
For the case of the plasma at zero Kelvin, the charge body will be completely
shielded so that neutrality 1s maintained

in the bulk of the plasma, outside of the

charge cloud If however the
temperature 1s raised above this value,

the particles will have some random - -

thermal energy which increases the

_:__-P]_-+++‘;
shielding distance A quantity called the et -

+ - +
+
o e

Debye length 1s the measure of the
Figure 1 1 Debye shielding

thickness or shielding distance of the

cloud To compute the size of this

region some definitions are necessary It 1s first assumed that the charged body has
a potential ¢ m the x = 0 plane and that 1t 1s infinitely thin The mass ratio of 1ons
to electron 1s taken to be infinite this just assumes that the electrons, due to their
greater mobility do all of the shielding regardless of the polarity of the body, by

either providing a surplus or a deficit of charge to perform the shielding Poisson’s

equation in one dimension 1s given as
€, — = —e(n, —n,) . Eqn: 1.6

The variation of the electron density n,, over the region of the disturbance 1s given

as function of the total electron density, the potential and the temperature
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n,(x) = n, exp (%@) . Eqn: 1.7

e

Substitution of equation (1 7) mto (1 6) and expansion of the resulting exponential

using the Taylor series results mn

2 2
eodd’:en“’d) . Eqn: 1.8

The quantity N, , known as the Debye length, can now be defined as,

1
A = (eOkTe ]2 . Eqn: 1.9

e’n,

This term can be used to mathematically characterise a plasma For the plasma to be
quasineutral, the dimensions of the plasma must be greater than the Debye length and

the number of particles in a Debye sphere must be much greater than one, or

Eqn: 1.10

where N, 1s the number of particles within a sphere of radius A; The quantity A, 1s
of great importance when working with probes 1n plasma and 1s fundamental to the

calculation of various plasma parameters

1.5 Plasma parameters.

In order to characterise a plasma several parameters have been defined by
which plasmas can be compared These include the temperature, as mentioned
previously, the density of charged species, the plasma or space potential, the floating
potential and the electron energy distribution function (eedf) These are all discussed
in detail 1n Section 3 2 3 and 3 2 4 with a view to their calculation from the tuned
probe data However a brief defimition of each 1s given here for the benefit of
understanding the diagnostic techmques employed to measure these parameters, which

shall be reviewed 1n Section 1 7

Chapter 1, Page 5



Temperature. This parameter describes the energy of particles in a maxwellian
distribution The greater the temperature of the plasma the greater the energies of the

electrons

Electron or i1on density This 1s simply the number of electrons or 1ons 1 a unit

volume In the present work the density varies from 10°-10""cm™, while n general 1n

laboratory plasmas the density can range from 10%-10*cm?

Plasma/space potential If a body 1s placed within a plasma and biased to remove the

sheath formed around 1tself, ie no electric fields are present, electrons and 1ons will
migrate to the body due only to their thermal velocities The potential of the body at

this point 1s known as the plasma or space potential
Floating potential This 1s the potential that an unbiased conducting body placed
within a plasma will attain Equal fluxes of electrons and 1ons must impinge upon the

body since no net current can be collected

Electron energy distribution function This parameter shows how the energy 1s

distributed among the electrons 1e the density of electrons within each energy
interval The eedf, f(e), 1s normally represented in units of eV"' In this text however
we refer to €” f(e) as the eedf This 1s not strictly an eedf but 1s acceptable for the

analysis of the results presented here

1.6 Radio frequency plasmas.

Plasmas can be produced by applying an ac voltage at radio frequency to
appropriate gases at low pressures The theory associated with these plasmas 1s
reviewed 1n detail in Chapter 2 Rf generated plasmas are preferred 1n industry as
they can be operated at much lower pressures, they are more efficient at promoting
lonisation and sustaining the discharge than dc plasmas meaning more current can be
driven through the discharge for a given voltage [7,16] since the impedance of the
plasma which 1s often capacitive will decrease with increasing frequency

This manner of producing a plasma while much better for sputtering and
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deposition work n industrial applications has major implications for any diagnostic
techniques employed Although the 10ns and neutrals are in general unable to follow
the applied rf signal, the electrons can and do add a time varying factor to all the
plasma parameters This time varying element causes many problems particularly for
probes placed within plasmas For this reason diagnostic techniques have had to be
re-examined and 1n some cases redesigned for operation in rf plasmas Besides their
direct affect on diagnostic systems, rf plasmas are also responsible for leakages to the
ground lines and loading of impedances which can cause erroneous measurements to

be taken

1.7 Methods of plasma diagnostics.

There are several methods of analysing rf plasma behaviour, each one with its
own particular advantages and disadvantages Each technique operates at 1ts optimum
in certain types of plasmas A few of these techniques are mentioned below with a

summary of how they function

1.7.1 Electrostatic Probes.

There are quite a number of different probe techniques employed for plasma
diagnostics These include emissive, capacitive and collecting probes Some of them
can operate 1n single, double or triple mode though only single mode operation 1s

covered here Details of the latter two techniques may be found in references [17-20]

(1) An emissive probe 1s primarily used to measure the plasma potential It consists
of a hot wire which 1s immersed in the plasma The probe 1s heated to allow
thermionic emission of the electrons, and 1s

biased with respect to the plasma potential,

see Figure 1 2 taken from Kemp et al [21]. Ceramc  msulator
When the bias of the probe 1s more negative J M — ‘ D)
than the plasma potential the electrons can D= | wire probe

Support rods also

leave the probe and be collected by the eloctrical fesdthroughs

plasma however when the probe 1s more

positive than the space potential the electrons Figure 12 A typical emissive probe
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can not leave the probe but electrons are collected by the probe By identifying the
transition from current collection to emission 1t 1s then possible to determine the
plasma potential In fact the probe floats at the plasma potential where emission and
collection are balanced Emissive probes are best used for measurement within the
sheath regions of plasmas or in magnetised or turbulent plasmas since disturbance by

the probe 1s minimised as no net current 1s collected from the plasma [22,23]

(11) Capacitive probes with a high impedance to ground have been used to measure
time varying plasma potentials in rf discharges However a numerical simulation of
the convoluting effect of the rf potential on the probe characteristic must be used to
estimate the actual characteristic and derive the correct plasma parameters [24] The
numerical simulations used require the plasma to be maxwellian which 1s not always

the case [25] These probes can be more

Capacitive  transmuitter
Coaxtal cable and senso;/ suitable than emissive or collector probes in
_ @
1 certaim plasma, eg high frequency
4 K D
st — )| Embe measurements 1n strong B fields In this case
[
7 1 once the impedance of the probe 1s high
Outer  Insulation O-Ring
shield seal compared to the source impedance at all the
Figure 13 Capacitive probe for rf frequencies present and providing sheath

potential measurements
effect may be neglected, the probe can

successfully track the potential without
significantly loading the plasma [26] A capacitive probe designed for measuring the
rf fundamental and harmonic amplitudes within the plasma and sheaths 1s shown [27)]

Additions can be made to the probe tip to increase the area depending on the density

of the plasma

(m) Collecting probes are the most commonly used in plasma diagnostics of all the
probe techniques available They are discussed at further length in Section 3 2 with

particular attention paid to the tuned Langmuir probe

1.7.2 Thomson scattering.

Thomson scattering as a diagnostic technique 1s generally confined to high
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temperature, highly 1onised plasmas where the output light signal 1s quite large A
photon of light with angular frequency w and wave vector k impinges on an electron
at rest After the collision the photon frequency and wave vector are changed to w'
and k' respectively while the electron recoils with momentum P, [28] A schematic
diagram of a typical system setup 1s

shown mn Figure 1 4 Photomultipher

tubes are generally used as detectors Laser Laser
Light In Light Out
The angle at which they are placed 5 P‘“‘“; ,
9
with respect to the light out, decides = Sm;w g
which plasma parameters can be )
Detectors

measured In theory this 1S quite easy
although 1n practise many light baffles
Figure 1 4 Typical schematic setup for Thomson

are required to reduce spurious scattering expenments

reflections from the optics of the

systems, that only changing the scattering angle 6 by a few degrees would be
possible The different values of scattering angle produce quite different spectra The
relationship between the signal output, the system setup and the plasma parameters

1s defined by the scattering parameter « where,

A, ‘ e’n,
o« = ) Egn: 1.11
4 sin-g— € kT,

and A, 1s the wavelength of the incident light When o« < 1, kT, can easily be found

and when « » 1, n, can be measured [29]

The output spectrum 1s also related to the electron velocity distribution
function f(v) [30] There are quite a few problems inherent with the use of Thomson
scattering as a diagnostic technique Firstly the Thomson scatter signal must be
determined from the Rayleigh scattering signal given by the neutrals in the plasma
The signal must also be distingumished from Raman scattering and laser induced
florescence which occur due to impurities within the gas Calibration of the Thomson
scattering signal can be seriously hindered by these effects which can be completely

unpredictable [31]. In low pressure plasmas, bremstrahlung arising from electron
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neutral elastic collisions 1s also observed, and finally, the optics necessary to operate

the system can cause reflections which complicate analysis of the results [32]

1.7.3 Photodetachment.

Like the preceding diagnostic technique, photodetachment also requires the use
of laser hight This type of plasma analysis 1s used mainly to measure the negative 10n
density 1n electronegative plasmas such
as CF, and hydrogen plasmas [33,34]
A photon of light with sufficient energy
to detach an electron from a negative
lon causes an increase in the localised
electron density This increase can then

be measured using an electrostatic probe

or microwave mterferometry depending

on the geometry of the system Care
Figure 1 5 Schematic representation of a

typical photodetachment setup must be taken when deciding the type of

laser to use for this purpose as the

photon energy must be large enough to overcome the electron affinity for the 1on but

no so large as to cause photo-ionisation or photo-emission [35] If the laser intensity

1s sufficient to cause saturation, that 1s detach all the negative 1ons in the laser path,

the density of the negative 1ons will be proportional to the increase in electron

density

1.7.4 Optical emission spectroscopy.

Optical emission spectroscopy 1s a major diagnostic tool for reactive and
sometimes corrosive plasmas, because it 1s a non-invasive technique Emuissions of
interest originate from the fraction of plasma species electronically excited to higher
states This fraction 1s determined by the electron energy distribution function (eedf)
of the plasma The emission ntensities are therefore related to the density of the
species involved and the eedf [36] However since most changes to the plasma
parameters affect both the density and eedf, emission spectroscopy cannot be used as

a monitor for the density of the plasma species To overcome this difficulty the
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method of actinometry has been introduced Here the ratio of emission from the
reactive atom to a gas atom has been used to measure the reactive atoms’
concentration There are still problems associated with this technique, mainly that the
excitation be by single step electron impact excitation of the ground state atom [37]

An addition to passive emission spectroscopy has been plasma induced
emission spectroscopy (PIE) in which the excited species are probed without any
perturbation to the plasma The excellent time and space resolution achievable with
this technique has lead to investigations into the sheath regions of v mode plasmas to
observe the behaviour of fast secondary electrons [38], and the discovery of time

dependant excitation of atomic levels within silane[39]

1.8 Modelling rf plasmas.

Computer models have become a major part of plasma physics Many different
types of models have been formed to analyse the different aspects that are of interest
within the plasma Equivalent circuit models too are an ideal way of examining
certain parameters of the plasma This section reviews both of these techniques as

means of gaining a fuller understanding of the workings of a plasma

1.8.1 Computer modelling.

Computer modelling 1s a fast and relatively inexpensive means of scrutinising
all the different regions of the plasmas For rf plasma modelling several different
techniques are available to examine the electric fields within the plasma, the sheath
behaviour, the electron energy distribution functions, etc The principle techniques

are shown

(1) Fluid (continuum) models have been used to model the axial variations [40] 1n the
entire discharge and have been successful in computing the external discharge
parameters such as Langmuir probe characteristics, power densities and also the
mechanmisms for transfer of energy to the bulk electrons in the sheath region The
local field approximation which assumes that the electrons are 1n equilibrium with the
local electric field, 1s only valid for charged particles 1f the space and time variations

in the electric field are small relative to the distance and time between collisions [41]
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For this reason fluid models are not valid for electrons within the sheath regions This
type of model 1s best suited to high pressure dense plasmas [42]where the behaviour
of the individual particles 1s ignored However it has been employed to model low
pressure rf inductive[43,44] and capacitively [45,46] coupled plasmas in two

dimensions quite successfully

(1) Monte Carlo/ Particle-in-cell models are used more frequently for low pressure
gas discharge modelling as the response of the individual particles are examined For
this reason the sheath regions [47-52], which are of fundamental- importance for

heating 1n rf plasmas, can be examined i great detail The electron energy

Argon at 200 mTorr Nitrogen at 100 mTorr

1000 T T 1000 T T

=)
8

0100}

EEOF (ev¥?)

€EOF ( o372 )

ootop 0010

oco 000t

bs] S 0 15

' 5
Energy ((ev ) Energy ((ev)

Sold Line - PIC simulation Sold Line - PIC simulation
Points - Langmuir Probe Measurements Points - Langmuir Probe Measurements

Figure 1 6 Comparnison between PIC simulations and expenmental results for {a) argon and (b) nitrogen taken from
Turner et al [53, 54]

distribution function can also be simulated and compared with experimental
measurements [43] In the particle-in-cell (pic) method, the trajectories of many

electrons and 1ons are integrated forward in time and macroscopic quantities such as
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currents and charge densities are constructed by summing the individual particle
contributions. The Monte Carlo method is used to include collisions between charged
and neutral particles [55-57], The main advantages of this technique include knowing
exactly where a particle is, so that a very thin beam of particles can be resolved
accurately, in the sheath region, for example. Another advantage is that they scale
better as more dimensions are added [58]. PIC/IMCC codes were used for the
modelling work presented here and compare very well with the experimental data as
shown. The deviations between the two are due to using a one dimensional model and
neglecting wall losses.

1.8.2 Equivalent circuit models.

Equivalent circuit models have heen developed over the years to aid in the
understanding of the different types of plasmas. For radio frequency plasmas alone
there have been numerous models developed, at various levels of simplification, to
describe parallel plate capacitively coupled plasmas [59], sputtering system [60] and
etching systems [61] etc.The function of these models is to provide immediate
accurate information regarding thebehaviour of the plasma. Most models are

concentrated towards the  sheath
regions or are used to estimate the

vit) -vovif o

Calhode power deposited within each region of

the plasma [16]. For the work

o presented here the most accurate model

to use would be that shown helow,

X ah ;1 = taken from Kohler et al [62], which

describes an  asymmetric  planar

Figure 1.7: Equivalent circuit of an rf plasma system, taken  €|€Ctr0de rf plasma. The sheaths which
rom ronlereral e o are mainly capacitive are represented

by a capacitor with a resistor in parallel. The resistance reflects the power dissipated
within the sheaths while the high electron mobility, which produces a non-linear
current to the electrodes, is represented by the diodes. The bulk plasma is represented
by a resistor, though some models use both a resistor and an inductor to account for
the resistance due to electron collisions with the gas atoms in the bulk and the plasma
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inductance due to electron mertia n the rf field [63] Electrical models of this type
are used 1n conjunction with experimental systems to examine the influence of
different gases on the plasma impedance [64] and examine how the power deposited

within the plasma can be linked to driving frequency and current etc [16]

1.9 Outline of proposed research.

Although our knowledge of rf plasmas has greatly increased 1n the last few
years, this has come about primarily through computational rather than experimental
means The reason for this has been the advances in computing power while
experimental progress has been hampered by the lack of suitable reliable diagnostic
equipment The purpose of this thesis to present an experimental study of low
pressure rf plasma using specifically designed diagnostic methods and from the results
obtained, examined the plasma parameters and heating regimes of the plasma

Tuned Langmuir probes and microwave interferometry were the main analysis
methods used, however a current and voltage probe 1s also incorporated into the
system to measure accurately both current an voltage waveforms and allow consistent
plasmas to be produced

Probe analysis of plasmas 1s still a very popular technique since 1t has proved
to be quite a reliable diagnostic method when properly used However a parameter
termed here as the sheath resistance, has until now been neglected even though 1ts
affect on the plasma can be quite serious A means by which this parameter can be
measured along with some explanation of its occurrence 1s presented in Chapter 4
[64] Initial measurements of its value in the system used here are also shown

The heating regimes of low pressure plasmas are reviewed with an emphasis
placed on the transition from stochastic to bulk heating This work was performed
primarily on argon plasmas to observe how the Ramsauer effect enhanced the
transition Comparisons between the computationally predicted pressure at which this
transition should occur and the actual pressure value are also made

In order to further our understanding of these heating regimes a small variable
transverse magnetic field was applied to the plasma while 1n the stochastic heating
mode Theoretically the magnetic field will reduce the fast electron mobility

perpendicular to the applied electric field and cause a heating regime transition The
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eedfs along with some results obtained from computational models are shown in
Chapter 6

Spatial measurements throughout the plasma, using the tuned probe, as a
function of pressure were taken to examine the electron temperature and bulk fields
variations within the plasma Comparison with the work of others 1s shown 1n Chapter
5 [65] Using the diffusion equation a theoretical prediction of the electron density
profile throughout the plasma was formulated, the results of which are compared to
the actual experimental findings

Collaborative work performed on other systems 1s reviewed in Chapter 7 The
mtension of this work was to take experimental measurements using the tuned probe
and compare them to other diagnostic techniques already employed on theses systems
All of this work is still continuing however 1nitial results are presented and again
comparisons with theoretical predictions presented

Finally some conclusion from the work presented along with suggestions for

further work to be carried out are shown in Chapter 8
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Chapter 2 : Theory of rf Plasmas.

2.1 Introduction.

Plasmas generated using radio frequencies, 13 56MHz, behave in quite a
different manner to those generated using a dc bias The mam reason for this being
the ability of electrons to follow the applied electric field while the heavier 10ns, like
the backround neutrals, remain unperturbed The effect of this behaviour changes the
mechanisms by which the plasma 1s sustained and heated, particularly at low
pressures

Plasma are used frequently in industry for etching or deposition purposes
[1,2] In general the need arises to cover substrates in electrically msulating materials
If the material 1s placed within a dc discharge however, 1t will quickly attain the
floating voltage potential This results n equal fluxes of electrons and 10ns to 1its
surface regardless of the applied voltage to the driving electrode, its behaviour being
analogous to a capacitor within a dc circuit The use of ac discharges means that the
substrate continuously charges and discharges and so the flux of charged particles to
its surface can be changed by varying the driving frequency and the applied potential

As well as the ability to bombard insulating surfaces, 1t also transpires that
rf discharges are more efficient at promoting 1onisation, can be operated at much
lower gas pressures and have decreasing impedances with increasing driving
frequencies such that more current can be driven through the plasma for a given
voltage [3] The purpose of this section 1s to examine why and how the plasma
behaves as 1t does and how different system configurations and power coupling

techniques alter the measured plasma parameters

2.2 System Configurations.

The symmetry of the system, 1e the ratio of the area of the driving electrode
to the grounded electrode, greatly alters the way in which a substrate may be etched
or covered with a thin film The manner in which power 1s coupled to the plasma,
whether 1t be capacitive, dc or inductively coupled, also plays an important role [4]

The following section reviews some of theses configurations.
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2.2.1 System Symmetry.

Commercial plasma processing systems are generally capacitively coupled
parallel plate devices with one electrode driven and the other at ground potential. If
the electrodes are of uneven area the
system is termed asymmetric, as - 0
opposed to two electrodes of equal ey
area, which defines a symmetric system
[5]. In many cases the size of the
electrodes are the same while the walls
of the chamber are also grounded,
which also givesrise to anasymmetric
setup asshown inFigure 2.1, MOSt Fioure 2.1: Differentsystem geometries,
processing systems tend to favour the
use of asymmetric systems as ions are accelerated toward the driven electrode. This
is due to the establishment of a negative dc bias necessary to maintain electronic
current continuity.

The electrons, due to their greater
mobility respond faster, than the ions, to

a disturbance to the plasma. During the

it positive half of the rf cycle many electrons

are attracted tothe electrode, while during

the negative half, the ions, which are

much slower in responding, cannot reach

the electrode as fast. This leads to the

formation of a negative dc bias on the driving electrode to reduce the number of
electrons collected, as well as increase and accelerate the ions collected [s],

Ia[?e
electrode
powered

Applied
Voltage

Figure 2.2: Development of the dc bias.

2.2.2 Power Coupling.

There are several means by which power is coupled from the rf generator into
the plasma itself, each different technique having its own particular advantages and
uses. As the demand for etching of smaller features increases in industry, a great deal
of interest is presently being shown in the use of inductively coupled (transformer
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coupled) plasmas [7] At present capacitively coupled plasmas are used for the etching

of wafers and 1n the manufacture of thin films such as diamond like carbon for

materials processing

Inductively Coupled Plasmas
It has been found using inductively coupled plasma, such as the Lam Research

9400 shown 1n Figure 2 3 [8], that 1on densities of the order of 10" cm™ at ~SmTorr
can be achieved These higher densities
result in much faster etch rates The
planar inductive plasma source consists
of a flat spiral coll mounted above an

upper ceramic plate with rf power

supplied through a matching network

The plasma 1s excited by the induced rf

electric field There 15 no electrical

Figure 23 Lam Research 9400 inductively coupled displacement current driven through the

teher sheath 1n front of the wafer Conditions

are therefore similar to the sheath 1n a dc plasma, which 1s characterised by sheath

voltages of the order of the mean energies of the electrons The wafer 1s mechanically

clamped to a helium cooled lower electrode and a second power generator allows for

independent wafer biasing [9] This type of setup produces a more uniform ion

density near the surface of the substrate which i turn produces a more homogenous
etch of the wafer [10]

Other uses of inductively coupled plasmas are in plasma torches, where the
plasma 1s formed when energy 1s transferred to the gas by means of an induction coil
The torch consists of concentric tubes generally composed of quartz The plasma
forms above the inner tube and within the outer tube, its location determined largely
by the position of the coil which 1s coupled to the rf generator [11] Although not
fully understood yet these plasma have found applications in welding, chemical

synthesis and spray coating [12].
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Capacitivelv Coupled Plasmas.

At present parallel plate capacitively coupled plasma are used in industry for
plasma etching and thin film deposition. For this technique, power is supplied from
the rf generator, through a matching network and blocking capacitor, to the plasma.
Matching units are necessary to ensure that maximum power is deposited within the
plasma and minimum power reflected back towards the generator: matching units
merely match the output impedance of

the generator with the input impedance B CBJ%{EQ

of the plasma [13]. Since the impedance R cmm\ (I
of the plasma changes with pressure 5, 7— 12

and other factors the components of the i jiT Y.

matching unit are generally variable so

that optimum power transfer can be

Obtamed fOf a” COHdItIOﬂS The Figure 2.4: Schematic diagram of the matching unit.
blocking capacitor ensures that no dc current can flow through the plasma. This has
the effect of maintaining the negative offset in asymmetric configurations, and so
allows ion bombardment of the substrate. Neglecting this capacitor removes the
negative dc bias as current can flow out of the system. The matching network used
in the work presented here is shown in Figure 2.4. Systems which are dc coupled to
the rf generator employ the same type of matching unit shown except with the
blocking capacitor removed. This results in very high plasma potentials as the dc bias
disappears [5],

2.3 Processes within the Plasma.

When the plasma has been formed by whatever means, it then must sustain
itself until the power is removed. However since the plasma is composed of many
particles some charged and some neutral, collisions between them will occur, many
will get lost to the walls and some will recombine. The frequency at which all of
these events occurs is quite important as this determines the type of plasma formed.

2.3.1 Collisions.
Just as there is a distribution of particle velocities, so too is there a distribution
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of free path lengths 1€ statistically the distance a particle goes before colliding This

distance 1s called the mean free path and given as

1
A, = , Egn: 2.1
R

where N, 1s the number of particles of species n per m* and o, 1s the cross sectional
area for collisions between electrons and particles of species n The mean time

between collisions for a particle travelling at velocity v 1s then

A

T =_n" Eqn: 2.2
v

The frequency of collisions », 1s therefore the inverse of 7 If a maxwellian velocity
distribution 1s assumed to govern the electrons, then the total collision frequency must

be summed over all the velocities and so 1s given as
v = N,,a—v . Eqn: 2.3

Having established that there exists a frequency with which collisions occur, 1t must
be noted that there are several different types of collisions, both elastic and inelastic,
which the particles may undergo, with each of these processes having a different
frequency of occurrence and effect on the plasma These types include electron impact
collisions with neutral atoms, 10n-neutral collisions, metastable collisions etc  Any of
these collisions can result 1n 10n1sation, recombination, excitation or relaxation of the
particles It 1s by a combination of these production and loss mechanisms that the

plasma 1s maintained

2.3.2 Ionisation.

Electron impact 1onisation 1s the main process by which the plasmas studied
here are sustained In this case a free electron colliding with a neutral atom removes
an electron, producing a positive 1on and two electrons The two electrons are then
accelerated within the plasma by either the electric field or collisions with the
oscillating sheath in rf plasmas Once they have acquired sufficient energy they may

then cause more 1onising collisions. There 1s @ minimum energy required for this to
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Figure 2 5 lonisation through electron impact

occur known as the 1onisation potential which for argon 1s 15 7eV It 1s not only
through electron impact collisions that 1onisation occurs, though it 1s the predominant

mechanism

2.3.3 Enhanced Ionisation.

This 1s a process by which electrons can attain 1onising potential energies 1n
quite weak electric fields If an electron undergoes an elastic collision at the
appropriate time with respect to the phase of the electric field then 1t 1s possible for
its energy to increase Ideally the electron would collide with an atom, reversing its
direction at the same moment the field changes direction In gaining energy this way
an rf plasma can be sustained for much smaller electric fields than those required for

dc plasmas [3]

2.3.4 Recombination.

Since 1onisation 1s occurring 1n the plasma producing ions and electrons,
recombination between them or losses to the walls must also occur to mamtain a
stable plasma To conserve momentum and energy, recombination requires three
bodies to participate This process only contributes significantly in plasmas above

pressures of about 1Torr The electron loss rate 1s given as
__°¢ - ann Eqn: 2.4

where o 1s the recombination coefficient
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2.3.5 Excitation and Relaxation.

Electron impact with neutrals does not always cause 1onisation In some cases
energy 1s transferred from the impinging electron to a bound electron enabling 1t to
jump to a higher energy level within the atom This 1s a process known as excitation
The opposite of this 1s relaxation where the excited electron 1n the atom drops back
down to the lower energy level and releases a photon of light equal to the energy
difference between the two levels Emission spectroscopy uses this emission of light

to detect the presence of various atoms

2.3.6 Diffusion. ¢

Diffusion 1s a random walk process for particles in a plasma Here a net flux
of particles from a dense region diffuses to a less dense region, with the flux
proportional to the density gradient The proportionality constant known as the

diffusion coefficient 1s given as,

D = T . Eqn: 2.5

mv

This will be different for each of the different species in the plasma When electrons
or 1ons reach the walls of the plasma chamber, they recombine Essentially then the
density at the walls 1s zero so there will be a constant diffusion of particles there Due
to their smaller mass, electrons have a higher mobility than 1ons and diffuse much
faster, setting up a space charge separation This will then retard the electrons and
increase the 1on diffusion so that space charge neutrality 1s maintained at all points
in space This 18 known as ambipolar diffusion where the electrons and 10ns diffuse
at the same rate determined by the ambipolar diffusion coefficient, which is given as

D, +nuD

D, = e TR . Eqn: 2.6

IJ'! + pe

where p, and p. are the 10n and electron coefficients of mobilities respectively and

are given as
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po= l_q__l . Eqn: 2.7
Ambipolar diffusion 1s the primary loss mechanism n low pressure plasmas

2.4 Heating Mechanisms.

The exact mechanisms by which the plasma sustains itself, although mainly
due to 1onmisation and excitation, are quite complex At low pressures a mechanism
called "sheath heating" 1s responsible for maintaining the plasma, while at medium
pressure localised 1onisation dominates At high pressure and voltages secondary
electrons emitted from the electrodes cause 1onisation throughout the plasma In this

case the plasma resembles a dc glow discharge and 1s known as the y regime

2.4.1 Sheath Heating.

For a fixed gas, electrode gap and material, and driving frequency, the heating
regime can be determined by the gas pressure and current density At low pressures,
of the order of 10-40mTorr pressure, 3mAmps/cm? with a 7 S5cm electrode gap for
the experimental system considered here, a collisionless regime for plasma electrons
occurs Here, stc;chastlc heating n the sheath dominates and collisional heating due
to electron-atom collisions 1s small The sheaths 1n an rf plasma move with speeds up
to ~5x10” cm/sec Low energy electrons are gently pushed by the bulk electric field
towards the electrodes as the sheath retreats during the positive part of the cycle
Some electrons movi: too slowly to catch the retreating sheath and so they bounce and
loose energy When the sheath then expands during the negative part of the cycle the
electrons are unable to move away and so collide with the sheath as 1t passes, gaining
energy [14,15]

For argon this heating regime 1s enhanced by a phenomenon known as the
Ramsauer effect [16,17] The cross section for elastic collisions, for slow electrons
1s unusually small in nert gases as shown in Figure 2 6 The low energy group of
electrons therefore have an extremely low electron-atom collision frequency These
electrons oscillate collisionlessly in the bulk of the plasma, trapped by the ambiploar

potential well and unable to gam energy from the sheaths or the rf field The fast
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electrons can however overcome these barriers and effectively interact with the argon
atoms in ionising collisions. They then compensate for their energy losses through

Electron energy (eV)

Figure 2.6: Total scattering cross section for argon taken from Golden et al [14].

collisions with the oscillating plasma sheath [18-20]. Most heating occurs during
expansion of the sheaths for this process. However a mechanism known as anomalous
sheath heating has been shown to occur, where heating during the retreating part of
the cycle arises [21]. Since the electrons lag behind the sheath a region of positive
space charge forms attracting the electron and heating them in the process.

2.4.2 Bulk Heating.

If the pressure of the plasma is increased above ~50mTorr, again with a
7.5cm electrode gap, for the system used here; the conditions of this regime are
determined by the pressure and discharge length, ohmic or bulk heating becomes the
dominant heating regime. In this case ionisation occurs locally in the bulk of the
plasma as the mean free path of the electrons is less than the chamber dimensions.
The electrons are heated by the bulk electric field giving them a higher temperature
than they had in the stochastically heated regime. The transition in pressure between
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the collisional and non-collisional regimes can be characterised by a parameter pd
where p 1s the gas pressure and d the half width of the bulk plasma [22] The

transition normally occurs 1n the range pd = 0 1 to 0 2 Torr cm

2.4.3 y Regime

If the pressure of the plasma is increased to >0 5 Torr and the driving voltage
also mncreased the heating mode of the plasma changes abruptly from the « (bulk
electron heating) to the v mode In this regime the 1ons bombard the surface of the
electrodes emitting secondary electrons These electrons are then accelerated by the
sheath field to very high energies where they undergo collistons producing more
secondary electrons 1n an avalanche effect The electrons enter the bulk plasma
causing 1onisation mamly at the plasma sheath boundary but also to some extent n
the bulk The 10ns produced are then accelerated towards the electrodes causing more
secondary electrons to be produced The abrupt change in heating mode 1s also
accompanied by a dramatic change n light emission from the plasma, a sharp drop

in the electron temperature and an increase 1n the plasma density [13,23]

2.5 Conclusion.

The basic theory of rf plasmas has been exammed The different system
configurations have been introduced to show the effect of both chamber geometry and
power coupling to the plasma Processes within the plasma have also been reviewed
for the benefit of understanding the analysis of the results presented in Chapters 4 to
7 Finally the different heating mechanisms which occur within the plasmas examined
n this work have been presented A further analysis of these heating modes 1s given
in Section 4 3 with particular attention paid to the transition from stochastic to bulk

heating
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Chapter 3: Plasma Diagnostics.

3.1 Introduction.

The purpose of this chapter 1s to introduce the different diagnostic techniques
used 1n this work Each different method has 1ts own specific theory associated with
it, which shall be examined n detail to extract the means by which the relevant

plasma parameters can be calculated

3.2 The Langmuir Probe.

The Langmuir probe due to its simplicity of design and 1n-situ measurements
15 one of the most frequently used and useful diagnostics 1n plasma physics Unlike
other analytic techniques it provides local information regarding the various plasma
parameters, rather than volume averaged results which are obtained by other methods
such as microwave mterferometry, emission spectroscopy, etc Although the
Langmuir probe 1s a simple tool, the subsequent analysis of the resulting data is
extremely 1volved and can be subject to much misinterpretation However, extensive
investigation into the behaviour of probes within plasmas has produced well

established theories making the probe a very powerful diagnostic tool

3.2.1 Probe Theory.

The Langmuir probe diagnostic technique consists of placing a conductor into
a plasma, applying a voltage and measuring the resulting current drawn from the
plasma with respect to a reference electrode For the system in operation here, the
reference electrode 1s the chamber wall of the system which 1s connected to ground
In this fashion a current-voltage curve 1s produced from which the various plasma
parameters can be calculated Initially when the probe 1s placed within the plasma a
sheath forms around 1t to shield the bulk plasma from the disturbance Most of the
voltage drop will appear across this sheath which 1s of the order of a few Debye
lengths 1n width [1,2] Since cylindrical probes can be made quite small in
comparison to the plasma volume and also due to considerable research already
established, they are primarily used No theory exists which adequately describes the

behaviour of the I-V characteristic in the plasmas considered here, but the most
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complete theory 1s that of Laframboise, the mam drawback being the absence of
collisions 1n his treatment [3-5]

Probe behaviour within a high pressure plasma 1s quite different to that for a
low pressure plasma and so different theories have been developed for each scenario

The work here 1s analysed within the low pressure case where,

r, < A and Ay < A Eqn: 3.1

where r, 1s the probe radiws, A the electron collisional mean fee path and A, the

Debye length which 1s given by,

kT, )z
Ay = ( %o e]z . Eqn: 3.2

e’n,

Several other assumptions must also be made for the purpose of simplicity [6]
® The plasma 1s assumed infinite, homogenous and quasineutral in the absence of the
probe
e Maxwellian velocity distributions are assumed for both electrons and 1ons with
temperatures T, and T, respectively such that T, > T,
» All charged particles striking the probe are assumed to be absorbed
* No magnetic fields are assumed to be present
It 1s recognised that the conditions set out above are not always satisfied and
discusstons of this are included n the text

A typical Langmuir probe I-V characteristic 1s shown m Figure 3 1, with
various regions noted, in Figure 3 1 If the probe 1s biased strongly negative the
probe will collect only 10ns, although the bias should be large enough to remove any
contribution from high energy electrons The current collected by the probe 1n this

region, I, 1s given as,

1 -
I+m = ZnoeSvs , Eqn: 3.3

where n, denotes the 10n density 1n the undisturbed plasma, S 1s the sheath area and

v, the 1on acoustic velocity which 1s defined as
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s m

3

1
v = (ﬂ]E ) Eqn: 3.4

The 10n acoustic velocity is the mimimum velocity which the 1ons must have to enter
the sheath [7] As the probe bias 1s reduced, fast electrons nitially begin to contribute
most to the collected current The point at which no current 1s collected 1s known as
the floating potential, V; At this point the probe potential 1s sufficiently negative

relative to the plasma to repel all the electrons except a small flux equal to the 1on

A
-

/ Electron Saturation
| Region

Electron Retardation
Region

(

L4
] Vi V% Applied Potential

Ion Saturation Region

\4

Figure 3 1 Typical current voltage characteristic from a Langmuir probe

flux, so no net current 1s collected A probe with no electrical connections therefore
remains at this potential, which 1s always negative with respect to the plasma
potential

If the probe voltage 1s biased more positive, the probe begins to collect
electrons as more are able to overcome the retarding potential 1nitially the faster
ones of the velocity distribution and then the slower ones as the voltage increases In
conjunction with this, the thickness of the 1on sheath decreases The density of the

electrons i this 1on sheath is then governed by Boltzmann’s law [8] or
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A"
ne =n, exp (2Tp) . qul: 3.5

4

The random current at the sheath edge, like that for the 1on current equation (3 3),

IS grven as,

1, = —%noezs , Eqn: 3.6

where S 1s the area of the sheath and v, 1s the average electron velocity, calculated

from the Maxwell Boltzmann velocity distribution and found to be

8kT, Eqn: 3.7

v =
¢ T m

The total current to the probe 1n this region of retarding potential 1s then [2,6],

ev
Ly = 1. + I exp (E]Tp] . Eqn: 3.8
€

On ncreasing the probe potential further, a point 1s reached in the characteristic
known as V, , the plasma potential At this pont the probe 1s at the same potential
as the plasma and as a consequence there 1s no sheath around the probe For this
reason 1ons and electrons migrate to the probe due only to their thermal velocities
Since electrons have a higher mobility than ions, the current here 1s electron
dominated At higher positive values of probe voltage, the 1ons are unable to
overcome the potential drop within the sheath This area of the characteristic s called

the electron saturation region and the current to the probe given as,

1 - .
ey = —ZnoeveS . Eqn. 3.9
From this analysis 1t can be seen that much information regarding the plasma can be
obtained from the current voltage curve. However to calculate parameters such as the

electron temperature, density, plasma potential and floating potential, further
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examination of the theory 1s required

3.2.2 Plasma Parameter Analysis.

A cylindrical probe was chosen for the work presented here It has two major
advantages over the plane probe which are, a definitive theory describing the
behaviour of the sheath [9] and the possibility of using small area probes which cause
less disturbance to the plasma Knowing the behaviour of the sheath and thus the 1on
current expansion 1t 1s possible to measure the 1on density n, as well as the fast
electron current to the probe A smaller area probe reduces the depletion of low
energy electrons which 1s particularly beneficial when dealing with low densities and
weak magnetic fields The probe theory used in analysing the characteristic 1s that
of Laframboise [9]

From Laframboise theory the expansion of either the 1on or the electron

current to the probe can be described as a function of the applied voltage

I r
-V =fl1-Z,x|, x<0 , Eqn: 3.10
I, Ay
0
1 r
V) =fl-£,xl, x>0 , Eqn: 3.11

where x , the non-dimensional probe voltage, 1s given as

e(V - VP)
kT

€

x = Eqn: 3.12

The function f 1s derived from numerical fits to Laframboise curves, while I, and

I, are the following scaling factors,

Eqgn: 3.13

m

+

2nkT \*
I, =n,r e( “’]
0 +p
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Eqn: 3.14

e

27kT, e
Ie(l = -nre -

Since these equations describe the probe behaviour, the calculation of all relevant
plasma parameters will require values for the plasma potential V, , the electron
temperature kT, and the Debye length A, To overcome this, estimations are made
first from an mitial trace of the I-V curve The first derivative of the curve yields a
value for the plasma potential while the slope of the exponential section produces a
value for kT, Once x(V) 1s known the most suitable value for r,/A; 1s chosen by
fitting the observed probe current I(x) to the theoretically predicted probe current
I(R,/Ns , x) For this fitting process x (V) 1s taken at a very negative voltage where
there would be no contribution by fast electrons to the current Calculation of other
parameters such as the electron and 1on densities n, and n, , the floating potential and
the fast electron contribution can now be made from the first approximations of kT,
V, and r,/N; [5]

The electron density 1s found by combining equations (3 10) and (3 13) such
that

~ ~1,(x)
¢ 2nkT, sz , ’
r £
“p m, A,

where L(x) 1s the current at some positive voltage with respect to the plasma

Eqn: 3.15

potential Simularly the 1on density 1s calculated using equations (3 9) and (3 12)

_ L)
n+ - ’ X < 0 ’
2nkT\% (7 Eqn: 3.16
er fl-£
P\ m, A,

with I, ( x) measured at a sufficiently negative voltage to remove any contribution

from electrons
When determining V, from the first dervative of the I-V curve, 1t has been

found that the value obtained for the maximum always occurs below the poimnt of
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saturation. For this reason it is corrected for using the method of intersecting slopes
which predicts,

V

=\ T Eqn: 3.07

I .
\ " maxderiv

where Vma is the voltage at the maximum of the first derivative with Imegn, its
corresponding current value and Istis the electron saturation current. Thus the plasma
potential is corrected from its initial estimated value using the value of leotaken from
equation (3.11) using the new value of ne

The fast electron density and temperature is calculated from the current to the
probe at negative values of x- However the contribution from the ion and bulk
electron current must initially be removed since

Ix) - LX) + 1(X) * i,,(X)' Eqn: 516

To simplify the situation, the calculation of Ife is restricted to the region, x < -10,
as the bulk electron contribution is effectively zero. The fast electron temperature can
then be calculated by fitting the current using a least squares exponential regression
{0

XkT .
1e(x) = NE Eqn: 3.19

kTfe

where loie is the fast electron thermal flux at the plasma potential and kTfe the fast
electron temperature [5].

The electron temperature is recalculated since the ion and fast electron current
components can now be removed from the region where the bulk electron temperature
was initially calculated.

3.2.3 The Electron Energy Distribution Function.

The most basic characteristic for any gas discharge is the electron energy
distribution function (eedf). It provides information regarding the means by which the
plasma is sustained and heated and is fundamental in calculating the rate coefficients
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for excitation and ionisation. When integrated over, the eedf yields a value for the
electron density and reaction cross sections.

@

<ov> = J [(e) o(e) v(e) de, EQn: 3.20

threshold

where f(e) is the normalised eedf, a(e) is the reaction cross section and v(g) is the
electron velocity.

The second derivative the probe current-voltage characteristic is proportional
to the eedf provided that it is isotropic [11], that is

n(e) - n, I(e) = o 3.21

eA d\2\ e |

where the energy e = V - Vp. So by simply differentiating the probe current twice
with respect to the probe bias the eedf is obtained. This differentiation can be by
numerical or analogue methods, the former being employed here as it does not mask
or suppress the eedf structure.

In calculating the eedf an average of 10s data points are taken with a
bandwidth of Ae = 0.5eV at low energies and Ae = leV at higher energies. There
IS no need then to exercise any smoothing techniques.

3.2.4 The Tuned Probe.

Problems are encountered when using a conventional Langmuir probe in a
13.56MHz plasma. Since the plasma potential varies with time so also does the
current collected by the probe if it is maintained at a fixed dc bias. This results in an
overestimation of the electron temperature kTeand an underestimation of the electron
density ne. Several methods are available to overcome rf distortion of the probe
measurements in the plasma. These include time resolving [12] the I-V characteristic
obtained using a conventional Langmuir probe, deconvoluting the effect of the RF
potential on the probe characteristic obtained using a capacitive probe with high
impedance or combating the RF distortion of the characteristic obtained using a
floating double probe [13]. All of these methods can work quite well but they suffer
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the problems of being either very complex methods of analysis or are subject to large

capacitive loading at 13 56MHz A
simple non complex solution 1s to use a
tuned Langmuir probe [14,15], shown
in Figure 3 2, to overcome these
problems In order to avoild RF
convolution of the probe characteristic,
the RF voltage across the plasma probe
sheath should be less than the electron
temperature, approximately 1eV  This
1s done by ensuring that the impedance

of the sheath 1s small compared with

the impedance between the probe and ground

Figure 3 2 The tuned probe

An equivalent circuit of the tuned probe [14,15] 1s shown in Figure 3 3

Three voltage nodes are shown Point A corresponds to a point outside the plasma,

Ll /// CP\\\
/
WLL B [ ’_“ ) C
) s Ry
' N g
C; T
(
\{\\ c2
Zy, CS Zg Zptoama
Y
= A

Figure 3 3 Equivalent circuit of the tuned probe

usually the grounded chamber wall Point B corresponds to the probe tip 1e the

probe collecting surface while point C corresponds to a point 1n the plasma just

Chapter 3, Page 40



outside the plasma probe sheath The impedance of the plasma probe sheath s
denoted by Z, and consists of a resistive and a capacitive term in parallel, the non-
linear nature of this impedance 1s not discussed When w > w,, the 1on frequency,
then the RF sheath 1s essentially capacitive the value of the sheath capacitance may
be estimated as follows

The capacitance of the co-axial sheath 1s [16]

2ne,L
cC =| ——~2 ||
4 r +r] Eqn: 3.22
In|-Z 2
rp

where r, 1s the probe radius, L, the probe length and r the sheath thickness Allowing
for a probe radius of 0 19mm, the sheath capacitance, C, for a probe of length 10mm
1s 0 77pF At 13 56MHz tl}ls represents an impedance of Z, =1 5x10°Q? The
impedance between the probe collecting surface and the reference point 1s denoted by
Z, This term consists of the impedance of the rf chokes 1n parallel with a parasitic
capacitance C, Since Z, 1s 1n series with Z, the ratio of Z,/Z, should be very small
to ensure that there 1s very little rf voltage across the probe sheath junction

The value of Z, can be reduced by adding a shunt capacitance across the
plasma-probe junction [17] An AC shunt can be produced by placing a large
conducting surface in contact with the plasma and AC coupling this to the collecting
probe This 1s denoted by C, The value of C, 1s only dependant on the plasma
parameter A, and 1s independent of the probe voltage, whereas C, being dependant on
the plasma probe sheath thickness 1s influenced by the probe bias Introducing C, 1n
parallel with C, not only reduces Z, but also makes the effective probe tip capacitance
independent of the probe bias voltage [15,18] The conducting sleeve which
constitutes C, comprises a stainless steel tube of radius 1 5Smm and length 25mm

capacitively coupled to the probe tip so that,

21teoL

s

C - - °
g [Ad +r } ’ Eqn: 3.23
In ?

Tp
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r, 15 now replaced by Ay so C, = 21 5pF which at 13 56MHz constitutes an
impedance of 5450 Since C, and C, are 1n parallel their effective capacitance 1s
22 45pF and ther combined impedance 1s 5 2x10°Q

The value of Z, can be increased by minimising the value of the stray
capacitances and maximising the impedance of the inductors at the specific rf
frequency To reduce stray capacitances the inductors are placed as close to the probe
tip as 1s possible, values of C, approach zero effectively when the inductors are
immersed 1n the plasma The impedance of the tuning network 1s maximised by
ensuring that the inductors used have a self resonance close to 13 56MHz This
results 1n an impedance of ~ 1x10°Q at the first harmonic Since Z, i1s now ~200Z,
a non-convoluted characteristic can be obtained

The inductors were checked to ensure that they resonated at the required
frequency This was done by applying a variable frequency signal to the inductor and
observing their response using an oscilloscope For the tuned probe here it has been
found that the inductors resonate at 13 to 14MHz and at harmonics of this frequency
One 1nductor tuned below 13 56MHz and one above produce the ideal band stop
filter The impedance of the filter at 27MHz can be as high as 30% of its value at the

fundamental

3.2.4 Hardware of the Probe Diagnostic Unit
The probe diagnostic system used here 1s a fully automated system [19,20]

A personal computer 1s connected to the data acquisition unit using an nput/output
card and controlled using a Quick Basic™ program This techmque allows non-
sequential measurement of the characteristic The software interacts in real time so
only data necessary for the evaluation of the plasma parameters 1s collected The
probe current 1s measured by the voltage drop across a resistor whose value 1s chosen
according to conditions set within the program allowing currents from 30uA up to
300mA to be accurately measured The probe voltage 1s measured before the resistor
to avoid leakage currents The probe unit itself 1s comprised of two 16 bit analog-to-
digital convertors (adc) to measure the voltage and current and send measurements
to the computer, and one digital-to-analog convertor (dac) to send the voltage required

by the program to the probe The number of averages taken for each point on the
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characteristic can be varied within the program but for the work presented here was
set to 100 samples In order to prevent errors due to changes in the probe work
function, the probe 1s regularly cleaned using electron bombardment by biasing the
probe well above the plasma potential The probe 1s also held at negative voltages,

when possible during scanning, so that 1t 1s kept clean through 1on bombardment

3.3 Microwave Interferometry

Microwave mterferometry 1s a well established diagnostic technique used for
measuring the line integral of the electron density [21] Unlike the probe 1t 1s a non-
mvasive technique and so does not deplete the low energy electron density as the
probe can do at very low pressures The theory behind its operation 1s also less

complicated and subject to less misinterpretation

3.3.1 The Microwave Interferometer.

If a microwave signal 1s passed through an auxiliary transmission path and
nulled against that of the signal through the primary path, without a plasma present,
the effect of striking a plasma within the transmission path will be to cause a phase
shift in the output signal The change in phase 15 measurable using a variable phase

changer, see Figure 3 4 A microwave signal output from the source, passes through

Rotary Attenuator
Attenuator

Coupler

Figure 3 4 Schematic diagram of the microwave interferometer
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a coupler which splits the wave between the two paths, the transmussion path and'the
primary path The former path sends the wave along the waveguide to a horn which
allows the wave to pass through the plasma and be received by a second horn on the
opposite side of the chamber The wave then

follows through the waveguide to the "magic

T" junction The primary wave travels < -~

through several attenuators and a variable ’

phase changer before arriving at the same \ >

junction The hybrid magic T allows the

waves entering 1t from opposite sides, arms N/\,

2 and 3, to be equally split between arms 1 Figure 35 Magic T junction

and 4 However the design of the junction 1s

such that the excited wave 1n arm 4 will be the sum of the wave 1n arm 2 to the wave

in arm, while the wave excited 1n arm 1 will be the difference between the waves 1n

arms 2 and 3 [22] If the imtial wave from the microwave source 1s given as

A cos ((o t) , Eqn: 3.24

then the waves entering arms 2 and 3 will be given respectively as

M cos (wt)
R cos (wt + ).

Eqn: 3.25

The diodes 1n the detectors rectify the signal so the output from the arms now 1s
approximatley the sum and difference of the two nput waves squared 1e the output

from arm 1 1s now

[Rcos (wt + ) + M cos (wt)]?, Eqn: 3.26
while that from arm 4 1s now

[Rcos (wt + ) - M cos (wt)]?. Eqn: 3.27

The outputs from the two arms are subtracted from each other and the equation

rearranged to give ,
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-4MRcos (wt) cos (ot + ¢) Eqn: 3.28

Using standard mathematical tables this can be written as

-2MR[cos (2wt + $) - cos ¢]. Eqn: 3.29

Since the first part of the equation averages the zero the output signal will be,

K cos ¢, Eqn: 3.30

where K 1s a constant This type of interferometer setup allows quick and easy
measurement of the average electron density of a plasma The results obtained can
be directly compared to those of the probe so the optimum pressure range and

conditions of the plasma in which the probe operates can be established [23]

3.3.2 Theory of Microwave Interferometry
The nteraction of an electromagnetic wave with an electron gas can be described by

the Lorentz equation of motion [24],

m— = -eE . Eqn: 3.31

The 1nfluence of discrete positive 1ons and neutral molecules 1 a plasma can be

represented to a good approximation by including a viscous damping term So the

equation of motion now becomes,

m— =-eE-vmv , Eqn: 3.32
where » 1s the collision frequency for momentum transfer Solving this equation for
Vv, using v = v, exp {jwt} gives,

v--—¢E Eqn: 3.33

mv +jw)

where v, 1s the electron velocity The current density, J, 1s defined as,
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J=Xqnv . Eqn: 3.34

The 10ns are however assumed to be stationary so J depends only on the electron

contribution,

J = —enve . qul: 3.35

Substitution of Equation 3 26 into 3 28 then results 1n,

J=__£_E=0E, Eqn: 3.36

m(w + Jv)

from Ohms law The refractive index of a medium 1s given as [25],

n=1--2 Eqn: 3.37
600)

which when solved using the value for o shown in Equation 3 29 yields [26],

2
® 1
nt=1+ —'; J Eqn: 3.38
® 1_.11
o

where the plasma frequency w, 1s defined as,

W) = ’%’(’) . Eqn: 3.39
Equation 3 31 gives a direct relationship between the electron density and the
refractive index of the plasma Since the plasma has a refractive index different to
that of a vacuum, an electromagnetic wave propagating through the plasma will
undergo a phase change A comparison of the phases of the two waves will therefore

yield a value for the electron density
3.3.3 Average Electron Density.

The phase constants for waves travelling through a vacuum and a plasma are

respectively given as [24]
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Ve

2
2n ® 2n Eqn: 3.40
S “’(l(—)} B

The phase difference between the two waves introduced by the presence of the plasma

1s then

Ap = - f (9, - &) dx , Eqn: 3.41

where the integration 1s carried out over the path of the plasma There exists for
plasmas, a critical density n, , below which the plasma 1s a nearly transparent
dielectric and above which the plasma 1s opaque and highly reflecting This cutoff

frequency 1s given as,

w2 = ¢ . Eqn: 3.42

If the integration of Equation 3 34, 1s carried out along the path from transmitting to

recetving antenna, 1t becomes, under the assumption n < n,,

n .
Ad cTn—cfn(x)dx . Eqn: 3.43

n<n
For this case the phase shift 1s linearly proportional to the electron density averaged

along the integration path, so for.a path length L the average density then becomes,

L
In(x) dx
0

_2¢gmcec A Eqn: 3.44
L e? L

nh =

This may be simplified to,

w
— [Hertz] A¢ [rad] .
nfem?] = 1184 2% Eqn: 3.45

L[cm]

This form of the equation allows calculation of the electron density once the phase
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difference is known.

3.4 The Current-Voltage Probe.

The current-voltage probe is a device designed to measure the current and
voltage applied to the driving electrode. Once both of these parameters are known,
the current density, impedance, reactance and the power deposited within the plasma
can be found. Accurate measurement of the power is quite difficult to obtain using
power meters as losses through the cable and connectors between the meter and the
electrode can be quite large.

3.4.1 The Current Probe.

A current pulse transformer is used to measure the current to the driving
electrode. It is connected after the matching unit, directly to the driving electrode.
This reduces the risk of major losses after the measurement has been taken, as is the
case with power meters. The coil itself
is basically a Rogowski loop [16]. A
metallic former with N turns of wire
wrapped around itself is placed around
the current carrying wire as shown. The
current induces an emf across the ends
of the coil, which if the dimensions of
the coils are known can be used to oo co
calculate the current. The metallic
former reduces the number of turns of
wire required to measure very low currents. The coil is connected to an oscilloscope
and the trace displayed and down-loaded to a computer where a fourier transform is
taken to evaluate how the current is distributed among the various harmonics of the
13.56MHz driving frequency.

3.4.2 The Voltage Divider.

The voltage applied to the driving electrode cannot be measure using a
standard resistive divider oscilloscope probe, as severe loading of the signal occurs.
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Instead a capacitive divider network is used. This has the advantage of neglecting the
dc component of signal and only transmitting the ac part. The voltage probe is also
connected after the matching network but
before the current probe. This is to ensure
that any loading caused by the voltage

Input driving

voltage 3-5pF  capacitor

volage probe  will not affect the current

50 Ohms measurements. The capacitor reduces the

Electrode magnitude of the voltage by a factor of

Figure 3.7 : Voltage divider circuit. -100 at 13.56MHz. This signal is then

connected to an oscilloscope with a 50 Ohm input impedance. The voltage is
measured across this resistance, and the driving voltage then calculated using
calibration tables.

3.4.3 Parameter Calculations.

Since both the current and voltage waveforms can be displayed on an
oscilloscope and the data down-loaded via an IEEE-488 interface card to a computer,
various mathematical functions can be performed to extract information from the data.
The phase difference between the two waveforms is initially found so that the power
deposited into the plasma itself may be estimated using

POWEr = vPg* W coSt) 9 Eqn: 3.46

where $is the phase difference between the current and voltage. The difference in
phase is approximately 90° for a capacitively coupled plasma, the deviations from this
being due to the resistive component of the plasma which varies with the conditions
of the plasma.

Fourier transformation of the current and voltage waveforms yields
information regarding the amount of harmonic components present in the driving
signal. Although the waveforms appear sinusoidal with a frequency of 13.56MHz,
contribution from the 27.1MHz and 40.7MHz harmonics can be quite significant. The
fourier transform of a waveform of this type is given as

where f denotes the frequency and t the time. The amplitudes of the different terms
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®
H(f) = fh(t) expJnft dt | Eqn: 347

of the transform indicate the contribution of each of the frequencies to the signal. In
this manner it is then possible to design filter circuits to remove these frequencies or
account for them in the probe design by incorporating inductors to present a high
impedance to these components. The impedance of the plasma can be found once the
voltage, current and phase difference between them are known. The impedance Z is
complex and defined as

Z=R+jX , Eqn: 3.48

where R is the resistive component and X the reactive one. The absolute value |Z|
is calculated from the current and voltage such that

Eqn: 349

Both the resistive and reactive components are used to examine where the power is
dissipated within the plasma [27], They are given respectively as

R =\Z\ cos(J) Ean:
e n: 3.50
X =12\ sing . |
Finally, knowing the area of the driving electrode and the current to the plasma, the
current density can be calculated. This is also used to assess how the power is
deposited within the plasma. The current density is simply the current divided by the
electrode area.

3.5 Conclusions.

Using these three diagnostic techniques, much information regarding the
plasma can be obtained. The overlap between the data extracted from each method
implies that direct comparisons can be made such that failings in any one system can
be quickly observed and steps can he taken for its correction. These three techniques
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also have the advantage of being able to operate at the same time without causing any

\interference to each other and 1n general causing very little disturbance to the plasma
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Chapter 4: Plasma Parameter Measurements in Argon.

4.1 Introduction.

All the diagnostic techniques described in detail in the previous chapter have
been applied to the experimental system used here. Plasma parameters were
monitored as a function of voltage and current to the plasma and pressure of the
plasma. The tuned probe was used to measure the electron temperature, density of ion
and electrons, plasma potential, floating potential and the fast electron contributions
while microwave interferometry was used to monitor the electron density. The
purpose of this chapter is to present the measurements obtained from the plasma and
from this examine the fundamental processes within the plasma which are responsible
for the behaviour of the plasma.

4.2 The Experimental System.

The plasmas were generated in a parallel plate capacitively coupled
asymmetric system. The cylindrical aluminium chamber which was, 180mm in height
and 270mm in diameter contained hoth a driving and ground electrode of diameters
200mm and 240mm respectively.
Only the driving electrode was

Flow meter
water cooled, the ground electrode
as never heated up to such an extent
as to warrant cooling. The walls of
the chamber and ground electrode Mass 00
were connected together increasing e e o

the asymmetry of the system. The
spacing between the aluminium
electrodes could be varied allowing 7@ ** S“t”‘ltftggh”;b”h gas flow and pressure
for gap sizes of 55, 75 and 125mm.

The chamber was pumped by a 170

IIs turbomolecular pump giving a base pressure of s X 106 Torr as measured using a
Penning gauge. Research quality gas was introduced into the system via a type
MK7560 mass flow controller and monitored using an MK247C flowmeter. This type
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of flow meter allowed for up to four mass flow controllers to be connected and so
could be used for mixing gases The pressure of the plasma was set using an MKS
250b meter which in turn was connected to a Baritron capacitance manometer This
type of gauge could measure from a few milliTorr to several Torr accurately To
acquire the set pressure both the meter and the manometer were connected to a smart
valve This type of butterfly valve compared both the set pressure with the actual
pressure and opened or closed itself to equate them
Two probes were installed on the chamber, both through "Wilson Seals"
These type of connectors allowed the probes to be easily moved about within the
plasma so all regions could be examined One probe was 1nstalled through the top of
the chamber as shown 1n Figure 4 2

fmy; and the other through a side port
the verti
rton. Because of this arrangement both

Spatially vanable in the | |
honizontal direction

-—

vertical and horizontal scans of the

plasma could be performed

With two probes 1nstalled on
the chamber 1t was then also
possible to monitor the sheath
resistance of the plasma This was

Figure 4 2 Chamber dimensions and probe positions within
done by monitoring the floating

the chamber

potential of the second probe while

biasing the first probe It was found

that a shift in the floating potential normally occurred as the biased probe as made

more positive By using the two probes this shift was measured and accounted for in
the probe characteristics

A type ENI (model ACG-3) rf generator was used to produce the plasma It

was connected directly to a w-type matching network shown 1n Figure 2 4, Section

22 2, to optimise the power deposited within the plasma A shunt circuit composed

of an inductor and variable capacitor was connected to the top electrode This was

ncorporated to ensure that the current measured by the current probe was that within

the plasma only rather than a combination of that current plus any stray current mn

chamber The matching unit connected directly from the power supply to the
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current/voltage probe which n turn was connected to the electrode 1mmediately
before the plasma The current/voltage probe was connected to a HP5450 400MHz
scope which was nterfaced using a gpib card to a computer From the data which
was transferred calculations to estimate the amount of power deposited nto each of

the harmonics of the rf wave were made as well as the peak to peak current and

Oscithiscope
[=] [=F=} (i lL °
[=] oo °
~ \)m'\)ﬂ 288g°° [T

Figure 4 3 Schematic diagram of the Langmuir probe and current/voltage probe connections to the plasma

voltage of each harmonic The Langmuir probe was connected to a diagnostic unit
which too was nterfaced to a computer, though 1n this case via a Blue Chip 1/0 card
The card relayed voltage and current measurements from the diagnostic unit to the
computer so calculations of electron temperature, plasma potential, floating potential,
densities etc could be made from the IV characteristic

Two windows of diameter 7Smm on opposite sides of the chamber were used
to pass microwaves from the interferometer through the plasma The horns of the
interferometer were than placed up against the windows as shown in Figure 3 4,
Section 3 3 1 Eccosorb sponge was then placed around the horns to remove any
spurious reflections of the microwaves from the windows, to prevent them from being
emitted into the laboratory All the sections of the interferometer were joined together

tightly to reduce any mismatches i the waveguide as this would produce backward
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reflections Isolators were placed throughout the whole of the interferometer as well
to remove any reflected signals which might be present An 11 GHz signal was used
to measure the electron density of the plasma This frequency signal was obtained
using a YIG oscillator Since this source of microwaves produces a variable frequency
signal from 7 - 16 GHz, 1t was necessary to calibrate the frequency as a function of
the nput current using a frequency meter A linear relationship between the two was
found as shown 1n Figure 4 4 All the components of the interferometer were accurate
over the 8 - 12 GHz range so the 11 GHz signal was fully compatible Two HP

8474B crystal detectors were connected to the arms of the "Magic T" junction, shown

650

o [4,] <
o h o
o [} (=)

T T I
[}

[}

Q
[

Driving Current (mAmps)
T
©

400 ] L Il I 1L i 1 l t 1 1 41 Il L ] | i | I
8 9 10 It 12 13

Microwave Frequency (GHz)

Figure 4 4 Yig oscillator calibration curve of driving current versus output frequency

in Figure 3 5, Section 3 3 1, to measure the output signals The detectors converted
the signals 1nto dc outputs which were then amplified and subtracted using an EG&G

5113 preamplhifier The result was then displayed on an oscilloscope

4.3 Results and Discussion.
When making probe measurements the electrode sheath differential resistance
R, must be considered since 1t makes up part of the probe current path In dc plasmas

this does not present itself as a problem because the conduction current of the sheaths
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1s approximately equal to the discharge current and so R, 1s negligible However in
rf plasmas the sheaths are mainly capacitive, so the conduction current of the sheaths
and the discharge current are not longer equal resulting in R, being comparable to the
probe sheath resistance R, This being the case distortion to the I curve of the probe

will occur The probe sheath resistance 1s given as [1],

€ ¢ Eqn: 4.1
el n

€ €

R =[—__»
(@

for a maxwellian distribution only, where T, 1s the bulk electron temperature and I,

de]‘l _ kT, T,*

the probe current From this it can be seen that R, has its minimum value at the
plasma potential, so most distortion to the eedf will occur at low energies In a two
temperature plasma this effect 1s even greater since the electron sheath resistance will
be dependant on the fast rather than the bulk electrons since only these electrons will
be able to overcome the electrode floating voltage

The resistances R, and R, are related to the areas of the electrodes According
to Godyak et al [1],

T, \*
fe < Mo e | . Mus Eqn: 4.2
Ae M Tem nbulk

where A, and A, are the probe and electrode areas respectively For argon at
10mTorr here T, = 1 2eV, T,y = 3 5eV and ng,, = 0 1 nyy,, the ratio of probe
to electrode areas, A,/A, < 10* However for the system used here and described
in Section 4 2, A /A, = 10*, resulting 1n some distortion Figure 4 5 shows R,
measured using the double probe technique describe 1 the latter section, as a function
of pressure at constant current The increase in R, stems from the decrease in density
over this range With the voltage held constant and the pressure varied the electron
density increased and R, subsequently decreased, see Figure 4 10 Although the
sheath resistance 1s not fully understood 1ts importance 1s clear for systems which do
not satisfy the criterion of Equation 4 2, 1t 1s essential to measure R, to correct the
I curve The sheath resistances for this system are quite small, although neglecting

them leads to a shift in plasma potential of ~2Volts and an increase in the electron
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Figure 4 5 Graph of sheath resistance and dnving voltage versus pressure for an argon plasma with current

density 3mAmps/cm®

temperature, so for systems with much smaller electrode areas this effect will be
significant Finally the probe resistance due to the inductors 1s ~ 8( and so negligible
when compared to the probe sheath resistance

For all the results presented here the probe sheath resistance was calculated
and the probe measurements corrected accordingly The variation of electron
temperature with pressure 1s shown 1n Figure 4 6 A number of points can be made
about these measurements Firstly, the temperature increases from ~ 1eV at 10mTorr
to ~3eV from 50 to 250mTorr The change between the two temperatures occurs
quite abruptly, the reason for this being the transition from stochastic to bulk heating
as the primary heating mechanism of the plasma At low pressure the bulk electrons
have relatively low energy so the plasma 1s sustained by fast electrons gaining energy
at the plasma sheath boundary As the pressure increases so too do the number of
collisions between the electrons and the argon atoms resulting m a higher average
energy and more uniform distribution of energy amongst the electrons Another point
to note about Figure 4 6, 15 the repeatability of the data presented Three sets of
separate results obtained over a four week period are shown The consistency of the
measurements demonstrate how the probe 1s becoming a reliable diagnostic technique

for rf discharges

With the pressure being increased 1t would be assumed that the electron and
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1on densities too would increase However as shown i Figure 4 7 this 1s not the case
over the pressure range examined Three sets of measurements are also shown on this
graph, each one using a different probe based diagnostic technique to calculate the
density The first method Ne (probe), which 1s a standard approach, consists of

calculating the random flux to the probe biased above the plasma potential [2] The
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Figure 4 7 Graph of electron density versus pressure for argon Results of three different techniques to measure

the density are shown
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second method Nt (probe) calculates the 1on density to the probe when biased very
negatively [3] so as to ensure no fast electrons are present Since argon is an
electropositive gas both n, and n, should be equal Finally the integral of the eedf has
also been calculated to give a value for the electron density It can clearly be seen 1n
Figure 4 7 that all of the measuring techniques show a decrease 1n the density as the
pressure 1S mcrea\sed As the plasma undergoes the transition from stochastic to bulk
heating, the energy of the bulk electrons increases, but the energy of the fast electrons
decreases since they are cooled by the bulk plasma and cannot traverse the plasma
This results m an overall decrease 1n the number of electrons with energies above the
tonisation potential in turn causing the electron density to decrease It has been stated
previously by Godyak et al [4], that the integral of the eedf 1s a more accurate
measure of the electron density which for the case here, as seen in Figure 4 7, lies
between the other two measurements, possibly indicating that the other two techniques
either overestimate or underestimate the density The microwave interferometer was

also used to examine the behaviour of the density as a function of pressure The

results shown 1n Figure 4 8, also show a decrease as the pressure was increased

900E+9 [

8 00E+9 — 3

7 00E+9 — } % %

6 00B+9 — $
500E+9 E—%
4 00E+9 — %

300E+9 [

Electron Density (Cm's)

200E+9 [ 8
100E+9 [ ¢ ¢ ¢

0 00E00 Covov by ey by
0 50 100 150 200 250

Pressure {mTorr)
Figure 4 8 Graph of electron density versus pressure measured using a microwave interferometer
Absolute density measurements can not be taken from these results as further

calibration [S] of the interferometer 1s required The system was also subject to

vibrational disturbances and external noise when these measurements were taken
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Future work 1ncludes both calibrating and stabilising the entire system sufficiently to
remove all of these effects and get better agreement between the probes and
microwave nterferometer Previous studies between the probe and microwave
interferometer density measurements 1n oxygen [6] and i argon [7] up to
approximately 300mTorr, have shown excellent agreement However at pressure
higher than 300mTorr, the probe began to underestimate the density by a factor of
2, see Section 7 3

The electron energy distribution functions from which the integral densities
were taken are shown 1n Figure 4 9 The decreasing density with increasing pressure
1s quite clear, so too 1s the abrupt change in temperature of the bulk electrons as the
eedfs change from a bir-maxwellian to a Druyvesteyn shape The temperature
measured from the eedf agrees quite well with that obtained from the I curve with
both giving a value of ~1eV for the bulk electrons The fast electron temperature
calculated from the eedfs shown i1s ~4eV at 10mTorr The change in the eedf occurs
as the primary plasma heating mechanism changes from stochastic to bulk heating
The large observable difference 1s accentuated by the Ramsauer effect which 1s
promment mn most noble gases [8,9] This effect produces a minimum n the
scattering cross section for argon, see Section 2 4 1, Figure 2 6 Electrons with
energies near this minimum have very low electron-neutral collision frequencies For
the eedf at 10mTorr shown in Figure 4 9, the mean energies corresponding to the
temperature of the slow and fast electrons are (e,,) = 1 5eV and (e,,) = 6 0eV
respectively The densities for these two distinct groups of electrons were also
calculated from the eedf and found to differ by an order of magnitude as expected

with ngy,,, = 3 3x10° cm?and ng,, = 3 3x10® cm® The electron-neutral collision

frequency 1s given as,

ven:on

ny Eqn: 4.1

tot

where vg 1s the electron velocity, g, 1s the total collision cross section and n, 1s the
neutral density This results i »,, = 9X10° s for the low energy group Their mean
free path 1s then ~7cm which 1s much greater than the plasma half-width d ~ 3cm
The fast electrons, because of their greater mean energy have an electron neutral

collision frequency an order of magmitude greater with »,, = 9x107 s' and a
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Figure 4 9 Electron energy distribution functions taken in argon at constant current

corresponding mean free path of only 1 Scm The bulk electrons, because of their low
Ve » OSClllate collisionlessly 1n the weak rf field unable to gain any energy from either
the field or the oscillating plasma sheaths since they have only low energy they are
unable to overcome the dc ambipolar potential barrier in the plasma body and so

cannot reach the sheaths to be stochastically heated [10] However the fast electrons
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interact with the neutral argon atoms through elastic and 1onising collisions, and
compensate for their losses through stochastic heating at the plasma sheath boundary
[11] This transition has been observed by others [12-14] using computational models

The Ramsauer mmimum was also removed to observe any effects on the eedf It was
found that without this feature the bulk electron temperature increased while the fast
electron temperature remained the same and the transition between the two heating
modes was not nearly so abrupt With the voltage of the plasma held constant and the
current density changing, the pressure was varied to see 1f the same transitions
between heating modes were observed and also to examine the variations of sheath
factor, electron temperature and density under these new conditions Figure 4 10
shows the relationship between the sheath resistance, the current and the pressure
while the voltage was kept constant The current increased as would be expected

while the sheath resistance being dependant on the electron density decreased as the
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Figure 4 10 Graph of sheath factor and current versus pressure for argon with a driving voltage of 150Volts

pressure was increased The bulk electron temperature again increased as the pressure
was increased though not as abruptly as in the constant current case Since the current
to the plasma ncreased causing an increase 1n the current density, the electron density
also increased as would be expected These features are clear from the eedfs, shown
in Figure 4 11 The transition from stochastic to bulk heating can also be seen to

occur at ~40mTorr as was the case previously It has been already stated [13] that
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Figure 4 11 Electron energy distribution functions taken in argon at 150Volts

the pressure at which this transition occurs depends on the pressure p and hfllf-w1dth
d of the bulk plasma For the system here that corresponds to a value pd = 0 14 Torr
cm which 1s 1n excellent agreement with the findings of others [1] To nvestigate this
further the electrode gap was changed to both 5 5cm and 12 5cm, and the eedfs

over a range of pressures, at constant current were taken The change between

Chapter 4, Page 65



heating modes was found to occur at between 40 and 50mTorr giving rise to a pd of
0 11 Torr cm for the 5 5cm case In the 12 5cm electrode gap experiments the
transition occurred at ~20mTorr resulting in a pd of ~0 11 Torr cm also
Experiments on a system with a 4cm electrode gap showed a transition between

heating modes at 100 mTorr resulting 1n a pd of 0 15 Torr cm [15]

4.4 Conclusions.

It can first be concluded by the repeatability of the probe data collected and
its agreement with the work of others that the probe 1s now a reliable diagnostic
technique from which credible measurements can be taken The sheath factor should
be taken into account when measuring the I curve and the eedf neglecting 1t
introduces error the electron temperature 1s overestimated and the plasma potential
shifted The temperature of the bulk electrons increases abruptly with increasing
pressure as bulk heating takes over from stochastic heating as the primary heating
mechanism of the plasma This transition i1s obvious from the eedfs which show a
change from a br-maxwellian to a Druyvesteyn shaped curve The occurrence of the
transition was shown to depend only on the pressure of the plasma and the half-width
of the bulk plasma Two experiments, one carried out at constant voltage and the
other at constant current both showed a change 1n heating mode at ~40 mTorr when
an electrode gap of 7 5cm was used, while experiments carried out using different
electrode gaps but at constant current changed heating modes at different pressures
The transition should occur for a pd of 0 1 to 0 15 Torr cm which was quite clearly
the case here Finally the electron density was found to decrease while the pressure
was increased, the reason being that as the transition from one type of heating to
another occurred, less electrons with energies sufficient to cause 1onisation were
available resulting 1n a general decrease 1n 10nisation throughout the bulk plasma even

though the average energy of the bulk electrons increased
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Chapter 5: Spatial Measurements in Argon.

5.1 Introduction.

This chapter focuses on spatial measurements taken throughout an argon
plasma using a tuned probe Because of the geometry of the experimental chamber
used spatial measurements across the plasma within a fixed plane between the
electrodes, could be taken Measurements were also obtained as a function of position
between the two electrodes In this manner the electron temperature and density could

be examined in different regions of the plasma under a variety of different conditions

5.2 The Experimental System.

The experimental setup was the same as used previously, see Section 4 2 An
electrode gap of 7 Scm was chosen as this put the horizontal probe in the centre of
the plasma Both probes were variable in position as they were connected to the
chamber using Wilson seals The
horizontal probe was redesigned
with the sleeve and probe tip
perpendicular to the glass body of

the probe This was done to ensure

that both the probe tip and sleeve
were the same distance from the

wall of the chamber, see Figure 5 1

Since double O-rmg Wilson seals
were used as connectors very little Figure 5 1 Orientation of the probes within the plasma
leakage into the chamber occurred
when the probes were moved, although a delay was left between moving the probes
and taking results to ensure that any air which may have entered the chamber was
removed by the pump Power was applied to the top electrode which was water
cooled and the current and voltage applied were monitored

It was possible using the vertical probe to measure from the driving to the
ground electrode However, the large diameter of the plasma chamber, 27cm from

wall to wall, meant that measurements could only be taken from the wall to the centre
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of the plasma. Since the walls of the chamber were all at ground potential, with no
bias towards a particular section, azimuthal symmetry could be assumed. The probe
did not disturb the plasma significantly during these spatial measurements.

5.3 Results and Discussion.

Spatial measurements were taken both across the plasma in a plane parallel to
the electrodes, the r direction, and in a plane perpendicular to the electrodes, the z
direction. For the purpose of mathematical
discussion later in this chapter the
cylindrical coordinates used are shown in
Figure 5.2 with respect to the driving and
ground electrodes and the walls of the
chamber. Various plasma parameters
measured as a function z, at pressures of
10 and 150 mTorr in argon, are shown in
Figure 5.3. These pressure values were
selected since at 10 mTorr the plasma is
stochastically heated while at 150 mTorr
the plasma s bulk heated. Therefore observations of any spatial anomalies associated
with the different plasma heating mechanism could be made. Firstly it can be seen
that the electron temperature in Figure 5.3, remains constant throughout the bulk of
the plasma for both pressures [1]. The temperature deviates from its constant 1.1eV
at 10 mTorr and 2.9eV at 150 mTorr, at the sheath regions of the plasma. The sheath
temperature values recorded are not assumed to be correct as the voltage drop across
the sheaths was quite large which caused distortion to all probe measurements taken
in this region. A constant temperature across the bulk plasma is to be expected from
an argon plasma as visually this region of the plasma appears quite uniform and
homogenous unlike hydrogen plasmas where a bright region within the bulk, outside
of the sheath regions, can also be seen. The plasma potential is plotted as a function
of z in Figure 5.3. Again the extent of the sheath regions can be seen as here the
measured value of plasma potential deviates by a large amount from the bulk plasma
values. A virtually field free bulk plasma is apparent from the data shown with a

Figure 5.2: Cylindrical coordinate system.
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maximum dc field of 0 5 V/cm at 10 mTorr and 1 V/cm at 150 mTorr The slight
increase between these two values 1s due to the increased number of collisions within
the bulk plasma at higher pressures [2] Finally the floating potential remains almost
constant throughout the centre of the plasma It deviates more rapidly than the plasma
potential and the electron temperature from its umform value This 1s due to the
changes in the electron temperature as a function of z By definition the floating
potential 1s the potential which an unbiased body 1n the plasma will attain It therefore
depends on both the density of charged particles present and their mobuilities as equal
fluxes of both positive and negative particles must be collected by the probe The
floating potential in an rf argon plasma 1s always negative with respect to the space
potential 1n order to attract the slower ions and repel to some extent the electrons
Nearer to the sheath regions, particularly at low pressures, more fast electrons are
present and able to overcome the potential of the probe This results in a decrease of
the floating potential to repel some of these electrons and maintain zero net collected
current

A radial scan was also performed on the plasma The data was taken from the
wall of the chamber to the centre of the plasma only Figure 5 4 shows some of the
plasma parameters measured as a function of radius, again for the two pressures, 10
and 150 mTorr The electron temperature variation 1s shown in Figure 5 4 For both
pressures the temperature remains constant within the bulk region Combining these
results with those of the temperature variations 1n the z direction, show quite clearly
that the argon plasma 1s homogenous outside of the sheaths regions The temperature
1Is ~12eV and 2 9eV for 10 and 150 mTorr respectively, which shows good
agreement between the two probes used The plasma potential 1s shown as function
of r n Fagure 5 4 Atboth 10 and 150 mTorr some noise 1s observed in the data from
0 to 4 cm due to the sheath at the wall The reasons for such a large sheath area can
easily be explained The distance between the wall and the ground electrode 1s 1 Scm,
however the driving electrode 1s smaller 1n diameter than the ground electrode such
that 1ts distance from the wall 1s 3 5cm, causing the sheath to stretch to ~4cm  As
was the case with the plasma potential variation with z, the plasma 1s virtually field
free with 2 maximum change 1 the dc field of ~0 5 V/cm The floating potential

decreases from the centre of the plasma to the walls of the chamber
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The variation of electron density with position 1n the plasma 1s now examined
as a function of both z and r and compared to theoretical predictions Figure 55
shows the change 1n electron density as function of z, the distance from the driving
to ground electrode, for both 10 and 150 mTorr The density decreases from the
centre of the plasma towards the walls at 10 mTorr, see Figure 55, showing
ambipolar diffusion dependence The diffusion equation which 1s both temporally and

spatially dependant 1s given as,

n(r,z,t) = T(t) R(r) Z(2) , Eqn: 5.2

where T denotes the temporal and RZ the spatial contributions with no azimuthal
dependence By separation of variables the spatial part of the diffusion equation may

be written as,

vi(RZ) - -RZ | Eqn: 5.2
D=z

Since the plasma under examination was produced in a cylindrical chamber the latter

equation 1s written as,

_ R(r)Z(z)= Z(2) llai(ra—@)] + R(r)
r

a_ZZ .  Eqn: 5.4
D+ r or 2

0z

The data shown i Figure 55 was taken in the z direction so both radial and

azimuthal symmetry were assumed For the axial dependence of the electron density,

9%z 1
Viz =22 - - 7(7) . Eqn: 5.5
322 De (2) q

The solution to this equation 1s 1n the form of,

Z(z) =ACOS( £ ]+Bsin( < ] . Eqn: 5.6
(D1)" (D )"

The boundary conditions are such that there are no electrons at z = 0 and z = L,

where L 1s the chamber length This implies that at A = 0 and
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Using the first harmonic (n = 1), substitution of this into equation 5 5 yields the

nwt
Eqn: 5.7

results,
Z(z) :Asin(zT“) Eqn: 5.8

where A 1s a constant equal to the maximum electron density [3]

As can be seen 1n Figure 5 Sa, at 10 mTorr both the experimental and the
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Figure 5 5 Electron density as a function of z in argon at 10 and 150mTorr compared to the theoretical prediction

denved from the diffusion equation
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theoretical results agree quite well [4,5] However at 150 mTorr major discrepancies
can be seen between the two sets of data The reason for this 1s that the theoretical
approach assumes that 1onisation occurs at a point in the centre of the discharge which
1s not always true In the system under examination here, the driving electrode and
ground electrode sheaths are not the same and so ionisation 1s biased towards the
driving electrode PIC simulations of Krimke et al [6] in an asymmetric argon plasma
have also shown an electron density tending towards the driving electrode This 1s
shown to be the case here since at 150 mTorr, the experimental density as a function
of r agrees quite well with the theoretical data as the walls of the chamber are of
uniform bias The electron density as a function of r 1s shown m Figure 5 6 for both

10 and 150 mTorr Both pressures show a decrease in density from the centre of the
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Figure 6 6 Electron density as a function of r for argon at 10 and 150mTorr compared to the theoretical

predictions derived from the diffusion equation
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plasma to the walls Again using the diffusion equation of Equation 5 3, but this time
ignoring the z and ¢ dependence by assuming symmetry in these directions and

examining the radial contribution only, on evaluation yields,

%R
- +
or?

L3R , RO
r

+ =Q . Eqn: 5.9
or Dz

The first harmonic solution to this 1s a Bessel function of zero order, J, (r/D7)* This

1s simply a damped sine wave described by the equation,

Ry =c, ¥ 1 (—ﬁ Jk , Eqn: 5.10
k=0 (k1)*\ 4
where C, 1s a constant This bessel function profile has been observed by others 1n
both experiments and simulations [7,8]
The variation of electron density as a function of position in the plasma can
also be seen n the electron energy distribution functions Figure 5 7 shows a surface
plot of the eedf from the driving to ground electrode at 10 mTorr The constant

temperature 1n the bulk of the plasma and the change 1n density along this axis of the

Figure 5 7 Electron energy distnbution function as a function of z for argon at 10mTorr

plasma can be seen At 150 mTorr, Figure 5 8, the overall electron density is

reduced, see Section 4 3, the eedfs showing a shift in 1omsation towards the driving
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Figure 5.8: Electron energy distribution function as a function of z for argon at 150mTorr.

electrode. Again the constant temperature of the bulk plasma and its Druyvesteyn
profile can be seen. The eedfs from the radial scan across the plasma also agree with
the results already presented. Figure 5.9 shows a surface plot, at 10 mTorr, of the
eedfs taken from the wall to the centre of the plasma. The sheath regions shows some

Figure 5.9: Electron energy distribution functions variation with z for argon at 10mTorr.

noise from the wall out to ~4cm, while in the bulk of the plasma the eedfs are bi-
Maxwellian with an increasing density towards the centre of the plasma. As was the
case before, at 150 mTorr the density is reduced, the eedfs now have a Druyvesteyn
profile and consequently a higher electron temperature. The density falls off towards
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the walls, 1ts decrease n the form of a Bessel function is not obvious

5.4 Conclusion.

The results presented here show clearly the variation of some of the plasma
parameters as a function of position within an argon plasma Two pressures were
chosen for the spatial measurements, 10 and 150 mTorr, to examine if any spatial
anomalies were heating mode dependant At 10 mTorr the plasma was predominantly
stgchastlcally heated while at 150 mTorr 1t was bulk heated The results show that
for both pressure the temperature stays constant within the bulk of the plasma outside
of the sheath regions This was found to be true both along the z and r axis The bi-
Maxwellian tending to Druyvesteyn profile of the plasma was apparent in the eedf
agreeing with the data presented in the previous chapter The plasma potential also
showed no great variation leading to the conclusion that the plasma 1s virtually field
free and homogenous Finally the electron densities which did vary as a function of
position within the plasma were compared with the theoretical expectations of the
diffusion equation At 10mTorr the agreement between the experimental and
theoretical was quite good for the data taken as a function z However for the scan
at 150 mTorr the comparison between the two was not so good since the theory
assumed 1onisation at a point source in the centre of the discharge This can not be
assumed 1n this case since the electrodes and consequently the sheath regions were
of differing sizes For the radial scan however, the data taken for both pressures
agreed with the theoretical expectations A first order bessel function, as was

expected, fit quite well to the experimental measurements
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Chapter 6 : Argon Plasmas with Transverse Magnetic Fields.

6.1 Introduction.

Magnetic fields are often used in the field of plasma physics to both confine
and enhance 1onisation within the discharge For the case of multicusp 1on sources,
fast electrons are prevented from recombining with the chamber walls by a strong
multipole arranged magnetic field These systems are used for the production of
negative 1ons which are subsequently converted into high energy neutral beams for
injection 1nto fusion reactors [1]

Of more relevance to this work are magnetron sputtering systems which
employ axial magnetic fields to enhance 1onisation and decrease wall recombination
wall losses [2-4] A field 1s applied along the discharge axis as shown below
Electrons travelling parallel to the field will be unaffected since vector product V x
B will be zero However, electrons travelling at an angle 6 will be subject to a force

BeV Sinf perpendicular to the field

Filament B Target
3 — |

If the electron makes no collisions 1t will move with circular motion around B with

a radius of,

. m,V Sin6 . Eqn: 6.1

Be
Coupling this motion with its velocity VCosf parallel to B will result in helical
motion of the electron This effect serves to increase the electron mean free path and
reduce the net velocity of the electrons towards the walls hence decreasing
recombination losses [S] Increasing the electron mean free path results m more
ronisation and excitation of neutrals through collisions, in turn allowing the operating
pressure of the system to be reduced Consequently if the number of collisions
between particles increases, the pressure at which the transition from stochastic to
bulk heating occurs must change since 1t 1s primarily dependant on such collisions,

see Section 4 3 This chapter serves to compare both experimental and computational
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work on the effect of the application of a transverse magnetic field to a low pressure
(~ 10mTorr) rf generated argon plasma with particular attention paid to the effect

the field has on the density and heating modes of the plasma

6.2 Confinement by a Magnetic Field.

Particles 1n a plasma diffuse to regions of lower density along a density
gradient Vn, see section 2 3 6 In travelling through the plasma they also undergo
collisions, the distance between collisions being A\, , the mean free path The rate of
plasma loss by diffusion can be reduced by the application of a magnetic field
Consider a weakly 1onised plasma with a magnetic field B along the z direction
Charged particles will move along B by diffusion and mobility since B does not affect

motion in the parallel direction The particle motion 1s described as,

I‘z=ip,nEz—D2—Z , Eqn : 6.2
where T', 1s the flux of a species in the z direction, and p and D are the mobulity and
diffusion coefficients respectively If there were no collisions at all the particles would
continue to gyrate around the same lines of force such that no particles would diffuse
in the perpendicular direction However there will be particle drifts across B due to
the electric field If no collisions take place though the particles will migrate across
B along the gradients to the walls If collisions do take place the colliding 1ons will
change their phase of rotation, their guiding centre will shift position and they will
undergo a random walk The particles will then diffuse 1n a direction opposite to the
density gradient Vn and the step length will no longer be A\, , the mean free path for
collisions, but the Larmor radius, r; [5-7] This means that diffusion across B can
now be controlled by increasing or decreasing r; , which in effect means altering B
as 1s necessary The fluid equation of motion can be written, for the perpendicular

component as,
dv,
mn7=ien(E+vl><B)—kTVn-mnvv=0 , Eqn:6.3

where v denotes the collision frequency Assuming that v 1s sufficiently large for the

dv L /dt term to be negligible, the plasma 1s 1sothermal with x and y components,

Chapter 6, Page 81



dn

mnvv, = ztenkE - kT= ienva ,
dx Eqn : 6.4
mnvv, = tenkE —kT@ fenBv
Y X dy X

Using the definition for diffusion and mobility given 1in Equations 2 5 and 2 7, the x

and y components may then be written as,

_ D&dn O
Vx—:tp.Ex———i—Vy ,
n ox v Eqn: 6.5
)
v, =zpE —Qﬂx——”vx ,
Y Y mdy v
where w, , the cyclotron frequency 1s given as,
®, = M . Eqn : 6.6
m
By substituting for v, a solution for v, may be found and vice versa
v (1 + wcztz) = +pE, - Bﬂ R wztzﬂléﬁ ,
Y Y n dy ¢ eBn ox
Egn: 6.7
D dn kT 1 on
v(l + ©2t2) = 2pE - 228 L 223 5 22Xl 200
X( c ) IJ' X ) ax [ B c eB y

These two equations may now be split up into several components The last two terms

of both equations contain the EXB and diamagnetic drifts [7]

E E,
VExzfy ’ VEyz_f )
Eqgn : 6.8
_ _kT148n kT 18n
Vp = F——— , Vp = t—— —
x eBndy y eBn dx

The first two terms of Equation 6 7 can be simplified by redefining the mobulity and

diffusion coefficients to,
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B D

= y, D = —m—F, Eqn : 6.9
" 1+ w?21? 1+ w027 1
such that v, can now be written as,
Vn Ve " Vp
=pE-D — + ——— .
Vo T ‘' n v2 Eqn : 6.10
1 + | —

The perpendicular velocity component can be divided 1nto two parts Firstly there are
the vp and vy components which are perpendicular to the gradients in density and
potential These drifts are slowed down through collisions with the neutral particles,
the drag factor 1 + »*/w.? becoming one as the collision frequency » tends to zero
Secondly there are the mobility and diffusion drifts parallel to the gradients in density
and potential These have the same form as in the B = 0 case except now they are
reduced by a factor 1 + w2 7 The magnetic field has little effect on diffusion when
this term 1s much less than one However the rate of diffusion across B 1s retarded
significantly when w? 77 > 1 In this case the role of the collision frequency » 1s
reversed For diffusion parallel to the magnetic field, D oc » since collisions retard

motion In the limit w? 72 > 1 for diffusion perpendicular to the magnetic field,

D
D, - _ KTy Eqn : 6.11

2.2 2
10 Pyt mo,

Collisions are needed for cross field migration, hence D, o » In parallel diffusion
the electrons move much faster than the i1ons because of their greater thermal
velocities so D « m™ However 1n perpendicular diffusion electrons escape more
slowly because of theirr smaller Larmor radius and D o m* This reduction 1n
diffusion leads to an increase in the density of the plasma This has implications for
the plasmas exammed here as the increase in density changes the mechanism by

which the plasma 1s heated at certain pressures

6.3 Experimental System.
Two tesla coils used to generate a umform transverse magnetic field were

appled to the plasma The coils consisted of 380 turns of insulated copper wire
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wound on a 16cm diameter core The coils were then placed approximately 30cm
apart on either side of the chamber and connected up to the power supplies as shown

mm Figure 6 1, producing a uniform

field The current to the coils was RF,

varied from 0 to 8 amps with 25 volts Pgw;f 89'12;]111;
the maximum voltage applied The field O L1/
produced then ranged from O to 18 5 o) E

Gauss at the centre of the plasma where
the probe was positioned see Figure 6 2
When greater than 8amps was applied to

the couls, the heat produced by them

Figure 6 1 Expenmental system

caused a decrease in the current such

that the field could not be kept stable and so fluctuation occurred In order to produce
much higher fields, bar magnets were arranged on either side of the chamber and
used 1n conjunction with the coils Between five and eight magnets were evenly

spaced apart along each side producing a very uniform field which could then be

n
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Figure 6 2 Graph of the field produced as a function of coil current

varied from 25 to 55Gauss A hall effect magnetometer was used to measure the
magnetic field strength within the chamber and the tuned probe described previously

used to measure the plasma parameters including the eedf [8,9] The strength of the
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maximum applied magnetic field was such that the Larmor radius of the electrons was
greater than the probe radius so the effect of the field on the probe measurements was
mimimal The plasmas were generated in the parallel plate, capacitively coupled,
asymmetric system described earlier 1n section 4 2 A gap of 7 Scm was chosen as
the electrode spacing as the transition from stochastic to bulk heating could clearly
be seen here The current density and voltage to the plasma were measured using the
current-voltage probe described 1n section 3 4 An 11GHz microwave signal was used
to measure the electron density The microwave setup is shown in Figure 3 4 The
magic T and the 1solators were shielded from the magnetic field by umetal At the
higher magnetic fields, 25-55gauss, this section of the interferometer was removed
and no measurements were taken as the close proximity of the magnets would have

caused permanent damage to the 1solators even with umetal present

6.4 Results and Discussion.

A current of 1Amp was applied to the plasma giving rise to a current density
of 3mA/cm*® The pressure was kept at 10mTorr and the magnetic field varied to
examine 1its affect The voltage across the plasma and power deposited were also
monitored while probe and microwave measurements were taken It was assumed
from the analysis of diffusion across a magnetic field, Section 6 2, that the mobility
of the electrons would decrease and the plasma heating would change from being
stochastic to collision dominated From the eedf in Figure 6 3 it can be seen that at
zero magnetic field the plasma remained bi-maxwellian with two distinct groups of
electrons present, the bulk electrons with a temperature of ~1 4eV and the fast
electrons with temperature ~3 1eV When the magnetic field was applied the
electrons moved 1n helical orbits mcreasing the distance they travel and in doing so
increasing their chances of making a collision The fast electrons caused stochastic
heating through repeated collisions with the sheaths As the field Intensity increases
the fast electrons become well confined to the sheath regions such that heating n the
centre of the plasma where the eedfs were taken consists entirely of the ohmic
contribution At high magnetic fields ~20 Gauss the bi-Maxwellian nature of the
plasma has almost completely disappeared being replaced by a uniform distribution

with a temperature of 2 8eV, the concave shape of the distribution being characteristic
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Figure 6 3 Electron energy distnbution functions in an argon plasma with a transverse magnetic field

of a collision dominated regime These results agree quite well with the PIC/MCC
stmulations performed through which the average electron energy was examined [10]

It was found that again ohmic heating in the bulk dominated as the magnetic field was
increased Electron cyclotron resonance 1s not visible n the eedfs The reason for this
1s possibly that the low energy electrons are confined to a field free region and so
resonance will be ummportant while the fast electrons which see the effects of

resonance have a very low density and are highly non-maxwellian However at fields
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of approximately 10 Gauss the average electron heating near the sheaths decreased
as some fast electrons with Larmor radius of 0 S5cm penetrated the bulk and were
cooled yielding a decrease 1n the total electron heating [11,12] In addition to
enhancing ohmic heating 1t has also been proposed by Lieberman et al [13] that
increased magnetic fields can cause electrons to undergo repeated collisions with the
same sheath, provided that theirr Larmor radius i1s small compared to the half width
of the plasma This would then lead to enhanced stochastic heating of the electrons
within the sheath These electrons however remain confined to the sheaths and so are
not observable 1n the eedf from the experimental results

However Figure 6 4 taken from the PIC/MCC simulation shows the average
electron energy throughout the plasma for varying magnetic fields The increase in
the bulk electron energy 1s clearly observable At fields greater than 10 Gauss the
average energy of the electrons in the sheaths increases notably as the Larmor radius
of the electrons becomes less than the width of the sheath region This 1s thought to
be due to the gyrating -electrons
colliding more than once with the
moving sheath as shown in Figure 6 5
For the case of no magnetic field, if the
sheath moves towards the electron its

energy increases, while if it moves away

the energy decreases Though some

With Magnetic Field

electrons gain while others lose energy,
the net effect 1s an increase in energy

Figure 6 5 Electron energy gain at the sheath edge for
unmagnetised and magnetised plasmas Taken In the case Of a magnetlc ,fleld

from Ref [13] several collisions with the sheath are
possible Assume an electron incident

on the sheath edge has velocity u and the sheath 1s moving with velocity u, An
electron reflected from the sheath will then have velocity u,,,= -u + 2au, where 2au
1s the total velocity change from all the collisions with the sheath The increase in the
average electron energy n the sheaths 1s thought to be due to this repeated sheath

collision process

In the unmagnetised plasmas the electron density was found to be ~4 x 10°cm
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from both probe and microwave interferometry techniques This density then
decreased as the magnetic field increased This drop 1n density as seen 1n Figure 6 6,

1s associated with the transition from stochastic to bulk heating Although the average
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Figure 6 6 Electron density as a function of magnetic field strength measuring using the microwave interferometer

electron energy increases the stochastically heated electrons can no longer penetrate
into the bulk plasma This results s a decrease 1n the density of electrons within the

bulk as there are fewer electrons present with energies in excess of the ionisation
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Figure 6 7 Electron density as a function of magnetic field strength measured using a Langmuir probe
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threshold. The bulk ionisation rate therefore decreases and there is a drop in the bulk
electron density. This feature is also present for an unmagnetised plasma as the
transition from stochastic to bulk heating occurs, see Section 4.3. As the magnetic
field increases though above ~20 Gauss the density begins to increase again as
diffusion of electrons to the walls reduces and the bulk ionisation rate increases. This
is clearly visible in Figure 6.7 which shows the electron density measurements taken
from the probe. The decrease in density agrees quite well with the microwave
measurements. The absolute values of density as measured by the two techniques
varies slightly though because the microwave method measures the line average
density while the probe measures the bulk density. The size of the plasma varies
slightly as the pressure or magnetic field changes, so an absolute knowledge of this
value is not known leading to discrepancies in the calculated density from the
microwave technique.

6.5 Conclusions.

A small magnetic field applied parallel to the electrodes of a capacitively
coupled low pressure rf plasma has several effects on hoth the heating modes and
density of the discharge. Firstly, with no magnetic field applied repeated scattering
of the fast electrons from the sheaths heat the plasma at low pressures. With a field
applied the induced cyclotron motion of the electrons prevents their bouncing from
opposite sheaths therefore disrupting the stochastic heating mechanism. As less
electrons diffuse to the walls bulk heating takes over as the dominant process. This
transition is clearly visible from the eedfs shown in Figure 6.3. The drop in electron
density associated with this transition being clearly visible from both probe and
microwave interferometry techniques of measuring electron density. With the field
strength increased further the density increases as the bulk ionisation rate rises and
losses to the walls decrease. Secondly at field strengths above 7Gauss the PIC/MCC
simulations show that motion of the electrons in cyclotron orbits can lead to enhanced
sheath heating as electrons repeatedly bounce off the same sheath [13]. The electrons
however are confined to the sheath regions and so are not examinable by the probe
techniques employed here. Finally it was also found that at fields of ~ 10 Gauss there
is a slight decrease in the average electron heating near the sheaths. This is due to
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sheath accelerated electrons penetrating into the bulk and cooling down [11,12]
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Chapter 7: Collaborations.

7.1 Introduction.

The probes and associated diagnostic units have in the course of this work
been used by different research groups on a variety of different systems These
include, the GEC reference cell in The University of Texas at Dallas, a thin film
evaporation chamber 1n Eolas, Dublin and finally a research system in Bochum,
Germany A range of gases, pressures and powers were tried to characterise the
different plasmas 1n each process The purpose of this chapter 1s to review the results

obtained from each of these systems

7.2 The GEC Reference Cell.

The GEC reference cell was developed at the 1988 Gaseous Electronics
Conference (GEC) The basic purpose of this cell i1s to provide an experimental
platform for the comparison of different plasma measurements made on a common
chamber geometry but by different research groups [1,2] Initially the current and
voltage properties of the discharge, were examined, but as time progresses
measurement techniques are being developed to characterise other parameters such
as density, optical emission, etc
The reference cell, shown in Figure

71, consists of a stainless steel

chamber with parallel plate
7/ \\| Window for

Manometer 4 '
electrodes, each with a 102cm NS 1‘33;’:“,.,;,

diameter Although most chambers
use high purity aluminium
electrodes, the cell in Texas uses
stainless steel ones 1n order to allow

for the mnclusion of a plnhole Figure 7 1 Schematic diagram of the GEC reference cell in the
University of Texas at Dallas

aperture as an inlet to an 10n energy

analyser All ports and flanges are ultrahigh vacuum sealed producing a low base

pressure 1n the range of ~107 Torr with a 300 I/s turbomolecular pump Gas 1s

mjected into the chamber from a showerhead nlet incorporated 1nto the top electrode
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This electrode 1s also the driving electrode for the Texas cell The electrode spacing
1s variable from 12 7 to 63 Smm although was set to 25 4mm for the work presented
here Each electrode 1s 1solated from the chamber by an electrical insulator so that
either electrode can be driven, biased, or allowed to float Ground shields
surrounding the nsulators extend from the mount to the plane of the electrode The
shields reduce sputtering of the insulator and provide a more uniform electric field
between the electrodes Eight ports are arranged around the chamber to provide
optical access to the entire discharge A tuned probe, see Section 3 2, was 1nstalled
on the GEC cell 1n the University of Texas at Dallas [3] Argon and nitrogen plasmas
were examined and density measurements taken from the probe were compared to that
from a microwave interferometer An 8 6GHz signal was used in the interferometer
here but n all other respects the experimental apparatus was identical to that

described 1n Section 3 3

7.3 Results and Discussion.
The results shown here are a combination of data taken when the probe was
mitially 1nstalled and measurements taken more recently Figure 7 2 shows a

comparison between the electron density measured by the probe and that measured
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Figure 7 2 The electron density as a function of dnving voltage measured in argon by a tuned probe and a

microwave Iinterferometer
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by the microwave interferometer for an argon plasma at 100mTorr with varying rf
voltage The two sets of data agree quite well for the range of voltages examined A
previous study [4] showed agreement between the two up to 500 Volts at this
pressure At higher pressures though with varying voltage discrepancies between the
two occurred at 250mTorr the probe underestimated the density by a factor of 2
while at 500mTorr this rose to a factor of almost 4 For nitrogen plasmas at 100
mTorr the probe began to underestimate the electron density at 200 Volts see Figure
7 3 The reason for these difference 1s probably due to the increased number of

collisions 1n the plasma Since the theory used to calculate the densities from the

700E49
600E+9;~ O probe
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100649 [ . o 8
L A A

OOOEOO:I\IllIellelllIlllkllllllllllllIIIIIlIlII
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Driving voltage (volts zero peak)

Figure 7 3 Electron density in Nitrogen measured using a tuned probe and a microwave interferometer

probe trace 1s that of Laframboise, see Section 3 2 2, the 1on collisions n the sheath
at high pressure are neglected Although the probe 1s operated n the sheath limited
case and should be non-collisional this situation would be very rare Only a small
number of collisions in the region of the probe would be sufficient to alter the
trajectories of 1ons which should be collected at very negative potentials, thus
reducing the measured density When the probe 1s strongly biased positive 1t can
cause a depletion to the local electron density These two factors result
discrepancies between the probe and microwave interferometer measured densities
The eedfs taken 1n argon and shown 1n Figure 7 4 show the transition from stochastic

to bulk heating The pressure threshold at which this occurs being ~70 mTorr This
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Figure 7 4 EEDFs taken in argon in the GEC reference cell All the data was taken for a current of 175mAmps and

electrode gap of 25 4mm

agrees quite well with the work of Godyak et al [5] and Turner et al [6], where the
transition 1n heating modes was found to be dependant on the pressure and length of
the discharge, see Section 4 3 The product of these two values, pressure (Torr) and
length (cm) at the transition, which should be i the region of 0 14 to 0 18 1n this

case 1S ~0 14 Torr cm At pressure greater than 70mTorr, bulk heating quickly takes

Chapter 7, Page 96



B E 1Torr
E 700mTorr £

- [ 500mTorr F
0° E 300mTorr F [
t - 200mTorr [ L @
a i [ £, o
F 3 L5 izi R % £
B, Y F % I %
10% £ F Q?@ L ® [ % I %
—_— F ‘i@ Geee % - Ge
o
$ ;Q"Qt%e Bae °, E— % )
C S ° . °
f . b
T 107 F ° o o er
fe E F
[ £ F L
=2 E E [ F
10t | [ L
i L
i L
Y S R E

NI PP NS S
10°®
0 5 10 15 20

Energy {eV)
Figure 7 5 EEDFs taken in helium at 175mAmps with a 25 4mm electrode gap

over from stochastic heating to become the dominant heating mode and 1s
accompanied by an increase 1n the bulk electron temperature from ~2 7to 3 2eV and
a decrease 1n density initially as less electrons during the transition have energies

greater than the 1onisation potential

10°F. Work has been carried out subsequently on

o helium, shown 1n Figure 7 5 and taken by J Xie [7]

o1 08;‘ . and also nitrogen and carbontetraflouride plasmas The
V;o } results from helium compare well the results of
v')g 107? r Godyak et al [8], taken at low current density, which
é i " too show the electron temperature decrease as the
0% Zg pressure 1s increased, as opposed to argon where the
N i » opposite occurs The most distinguishing difference

° %nerg (ex}f e between this set of eedf’s and that of the argon eedf’s

shown 1n Figure 7 4, 1s the obvious lack of a transition

Figure 7 6 Nitrogen eedf taken at

from one heating mode to another with helum This

200mTorrand175mAmps
could possibly be used as confirmation that the

abnormally low heating mode and sharp heating mode transition is intrinsic to a
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Ramsauer gas Others have observed a transition from « to y mode heating at much
higher pressures and voltages 1n helum 1n both experiments and mathematical models
[8-10] The eedf data obtained for nitrogen plasmas agree very well with the work of
Scanlan [11,12] and of Hopkins et al [13] The depletion of the 2-4 eV region due to
the large cross section for inelastic collisions involving the vibration excitation of the
N, molecule and the superelastic collisions repopulating the 5-7 eV range are clearly
visible 1n Figure 7 6, taken at 200 mTorr and 175 mAmps A pressure scan from 60
to 300 mTorr at constant current showed the evolution of these characteristics as the
pressure was increased [7,11,14] These features have been regularly seen n dc
discharges [15], and stmulations [11,16] but their observation in rf plasmas have been
detected by only a few [12,17] Recent work on the GEC cell using the tuned probes
and the microwave interferometer includes investigation into CF, plasmas and radial
scans across the centre of the plasma in both argon and nitrogen to check for
variations in electron temperature and density which might be due to changes n the

electric field

7.4 The Thomson Scattering System.

Thomson scattering 1s a technique generally confined to high temperature,
highly 1onised, plasmas, see Section 1 7 2 The research system in Bochum, Germany
was designed to see 1f this diagnostic method could be used on low pressure plasmas
In order to check the validity of the measurements obtained, a comparative analysis
had to be performed A tuned probe was therefore installed to measure the plasma
parameters and compare them with the Thomson scattering data A schematic diagram
of the system used 1s shown m Figure 77 The plasmas were generated in an
alummium parallel plate capacitively coupled system which could be operated in
either symmetric or asymmetric mode Both electrodes were 7cm 1n diameter with a
4cm gap between them They were composed of very pure alummium to reduce
impurities to the plasma however they were not cooled which led to contamination
problems at higher powers Ultra high vacuum techniques were employed so a base
pressure of 107 Torr was possible The system 1s generally operated by flowing the
required gas into the chamber and then closing a gate valve to the pump The gas

flow 1s continued to produce the desired pressure before being switched off The

Chapter 7, Page 98



chamber then has the gas at a specific pressure but since there is no throughput of
gas, disturbances to the plasma are reduced which is essential for Thomson scattering.
The main drawback of this method is that contaminants are not removed from the

Figure 7.7: Schematic diagram of the Thomson scattering system in Bochum, Germany.

plasma since the chamber is no longer being pumped and again at high input powers
to the plasma this can create many problems. For the results shown here, the valve
was left open and the pressure controlled by altering the flow of gas into the
chamber. The probe for the results shown was situated in approximately the centre
of the discharge between the two electrodes. It was cleaned by biasing it to
+ 100Volts in either helium or argon to allow the contaminants to burn off,

1.5 Results and Discussion.

When the probe was initially installed measurements were taken in argon to
analyse its performance even though most work was to be carried out in helium,
Argon was tested first as its behaviour is well characterised. The power to the plasma
was measured using an rf power meter since neither current nor voltage probes were
available. For argon at 20watts the results are shown. The eedfs are clearly bi-
Maxwellian with a low bulk electron temperature of ~2 eV. The densities are in the
region of 1X10° cnr\ The transition from stochastic to bulk heating is not shown
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as 1t occurs at higher pressure A scan at ~0 4 Torr was tried but unfortunately the
probe was positioned on the edge of the sheath of the lower electrode and so
measurements could not be taken at higher pressures in argon A pressure scan was
taken then in an asymmetric helium plasma, the results of which agreed quite well
with those of Godyak et al [18], for helium with a high current density With the

pressure fixed at 225 Torr the power was varied from 35 to 120 Watts Over this
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Figure 7 9 Electron energy distnbution functions taken in helium with 20Watts Input power
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range of power the bulk electron temperature remains at ~ 1.0eV while the density
increased by almost 50%. The low electron temperatures are the result of fast
electrons generated in the sheaths providing ionisation near the plasma houndaries
only. The cold electrons produced just diffuse through the main bulk of the plasma
[8]. At 120Watts the eedf changes giving a slightly higher bulk electron temperature
but reduced density. In this case very few fast electrons at all could make it past the
sheath region to the bulk of the plasma and so the total electron density measured by
the probe was reduced.

120Watts
|00Wiatts

>
@Watts )
101 35Watts gpwets i@
109 - O%
QO
(o]
108 %

Q

106 P
(N I

105
0 5 10 15 20

Energy (eV)

Figure 7.10: Helium eedfs taken at 300mBar with varying input power.

The system was altered to produce a symmetrical plasma. The power from the
rf generator was split between the two electrodes. However a 180° phase shift was
introduced to the input power to one of the electrodes and the wall was grounded as
shown. The plasma was almost entirely confined to the region between the two plates.
During cleaning of the probe it was observed that sputtering occurred at the chamber
wall indicating that the plasma was in contact to some degree with the walls. A
varying pressure scan was performed at 20Watts so direct comparison with the
asymmetric case could be performed. Visually the plasma appeared quite different as
both electrodes were surrounded by sheaths with a bright region in between them at
low pressures. However when the pressure was increased the sheath regions became
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much brighter and a dark space region formed between them leading to a much
reduced electron density The electron

temperature remained close to 1 0eV for VeV, Sm at + 180° v

j {

the lower pressures (up to ~0 6 Torr)

At the higher pressure though, where the
dark space region formed, the _E

temperature increased to ~4 0eV The

i L

large drop in density which also occurred V=V, S at g

here would indicate that this temperature Figure 7 11 Electrical setup for the symmetric mode
operation

value be 1gnored as the probe does not
work at 1ts best in very low density plasmas The formation of the dark space can be
seen 1n the eedf taken at 4 OmBar (3 0 Torr) in Figure 7 12 The electron density
decreases substantially as more electrons become confined to the sheath regions and
less remain 1n the bulk of the plasma Finally, as was mentioned previously the
electrodes were not cooled during any of the experiments for which results are

shown For this reason the probe was cleaned frequently as 1t had been found that
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Figure 7 12 Eedfs taken in a symmetnic helium plasma with 20Watts input power

contamination due to outgassing of the electrodes was a major problem
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7.6 The Thin Film Evaporation System.

A tuned probe was 1nstalled on a system designed for developing diamond like
thin films These films are deposited onto a particular surface to both harden 1t,
reduce corrosion and subsequently increase the lifetime of the whole device The
films are produced using acetylene (ethyne) plasmas, or acetylene/hydrogen plasmas
It has been found that the physical properties of the films vary drastically from soft
to ultra hard, conducting to resistive, depending on the plasma process parameters

such as the rf power mput, the gas
pressure and flow rate, the

substrate temperature and the bias

s, e (g Formmate potential [19-23] The purpose of
Manometer / the probe was to measure the
Y 0”@ plasma parameters for comparison
b el
Drvng E_jm with the film produced 1in an

attempt to correlate both results

Figure 7 13 Schematic diagram of the thin film evaporation ~ [1ydr0gen was to be examined

system mitially with work then to be

mainly concentrated on acetylene

However the contamination to the probe by the plasma was such that the probe was

rendered unusable after only six minutes in a relatively low powered plasma since a

thin film formed over the probe tip surface A method of cleaning the probe was later

incorporated during the scanning routine to overcome these problems Results of this
technique were presented at a GEC conference [24]

The hydrogen plasmas, which were examied and proved to be quite
interesting, are still not fully understood A schematic diagram of the system used 1s
shown 1n Figure 7 13 The chamber was extremely asymmetric, with only a small
driving electrode and no ground electrode specifically, though the entire wall area
was at ground potential Several diagnostic techniques were employed on the system
Optical emission spectroscopy was performed in conjunction with the Langmuir probe
to see 1f the presence of any particular elements were responsible for the observed
anomalies Polarimetry was also performed This 1s a technique to measure the

thickness of the film as 1t 1s being deposited upon the substrate Finally photo-
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detachment experiments were also carried out to measure the percentage of free
hydrogen in the plasma and compared with the thickness of the films produced [25].
The probe was inserted through a port in the side of the chamber, because of the
design the probe was then at an angle to the driving electrode. The chamber was
pumped using a turbomolecular pump and along with the gas flow, gas selection, and
pressure monitoring, were all computer controlled. An automatic tuning network
matched the power into the plasma.

1.7 Results and Discussion.

Hydrogen forms an interesting plasma in that a double layer is formed around
the sheath region whose position varies with pressure and power. The intensely bright
region is thought to be the result of sheath
accelerated electrons loosing their energy
consistently at a particular point in space. (bulk plasma) Bright region
In effect, bremstrahlung, where the

. »»

electrons are stopping suddenly and the @

o : I Intensely . bright
energy lost is given out in the form of " kreglpn
.. . . ark region
visible light. The reason why this should J;Drivmg ge|ecm,de
occur however is not understood at all
. . Figure 7.14: Schematic diagram of the double layer in
since very little work has ever been hydrogen,

carried out on capacitively coupled
hydrogen discharges. Another feature of hydrogen is that the mobility of the ions is
quite high since it is a light gas. The ion frequency is given as,

0), = eln, Eqn: 7.1
-\ comi

where all terms have their usual meaning. For argon this is —2 MHz, which is
somewhat lower than the driving frequency. Therefore the ions cannot follow the
oscillating plasma and so the probe theory which effectively considers the ions as
mobile as the backround neutral gas is valid. However for hydrogen the ion frequency
IS ~ 13 MHz, which is very close to the driving frequency of the plasma. The ions
will therefore have a much greater effect on the plasma as they can almost follow the
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Figure 7.15: Hydrogen eedfs taken at —30-35 Watts input power in a thin film evaporation system.

oscillations. This condition was not accounted for in the probe theory.

Initially a pressure scan at constant power was performed, the results of which
are shown in Figure 7.15. A peak in the eedf varying with pressure was observed.
|t was thought at first that this peak was connected with the double layer mentioned
earlier since power as well as pressure affected its position and magnitude. However
recently it has come to light that this peak may in actual fact be a result of rf
affecting the probe characteristic as hydrogen plasmas produced on the experimental
system described in Section 4.2 do not exhibit the same structure. Godyak et al [8]
mentions how insufficient filtering of the rf can lead to the formation of anomalous
structures with the eedf. Most recently data taken suggests that this structure is not
actually present in the eedf, the double layer in the plasma being due to anomalous
sheath heating. An optical emission spectroscopy system is currently being installed

on the system here. It should then be possible to scan through the layers for further
examination.

1.8 Conclusions.
The tuned probe and its associated diagnostic unit have been tried on a variety
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of different plasma systems with varying degrees of success The probe results
obtamed on the GEC reference cell are comparable with measurements taken by
others 1 argon, helium and nitrogen plasmas Work 1s being performed there on CF,
at present to correlate plasma parameters measured by the probe with etch profiles
of substrates inserted into the plasma The results obtained in Bochum also compared
quite well with the work of others m both hellum and argon plasmas New
mathematical algorithms have been formulated to evaluate the electron velocity
distribution function from Langmuir probe and Thomson scattering measurements [26]
so work 1s continuing there too, although initial comparison of the two techniques
have not yet been published Finally the results obtained from the thin film deposition
system are still under question It seems that the peak in the eedfs 1s due to bad
filtering of the probe It 1s hoped that through the emission spectroscopy analysis of

the layers of the plasma the source of the double layer structure will be understood
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Chapter 8: Conclusions and Further Work.

8.1 Summary of Work.

Low pressure rf plasmas have been nvestigated experimentally using tuned
Langmuir probes and microwave interferometry Different plasma parameters were
examined as a function of pressure, current, voltage and spatial position within the
plasma A small transverse magnetic field was also applied to the plasma to observe
how 1t affected the heating regimes of the plasma Finally the tuned probes were
installed on other experimental systems to examine how well the probe behaved under
different conditions and 1t compared to the results of other diagnostic techniques

Inifial measurements of the sheath resistance as a function of both current and
voltage were presented in Chapter 4 along with a method of measuring this
parameter This resistance increases the electron temperature calculated and shifts the
value of the plasma potential by several volts if neglected from the analysis of the I-V
curve A criterion stating when this resistance becomes appreciable was also
presented The temperature of the bulk electrons was shown to increase abruptly with
increasing Jpressure as bulk heating takes over from stochastic heating as the primary
heating mechanism of the plasma This transition was also obvious from the eedfs
which showed a change from a bi-maxwellian to a Druyvesteyn shaped curve The
transition which depends only on the pressure of the plasma p, and the half-width of
the discharge d, occurred for a pd of 0 1 to 0 15 Torr cm The electron density was
found to decrease while the pressure was increased when the current was kept
constant The reason being that as the transition from one type of heating to another
occurred, less electrons with energies sufficient to cause ionisation were available
resulting 1n a general decrease 1n 1onisation throughout the bulk plasma even though
the average energy of the bulk electrons increased

Spatial variations of the plasma parameters were presented in Chapter 5 Two
pressures were chosen for the spatial measurements, 10 and 150 mTorr, to examine
if any spatial anomalies were heating mode dependant The results show that for both
pressures the temperature stays constant within the bulk of the plasma outside of the
sheath regions The plasma potential showed no great variation leading to the

conclusion that the plasma 1s virtually field free and homogenous The electron
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densities which did vary as a function of position within the plasma were compared
with the theoretical expectations of the diffusion equation At 10 mTorr the agreement
between the experimental and theoretical was quite good for the data as a function of
position from the driving electrode However, the comparison between the two was
not so good at 150 mTorr since the theory assumed 1onisation at a point source in the
centre of the discharge This could not be assumed 1n this case since the electrodes
and consequently the sheath regions were of differing sizes For the radial scan
however, the data taken for both pressures agreed with the theoretical expectations

A small transverse magnetic field was applied to the plasma to examine its
affect on the heating regimes and electron density of the plasma At low pressure and
constant current 1t was found that bulk heating took over from stochastic heating as
the primary heating mode With a field applied the induced cyclotron motion of the
electrons prevented their bouncing from opposite sheaths therefore disrupting the
stochastic heating mechanism As less electrons diffused to the walls bulk heating then
took over as the dominant heating process The mitial drop in electron density
associated with this transition was clearly visible from both the probe and microwave
interferometry techniques of measuring electron density As the field strength was
increased further though the density increased as the bulk ionisation rate rose and
losses to the walls decreased At field strengths above 7 Gauss the simulations showed
that motion of the electrons 1n cyclotron orbits could lead to enhanced sheath heating
as electrons repeatedly bounce off the same sheath The electrons in question were
however confined to the sheath regions and so were not examinable by the probe
techniques employed here

The tuned probe and its associated diagnostic unit were also tried on a variety
of different plasma systems with varying degrees of success The probe results
obtained on the GEC reference cell were comparable with measurements taken by
others 1n argon, helium and nitrogen plasmas so too were the results obtamned in
Bochum, however the results obtained from the thin film deposition system are still

under question

8.2 Suggestions for Further Work.

Several questions have arisen from the work conducted for this thesis The
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first of these being the double layer 1n the hydrogen plasma It 1s now thought that
anomalous sheath heating 1s responsible for the appearance of these layers Optical
analysis of the bright regions should therefore yield information of their origin
Emission spectroscopy of the layers of the plasma currently underway to try and
resolve this problem

The variation of plasma parameters with electrode gap 1s also being
investigated Although the transition between heating modes 1s know to be dependant
on this gap size, the variation of electron temperature and density 1s still not quite
clear It 1s hoped that an investigation of this nature may reveal why the electron
temperature measurements of workers in this field are so diverse

It 1s hoped to place a current monitor into the chamber, onto the driving
electrode of the system to examine how the current density changes in the centre of
the plasma as a function of pressure Indications are that the current 1s confined to the
centre of the plasma at low pressure, becoming more dispersed as the pressure is
increased This may 1n fact be another reason why the electron density appears to

decrease as the pressure increases
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