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Abstract



Abstract i

The path of ions traversing the sheath region of a radio frequency plasma is modelled
using the Child-Langmuir approximation to the full sheath equation. The collective
characteristics of many ions is obtained by Monte Carlo simulation, revealing structure
in the relationship between many parameters. By performing a systematic calculation
of ion impact energy versus initial energy and phase, a distinctive spiral shape has
been observed. This provides additional insight into the mechanism that underlies the

bimodal ion energy distributions that are widely reported in plasma processing systems.

A further step has been taken from this observation, to see if it can be used to provide
an analytic method for constructing ion energy distributions. A spiral shape that varies
continuously across phase and initial ion energy space has been created, replicating that
seen in Monte Carlo simulation. By sampling the result across the appropriate initial

conditions, an ion energy distribution can be generated.

A numerical solution to the full sheath equation has been implemented. This allows
the inclusion of electrons into the area where the sheath region meets the plasma. It
has been shown that this causes ions to follow a significantly different path through the
sheath region. When an ion first enters the sheath region, it experiences a smaller force
due to the reduction in electric field because of the presence of electrons. The effect of

this propagates through to the ion energy distribution.

Effects due to the high electric fields that are present in etched substrate features
have been considered. Particles with an electric dipole moment are attracted along
lines of increasing electric field strength under a mechanism called dielectrophoresis.
An assessment of the significance of this force on neutral transport in substrate features
has been made. It is found that particles with a typical dielectric moment are accelerated
towards the central region of a trench and accelerated out of the trench in a fraction of

time that it would take without a force due to dielectrophoresis.
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1.1 Development of Electronic Devices

The basic building blocks of electronic circuits have changed beyond recognition over
the course of the last century. In order to create the electronic circuits which are
ubiquitous in all aspects of modern life, it is necessary to utilize an element which can
amplify electrical signals. Thomas Edison made the first step toward achieving this
when he inserted a metal plate into one of his incandescent bulbs, finding that a current
would only flow if the plate was positive with respect to the filament. John Ambrose
Fleming was given some of these bulbs by Edison in 1889, yet it wasn’t until 1904 that
he appreciated the usefulness of this rectifying property. He was able to measure the
strength of radio signals by using Edison’s valve as what is now know as a diode, to
rectify the signal, thus allowing it to be measured on a galvanometer. Lee De Forest
added a metal grid to the valve in 1906 which could be used to control the flow of
current between the main electrodes in the tube. This device is the triode valve and is
an amplifying device which was used by AT&T in their coast to coast phone system of
1914. The development of these devices has had a huge influence on many aspects of

the twentieth century [1; 2].

A new amplifying device began to replace the thermionic valve during the 1950’s.
Although the valve had obviated most problems relating to the crystals used for radio
sets, a number of people continued research into understanding and improving the qual-
ity of these crystals. In 1948 while working for Bell Labs, William Shockley understood
enough to be able to devise the junction transistor. Having established his ideas, the
first functional device was produced in 1950. The advent of ‘solid state’, transistor-
based circuits provided many benefits over the valve equivalents by ultimately reducing

cost, power consumption, complexity and size, while also increasing reliability.

Taking a step back from the transistor for a moment, the simplest useful semicon-
ducting component is the diode. If crystalline silicon or germanium has small amounts
of impurities added to them they form the basic p-type and n-type materials which con-
stitute all semiconducting devices. A simple interface between p- and n-type material
forms a diode; this will allow current to pass in one direction, but not the other. A junc-
tion between n- p- and n-type or p- n- and p-type material forms the transistor, which
is the amplifying device crucial to all microelectronic products today. Initial production
of components relied purely upon chemical techniques to dope silicon or germanium to

form these junctions.



0) * I< # $ 1§ # 1

9!1& /<3 + $ + FI' G + F $# G
$ $ % #
% & # * 6 $ 5 +!
+ ' % 9 6 < 1% 5 %
/EBO JEBE + ) ! & # $
% 2 P # 2 # $ * # $
# & 3# I+ # %
& # + + % + # % !
+ 4 ' %
% ! #+ * # # $#
+ % # # o+ + %! &
L #SH * ) ) L+ s ! + $  #
# # ! ! ! % ! 5

/ < + 1 H#HIHE& 4 '

( 5 $ +! # o+ $ .
* # # + 1 & # * + K # # o+ )
+1 o 2 ! I ) % # ) &
/< </ 0% I( ) (!'$

$  * # $ ' Lo $)
*H # 6 + 1 $ 11 & # I)I
+ # %+ L % $ #

?



0)

*

/<

$ '$#
91&
!
$
+1
% # )
V#
$
#O#
&
++ 5

+

% !

c

HO#
F $

/&-



Chapter 1. Introduction 5

Since the ions are stationary with respect to the timescale here, n; = no, where ny is

the density of the plasma bulk.

From the Boltzmann collision integral, the electron distribution function can be de-

termined,
f(u) = Aexpl~(zma® +a9)/ksT.), (1.2

where the g¢ term arises from the potential energy of the charge. For a finite plasma
bounded by a vessel, there is not complete charge neutrality in the plasma bulk. How-
ever, consider that when ¢ — 0, n, = ny and that ¢ = —e, then integrate f(u) over
U,

Ne = Noo €xp(ed/kpTe). (1.3)

fom(m@]) e

The potential falls very rapidly adjacent to the charge and so this region contributes

Putting this into (1.1),

a negligible thickness to the shielding. Elsewhere it is the case that |e¢/kpT.| < 1,

allowing the exponential to be expanded in a Taylor series

d2¢ ene | ed 1/ e 2
a2 - e [kBTe +§(kBTe) A (15)
Taking the linear term from (1.5)
2
d°¢ en, eg (1.6)

dz?2 = ¢ kgT.

From this we define the Debye length as the e-folding distance

1/2
Ap = ("O’“BT") , (1.7)

ne?

where n = n, the bulk plasma density.

In order to be considered a plasma, an ionised gas must satisfy the requirement
of quasineutrality. To be quasineutral, the volume that the gas occupies must have

dimensions (L) much greater than the Debye length, ie. Ap < L.

1.2.3 Plasma Frequency

Another important plasma parameter is the electron plasma frequency, often simply

called the plasma frequency, wp. If electrons in a plasma are displaced, the resulting
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charge imbalance sets up an electric field that acts to restore the electrons to their
original position. Because of their inertia the electrons overshoot this position, again

setting up an electric field and so on. The characteristic frequency at which this occurs

wy = (62"" ) " (1.8)

€0MMe

can be written:

This parameter is solely dependent on plasma density, ng.

It is important in the context of the work that follows that the frequency that the
plasma is driven at is less than the plasma frequency. If this condition is obeyed, then
the electrons in the plasma can respond to an imposed potential and shield the plasma
bulk. This allows the formation of sheaths, which are crucial to the following work and

will be discussed in due course.

1.3 Plasma Processing

1.3.1 Plasma Processing as a Tool

Plasma processing methods have provided the means to address the need to fabricate
substrate features on an increasingly small scale by acting on a substrate in a funda-
mentally different way to preexisting material processing techniques. Steep sided (often

referred to as anisotropic) features can readily be formed.

In order to explain the advantages of plasma processing let us consider the system as
having two main features. Firstly, a supply of ionised molecules or atoms and secondly,
an electric field across which the ions can be accelerated. Ions are available within a
vessel and the substrate to be worked is at the vessel wall. The electric field is perpen-
dicular to the substrate, with the polarity of the field such that ions are accelerated from
the edge of the plasma toward the substrate (figure 1.3). This situation will result in a
flux of ions striking the substrate, with individual energies that depend on a number of

parameters in the system.

The stream of ions impinging upon the substrate can have a range of effects when
they strike the surface. This will depend upon both the energy of the ion and the
chemical properties of the system. The substrate may be unaffected, layers of incoming
ions could build up onto the substrate, ions can be implanted into the crystal lattice or

material may be removed from the substrate. Extreme ion energies may actually cause
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upon the reactor type. The process is allowed to continue until some pre-determined

end point is reached.

Reactor vessels are arranged so that feedstock gases can flow into the chamber as
exhaust gases are pumped out. Controlled pumping allows the pressure in the chamber
to be reduced to the appropriate operating conditions. This flow of gases constitutes a
macroscopic flow which can be of importance to the uniformity of the process. This is
particularly the case when working on substrates with a large surface area. There can

be implications on the macroscopic flow due to the geometry of the reactor vessel.

1.3.5 Types of Reactor

There are many types of reactor for generating a plasma [18], but two basic types of
plasma are generated for plasma processing. Presently the most widely used is a high
pressure (1-10% Pa) low density (10!5-10'® m~3) plasma produced by a capacitively
coupled (rf diode) type reactor. A pair of parallel electrodes are driven at a radio
frequency of typically 13.56MHz to sustain the plasma. There is no technical reason for
the use of this particular frequency, but it is allocated for this purpose by international
electromagnetic interference regulatory authorities. The other type is a low pressure
(0.1 Pa), high density (10'8-10!? m™3) plasma which is becoming increasingly popular
due to the higher degree of control that can be exercised over the plasma. A number
of different reactor configurations can produce this type of plasma, electron-cyclotron

resonance (ECR); helicon; helical resonance and inductively coupled.

Capacitively Coupled Reactors

Capacitively coupled reactors have the advantage of being simpler to understand and
implement than other types, making them a good starting point for study. It is also for

this reason that they gained a strong foothold as practical machines for industrial use.

These reactors are characterised by a relatively low plasma density and high pressure.
Low density means that there may be a shortage of the ionised particles necessary for
the progression of the process in question. A high pressure will result in an increased

probability of collisions, which will lead to a less anisotropic process.

The area of the electrodes in the reactor has an important effect upon the character-

istics of the discharge. If symmetrical, there will be roughly half of the driving voltage
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dropped across the sheath at each electrode. If the electrodes are made to be different
sizes, then the relative voltage across each sheath will change in relation to this. The in-
terrelated nature of geometry and electrical properties highlights some of the difficulties

which are experienced with this type of reactor.

Since the ion impact energy is so important to the effect an ion has on the substrate,
independent control of this parameter from other parameters is highly desirable. One
method of achieving this is to apply a biasing voltage to the substrate, in order to

manipulate the potential difference across the sheath region.

Other Reactor Types

Further developments have led to reactors which give considerably more independent
control over the plasma parameters. The plasma density can be improved by using
measures that provide more effective confinement or providing additional heating to the

electrons via ECR [19].

1.3.6 Plasma Chemistry

The importance of the actual gases that are used in plasma processing systems can be
vitally important to developing a useful system. In reactive ion etching (RIE) systems,
a feedstock gas (for example CF4) chemically activates the substrate surface so that the
atoms are loosened and etching can progress at a lower ion impact energies. Other gases
are added to moderate the process or to assist in the conversion of removed material
into molecules that can easily pass through the reactor. The gas composition is adjusted

to yield the best results; this knowledge will be a closely guarded industrial secret.

The precise nature of the removed particles is difficult to determine and various studies
have tried to address issues around this topic. A review by Hancock [20] discusses the
diagnostics of active species in plasmas. Laser induced fluorescence is used in [21; 22; 23;
24] to examine fluorine and chlorine product lifetimes and density. Etching yields and
product formation measurements are reported by Kubota(1998) and Kroesen(1998) (25;
26]. Theoretical models of reaction products and rates have been made by Lagana(1997)
and MartiSovit§(1997) [27; 28]. These articles show that the environment in which
plasma processing takes place is not sympathetic to developing a clear understanding

of the chemical processes that happen.
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1.4.2 General Sheath Representation

To describe the sheath a similar process is followed as for deriving the the Debye length,
Ap. The Debye radius defines the sheath for a point charge, expressing a planar sheath

is not entirely dissimilar.

Rearranging (1.13)

2ep\ /2
— 2 __ =Y
u= <u0 — ) , (1.15)
and inserting this into (1.14)
2e¢ \ ~1/?
mia) =no (1- 26) (1.16)
0

gives the ion density through the sheath region n;(z) in terms of the density in the main

plasma ny.

The electron density ne(z) can be expressed as in (1.3)

ne(z) = no exp(ed/kpTe). (1.17)

Substituting (1.16) and (1.17) into the Poisson equation (1.10)

d2¢ € eng ed 2ed -1/2
Az2 g \le T M) =~ |\l . 1.1
dz? € (ne = m) €0 [exp (kBTe 1 mud (1.18)
Changing the notation more clearly reveals the structure of this equation
1/2
ed T noe? Ug
=" == =——— 1.1
*= kT £ T <€0kBTe) M (kpTe/m;)1/2 (1.19)

This allows (1.18) to be written

-1/2
X" = ( - %) —eX (1.20)

where the prime denotes d/d..

1.4.3 Bohm Sheath Criterion

In order to satisfy the equations that follow, ions must be travelling at a velocity above
their thermal velocity as they enter the sheath region. This criterion was recognised by
Bohm [30] and in view of more recent ideas is given thorough treatment in [31]. In a
simple sheath model the wall disturbance is said to have been shielded by the sheath, so

the electric field in the plasma at the edge of the sheath is zero. With no electric field
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there is no mechanism to accelerate ions to the necessary velocity to allow a sheath to

form consistently. It can be shown how this problem arises by integrating (1.20)

c c 2x -1/2 c
/ x'x"dL = / (1 - —2) x'dL — / e Xy'dL (1.21)
0 0 M 0

Since x=0at L=10

1/2
%(x’2 - xg) = M? [(1 + 2—") —1f +ex-1 (1.22)

M2

and since F = 0 in the plasma, x5 =0 at £ =0.

In order to make sense physically, the right hand side of (1.22) must be positive for all
L. Looking at the plasma-sheath interface, where x < 1, the right hand side of (1.22)

can be Taylor expanded

M? 1+—X———1X—2+---—1 FlextaxP 4 =150 (1.23)
M 2ME XT X '

1,/ 1
EX (—W + 1) >0 (1.24)

For this inequality to hold, it must be the case that

m;

M2>1 or  up> ( (1.25)

This result proves to be a difficulty because the requirement that ions are accelerated
before reaching the sheath region contradicts the assumption that x' = 0 at £ = 0.
Although this needs to be borne in mind when justifying assumptions and results, the

work in this thesis does not tackle this problem.

1.5 lon Dynamics

Here the necessary components of what has been discussed will be put into the specific
context of ion dynamics in the sheath of a processing plasma. The Monte Carlo approach

to modelling will also be introduced.

1.5.1 Child-Langmuir Sheath Representation

When the electrodes are driven by an external voltage, the sheath potential is often con-

siderably higher than the electron energy T,. In these conditions there are no electrons
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in the sheath and the ion energy at the sheath edge is small compared to the sheath
potential. The latter allows simplification of equations (1.13) and (1.14):

%miuz(:z) = —ed(x) (1.26)
en(z)u(z) = Jp. (1.27)

where Jp is the ion current. Rearranging (1.26) and substituting for u(z) in (1.27):

n(z) = 2 (_ 2‘3‘/’)_1/2 (1.28)

e m;

Using this in Poisson’s equation (1.10):

a2 Jo [ 2ep\H?
- (_ = ) . (1.29)
Multiplying both sides by ¢’ and integrating
cd2¢dg . [*déJo (2e4)?
d¢ Jo\? 2\ 14
i = 2(60) oy ¢ (1.31)
Integrating once more and rearranging
< 1/2 -1/4 pz
3—¢dx = -2 (ﬁ) (2—3) / ¢'/4dx (1.32)
0 T €0 mg 0
9o \*/® ymiy1/3
d(z) = (473) (%) 43 (1.33)

1.5.2 Time-Dependent Child-Langmuir Representation

The Child-Langmuir Law is derived for a DC sheath, so is a steady state solution. Since
processing plasmas are largely AC, operating at 13.56MHz, is this sheath equation of
any relevance to the plasmas which are being discussed here? The Child-Langmuir Law
has been widely applied to AC sheaths, which requires some justification. If the sheath
were to be looked at in a snapshot of time, the question is, are the particles in this
snapshot behaving as they would if this were the steady state DC sheath? It is argued
that the electrons are so mobile as to follow the potential variations instantaneously

and the ions are so slow to respond that their paths continue as normal.
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1.5.3 Monte Carlo Simulations and Random Numbers

Since the advent of the first electronic computer in the 1940’s it became possible to carry
out large numbers of calculations with comparative ease. Stanislaw Ulam had been
considering how to evaluate the chances of different outcomes occurring in a system,
for example will a game of solitaire be successful or not? It was apparent that it would
be more efficient to play the game a sufficient number of times to have a confident
prediction of the chance of success, rather than to try to devise and solve a series of
equations describing the game. This example highlights the origins of the name which
is due to the connection with games of chance that can be found in the casinos of which
Monte Carlo is renowned. While working on The Manhattan Project at Los Alamos,
Stanislaw Ulam and John von Neumann were aware of the ENIAC electronic computer
and understood its potential to perform the necessary calculations for a Monte-Carlo-

based experiment {32].

It is recognised that Enrico Fermi was using the Monte Carlo technique to predict
experimental results with uncanny accuracy up to fifteen years before it was given a

name and published by Ulam and von Neumann.

To carry out a Monte Carlo simulation in an experiment, such as understanding
neutron diffusion in fissionable material, von Neumann's originally proposed application,
a single entity is followed during the time of interest. Equations are applied during the
lifetime and a history of the entity’s behaviour is established. This is repeated with as

many entities as required to provide a reliable representation of the real system.

For at least one point in the experiment a number will need to be drawn from a
distribution, for example an energy from a Maxwellian temperature distribution. This
.leads to a crucial aspect of the Monte Carlo Method, which is the need to produce
random numbers. More accurately, it is necessary to produce a sequence of numbers
which appear random in the context of the experiment which is being performed. The
random number sequence must introduce no bias to the results. The production of
truly random numbers is invariably very difficult and time consuming. Typical starting
points for this task are radioactive sources or electrical noise. Two techniques are much
more readily applied to computer-based problems, the generation of pseudo-random and

quasi-random number sequences.

Pseudo-random sequences are commonly generated using the recursive linear-
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congruential or Lehmer generator [33]. A simple formula is used to calculate the next

integer in the sequence,
ZTpy1 = Az, +C (mod M), (1.34)

where z, is the nth number in the sequence and A, C and M are integers which are
chosen to suit the particular application. Usually this means maximising the number of
calls before the sequence repeats itself, which in the best case will be M calls. To obtain
real numbers in the range 0 to 1, z,4;/M is returned. This method is quick, but the
sequence will repeat itself and in any case this method is frequently poorly implemented.

With a numerical recipes [34] library available, this is a preferable option.

In reality quasi-random sequences are anything but random, they are carefully struc-
tured to obey certain rules. When wanting to ‘randomly’ sample points on a grid, a
truly random generator will tend to provide numbers that bunch together until a suffi-
ciently high quantity of numbers has been generated. In order to reduce the quantity,
a pre-determined sequence of numbers that appear random to the problem in hand yet
also realistically cover the whole parameter space is used. Quasi-random sequences are

applied when using the Monte Carlo Methods to numerically evaluate integrals.

A random number generator returns uniform deviates, that is to say numbers evenly
distributed, usually between 0 and 1. Often a different distribution, such as binomial,
Poisson or Gaussian will be required. A rejection method can be used to provide these

alternative deviates. The procedure for this is as follows (refer to figure 1.7):

e A uniform deviate z, is generated by the selected method. For this example the

range would be 0 to 3.
e A distribution function f(z) is evaluated.

e A second uniform deviate j, is generated, this time in the range 0 to 1, and is

compared with f(z).

e If j > f(z) then it is rejected and the process is repeated, otherwise z is returned.

As this process is repeated the desired distribution will be produced.
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Figure 1.7: Generating non-uniform deviates by drawing two random numbers,
z and j. The distribution function is evaluated at = and the result is
compared with j. If j is less than f(z), then z is accepted.

1.6 Non-lonised Components in Reactor Gases

It has been pointed out that there is only a small degree of ionisation in a processing
plasma. This means that there is a large proportion of neutral particles contributing
to the total volume. Although the ionised component of the gas is clearly crucial to
the progress of material processing, what influence do the neutral particles have in the

system?

In reactive ion etching (RIE) systems, the composition of the gas is selected to opti-

mise the chemical activity in the system.

The macroscopic flow of the neutral gas through the system is determined by the
geometry and pumping arrangement in the vessel. The macroscopic flow is important
as this carries with it the ionised portion of the gas. The delivery of ions to the edge of

the sheath region is reliant on a steady and uniform circulation of the reactor gas.

A further mechanism for the transport of neutral particles is explored in depth in
this thesis. Due to the sharply angled shapes on a substrate surface, large electric field
gradients are found around these features. Molecules which are asymmetric in structure
exhibit an electric dipole due to the distribution of charge across the molecule. If a
dipole is placed in an electric field it will become aligned with the field lines. Further,

if there is a gradient in the field, one end of the dipole will have a greater force exerted
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upon it than the other, causing a molecule to move toward regions of increasing electric

field. This phenomenon and the implications are discussed in §4.
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2.1 Oscillating Child-Langmuir Expression

The Child-Langmuir expression for space-charge-limited current in a plane diode pro-
vides useful insight for DC sheaths. It would be useful if we were able to apply this
to a time-evolving AC sheath. Techniques have been applied which include the time-
dependency in the driving voltage of the system [35; 36]. This results in a Child-

Langmuir equation of the form

$(r,t) = ¢p(t) — 3/4(eni/e0)*/* (3kpT:/me) [i(2) — r]*/%. (2.1)

In this expression r = 0 is at the electrode, ¢,(t) is the time-varying plasma potential,

n; the ion density, 7; the ion temperature and /(¢) the time-varying sheath thickness.

A few steps are required to describe I(t). Firstly the potential difference between the
plasma and the electrode, ¢y is given in terms of the plasma potential, ¢, and the

electrode potential, ¢,
dpe(t) = ¢p(t), (grounded electrode) (2.2)
dpe(t) = ¢p(t) — de(t). (driven electrode) (2.3)

In the case of the driven electrode, ¢, is a simple combination of the driving potential
and a self-bias DC voltage ¢g4., arising due to unevenly-sized electrodes. Note that a
small natural self-bias also occurs due to the the current-voltage characteristic of the

plasma, see Sugawara [37] for an explanation of this.
$e(t) = ¢osin(wt +6) — dac, (2.4)
. [
bac = dosin[2(4a— A)/(4a+ A, (2.5)

where A, and A, are the anode and cathode surface areas respectively.

The plasma potential, ¢, is given by [35]
¢p(t) = (kBTe/e)In{[1 + (Ac/Ad)
x exp(ede(t)/kBTe)]/[1 + (Ac/Ad)]} + 5, (2.6)

& = (kpT./2¢)In((ve)/(vi)) 2.7)
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With the quantities above it is then possible to express the sheath extent, {(¢),
i(t) = lhlgpe®)*, (28)

where, lo = lmaz/[pe,maz] - (2.9)

This covers all the quantities that are used in equation [2.1] which can then be used
to calculate the motion of ions when they come into the influence of the sheath region
by using the equation of motion:

d’r (__—_e) 0¢(r, t).

dez ~ ™m; or

(2.10)

2.2 Trajectories

Once this series of equations has been established, it is possible to follow the path of
an ion through the sheath region. Following the trajectories of ions provides insight
into their interaction with the acceleration mechanism they encounter in the sheath
region. By changing initial parameters an understanding of the conditions that result

in particular final energy levels can be achieved.

Two ion trajectories can be seen in figure 2.1. Two quantities are recorded as time
progresses. The oscillating solid curve marks the extent to which the sheath penetrates
into the plasma. The dot dash curve gives the distance of the ion from the substrate.

Distance is expressed relative to the substrate.

During the periods of time that an ion is not under the sheath extent curve, there
is no force on the ion so it continues to move with uniform speed. During the periods
that the ion is under the sheath extent curve, acceleration is experienced. It is noted
that the acceleration while under the curve is not constant, but depends upon both the

extent of the sheath and the position of the ion within it.

The two distinct cases of trajectory in figure 2.1 show the extreme variations in
energy acquisition for an ion. To understand how this comes about, observe where the
ion strikes the substrate relative to the final sheath oscillation. In the case where a
high impact energy is achieved, the ion strikes the substrate immediately prior to the
collapse of the sheath. For a low impact energy the ion strikes immediately prior to the

growth of the sheath.
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Minimum Energy = 171eV (E,= 0.036eV)
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Figure 2.1: Contrasting ion trajectories. Minimum ion impact energy is achieved
when the ion strikes the substrate just before the sheath begins to
extend. This contrasts with maximum ion impact energy, which oc-
curs when the ion strikes the substrate just as the sheath reduces to
its minimum value. On the time scale of the driving voltage period
the plasma does not become extinguished, so the plasma potential
sustains a small sheath region during the sheath extent minimum.
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potential (approximately) follows the shape of a half wave rectified sinusoid, there are
steep rising and falling sides with a more slowly turning crest. Assuming that ions are
delivered to the sheath edge at a constant rate in time, more ions will enter the sheath
where the potential is changing more slowly, so tending to group the ions at one or two
energies. Looking at figure 2.2 it can be seen that for two equally sized time periods
(At) there is a greater range of sheath extent that can be entered on the steep slope of
* rising curve, labeled A. Conversely the segment labelled B has the same number of ions

entering at a relatively small range of sheath extent.

2.3 Monte Carlo Method

A large number of particle trajectories are followed in a Monte Carlo simulation. This

provides a statistically robust representation of how the process would progress in reality.

Starting conditions for an ion are randomly selected. The ion speed is selected from a
one-dimensional Gaussian distribution and the sheath phase from a linear distribution.
Using the equation of motion (2.10) and the Child law equation (2.1) the motion of an
ion to the next time point can be calculated. As the simulation progresses information

on the position and speed of an ion is updated.

Several pieces of information are collected from each trajectory, initial energy FEj,

initial phase 6y, impact energy F; and time of impact ;.

The simplest way to analyse a simulation is to plot a histogram of E; (figure 2.3).
This is the most important result and yields the ion energy distribution function (IEDF

or simply IED).

2.3.1 Further Results

It has been stated that the number of sheath interactions during the transit of an ion
across the sheath region controls the range of final energies that is obtained. Also, there
are a number of factors that affect the number of sheath interactions, driving frequency

wp, sheath width [y, initial ion velocity vy. These are related as follows

- (2.11)
Vg

In order to investigate parameter space it is only necessary to vary the overall value of

7.
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Figure 2.3: IED of Argon in reactor at 13.56 MHz.

Results are presented for three regions of 7. The relationships between initial energy
Ey, final (impact) energy E;, initial phase 6y and the number of sheath cycles encoun-
tered are described. The first series of plots contain six plots for each of the conditions

n < 1 (figure 2.4), n = 1 (figure 2.5) and n > 1 (figure 2.6). The plots show the
following information:

1. Initial energy distribution of the ions.

2. IED (histogram of final ion energies).

3. Number of cycles of the oscillating sheath encountered before impact with the

substrate.
4. Energy gain, E;/E; versus initial ion energy.
5. Final ion energy versus initial ion energy.
6. Number of cycles encountered versus initial ion energy.

Looking at these plots enables the identification of several trends as 7 is varied.

Looking at each plot in turn the findings are described:

1. The most important of these is the variation in the shape and energy range of the

IED’s. The IED’s can be characterised as follows:

17 < 1 broad IED with single peak at even higher energy.

7 = 1 wider IED, one dominant peak at higher energy.
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Figure 2.4: Ion energy characteristics when 7 <« 1. Sheath modelled by using
Child-Langmuir representation. IED is bimodal with a large high
energy peak and a small low energy peak.
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Figure 2.5: Ion energy characteristics when 7 = 1. Sheath modelled by using
Child-Langmuir representation. IED is bimodal with a large high
energy peak and a medium low energy peak, the energy range is
smaller than in the previous case.
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Figure 2.6: Ion energy characteristics when 7 > 1. Sheath modelled by using
Child-Langmuir representation. IED is bimodal with equal high and
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7 > 1 narrow IED with symmetric peaks.

2. The number of cycles traversed approximately increases by an order of magnitude

in each case:

n < 1 centred about 2 cycles, varies from twice this to less than 1.
n =1 centered about 18, varies from 13 to 30.

17> 1 centered about 175, varies from 130 to 330 cycles.
3. FEy distribution same in each case, 1-D Gaussian.

4. Energy gain versus Ey follows a similar shape in each case, ions starting with low
energy have the highest gain, emphasising the point that an ion starting out with
low energy can still attain a high energy state. It can be seen in the n < 1 case
that for a particular initial energy a wider range of gain is available than in the

other two cases.

5. E; versus Ey displays how the final energy is largely independent of initial energy.
In the case that » > 1 an upward trend in E; with increasing FEy is visible,

reflecting a dependence on Fy not previously seen.

6. Number of cycles traversed versus E; shows how as 7 increases the number of
cycles traversed becomes very closely related to Fy. Bearing in mind that it was
shown in the previous plot that the full range of possible E; is available, it can be

seen that however many cycles are traversed, the full range of E; remains available.

2.3.2 Polar Contours of Impact Energy

A further series of plots relate phase information about the interaction of the ion with
the oscillating sheath region. Figure 2.7 shows the IED in each previously identified
7 regime and also a corresponding plot giving information about the phase of the ion.
The phase at the point that an ion first encounters the accelerating influence of the
oscillating sheath is used as the angular ordinate and initial energy (Ep) as the radial

ordinate in a polar contour plot of ion impact energy (E;).

The information in the polar contour plots of figure 2.7 needs to be carefully inter-
preted. No indication is given of the number density of points across the plot, the

plotting routine merely interpolates between the available data. The plots are most
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Figure 2.12: Example spiral plot.

a Bohm speed appropriate, so only consider a concentric circle of data to reflect the

final ion energies.

Consider this scenario: Due to some mechanism, ions are biased toward entering the
sheath region only at a certain range of phase. Now the ions will impact with an altered

distribution of final energies.

If energy and phase distributions are involved then the interpretation of figures 2.9-

2.11 becomes difficult to comprehend.

2.5 Spiral Description

Given that numerical simulation of ions accelerating in an oscillating sheath has pro-
duced the result in the previous section, an analytic approach to generating IED’s has
been undertaken. This works backwards from the premise that ion impact energies form

a spiral shape when plotted versus initial energy and phase.

A spiral is essentially a sinusoidal shape with an amplitude that increases with time,

plotted in polar coordinates. This is most clearly written in exponential terms:

z = AeX it (2.12)

where A and ) are scaling factors. In equation (2.12), the spiral is growing exponen-

tially since the At term is in the exponential. This is plotted in figure (2.12):
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If we take |z| as the argument of a periodic function
Q = cos(wlog|2|) (2.13)

this gives the intensity @, which when plotted can replicate the numerical result shown

in figures 2.9-2.11.

2.5.1 Implementation

In order to produce this computationally the following method has been used.

1. Generate an n x n array with values increasing on concentric circles from the

centre in the range [0..1] (figure 2.13a). Call this array A

2. Similarly, let array B have values that increase radially, in the range [0..27] (fig-
ure 2.13b).

3. The sum of these arrays is an array which has values increasing by 27 around
concentric circles and the absolute value increases radially outwards. The ra-
dial dimension increases exponentially, so the required operation actually is

C =log(A) + B.

4. To create the polar plot of initial energy and phase versus final energy, take the
cosine of C (figure 2.13c).
D = cos(log A + B) (2.14)

In order to generate an IED, it is necessary to add some information about the initial
conditions. The energy distribution needs to be addressed, since there are not an equal
number of particles at all energies. To represent this graphically, it is necessary to add
the extra dimension of number density to the plot. This is achieved by changing the
final energy representation to a colour depth and introducing the number density as an

intensity. As a starting point, a linear distribution can be defined (figure 2.13d).

Generation of a IED is now a case of producing a histogram of the number of particles

at each intensity, biased by the number density (figure 2.14).

2.5.2 Variation with Sheath Parameters

Looking back to figure (2.7) it can be seen how the results of a Monte Carlo numerical

simulation vary with the 7 parameter. Bearing in mind that only the central part of the
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n=15 A selected region of phase from figure 2.17. Many cycles of the spiral are made

and the result is similar to the full data set.

n=5 A selected region of phase from figure 2.16. Now it is possible to select a region

of phase that results in a bimodal distribution, with a larger high energy peak.

n=2 A selected region of phase from figure 2.15. A more extreme high energy peak is
produced.

In these spiral plots intensity represents ion energy, but does not give a direct measure
of the ion energy. The dashed line is the same as the solid blue line, but has been scaled
to indicate the effect of increasing 7. That is, a narrowing of the energy range. To
obtain absolute rather than relative values for ion energy, a attempt to characterise a

particular processing system must be made.
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3.1 Motivation

Work in the previous chapter was based on the Child-Langmuir equation for space
charge limited current. The formulation of this equation requires that only one charge
carrier is considered, so that the energy conservation equation can be used. This means
that electrons are not considered when evaluating the electric field across the sheath
region. It can be argued that this is a reasonable approximation since any electron

influence is only at the very edge of the sheath-plasma interface.

Reflecting on the last chapter, it has been shown that the initial conditions as an ion
enters the sheath region have a coherent relationship with the final impact energy. If the
conditions at the sheath interface are modified, then this may propagate an appreciable

effect to the ion energy distribution at the substrate surface.

Given the effect of adjusting the initial conditions it is also interesting to consider
variations in initial conditions along a spatial dimension parallel to the substrate. Do

spatial variations lead to nonuniform energy distributions?

3.2 Full Non-Linear Solution

Recall that the full non-linear sheath equation is

—1/2
" — ( —_ AEAX_2> —_ e_x, (3.1)
where
1/2
ed z noe? ug
- =35 = = 2
omn e (Fen)  MoGmem O

and the prime denotes d/dL.

Instead of approximating the sheath description a numerical routine has been em-

ployed to solve the full non-linear sheath equation (3.1).

The first integration of (3.1) is possible by multiplying by dx/dL and integrating over

L
Ldy d (dx £ ay 2x \ V% _
sraz (a5)ac= [ o |(-mp) o] (33

Obtaining ,
dx\” _
(&) =0 5.
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where

1/2
flx) = 4M? [(1 + %) - 1] +2(e™* -1) (3.5)

This can be integrated numerically using a standard Romberg integration routine

supplied from the Numerical Recipes library[34]. Some rearrangement is required first:

& = Vit (36)
gﬁ - \/ﬁ (3.7)
%ax - f \/% (3.8)
c = /xxw \/J%dx (3.9)

where x,, is the potential at the electrode. This allows the calculation of the distance

ordinate £, by the numerical integration of the potential ordinate .

In order to provide a non-oscillatory solution to this equation, the Bohm criterion

must be satisfied.

M2 > 1 (3.10)
k
w2 > :;Te (3.11)
1

Some thought has to be given to the topology of this representation, to be clear on
firstly the position of the wall and sheath edge and secondly the direction of ion motion
and potential gradient. These matters are quite trivial, except for the location of the

sheath edge.

3.3 Sheath Extent

In a plasma with no externally applied potential, sheath formation is determined by
the thermal motion of the ions and electrons. The Debye length describes the sheath
region under these conditions. When an external potential is applied this causes an
extension of the sheath region. This situation is described by (3.1) and simplified in the

Child-Langmuir approximation.

Under the Child-Langmuir Law, the sheath edge was clearly prescribed by artificial

means. Observations and measurements provide reasonable estimates of the sheath
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3.4 Numerical Model

A different approach is taken to model the system made using the full equation. Because
there is no longer a simple analytic solution to the sheath equation, a relatively intensive
computation is required to perform the integration. To obtain IED’s many particle
simulations are required and if an integration were performed at each step, the time
to complete the simulation would become large. To alleviate this problem, the sheath
equation can be evaluated for all necessary values of potential and then stored in an
array to be used in the simulations. This array only needs to be updated if a change in

the resolution or a fundamental parameter is required.

In order to search the array quickly a bisection approach has been adopted, providing
an exponential speed increase when compared to a linear search method. This means
that doubling the resolution of the array only requires one more iteration of the search
loop. A bisection algorithm can only be applied to an array where the values are
monotonic. The target value is compared with the central value of the array, if this is
higher than the target then the higher half of the array is discarded, or vice versa. The
remaining array is processed in the same way and again until a single value is arrived

at.

Once the above issues have been addressed, individual ion trajectories can be fol-
lowed from when an ion enters the sheath region until it impacts upon the electrode.
Many trajectories are followed in a Monte Carlo simulation to build up an Ion Energy

Distribution.

3.4.1 Program Description

e Array of potential on wall as a function of phase created. Equation 2.3 and

associated equations are implemented for this purpose.

e The Romberg integration routine mentioned previously is used to solve equa-
tion 3.9. The wall potential x,, is set at the maximum value found in the above
calculation of wall potential, the choice of x decides to what distance from the
substrate is being considered. For the purposes of this simulation, this point is
where the field is judged to be reduced to such a small level that the effect it has

is negligible.
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e These two results are used to produce an array which gives the maximum sheath
extent at each point in phase. This can be used in the main program to determine
if a calculation has to be made involving the sheath, or if the ion should continue

at the same speed.

e There are three possible ways the program can now progress depending upon
whether a trajectory, IED or systematic study is to be obtained. These options

determine how initial conditions are chosen and what information is recorded.

Trajectory Initial conditions chosen once. Record of sheath extent, ion position

and sheath phase at each point in phase. One ion followed.

IED Initial conditions chosen randomly, from appropriate distribution. Record
of initial energy, final energy and number of sheath cycles encountered, phase

information may also be recorded. Many ions followed.

Systematic Study Initial conditions selected to cover all phase and initial en-
ergy parameters uniformly. Initial phase, initial energy and final energy

recorded. Many ions followed.

e Whatever conditions are being used, the main program follows the progress of the

ion, updating position and speed at each time step.

3.5 Results

To try to provide a close comparison with the Child-Langmuir sheath results, the same

initial conditions as in those experiments were retained for these simulations.

3.5.1 lon Trajectories

Looking at the trajectory that an ion follows through the sheath region shows up the

fundamental effect of considering electrons in the sheath.

Two lines are shown on the trajectory plots. The periodic line shows the furthest
extent of the influence of the sheath. Note that the sheath is not ‘on’ or ‘off’, but the
force acting on the ion is a function of sheath extent and the position of the ion within

it. The other line shows the position of the ion as the simulation progresses.
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Figure 3.2: Ion trajectory, n < 1. Sheath modelled using numerical solution of
the full non-linear sheath equation. Extent = z/Ap.

Figures 3.2, 3.3 and 3.4 show trajectories when n < 1,= 1 and > 1 respectively.
For the first two cases the whole of the simulation is plotted, the last condition causes
the ion to traverse so many sheath cycles that only the last portion of the trajectory is

shown.

It is apparent in each case that the ion encounters more sheath cycles than in the
Child-Langmuir sheath. The electric field strength has been reduced by the addition of
electrons at the outer edge of the sheath region. Because of this the force on the ion
as it first encounters the oscillating sheath is much smaller than previously. Gradually
the ion travels further into the sheath region and the force experienced returns to that

of the Child-Langmuir sheath.

3.5.2 lon Energy Distributions
Although ion trajectories help understand what is happening to an individual ion, the
collective behaviour of the ions can be seen by generating ion energy distributions.

Three results are presented. One for each of n < 1 (figure 3.5), n = 1 (figure 3.6) and
n > 1 (figure 3.7).

Six plots are presented for each value of 7. Left to right, top to bottom these are as

follows.
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Figure 3.3: Ion trajectory, n = 1. Sheath modelled using numerical solution of
the full non-linear sheath equation. Extent = z/Ap.
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Figure 3.4: Ion trajectory 17 > 1. Sheath modelled using numerical solution of
the full non-linear sheath equation. Extent = z/\p.
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1. Initial energy distribution of the ions.
2. IED, histogram of final ion energies.

3. Number of cycles of the oscillating sheath encountered before impact with the

substrate.
4. Energy gain (E;/Ey) versus the initial ion energy.
5. Final ion energy versus initial ion energy.

6. Number of cycles encountered versus initial ion energy.

It is interesting to note the similarities and differences in these plots when compared

with the results obtained in the case with no electron influence at the sheath edge.

3.5.3 Polar Plots of Parameter Space

To complete the results, phase, initial energy and final energy are recorded in a system-
atic study. Again results are presented for each of the three cases that has been looked

at (figure 3.8, 3.9 and 3.10).

3.6 Discussion

Recall the motivation for improving on the Child-Langmuir sheath approximation. The
full non-linear sheath equation has been numerically solved in order to include the
influence of electrons. The effect of this is seen near the plasma-sheath boundary, where
the electric field is insufficient to completely deplete the region of electrons. Although
the overall potential drop is still the same, the sheath influence is considered further
into the plasma. A more gentle acceleration is experienced by the ions until the full

non-linear and Child-Langmuir sheaths converge.

The modification of the initial acceleration properties of the sheath has a profound
effect on the trajectory of an ion. Since the acceleration of the ion when it first enters
the region is small, it is not rapidly accelerated into the region of higher electric field.
As a consequence, more time is spent in the sheath region and so more sheath cycles
are traversed. As was seen in the previous chapter, the number of cycles encountered

has a strong impact upon the influence of the initial phase on the resulting IED. In this
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Figure 3.5: Ion energy characteristics when 7 < 1. Sheath modelled by numerical
solution of full non-linear sheath equation. IED has a broad energy
distribution and a large high energy peak.
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Figure 3.6: Ion energy characteristics when 1 = 1. Sheath modelled by numerical
solution of full non-linear sheath equation. IED is bimodal, with a

larger high energy peak.
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Figure 3.7: Ion energy characteristics when 77 3> 1. Sheath modelled by numerical
solution of full non-linear sheath equation. IED has a narrow, bimodal
energy distribution with a slightly larger high energy peak.

























































































































































