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ABSTRACT

Low pressure, radio-frequency ((f) glow discharges
have been used extensively in plasma processing iIn recent
years. To exploit the advantages of the rf plasma fully,
a detailed knowledge of the discharge physics is required.
Many powerful models have evolved which attempt to
describe the plasma and predict plasma parameters under
varying conditions. However, 1in the absence of versatile
and reliable diagnostic experimental tools, such models
cannot be tested and the processing operator must rely on
the so-called '"Response Surface Methodology™ to predict
plasma-chemistry and physical reaction rates.

This thesis reports on the development of a tuned
Langmuir probe, which has been used to monitor plasma
parameters, including the electron energy distribution
function (eedf), in 13.56MHz argon and nitrogen plasmas
under various discharge conditions. The development and
application of the tuned probe 1is described, as is the rf
environment, since successful measurements rely on a
thorough understanding of the subtleties of the two.

The plasma parameter measurements are presented as a
function of gas pressure, spatial distribution and input
rf power. The results are generally interpreted in terms
of accepted rf plasma theory, which 1is still evolving.
The eedf measurements demonstrate that the argon and
nitrogen plasmas are created via different 1ionization
processes, and may be strongly influenced by inelastic and
super-elastic collision processes.

Plasma heating, a topic of much recent debate, Iis
discussed, and an electron trapping mechanism, which
resolves some of the questions posed by the eedf
measurements and the current plasma heating theories, Iis
presented.



CHAPTER ONE
RF DISCHARGES

1.1 Introduction

Over the vyears, gas discharges have been used 1in
several pure and applied research applications. For
example, dc glows have been used extensively in gas laser
research, resulting in the development of molecular
nitrogen, argon ion and atomic neutral helium-neon
lasers(@). Such developments rely on the understanding of
the fundamental processes involved in the glow discharge.
In particular, gas lasers exploit the knowledge of both
the cross-sections of the applied atomic and molecular
processes (e.g- N2 vibrational excitation, He metastable
excitation), and the values of relevant plasma parameters.
Macroscopic parameters such as gas pressure, gas type,
chamber dimension and discharge voltage and current
(discharge power), determine the microscopic parameters,
neutral gas density, n, electron temperature, kTe,
electron density, n, positive 1ion density, n+, and

electron energy distribution function (eedf). In order to

properly understand and exploit the glow discharge, the



microscopic parameters, and their dependence on the
macroscopic parameters, must be known.

Glow discharges have also been used extensively iIn
materials processingca- In particular, they have been
successfully applied to plasma enhanced chemical vapour
deposition, sputter deposition, substrate sputter etching,
plasma etching, reactive i1on etching and ion implantation.
Microelectronic device fTabrication 1is performed almost
exclusively in the glow discharge. The advantage over
chemically based systems is that while the background gas
(argon, fluorine, etc.) remains cold, the electron energy
is typically between lev and 20eV. Collisions of these
energetic electrons with the neutral carrier gas atoms or
molecules generates the ionic etchant species.
Dissociation reactions, for example, which have large
activation energies, can proceed at essentially room
temperature. This non-equilibrium between the different
gas species, and low temperature environment, is the key
to device integrity. Also, the disparity in the diffusion
coefficients of electrons and 1ions results in the plasma
biasing itself positive with respect tothe discharge
chamber. This plasma potential, depending on the mode of

plasma generation and voltage coupling, can be anywhere

between a few volts and a few hundred volts. As the
positive ions traverse theplasma sheath they are
accelerated by the plasma potential. This energetic 1ion

bombardment is the distinction between plasma etching and



reactive ion etching (RIE), and enhances the etch rate as
well as i1mproving directionality.

Recently, trends toward improved etch profiles, etch
rate and shrinking dimensions have rendered the dc plasma
processing system all but obsolete® *® .  The reasons
for this are as Tollows. Firstly, the dc glow 1is
spatially inhomogeneous; secondly, discharge current
densities are low; and thirdly, the dc glow greatly
depends on secondary electron emission for ionisation, and
thus varies with the surface condition of the electrodes.
It is thus unsuited to the processing environment. As a
result, processing systems have instead turned to
radio-frequency (rf) generated plasmas. The rf plasma,
while not having the mentioned disadvantages of the dc
system, has the added advantages that it can be operated
at low pressures, favouring improved anisotropy; it can be
operated in electrodeless systems, and does not
necessarily depend on k (secondary electron emission
coefficient); and also can be used to process insulating
materials. Furthermore, the time-averaged rf plasma
potentials are normally quite high, favouring RIE.

Many other configurations have been applied to plasma
processing. For example, electron cyclotron resonance
(ECR) discharges@>@>05), surface wave discharges<o),
magnetrons and helical resonatorseg- Very often
magnetic fields are employed to confine ionizing

electrons, so that the discharge operation is extended to



lower pressures. None, however, have achieved the
ubiquity of the rf system. Recently, rf plasmas have been
used to drive low pressure multipole ion sources ,
favoured over the conventional hot Tfilament sources
because of 1its limitless lifetime compared to tungsten
filaments. RF excitation is again employed in lieu of dc
because of its lower pressure limit, a pre-requisite for
large aperture 1on sources.

As a result of the forementioned applications of the
rf discharge, much experimental and theoretical interest
has been directed at this type of plasma. As stated
earlier, the rf plasma can only be exploited fully when
the dependence of the microscopic parameters upon the
external discharge variables are determined. It is also
necessary that the plasma be understood 1in terms of
production (electron heating mechanisms) and loss rates
(diffusion, recombination, etc.), as different modes of
operation are possible. Since rf plasmas are
time-varying, the temporal evolution of the plasma iIs an
added parameter, and one which is proving to be
increasingly important.

This thesis 1iIs an attempt to link and extend the
current knowledge of rf plasmas. The experimental
investigation has resulted 1in the development of a
diagnostic tuned Langmuir probe, which has been used to
characterise an rf plasma, resulting in a clearer picture

of rf plasma operation.



1.2 RF Plasmas

Although rf plasmas are used extensively, rf plasma
physics has not been developed in depth and our
understanding of the subject 1is still evolving at a
considerable rate. The current knowledge of rf plasmas is
summarized in four sections below. This knowledge has
arisen from both experimental and theoretical research
endeavours, the techniques of which are described 1in

subsequent sections of this chapter.

(1) Configurations, rf glow and plasma potentials
Although the rf plasma can be inductively or
capacitively coupled, most commercial processing systems
are parallel plate, capacitively coupled, and driven at
the allotted frequency of 13.56MHz. One electrode 1is
grounded, while the other 1is powered by the rf voltage
supply, through an intervening matching network and a
blocking capacitor (see section 3.1). Discharge stability
iIs maintained by the blocking capacitor which prevents dc
current from flowing in the plasma and the external
circuit (see fig. 3.1). If the electrodes are of equal
area, the system 1is termed symmetric, while unequal
electrode areas constitutes an asymmetric arrangement.
Although, 1in many processing systems, the electrodes are
of equal area, since one electrode 1is normally grounded
and equipotential with the chamber walls, the arrangement

does constitute an asymmetric system.



The chamber pressure is usually maintained between
IomTorr and 500mTorr” . When the discharge 1is operating
the glow fills the space between the electrodes. This 1is
the plasma or quasi-neutral region of the discharge. Dark
spaces (or sheaths) provide the interface between the
plasma and the electrodes or chamber walls. The electric
fields iIn the quasi-neutral region are weak compared to
the fields in the space-charge dominated sheaths. In fact
most of the applied rf voltage appears across the sheaths.
The rf plasma is weakly 1ionized, with rwn”™ of the order
of 10"6.

On a time averaged scale the plasma is positive with
respect to all chamber surfaces in order to maintain
quasi-neutrality. Electrons, which diffuse faster than
ions, are thus contained within the discharge by the
ambipolar fields which are established. Figure 1.1 is an
illustrative diagram of plasma potentials, V (t), and
excitation electrode voltages, V (t), assuming a purely
capacitive sheath behaviour, for three different
geometries and for dc and capacitively coupled excitation
electrodes taken from Kohler et al.<0). The plasma
potential of a 13.56MHz low pressure argon glow discharge
was determined for the various configurations by measuring
the time resolved positive 1on energy distribution. The
capacitively coupled, asymmetric set-up, the smaller
electrode being powered, 1i1s the most widely used (top

right of fig 1.1). In this configuration, in order to



FIG.1.1: RF plasma potentials for different discharge

geometries (taken from ref.10)

preserve electronic current continuity on each rf half
cycle (since no dc current can flow), a dc negative bias

establishes itself on the powered, smaller electrode. The



development of this self bias 1is illustrated in Ffigure
1-26ﬂ)- The current drawn by an electrode in the rf
plasma is given by the 1V curve (fig.1.2(a)).- In order to
draw a net zero current, the electrode adopts a negative
bias (fig-1.2(b)). Many processing systems exploit this
configuration, since 1ons are accelerated toward the

negatively biased driven electrode.

FIG.1.2: The development of the dc self-bias (taken from

ref.11)

(i1) Frequency response and the rf sheath

If the rf driving frequency, w, is less than the 1ion
plasma frequency, w., then the discharge ions can respond
to the rf field variations. The 1i1on plasma frequency is

given by



u. = (nee2/mic0 12 (a*1)
and is typically of the order of a few MHz. The electron
plasma  frequency is nominally of the order of 1GHz. If w

< t)i, then the rf sheath 1is resistive, since both electron

and ion currents flow, and the plasma potential appears as

V in figg}re 1.3. If w >W o then the rf sheath is

Pi
capacitive, since only electrons respond to the rf field
variations, and the plasma potential appears as Vp2* At a
driving frequency of 13.56MHz, an intermediate case 1is
probably more appropriate, the rf sheath containing both

resistive and capacitive terms, shown as V

fraction of rf period

FIG.1.3: Illustration of the expected temporal evolution
of the driving potential, vV (D, and the plasma

potential, V (t), for rf discharges.



(ii1) Production mechanisms inrfplasmas

The exact mechanisms of rfplasma excitation are
quite complex, and have proved difficult to study, from
both experimental and modeling viewpoints. However,
considerable progress has been made, particularly at
higher pressures (0.1 to 2Torr), and it has beenshown
that the rf discharge can operate 1in several different
modes (12)" (13> Two distinct modes, which are of
particular importance, are the so-called y-regime and
a-regime.

The electron ionization mean free path@ is given by

X = 1/n a. 1.2
where t 1is the 1onization cross-section, shown in Tfigure
1.4 as a function of electron energy in argontld. Also,
the total inelastic collision mean free path is given by
Inet 1/n9 Inel @-3)

and a iIs also shown in fig- 1.4 . Figure 1.5 shows
a and a. for electrons i1n nitrogen(16).

At high gas pressures, greater than 500mTorr, the
mean free paths of plasma electrons are such that

ionization occurs locally and is generally a bulk process,

except near the sheaths. For example, for 50eV electrons
in argon at ITorr, with nQ = pressure (Torr) Xx
3.54x1016cm-3 and naa = 8.82x10 _17cm2, X1 = 1.1mm, and for
nitrogen = 1.5mm. This 1is known as the a-regime, and

bulk electrons (i.e. electrons with energies below the

ionization threshold) are heated by the bulk plasma

10



electric field and contribute to 1ionization. In this

respect, the plasma resembles a dc positive column™”

Electron energy (eV)

FIG. 1.4: Total inelastic @ ) and ionization @ﬁ)

inel

cross-sections for electrons in argon (from refs. 14,15).

Electron energy (eV)

FIG. 1.5 Total inelastic @rmﬂ) and ionization @n)

cross-sections for electrons in nitrogen (from ref.16).
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Associated with such plasmas is a high (2eV-4eV) bulk
electron "temperature”™ (if the eedf is Maxwellian) @

IT the rf sustaining voltage 1is now 1Increased,
secondary electrons emitted from the electrodes under 1ion
bombardment are accelerated by the sheath field to very
high energies. These high energy electrons undergo
collisions iIn the sheath region, creating more secondary
electrons, leading to an avalanche of electron current
growth. This avalanche of electrons iIn the sheath region
occurs because the electron mean free path begins to
increase with increasing electron energy (see fTig-1.4; g
decreases, A increases) so that the electrons can be
accelerated to higher energies, and also because as the
electron energy increases, many  successive ionizing
collisions in the sheath are possible. Thus, an electron
beam with energies up to the rf voltage amplitude enters
the glow region. Most of the 1ionization takes place at
the plasma-sheath boundary, although a non-negligible part
of the total 1ionization takes place within the plasma
since the cathode emitted electrons can penetrate deeply
into the plasma and release their energy there. The
secondary electrons begin to contribute to 1ionization 1in
the glow regiofdhd the ion density increases,
resulting in a Tfurther 1increase 1iIn secondary electron
emission. Thispositive feedback results iIn an abrupt
transition from the a-regime to the vy-regime, where

ionization 1is produced by the secondary electrons. The



~-regime has been likened to a dc negative glow or hollow
cathode discharge, since the plasma is non self-sustained.
An external beam, originating at the electrodes, 1is the
primary source of 1ionization in the plasma bulk *?

Since the plasma is sustained by an external electron
beam, the bulk electron temperature is normally low
<leV).

At lower gas pressures, typically 100mTorr to
500mTorr, the plasma ionization is dominated by a type of
a-process. Although secondary electron emission still
occurs, the electron ionization mean free paths
(approximately 5mm for a 300eV electron in argon at
300mTorr) are such that the majority of secondary
electrons traverse the sheath region without making
ionizing collisions, and little or no electron
amplification occurs. Secondary electrons may, however,
cross the sheath and penetrate the plasma bulk. A heating
mechanism peculiar to rf plasmas, which 1is described
below, also contributes to a fast electron component in
the eedf. Therefore, electrons in the tail of the energy
distribution function, which have energies just above the
ionization threshold, and have short ionization mean free
paths account for 1ionization 1iIn the plasma bulk. The
electric field in the plasma 1iIs weak, and does not
contribute significantly to electron heating.

Decreasing the gas pressure further, below the point

where a dc discharge would extinguish for similar
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sustaining voltages, the rf plasma persists. The plasma
iIs now maintained by a heating mechanism peculiar to the
rf system. The problem has been investigated extensively
by Godyak<l9),(2),<21), Boeuf(A and Kushnertl?). It
appears that the sheath oscillations (the rf sheaths
oscillate in space and energy), which are characteristic
of rf discharges, can also constitute an iImportant source
of energy for the electrons. Models(@) (@2’ have
predicted that an rf discharge can be self-sustaining even
without secondary electron emission. The role of the
sheath oscillation in the electron energy gain and
deposition mechanisms has been considered iIn two extreme

cases:

(@ Firstly, the "wave-riding”™ (this term 1iIs a misnomer
and should not be confused with Landau damping)
regime(@?”)’@ corresponds to a situation where the
sheath is collisional for the electrons (i.e. the electron
mean free path is small with respect to the sheath length)
and applies to the pressure regimes already described. As
the rf sheath oscillates, the local plasma potential
oscillates. During the portion of the rf cycle when the
sheath is 1In retreat, either spatially or energetically,
the plasma potential near and in the sheath increases.
Thermal electrons from the plasma diffuse or drift toward
the electrodes. During the second half of the rf cycle,

the sheath spatially or energetically extends back into

14



the plasma (sheath expansion). The electrons that
followed the sheath iIn its retreat towards the electrodes
suddenly find themselves in a region with a lower plasma
potential. These largely thermal electrons are then
accelerated into the plasma, riding the wave of the lower
plasma potential. The energy gained by an electron which
is in the path of the extending sheath 1is approximately
equal to the difference between the minimum potential and
plasma potential at the location of the electron®s closest
approach. The result is a broad high energy tail in the
eedf located at the boundary of the sheath and the plasma.
Since the sheath 1is collisional, the electrons riding”
the expanding sheath undergo collisions, iImparting energy

to the plasma.

(b) Secondly, the "stochastic" heating<2) regime
corresponds to a low pressure (less than 100mTorr) regime,
where the electron mean free path is of the order of or
greater than the gap length. In this regime, the electron
has a larger probability to interact with the sheaths than
to undergo a collision with a gas molecule. The electron
IS supposed to exchange momentum with the sheath and can
be reflected by it (Fermi acceleration). The regime of
interest is where the chaotic dynamics dominate the
electron motion, which is the range of pressures in the
near-collisionless regime where electrons experience many

interactions with the sheaths before suffering collisions

15



with neutrals. That 1is, the regime where the electron
bounce time is much less than the mean time for elastic
collisions. The electron motion occurs iIn two distinct
parts, the unperturbed motion through the bulk plasma,
where the electron velocity is constant, and the rapidly
varying velocity region in the sheath. It is possible for
electrons to be stochastically heated in such a fashion up
to the point where their energy equals the escape energy,
which in the physical discharge 1is the ambipolar sheath
potential. This is discussed in further detail iIn section

1.4.

(iv) Loss mechanisms in rf plasmas
The three primary electron loss processes in glow
discharges are diffusion, recombination and attachment().
In electropositive gases, such as argon or nitrogen, at
low pressures, ambipolar diffusion is the primary plasma
loss mechanism. The electron loss rate is
dn_/dt = -Dn /A2 1.4
where iIs the ambipolar diffusion coefficient, and A is
the characteristic diffusion length, given by
1/A2= (/L)2 + (2.405/a)2 .. (1.5)
for a cylindrical chamber of length L and radius a().

The ambipolar diffusion coefficient isgiven by

D = ng +D n )/(Lé + a) (1.6)

a

where fi and u are the respective electron and ion
e

16



mobilities. In the usual case of interest,
D > D and W » £
€ + e +
Also, 1f the eedf is Maxwellian then,
De = kTe/mveN a.7n

where Vi, is the electron neutral collision frequency, and
e

D, = kT Mv (1.8)
where is the ion neutral collision frequency.
Therefore,

D = (kTe/e) A+ D, .- 1.9
or
D =D, + T/T) . 10)

The electron-neutral collision frequency is given by
VeN = Q%ot \e/ T 1-11

for an electron velocity vo-ooa is the total collision

cross-section.

At pressures (greater than ITorr, recombination
becomes an increasingly significant loss process. The

electron loss rate is

dne/dt = -an_n, - (1.12)
where a 1s the recombination coefficient. In a
quasi-neutral plasma

dne/dt = —ang - (1.13)
The most important recombination process in glow

discharges 1is dissociative recombination.

17



Electron attachment is an important loss process in
electronegative gases, and 1isthus significant 1iIn many
processing systems 2, Cl2, F12)" and negative ion
sources (H-, D). The electron loss rate is

dn_/7dt = -hi/_ n - (1.19),
\% is the electron neutral collision frequency and h is

the attachment coefficient.

In recombination and attachment dominated plasmas,
the electrondensity spatial distribution tends to be
uniform whereas in diffusion dominated plasmas, the
electron density distribution is greatest in the centre of
the plasma, falling off 1i1na sinusoidal (or Bessel
function) mode towards the walls of the chamber. Also, in
the plasma afterglow (i.e. the post-discharge, E=0) the
electron density decays linearly with time in
recombination dominated discharges, while it decays

exponentially in diffusion and attachment dominated

discharges.
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1.3 RF Plasma Modeling

The modeling of capacitively coupled rf  glow
discharges has proceeded along several paths and focused
its attention on different aspects of the discharge

physics. The principle approaches are summarized below.

(1) The Boltzmann equation (microscopic model)

The ideal way of representing the electron and 1ion
kinetics in a weakly 1ionized gas is through the Boltzmann
equation*1* (). The Boltzmann equation is an
integro-differential equation in a 7-dimensional space
(time plus 6-D phase space: position-velocity) whose
solution yields the particle velocity distribution
function f(r,v,t). The excitation, dissociation, and
ionization rates can be deduced from the eedf. In a
discharge, the charged particle motion is coupled with the
electric field, and the transport equations must be solved
together with Poisson®s equation for the electric field.
Although numerical methods for solving the Boltzmann
equation for a given electric field distribution are
available(®), the coupling between the electron and ion
Boltzmann equations and Poisson"s equation is a formidable
numerical problem. For this reason, and also to reduce
the computer time for solution convergence, several

methods of modeling simplifications have been adopted.

19



(i1) Continuum models

Continuum models are based on the Tfluid (or moment)
equations(@), in which the plasma is considered to behave
as a conducting fluid, rather than as individual
particles. A fundamental condition for validity is that
the gas pressure be approximately greater than a few
tenths of a Torr (®300mTorr). The model 1is thus suited to
the medium or high pressure regime. Belenguer and
Boeuf(2 have used the scheme to model the transition
from the a-regime to the y-regime in a simulated helium rf
glow. As in other fluid models, the electron kinetics are
described in terms of a two electron (tail and bulk of the
eedf) group. Transport coefficients and electron induced
process cross-sections are taken from experimental
measurements reported in the literature. The technique,
however, does employ certain assumptions, such as a
bi-Maxwellian energy distribution with a value (nhominally
lev) for the bulk electron energy, and a local field
approximation (valid only at high pressures, where the

tail of the eedf i1s modulated by the rf fTield).

(iii) Particle-in-cell or Monte Carlo models

More recently, kinetic simulations (which are valid
at low gas pressures) have been applied to the rFf
discharge (@)’ (2)" (6).- Particle-in-cell and Monte Carlo

models of rf glows provide kinetic information

20



self-consistently by integrating the equations of motion
of many super-particles representing electrons and 1ions,
with a simultaneous numerical solution of Poisson®s
equation on a spatially discrete mesh, and with a Monte
Carlo treatment of electron-neutral and ion-neutral
collisions. The advantage over other simulation methods
is that the eedf 1is the result of the calculation (and
need not be Maxwellian). Time-averaged spatially
dependent eedf"s can be computed, although a Tfunctional
form for the spatial variation of the rf Tfield is

employed.

(iv) Analytical models

Godyak has proposed several analytical modeling
approaches to aspects of the rf discharge. In particular,
he has derived relationships for sheath heating of
electrons in low-pressure rf discharges(@)’(27), for the
transition from bulk to sheath heating@) (stochastic
heating) and for the transition from a to Jf mechanisms 1in
the high pressure regime‘mb- Many of these models are
supported by experimental measurements and have i1mproved
our knowledge of the rf plasma iImmensely. For instance,
the transitions between different plasma heating
mechanisms is now perceived as fundamental in the rf glow.
Associated with these regime transitions are abrupt

changes in kTe and n_ via positive Teedback.
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Stochastic sheath heating has also been analytically
modeled by Goedde et al-@, in which it 1iIs shown that
the electron motion is only stochastic (i.e. described by
non-linear dynamics with chaotic regimes, so that it is
possible for the electron to gain very large energies from
the oscillating sheath) at very low pressures (<10mTorr)
and at high sheath oscillation frequencies (>50MHZz).

The rf sheath has also been described
analytically*29*’(0)’(31>, in which predictions of sheath
conductance and capacitance are presented. These values
are relevant 1in determining, Tfor example, the harmonic

components of the plasma potential and the degree of net

sheath heating possible.

(v) Equivalent circuit models

Measurements of the electrical characteristics of
capacitively coupled, parallel plate, rf discharges have
led to the development of equivalent circuit
mode ls (@)’ (RB)” (. Such a circuit model is shown in
figure 1.600). The bulk plasma is represented simply by
a resistor, vrepresenting the power deposition due to
collisions. Since the field in the bulk discharge is
typically of the order of 2V/cm (see chapter four) and the
discharge current 1is typically 50mA, the bulk plasma
resistance is low. The sheaths are primarily capacitive

due to the positive 1ion space charge and the fact that

22



only the electrons respond to the rf field. These
capacitances are estimated from typical sheath
thicknesses, using equations 2.23 and 2.24. A parallel
diode allows for the asymmetry of the 1ion and electron
currents, and a large parallel resistor represents
collisional power deposition 1in the sheaths. Typical
plasma sheath resistances may be estimated from Langmuir

probe 1V characteristics (see chapter two).

FIG.1.6: Equivalent circuit model of rf plasma

The effectiveness of such a model can easily be
demonstrated using, for example, a pc software package
such as ORCAD. Figure 1.7 1is the result of an ORCAD
circuit simulation of the potentials appearing at nodes 1
(the driving voltage at the driven electrode) and 3 (the
plasma potential) when the circuit 1is driven by a
13.56MHz, 500v rf signal. The dc offset, which reaches an

equilibrium value after a few cycles, appears as a result
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of the unequal electrode areas (represented by differing
values of sheath capacitance) and the coupling capacitor.
The plasma potential is essentially positive throughout
the rf cycle (simulated via the diode, representing the
different electron and ion mobilities), and with
contributions from higher harmonics of the driving
frequency (the non-linearity of the sheath 1is introduced

by the finite sheath resistances).
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FIG.1.7: Software simulation of the evolution of the dc

self-bias and the rf plasma potential using the circuit

model of fig.1l.6

Electrical models of this type, used and developed in
conjunction with experimental measurements, have been used
to predict transitions from different power-deposition
pressure regimes and the influence of different attaching

€5

gases on the discharge impedance
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1.4 Outline of proposed research

Although our understanding of rf plasma physics has
greatly increased in the last few years, a number of key
issues need to be addressed. To date, rf plasma modeling
has been developed to a sophisticated level and 1indeed
surpasses the experimental development. Experimental
research has been hampered by the lack of suitable
diagnostic tools, which are iImportant both 1in terms of
fundamental research and in terms of industrial
applications. This thesis 1iIs an attempt to, Tirstly,
develop a suitable rf plasma diagnostic, and secondly, to
use such a device to answer some of the pertinent research
questions.

The current level of understanding of rf plasmas has
been discussed in section 1.2. Several points of iInterest
have been raised which are worthy of further research.
Not least among these is a better understanding of how rf
sheath oscillation heating operates. The scheme is widely
quoted as been the operative plasma heating mechanism at
low pressures. It is argued here™® , however, that the
described scenarios of sheath heating are alone
insufficient to account for gas ionization at Ilow
pressures for the following reasons. The rf period (for
the normal driving frequency of 13.56MHz) is about 74ns.
Hence the sheath expands and contracts every 37ns.
Assuming that the spatial sheath oscillation is about 1cm,

then the sheath has an effective velocity of 2.7x107cm/s.
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Fast, ionizing electrons (with energies greater than
15eV), whose velocity is much greater than the sheath
velocity cannot be heated by the sheath, since they do not
experience its motion. Slow electrons, however do
experience some energy gain, the maximum being
E = I/2mevg 1. 16)

where v is the sheath velocity, and is approximately
0.2eV. However, the sheath expansion 1is not Qlinear in
time, so that it may travel at much higher velocities.
The electron energy gain may therefore be significantly
higher. However, as the electron velocity increases, the
sheath oscillations become ineffective in electron
heating, since the electron velocity is much greater than
the sheath velocity, it 1is difficult to see how the
electrons can be heated to ionizing energies, unless very
many collisions with the rf sheaths are possible. Sheath
oscillations tend to cool electrons during their
contraction half-cycle, so that there 1is no net energy
gain if the rf sheath 1is capacitive. It is the
conductance of the rf sheath which makes the sheath
impedance non-linear, resulting 1In net sheath heating.
(Note that the energy gained by the electrons is
proportional to the square of the sheath velocity and
hence to the square of the driving Tfrequency. Thus, rf
sheath heating should become increasingly important as the
driving frequency is increased).

As mentioned in section 1.2, electrons may be
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stochastically heated up to energies equal to the escape
energy If many successive collisions with the sheath are
possible. IT the escape energy, which in the physical
system is the plasma to anode sheath potential, is large
then many successive collisions with the sheaths are
possible, and the plasma electrons can attain quite large
energies. Thus, electrons cannot be stochastically heated
via collisions with the oscillating sheath unless they are
"trapped” in the plasma by some mechanism. Although such
a mechanism, described below and in detail iIn chapter six,
appears inherently in the advanced plasma models, so that
rf sheath heating appears the dominant mechanism, it has
not been stressed, to the knowledge of this author, that
the electron trapping mechanism is also very essential.

It is proposed here@’@ that fast electrons are
electrostatically confined or trapped by the rf sheaths,
and can only escape to the chamber walls or electrodes
during Hlimited portions of the rf cycle. This 1is
supported by the eedf measurements at low pressures which
display a group of isotropic 1ionizing electrons, even
though their mean free paths greatly exceed the chamber
dimensions (see chapters five and six). The situation is
similar to low pressure magnetically confined multipole
ion sources, where fast electron lifetimes are at least an
order of magnitude greater than normally the case for
similar diffusion dominated plasmas. Fast electron

confinement (via wall surface magnetic Tfields) means that
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the electrons undergo much more 1ionizing collisions 1in
their 1increased lifetime. Similarly, in the case of
electrostatic sheath confinement, the fast electrons 'see"
an increased chamber length. Thus, 1t is suggested here
that, Tirstly, electrostatic confinement of fast electrons
is the primary source of plasma heating at low pressures
and that, secondly, net stochastic heating by the rf
sheaths can only occur if electron confinement holds true.
Since it iIs suggested that fast electrons are trapped by
large ambipolar sheath fields, the plasma potential
measurements will reveal the degree of electron trapping

possible.

The value of the bulk electron temperature in rf
plasmas has been the subject of much debate 1iIn recent
years (19’ (2)’ (3), particularly since it has been
realised that associated with transitions between
different modes of rf plasma operation, are transitions in
the value of the electron temperature. In particular, the
variation of kT with discharge pressure and power and its
spatial variation are questions which must be addressed,
so that a more complete picture of the rf plasma may be
developed.

Other relevant plasma parameters such as and m
will also be determined over a vrange of operating
conditions. Spatial measurements of Vp will reveal the

plasma bulk electric fields, while spatial measurements of
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will determine the operative plasma loss processes.
The electron energy distribution function measurements
will also be presented for both argon and nitrogen
discharges in chapter Tfive. EEDF measurements are
important from both a plasma chemistry point of view,
since any process rate coefficient is determined by the
eedf, and from a fundamental physics point of view, since
electrons are responsible for almost all gas discharge
processes. Argon and nitrogen are particularly
interesting since the cross-sections of the many important

plasma processes can be very different.
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CHAPTER TWO
THE LANGMUIR PROBE

2.1 Introduction

Langmuir probe measurements are a powerful and
experimentally simple means of determining key internal
discharge parameters; in particular the charged particle
concentrations and the eedf (or electron temperature if
the distribution is Maxwellian). Several excellent
reviews of the technique are available<®)’ ). The
probe technique has traditionally been applied to dc
discharges and afterglows; 1its use in rf discharges being
hampered by the problems of rf interference. This chapter
iIs devoted to a discussion of the technique and the

viability of Langmuir probe measurements in rf discharges.
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2.2 Langmuir probe theory

The Langmuir probe method consists of measuring the
current drawn from the plasma to the probe, recorded as a
function of the probe voltage relative to a reference
electrode, usually the grounded chamber wall. The
potential difference between the probe and the plasma
causes a sheath to form around the probe, and most of the
voltage drop occurs across this sheath. The probe is
fabricated from a refractory metal, such as tungsten, and
the probe sleeve usually from ceramic. Most glow
discharge workers employ cylindrical probes, as the sheath
expansion theory is well developed(@), although plane and
spherical probes are sometimes used. Also the cylindrical
probe can be made small, so that plasma depletion of
low-energy electrons is reduced.

The theoretical basis of the probe technique divides
roughly into two categories distinguished by the
probe/plasma conditions to which they apply. The first
provides a scheme for plasma parameter evaluation 1in the
case of Ilow pressure/small probe systems. The second
deals with probe applications in high pressure plasmas and
in the presence of magnetic fields. We concern ourselves
only with the former. The validity of low pressure theory
for a given application is estimated from the criteria

r, << A ; AD << A .

where r iIs the probe radius, A 1s the electron
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collisional mean free path, and Ad is the Debye length
given by

XD = (kTecolneeZ)LQ .2)
Other implicit assumptions in low pressure theory are:
(@ The electrons and 1ions have Maxwellian energy
distributions, with kTe>>kT+
(b) The probe sheath thickness 1is small compared to the
length of the probe.
A typical probe set-up is shown 1in Ffigure 2.1, and the
measured probe 1V characteristic 1is shown in figure 2.2.

There are three regimes of probe operation.

DC Supply
P
Curror%%t
~AMMA/V - Plasma
brobe Chamber
Voﬂage

FIG.2.1: Experimental set-up of Langmuir probe
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Probe voltage

FIG.2.2: Typical probe 1V characteristic

When the probe 1is biased strongly negative with
respect to the plasma, the plasma electrons are repelled,
while positive 1ions are collected, resulting in the ion
saturation current, shown as region 1 in figure 2.2. The
ion saturation current is given by

I, = (h,ev,A)/4 2.3)
where V+ is the average (or acoustic) 1ion velocity and A
is the probe area. More accurately, A is the probe sheath

area, a Tfunction of the bias voltage, and usually

calculated from the Laframboise 1ion sheath expansion



The probe current consists of both an electron and an
ion current component, and separating the two is one of
the perennial problems associated with Langmuir probes. A
good theory of ion current expansion permits an estimation
of n+ at highly negative voltages, so that the fast
electron current to the probe can be calculated. When the
sheath 1s thin with respect to the probe radius
(r~/XD>>1), the sheath can be considered planar, and space
charge limited ion motion prevails. In the opposite limit
of a thick sheath, only some of the particles entering the
sheath are captured by the probe, because of the
possibility of orbital motions. This is the Orbit Motion
Limit regime. This theory has been extended by
Laframboise, and the results of his numerical calculations

have been widely used(@),(@3).

As the probe bias iIs made less negative, an
increasing fraction of electrons are collected by the
probe. This 1s the electron retardation or electron
collection regime, shown as region Il in fig. 2.2. At the
floating potential, V , the probe collects equal fluxes of

electrons and positive 1ions, so that the net current is

zero. The electron current to a probe 1iIn a retarding
field 1is
1e= 1 . -exple (\/—VIO )/kTe] .49
in I In 1 = eV/KT - eV /KT (2.5)
e o] e p e
dszdv (In Ie) = e/kTe (2.6)



Thus, a plot of In 1 against probe potential yields a
slope of e/kKT”™, from which the electron temperature can be
determined. Alternatively<®?), the maximum in dI?/dVv
occurs at the plasma potential, and
1 7(dl 7dv) | = kTe .. 2.7
P

i.e. the ratio of probe electron currentto the first
derivative of the probe electron current at the plasma
potential iIs equal to the electron temperature.
Therefore, to determine the electron temperature, it Iis
necessary to determine initially the electron current, so
that the 1ion current contribution must be subtracted from
the total probe current 1iIn region II. The 1on current
contribution iIs normally estimated from a linear
extrapolation of the 1on saturation current, although this
procedure is suspect since the laws governing the 1ion
current extrapolation 1in region 1l are not accurately
known. Note also that the plasma potential 1is given by
the voltage corresponding to the maximumin the Tfirst
derivative of the probe current. The precise location of
the plasma potential on the probelV curve 1is also,
however, one of the classic problems associated with the
technique. It is found that the maximumin the First
derivative can occur belowthe point where the saturation
current 1iIs reached®@), andeis corrected via the method
of intersecting slopes on a plot of In 1™ vs probe bias.

This technique compensates to some extent for low energy
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electron reflection by the probe.

The plasma potential, Vp’ marks the transition
between electron collection in two different regimes.
When the bias voltage 1i1s greater than the plasma
potential, electron saturation current is collected, and

Io = (neeveA)/4 (2.8)
where the average electron velocity, ve, is given by
v, = (8kTe/nme)bQ 2.9
for a Maxwellian electron energy distribution. The
electron saturation is shown as region 111 in figure 2.2.
The electron saturation current allows the electron

density to be determined.
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2.3 Evaluation of the eedf

One of the most basic characteristics of any gas
discharge 1is the electron energy distribution function.
For example, it has iImportant consequences in calculating
the rate coefficients of electron i1nduced processes, such
as ionization and excitation(@). The eedf is integrated
over the relevant cross-section to produce a value for the

rate coefficient of some electronic process

<N/, = f (e)er(e)v(e).dc (2,10)

threshold

where e is the electron energy, T(e) is the experimentally
measured, normalized eedf, cr(e) is the reaction
cross-section, and v(e) 1is the electron velocity(M)

Provided that the eedf 1is isotropic, the second
derivative of the probe characteristic is proportional to
the eedf(@5), and

n(e) = nef(c) = 2/eA-d2Ie/dV2-(2mee/e)]/2 (2.11)

Thus the eedf can be determined simply by the second
derivative of the probe current with respect to the probe
bias. This can be obtained via numerical or analogue
differentiation, the former being favoured since It does
not mask or suppress eedf structure. The contribution of
the extrapolated ion current 1is not subtracted in this

work, since it is normally found to be negligible at low

eedf energies. Averaging (typically 105 points per
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characteristic) and wide energy half-widths (varying from
As = 0.5evV at 1low energies to Ac = 4.0eV at high
energies), has been employed in this and previous@)
work, and is favoured over smoothing routines.

The second derivative can also be determined by
superimposing an ac signal on the dc probe bias. Several
variations are possible, but 1i1n general the second
derivative 1is obtained from a harmonic of the applied ac

signal (47>* (4).
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2.4 Sources of error iIn probe measurements

Of all the diagnostic procedures of plasma physics,
the probe method 1is arguably the most susceptible to
error, both at the levels of measurement and
interpretation. The debatable subjects of 1ion current
extrapolation and plasma potential evaluation have already
been mentioned. Other sources of error are:
©O) The Tlimit of Jlow-pressure, collisionless sheath
theory, 1i.e. the regime of validity of equation 2.1, must
be respected. Also, the evaluation of the eedf from the
second derivative, 1i.e. the Druyvesteyn method, is only
applicable at Ilow pressures@)’5). Fortunately, since
rf plasmas are usually operated at Jlow pressures
(<300mTorr), the low pressure theory is generally valid.
Care must be used, however, in choosing the probe
dimensions.
(ii) When the probe voltage is within KT™/2 of the plasma
potential, the low energy electrons may be deflected or
depleted by the probe, resulting iIn significant error in
the measured eedf(49). This is discussed further in
chapter fTive.
D) In low density or tenuous plasmas, electron
depletion may be a serious problem, particularly in
post-discharge or afterglow measurements. The problem has
been considered by Waymouth@®@J), resulting in some

workers@) employing a pulsed probe technique, in which
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the probe 1is biased only during measurements, so that
electron depletion 1is limited. It has been foundcz),
however, that serious depletion only occurs at long times
into the afterglow, where plasma density 1iIs quite low
(*108cm™3) .

(iv) Observations in rf plasmas have iIndicated that the
probe bias may cause shifts in the potential of a floating
probe positioned in a different region of the plasma,
particularly for bias voltages greater than V . This
"pushing™ or perturbing of the local plasma potential has
also been observed, but to a lesser degree, 1in dc cold
cathode discharges. In dc discharges, the plasma-wall
sheaths are resistive, so that the plasma couples to the
wall resistively and the plasma potential is low. In rf
discharges, however, the sheaths are capacitive, with very
little resistive coupling, and the plasma potential is
high. As a result, the rf plasma is more susceptible to
probe perturbation, since small fractional changes iIn the
plasma potential result iIn greater absolute voltage
shifts. It 1is possible, however to make probe
measurements with respect to another probe (similar to a
double probe with the exception that the reference probe
is connected via a voltage follower grounded to the
chamber wall, so that the return current is not limited by
the positive ion saturation current; see section 2.6), soO
that small shifts in the plasma potential are compensated.

~) The eedf measured by the Langmuir probe may also
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differ from that 1in the undisturbed plasma due to
perturbations induced by the insulated sleeve of the probe
holder. There are two ways iIn which this can happen.
Firstly, electron recombination Jlosses at the probe
surface must be replaced by collisional 1ionization, so

%9 close to

that the tail of the eedf "becomes hotter"'
the probe. It is thus desirable that the radius of the
probe sleeve exposed to the plasma satisfy egn. 2.1.
Secondly, the positive space charge sheath forming around
the probe holder may alter the electron density
measurementl47l. For this reason, cylindrical probes
should have long collectors and thin sleeves.

(i) The Druyvesteyn relationship (equation 2.11) for
evaluation of the eedf 1is only valid when the eedf is
isotropic. Measurements by this author with flat, planar
probes designed to detect anisotropies have not revealed
any beam effects. These measurements included both
monitoring the floating potential of the Fflat probe in
perpendicular orientations and measurement of the eedf at
values up to 200eV(®3).

(vii) In high pressure or high current/high power
discharges, sputter deposition of electrode material onto
the probe and probe holder may be significant. It results
in either plasma perturbation due to an increased probe
collection area, or erroneously deduced plasma parameters.

The problem can be avoided by continuously cleaning the

probe. This 1s achieved via 1onic bombardment of the
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probe surface, by biasing at negative voltages, prior to
the measurement scan. Thorough cleaning can be achieved
by biasing at highly positive voltages, well into electron
saturation, so that the probe surface acts as an electrode
and can be made to glow. IT a discharge is ignited iIn the
presence of oxygen and nitrogen mixtures, it is possible
to coat walls, electrodes and probes with an insulating
layer. It is thus important that the chamber be evacuated

to high vacuum before running the discharge.
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2.5 Langmuir probes in rf plasmas

In a dc discharge the plasma potential is Iinvariant
with time, and the probe current is given by eqgn. 2.4. In
an rf discharge, however, the plasma potential fluctuates
with time, as shown in figure 1.1. Thus 1f the probe is
maintained at a fixed dc bias, the fluctuating voltage
across the plasma-probe sheath results in the collection
of a time varying current. Since the variation of the
plasma potential with time is generally unknown, the
instantaneous probe current cannot be used to iInfer the
plasma parameters. The rf voltage that occurs across the
the plasma-probe sheath shifts the apparent floating
potential to more negative values and distorts the probe
IV characteristic. The electron temperature inferred from
the convoluted characteristic generally exceeds the true
value, while the electron density is underestimated®”

The probe current in an rf plasma is a function of
time and is given by

1 ® = 1 .exple (\/—Vp (t))/kTe] (2.12)

In the following analysis the plasma potential will
be assumed to be sinusoidal, although this is not
necessarily the case. The result, however, doesapply to
probe analysis inall rf plasmas, regardless of the
harmonic content of the plasma potential, (except where
< 0, 1In which case the electrons cannot Tfollow the rf

field variations and the plasma potential is unmodulated).
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The probe current is thus

. = 1, .exple V-V 4tV ¢STnwt) ] (2.13),
where Vpdc is the dc component of the rf plasma potential
and VmFSinwt is the corresponding rf component, 1i.e.

Vp ® = Vpdc— VprfSinwt .- (2.14)

There 1is also a displacement current component, which may
indeed be larger than the conduction current, but averages
to zero. The time averaged current is thus

T

k = IO/T exp[eCV—VmC)]-exp[e(VmTSinwt)]dt (2.15)

Therefore,
rT

I = IO/T-exp[e(V—me)]_ exp[e(VmTSina»t)]dt (2.16)

It is thus apparent that the '"true™ probe characteristic
is simply multiplied by a factor r, given by the integral
term of egn. 2.16. The floating potential in a dc plasma
iIs given by setting le = 0. Thus
Vf = Vp - kTeInI0 .- 2.17)

In the rf plasma analysis, the floating potential becomes

Vf = Vp - kTeIn[rIO% R (2.18)
Since r 1is greater than zero, the effect of the rf

convolution is to shift the apparent floating potential to

lower values.



It is apparent from eqn. 2.16 that the electron
temperature 1is unaffected by the factor r, and can be
obtained in the usual way. However, the rf distorting
voltage 1is normally quite high, of the order of tens of
volts (or greater) , so that the averaging of electron
current extends into both the electron saturation current
and ion saturation current regions. The averaged electron
current in this case is a much more complicated function,
the net result being an overestimation of KkTg and an

underestimation of n - This is illustrated in figure 2.3.

Probe voltage

FIG.2.3: Software simulation of rf distortion of probe 1V
characteristic. Trace A i1s a characteristic measured in a
dc plasma, trace B 1is the same characteristic with a

simulated rf convolution.
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Trace A is an 1V characteristic measured 1iIn a dc
discharge. Trace B is the same characteristic with 2volts
peak-to-peak rf convolution, generated via a computer
simulation. The distortion is essentially a consequence
of the rectification of the rf voltage by the non-linear
impedance of the probe sheath<b)’H9) . Not only 1is the
IV characteristic flattened, but also its derivatives, and
the second derivative, i.e. the eedf, iIs extremely
sensitive to the presence of rf fluctuating
voltages °% "

Note that 1in the above analysis, only the plasma
potential 1is assumed to vary with time. Thus the effect
of rf convolution would be much more complicated 1if the
electrondensity or temperature weremodulated at the
driving frequency. It is generally accepted that m is
constant throughout the rf cycle, satisfied if

f > z - (2.19)
where F is the field frequency and 2z is the ionization
frequency®) . The 1i1onization frequency is

z =nav - (2.20)
where a5 Is theionization cross-sectionll4l. At low
pressures, and in 13.56MHz discharges, the 1inequality of
egqn. 2.19 is generally satisfied. Forexample, 1in a
IOmTorr argon plasma, z = 5.3x106s-1for 20eV electrons.

Nitrogen 1is similar, since the 1ionization cross-sections

are comparable.
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The electron temperature is unmodulated if
f > KV - @.21)
where Vo is the electron neutral collision frequency and

k is the fraction ofenergy transferred in a
collision@?\- At low gas pressures, this inequality Iis
also satisfied, but some models have shown the tail of the
eedf to modulated at high pressures QZ)- For example, in
a I100mTorr argon plasma, kv = 2.7x10-5 x 1.33xI109 =

3.59x104s-1 for 10eV electrons (close to the peak value of

v/P), using eqn. 1.11 andthe  total collisional
cross-section given in ref_15. In a 100mTorr nitrogen
plasma, ki> = 3.84x10-5 x 1.34x109 = 5.1x104for 2.5eV

electrons (close to the peak value of v/V), using the

total collisional cross-section given iIn ref_16.

Capitelli et al.®) suggest that if the reduced
frequency, M, given by

o) = to/p . @ .22)
where p 1i1s the gas pressure in Torr, 1is less than the
energy dissipation frequency, VE, then the eedf is
modulated at the rf driving frequency. Thus, as the gas
pressure 1is increased, it becomes 1increasingly possible

that the eedf is not constant over the rf cycle.
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The above essay highlights the problems associated
with Langmuir probe analysis in rf plasmas. In effect,
the 1V characteristic 1is convoluted by the time varying
component of the plasma potential. Deconvolution 1is
impossible, since the variation of Vp(t) is not known. In
addition to this interference, a further serious problem
exists which must also be overcome iIf rf plasma parameters
are to be correctly determined from the probe technique.

If a conventional Langmuir probe, 1i1.e. a piece of
wire, 1iIs biased to collect electrons in an rf plasma, then
the current collected is a function of time, oscillating
at the rf driving frequency. A typical 100pF co-axial
cable has a capacitive 1impedance of about I100fl at
13.56MHz!. Thus, serious loading of the plasma will occur
unless the 1Impedance between the probe and ground is
greatly increased. The problem is non-trivial, especially
in chamber with metallic walls, where parasitic

capacitances are virtually impossible to remove.
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2.6 Techniques to obtain probe characteristics in rf

plasmas

Several techniques have been adopted in an attempt to
negate the problem of rf convolution of the probe 1V
characteristic. Below 1isa summary of some ofthese
methods. Section 2.7 1is a description of the technique
adopted by this author.
(i) Accurate measurements of rf plasma parameters using a
conventional Langmuir probe are possible using time
resolved measurements of the IV characteristic. The
characteristic is obtained by simultaneously sampling the
current and voltage, synchronously with the rf driving
voltage, and in a time which 1is short compared to its
period(®). The technique, however, is only valid up to
frequencies of about 1MHz, for two reasons. Firstly,
probe theory requires that a quasi-stationary sheath forms
around the probe, and it becomes increasingly difficult to
satisfy this in the increasingly short sample times as the
driving frequency increases”6l5. A guasi-stationary
sheath can only occur in rf plasmas with u > w. on a
time-averaged scale since the 1ions cannot respond to the
rf Tfields. Secondly, Qlarge capacitive loading of the
probe signal is incurred and data acquisition more
difficult as the sample time decreases. The technique has
been successfully employed to measure eedf"s wup to
frequencies of 100KHz@®&) and plasma parameters up to

frequencies of 1MHz.
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One advantage of this technique 1is that it permits
temporal resolution of probe measurements. Thus, it is
possible to measure the evolution of the eedf over the rf
cycle. Furthermore, it may be possible to time resolve
measurements of the tail of the eedf iIn 13.56MHz
discharges, since these electrons, having greater
velocities, are more likely to respond to rapid probe
biasing. Such measurements would be 1iInteresting iIn the
light of recent debate of ™"ionization waves"™ traversing
the spatial and temporal regimes of rf
plasmas@&)> ®&4)’<65), as mentioned In chapter one.

(i) Capacitive probes that have a high 1Impedance to
ground have been used to monitor the time-varying plasma
potential in the rf discharge. A numerical simulation of
the convoluting effect of this rf potential on the probe
characteristic 1is then used to estimate the true IV
characteristic, and the correct plasma parameters
deduced*665. The technique 1is suspect 1In two regards.
Firstly, numerical simulation of the convolution effect of
the measured rf potential requires that a Maxwellian
distribution be assumed. This 1is usually not the case.
Secondly, the simulation must include the fact that the rf
potential will normally drive the probe from electron
collection to electron saturation during a cycle. Such a

simulation proves to be quite complex.



) Another technique involves superimposing on the
probe signal, an rf bias of the same frequency, amplitude
and phase as the rf component of the plasma
potential<6)’&B)’@) - The rf voltage between probe and
plasma is thus removed and the characteristic obtained is
equivalent to that of a dc discharge. The driving signal
for the probe is derived from the driven electrode, and
the phase and amplitude of the signal can be adjusted
independently. The applied bias is adjusted in phase and
amplitude until the floating potential 1iIs maximized.
However, since there 1is likely to be differences in the
harmonic content of the rf plasma potential and the
driving voltage, mismatch 1is likely to occur*701, causing
distortion of the characteristic. Another drawback is the
complex experimental arrangement, since the phase and
amplitude of the applied signal need to be adjusted prior
to each measurement "

(iv) Floating double probes can be used to combat the rf
distortion of the characteristic. The probes TfTollow the
rf plasma potential, so that a dc characteristic can be
obtained provided that the probes are not loaded by
capacitive coupling to ground. At low frequencies, the
problem is not so grave, whereas at 13.56MHz parasitic
capacitances result in considerable loading of the probe
signal. The double probe 1is also limited by the fact that

electron current collected by one of the probes must be
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balanced by positive 1ion current collected by the other.
As a result, only those electrons in the tail of the eedf
are collected, and the double probe cannot measure the
bulk electron temperature (40).

The return current of the double probe can be
increased by iIncreasing the area of one of the probes (the
reference probe) relative to the other (the collecting
probe), which 1is iIn fact a single probe. Thus double
probes are often referred to as symmetric and single
probes as asymmetric. This scenario 1Is unacceptable, the
reference probe 1i1n asymmetric arrangement usually being
one of the discharge electrodes.

(v) Attempts have been made to use the Tfloating property
of the double probe, while also attempting to solve the

72)

problem of the [limited return current’ One of the
techniques developed uses a voltage Tfollower on the
reference probe Iline, so that both probes are still the
same area but the follower sinks Ulimitless current, via
the chamber wall. wWith high frequency voltage followers
readily available, the technique could easily be
successfully operated up to frequencies of about 100kHz.
Thereafter, capacitive loading becomes significant. Such
loading can be removed by installing high impedance
inductors on the probe lines near the collecting surfaces.

A similar 1idea uses a hot filament as a current

return in lieu of the voltage follower. Again the system

is essentially a double probe with the reference probe
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replaced by a hot filament. When the filament is cold, a
conventional double probe characteristic is obtained. If
the emission current of the Tfilament 1is increased to
greater than the electron saturation current, a single
probe characteristic can be obtained.

Both of these techniques seem to operate successfully
at low frequencies. At high frequencies, the main concern
iIs capacitive loading. Attempting to float the entire
measuring arrangement at rf voltages is virtually
impossible. Placing 1inductive coils on the probe lines
will prevent capacitive loading if the iImpedance of the
coils is sufficiently high. However, the technique
described iIn the following section is simpler and has been

successful i1n measuring rf plasma parameters.
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2.7 The tuned probe

The rf voltage across the plasma-probe sheath can be
minimized by ensuring that the impedance of the sheath is
small compared with the impedance between the probe and
ground (@)’ ()’ (/5)* (76). Thus, most of the rf voltage
appears across the probe to ground impedance and not the
plasma-probe sheath impedance. In order to avoid rf
convolution of the probe characteristic, the rf voltage
across the sheath should be less than kTe. Typically, kTe
is of the order of leV, whereas the rf fluctuation in V
may be as high as 100V, peak-to-peak.

The equivalent circuit of the tuned Langmuir probe 1is
shown in figure 2.4. On the circuit there are three
voltage nodes. Node A corresponds to a reference point
outside the plasma, usually the grounded chamber wall.
Node B corresponds to the probe tip, 1i.e. the probe
collecting surface, while node C corresponds to a point in

the wundisturbed plasma just outside the plasma-probe

sheath. The i1mpedance of the plasma-probe sheath is
denoted Zp- It consists of a resistive term Rp and a
capacitive term CP in parallel. As discussed in chapter

one, when v > 0, then the rf sheath 1is essentially
capacitive. The value of the sheath capacitance may be
estimated as Tollows. The plasma-probe sheath thickness
iIs given by the Langmuir equation

rox (VKT D2.X .. (2.23)



where V 1is the probe voltage with respect to the plasma

potential- For kTe: levV and nezlxlomcm . AD“O-lmm.
Taking r3:*2AD, then r =0.2mm.

FIG. 2. 4: Equivalent circuit of tuned Langmuir probe

The capacitance of the co-axial sheath is
C = 2ttc_/1In[ (r+r /1 .. (2.24)
where rP is the probe radius. For a probe radius of
0.25mm, the probe sheath capacitance is 9.5x10 nF/m, so
that for a probe length of 10mm, Cp=0.95pF. At 13.56MHz,

this represents an impedance Zp=1-2xl04ﬁ- This analysis

is valid for low-pressure, collisionless sheaths.
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The 1i1mpedance between the probe collecting surface
and the reference point iIs denoted Zg. It is determined
solely by a parasitic capacitance C . This has a typical
value of 5pF, so that ZS:2-3xI03C2_ Thus, Zp>>Zs, so that
almost the entire rf voltage appears across Zp, causing rf
induced distortion of the probe characteristic.

The value of Zp can be reduced by adding a shunt
impedance across the plasma-probe junction. An ac shunt
impedance can be provided by a large conducting surface in
contact with the plasma and ac coupled to the collecting
probe. This 1s denoted C . The value of C2 1is only
dependent on the plasma parameters and is i1ndependent of
the probe voltage, whereas Cp, being dependent on the
plasma-probe sheath thickness, is influenced by the probe
bias. Introducing C2 in parallel with Cp not only reduces
Zp, but also makes the effective probe tip capacitance
independent of the probe bias voltage. The conducting
sleeve which constitutes C2 comprises of a stainless steel
cylinder of radius 1.5mm and [length 25mm, capacitively
coupled to the probe tip. Using egn. 2.24, with the
exception that r 1is replaced by Ad, C2=21.5pF. Thus, the
shunt i1mpedance has a value of 546Q at 13.56MHz. The

effective value of ZIo iIs then 5.2x1020Q.
Introducing C results in ZM.Z . Since Z and Z
2 s p S p

are in series, approximately 1/5 of the rf voltage now

appears across Z . At 50mTorr and 50watts, the rf
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component of the plasma potential has been measured at
approximately 100volts peak-to-peak. In this case,
20volts of rrFf will appear across the plasma-probe
junction. In order to minimize rf distortion of the probe
IV characteristic, the rf voltage dropped across Z* should
be less than kTe-

Almost the entire rf voltage will appear across Z it
ZS>>Zp_ This 1s achieved by introducing the tuned
network. An inductor L 1 with an intrinsic
self-capacitance C*, 1is introduced as shown in figure 2.4.
Inductors are available with self-resonant peaks close to
13.56MHz. It is possible to increase 20 to values of
about IxIO5ft, at the  first harmonic. Therefore,
ZS—ZOO-Zp, and non-convoluted characteristics can be
obtained. The results presented in chapters four and five
have been taken with a tuned network comprised of a pair
of inductors (RS 228-179) both resonant close to 13.56MHz.
Figure 2.5 1s a schematic diagram of the tuned probe
construction(77>. The probe 1is vacuum compatible (sealed
with "Torr Seal"™ epoxy) and the inductors are housed
within the pyrex body of the probe. The ceramic serves as
a 1insulating support and 1is vacuum and temperature
compatible.

The i1mpedance of the tuned probe network, measured in
situ as a function of frequency, is shown iIn figure 2 .6.
The response curve of this tuned probe is quite broad, so

that at the second harmonic of the rf driving frequency,
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FI1G.2.5: Detail of the tuned probe construction

i.e. at 27MHz, the impedance of the network 1is
approximately 10% of its value at the fundamental.
Therefore, even if the contribution of the second harmonic
to the plasma potential rf component 1is as high as 30%,
the voltage appearing across the plasma-probe sheath is
still less than kTe-

An iImportant aspect of the probe construction is that
the pair of iInductors are situated close to the probe tip,
inside the plasma chamber. Hence, the high frequency
components of the probe signal are not loaded by parasitic

capacitances "%
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FIG.2.6: Impedance of the tuned probe as a function of

frequency

Figure 2.7 shows the 1V characteristic of a simple
Langmuir probe compared to the tuned probe, iIn a 13.56MHz
nitrogen discharge at 100mTorr. The simple Langmuir probe
greatly overestimates KkT™ and underestimates ne< Also

apparent is the dc shift of the erroneous characteristic

to lower voltages.
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FIG.2.7: 1V characteristic of the tuned probe compared
with a simple Langmuir probe 1in a 13.56MHz, 20watt
nitrogen plasma at 100mTorr. The simple probe, (A), gives
the erroneous values, kTe=13eV and ne=8xI09cm—3, while the

tuned probe, (B), gives kT =leV and ne=1.2x10100m'3 ]
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2.8 Operating conditions of the developed tuned probe

The developed tuned probe described in section 2.7 is
designed to operate in 13.56MHz discharges. Its operation
and adaptability are similar to a simple Langmuir probe.
Since the outer stainless steel cylinder (see fig.2.5) is
3mm in diameter, this represents the spatial resolution of
the probe. If the design criteria are adhered to, the
probe 1is adaptable toany rf plasma system. However, if
applied to plasmas iInprocessing gasmixtures, or plasmas
in gases with low dissociation energies, layer formation

on the probe tip and holder must be considered as a source

of error iIn parameter measurement. The 1inductors have a
dc current limit of about 200mA, which must not be
exceeded. Equation 2.1 defines the upper pressure limit
of Langmuir probe operation. This equation should be
satisfied by the 3mm probe sleeve. Thus, 1In argon and

nitrogen()’(@5)’(06), the upper pressure limit is about
300mTorr. Without the shunt conductor, the upper limit is

an order of magnitude greater.
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CHAPTER THREE
THE EXPERIMENTAL RF SYSTEM

3.1 Introduction

When working with rf plasmas it 1is essential to
appreciate the subtleties and difficulties associated with
radio frequency design. For example, probe measurements
can only be hampered by high levels of rf noise, so that
it is iImportant to know how to minimize interference.
High impedances at low frequencies or dc can become low
impedances at radio frequencies; and apparent conductors
can acquire significant 1iImpedances at high frequencies.
Such effects need to be understood and dealt with in order
to effectively investigate the rf plasma. Unlike dc
discharges, rf plasma power must be distributed via
matching networks, and the actual measurement of the rf
power deposited in the plasma is non-trivial. These and
other aspects of the rf experimental system are discussed

in this chapter.
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3.2 The Experimental set-up

The rf plasma 1is generated 1iIn a stainless-steel
walled chamber with two 80mm diameter parallel electrodes
separated by 35mm, as shown 1i1n figure 3.1. The top
electrode, which is usually the driven one, is movable, by
means of a "Wilson” vacuum seal, although 35mm 1is the
nominal electrode spacing used. During the spatial
measurements, the original top electrode was replaced by a
smaller electrode (70mm), to allow passage of the movable
probe. Both electrodes were, however, of the same
fundamental design. The electrode 1is TIG welded to a

Kovar to pyrex seal, and the pyrex forms the sliding shaft

MATCHING COUPLING
UNIT CAPACITOR

FIG.3.1: Schematic of the experimental set-up
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of the "Wilson"™ seal. The water cooling pipes are
situated 1inside the glass seal. This type of design
proved to be most effective, fulfilling the Dbasic
requirement of a movable, water cooled electrode.

The chamber 1is evacuated by a 1701/s turbo-molecular
pump resulting 1In a base pressure of approximately
Ix10~5Torr. The pumpingunit, consisting of turbo and
rotary pumps, is displaced to one side of the chamber, for
two reasons. Firstly, because the gas flow rate would be
too Hlarge if the turbo were placed beneath the chamber
operating at typical gas pressures. IT the gas flow rate
is too large, >15sccm_1, the turbo is subject to
considerable torque and may be damaged. Secondly, the
water connections to the bottom electrode have been known
to leak(!), resulting in corrosion of the turbo pump
blades. The present design has operated efficiently but
the base pressure could be i1mproved, by at least an order
of magnitude, by re-positioning the turbo pump.

The base pressure of the chamber is measured with a
Penning gauge. The discharge gas pressure is monitored by
a Baratron capacitance manometer rated Tfor Tfull scale
operation to I0Torr. Such a range has proved suitable for
the rf discharge system and allows the versatility of high
pressure measurement which 1is useful when operating dc
cold cathode discharges. The pressure 1is maintained at a
chosen value by means of MKS flow control unit on the gas

admittance line. The reactor gas (99.99%) is admitted via



a Imetre 1long "Teflon™ (PTFE) tubing. The chamber
contains quite a number of Viton O-ring seals, so that it
iIs not UHV compatible and cannot be baked.

The top electrode is usually capacitively driven with

approximately 20watts of rf power at a frequency of

13.56MHz. The second electrode and chamber walls are
connected to ground, constituting an asymmetric
arrangement. The quoted power is half the difference in

forward and reverse power as measured at a ENI ACG-3
13.56MHz rf generator.This allows for 50% power loss 1in
the matching network(®). The power is distributed via a
matching network as described 1i1n section 3.2. When
operating at frequencies other than 13.56MHz, or when
operating a pulsed rf discharge, a ENI 320L broadband
(250kHz-110MHz) rf amplifier 1is used. This 1is driven by
an rf signal generator(pulse train modulated in the case
of pulsed rf plasmas).

The probes are wusually placed parallel to and
equidistant from the stainless-steel electrodes, except

while making spatial measurements.

65



3.3 RF Matching Units

The rf generator alone 1is 1iInsufficient to ignite a
plasma. It Is necessary that a matching unit be placed
between the generator and the driven electrodeae)
Matching units can be constructed in different ways, but
the fundamental purpose is to match the output impedance
of the generator to the input impedance of the load. When
this occurs, according to the maximum power theorem*807,
total power transfer 1is achieved, i.e. no power Iis
reflected from the 1load back to the source. In dc
systems, maximum power transfer is achieved when the load
resistance equals the source resistance. In ac circuits,
maximum power transfer occurs when the load impedance ZzZ"
is equal to the complex conjugate of the source iImpedance
ZS- Thus if ZS = R + jX, then Zl = R - jX, fFfor a matched
system.

The primary function of the matching unit is to force
the 1load impedance to look like the complex conjugate of
the source impedance, and this is done by inserting the
appropriate resistances and reactances between the two.
Since we are dealing with reactances, which are frequency
dependent, a perfect match 1is achievable at only one
frequency. Hence variable reactances are employed in rf
matching units. Figure 3.2 shows the equivalent circuit
for the rf generator, the plasma and a typical L-type

matching network. The L-type network 1is the simplest
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matching unit and the plasma model of capacitor and
resistor, although simplified, serves to illustrate the

problem.

JXp

rf generator

FIG.3.2: Equivalent circuit of rf generator, matching unit

and plasma.

The source resistance is the output resistance of the
rf generator, RS- We call this the series resistance.
The load impedance is the plasma impedance, Zp = - JXp.
The reactance term is negative since we know the rf plasma
13)

impedance to consist mainly of a capacitive term'

Thus,
X = 1/wC , (3.1
p p
where is the angular frequency of the rf and Cp is the

equivalent capacitance of the plasma (mainly the sheaths).
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Finally, the L-network consists of a series reactance,

XS = cj|S G-2)
where 1S iIs the inductance iIn Henries; and a shunt
reactance

X_ = 1/wC_ (3.3)

The L-network iIs used in a low-pass filter
configuration so that element capacitances are placed in
parallel with load capacitances and element inductors are
placed iIn series with stray inductances. The inductive
reactances and capacitive reactances are thus 1iIn series,
and cancel each other.

XP and XC are in parallel and can be represented by a

single capacitive reactance Xj. Also, let = R}, for

the sake of nomenclature.

The output impedance of the source is now
R +JX_ (.4
The 1nput impedance to the load appears as Ri and -jX 1in
parallel, and istherefore given by
iR R e G-5
with a complex conjugate

jxi-Ri/jx iR; (3.6)
Maximum power transfer 1iIs achieved when equations

(3.4) and (3.6) are equal,
> RBFIXR._FIXR XX SiXR
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Equating real and complex parts, we get for the real terms

RSRl = szl (3.8)
Therefore,
XS/RS = Rllz( (3.9
and for the complex terms
XSRl + Xle = XlR1 . (3-10)
From egn. (3.9)
R =X é(llR . - .(GB.11)
> xx /R + XR = XR (73-12)
s 1 S 1 s 11 1
=* XX /R2 + X = RX_ /R (-13)
s 1 S 1 11 S v
= X2/R2 + 1 = R /R G-14)
s s 1 s
Thus,
X/R =R/X =/ R/R-1 (3.15)
s s 11 1 s

This equation applies if R™R

It as is usually the case with rf plasmas,

then egn. (3.15) becomes

R/X =X /R = R /R -1 (3.16)
s s 11 s 1

Using equation (3.16), we can determine the reactive
loads X and Xi necessary to achieve an impedance match,
at a given frequency, between any source and load. Logan
et al-@) used this equation to determine the impedance
of an rf discharge at 13.56MHz by varying the values of X,

and Xt until a perfect match was achieved (no reflected
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power, VSWR  =1) between the plasma and generator.
Typically, the resistive part of the plasma impedance, Rp,
ranges froma few ohms to tens of ohms, while the
capacitive part, Xp’ ranges from a few tens of ohms to
hundreds of ohms. In the actual matching unit used in all
our 13.56MHz plasma experiments, typically, ranges from
0.1/H to 1.0fiH and Ci ranges from IpF to 800pF and C2 from
IpF to 200pF. Ifwe consider and Lsto represent the

L-network then C2 can be considered a variable on LS, b}/
adding or subtracting an opposite reactance. Modern
processing systems include an automatic matching network,
which tracks the plasma impedance as rf power or gas

pressure is changed.

The 1mpedance of the plasma depends on electrode
area, electrode spacing, gas type, gas pressure and rf
power . Godyak(@) has shown that the impedance of the rf
plasma may also be governed by the amplitude of the rf
voltage, so that the discharge impedance may change over

the rf cycle(®).

Matching units can also be constructed using
transformers. For example, broadband transformers@)
have been used to match the generator output to the plasma
impedance at frequencies between 1MHz and 5MHz. The
output i1mpedance of a transformer, Zg, is related to its

input impedance, Z , by
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ZoL f[nzén ]?Z oo v(3'17)1
where n 1s the number of primary turns and n2 1is the
number of secondary turns. Thus Z can be made equal to
the plasma impedance, Zp, by varying the turns ratio.

Impedance matching can also be achieved using
resonance, where the plasma is made to resonate with the
matching element at a desired frequency. Indeed, the
network of Tfigure 3.2 can be considered as a type of
resonant circuit. The forward power at the chamber is

P = EZ/% (3. 18)
where E is voltage on the driven electrode and is the
plasma impedance. Thus, the voltage is
E = v/p-%) - (3.19)
and the power must be such that the voltage 1is equal to
the striking voltage for the carrier gas at the desired
pressure. Resonance effectively boosts the voltage across
any element at the resonant frequency by the Q-value of
the circuit. Resonant circuits (and also step-up
transformers) have also been used to drive low frequency
(1kHz to 50kHz) discharges iIn this work. Such discharges

were used to study the merits of the double probes

mentioned In section 2 .6 .
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3.4 RF Power Measurement

The measurement of the rf power deposited in the
plasma is non-trivial. Processing systems usually employ
rf generators with forward and reverse power meters, SO
that plasma power is taken as the difference. The forward
and reverse powers are measured via the voltage drop
across a known resistor. Voltage standing wave meters are
often used to ensure minimum reflection. Many
researchers&)’@®) use high voltage probes to monitor
the driving voltage, V , and Pearson or Phillips current
probes to measure the rf current. The rf power to the
plasma is then taken as

P = (IVcos<£)/2 - (3-20)

where < iIs the phase shift between current and voltage,
and is usually very close to ns2 (%2 (20

In an attempt to measure the rf power deposited in
the plasma, the development of a Rogowski loop@) was
considered. Referring to figure 3.3, the coil operates as
follows:
We wish to measure the current, 1 = 1OSinut, in a long
straight wire. A rectangular loop of N turns is placed
close to the wire as shown. The magnetic field produced
by the current is perpendicular to the plane of the loop
and is thus given by Ampere®"s Law as

B = usI/27ir - (3.21)

0
and the flux linkage (Faraday Law of Induction) is
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$ = jJB.nA (3.22)
where n is the unit vector perpendicular to B, and A

the area of the loop. Thus,
fa+b

$ = jJOINI/2 dr/r (3.23)
i )
= $ = )iold\11/27l- In[ (atb)/a]Sinwt (3.24)
and the induced emf (across the ends of the coil) is
E = -df/dt = OCosut (3.25)

The amplitude of the iInduced voltage 1is thus

E0 = jqoloNI/Zir.ln[(a+b)/a] (3.26)

and for loop dimensions, a=3mm, b=12mm, 1=12mm
EO = 3.9x|0—9-IO-N (3.27)
so thatthe peak current can be measured. Typically,
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is about 100mA for the rf discharge, so that for E™ to be

in the juWolt range, N must be approximately 10,000;



although this could be reduced by an order of magnitude
with a metallic former. Thus, the construction of an
effective home-made loop iIs un-feasible; in fact,
commercial loops are only available for high ac currents
(@mps).

The problem with the above power measuring techniques
is that they assume no power 1is lost in the matching
network. This assumption 1is generally incorrect, and the
inductive elements can become quite hot. Thus, ref.79
suggests that up to 50% losses can occur in the matching
unit. (IR losses are greater for conductors carrying rf
currents than for dc currents because of the 'skin
effect":- the effective resistance 1S inversely
proportional to the skin depth, and thus proportional to
the square root of the frequency). Since the measured rf
current is the current flowing in the matching network and
plasma, it cannot be used to estimate the plasma power.

Another 1idea for rf plasma power measurement 1is to
install a calorimeter on the water cooling line of the
driven electrode. Temperature change as a Tfunction of
power could easily be calibrated with a dc plasma, so that
the power deposited in the rf system could be established.
However, power 1is also lost from the plasma via radiation
(IR, UV, visible) and these power losses differ greatly in
the rf and dc systems (at least in the visible). However,

the technique may have some potential.
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3.5 RF Grounds and Shielding
A few points about grounding and shielding of the rf

system worthy of consideration are listed below.

(i) The impedance of any length of conducting wire is

Z=R + juL (3.28)
where R 1Is the resistance given by

R= pl/A (3.29)
and L is the inductance of the wire. At low frequencies Z
iIs dominated by the resistive term and is small, whereas
at high frequencies, the inductive term may dominate. The
inductance of a length of copper wire 1is approximately
1/jH/m, so that at 13.56MHz, uL 1is about 85Q! , for a Imetre
length. Thus, apparent conductors may in fact represent
quite large 1impedances at radio frequencies. At high
frequencies, the resistive term increases, due to the
decrease iIn conductive cross-section of the wire by the
"skin-effect". Hence, great care must be wused when
grounding rfsystems. In general, groundingwires must be
of largesurface area, and as short aspossible; copper or
aluminium straps are normally wused. RF compatible
connectors and rf co-axial cable should also be used. As
in any electronic system, unique grounding points are
desirable, avoiding ground current loops. Peculiar to rf
systems, however, wire loops should be avoided, since

induced fluxes are proportional to the enclosed areas.
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() RF fTilters were installed on the mains-sockets of
the rf power supplies.This greatly reduced noise In
external circuitry, as there was considerable rf pick-up
on the grounds of the rf generator cables. Also, the
impedance associated with oscilloscope leads, etc., Iis
capacitive

Z = 1/juC (3.30)
and may be very small at high values of w. Thus, serious

signal loading can occur.

(iin) The power radiated from an oscillating voltage

source is proportional to the fourth power of the

oscillator frequency. As a result, radiation losses
become significant at high radio frequencies. Thus, to
avoid pick-up in the microcomputer and the

data-acquisition electronics, the rf system was surrounded
by a Faraday cage.

The characteristic impedance of air is approximately
350”, so that it is possible to match the output impedance
of cables, etc., to this input impedance with a resulting
maximum radiative power transfer. Clearly, this should be
avoided, and is best done by using shielded cables with
low characteristic 1Impedances. The driven electrode
connection 1is shielded as close to the -electrode as

possible.
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Finally, a word of warning about the safety aspects
of rf radiation. The operating frequency of 13.56MHz is
not close enough to microwave frequencies to be of great
danger. For example, the resonance of HzZ used iIn iwave
cooking is 2.45GHz. Furthermore, the operating frequency
iIs much greater than the ionic plasma frequency, so that
ions do not respond to the rf fields, and thus 1is not
suspect as lower frequency radiation may be. However, at
high powers it is best to avoid exposure, and a Faraday

cage will provide sufficient protection.
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3.6 Data acquisition and analysis

The Langmuir probe characteristics are measured via
computer controlled, high speed data acquisition hardware.
The system provides accurate control of the probe voltage,
via a high speed DAC, and the ability to measure the probe
current in the jiA to mA ranges, via a 16 bit A/D. This
system has been described in detail elsewhere®?
Data analysis 1is performed in real time via a BASIC

code4?), and the eedf 1iIs established by numerical

differentiationC¥) ’(46).
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CHAPTER FOUR
RESULTS AND DISCUSSION OF

PLASMA PARAMETER MEASUREMENTS

4.1 Introduction

This chapter 1i1s devoted to the presentation and
discussion of results of plasma parameter measurements in
argon and nitrogen rf plasmas. In particular, the spatial
and pressure dependence of the electron temperature, the
electron density and the plasma potential are discussed.
Ideally, a complete treatise of rf plasma investigation
would 1include the dependence of the parameters on plasma
driving frequency and plasma power. However, since the
tuned probe has been designed to operate at the widely
used allotted frequency of 13.56MHz, the dependence of
plasma parameters on driving frequency 1is beyond the scope
of this work. It is worth noting, however, that the rf

plasma driving frequency regime can be subdivided into
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sections u < wo, u << w and o > ljc- In this respect,
the former regime has been investigated prior to this
work@®)’ @&, while the latter is the concern of
microwave discharge workers. Thus, since 13.56MHz falls
within the u < u < w regime 1in the case of glow
discharges (low density), it 1is this regime which has been
investigated. However, it iIs crucial toremember that
important transitions iIn rf discharge physics can occur if
w Ffalls on either side of such parameters as the
ionization frequency or the neutral collision frequency
(see section 2.5). Furthermore, it has been mentioned
that "stochastic™ sheath heating may be possible if w 1is
large enough (see sections 1.2 and 1.4) and both rf sheath
heating and electrostatic confinement are certainly
functions of w. The dependence of the plasma parameters
on discharge power is also worthy of serious
investigation. However, it was not considered a priority
in this work, since exact determination of rf power
deposited iIn the plasma is non-trivial. Nonetheless, the
dependence of the argon rf plasma parameters was measured
as a function of power, but i1t must be remembered that the
quoted power is only accurate to within a factor of two.
The plasma carrier gases chosen were argon and
nitrogen. Argon because it is iInert and is traditionally

used as a discharge gas. Cross-sections for argon are
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easily obtained*145, and much recent work, both
experimental and modeling, has been done on argon plasmas.
It is also widely used 1In processing as an efficient
etchant. Nitrogen was 1nvestigated because 1t 1is
molecular, and the eedf is highly structured. There has
been much recent interest 1iIn the eedf"s of nitrogen
plasmas @) ’<8)). Helium and hydrogen rf plasmas were

also investigated, although not as thoroughly as argon and

nitrogen.
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4.2 The bulk electron temperature

There has been much controversy 1iIn recent years
concerning the accurate values of kT i1n rf plasmas. It
has arisen for two reasons. Firstly, the problem of rf
convolution of the probe characteristic tends to
overestimate kTe- Measured electron temperature values
have typically been between 2eV and 10eV. Indeed, probe
measurements have been viewed with varying degrees of
scepticism. Secondly, models of the rf glow are
incomplete, and have tended to treat the plasma as either
a self-sustained bulk plasma, analogous to a dc positive
column, or a non self-sustained plasma, analogous to a dc
negative glow. The electron temperature may differ by
almost an order of magnitude in both cases.

Recently, as discussed in section 1.2, it has been
realised that the rf plasma may exist in different modes.
Depending on the gas pressure and the sustaining voltage,
different heating mechanisms are responsible for
maintaining the discharge. Positive feedback dependencies
result in abrupt transitions between these regimes.
Invariably, associated with such transitions, are

transitions in the values of kT_ and neuskug“ﬂo)-

Quite recent and relatively complete models??

predict electron temperatures of the order of lev or 2eV
in low pressure (100mTorr) argon rf plasmas. However, a

)

much debated recent publication™ reports a measurement
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of very 1low (10.4eV) electron temperatures iIn similar
discharges. A tuned probe (similar to that described in
section 2.7) 1is used to avoid the problem of rf distortion
of the 1V characteristic, and a feedback loop is employed
to avoid low frequency noise distortion of the
characteristic. The powered symmetric electrodes are both
made to Tfollow low frequency fluctuations 1iIn the plasma
potential as detected via a ring electrode (probe). It is
not clear, however, that driving the plasma in this way
does not alter discharge conditions.

In the view of this author, accurate probe
measurements are possible iIf the conditions outlined in
chapter two are satisfied. However, since probe
measurements are regarded with suspicion (by the
uninitiated!), the validity of the results presented here
were scrutinized via a simple technique. The accuracy of
plasma parameter measurements in the rf discharge can be
checked by measuring the parameters in the post-discharge
or afterglow. This is achieved by square-wave pulsing the
rf plasma and taking time resolved measurements with
respect to the plasma off-time. Since the perturbing
effects of the rf voltage disappear 1in the afterglow,
probe measurements are simplified. Figure 4.1a is a plot
of kTe and n as a function of time into the afterglow for
a 30mTorr pulsed argon rf discharge. Plasma parameters
are measured with a conventional Langmuir probe 1in the

afterglow. The parameters obtained with the tuned probe,
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during the plasma on-time, are plotted at 0/
Extrapolating the parameter values obtained in the
afterglow back to Ofs results iIn good agreement with the
values measured in the rf discharge. Such an
extrapolation 1is possible since the afterglow temporal
decay is exponential, characteristic of diffusion
dominated plasmas (see section 1.2). For example, 1in
fig.4.la, the -electron temperature 1is shown to decay
exponentially, in the early post-discharge, with a
characteristic decay time, x=13jus. Note that 8ius into the
afterglow, the value of kTe is about leV. Thus, 1t must
be at least greater than this during the discharge, and
the results of ref. 19 are clearly not universal. Figure
4_.1b shows a similar result for a 125mTorr discharge, and
figure 4.1c for a nitrogen 125mTorr discharge. KT~ is
typically of the order of 2eV in the rf argon plasma and

leV in the rf nitrogen plasma“7)



FIG.4.1: Plot of kTe and n as a function of time iInto the
post-discharge of a 13.56MHz, 20watt (a)argon plasma at
30mTorr, (b)argon plasma at 125mTorr and (c)nitrogen
plasma at 125mTorr. Open circles represent M in the
post-discharge, closed circles represent KI™ in the post-
discharge, measured with a simple Langmuir probe. Open
squares represent n_ in the rf plasma, closed squares
represent kTe in the rf plasma, measured with the tuned

Langmuir probe.
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4.3 Pressure dependence of rf plasma parameters
Figure 4.2 shows the measured pressure dependence of

kTe, Vp and n in a 13.56MHz, 20watt argon plasma.

Pressure(mTorr)

Pressure(mTorr)

Pressure(mTorr)

FI1G.4.2: Pressure dependence of (a)kTe, (b)Vp, and (c)n6

in a 13.56MHz, 20watt argon plasma.
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It has been found thatthe argon rf glow appears
(visually) almost uniform, both across the glow, and as a
function of pressure. The electron temperature in the
centre of the discharge does rise steadily as a function
of pressure, from about 1.8eV at 40mTorr to 2.5eV at
250mTorr, as shown in fig. 4.2a; with the exception that
at very low pressures, just before the discharge 1is no
longer sustainable, k‘Ie' is quitehigh. A similar
dependency has been observed by Godyak(Jg)- In discharges
where bulk fields are responsible for plasma heating, the
electron temperature is known to decrease as a function of
increasing pressurelll. As the pressure increases, the
number of collisions increases, so that electrons loose
energy more rapidly. Stated simply, as the electrons
undergo more collisions, they cool down. The plasma
production rate (via single step ionization) is

Pi = nn<<xv> (4.1)
where v > represents the 1onization rate coefficient
obtained by iIntegrating the 1ionization cross-section over
the eedf. Thus, although the eedf cools, since M
increases, the production rate may remain constant.
Similarly, although the collision rate (or frequency)
increases as the pressure increases, since the bulk
temperature cools, the energy loss rate (energy lost per
collision times collision frequency) may also remain

constant. These relationships are well understood, and
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may apply to pressure regimes in which collisional or
diffusion cooling are dominant. The argument Is
simplified, since only elastic and 1ionizing Inelastic
collisions are accounted for, but does explain the
observed dependencies.

In the case of the fig. 4.2a, however, since the bulk
dc electric fTield is of the order of 1 or 2 volts/cm in
this pressure regime (see figure 4.5b), bulk heating 1is
not a significant plasma production mechanism. Rather,
sheath heating (complemented by electrostatic trapping of
fast electrons) sustains the plasma (Diffusion is the main
loss mechanism, since A =1, where 1 is the characteristic
dimension of the discharge). Both sheath heating and
electrostatic trapping are most efficient when the
sheath-plasma voltages are Qlarge, and thus at Ilower
pressures (sheaths are more capacitive). As the pressure
increases, the production rate from these mechanisms
decreases, so that the plasma production rate via the tail
of the distribution must 1increase. Associated with this

increase is an increase in the electron temperature.

The average plasma potential, V , iIncreases steadily
from about 28volts at 50mTorr to 32volts at 200mTorr
(figure 4.2b). This 1is discussed further below, in

context with measurements taken in nitrogen.
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In ambipolar diffusion dominated plasmas, the
continuity equation (i.e. energy balance) for electrons is
nh<erv> = Dn JAZ ... (4.2)
(see eqn. 1.4). If the eedf is Maxwellian, then using
egns. 1.8 and 1.10, have
D= k{@, + T XM ... “.3)
n = neno<<x1ve>.A2\/IvIN/kgT+ + Te) (_4.4)l

The collision frequency is proportional to the gas
pressure (egn. 1.11). The plasma production rate has been
found to be i1ndependent of pressure (in argon), as
discussed iIn section 5.2. Since kTg 1is relatively
unchanging with 1increasing pressure (fig. 4.2a) and the
ion temperature 1iIs constant, n should be approximately
proportional to the gas pressure. Figure 4.2c shows this
linear dependence up to pressures of about [100mTorr.
Thereafter, n_ remains constant with increasing pressure
and eventually begins to decrease. Although this
behaviour 1is not understood, it 1is not clear that the
production rate remains constant®- Also, KkTg does
increase slightly, especially at these pressures.

In the above argument, the loss rate is taken to be
constant. It is estimated from the power input to the
plasma, which is constant. This is discussed in detail in
section 5.2. The constant production rate must balance
this loss rate. Plasma loss is also 1incurred via
recombination, so that if this process 1iIs iImportant, then

the estimated loss rate (from discharge current) will be
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invalid. It is unclear whether or not the production rate
increases. Three-body recombination would account for the
observed decrease in electron density, but should not be

important at these densities in argon.

Pressure(mTorr)

Pressure(mTorr)

Pressure(mTorr)

FIG.4.3: Pressure dependence of (a)kTe, (b)Vp, and (c)ne

in a 13.56MHz, 15watt nitrogen plasma.
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Figure 4.3 shows the measured pressure dependence of
kTe, n and Vp in a 13.56MHz, 15watt nitrogen plasma.

In the case of nitrogen, kT 1increases much more
rapidly as a function of pressure, increasing by almost a
factor of two between 100mTorr and 400mTorr (figure 4.3a).

The plasma potential in the nitrogen rf plasma also
undergoes a rapid increase as a function of 1iIncreasing
pressure. This suggests that the rf driving voltage, V ,
Is Increasing (see figs 1.1, 1.3). Since the rf power Iis
constant, such an 1increase would imply that the plasma
impedance must increase with pressure. This is
unrealistic in terms of equivalent circuit models of the
glow (see section 1.4). Measurement of V as a function

of iIncreasing pressure reveals that it 1is relatively

Pressure (mTorr)

FIG. 4.4: RF driving voltage and dc bias as a function of

pressure iIn a 13.56MHz, 15watt nitrogen plasma.
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constant (decreasing very slightly), as expected; 1i.e. the
plasma impedance 1Is constant or deceasing slowly. This
agrees with the results of BIetzingerCﬁ), and iIs shown 1in
figure 4.4. Figure 4.4 also shows the pressure dependence
of the dc bias on the driven electrode. It decrease
steadily, explaining why the plasma potential Increases.
Since vV is relatively constant, a decrease iIn dc bias
ensures that the driving voltage 1is greater on 1its
positive portion of the rf cycle (see figs 1.1, 1.3).
Thus the plasma potential increases. The question remains
as to why the dc bias should decrease. This is answerable
in terms of the equivalent circuit model of fig. 1.5. The
driven electrode has a smaller area than the grounded
electrode (hence the dc bias). This is modeled by
assigning the driven electron sheath capacitance, Csj, a
smaller value. As this capacitance decreases with respect
to the grounded electrode sheath capacitance, C , the dc
bias increases. The dc bias will therefore decrease if
the ratio of c, to C_ Increases. It has been observed
that as the pressure 1is 1iIncreased, the driven electrode
sheath thickness decreases and the grounded electrode
sheath thickness appears to increase. Since the sheath
capacitances are inversely dependent on the sheath
thickness, an increase in gas pressure will result iIn an

increase iIn the capacitance ratio. Thus, the dc bias
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decreases. The optically observed expansion and
contraction of the sheaths (remember that these sheath
thicknesses are averaged over the rf cycle) as a function
of pressure 1is supported by spatial measurements and is
discussed further 1iIn section 4.4. A similar scenario
occurs in the case of argon, but much less pronounced.
Figure 4.3c is a plot of the measured pressure
dependence of the electron density 1iIn the nitrogen rf
plasma. Again, 1t appears that n increases linearly with
pressure up to about 150mTorr. Thereafter, however, mM
decreases rapidly. Recombination is not significant, the

loss rate being

dne/dt = -an2 (4.5)
Since n_ is about 1x10%cm™, and a - 3x10'cm’'s” for the
nitrogen iona), the loss rate is approximately

3x1013cnf3s-1. This 1is well below the diffusion loss rate
(see section 5.2), so that recombination can be ignored.
Note, however, that the electron temperature does Increase
significantly, so that the argument presented for argon is
not valid. More 1importantly, 1t has been noted that the
production rate calculated from the eedf (i.e. the
production rate via single step ionization of the ground
state molecule) 1i1s a few orders of magnitude below the
estimated loss rate in the case of nitrogen (see section
5.2), and i1t 1iIs suspected that electron-metastable

molecule/atom collisions may account for the majority of
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plasma production. If the plasma loss rate is virtually
constant with pressure, and the production rate from the
eedf decreases with pressure, then eqn. 4.4 predicts that
n will decrease (kTe and Vi both increasing). The exact
processes which give rise to the observed dependence
remain, however, unclear, but it must be appreciated that

many complex collisional processes are possible.
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4.4 Spatial dependence of rf plasma parameters

Figure 4.5 shows the observed variation of the argon
rf plasma parameters with distance from the driven
electrode. The driven electrode corresponds to X=0cm and
the grounded electrode to X=4.5cm. The probe 1is moved in
steps of 0.5cm parallel to the electrodes and maintained
in the vertical central axis of the plasma.

The spatial dependence of kTe (fig- 4.5a)
demonstrates that the argon rf plasma is almost
homogeneous, as suspected from its appearance.

The plasma potential variation with distance from the
driven electrode 1is shown in figure 4.5b. It demonstrates
that the rf glow is almost field free, with a maximum dc
bulk field of IV/cm. This value increases with pressure,
as the plasma becomes more collisional.

The measured value of the bulk field is supported by
the spatial variation of the electron density (fig. 4.5c).
As mentioned 1in section 1.2, in diffusion dominated
plasmas, the electron density iIs greatest in the centre of
the plasma, falling off toward the electrodes iIn a
sinusoidal or Bessel function mode, dictated by the
ambipolar field.

These spatial measurements are substantiated by

recently reported PIC simulations(n)
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X(cm)
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FIG. 4.5: Spatial dependence of (a)kTe, (b)Vp, and (c)ne in

a 13.56MHz, 20watt argon plasma.

96



Figure 4.6 shows the measured spatial dependence of
the rf plasma parameters in nitrogen.

The spatial variation of kl ,at a few different
pressures (fig 4.6a) 1is again supportive of the visual
appearance of the nitrogen glow. The plasma is
non-homogeneous, unlike argon, particularly close to the
sheaths. At the Jlow pressure (100mTorr), the driven
electrode sheath extendsabout lcm from the electrode.
Thus, the measured electron temperature 1is high. As the
pressure is increased, the driven electrode sheath
contracts, and the temperature at X=Icm decreases.
Meanwhile, the grounded electrode sheath  thickness
(averaged over the rf cycle) iIs expanding, so that
eventually the electron temperature at X=3.5cm Increases
at 350mTorr. This behaviour has already been described
above iIn context with the pressure dependence of in the
nitrogen rf plasma.

It must be stressed, however, that the plasma
parameters are modulated by the rf field 1in the sheath
regions QZ), so that the time averaged probe measurements
close to the plasma sheaths may be invalid.

The spatial variation of Vp in the nitrogen glow
(fig. 4.6b) demonstrates that the bulk Tfield 1is about
2V/cm. This will be discussed further in context with the

eedf measurements in nitrogen.
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The electron density spatial dependence is plotted in
figure 4._6c. Again, n is (greatest in the centre of the

glow, with a clear ambipolar dependence,
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FIG.4.6 - Spatial dependence of @)kTe, (b)V*, and (c)ng in

a 13.56MHz, 15watt nitrogen plasma,
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The spatial dependence of the diffusion equation can
be written as
V2n = -n/A2 (4.6)
where A = y/Dr is the characteristic diffusion length.
For a long cylinder of radius a,
Von = W/r.5/<Gr.r.<5n/<Gr + 1/r2.Soan/<5R + 8n/<BEz2 “@.7n
Assuming no z dependence and azimuthal symmetry, it
can be shown that the dominant radial diffusion mode is
described by a Ffirst order Bessel function. The
experimental spatial measurements are iIn the z-direction,
i.e. along the length of the cylinder, so that, if radial
and azimuthal symmetry are assumed, the simple ID
diffusion equation holds
V2n = 62n/<5z2 = -n/A2 ... (4.8)
The solution to this equation is a summation of sinusoidal
terms, the higher order modes diffusing rapidly, so that
only the lowest order need be considered
n(z) = nosin(7iz/L) ..... (4.9

where n, is the maximum value of the electron density,

0]
i.e. In the centre of the discharge and L 1is the chamber
length. Note that this solution represents diffusion away
from a point source, positioned in this case in the centre

of the discharge.
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Figure 4.7 1is a plot of this diffusion solution
fitted to the experimental data. The data is that shown
in figure 4.6¢c, for the 200mTorr case. It Is important to
note that the diffusion theory solution greatly simplifies
the actual discharge conditions. Firstly, it assumes that
the 1onization occurs at a point source in the centre of
the discharge, rather than over a distributed region close
to the driven electrode. Secondly, 1onization and charge

distribution iIn the sheath regions are not accounted for.

X(cm)

FIG.4.7: Diffusion theory fit of experimental spatial
variation of n - Open circles are data points from
fig.4.6c; solid line 1is sinusoidal ID diffusion theory

solution.
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4.5 Power dependence of rf plasma parameters

Figure 4.8 is a plot of the dependence of the argon
rf plasma parameters as a function of input rf power.
Although there is considerable uncertainty about the
absolute value of plasma power, the results are as
expected and agree with other workers*201,1741. The
electron temperature drops slowly as 1Input power is
increased, whereas both the plasma potential and the
electron density increase with iIncreasing power.

At the low pressure, the electron temperature varies
with power 1In a "bow" shape, with a minimum at about
25watts. As the power increases, the rf component of the
plasma potential 1is Ulikely to increase, so that rf
convolution of the probe IV characteristic is increasingly
likely. This would result 1iIn an apparent increase of
electron temperature with rf power, as observed after

25watts.
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FIG.4.8: Power dependence of (a)kTe, (b)Vp, and (c)n, In a

13.56MHz, 20watt argon plasma.
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4.6 Accuracy of the measured plasma parameters

The accuracy of the measured plasma parameters
depends on (a)the stability of the rf plasma, (b)the
successTful operation of the tuned probe, (c)the
consistency and accuracy of the computer analysis, (d)the
operation of the data acquisition system and (e)adherence
to the defined (egn.2.1) pressure regime. It has been
found, however, that the plasma parameters are
reproducible to within a few percent over extensive data
sets, and over long periods of time. For example, after
several runs the driftsof less than 10% 1in k‘I:e are
typical. Similarly for the plasma potential and the
electron density. Thus the rf plasma seems to be very
stable 1iIn time. The successful operation of the tuned
probe has been checked by measuring the plasma parameters
in the rf afterglow. Systematic errors in the parameter
determination has also been addressed. For example, Kk
iIs also determined via the eedf analysis, and it is found
that kTe determined iIn this way 1is always slightly less
(of the order of 10% to 15%) than the value obtained from
equation 2.7. Thus systematic errors in the software
analysis are checked by an independent analysis method.
The data acquisition system has been the subject of
extensive calibration and improvement@- The electron

temperature 1iIs considered to be accurate to within about

15% .
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The electron density is also determined from the integral
of the measured eedf (see chapter five) and ne determined
from this method and from equation 2.8 agree to within a
factor of two. This defines the accuracy of the electron
density measurement. The plasma potential 1Is accurate to
within KT /e since the characteristic 1is exponential 1in

the region where Vp is determined@).
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CHAPTER FIVE
RESULTS AND DISCUSSION OF

EEDF MEASUREMENTS

5.1 Introduction

As discussed in section 2.3, one of the most basic
characteristics of any gas discharge 1is the electron
energy distribution function, since electrons are
responsible for the majority of physical and chemical
processes. Indeed, the modeling ofgas discharges
requires knowledge of the rate coefficients for electron
induced processes, which requires knowledge of the eedf.

Since rf discharges are widely used, both at research
and processing levels, it is iImportant that the eedf"s of
rf discharges be measured. The problems associated with
Langmuir probes (which are extremely effective in
measuring eedf"s, permitting both spatial and temporal
resolution) has made this task difficult. Since the eedf

is obtained from thesecond derivative of probe current,
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the eedf is particularly sensitive to both rf interference
and improper employment of probe technique or i1Improper
interpretation of probe results. However, if all problems
are surmounted, which is possible, probe measurements will
remain the most effective in returning valuable
information on rf discharges.

Similar to the plasma parameter measurements, eedf
measurements have been concentrated, for the most part, on
argon and nitrogen discharges. Some rf plasma afterglow
eedf"s have also been measured. Related to these
measurements, and to the eedf"s of rf discharges Iin
general, the role of super-elastic collisions and

metastable states is also discussed in this chapter.
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5.2 EEDF*s measured in argon rf plasmas

Figure b5.la shows an eedf measured in a 20watt,
13.56MHz argon plasma at 30mTorr. It can be approximated
by a bi-Maxwellian distribution with a bulk electron
temperature of 1.7eV anda "fast”™ electron temperature,
kTf , of 3.2eV. The Hlowenergy group 1is thermalized by
electron-electron collisions, while the high energy group
temperature isprobably a consequence of rf sheath

heating ©® Figure 5.1b shows an eedf measured in a

OU)-B

==0

energy (eV) energy (eV)

FIG.5.1: EEDF measured in a 13.56MHz, 20watt argon plasma

at (a)30mTorr and (b)125mTorr.
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20watt, 13.56MHz argon plasma at 125mTorr, with kTe=2._.1leV
and kTfe=2.9eV. Both eedf"s decay rapidly above the
ionization potential (15eV), especially in the high
pressure case, due to increased inelastic collisions with
the neutral gas.

Electrostatic probe measurements are, iIn general,
inaccurate close to the plasma potential, particularly at
low electron energies when the probe bias is within kT® of
V . This results in very large error bars, and these
results are not plotted. No evidence of rf convolution
(which would tend to broaden the eedf) is apparent. As
found from the plasma parameter measurements, the general
tendency 1is for the bulk electron temperature to Iincrease
with 1increasing pressure. The values of KI™ extracted
from the eedf measurements are always slightly lower than
those deduced from the probe 1V characteristic. This 1is
due to difficulties associated with accurate determination
of the plasma potential (see eqgn. 2.7 and section 2.2) 1in
the software analysis. The error, however, 1is small and
may be i1gnored. The eedf measurements are taken to be
accurate. As 1is evident from figure 5.1, the eedf can be
determined to Ffive orders of magnitude with the tuned
probe.

The electron density n . determined from the probe
electron saturation current, agrees to within a factor of
two with the electron density measured from the integral

of the eedf.
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The plasma production rate, iIs given by egn. 4.1.
It has been calculated using the cross-sections listed in
ref.14 and the measured eedf"s at several discharge gas
pressures. Figure 5.2 is a plot of P as a function of
argon pressure. PJ lies in the range 1Ix101xm3s1 to
2x101cm 3s_1, displays no marked dependence on pressure,
but appears relatively constant. At pressures (greater
than 100mTorr, the contribution of the extrapolated 1ion
current to the tail of the eedf may become significant.

This contribution is not corrected for, since the exact

Pressure (mTorr)

FIG.5.2: Calculated plasma production rate as a function

of gas pressure in a 13.56MHz, 20watt argon plasma.
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laws governing the 1on current extrapolation are not
accurately known. Thus, large error bars are presented on
the production rate values. Also, since the driving rf
power measurement is only accurate to within a factor of
two, small Ffluctuations i1n the calculated production rate

are to be expected.

The fast electron density

»C0

n. f(e).de (5.1)

eV
where eV{ 1is the 1ionization potential, is found to
decrease with 1increasing pressure (in the regime of
fig.-5.2), which is as expected, since n, increases and the
production rate remains virtually constant. These fast
electrons are lost via inelastic collisions with the

neutral gas (nheutral cooling) as the pressure increases.

At low pressures (diffusion regime), the plasma
ionization balance 1is as follows. The 1loss rate of
positive ions (and electrons) is governed by particle flux
to the electrodes. An estimate of the current density to

each electrode gives an approximate value for plasma loss

rate. Typical operating conditions are: rf power =
20watts, rf driving voltage = 900V (peak-to-peak) and
electrode area = 50cm2. The sheath 1mpedance contains
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both a capacitive and a resistive term, but it 1is the
resistive component which governs ion Tflux to the
electrodes. Thus, the 1ion Tflux 1is determined by the
discharge conduction current, which can be estimated as

I = Input power / Vrms (5.2)

rms

where VrmS is the root mean square of the rf driving
voltage and I iIs the root mean square of the resistive
(or conduction) discharge current. The usual phase term
cosp is not included, since we consider only real current.
Therefore, the current density is 1.2mA/cm2, corresponding
to a positive ion flux of 3.8x1015 electrons cm'"2s 1, and
an equal electron Flux. A total of7.5x1015 charged
particles are lost per cm2 per second. Since the input
power is only accurate to within a factor of two, so also
iIs this estimated loss rate.

The loss rate must be balanced by a plasma ionization
rate. Since the length of the glow region of the
discharge 1is approximately 3.0cm (taking both sheath
lengths as a total of 0.5cm, corresponding to the original
electrode arrangement), then the 1onization rate must be
approximately 1.3x1015 electrons cm~3s_ 1. In a 20watt,
30mTorr argon plasma with nesIx10cm®, the production
rate has been calculated (using egn. 4.1) at 1.1Ix1015
electrons c¢m’3s-1, using the measured eedfshown in
fig.5.1a, which agrees well with our estimated loss rate.
Note that spatial eedf measurements have iIndicated that

the rf argon plasma is spatially homogeneous between the
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electrodes, so that the above calculation is valid. While
this 1i1onization balance is a first order approximation, a
similarly good agreement between plasma production and
loss is achieved over a wide range of pressures in argon.
Clearly, as the pressure is increased, the accuracy of the
calculated production rate diminishes (see fig.5.2). It
is clear that the measured eedf"s can explain the
ionization rate, 1iIn the case of the argon discharge,

through a single step i1onization process.
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5.3 EEDF"s measured in nitrogen rf plasmas

Figure 5.3 shows an eedf measured iIn a nitrogen, cold
cathode dc discharge at 300mTorr. The bulk electron group
is apparently Maxwellian with an associated temperature,
kT=0.19eV. This thermalizing of the bulk group results

from electron-neutral and electron-electron elastic

collisions. At energies above 2eV, the effects of
inelastic collisions become dominant. In particular, a
o
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dc Nitrogen
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FIG.5.3: EEDF measured 1In a dc nitrogen discharge.
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"hole" appears 1in the eedf between 2eV and 4eV. This
feature has been reported previously in a beam produced
plasma®) and a low-pressure hot cathode dischargel®’.
It has also been observed in a 100kHz discharge@®) using
a time-resolved Langmuir probe. The feature is due,
essentially, to the depletion of electrons due to
inelastic collisions involving the vibrational excitation
of the N2 molecule. Between 2eV and 4eV, the eedf is not
thermalized, because 1inelastic collisions (vibrational
excitation of the nitrogen molecule) dominate the
electron-electron collisions.

Above 4eV, the eedf can be populated by either of two
mechanisms. Firstly, by superelastic collisions involving
N2 metastable states. Secondly, by an electron beam
produced by secondary electrons which have been degraded
via inelastic collisions. A reduction in loss rates below
the 1ionization threshold results iIn a tail iIn the eedf.
It 1is possible that each mechanism dominates under

different conditions.

Figure 5.4 shows an eedf measured 1iIn a 20watt,
13.56MHz nitrogen plasma at I0mTorr. It contains two very
distinct Maxwellian groups, with kTe=l._.leV and kTfe=3.7eV.
As the gas discharge pressure 1is increased, the ™"hole"”

observed in the dc glow eedf appears in the nitrogen eedf.
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FI1G,5.4: EEDF measured in a 13.56MHz, 15watt nitrogen

plasma at 10mTorr.

Figure 5.5 shows an eedf measured in a 13.56MHz
plasma under similar operating conditions as the dc
discharge eedf of fig.5.3. It shares the essential
features of the dc discharge eedf. However, the bulk
electrons are hotter (with a bulk electron temperature of
about 1leV), although the distribution function 1is not
obviously Maxwellian at low energies. Between 1.5eV and

3.5eV, however, the slope of the eedf corresponds to a
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FIG.5.5: EEDF measured 1iIn a 13.56MHz, 30watt nitrogen

plasma at 300mTorr.
temperature of 0.34eV. Also, the region between 2eV and
4eV is not so depopulated as in the dc case.

The density of electrons at each energy is determined

by the balance of electron production and loss at that

energy. Thus, the energy interval between 2eV and 4eV is
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populated by either beam electrons or superelastic
electrons and depopulated by inelastic collisions
involving the vibrational excitation of N2 Also, the
region can be populated by bulk electrons, and since KT
in the rf plasmais greater than kTe in the dc plasma,
this may be thereason for differing degrees of eedf

density in this interval.

The apparent peak in the eedf between 5eV and 7eV
could correspond to the energy of secondary electrons
produced by electron-metastable collision ionization of
metastable nitrogen @) , suggesting that superelastic
collisions may be the mechanism for eedf population in the

high energy region.

The plasma production rate for single step ionization
Is given by eqgn4.1. Using the measured eedf"s, the
calculated production rate iIn the rf N2 plasma has been
compared to the estimated loss rate, for typical power
densities of 0.6 watts/cm-2, as in the case of argon. At
the low pressure (fig.5.4), the production and loss rates
balance. In the case of the higher pressure eedf
(fig.5 5), the plasma loss rate is at least three orders
of magnitude greater than the estimated production rate
(see section 5.2). There are two possible explanations.
Firstly, there 1is a possible source of gas 1onization

other than from direct single step 1ionization (electron
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impact 1ionization of the ground state nitrogen molecule),
and this could be energy returned from excited states such
as the metastable states (electron-metastable collision
ionization). Secondly, the ionization may not be evenly
distributed throughout the glow. Spatial eedf
measurements (fig.5.7) and initial calculations suggests

that this does not fully explain the imbalance ®®

Figure 5.6 shows the evolution of the eedf with
increasing gas pressure. The salient feature 1is the
increasing depopulation of the 2eV to 4eV energy interval
as gas pressure increases. This corresponds to iIncreasing
electron depletion via vibrational excitation of the N2
molecules. Note also, the depletion of fast electrons in
the tail of the distribution, via neutral gas cooling, as

pressure increases.

Unlike the dc plasma, the N2 eedf®"s measured in the
rf plasma display a Druyvesteyn Jlike shape at low
energies. A Maxwellian velocity distribution has the form

Tv) = n. (W27TKT)2.exp(-mv2/2KT) (5.3)
whereas a Druyvesteyn velocity distribution is given by
f(v) = C.exp(-3<5m2v4/8A2e2E2) (G4
where 5 1is the fractional energy transfer in an elastic
collision, X is the mean free path between collisions and
E is the electric field. The essential point to notice 1is

that the Druyvesteyn distribution varies as exp(—v4)
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rather than as exp(-v2) as for a Maxwellian. The
Druyvesteyn distribution thus predicts more electrons with
energies around the average energy, but many Tfewer
electrons with energies greater than a few times the
average ()’ ©@).- The reason for the Druyvesteyn shape of
the nitrogen eedf"s in the rf plasma is not clear, and the
problems associated with probe measurements close to the
plasma potential must be borne iIn mind. Druyvesteyn
electron energy distributions are associated with the
presence of dc fields in the bulk plasma resulting in very
little electron-electron collisions. Rockwood@> has
pointed out that although electron-electron collisions may
be important in atomic gases, even at Jlow fractional
ionization, they are unlikely to play any significant role
in molecular gas discharges. The ambipolar field iIn the
nitrogen rf discharge has been measured at approximately
2V/cm (see section 4.4) which may explain the observed

shape.
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FIG.5.6 - EEDF as a function of gas pressure in a 13.56MHz,

30watt nitrogen plasma.
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The spatial dependence of the nitrogen rf plasma eedf
has also established. The results are shown 1in Tfigure
5.7, for a 20watt, 13.56MHz plasma at (a)l0OOmTorr and
(b)250mTorr. These pressures were chosen having
considered the pressure dependence (figs.4.3 and 5.6) and
spatial dependence (fig.4.6) of the nitrogen plasma
parameters, the conditions being quite different in both
cases. There are a number of salient features worthy of
discussion.

In the high pressure case, fig.5.7b, the tail of the
eedf can be seen to decay as a function of distance from
the driven electrode. This iIs as expected, since the mean
free path for electron elastic collisions is of the order
of 1mm. The concept of "electrostatic confinement'™, as
discussed 1In chapter six, requires that fast electrons,
which are confined by the plasma-anode sheaths, be
numerous throughout the glow. However, these electrons
originate via 1ionic bombardment of the driven electrode,
and thus tend to exist in greater densities near this
electrode.

In the low pressure case, fig.5.7a, the tail of the
eedf again decays with increasing distance from the driven
electrode, but not as rapidly as the high pressure case.
Also, the electron depletion region appears to increase in

this direction which may be due the associated decrease in
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electron temperature. A Tfurther feature is the anomaly
apparent in the 100mTorr eedf near the driven electrode.
This is only observed at these low pressures, and close to
the rf sheath, regardless of input power. Referring to
fig.4.6b, the potential between X=1.5 and X=2.5, at
I00OmTorr, 1is no more than 2V, so that the effect would not
be smoothed by the plasma electric field. Rather, it
appears to be associated with the proximity to the rf
sheath (see fig.4.6a). Since, the plasma parameters, KI»
and ™ are modulated 1iIn the sheathca), time averaged

probe measurements at the sheath edge may be invalid.
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FIG.5.7: Spatial dependence of the eedf iIn a 13.56MHz,

20watt nitrogen plasma at (A)I100mTorr and (B)250mTorr,
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5.4 Afterglow eedf"s and the influence of super-elastic

collisions on the eedf structure

Nitrogen eedf"s, measured both in dc and rf
discharges, have been presented 1in the previous section.
They are of specific iInterest in terms of atomic/molecular
physics. In particular, they illustrate the iInteraction
of plasma electrons with excited gas species. The "hole™
observed between 2eV and 4eV is essentially due to
electron depletion by excitation of the vibrational
molecular levels of nitrogen. Also, 1t is suspected that
the region between 5eV and 7eV 1is populated by electrons
which gain energy 1in super-elastic collisions; i.e.
electron-metastable collisions resulting iIn de-excitation
of the metastable atom/molecule and a "fast" electron. As
previously discussed, the nitrogen eedf does not account
for the plasma production rate, and the ionization rate
could well be dominated by electron-metastable collision
ionization. Also, interactions between vibrationally
excited nitrogen, N2(v), and metastable nitrogen, NZ,
could be a significant ionization process, since
considerable energy is stored in these molecular states.
Certainly, the 1ionization process 1in N2 is complex and
worthy of further investigation. To this end, there have
been several theoretical or modeling publications on the
nitrogen eedf, both in dc and rf discharges@)’@&d), and

also in discharge afterglows@
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In the light of the above, eedf"s were measured in
the N2 afterglow, for various discharge conditions. At
low pressures, 1in the diffusion regime, the fast electron
density is known to decay rapidly (<104is). Thus, fast
electrons appearing in the eedf at long times (50jus) into
the post-discharge are evidence of the interaction of
metastable species with the eedf. Also, recent
theoretical work on the N2 afterglow eedf has demonstrated
that the eedf measured 1in the post-discharge can be
influenced dramatically by the so-called '"residence"™ time
of the discharge on pulse. For example, 1if the residence
time is short (of the order of jlis), then N; states can
become much more numerous 1In the discharge than (M)
states, whose population increases more slowly. The
afterglow eedf of a short residence time pulsed plasma
should be rich in super-elastic electrons but display
little evidence of electron depletion in the 2eV to 4eV
region. Conversely, 1if the residence time is long (of the
order of 300ms), then the afterglow eedf will be
determined primarily by electronic interaction with the
vibrational molecular levels, which have become numerous
in the relatively long on pulse. The structure will be
quite different to the structure of the afterglow eedf

associated with the short residence time.
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Figure 5.8 1is an example of an eedf measured 1In a
nitrogen rf plasma afterglow. The plasma on time 1is
I0ONis, the off time is 300"s, so that the repeat rate 1is
2.5kHz. This eedf 1is typical of all those measured in the
nitrogen afterglow. Clear evidence of metastable
influence on eedf structure has been obtained. Also, 1n
the case of the residence time experiments, the afterglow

eedf"s have proved to be far too noisy to separate
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FIG.5.8: EEDF measured 15ms into the afterglow of a

13.56MHz, 15watt nitrogen pulsed plasma at 10mTorr.
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metastable nitrogen and vibrationally excited nitrogen
action on the eedf structure. Typical plasma off times in
these experiments must be of the order of one or two
milli-seconds, to ensure that the plasma decays fTully.
Also, Ilow pressures are preferred, since the tail of the
eedf decays more rapidly in high pressure afterglows. In
order to improve the obtained results, it iIs necessary to
increase the discharge power, thereby 1increasing the
populations of plasma species.

Some afterglow measurements were also made on helium
rf pulsed plasmas, since helium 1is known to contain
several iImportant metastable transitions. Figure 5.9 is a
plot of the decay of the helium eedf at progressively
longer times into the afterglow. The presence of
super-elastic electrons 1is un-ambiguous. This structure,
with apparent peaks in the eedf at about 7eV, can also be
observed in a cw rf discharge. Figure 5.10 shows such an
eedf, measured iIn a 20watt, 13.56MHz helium plasma at

ITorr.
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FIG.5.9: Temporal evolution of the eedf in the afterglow
of a pulsed 13.56MHz, 15watt helium plasma at 150mTorr.
The plasma on time is I0O"NIs and the plasma off time is

300jLis.
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FIG.5.10: EEDF measured in a 13.56MHz, 20watt helium

plasma at ITorr.
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CHAPTER SIX
ELECTROSTATIC CONFINEMENT IN RF PLASMAS

6.1 Introduction

The Langmuir probe measurements of both the eedf"s
and plasma parameters appear to confirm that the low
pressure argon, and indeed nitrogen, rf plasma is
sustained by electron impact ionization of the ground
state atom or molecule by energetic electrons in the tail
of the energy distribution, close to the 1onization
threshold (cth), with energies e given by

C, < €< 25eV

There appears to be no contribution from higher energy
electrons (e > 25eV) . The electrons in the range e to
25eV appear isotropic, despite the fact that their mean
free path exceeds the chamber length. In the case of high
pressure nitrogen plasmas, a source of 1ionization other
than single step i1onization may be responsible for plasma

production . At low pressures (slOOmTorr), dc discharges
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cannot be sustained in the described discharge
configuration. A heating mechanism (namely, sheath
oscillation heating) has been postulated to explain the
persistence of the rf glow at low pressures. However, the
fact remains that the mean free path of the 1ionizing
electrons exceeds the chamber dimension at these low
pressures, so that regardless of the existence of an
electron heating mechanism, the fast electrons should be
lost to the chamber walls before gas collisions occur.

Multipole or "bucket”™ 1ion sources, 1In which fast
electrons are confined in the plasma via strong surface
magnetic fields, can be operated down to pressures of
about ImTorr. The fast electrons are deflected from the
chamber walls, and confined to traversing the plasma bulk,
so that the chamber dimension is effectively much larger,
and becomes comparable to or greater than the electron
mean free path.

Clearly, a confinement mechanism peculiar to rf
plasmas, which traps fast electrons, would explain both
the improved efficiency at low pressures and the

observation of fast electrons in the low pressure eedf"s.

131



6.2 The confinement mechanism

In general, the plasma potential in the quasi-neutral
region of a gas discharge must be positive with respect to
any large electrode area to prevent excessive loss of
electrons. Thus, the potential gradient across a dc
discharge is typically represented as in figure 6.1. The
anode 1is grounded, as are the walls, and the cathode 1is
biased negatively. The plasma potential sits about Ivolt
positive, depending on the gas pressure. Electrons escape
to the walls and to the anode down the plasma-anode
sheath, which 1is 1In this case about -lvolts. Bulk

electrons, with energies less than l1eV cannot escape, and

Cathode

FIG.6.1: Potential gradient across a dc discharge.
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thus the bulk temperature 1iIs about Ilev. The cathode
sheath is very negative, so that electrons are reflected
and positive ions are accelerated to the cathode.

Figure 1.3 1is an illustration of the expected
temporal evolution of the driving potential, V~A(t), and
typical plasma potential, Vp(t), waveforms for a
capacitively coupled rf discharge. Figure 6.2 1s a
representation of the potential gradient across such an rf
discharge at the two extremes of the cycle. When the
driving potential 1is positive, the driven electrode acts
as the momentary anode. When Vrf(t) 1is negative, the
grounded electrode is the momentary anode. The momentary

anode sheath potential 1is the difference between the

lons

A e ErE e
(@)

FIG.6.2: Potential gradients across an rf discharge at the

peak and trough of the rf cycle.
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plasma potential and the momentary anode potential. In dc
plasmas this potential is of the order of Ilvolt, and fast
electrons easily escape to the anode. Fast electrons are
always confined by the cathode sheath, being repelled by
the high cathode fall potential.

At Ilow driving frequencies, where ™ < , the rf
sheath 1is resistive and the plasma potential appears as
Vi in fig. 1.3. The momentary anode sheath remains
relatively small over the rf cycle, and fast electrons are
lost as In a dc discharge. When the driving frequency Iis
high, so that u > w , then the rf sheath is capacitive and
the plasma potential appears as sz- In this case, the
momentary anode sheath potential 1is quite large over most
of the rf cycle and fast electron confinement is possible.
Also shownis the intermediate case, V 3 where the rf
sheath contains both a capacitive and a resistive term and
electrostatic confinement of 1ionizing electrons 1is also
possible.

In order to estimate the magnitude of the
electrostatic confining voltages, a simple simulation was
executed. Typical conditions were taken as; Vrf=800volts
(peak-to-peak), dc bias=300volts. These values are easily
measured. The magnitude of the momentaryanodesheath
potential is then simply the difference between the plasma
potential and the momentary anode potential. In the first
case, (A), the plasma potential was assumed to be

sinusoidal; equal to [y (peak) -dc bias],i.e. 100V at
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the peak of the rf cycle and ground (zero volts) at the
trough. In the second case, (B), the plasma potential 1is
given a 30% contribution from the second harmonic of the
driving frequency, which simulates a more resistive
sheath. Figure 6.3 shows the magnitude of the momentary
anode potential as a function of rf period for both cases.
It is apparent that ionizing electrons are trapped in the
glow for the majority of the rf cycle. For example, a
20eV electron has a transit time (for a 3.5cm electrode
separation) of approximately 13ns. The rf period is about
74ns, so that referring to fig.6.3, It iIs possible for
fast electrons to traverse the glow region several times,

before escaping to either electrode.

fraction of rf period

FIG.6 .3: Magnitude of the anode sheath voltage as a

function of the rf cycle, from a software simulation.
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CHAPTER SEVEN
CONCLUSIONS

7.1 Summary of work

A tuned Langmuir probe has been used to measure
plasma parameters and eedf"s 1iIn argon and nitrogen rf
discharges. Langmuir probe measurements have the
advantages over other plasma diagnostic techniques that
the eedf can be determined, and spatial resolution is
possible. The technique employed, as well as sources of
error, has been outlined in detail 1in chapter two. The
tuned probe technique offsets the problem of rf
convolution of the probe characteristic, so that it can be
used iIn rf plasmas.

The recent upsurge in the use of rf plasmas as
processing mediums ensures that such a diagnostic device
will be well employed. The lack of diagnostic techniques
on such reactors has meant that interesting (from the

industry viewpoint) considerations such as etch rate,
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deposition rate, surface damage, etc. are relatively
unknown quantities iIn terms of the microscopic plasma
parameters. If the plasma 1is well understood, and
relevant parameters and functions easily monitored, then
the industry can only improve in its operation efficiency.

Quite apart from understanding the actual discharge
physics, it is also important to appreciate the subtlety
of rf power design. Important considerations have been
outlined in chapter three, including rf noise, rf
impedance matching, and rf power measurement.

The tuned probe measurements reveal that the argon
plasmas have a bulk temperature of between 1.5eV and
2.5eV, over a wide range of gas pressures. At low
pressures the nitrogen eedf iIs approximately
bi-Maxwellian, with a bulk temperature of about IleV,
whereas at higher pressures, the eedf iIs highly
non-Maxwel lian. Its structure is determined rather by
electronic iInteractions with excited states of the
molecule. The measured bulk temperature values are
substantiated by extrapolating measurements taken 1iIn the
plasma afterglow, where no perturbing effects are present.
The pressure, power and spatial dependence of the bulk
temperature, the plasma potential and the electron density

have been presented in chapter four.
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The plasma production rate calculated from the eedf"s
agree with the estimated loss rate in the case of argon
over a wide range of pressures, whereas the eedf 1iIn high
pressure nitrogen reveals that a powerful source of gas
ionization other than electron impact ionization of the
ground state molecule may be dominant. The influence of
super-elastic collisions on the eedf structure has also
been discussed in chapter Tfive.

A description of electrostatic confinement of fast
electrons in low pressure, high frequency rf plasmas was
presented in chapter six. It explains the persistence of
rf plasmas at pressures below which the mean free path of
ionizing electrons exceeds the chamber Ilength. The high
momentary anode sheath voltages found 1iIn these plasmas
results iIn the fact that fast electrons can only escape
during a portion of the rf cycle and that the electron
temperature of rf plasmas tends to be higher than in the
case of dc plasmas. This fast electron trapping

complements the rf sheath heating mechanism.
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7.2 Suggestions for future work

The obvious, and planned, extension to this work is
to apply the developed probe and knowledge to a typical
processing system. For example, mixtures of argon and
methane, used iIn deposition work, could be easily handled
by the existing described arrangement. Extensive
investigative work, with a functioning diagnostic tool,
would be very fruitful.

In terms of the rf plasma physics, the theory of
electrostatic confinement of fast electrons, which 1iIs at
an embryonic stage, needs development. For instance, it
iIs possible to construct a particle-in-cell type model,
taking electrons accelerated across a sheath, passing
through an almost un-collisional plasma (low pressure),
and being reflected from a dynamic (voltage and spatial
temporal variation) sheath. The eedf could thus be
modeled and compared to the measured eedf"s.

The nitrogen eedf"s, which have proved interesting in
terms of excited state interactions, need to be studied
further. In particular, such questions as to why the
observed "hole™ in the eedf is not filled by
electron-electron collisions (thermalized), and what role
metastable atoms/molecules play iIn shaping the eedf. To
answer the first it is necessary to compare the
cross-section for electron-electron collisions and the

cross-section for molecular vibrational excitation, at the
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relevant eedf energy, and estimate relative reaction
rates. To answer the second, again the reaction rate
should be calculated, but also, via the afterglow
experiments described iIn section 5.4, it should be
possible to detect the presence of super-elastic electrons
at high energies in the eedf of the afterglow plasma, if
they are present. Certainly, 1if the pulsed plasma is
operated at much higher powers, the afterglow measurements
would not be so noisy.

Other outstanding work includes the need to develop
suitable rf power measuring devices and examination of the
behaviour of the electron density as a function of

pressure in greater detail.
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